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Abstract 

Amino acid functional materials show promise in many biological applications. The responsive 

properties of amino acid R-groups, such as metal ion coordination and pH response, have been used in 

the design of new biologically inspired materials. However, the synthesis of amino acid functional 

materials is often tedious and difficult, requiring multiple protection steps. Especially, the synthesis of 

histidine functional materials has been problematic in the literature due to the reactive imidazole group. 

Here, reductive amination is used as a versatile synthetic method for the synthesis of amino acid 

functional materials without protecting groups. The synthesis of histidine functional polymers is 

highlighted. Dynamic imine chemistry is explored to change the amino acid functionality of the 

polymer. Reductive amination is used to functionalise block copolymers with histidine and metal ion 

coordination is used to stabilise the micelles. Finally, carbonyl condensation chemistry is used to 

synthesise self-healing gels form aldehyde functional polymers, where amino acid functionality is easily 

added. 
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Summary  

Material innovation is often the crux in the development of new technologies. As a result, polymer 

chemists focus heavily on the development of new, functional materials. Nature provides excellent 

examples of highly functional macromolecules, evolved over billions of years to behave and function 

with exquisite specificity. Looking to nature for inspiration is often referred to as biomimicry; taking 

inspiration from proteins, their structure, function, and chemistry, it is possible to incorporate these as 

design parameters in the synthesis of novel materials. Polymer chemists have been using amino acids, 

the building blocks of proteins, in polymer chemistry for fifty years, as these natural, functional building 

blocks are an excellent point of inspiration in material design.  

Proteins are three-dimensional molecular machines that result from the transcription of DNA and 

eventuate as a specific sequence of amino acids. These amino acids condense to form a long polyamide 

known as a polypeptide. Polypeptides fold in a very specific way, dictated by the amino acid sequence. 

When folded and assembled into their final shape, the proteins behave as machines to catalyse reactions 

or add structure within living organisms to support life. Essential to controlling the folding and function 

of proteins are the amino acid R-groups which hang pendant from the polypeptides. These R-groups 

also participate in catalytic activities and interact with one another to hold the protein in the correct 

shape, bind a substrate, or even bind metals. The control these give over the structure and function of 

these exquisite macromolecular machines that are proteins make them attractive candidates as 

functional moieties added to polymers.  

While amino acid functional polymers have been studied for many years, their synthesis is complex and 

difficult, owing to the high functionality of the amino acid. The presence of the amine, the carboxylic 

acid, and the R groups on amino acids often result in a molecule that has three chemically reactive sites. 

The general strategy to synthesise amino acid functional polymers has been to synthesise monomers 

that contain amino acids and to then polymerise these. The high functionality of amino acids often 

requires the use of protecting group chemistry in order to make the amino acid functional monomers. 

In order to make them more attractive material solutions, the ability to simplify the synthesis of amino 

acid functional materials is paramount. Choosing a synthetic strategy that can react with only one of the 

functional groups of the amino acid (regardless of the R-group present) greatly simplifies the synthesis 

of amino acid functional polymers. One such chemistry is reductive amination, which involves the 

condensation of the amine of the amino acid with an aldehyde. A polymer that is functionalised with 

aldehydes is easily functionalised with amino acids using this approach.  

In this thesis, reductive amination is used to synthesise amino acid functional polymers. The synthesis 

of highly functional amino acid functional polymers and their properties are explored. This chemistry 

is also successfully employed in the synthesis of amino acid functional block copolymers and the R-

group interactions with metal ions are used to reversibly lock temperature responsive micelles. Finally, 
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carbonyl condensation and reductive amination chemistry is used to synthesise self-healing materials 

with amino acid functionality. 

Chapter One is an Introduction to the topic of the work in this thesis. Chapter Two is a Literature 

Review covering biomimicry, the synthesis of amino acid functional polymers and their applications, 

and reductive amination. Chapter Three is a brief overview of the characterisation methods used in this 

thesis.  

Chapter Four explores the versatile synthesis of amino acid functional polymers without protection 

group chemistry. Reductive amination and carbonyl condensation is used to synthesise amino acid 

functional polymers. A statistical copolymer incorporating a benzaldehyde containing monomer is 

synthesised and functionalised post polymerisation with amino acids. The strategy employs the 

carbonyl condensation of the aldehyde on the polymer with the amine of the amino acid to form an 

imine, which is subsequently reduced to an amine using sodium borohydride. This strategy is 

successfully employed to functionalise the polymer with amino acids representative of all the four 

groups of amino acids, when classified by their R-groups.  The conversion of aldehyde to amino acid 

functionality varies from 70% to quantitative conversion, quantified by 1H NMR. The efficiency of this 

chemistry also allows for the functionalisation of the polymer with two amino acids.  

Dynamic functionality is possible prior to the reduction of the imine and is demonstrated with shuffling 

reactions where glycine functional polymers are converted to histidine functional polymers by 

introducing histidine into the equilibrium between the imine and aldehyde/glycine. This is quantified 

by 1H NMR. The addition of different amounts of histidine into the equilibrium results in different 

relative amounts of glycine and histidine functionality on the polymer. This demonstrates the response 

of imino functional polymers to changes in equilibrium and highlights the versatility of this synthetic 

approach. 

The importance of this chapter is the application of reductive amination as a post-polymerisation 

functionalisation strategy to the synthesis of almost all amino acid functional polymers. The application 

of reductive amination to all amino acid side chain functionalities (hydrophobic, polar, acidic, and 

basic) demonstrates this synthetic approach as versatile and robust. The dynamic functionality of the 

pendant amino acid moieties with imine functionality is explored as a way to tune the amino acid 

amounts on the polymer, as well as to demonstrate the ability of this chemistry to undergo shuffling 

reactions. 

Chapter Five explores the facile synthesis of histidine functional poly(N-isopropylacrylamide) as 

zwitterionic and temperature responsive materials. In this chapter, the ability to synthesise histidine 

functional materials using reductive amination is highlighted, and the properties of this material are 

explored. Histidine functional materials are difficult to synthesise due to the reactivity of the imidazole 
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ring. Imidazole containing polymers have been synthesised and studied, however, they have not been 

synthesised from the amino acid, but from other more complex starting materials. The ability to easily 

synthesise histidine functional polymers is a feat yet undone. Histidine has been reacted onto a gel using 

epoxide ring opening chemistry, however attempts to add it to soluble polymers has been largely 

unsuccessful. 

Temperature responsive poly(N-isopropylacrylamide) (PNiPAm) is a well-known and studied material. 

It exhibits a lower critical solution temperature (LCST). Below the LCST the polymer is soluble due to 

a coil configuration sustained by hydrogen bonding with water molecules. Above the LCST however, 

the hydrogen bonds are broken and the polymer hydrogen bonds with itself and precipitates out of 

aqueous solution after undergoing a coil to globule transition.  The LCST of PNIPAM and other 

temperature responsive materials can be tuned by adding hydrophobic or hydrophilic moieties. When 

hydrophobic moieties are added, the LCST is decreased, as the amount of hydrogen bonding of water 

to the polymer is decreased. The addition of more hydrophilic moieties to these polymers increases the 

LCST as the water solvating the polymer is bound more tightly, and requires more thermal energy to 

displace and cause the coil to globule transition rendering the polymer insoluble.  

In this work, a PNIPAM copolymer is synthesised, incorporating a benzaldehyde monomer with molar 

stoichiometric amounts varying between 5% and 30%. These polymers are subsequently functionalised 

with histidine using reductive amination. This strategy allows for the control over the incorporation of 

histidine into the final polymers and can be used to tune the LCST of the materials synthesised. 

The LCST transition of the histidine functional polymers was found to broaden and disappear with the 

addition of large amounts of histidine incorporation. This is due to the charged states of the histidine 

moieties. When charges are present on the polymer, and they can exist in a zwitterionic state, the 

materials can exhibit an Upper Critical Solution Temperature (UCST) where the polymer is insoluble 

due to electrostatic zipping of zwitterionic moieties, which can be broken by an increase in thermal 

energy, observed as a soluble polymer.  

The LCST behaviour of these materials are explored at different pH’s and with different incorporations 

of histidine. The self-assembly of these polymers is also explored by dynamic light scattering. The 

significance of the work in this chapter is the ability to facilely synthesise functional temperature 

responsive polymers, and to highlight the ability to synthesise histidine functional materials without 

protecting groups. The histidine functionality is novel, and this work highlights the various 

functionalities available to explore with such highly functional materials.  

Chapter Six contains an investigation of temperature induced assembly and metal ion stabilisation of 

histidine functional block copolymers. The synthesis and chemistry developed in chapters 4 and 5 are 

applied to the synthesis of diblock copolymers. Glycine and histidine are the amino acids used in this 
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work to explore and highlight the importance of histidine’s imidazole in metal ion coordination 

interactions. In this work, the block copolymers undergo reversible temperature induced self-assembly. 

The thermally induced self-assemblies can be stabilised using metal ion coordination when Cu2+ ions 

are added at elevated temperatures. The metal ion coordination of histidine with divalent ions is a 

dynamic and reversible bond and its application to the locking of polymer self-assemblies has not been 

well investigated. Additionally, opportunities to further explore these histidine functional self-

assemblies as catalytic assemblies and a copper ion supporting catalysts are exciting. 

The block copolymers incorporate a poly(N-isoporopylacrylamide) (PNiPAm) block and a 3-

vinylbenzaldehyde (3VBA) block. The 3VBA block is functionalised with glycine and histidine using 

reductive amination, highlighting the use of this chemistry for higher order polymer architectures. Upon 

heating the polymers, they undergo thermally induced self-assembly that can be locked into place with 

the addition of Cu2+ ions in a 2:1 histidine: Cu2+ ratio. The histidine functional self-assemblies no longer 

experienced reversible self-assembly, and were shown to be locked as a polymer self-assembly by 

dynamic light scattering and by atomic force microscopy. The glycine functional self-assemblies were 

not stabilised by the addition of copper ions, demonstrating the importance of the imidazole in this 

coordination. Additionally, this stabilising metal ion coordination bond was shown to be reversible with 

the addition of copper ions, demonstrating metal ion coordination as a viable dynamic bond for the 

reversible locking of polymer self-assemblies.  

Chapter Seven explores self-healing, amino acid functional gels. Aldehyde functional polymers are 

used in the synthesis of functional, self-healing gels. Carbonyl condensation is used to synthesise imine 

crosslinked gels by adding a diamine to the aldehyde functional polymer. Ethylene diamine is used as 

a crosslinker to form imine functional gels. The self-healing behaviour is characterised by rheology. 

The EDA crosslinked gels break at 170% strain, breaking the network. After twenty minutes, these gels 

regain their mechanical integrity. Upon the addition of strain to the gel, they again break at 170% strain, 

exhibiting the same response to an increase in strain as it did prior to its destruction and healing time. 

This behaviour is attributed to the dynamic nature of the imine bond. This was confirmed by reducing 

the imine bonds to amine bonds and characterising it’s response to strain. The gel was destroyed at 

200% strain, however its mechanical properties were not regained after twenty minutes of healing time. 

The gel failed mechanically at 20% strain the second time, indicating that without the dynamic imine 

bonds, the material could not self-heal.  

Amino acid functional gels were also investigated and shown to be self-healing. Cystine was used as a 

diamine crosslinker to form an amino acid functional gel. Additionally, histidine functional polymers 

were synthesised using reductive amination. The histidine functional polymers formed metal ion 

complexes, however did not form uniform gels, likely as a result of high crosslinking density, or a result 

of the high functionality of the histidine moiety causing the polymer to self-associate. The use of sodium 
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triacetoxyborohydride enabled the partial functionalisation of aldehydes with histidine without reducing 

unreacted aldehydes, resulting in a dual functional polymer that should be further investigated as a 

doubly dynamic material, crosslinked with imines as well as metal ion coordination bonds. 

Chapter Eight summarises the conclusions of the work presented. The work is summarised and 

conclusions as well as impact of the work in polymer chemistry is discussed. Future work stemming 

from work presented are is used to close the thesis. 
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DLS  dynamic light scattering 

DMAP  4-dimethylaminopyridine 

DMF  dimethylformamide 

eq  molar equivalents 

FPMA  4-formylphenyl methacrylate 

FTIR  fourier transform infra-red  

glu  glutamic acid 

GMA  glycidyl methacrylate 

H  proton or hydrogen 

HCl  hydrochloric acid 

HEMA  2-hydroxyethyl methacrylate 

his  histidine 

HPLC  High Performance Liquid Chromatography 

IR  infrared 

KCl  potassium chloride 

kDa  kilodaltons 

LCST  lower critical solution temperature 

leu  leucine 

LiBr  lithium bromide 

M  molar (moles per litre, mol L-1) 

MEHQ  methylethylhydroquinone 

MeOH  methanol 

met  methionine 
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mg  milligram (10-3 g) 

MHz  megahertz (106 Hz) 

mL  millilitre (10-3 L) 

mmol  millimole (10-3 mol) 

Mn  number molecular weight 

mol  mole 

Mw  weighted molecular weight 

MWCO  molecular weight cut off 

NaBH4  sodium borohydride 

NaOH  sodium hydroxide 

NiPAm  N-isopropylacrylamide 

nm  nanometer (10-9 m) 

NMR  Nuclear Magnetic Resonance 

Pd  palladium 

PET  poly(ethylene terephthalate) 

pH  power of hydrogen 

pKa  acidic dissociation constant 

pKb  dissociation constant of the base – or conjugate acid??” 

PNiPAm  poly(N-isopropylacrylamide) 

pOEGMA poly(oligoethyleneglycol methacrylate) 

RAFT  reversible addition fragmentation transfer 

SBMA  sulfobetaine methacrylate(s) 

SEC  size exclusion chromatography 

ser  serine 
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SI-ATRP surface initiated atom transfer radical polymerisation 

siRNA  small interfering ribonucleic acid 

SLS  static light scattering 

TCEP  tris(2-carboxyethyl)phosphine, hydrochloride 

TEA  triethylamine 

THF  tetrahydrofuran 

tyr  tyrosine 

UCST  upper critical solution temperature 

UV-vis  ultraviolet and visible 
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List of Figures 

Figure 2.1. A polypeptide, shown, is the result of the condensation of amino acid. It consists of a polyamide 
backbone with the R-groups hanging pendant off the biomacromolecule. 

Figure 2.1.1. The general structure of a RAFT chain transfer agent. 

Figure 2.1.2. The RAFT polymerisation process. This image is used with permission from G. Moad, E. 
Rizzardo and S. H. Thang, Aust. J. Chem., 2005, 58, 379. Copyright 2005 CSIRO. 

Figure 2.2.1. A protein structure rich in alpha helices is shown on the left. On the right, a beta sheet is shown 
where flat regions can align with one another due to flexible, curvy regions, shown in white. 

Figure 2.3.2. Post-polymerisation functionalisation strategy for hydrogels containing epoxy groups employed 
by Xu et al. enabling the functionalisation of a hydrogel with a range of amino acids. Reprinted 
with permission from C. Xu, X. Hu, J. Wang, Y. Zhang, X. Liu, B. Xie, C. Yao, Y. Li and X. 
Li, ACS Appl. Mater. Interfaces, 2015, 7, 17337–17345. Copyright 2015 American Chemical 
Society.  

Figure 2.3.3. The functionalisation of a soluble polymer post-polymerisation using protecting group free 
reductive amination chemistry. This is a highly versatile strategy which can simplify the 
synthesis of amino acid functional polymers, creating stable functional material. Reprinted with 
permission from E. Brisson, Z. Xiao, L. Levin, G. Franks, L. Connal, Polym. Chem., 2016, doi: 
10.1039/c5py01915j. Copyright 2016 Royal Society of Chemistry.  

Figure 2.3.4. Illustrated are examples of the structures of zwitterionic amino acid functional monomers, with 
the amino acid moieties contained in the grey boxes.1-4 The most popular method of synthesising 
amino acid functional zwitterions for biomaterials applications involves the addition of amino 
acids to the monomer. An example of an amino acid zwitterionic monomer that does not follow 
this trend is GluDMA, reported by the group of Takahara.5 

Figure 2.3.5.  Amino acids provide a useful platform for some fundamental studies of zwitterionic materials, 
as choosing the functional site is a means to change the spacing between the charges, and the 
pH responsive nature of the functional groups can be used to tune the behaviour of the polymer 
film. Illustrated is a polymer synthesised by the group of Takahara to study this effect. Reprinted 
with permission from S. Fujii, M. Kido, M. Sato, Y. Higaki, T. Hirai, N. Ohta, K. Kojio and A. 
Takahara, Polym. Chem., 2015, 6, 7053–7059. Copyright 2015 Royal Society of Chemistry. 

Figure 2.3.6. Temperature responsive micelles that form upon heating can be locked in micellar shape using 
electrostatic interactions described by McCormick et al. To summarise, thermal assembly of 
block copolymers with anionic amino acid functional polymer in the shell is locked when a 
polycation is added. The addition of salt unlocks the system, making it fully reversible. Adapted 
with permission from B. S. Lokitz, A. J. Convertine, R. G. Ezell, A. Heidenreich, Y. Li and C. 
L. McCormick, Macromolecules, 2006, 39, 8594–8602. Copyright 2006 American Chemical 
Society.  

Figure 2.4.1. The equilibrium formation of an imine, or a Schiff base from the carbonyl condensation of an 
aldehyde with an amine is shown.  

Figure 2.4.2. In reductive amination, an imine is treated with a reducing agent to form an amine. This is not 
an equilibrium reaction and is a reliable way to form an amine bond. Figure used from 6 shows 
PEG propionaldehyde reacting with an N-terminus of a protein which is reduced to form a PEG 
conjugate at that site. 
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Figure 4.1.1. Graphical Abstract. Amino acids are used to synthesise highly functional polymers in one pot, 
without protecting groups using carbonyl condensation. The imine is used to dynamically 
functionalise the polymer with an exhaustive range of amino acids. The bonds can also be made 
stable by reducing the imine bond yielding a variety of highly functional materials. 

Figure 4.5.1. 1H NMR spectra following the reaction of glycine onto PNiPAm0.8-co-PFPMA0.2 (a) to form 
[PNiPAm0.8-co-PFPMA]-co-ImGly0.18 (b) and [PNiPAm0.8-co-PFPMA]-co-AmGly0.19 (c). 
The aldehyde peak Ha disappears and the imino peak Hc and the glycine peak 2Hd appear after 
glycine is added to the polymer. Upon reduction, the imino peak Hc disappears as the amino 
peak 2He appears, and the glycine peak 2Hd shifts upfield.  

Figure 4.5.2. Representative samples of amino acid functional polymers as synthesised by reductive 
amination. The amino acids chosen represent acidic, polar neutral, neutral, and basic amino 
acids to demonstrate the tolerance of reductive amination to a broad range of functional groups. 
Amino acid peaks are identified in red, and in black, peak 2Hu is from the unreacted 
benzaldehyde that has undergone reduction to the benzyl alcohol. Peak Hi is the isopropyl 
proton from the PNiPAm. 

Figure 4.5.3. The 1H NMR spectrum of [PNiPAm0.8-co-PFPMA]-co-AmGly0.08-AmHis0.09, dually 
functionalised with glycine and histidine. 

Figure 4.5.4. To [PNiPAm0.8-co-PFPMA]-co-ImGly0.18, a range of equivalents of histidine (one to fifteen) 
were added to displace the glycine from the polymer. The conversion of [PNiPAm0.8-co-

PFPMA]-co-ImGly0.18 to [PNiPAm0.8-co-PFPMA]-co-ImHis0.2 by transimination as excess 
histidine is added was followed by 1H NMR. Full conversion from glycine to histidine was 
achieved with an excess of 15 equivalents of histidine.  

Figure 4.9.1. The RI SEC trace of the aldehyde containing scaffold polymer, PNiPAm0.8-co-PFPMA0.2, is 
shown on the right. This was performed in DMF with 0.01M LiBr as the eluent. The molecular 
weight, determined by comparison to polystyrene standards, is ≈ 50 kDa and the Đ was found 
to be 1.3. 

Figure 4.9.2. The 1H NMR spectra following the conversion of [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 to 
[PNiPAm0.8-co-PFPMA]-co-ImHis0.2 with increasing equivalents of histidine. The imino-
glycine peak Ha at δ 8.3 is clearly decreasing with the addition of histidine while the imino-
histidine peak Hb at δ 8.0 increases.  

Figure 5.1.1. Graphical abstract. Reductive amination facilitates the protecting group free post-
polymerisation functionalisation of a temperature responsive, aldehyde containing polymer with 
histidine. 

Figure 5.5.1. The 1H NMR spectra of the polymer platform P2 (bottom) and the histidine functionalised 
polymer P6 (top). The disappearance of the aldehyde peak g in P6, as well as the broadening of 
histidine peaks (methyne peak d, methylene peaks c and e, and imidazole peak b) indicate the 
presence of histidine on the polymer and the successful functionalisation of the aldehyde 
functional handle with histidine. 

Figure 5.5.2. Controlling the amount of aldehyde in the platform polymer series P1-P4 allows us to control 
the amount of histidine on the histidine functional polymers P5-P8. Here, the 1H NMR spectra 
of histidine functional, temperature responsive polymers P5-P8 demonstrate our series of 
polymers with increasing histidine content. 
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Figure 5.5.3. The FTIR spectra of the copolymer platform P4 (bottom) shows clear ester and aldehyde C=O 
stretching. While the C=O stretch from the ester is still present in the functionalised polymer 
P8 (top), the absence of the aldehyde peak indicates the successful polymer functionalisation 
with histidine. While the FTIR spectra for Polymers P1-P3 and P5-P7 show the same aldehyde 
peak and its absence, polymers P4 and P8 are shown due to the higher incorporation of 
aldehyde, showing the most pronounced aldehyde peak.  

Figure 5.5.4. The titration curve for the temperature responsive, histidine functional polymer P8 showing the 
suggested charged states of the material for the range of pH values between 2 and 12. 

Figure 5.5.5. The LCSTs of our histidine functional, temperature responsive polymers P5-P8 relative to that 
of PNiPAm (measured by transmission measurements at 540 nm) with varying incorporations 
of histidine. The pH of the solutions ranged between 6.2 and 6.8, due to the pH responsive 
nature of the histidine moieties. At low incorporations of histidine, the LCST of the copolymer 
is increased as expected due to the addition of hydrophillic groups (samples P5 and P6). At 
higher incorporations, the LCST is broadened and thermoresponsive nature of the PNiPAm is 
competing with that of the zwiterionic histidine moieties (P7 and P8). 

Figure 5.5.6. The effect of pH on LCST of the 16% histidine functional polymer, P7. The lowest LCST occurs 
near neutral pH, while increased LCST is observed for acidic and basic conditions where the 
polymer is expected to have net positive and negative charges, respectively. 

Figure 5.5.7. DLS data exploring the size of P7 as a function of temperature at different pH values with and 
without electrolyte. Photographs of the neutral pH samples are shown above for 25°C (blue 
circles) and 50°C (red squares) measurements. The DLS measurements did not converge, 
however visible aggregation is clearly seen in both cases. The aggregates clump together in the 
polymer electrolyte solution, shown in Fig. 5.5.7a.  

Figure 5.9.1. The SEC traces in DMF of the aldehyde functional PNiPAm copolymers with MWs ≈ 50000 
and ᴆ 1.5-1.6. 

Figure 5.9.2. The SEC (in DMF) trace of PNiPAm homopolymer synthesised by RAFT polymerisation using 
CDP as the RAFT agent. The dispersity is 1.43. 

Figure 5.9.3. The full FTIR spectra of PNiPAm73-co-His23 (a), PNiPAm73-co-PFPMA26 (b), PNiPAm (c) and 
PFPMA. In spectra (b) and (d) the aldehyde peak is clearly visible at 1700cm-1. After reductive 
amination, this peak disappears as can be seen in the FTIR spectra of PNiPAm73-co-His23 (a).
  

Figure 6.1.1. Graphical Abstract. Divalent copper ions are used to stabilise thermally induced self-assembled 
histidine functional polymer structures through metal ion coordination bonds. 

Figure 6.5.1. The 1H NMR spectra showing the synthesis and functionalisation of the block copolymers: 
MCTA (a), P1 (b), PHIS (c) and PGLY (d). 

Figure 6.5.2. The 1H NMR spectra for PHIS showing the reversible temperature induced self-assembly of the 
polymer. At 25°C, the peaks associated with the histidine moieties (c, d, e, f and g) are very 
broad, indicating some hydrogen bonding and some potential shielding from soluble PNiPAm 
blocks. At 50°C, these peaks sharpen while the isopropyl protons (a and b) decrease in intensity 
as they move into the self-assembly.  
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Figure 6.5.3. Dynamic light scattering (DLS) was used to measure any polymer self-assemblies in solution 
(pH 9) above and below the LCST of PNiPAm to confirm the reversible self-assembly of PHIS 
with a change in temperature. The charged state of the histidine moiety is shown.   

Figure 6.5.4. The radii of the PHIS self-assemblies at pH 9, measured by DLS, are shown in a). At 25°C, PHIS 
does not exhibit a uniform population by DLS, which is contrasted by the single population of 
106 nm present upon heating the sample to 50°C. AFM imaging of PHIS at 25°C shown in (b) 
shows a clear lack of polymer self-assemblies, confirming that the distribution of sizes measured 
by DLS are a result of PHIS is self-associating with itself as it is a functional material. After the 
addition of Cu2+ ions at 50°C and cooling back to 25°C, a single population of 96 nm polymer 
self-assemblies are measured by DLS. The presence of these stabilised micelles was confirmed 
by AFM imaging, shown in (c). Each AFM image displays a 5x5 um field with a 100 nm total 
z-range.   

Figure 6.5.5.   DLS measurements of PHIS in the presence of Cu2+ ions when they are added at 25°C. After 
adding the Cu2+ ions, the solution was heated to 50°C and cooled once again to 25°C. A single 
population of self-assemblies was not observed, and thermally induced, reversible self-assembly 
was not was also not observed.  

Figure 6.5.6. The likely coordination mechanism of the PHIS responsible for the locking of the micelles. 

Figure 6.9.1. The SEC chromatographs showing the elution (in minutes) and dispersity (Ð) of MCTA (a) and 
P1 (b).   

Figure 6.9.2. The 1H NMR spectra for PGLY showing the reversible temperature induced micellisation. At 
25°C, the peaks associated with the glycine moieties (e and f) are very broad, indicating some 
hydrogen bonding and some potential shielding from soluble PNiPAm blocks. At 50°C, these 
peaks sharpen while the isopropyl protons (a and b) decrease in intensity as they move into the 
self-assembly. 

Figure 6.9.3. Dynamic light scattering (DLS) was used to measure any polymer self-assemblies in solution 
at pH 5, 7 and 9 above and below the LCST of PNiPAm to confirm the reversible self-assembly 
of PHIS with a change in temperature. The charged states of the histidine moiety are shown as 
these influence the size and shape of the self-assemblies.   

Figure 6.9.4. Dynamic light scattering (DLS) was also used to measure any polymer self-assemblies of PGLY 
in solution at pH 5, 7 and 9 above and below the LCST of PNiPAm to confirm the reversible 
self-assembly. The charged states of the glycine moiety appear beside the DLS behaviour to 
conceptualise how the charged moieties can influence micelle size and shape.  

Figure 6.9.5. At pH 9, we investigated the effect of Cu2+ ions on PGLY. The DLS data on the left is from the 
addition of Cu2+ at 50°C (a) and from the addition of Cu2+ at 25°C (b). After the addition of 
Cu2+, the samples were measured at 25, 50 and 25°C to determine any changes in the thermally 
induced self-assemblies. The addition of Cu2+ at 25°C had no effect on the thermal self-
assembly of PGLY, but at 50°C causes some aggregation and turbidity of the sample, but does 
not preserve a single-sized micelle population. This indicates that the Cu2+ is able to coordinate 
with the highly functional polymer but not in a specific or strong manner. AFM images confirm 
this by showing an absence of particles in PGLY without Cu2+ (c) and PGLY with Cu2+ added at 
50°C (d). This indicates that at pH 9, there is likely little to no coordination contribution from 
the carboxylic acids in the histidine moieties that contribute to locking the micelles. 



xiii 
 

Figure 6.9.6. The DLS measurements of PGLY after Cu2+ was added at 50°C after cooling to 25°C at pH 5, 7 
and 9. No single size populations of polymer self-assemblies were observed which indicates 
that these micelles are not locked in the corona by metal ion coordination.   

Figure 7.5.1.  The characterisation of P7.1 is shown: (a) the SEC trace, and (b) the 1H NMR spectrum. P7.1 
has a molecular weight of 47 kDa and a dispersity of 1.4, measured by SEC. Comparison of 
peaks a (from the aldehyde) and b (from the isopropyl group) in the 1H NMR spectrum (b) gives 
the aldehyde incorporation as 20%, by mole. 

Figure 7.5.2.  The characterisation of P5.2 is shown: (a) the SEC trace, and (b) the 1H NMR spectrum. P5.2 
has a molecular weight of 47 kDa and a dispersity of 1.6, measured by SEC. Comparison of 
peaks a (from the aldehyde) and b (from the isopropyl group) in the 1H NMR spectrum (b) gives 
the aldehyde incorporation as 22%, by mole. 

Figure 7.5.3.  The 1H NMR of P7.3 and P7.4 are shown. The aldehyde functionality remaining in P7.4 is 
apparent at position a.  

Figure 7.5.4.  The rheological measurements demonstrating the self-healing behaviour of G7.1, the imine 
crosslinked gel. Strain was applied until the gel was destroyed (a), it was allowed to heal for 2 
minutes and demonstrated quick recovery (b), and the destruction of the gel was carried out 
again (c). The gel had nearly identical physical properties in both tests, demonstrating it as a 
self-healing material. 

Figure 7.5.5.  The rheological measurements of the reduced gel, G7.2, demonstrating it to not be self-healing. 
The gel fails at 200% strain and after healing for twenty minutes, none of the mechanical 
integrity of the gel is regained, as the gel fails at 20% the second time.  

Figure 7.5.6.  The self-healing behaviour of G7.3 is characterised by rheology. The gel stiffness was measured 
with a frequency sweep (a) and the gelation kinetics were measured and demonstrate that this 
gel forms quickly. The self-healing behaviour was demonstrated by destroying the gel with high 
strain (c) and allowing it to recover for one hour before repeating the measurement. The gel 
recovered fully, observed as the storage modulus returned to its original value after 60 minutes 
(d).  

Figure 7.5.7.  At pH 5 and pH 7, the blue colour is observed, but the polymer remains in solution, as in insert 
i).The histidine-Cu2+ complexes to form polymer aggregates at pH 9, shown in inserts ii) and 
iii). Changing the concentration or the solvent still resulted in aggregates. The structure on the 
right is the proposed mechanism for the coordination, as discussed in chapter 6.  
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List of Schemes 

Scheme 1.1. Reductive amination as a post polymerisation strategy in the protecting group free synthesis of 
amino acid functional polymers is illustrated. An aldehyde functional polymer can undergo 
carbonyl condensation to form an imine which can be reduced to an amine, forming an amino 
acid functional polymer in two simple steps. 

Scheme 2.3.1. The most common strategy when forming amino acid functional monomers is to react the amine 
with methacryloyl chloride to form a methacrylamides. Pictured is the synthesis of methacrylyl-
L-alanine as reported by Morawetz et al. in 1961, when investigating chiral effects on free 
radical polymerisation.  

Scheme 2.3.2. The synthesis of a temperature responsive polymer based on aspartic acid. The deprotection of 
the carboxylic acid yielded a water soluble polymer with a pH response, while the addition of 
an N-isopropyl group added an LCST transition. Reprinted with permission from C. Luo, Y. Liu 
and Z. Li, Macromolecules, 2010, 43, 8101–8108. Copyright 2010 American Chemical Society. 

Scheme 2.3.3. The use of carbodiimide esterification to couple protected amino acids with the 
hydroxyethylmethacrylate (HEMA) monomer, as first reported by Sun and Gao. The amine is 
deprotected readily via acid hydrolysis.  Reprinted with permission from H. Sun and C. Gao, 
Biomacromolecules, 2010, 11, 3609–3616. Copyright 2010 American Chemical Society.  

Scheme 2.3.4. A protecting group free strategy to direct the reaction to the R group when non-orthogonal 
functional groups are present is to chelate Cu2+ ions with the α-amine and α-carboxylic acid, as 
pictured above with serine. Reprinted with permission from T. E. Kristensen, F. K. Hansen and 
T. Hansen, European J. Org. Chem., 2009, 387–395. Copyright 2009 John Wiley and Sons. 

Scheme 2.3.5. The synthesis of a cysteine methacrylate monomer using the free thiol of cysteine in a thia-
Michael addition reaction. Reprinted with permission from A. M. Alswieleh, N. Cheng, I. 
Canton, B. Ustbas, X. Xue, V. Ladmiral, S. Xia, R. E. Ducker, O. El Zubir, M. L. Cartron, C. 
N. Hunter, G. J. Leggett and S. P. Armes, J. Am. Chem. Soc., 2014, 136, 9404–9413. Copyright 
2014 American Chemical Society. 

Scheme 4.3.1. Reductive amination as a two-step, one pot approach to the synthesis of highly functional 
materials using the amine of amino acids in condensation reactions with polymer supported 
aldehydes. 

Scheme 4.5.1. The one-pot, two-step approach to the synthesis of highly functional materials using amino acids 
as reactive moieties. 

Scheme 4.5.2. The one pot synthesis of dual glycine and histidine functional polymer, [PNiPAm0.8-co-

PFPMA]-co-AmGly0.08-AmHis0.09. 

Scheme 5.5.1. Post polymer functionalisation of thermoresponsive poly(N-isopropylacrylamide) copolymer 
with unprotected histidine via reductive amination 

Scheme 6.5.1 A temperature responsive, benzaldehyde functional diblock copolymer, P1, was synthesised by 
RAFT polymerisation. A macro chain transfer agent (MCTA) was first synthesised from 
NiPAm which was subsequently chain extended with 3VBA. The post-polymerisation 
functionalisation of P1 was performed using reductive amination with both glycine and histidine 
to form PGLY and PHIS, respectively.  
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Scheme 6.5.2. The temperature-induced, reversible self-assembly of PHIS with the charged states of the 
histidine moiety at pH 5, 7 and 9. Above 32°C, the PNiPAm block takes on hydrophobic 
character to drive the self-assembly in water.  

Scheme 6.5.3. The copper coordination crosslinking of the temperature induced self-assemblies at 50°C. Upon 
cooling, the Cu2+ coordination crosslinked micelles are present and stable. 

Scheme 7.5.1.  Illustrated is the synthesis of P7.1, involving the copolymerisation of N-isopropylacrylamide 
and 4-formylphenylacrylate (FPA) by RAFT polymerisation. 

Scheme 7.5.2.  Illustrated is the synthesis of P7.2, involving the copolymerisation of N-isopropylacrylamide 
and 3-vinylbenzaldehyde by RAFT polymerisation. 

Scheme 7.5.3.  Histidine functional polymers P7.3 and P7.4 were synthesised from P7.2 by reductive amination 
with histidine. To synthesise the fully histidine functional polymer, P7.3, 1.2 equivalents of 
histidine (to aldehyde) was used and sodium borohydride was the reducing agent. To synthesise 
the part histidine part aldehyde functional polymer, P7.4, 0.4 equivalents of histidine were used 
and sodium triacetoxyborohydride was the reducing agent in order to only reduce the imines 
and not the aldehydes. 

Scheme 7.5.4.  The formation of G7.1 is achieved by carbonyl condensation upon the addition of EDA forming 
an imine crosslinked gel. Reduction of the imine bonds with NaBH4 results in G7.2 which is 
crosslinked with amine bonds. 

Scheme 7.5.5.  The formation of G7.3 is done by crosslinking P7.1 with cystine, yielding a gel with two 
reversible covalent crosslinks.  

Scheme 7.5.6.  The formation of G7.4 is done by crosslinking the histidine functional polymer P7.3 with Cu2+ 
ions. G7.4 was not a gel, but a polymer aggregate.  
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Table 4.3.1. A summary of the properties available from different synthetic strategies conjugating amino 
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Figure 2.1.2.  The RAFT polymerisation process. This image is used with permission from G. Moad, E. 
Rizzardo and S. H. Thang, Aust. J. Chem., 2005, 58, 379. Copyright 2005 CSIRO. 

Scheme 2.3.2.  The synthesis of a temperature responsive polymer based on aspartic acid. The deprotection of 
the carboxylic acid yielded a water soluble polymer with a pH response, while the addition of 
an N-isopropyl group added an LCST transition. Reprinted with permission from C. Luo, Y. Liu 
and Z. Li, Macromolecules, 2010, 43, 8101–8108. Copyright 2010 American Chemical Society. 

Scheme 2.3.3. The use of carbodiimide esterification to couple protected amino acids with the 
hydroxyethylmethacrylate (HEMA) monomer, as first reported by Sun and Gao. The amine is 
deprotected readily via acid hydrolysis.  Reprinted with permission from H. Sun and C. Gao, 
Biomacromolecules, 2010, 11, 3609–3616. Copyright 2010 American Chemical Society.  

Scheme 2.3.4.  A protecting group free strategy to direct the reaction to the R group when non-orthogonal 
functional groups are present is to chelate Cu2+ ions with the α-amine and α-carboxylic acid, as 
pictured above with serine. Reprinted with permission from T. E. Kristensen, F. K. Hansen and 
T. Hansen, European J. Org. Chem., 2009, 387–395. Copyright 2009 John Wiley and Sons. 

Scheme 2.3.5. The synthesis of a cysteine methacrylate monomer using the free thiol of cysteine in a thia-
Michael addition reaction. Reprinted with permission from A. M. Alswieleh, N. Cheng, I. 
Canton, B. Ustbas, X. Xue, V. Ladmiral, S. Xia, R. E. Ducker, O. El Zubir, M. L. Cartron, C. 
N. Hunter, G. J. Leggett and S. P. Armes, J. Am. Chem. Soc., 2014, 136, 9404–9413. Copyright 
2014 American Chemical Society. 

Figure 2.3.2. Post-polymerisation functionalisation strategy for hydrogels containing epoxy groups employed 
by Xu et al. enabling the functionalisation of a hydrogel with a range of amino acids. Reprinted 
with permission from C. Xu, X. Hu, J. Wang, Y. Zhang, X. Liu, B. Xie, C. Yao, Y. Li and X. 
Li, ACS Appl. Mater. Interfaces, 2015, 7, 17337–17345. Copyright 2015 American Chemical 
Society. 

Figure 2.3.3.  The functionalisation of a soluble polymer post-polymerisation using protecting group free 
reductive amination chemistry. This is a highly versatile strategy which can simplify the 
synthesis of amino acid functional polymers, creating stable functional material. Reprinted with 
permission from E. Brisson, Z. Xiao, L. Levin, G. Franks, L. Connal, Polym. Chem., 2016, 
Advance Article, doi: 10.1039/c5py01915j. Copyright 2016 Royal Society of Chemistry.  

Figure 2.3.5.  Amino acids provide a useful platform for some fundamental studies of zwitterionic materials, 
as choosing the functional site is a means to change the spacing between the charges, and the 
pH responsive nature of the functional groups can be used to tune the behaviour of the polymer 
film. Illustrated is a polymer synthesised by the group of Takahara to study this effect. Reprinted 
with permission from S. Fujii, M. Kido, M. Sato, Y. Higaki, T. Hirai, N. Ohta, K. Kojio and A. 
Takahara, Polym. Chem., 2015, 6, 7053–7059. Copyright 2015 Royal Society of Chemistry. 

Figure 2.3.6.  Temperature responsive micelles that form upon heating can be locked in micellar shape using 
electrostatic interactions described by McCormick et al. To summarise, thermal assembly of 
block copolymers with anionic amino acid functional polymer in the shell is locked when a 
polycation is added. The addition of salt unlocks the system, making it fully reversible. Adapted 
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with permission from B. S. Lokitz, A. J. Convertine, R. G. Ezell, A. Heidenreich, Y. Li and C. 
L. McCormick, Macromolecules, 2006, 39, 8594–8602. Copyright 2006 American Chemical 
Society.  

Figure 2.4.2.  In reductive amination, an imine is treated with a reducing agent to form an amine. This is not 
an equilibrium reaction and is a reliable way to form an amine bond. Figure used from 125 shows 
PEG propionaldehyde reacting with an N-terminus of a protein which is reduced to form a PEG 
conjugate at that site. 
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1. Introduction 

The advent of new technologies is often dependent on overcoming material science problems. Even the 

problem of supersonic flight comes down to material deficiencies, as there are no processable materials 

that can withstand the temperatures caused by friction at such velocities. Material limitations also hinder 

the development of polymer based technologies like targeted drug delivery, novel sensing strategies, 

and self-healing materials. For this reason, the ability to make highly functional materials is a prime 

research focus for polymer chemists. Simplifying the synthesis of highly functional materials is critical 

in the development of polymer based technologies, as the synthesis of these materials is often complex 

and prohibitive to industrial implementation or economical product development.  

Herein, the synthesis of highly functional amino acid functional polymers was undertaken using 

reductive amination chemistry using a post polymerisation approach, shown in Scheme 1.1 below. The 

first step in this approach is the synthesis of a polymer with an aldehyde functional handle. The aldehyde 

can then undergo condensation in the presence of a primary or secondary amine, or in this instance the 

amine of an amino acid, to form an imine. The imine is subsequently reduced using sodium borohydride 

to form a stable amine bond. The reaction conditions are very mild, taking place at room temperature 

with water as the only by-product. Of primary significance, this approach negates the need for protecting 

group chemistry for all the amino acids, with the exception of lysine, which has another amine as an R-

group. The other significant advantage of this approach is the preservation of the amino acid R-group 

such that it can remain a pendant moiety from the polymer, similarly to how it is pendent off a 

polypeptide. In this fashion, it is possible to simplify the synthesis of polymeric materials that might 

exhibit similar behaviours exhibited in proteins and peptides.  

 

Scheme 1.1 Reductive amination as a post polymerisation strategy in the protecting group free synthesis of amino 
acid functional polymers is illustrated. An aldehyde functional polymer can undergo carbonyl condensation to 
form an imine which can be reduced to an amine, forming an amino acid functional polymer in two simple steps.  

In this thesis, this synthetic approach is presented for amino acids with four different chemistries on 

their R group: acidic, basic, polar, and neutral. In addition to the synthesis of amino acid functional 

polymers, the dynamic nature of the imine is explored, and equilibrium conditions are used in shuffling 

reaction on the polymers. The ability to synthesise histidine functional materials is highlighted, and the 

functional properties of this material are explored. Finally, the synthetic approach is applied to the 
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synthesis of block copolymers, and the metal ion coordination of histidine residues is used to lock 

micellar structures into place. The versatile nature of the chemistry employed is also used to make self-

healing materials that are facilely functionalised with amino acids. 

The work in this thesis demonstrates the development of an important chemistry that should be 

implemented more widely in the synthesis of highly functional polymers. The ability to synthesise 

amino acid functional materials without protecting groups while preserving the R-group is valuable and 

can also be applied to other simpler or perhaps even more complex building blocks. In addition, this 

work demonstrates that the amino acids added in this way can be used to mimic natural materials. 

Dynamic chemistry is shown to change the polymer functional groups in response to equilibrium 

conditions and the histidine functional moieties are added successfully to the polymer and used to tune 

the properties of the material. The histidine moieties are also shown to coordinate to metal ions and this 

is used to reversibly lock micelles in place. Using a simple, two-step strategy, a library of amino acid 

functional polymers was made, and the chemistry of the R groups was used to make functional materials 

based on natural materials. The hope is that this work will aid in breaking some of the material barriers 

currently hindering technological developments in polymer science.  
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2 Literature Review 

Nature has evolved exquisite molecular machinery to sustain life. From a set of chromosomes, 

functional, living organisms grow, live a life, and procreate. Life is largely a function of the self-

assembly of macromolecules in water and the catalysis that these perform on each other and other 

chemicals. While there are four main classes of biomacromolecules with differing sets of building 

blocks, the most prominent and diverse class is that of proteins and peptides. Made from amino acids 

proteins are three dimensional structures that self-assemble into macromolecular machines that perform 

specific functions within living organisms to sustain life.  

Looking at proteins as materials, a closer look at their amino acid building blocks highlights how these 

can direct influence the self-assembly and aid in catalysis. Amino acids each contain an amine, a 

carboxylic acid, and an R-group. The amino acids all have the same basic structure and the R-group is 

what makes them unique and imparts different chemical functionality. The R-groups can be classified 

into four groups: acidic, basic, hydrophobic and polar.1 Amino acids condense to form polypeptides, 

shown in Figure 2.1. The R-groups are pendent from the polyamide backbone and can significantly 

influence or direct the self-assembly of these macromolecules. The amino acid is then of interest in 

synthetic polymers as a pendent moiety.  

 

Fig. 2.1 A polypeptide, shown, is the result of the condensation of amino acid. It consists of a polyamide 
backbone with the R-groups hanging pendant off the polypeptide.  

This literature review will focus on previously reported amino acid functional materials; their synthesis 

and applications. The chemistry used within this work to synthesise amino acid functional polymers is 

reductive amination and this will be reviewed in a general sense and also as it pertains to polymer 

chemistry. Chapters 4, 5, 6, and 7 include a self-contained introduction and literature review.  

2.1 Biomimicry in Polymer Chemistry 

At the most fundamental level, life is sustained by chemical reactions, facilitated by enzymes and other 

biomacromolecules that have evolved over billions of years to perform highly specific tasks. Proteins 

are three dimensional molecular machines with very complex structures and highly specific functioning. 

As a result, protein structure is classified into four distinct classes. The primary structure is the amino 

acid sequence of the polypeptide that makes up the protein. The relative order of amino acids is dictated 
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by DNA transcription. The secondary structure refers to the folding of this chain into secondary 

structures, such as an alpha helix or a beta sheet. When these secondary structures interact and fold into 

globules, this is referred to as the tertiary structure. Tertiary structures are often held together with 

disulphide bonds or other interactions. A quaternary structure occurs when tertiary structures assemble 

into a larger globule. Not all proteins are made of multiple tertiary structures, however it is common. 

From this perspective, one can see the importance of the sequence of the amino acids due to the role of 

R-groups and their placements relative to one another on self-assembly, as well as the ability for these 

R-groups to react with each other or external moieties. Proteins often turn their functions on or off 

depending on the absence or presence of a cofactor, such as a metal ion or a small molecule, which fits 

precisely into an allocated space. Substrate specificity is also often controlled by a lock and key 

mechanism, where the substrate fits exquisitely into the active site of an enzyme. All of this is controlled 

by the folding of the protein which is perfectly reproducible because of the highly specific interactions 

of the R-groups.  

The specificity of proteins is due in large part to amino acid sequence control, the functionality of 

amino acids that interact strongly with one another and the environment to control self-assembly in 

physiological conditions. These concepts are also important in polymer chemistry and polymer science, 

which is why proteins are excellent examples of natural materials to mimic and base new technologies 

on. Precise sequence control in chain growth polymerisations is an area of research that has been gaining 

some momentum in recent years, however this science is still very new. And while controlled 

polymerisation methods such as reversible addition fragmentation-addition (RAFT) polymerisation is 

capable of including a wide range of functionality in monomers, some complex functionalities are still 

out of reach. The ability to synthesise highly functional, complex polymers remains a challenge in 

polymer chemistry, and the synthesis of amino acid functional polymers is no exception to this, to be 

discussed in section 2.4.  

Looking to these evolved macromolecular structures for inspiration in the development of new materials 

is an exciting field that has helped shape the world of polymer chemistry. Polymer synthesis has 

improved immensely since the first synthetic polymers were made. The synthetic polymers were step 

growth polymers, which require two monomers with compatible functionality, where each end of one 

monomer reacts with two complementary monomers. While there are very important materials that 

result from step growth polymerisation methods, it is free radical polymerisation, a type of chain growth 

polymerisation, which has become a versatile and industrially important technology for material 

synthesis. Free radical polymerisation allows for the monomers to polymerise with themselves once 

initiated, and the reactive radical site is regenerated upon the addition of the next. This chemistry is 

very fast and is unfortunately rife with termination reactions, making free radical polymerisation 

unpredictable and messy. A “living” polymerisation was first reported in the form of anionic 

polymerisation in the 1950s, giving precise control over molecular weights with the elimination of 



5 
 

termination reactions.  Living polymerisations have been mimicked by a variety of clever chemistries 

which can cap the growing radical and drastically reduce chain termination reactions. This has evolved 

into the field of controlled polymerisation, arguably one of the most important discoveries in material 

science, as it enables the development of highly functional materials with tailored properties. In terms 

of designing and mimicking natural macromolecules, it is actually controlled polymerisation methods 

that have made making complex macromolecular materials synthetically, a reality, or close to reality. 

2.1.1 RAFT Polymerisation 

Reversible deactivation radical polymerisation (RDRP) techniques are now relatively well understood 

methods of controlled polymerisation that are used in the synthesis of advanced polymer nanomaterials, 

often tailored to exhibit very specific behaviours. RDRP techniques aim to mimic living polymerisation 

systems, such as anionic polymerisation, which do not have any termination reactions and go to 

completion. A controlled polymerisation must fulfil two criteria: fast initiation and slow propagation. 

Fast initiation relative to the rate of propagation ensures that all the chains start growing at the same 

rate. Slow propagation refers to the capped radical; the radical end of the polymer is able to react with 

more monomers when it is uncapped. Reducing the time that the radical is able to react by capping it, 

reduces the chances that it will undergo an undesired radical termination reaction. When all of the chains 

start growing at the same time, and when the probability of undesired termination reactions are reduced, 

the opportunity for the polymerisation to go to completion in increased, and the polymers formed can 

have a low dispersity index (Ð), or be all the same size. The ratio of the monomers to the capping agent 

employed (which is dependent on the type of RDRP technique employed) is how the molecular weight 

of the polymer can be targeted and achieved.  

Of all RDRP techniques, reversible addition-fragmentation transfer (RAFT) polymerisation has the 

greatest functional group tolerance, as well as the largest number of compatible monomers. RAFT 

polymerisation uses a RAFT agent that caps the radical chain ends. The RAFT agent is usually a dithio- 

or trithiocarbonate (sometimes even dithiocarbamates) compound with two functional moieties on 

either side, denoted as R and Z groups, illustrated in Figure 2.1.1. The Z group is a stabilising moiety 

that stabilises the thiocarbonate radical when it exists as a RAFT adduct radical intermediate. The R 

and Z groups are what determine the RAFT agent’s compatibilities with various monomers, as they 

affect the dissociation rates and the ability of the RAFT agents to effectively react with growing polymer 

chains. R group is an initiating group that leaves as a radical moiety that reacts with monomers. As the 

polymer chain grows, the R group becomes the growing polymer. Figure 2.1.2 demonstrates the RAFT 

polymerisation process.  



6 
 

 

Figure 2.1.1. The general structure of a RAFT chain transfer agent. 

 

Figure 2.1.2. The RAFT polymerisation process. This image is used with permission from G. Moad, E. Rizzardo 
and S. H. Thang, Aust. J. Chem., 2005, 58, 379. Copyright 2005 CSIRO. 

In RAFT polymerisation, the molecular weight of the polymer can be predetermined and targeted by 

changing the ratio of the monomers to the RAFT chain transfer agent (CTA). RAFT polymerisation 

allows the polymerisation of a wide variety of monomer classes, including styrenes, acrylamides, 

methacrylamides, acrylates, methacrylates, vinyl esters and vinyl amides. RAFT is very tolerant of 

functional groups. The solubility of RAFT agents also allows for RAFT polymerisation to take place in 

a wide variety of solvents, including water. Additionally, the end group chemistry of polymers 

synthesised by RAFT polymerisation is known, and can be used to modify the end groups in a versatile 

manner. All of these are important and useful things that make RAFT polymerisation such a great 

synthetic tool in the synthesis of highly functional polymers.  

As with other polymerisation methods that mimic living polymerisations, RAFT polymerisation enables 

the synthesis of higher order polymer architectures, such as block copolymers (di block,2 tri block,3 and 

more recently multiblock4), star polymers,5 and brush polymers.6 The ability to control polymer 

architecture and to add functionality at different points is an exceptional advantage of RAFT 

polymerisation. In terms of biomimicry, amphiphilic block copolymers have been self-assembled into 

micellar structures to mimic the hydrophobic pocket of enzymes, and into vesicles which can mimic 

liposomes.7 Triblock copolymers have also been functionalised to interact and fold in specific ways.8  
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2.2 The chemistry of R groups in nature 

The R groups of amino acids play crucial roles, not only in the chemical reactions that support life, but 

also in forming the structures that support these chemical reactions. The specific amino acid sequences 

found in polypeptides are able to cause reproducible folding and assembly, driven by the R group 

interactions of amino acids with each other and the polyamide backbone through space. The highly 

stable physiological environment, in terms of pH and temperature, helps ensure the correct interactions 

take place, as does the directionality of protein synthesis. Once assembled into the tertiary globules, 

cysteines can form disulphide bridges to hold tertiary structures together into a final macromolecular 

machine can be comprised of more than one tertiary globule. Due to the complex folding, the spaces 

and voids within protein structures can fit very specific substrates or cofactors that can modulate the 

functionality of the protein or act like a switch.  

Crucial to the folding of polypeptides into the correct tertiary structures is the secondary structure of 

the protein which is more localised folding. Two very important secondary structures are the alpha helix 

and the beta sheet, shown in Figure 2.2.1 below. Alpha helices form from an amino acid sequence rich 

in aliphatic moieties such as leucine, alanine, methionine and glutamic acid. Beta sheets form from 

larger, aromatic amino acid residues, such as tyrosine, phenylalanine or tryptophan linked with glycine 

or proline residues (which provide the turn).9 These two important structures are due only to the amino 

acid sequence and highlight the importance of the amino acid R groups in determining the structure of 

the proteins. 

 

Figure 2.2.1. A protein structure rich in alpha helices is shown on the left. On the right, a beta sheet is shown 
where flat regions can align with one another due to flexible, curvy regions, shown in white. 

Amino acid R groups can also play very important roles in catalysis. A few other Connal group members 

are working towards synthesising small molecule enzyme mimics, incorporating important amino acid 

R groups into one molecule using the correct geometry and spacing, in order to catalyse hydrolytic 

cleavage of substrates.10 Of particular interest is the imidazole from the histidine residue as it plays 

important roles in catalysis but also coordinates to metals as cofactors.11,12  
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2.2.1 The byssal mussel fibre 

A material that has been of interest to material scientists for years due to its toughness is the mussel’s 

byssal fibre.13 The byssal fibre contains proteins rich in histidines, which coordinate strongly to divalent 

metal ions. 14 When the fibre is exposed to sea water, the change in pH favours the coordination of 

metals by these chelating moieties, and in addition to the structural proteins holding the fibre together, 

a network of dynamic metal ion coordination bonds add to the mechanical properties.15 The result is a 

highly tough material that can withstand much more force than would otherwise be expected. From 

studying these natural materials, the metal ion coordination bond became a focus within material 

science.  

It was Herbert Waite who first took an interest in mimicking mussel proteins as functional materials 

and it is Philip Messersmith and Neils Holt-Andersen who are interested in the histidine/imidazole 

functional mussel mimics. My favourite example of these materials from the literature comes from the 

group of Messersmith, where a four arm PEG polymer is functionalised at the ends with imidazole and 

histamine moieties.16 They formed self-healing, hydrogel networks in the presence of divalent metal 

ions and showed that the amine played a significant role in mechanically robust metal ion coordination; 

the imidazole groups alone could not bind strongly enough to the metals to form a solid network. This 

lead to very nice work by the same group where the divalent metal ion chosen could tune the mechanical 

stiffness of these gels, and a mixture of two could lead to temporal control over stiffness.17,18 This work 

clearly demonstrates the importance of amino acid R groups to material function. It is also a testament 

to how natural materials can inspire new technologies and a better understanding of the fundamental 

interactions that are important in developing novel technologies.  

2.2.2 His-Tags: Metal Ion Affinity Chromatography 

A very important technology emerged from an understanding of the strong interactions of metal ions 

with histidine rich sequences in proteins: the His-tag. A his-tag is a polyhistidine residue, about six 

histidine residues in length, attached to the end of a protein in order to separate it in metal ion affinity 

chromatography.19,20 The idea is that the histidine residues are added to the protein of interest and can 

be recovered by passing a liquid mixture of proteins through a column that contains metal micro or 

nanoparticles. At the correct pH, his-tags adsorb to the metal surfaces through metal ion coordination 

while the untagged proteins pass through the column. Upon decreasing the pH, the histidines are 

protonated and the metal ion coordination bonds are broken, allowing the tagged proteins to be removed 

from the column. The translation of the histidine rich metal chelate formation into a technology that 

revolutionised protein purification is another indication of the importance of the amino acid R groups, 

especially histidine’s imidazole.  
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2.3 Amino Acid Functional Polymers 

Amino acid functional polymers, their synthesis and important applications are summarised here. The 

synthesis of amino acid functional polymers do not always allow for the simple preservation of the 

amino acid R groups, which is a big advantage in the synthesis of biomimicking macromolecules as 

outlined in Section 2.2.  

2.3.1 Introduction 

Polymers functionalised with amino acids and amino acid moieties are gaining popularity as functional 

biomaterials owing to their pH-responsive nature, natural abundance, and demonstrated 

biocompatibility. Amino acid functional polymers were classified into two groups in the seminal article 

by Sanda and Endo in 1999:21 polymers containing amino acids in the backbone (condensation 

polymers) and polymers with amino acid moieties in the pendant side chains (we will refer to these as 

amino acid functional polymers in this review). Amino acids provide very interesting building blocks 

for novel polymers as they are highly functional and thus afford the opportunity to use iterative 

divergent-convergent approaches to synthesise highly controlled polymers.22 The focus of the present 

review will be the synthesis of amino acid functional polymers, the design of their resulting properties, 

and their applications as self-assembled catalysts, chiral particles, and drug-delivery materials. 

The concept of amino acid functional polymers was reported as early as 1961 by Morawetz and 

coworkers while investigating the effect of chiral monomers on the optical activity of the resulting 

polymers.23 Amino acid polymers did not appear in the literature again until the late 1970s, when they 

were briefly investigated for their adhesive properties.24 The group of Morcellet reignited the field in 

the 1980s by using the hydrogen-bonding character of various amino acids to manipulate the 

conformation of the resulting polymer coils in water.25 It was Endo and Mori who significantly 

advanced the field of amino acid polymers in the 1990s.21 Their general synthetic approach was based 

on the methacrylamide derivatives of amino acids as described by Morawetz.23 Polymerisation of the 

methacrylamide monomers provided amino acid functional polymers. This approach built an entire field 

in polymer chemistry, which evolved further as controlled polymerisation techniques were harnessed 

to make exciting contributions to amino acid functional polymeric materials. These advances are 

summarised nicely by Rachel O’Reilly, Hideharu Mori, and Takeshi Endo.26,27 Roy et al. have also 

highlighted the dynamic nature and pH-responsiveness of amino acid-functionalised 

poly(electrolytes).28 In the last 5 years, new and improved synthetic approaches to monomers containing 

amino acids have yielded polymers with vastly different properties and functionalities. The present 

review aims to summarise the progress to date in the synthesis of amino acid functional polymers, their 

properties, and the applications for which they are ideal. 
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2.3.2 Synthetic Strategies for Amino Acid Functional Polymers 

The synthesis of amino acid functional polymers can be classified into two broad strategies. Most often, 

the polymers are synthesised from readily functionalised monomers. The use of controlled 

polymerisation has enabled the synthesis of many interesting and relevant materials using the 

monomeric strategy. Another available strategy is the post-polymerisation modification of a polymer 

containing a functional handle that can react with amino acid moieties. The latter method has rarely 

been reported to functionalise soluble polymers, and has been used to modify the surface of membranes 

and gels. 

In the current review, the synthesis of amino acid functional polymers will be discussed with the 

properties of the resulting materials in mind. For ease of reference, the amino acid is broken into three 

‘functional sites’: the α-amine (site 1), the α-carboxylic acid (site 2), and the R group (site 3). Each of 

these sites can undergo different chemistries, and considering the amino acid as a set of three functional 

handles can help in the effective design of amino acid functional materials. Fig. 2.3.1 summarises the 

three functional sites of the amino acid, and expands the R group to show different ways the R group 

has been used as a functional handle. 

 
Fig. 2.3.1. The amino acid is broken down into three parts to highlight the different synthetic strategies available 
to synthesise amino acid functional polymers. If the R group is an amine or a carboxylic acid, protecting strategies 
may be required to synthesise the desired product. If the R group is to be used as a functional handle, choosing 
the synthetic strategy carefully can afford some orthogonal chemistries, simplifying the overall synthesis by 
removing protection chemistry. 
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2.3.2.1 Monomer Functionalisation 

The most common strategy for the synthesis of amino acid functional polymers is to polymerise amino 

acid functional monomers. This has been a largely successful method of synthesising amino acid 

functional polymers. This section summarises a variety of approaches to functionalising monomers that 

have been employed recently, organised by amino acid functional site (Fig. 2.3.1). When more than one 

functional site is used in the synthesis of an amino acid monomer, the monomer will be discussed based 

on the site that ultimately connects the amino acid to the polymer chain. 

2.3.2.2 Functional Site 1: The α-Amine 

The original synthetic method employed by Morawetz and coworkers in the first reported instances of 

amino acid functional polymers (poly(methacryloyl-L-alanine) and poly(methacryloyl-L-glutamic 

acid)) has been the most commonly employed synthesis of amino acid functional monomers.23 The 

highly efficient reaction of methacryloyl chloride with the free amine of amino acids leaves the amino 

acid side group free, if the side group is orthogonal to this chemistry (Scheme 2.3.1). Amino acids used 

in this synthesis include alanine,23 glutamic acid,23 phenylalanine,29 methionine,29 valine,21 leucine,21 

lysine,21 histidine,30 tyrosine,21 proline,31 and hydroxyproline.21 Most of these materials have been 

included in reviews by O’Reilly, Endo, and Mori.21,26,27 Monomers synthesised in this way preserve the 

R group and the carboxylic acid of the amino acid. The carboxylic acid group of the amino acid is free 

to be an anionic pH-responsive moiety or a functional handle on which esterification can be performed. 

 
Scheme 2.3.1. The most common strategy when forming amino acid functional monomers is to react the amine 
with methacryloyl chloride to form a methacrylamides. Pictured is the synthesis of methacryloyl-L-alanine as 
reported by Morawetz et al. in 1961, when investigating chiral effects on free radical polymerisation.  

A novel, temperature- and pH-responsive asparagine functional polymer was synthesised using aspartic 

acid as a precursor by Luo et al.32 Doubly protected α-carboxylic acid benzyl ester and N-(tert-

butyloxycarbonyl) (Boc)-N-protected aspartic acid were coupled with N-isopropyl amine, converting 

the aspartic acid to asparagine, and adding the temperature-responsive moiety that is responsible for 

poly(N-isopropylacrylamide)’s temperature response. On deprotection of the α-amine, it was reacted 

with methacryloyl chloride to yield an asparagine-modified monomer. Once polymerised, deprotection 

of the α-carboxylic acid improved the water solubility and imparted pH-sensitivity, yielding a 

temperature- and pH-responsive polymer (Scheme 2.3.2). The same group synthesised another similar 

aspartic acid-based dual-responsive material.33 This is an excellent example of work demonstrating the 

versatility of amino acids to create highly functional and designer materials. 
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Scheme 2.3.2. The synthesis of a temperature responsive polymer based on aspartic acid. The deprotection of the 
carboxylic acid yielded a water soluble polymer with a pH response, while the addition of an N-isopropyl group 
added an LCST transition. Reprinted with permission from C. Luo, Y. Liu and Z. Li, Macromolecules, 2010, 43, 
8101–8108. Copyright 2010 American Chemical Society. 

The greatest benefit of synthesising monomers from functional site 1 is the preservation of the R group 

of the amino acid bound to the monomer and subsequent polymer. This is a major advantage when 

synthesising biomimetic and bio-inspired polymers, because the R group plays such important roles in 

peptide and protein folding, assembly, and functions. The groups of Matile and Kelley made use of this 

strategy when synthesising some novel poly(disulfide)s, and preserved the cationic guanidine group of 

arginine while mimicking cell-penetrating peptides;34,35 they coupled a protected arginine with a lipoic 

acid. 

2.3.2.3 Functional Site 2: The Carboxylic Acid 

The α-carboxylic acids of amino acids can be used in coupling reactions to yield amino acid monomers, 

which leave the R group and the amine group of the amino acid available. This was first reported by 

Sun and Gao, who used carbodiimide coupling to modify 2-hydroxyethyl methacrylate (HEMA) with 

N-Boc-protected amino acids (Scheme 2.3.3).36 The group of Takahara used triazine coupling of doubly 

protected glutamic acid to synthesise a methacrylate-based monomer with the α-carboxylic acid.37 The 

group of De synthesised their amino acid functional polymers in a similar method to Sun and Gao, using 

carbodiimide coupling to form monomers from HEMA and N-Boc-protected amino acids.28,38–41 On 

deprotection, the resulting monomers and polymers have a pH-responsive nature, exhibiting cationic 

behaviour due to the preserved α-amine. The groups of Matile and Kelley synthesised a poly(disulfide) 

initiator by coupling N-Boc-cysteine with a trityl-protected thiol using a coupling strategy.34,35 Proline 

functional monomers were also synthesised in this fashion by Endo and coworkers.42 Thomas et al. 

reported glycine, valine, alanine, and proline vinyl esters synthesised by functionalising vinyl acetates 

using Pd-catalyzed transvinylidation with N-Boc-protected amino acids.43 Boyer et al. also reported 

vinyl acetate amino acids from phenylalanine, aspartic acid, and glutamic acid synthesised via 

transesterification reactions.44 Using this functional site for the functionalisation of polymers requires 

extensive use of protecting groups, as the amine of the amino acid can also participate in coupling 

reactions to form amides. 
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Scheme 2.3.3. The use of carbodiimide esterification to couple protected amino acids with the 
hydroxyethylmethacrylate (HEMA) monomer, as first reported by Sun and Gao. The amine is deprotected readily 
via acid hydrolysis. Reprinted with permission from H. Sun and C. Gao, Biomacromolecules, 2010, 11, 3609–
3616. Copyright 2010 American Chemical Society.  

2.3.2.4 Functional Site 3: The R Group 

An increasing trend is to use the amino acid side chain as a functional handle. This is especially useful 

for an amino acid such as cysteine, where thiol–ene click chemistry or thia-Michael addition can be 

easily employed to achieve high yields. If one’s aim is to synthesise a material that could mimic peptide 

behaviour, then functionalisation from this site would be a poor choice, as the amino acid side chains 

often play important roles in peptide behaviours. If the aim is to synthesise a zwitterionic material with 

the α-carboxylic acid and α-amine left as pendant groups (or if one would like to use these as further 

functional handles), then this can be a very useful strategy. 

One popular strategy that negates the need for protecting groups and organic solvents is the use of Cu2+ 

as a chelating agent; the α-carboxylic acid and α-amine of two amino acids behave as ligands, essentially 

protecting them and directing a chemical reaction to the R group.45 This is a useful strategy for lysine 

and serine, both of which can compete with the α-amine in coupling reactions or in reactions with acyl 

chlorides. The copper is easily removed with 8-hydroxyquinoline, which has higher binding affinity for 

the metal ion. This strategy (Scheme 2.3.4), based on Kurtz’s work in 1941,46 has been used to 

synthesise methacrylate monomers made from lysine,47–49 serine,50 tyrosine, ornithine,45,51 and 

hydroxyproline.52 

 
Scheme 2.3.4. A protecting group free strategy to direct the reaction to the R group when non-orthogonal 
functional groups are present is to chelate Cu2+ ions with the α-amine and α-carboxylic acid, as pictured above 
with serine. Reprinted with permission from T. E. Kristensen, F. K. Hansen and T. Hansen, European J. Org. 

Chem., 2009, 387–395. Copyright 2009 John Wiley and Sons. 
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Thia-Michael addition chemistry has been used by the groups of Leggett and Armes to synthesise a 

zwitterionic monomer from methacrylate–acrylate precursor (3-acryloxy)-2-hydroxypropyl 

methacrylate) and cysteine (Scheme 2.3.5).53 The gram-scale synthesis is high-yielding without any 

protecting group chemistry, making it a highly desirable synthesis route. 

 
Scheme 2.3.5. The synthesis of a cysteine methacrylate monomer using the free thiol of cysteine in a thia-Michael 
addition reaction. Reprinted with permission from A. M. Alswieleh, N. Cheng, I. Canton, B. Ustbas, X. Xue, V. 
Ladmiral, S. Xia, R. E. Ducker, O. El Zubir, M. L. Cartron, C. N. Hunter, G. J. Leggett and S. P. Armes, J. Am. 

Chem. Soc., 2014, 136, 9404–9413. Copyright 2014 American Chemical Society. 

Proline functional monomers synthesised from hydroxyproline, considering the hydroxyl group as a 

third functional site, are discussed here. The synthesis of monomers from hydroxyproline enables the 

entire proline functional group to be a pendant group. Kristensen et al. synthesised monomers without 

protecting groups using selective acylation reactions.52 Evans et al. synthesised the same monomer by 

first protecting the amine and carboxylic acid before reacting the hydroxyl group with vinyl benzyl 

chloride.54 

2.3.2.5 Polymer Functionalisation 

In recent years, the strategy of functionalising soluble polymers and polymer hydrogels and membranes 

with amino acids has been explored. This strategy has mainly been used to functionalise membranes 

and hydrogels with amino acid moieties after their synthesis. Only rarely have we found reports of post-

polymerisation functionalisation of soluble polymers with amino acids. Here, post-polymerisation 

functionalisation strategies reported in the literature are summarised. 

2.3.2.6 Membrane and Hydrogel Surface Functionalisation 

Amino acids have been used to modify membranes for biological and desalination applications. In 2011, 

Shi et al. modified the surface of a polyacrylonitrile membrane with three different amino acids (lysine, 

glycine, and serine) and compared their protein fouling behaviours in filtration applications.55 To do 

this, they first hydrolyzed the surface cyano groups to expose carboxylic acids and subsequently 

coupled the unprotected amino acids to the surface using carbodiimide chemistry. In a more complex 

surface modification, Azari et al. functionalised polyamide membranes with amino acids.56 In a 

preliminary step, they reacted the surface amine and carboxylic acid groups with allylglycidyl ether, 

which were subsequently functionalised with cysteine’s thiol group using thiol–ene chemistry. Zhi et 

al. modified poly-L-dopamine, which was coated onto a poly(ethylene terephthalate) (PET) sheet with 

lysine using Michael addition, yielding a zwitterionic surface that showed increased 

haemocompatibility relative to PET.57 These three instances resulted in the successful functionalisation 
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of polymer surfaces with amino acid moieties; however, they all include extensive and time-consuming 

surface treatments to enable the attachment of amino acids onto the surface. 

Very recently, Xu et al. functionalised hydrogels containing glycidyl methacrylate (GMA) on the 

surface of a hydrogel with the amine group of unprotected amino acids.1 The importance of this work 

is that they were able to functionalise this material, without additional surface treatments, with nine 

unprotected amino acids with varied amounts of incorporations by varying the amount of GMA in the 

hydrogel. The amino acids they incorporated into their materials had their side chain groups preserved, 

allowing them to influence the adsorptive properties in a similar way to that they would in natural 

peptide systems. Their synthetic approach is illustrated in Fig. 2.3.2. 

 
Figure 2.3.2. Post-polymerisation functionalisation strategy for hydrogels containing epoxy groups employed by 
Xu et al. enabling the functionalisation of a hydrogel with a range of amino acids. Reprinted with permission from 
C. Xu, X. Hu, J. Wang, Y. Zhang, X. Liu, B. Xie, C. Yao, Y. Li and X. Li, ACS Appl. Mater. Interfaces, 2015, 7, 
17337–17345. Copyright 2015 American Chemical Society.  

2.3.2.7 Functionalisation of Soluble Polymers 

The incorporation of amino acid groups post polymerisation presents a versatile strategy for the 

preparation of highly functional materials. This route has rarely been employed in the synthesis of 

amino acid functional materials. O’Reilly and coworkers were unable to polymerise a tryptophan 



16 
 

acrylamide, and instead, used the high reactivity of activated esters and modified a 

poly(pentafluorophenyl acrylate) with L-tryptophan methyl ester hydrochloride with quantitative 

conversion.58 Shang et al. used thiol–ene chemistry to modify the allyl functionality of allyl-functional 

terpolymers with the thiol of cysteine.59 Our group has been investigating the post-polymerisation 

functionalisation of polymers with amino acids. Our strategy involves the use of reductive amination to 

functionalise a polymer containing aldehyde moieties with unprotected amino acids. This was 

demonstrated with histidine, highlighting the versatility and tolerance of this chemistry for the 

functionalisation of polymers (Fig. 2.3.3).60 The advantage of using this type of chemistry is that it is 

not limited to any specific amino acid and it preserves the R group functionality so that truly biomimetic 

materials can be made in an effective way. The use of reductive amination has also proved to have high 

functional group tolerance and here potentially all amino acids can be coupled to polymers in this way, 

creating a very powerful strategy. 

 
Figure 2.3.3. The functionalisation of a soluble polymer post-polymerisation using protecting group free reductive 
amination chemistry. This is a highly versatile strategy which can simplify the synthesis of amino acid functional 
polymers, creating stable functional material. Reprinted with permission from E. Brisson, Z. Xiao, L. Levin, G. 
Franks, L. Connal, Polym. Chem., 2016, Advance Article, doi: 10.1039/c5py01915j. Copyright 2016 Royal 
Society of Chemistry.  

2.3.3 Properties of Amino Acid Functional Polymers 

The materials described in the section Synthetic Strategies for Amino Acid Functional Polymers are 

polymerised using free-radical and controlled polymerisation methods. Homopolymers and copolymers 

have been synthesised with amino acid functionality with a range of structures. Surface polymerisation 

methods yield amino acid-functional surface-grafted films. These materials are unique and have often 

been engineered and synthesised carefully to have specific properties. Before we review the diverse 

applications of these polymers, we wish to review the different properties that can be imparted to amino 

acid functional polymers by choosing the chemistry wisely, summarised in Table 2.3.1. 
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Table 2.3.1: A summary of the properties available from different synthetic strategies conjugating 
amino acids to polymers.  

Chemistry Properties Advantages Final Structure 
Reactive Site 1 – the amine 

 Acylation21,23,30,31 
 Amidation35,58,61 

Polar group 
Thermal responseA 
R-group functionality 

Simple chemistry 
Stable amide 
Accessible R-group 

 

 Reductive amination60 

Anionic pH response 
Zwitterionic pH 
responseB 
R-group functionality 

Stable amine  
Tolerant to many 
functional groups 
Accessible R-group  

 Epoxide ring opening1 

Anionic pH response 
Zwitterionic pH 
responseB 
R-group functionality 

Stable amine  
Additional alcohol 
functionality 
Accessible R-group  

Reactive Site 2 – the carboxylic acid 

 Amidation32,33 
 Esterification35,36,39,42,44,52,61–

63 
 

Polar group 
Thermal responseA 
Cationic pH response 
R-group functionality 

Simple chemistry 
Stable amide 
Accessible R-group 

 

Polar group 
Degradable ester 
Cationic pH response 
R-group functionality 

Simple chemistry 
Accessible R-group 

 

Reactive Site 3 – the R group 
For cysteine 
 Michael addition53,57 
 Thiol-ene click chemistry 

- 
Highly efficient 
chemistry 
Stable sulfide  

 

For serine, threonine, tyrosine 
 Esterification55 
 Acylation45,50,64,65 

Polar group 
Degradable ester 
Zwitterion 

Simple chemistry 

 

For aspartic/glutamic acid 
 Amidation37,66 

Polar group 
Thermal responseA 
Zwitterion 

Simple chemistry  
Stable amide 

 

For lysine/ornithine 
 Amidation55 
 Acylation49,51,67 

Polar group 
Thermal responseA 
Zwitterion 

Simple chemistry  
Stable amide 

 

AThermal responses are often added with amide groups, with the coupling of hydrophobic groups to this polar bond. The 
addtion of an amide does not mean that a temperature response will be added to resulting polymer.  

BWill depend on the pH responsive nature of the R group. 

2.3.3.1 Temperature Response 

Temperature-responsive polymers exhibit a phase change in aqueous solution on a change in 

temperature in the system. A phase transition out of solution with the addition of heat happens at a 

unique temperature called the lower critical solution temperature (LCST).68 LCST transitions are due 

to the breaking of hydrogen bonds of water molecules hydrating the polymer chain, causing the polymer 

to hydrogen bond with itself and collapse into a globule. Incorporating a balance of hydrophilic (often 

amide) and hydrophobic groups into a monomer can result in a polymer with LCST behaviour. 

Polymers that phase-transition out of solution on cooling are said to have an upper critical solution 
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temperature (UCST).69 Zwitterionic polymers are known to exhibit this behaviour. Below the UCST, 

electrostatic interactions between the zwitterionic charges on different moieties associate creating 

zwitterionic blocks, collapsing the polymer chains. Heat breaks these electrostatic interactions and 

solubilises the chains. 

Highly functional hydrophobic amino acids have been used to create novel polymers with temperature 

responses. Hydrophobic amino acid side chains, such as those of leucine and isoleucine, have been used 

to add LCST behaviour to polymers.70,71 Coupling isopropyl amine to an aspartic acid monomer has 

also achieved an LCST response.32 Recently, many zwitterionic amino acid functional polymers have 

been synthesised; however, their UCST response is rarely reported.72 There exist good opportunities to 

explore more of the fundamental aspects of amino acid functional polymers and perhaps even their 

areas of application. 

2.3.3.2 pH Response 

Adding amino acid moieties to polymers can be done in such a way as to add pH sensitivity to the 

resulting materials. Knowledge of the various pKas of amino acid pendant groups allows us to add a 

desired pH response given the chemistries available. Fig. 2.3.1 identifies the amino acid functional 

groups and breaks them down into the chemistry we can employ, and Table 2.3.1 illustrates the resulting 

response of the end functional group. For example, using carbodiimide chemistry with an amine will 

not result in a pH-responsive group; however, using reductive amination will yield a secondary amine, 

which will become protonated at low to mid-range pH values. 

2.3.3.3 Metal Interactions 

Metal ions and amino acids have important interactions in biochemistry.12 Amino acid zwitterions have 

been shown to chelate metal ions very well, with the charged amine and carboxylic acid acting as 

coordination ligands.46 These interactions have been used to make metal chelation gels.16 Metal 

chelation gels have also been prepared using the R group functionality of histidine.67 The high affinity 

of histidine’s imidazole ring for metals is very important in enzyme cofactors and protein folding.12 The 

strong interaction with metals has been used extensively in the purification of proteins with his-

tagging.20 In addition to these important applications, adding amino acid functionality to polymers in a 

directed way can provide a means to tune metal–polymer interactions and to add metal ion assembly 

properties to the resulting materials. 

2.3.4 Applications of Amino Acid Polymers 

The distinctive polymers and materials afforded by amino acid functional polymers create unique 

applications in the development of highly functional and bio-inspired materials. There are many 

advantages for amino acid functional polymers, including their cost-effectiveness, chirality, and 
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biological origin. Highlighted in this review is their application as antifouling materials, chiral and 

catalytic nanoreactors, and drug-delivery materials. 

2.3.4.1 Antifouling Coatings 

Antibiofouling coatings are an increasingly important application for materials owing to the high impact 

they are having in biological applications. Hydrophilic polymers such as poly(ethylene glycol) (PEG) 

and zwitterionic polymers like sulfobetaine methacrylate and carboxybetaine methacrylate have 

demonstrated excellent antibiofouling properties.73 This is due to the formation of a hydration layer of 

water molecules that prevents the non-specific adsorption of proteins to the surface.74 The use of amino 

acid functional polymers lends itself to highly biocompatible materials owing to their familiarity to 

biological organisms. The combination of zwitterionic materials and amino acid functional materials is 

a winning one for economic reasons, as well as biocompatibility.75 

The most popular amino acid functional antibiofouling polymers are synthesised by using the R group, 

functional site 3, to covalently bind the amino acid to the polymer. This approach leaves the α-

carboxylic acid and α-amine as pendant groups, and these deprotonate and protonate respectively in 

aqueous solution (Fig. 2.3.4). These zwitterionic polymers are most often synthesised via surface-

initiated polymerisation methods, and have been synthesised from cysteine,53 serine,50 ornithine and 

lysine,47,49,51 and aspartic and glutamic acid.66 This strategy has also been employed to modify the 

surface of membranes and gels with zwitterionic species using cysteine56,76 and lysine.55,77,78 The use of 

the α-carboxylic acid to functionalise the monomer, such as in glutamic acid functional dodecyl 

methacrylate (GluDMA) in Fig. 2.3.5, is an interesting way to study the effect of the space between the 

charges in zwitterionic polymers.37 
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Figure 2.3.4. Illustrated are examples of the structures of zwitterionic amino acid functional monomers, with the 
amino acid moieties contained in the grey boxes.50,51,53,66 The most popular method of synthesising amino acid 
functional zwitterions for biomaterials applications involves the addition of amino acids to the monomer. An 
example of an amino acid zwitterionic monomer that does not follow this trend is GluDMA, reported by the group 
of Takahara.37 

 
Figure 2.3.5. Amino acids provide a useful platform for some fundamental studies of zwitterionic materials, as 
choosing the functional site is a means to change the spacing between the charges, and the pH responsive nature 
of the functional groups can be used to tune the behaviour of the polymer film. Illustrated is a polymer synthesised 
by the group of Takahara to study this effect. Reprinted with permission from S. Fujii, M. Kido, M. Sato, Y. 
Higaki, T. Hirai, N. Ohta, K. Kojio and A. Takahara, Polym. Chem., 2015, 6, 7053–7059. Copyright 2015 Royal 
Society of Chemistry. 

A surface-polymerised zwitterionic serine-based methacrylate (pSerMA) was reported by Liu et al. as 

an excellent antifouling candidate material.50 Protein adsorption studies were performed using bovine 

serum albumin, full serum, and full plasma. Liu et al found there was an optimal polymer thickness for 

antifouling properties, due to the intermolecular zipping of the polymers at larger thicknesses, which 

reduces the hydration layer. Antifouling performance of pSerMA was comparable with (and arguably 

improved from) poly(oligoethylene glycol methacrylate) pOEGMA and poly(hydroxypropyl 

methacrylate) pHPMA and the poly(β-peptoid) pETA20, which are widely accepted as antifouling 
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materials. Liu and coworkers has also shown similar results with zwitterions based on glutamic and 

aspartic acid methacrylamides, which both resisted endothelial cell adhesion.66 

The zwitterionic brushes reported by Armes and coworkers based on a cysteine functional methacrylate 

(pCysMA) were polymerised using surface-initiated atom-transfer radical polymerisation (SI-ATRP) 

on silicon wafers.53 Due to the responsive nature of the charged groups, this material exhibited 

polyelectrolyte behaviour above and below the pKas of the protonated amine and carboxylic acid 

respectively. Between pH 2 and 9.5, the brush exhibits zwitterionic behaviour with a collapsing film 

thickness. Excellent antibiofouling behaviour was observed as this material had antifouling 

performance superior to the standard poly(2-(methacryloyloxy)ethyl phosphorylcholine) (pMPC) and 

pOEGMA brushes. Zwitterionic pCysMA brushes have also been investigated as a support for well-

defined lipid membranes.79 Additionally to its excellent antifouling properties, pCysMA has very 

interesting self-assembly, which was investigated with the formation of spherical nano-objects made 

from CysMA-co-HPMA and aqueous reversible addition fragmentation dispersion polymerisation.80 

These nano-objects exhibit cationic and anionic behaviour with a transition pH of 3.5, and their pH-

responsive self-assembly forms worms and gels. 

The study of the fundamental behaviour of zwitterionic materials derived from amino acids presents 

many opportunities for exploration of many of the materials presented so far. The group of Mandal 

recently investigated the solution properties of a serine-based zwitterionic polymer and found it to have 

UCST behaviour, which may further the application of these materials.72 Fujii et al. investigated the 

synergistic interaction between the positive and negative charges of amino acid polyzwitterions by 

modifying the spacing between them.37 By functionalising the monomer from the α-carboxylic acid, 

they created a zwitterion with three carbon spacers between the positively charged protonated amine 

and the negatively charged deprotonated γ-carboxyl group. They showed that this zwitterion had 

different antifouling character than conventional amino acid zwitterions. The different fouling 

behaviour was proposed to result from charge localisation due to the increased space between the 

charges (Fig. 2.3.5). This is corroborated by the results published by Sundaram et al., who designed and 

synthesised betaine-based methacrylate monomers and investigated the spacing between their charges.81 

This use of amino acids as functional building blocks for the fundamental study of zwitterionic materials 

by Mandal et al. and Fujii et al. highlights the versatility of amino acids beyond their obvious 

biocompatibility. 

2.3.4.2 Chiral Materials 

The chiral nature of amino acids is the feature that first made them attractive to polymer chemists in the 

early 1960s.23 Since then, the chiroptical properties of amino acid functional polymers has been 

investigated extensively, showing that the optical properties of the polymers are affected by the 

monomer interactions as they sit next to each other in the chain.42 These interactions were studied by 
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McCormick and coworkers, who showed that the tacticity of monomers can be affected by their 

chirality.82 Use of controlled polymerisation has enabled the synthesis of many polymer architectures, 

which were summarised nicely by O’Reilly, Endo, and Mori.26,27 Highlighted here are a few examples 

of the ways that amino acid chirality can be used in self-assembled nanostructures. The group of 

O’Reilly showed that micelles and nanoparticles based on copolymers or stars with hydrophobic chiral 

centres based on phenylalanine preserved their optical activity, even when their shell was crosslinked 

to form nanoparticles, and could resolve enantiomeric mixtures in chiral separations.58,83,84 The 

hydrophobic environment was shown to be important to the chiral separation characteristics of these 

nanoparticles.85 The pH response of the amino acid moiety adds another facet to the self-assembly and 

has been used to form dynamic particles and switchable, schizophrenic polymers.85,86 Interestingly, the 

formation of D : L stereocomplexes between D and L enantiomers has been demonstrated to increase the 

stability of micelles with chiral centres, indicating that chirality may play an important role in self-

assembly processes and designing hydrogen bonds.87 

2.3.4.3 Catalysis 

Nature has evolved excellent catalysts for a vast array of complex chemical reactions. Enzymes, great 

examples of nature’s sophisticated organocatalysts, are built from amino acids. Taking inspiration from 

enzymes has created a field of catalysis that is termed organocatalysis. One of the most important 

organocatalysts is proline. Owing to its chirality, proline plays an important role in enantioselective 

organocatalysis, notably in aldol reactions such as the Hajos–Eder–Sauer–Wiechert reaction.88 The 

incorporation of organocatalytic proline-containing styrenic monomers into copolymers was done in a 

controllable and predictable manner by Evans et al.54 The catalytic activity of these materials is 

promising and their incorporation into nanoreactors is an exciting application that remains to be 

investigated. Hansen and coworkers incorporated proline-functionalised methacrylate monomers into 

acrylic polymer beads using several different acrylic building blocks.89 Their strategy is important 

because of its scalability and cost-effectiveness. Their immobilised proline performed very well in the 

catalysis of asymmetric aldol reactions with little difference between 1 and 10 % catalyst loading, with 

reactions able to take place in both polar and non-polar solvents. The same group also derived primary 

amine organocatalysts from amino acid derivatives, such as phenylglycine, to catalyze asymmetric 

Michael additions.90 The immobilisation of organocatalysts onto polymer supports has been reviewed 

nicely by Kristensen and Hansen, the review seems to be focussed primarily on proline and MacMillan-

based organocatalysts, leaving room for the attachment of other amino acid-based organocatalysts to 

polymer supports.91 A slightly different approach was also taken by Moore et al., using a tyrosine-

functionalised polymer, using the tyrosine as a functional handle on which to attach a MacMillan 

catalyst.64 This approach highlights the advantages and versatility that amino acids afford to polymer 

synthesis owing to their highly functional nature. The field of molecularly imprinted polymers, 

reviewed in the seminal article by Wulff,11 is large and focusses on mimicking enzyme activity by 
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placing certain amino acid residues throughout a polymer structure to build an artificial ‘active site’, 

which varies for different types of catalysis. 

2.3.4.4 Biomaterials, Biosensors, and Drug Delivery 

The dynamic self-assembling behaviours of copolymers of amino acid polymers, along with their 

antifouling properties and biocompatibility, make them excellent candidate materials in the realm of 

biological applications. Lokitz et al. reported amino acid functional copolymers with multiple responses 

that self-assemble into micelles on heating.92 They were able to lock the micelles formed from a 

temperature response with a polyelectrolytic interaction such that they kept their shape on cooling. The 

addition of electrolyte redispersed the polymers, reversing the formation of micelles (Fig. 2.3.6). 

 

Figure 2.3.6. Temperature responsive micelles that form upon heating can be locked in micellar shape using 
electrostatic interactions described by McCormick et al. To summarise, thermal assembly of block copolymers 
with anionic amino acid functional polymer in the shell is locked when a polycation is added. The addition of salt 
unlocks the system, making it fully reversible. Adapted with permission from B. S. Lokitz, A. J. Convertine, R. 
G. Ezell, A. Heidenreich, Y. Li and C. L. McCormick, Macromolecules, 2006, 39, 8594–8602. Copyright 2006 
American Chemical Society.  

Many amino acid functional polymers with self-assembling properties conducive to gene and drug-

delivery applications have been reported, and are summarised by Mori, O’Reilly, and De.26,27,93 

Asparagine functional polymers were investigated for their self-assembling properties by Luo et al.32 

and showed a pH-dependent LCST. Copolymers with PEG formed vesicles, and the removal of the 

protecting groups to yield doubly hydrophilic copolymers led to thermal-responsive vesicle formation.39 

The pH-responsive vesicles were demonstrated to release doxorubicin. The group of De synthesised 

amino acid-containing gels with exceptional swelling characteristics, showing promise as a releasing 

material.94 The biomimetic materials synthesised by the groups of Matile and Kelley incorporated the 

amino acids cysteine (to initiate the ring-opening disulfide-exchange polymerisation) and arginine (as 

cationic cell-uptake moieties) into poly(disulfide) monomers in order to mimic cell-penetrating 

peptides.34,35 These dynamic covalent materials showed excellent uptake by cells and showed insight 

into the actual mechanism of thiol-mediated uptake in cells. Polyhedral oligomeric silsesquioxane 
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conjugated leucine-HEMA self-assembles into micelles and rods depending on the chain length.95 The 

pH-responsivity of the pendant amine moiety in these tadpoles is hypothesised to play a role in assembly 

and disassembly processes to be applied to drug-release applications. 

The self-assembling properties of these materials have also been demonstrated to be useful in other 

settings. Recently, Banerjee et al. demonstrated a zwitterionic lysine-based polymer to form reversible, 

pH-responsive nano-aggregates in the presence of copper(II) ions.47 Once they had formed, changes in 

the environment resulted in the formation of either 6-nm CuO nanoparticles (in the presence of glacial 

acetic acid) or 10-nm CuS nanoparticles (in the presence of thioacetamide). As sensors, these amino 

acid functional micelles show promise as biologically compatible materials. The optical properties of 

chiral micelles have been demonstrated as fluoride sensors by Mori et al.96 De et al. synthesised 

copolymers of amino acid monomers with glycopolymers, which were able to detect lectin proteins 

with the use of fluorescent tags.86 The incorporation of amino acids in the copolymers enhanced the 

lectin detection capacity of the glycopolymers, likely owing to the reduced steric hindrance afforded by 

the amino acid moieties, as well as the positive charge. 

Recently, there has been increasing interest in antimicrobial coatings, and positively charged peptides 

containing arginine and lysine are showing great antimicrobial action.97,98 Imitating these peptides with 

synthetic polymers is a strategy employed to synthesise better coatings and cell-penetrating materials. 

Locock et al. and Exley et al. synthesised guanidine functional polymers;99,100 however, these were 

synthesised from a material other than arginine. The development of synthetic tools that could enable a 

more economical reaction with the amino acid arginine could make these materials more accessible in 

the antimicrobial material space. 

2.3.5 Current State of Amino Acids in Polymer Chemistry 

Nature’s building blocks, amino acids, are highly functional, diverse small molecules that can add 

valuable functionality to polymers when attached to the side chains. Besides being inexpensive, amino 

acids add many advantages when they functionalise polymers, including their optical properties, 

organocatalytic properties, strong interactions to direct self-assembly, and biocompatibility. In order to 

design new amino acid functional materials, the amino acid is considered as a set of three functional 

handles. The synthetic strategies targeted at each functional handle are discussed in terms of the 

resulting functional groups and properties and summarised to help shape the future design and synthesis 

of amino acid functional polymers. The application of these materials as antibiofouling coatings, chiral 

and catalytic materials, and sensors is also summarised. The development of these versatile antifouling 

and biocompatible materials has led to interest in the field of amino acid functional polymers and has 

been well received by the community. However, the potential application of amino acid functional 

polymers is still underdeveloped, with potential for polymer-supported novel organocatalysts and 

artificial enzymes and their applications in nanoreactors yet to be fulfilled. A better understanding of 
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the way amino acid R groups interact in natural systems, and how this can be applied in the synthesis 

of biomimicking materials should drive the way forward in the development of new amino acid 

functional materials. Focusing on simple, protecting group free chemistry and amino acid R-group 

preservation, afforded by carbonyl condensation and reductive amination, has the potential to lead to 

many interesting materials.  

2.4 Imine Chemistry and Reductive Amination 

Imines were first reported by Hugo Schiff in 1864.101 He studied the addition of a variety of aldehydes 

to aniline, observing an increase in temperature, and reported this as the condensation of the amine with 

the aldehyde. In his honour, imines are also referred to as Schiff bases, and these exist in equilibrium, 

as shown in Figure 2.4.1. Schiff bases play important roles in biochemistry: notable is vitamin B6, 

pyridoxal phosphate, which is an important enzyme cofactor in transamination reactions, and a catalyst 

in enantiomeric reactions.102103,104 Imines are dynamic bonds, able to undergo three types of equilibrium 

controlled reactions: hydrolysis, exchange, and metathesis.105 The ability to respond to these changes in 

equilibrium have made imines a functional group of interest in dynamic combinatorial chemistry105,106 

and their ability to undergo metathesis have made them an interesting chemistry to work with in the 

development of new metathesis polymerisation techniques.107,108 The reduction of imines into amines 

makes them an important intermediate in the formation of amines and their benign formation by 

conjugation makes this amination pathway highly useful in biological conjugation.109 

 

Figure 2.4.1. The equilibrium formation of an imine or Schiff base from the carbonyl condensation of an aldehyde 
with an amine is shown.  

2.4.1 Imines in Dynamic Combinatorial Chemistry 

Dynamic combinatorial chemistry is a field of chemistry that allows perturbations in equilibrium 

conditions to thermodynamically influence dynamic bonds to synthesise and create new complex 

chemical compounds and structures.110 Imines are one of the functional groups used in exchange 

chemistry, and much can be learned about imine chemistry and its behaviour by looking toward these 

reactions. Imines are formed by the condensation of aldehydes and amines, so they are susceptible to 

hydrolysis; removing the water from the system and using an organic solvent is the best way to work 

with them in this field.111 Benzaldehydes are able to form the most stable linkages, even in water,112 and 

have been used in imine based libraries. The equilibrium of the reaction is able to be manipulated by 

pH as the bond is labile in acidic conditions, and the relative pKa’s of the amines in the system can 

affect which ones are active in the chemistry.113 In this manner, the equilibrium can be shifted toward 

or away from desired products using this as a selectivity tool.  
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Transition metals have also been used to influence the equilibria or dynamic combinatorial libraries, as 

cyclic imine ligands are quite stable;114,115 the system can be shifted toward the imine by the addition of 

a metal ion, even in water. Macrocycles based on imines have also been reported in the presence of 

stabilising metal ions, as well as without metal stabilisation, and these play a large role in 

supramolecular chemistry as a greater understanding of imines and their roles in metal ion complexation 

in proteins is undercovered.116 Lehn and co-workers have also used lanthanides to facilitate 

transamination reactions which works by stabilising a metal-amine-imine complex.117 Even 

macromolecular structure has been shown to influence imine based libraries based on metathesis; 

oligomers were shown to fold and drive the imine metathesis reaction, stabilised by the oligomer 

folding.118–120 

2.4.2 Imines as a Chemical Intermediate 

Since their discovery, imines have been investigated as chemical intermediates, both in the formation 

of C-N amine bonds through the imine intermediate and in the formation of C-C bonds through the 

enamine intermediate.121 Additionally, imine metathesis has been an area of study with the potential to 

highly impact polymer chemistry with the ability to expand ring opening methathesis polymerisation to 

the formation of C=N bonds, as well as impact the synthesis of small cyclic molecules.108,122 In addition 

to its dynamic nature, a real advantage of the imine is the enantioselective chemical products that are 

available through reaction pathways that include it. The ability so synthesise chiral amine containing 

molecules is very powerful as these are usually biologically relevant compounds that can be used as 

drugs.108 While the details of these chemistries are beyond the scope of this work, it is important to 

highlight the impact that imines have had in the fields of organic chemistry and organocatalysis; the 

power of the imine has not fully been harvested in polymer chemistry. 

2.4.3 Reductive Amination 

Known as reductive amination, the reduction of imines formed from the condensation of amines and 

aldehydes (or ketones) with borohydrides form stable secondary (or tertiary) amines is one of the most 

simple and robust methods for forming amines.109,123 As it is a condensation reaction and occurs at 

ambient temperature, the formation of the imines is a biologically compatible reaction and has been 

applied to the conjugation to proteins and drugs, illustrated in Figure 2.4.2.124 The development of 

poly(ethylene glycol) propionaldehyde and its condensation with biological amines and reduction with 

borohydrides was a very important commercial application of this chemistry and is commonly known 

as PEGylation.125,126 PEGylation is one of the most important ways to improve protein stability, increase 

hydrophilicity, increase circulation time of conjugates in the blood stream, and provide a charge neutral 

conjugate at physiological pH.127 Additionally, due to the slight differences in the pKas of biological 

amines (for example the N-terminus vs. an amine from a lysine) allows for some selectivity in the 

functionalisation of amines, as the protonation of the amines renders them inactive to condensation. 128  
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Figure 2.4.2. In reductive amination, an imine is treated with a reducing agent to form an amine. This is not an 
equilibrium reaction and is a reliable way to form an amine bond. Figure used from 124 shows PEG 
propionaldehyde reacting with an N-terminus of a protein which is reduced to form a PEG conjugate at that site. 

2.5 Imines and Reductive Amination in Polymer Chemistry 

Imines and reductive amination have not been studied as extensively in polymer chemistry as they have 

been in organic chemistry. However, the increasing interest in dynamic functional materials as well as 

in the simple synthesis of highly functional materials has increased the interest in the application of 

imine chemistry to polymer chemistry.  

Most commonly, imines have been used as acid-labile bonds conjugating small molecules and drugs to 

polymers or polymeric nanostructures. 129–131 Acid labile bonds are important in targeted anti-cancer 

therapies as the pH in the target organelles is low.131–133 Due to the inherent instability of the imine bond 

in the presence of water, carbonyl condensation as it pertains to the functionalisation of polymers has 

primarily consisted of oximes or hydrazones.134–140 The application of carbonyl condensation of imines 

and aldehydes for the purposes of polymer functionalisation, including the subsequent reduction of 

those bonds is left relatively unexplored.  

Polymers containing aldehydes and amines have been used to form gels.55,141,142 In addition to this, 

carbonyl condensation chemistry has been applied to the synthesis of bioadhesives comprising of 

aldehyde containing polymers that can undergo condensation with biological amines in tissues. 143,144 
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Dynamic polymers, or dynamers, are a field of polymer chemistry that imines have found application 

in as dynamic bonds. 145,146 The formation of these polymers is reversible and can be influenced by 

changes in equilibrium, and in this regard is related to the field of dynamic combinatorial chemistry. 

These polymers have been shown to change their composition from imine exchange reactions, as well 

as be degradable in response to stimuli that can disrupt the equilibrium of the established polymer. The 

imine is a very dynamic bond, however the addition of metal ions has been shown to stabilise imine 

based dynamic polymers.147  

Imines have been used to add responsive elements to polymer systems. In addition to being pH sensitive, 

the dynamic bond has been used to add hydrophobic moieties to create switchable surfactants148 or to 

alter the self-assembly of block copolymers.149 Imine chemistry has been applied to the reversible 

locking of polymer micelles to add complexity to diblock copolymer self-assembly,150,151 and important 

work has been done to better understand imines and their precise application in molecular systems so 

that they can be applied as orthogonal chemistries.117,152 

2.6 Scope and context of this work 

Within the fields of polymer chemistry, there is a current drive toward synthesising materials that can 

mimic biomacromolecules in order to take advantage of their incredible specificities in catalysis and 

chemical reactions, folding and self-assembly, and responses to external stimuli. One approach is the 

application of amino acid functional materials to the design of these materials. Important to the 

application of amino acids to the synthesis of these materials is reducing the number of steps involved 

in their synthesis as well as the preservation of the amino acid R-groups, while being able to synthesise 

libraries of these materials. The work in this thesis has demonstrated that imines and their subsequent 

reduction are a viable synthetic strategy for the synthesis of highly functional amino acid materials 

without protecting group chemistry. The work presented herein demonstrates the use of robust and 

simple chemistry in the synthesis of functional amino acid materials, both functional statistical 

copolymers and block copolymers, fulfilling a need to simplify useful materials more simply and 

efficiently.  

2.7 References  

(1)  Xu, C.; Hu, X.; Wang, J.; Zhang, Y.; Liu, X.; Xie, B.; Yao, C.; Li, Y.; Li, X. ACS Appl. Mater. 

Interfaces 2015, 7 (31), 17337–17345. 

(2)  Skey, J.; Hansell, C. F.; O’Reilly, R. K. Macromolecules 2010, 43 (3), 1309–1318. 

(3)  Guvendiren, M.; Messersmith, P. B.; Shull, K. R. Biomacromolecules 2008, 9 (1), 122–128. 



29 
 

(4)  Kuroki, A.; Martinez-Botella, I.; Hornung, C. H.; Martin, L.; Williams, E. G. L.; Locock, K. E. 

S.; Hartlieb, M.; Perrier, S.; Haddleton, D. M.; Moad, G.; Rizzardo, E.; Thang, S. H. Polym. Chem. 

2017, 59, 1246. 

(5)  Ren, J. M.; McKenzie, T. G.; Fu, Q.; Wong, E. H. H.; Xu, J.; An, Z.; Shanmugam, S.; Davis, 

T. P.; Boyer, C.; Qiao, G. G. Chem. Rev. 2016, 116 (12), 6743–6836. 

(6)  Boyer, C.; Bulmus, V.; Davis, T. P.; Ladmiral, V.; Liu, J.; Perrier, S. Chem. Rev. 2009, 109 

(11), 5402–5436. 

(7)  Blackman, L. D.; Varlas, S.; Arno, M. C.; Fayter, A.; Gibson, M. I.; O’Reilly, R. K. ACS Macro 

Lett. 2017, 6 (11), 1263–1267. 

(8)  Elacqua, E.; Manning, K. B.; Lye, D. S.; Pomarico, S. K.; Morgia, F.; Weck, M. J. Am. Chem. 

Soc. 2017, 139 (35), 12240–12250. 

(9)  Branden, C.; Tooze, J. Introduction to Protein Structure, 2nd ed.; Garland Science: New York, 

2009. 

(10)  Nothling, M. D.; Ganesan, A.; Condic-Jurkic, K.; Pressly, E.; Davalos, A.; Gotrik, M. R.; Xiao, 

Z.; Khoshdel, E.; Hawker, C. J.; O’Mara, M. L.; Coote, M. L.; Connal, L. A. Chem 2017, 2 (6), 893–

894. 

(11)  Wulff, G. Chem. Rev. 2002, 102 (1), 1–28. 

(12)  Shimazaki, Y.; Takani, M.; Yamauchi, O. Dalt. Trans. 2009, No. 38, 7854. 

(13)  Coyne, K. J.; Qin, X.-X.; Waite, H. J. Science (80-. ). 1997, 277 (5333), 1830–1832. 

(14)  Zhao, H.; Waite, J. H. Biochemistry 2006, 45 (47), 14223–14231. 

(15)  Lee, H.; Scherer, N. F.; Messersmith, P. B. Proc. Natl. Acad. Sci. 2006, 103 (35), 12999–13003. 

(16)  Fullenkamp, D. E.; He, L.; Barrett, D. G.; Burghardt, W. R.; Messersmith, P. B. 

Macromolecules 2013, 46 (3), 1167–1174. 

(17)  Holten-Andersen, N.; Jaishankar, A.; Harrington, M. J.; Fullenkamp, D. E.; DiMarco, G.; He, 

L.; McKinley, G. H.; Messersmith, P. B.; Lee, K. Y. C. J. Mater. Chem. B 2014, 2 (17), 2467. 

(18)  Grindy, S. C.; Learsch, R.; Mozhdehi, D.; Cheng, J.; Barrett, D. G.; Guan, Z. B.; Messersmith, 

P. B.; Holten-Andersen, N. Nat. Mater. 2015, 14 (12), 1210–1216. 

(19)  Porath, J.; Carlsson, J.; Olsson, I.; Belfrage, G. Nature 1975, 258 (5536), 598–599. 



30 
 

(20)  Hochuli, E.; Döbeli, H.; Schacher, A. J. Chromatogr. A 1987, 411, 177–184. 

(21)  Sanda, F.; Endo, T. Macromol. Chem. Phys. 1999, 200 (12), 2651–2661. 

(22)  Binauld, S.; Damiron, D.; Connal, L. a.; Hawker, C. J.; Drockenmuller, E. Macromol. Rapid 

Commun. 2011, 32 (2), 147–168. 

(23)  Kulkarni, R. K.; Morawetz, H. J. Polym. Sci. 1961, 54 (160), 491–503. 

(24)  Heilmann, S. M.; Smith, H. K. J. Appl. Polym. Sci. 1979, 24 (6), 1551–1564. 

(25)  Morcellet-Sauvage, J.; Morcellet, M.; Loucheux, C. Die Makromol. Chemie 1981, 182 (3), 

949–963. 

(26)  O’Reilly, R. K. Polym. Int. 2010, 59 (5), 568–573. 

(27)  Mori, H.; Endo, T. Macromol. Rapid Commun. 2012, 33, 1090–1107. 

(28)  Roy, S. G.; De, P. J. Appl. Polym. Sci. 2014, 131 (20), 41084. 

(29)  Methenitis, C.; Morcellet, J.; Pneumatikakis, G.; Morcellet, M. Macromolecules 1994, 27 (6), 

1455–1460. 

(30)  Casolaro, M.; Bottari, S.; Cappelli, A.; Mendichi, R.; Ito, Y. Biomacromolecules 2004, 5, 1325–

1332. 

(31)  Sanda, F.; Kamatani, J.; Handa, H.; Endo, T. Macromolecules 1999, 32 (8), 2490–2494. 

(32)  Luo, C.; Liu, Y.; Li, Z. Macromolecules 2010, 43 (19), 8101–8108. 

(33)  Luo, C.; Zhao, B.; Li, Z. Polymer (Guildf). 2012, 53 (8), 1725–1732. 

(34)  Bang, E.-K.; Ward, S.; Gasparini, G.; Sakai, N.; Matile, S. Polym. Chem. 2014, 5 (7), 2433. 

(35)  Gasparini, G.; Bang, E. K.; Molinard, G.; Tulumello, D. V.; Ward, S.; Kelley, S. O.; Roux, A.; 

Sakai, N.; Matile, S. J. Am. Chem. Soc. 2014, 136 (16), 6069–6074. 

(36)  Sun, H.; Gao, C. Biomacromolecules 2010, 11 (12), 3609–3616. 

(37)  Fujii, S.; Kido, M.; Sato, M.; Higaki, Y.; Hirai, T.; Ohta, N.; Kojio, K.; Takahara, A. Polym. 

Chem. 2015, 6 (39), 7053–7059. 

(38)  Roy, S. G.; Acharya, R.; Chatterji, U.; De, P. Polym. Chem. 2013, 4, 1141–1152. 

(39)  Kumar, S.; Acharya, R.; Chatterji, U.; De, P. Langmuir 2013, 29 (49), 15375–15385. 



31 
 

(40)  Ghosh Roy, S.; De, P. Polym. Chem. 2014, 5 (21), 6365–6378. 

(41)  Bauri, K.; Roy, S. G.; Pant, S.; De, P. Langmuir 2013, 29, 2764–2774. 

(42)  Sanda, F.; Abe, T.; Endo, T. J. Polym. Sci. Part A Polym. Chem. 1997, 35 (13), 2619–2629. 

(43)  Thomas, G. B.; Lipscomb, C. E.; Mahanthappa, M. K. Polym. Chem. 2012, 3 (3), 741–750. 

(44)  Boyer, V.; Davis, B. G.; Stanchev, M.; Fairbanks, A. J. Chem. Commun. 2001, No. 19, 1908–

1909. 

(45)  Nagaoka, S.; Shundo, A.; Satoh, T.; Nagira, K.; Kishi, R.; Ueno, K.; Iio, K.; Ihara, H. Synth. 

Commun. 2005, 35 (19), 2529–2534. 

(46)  Kurtz, A. C. J. Biol. Chem. 1941, 140, 705–710. 

(47)  Banerjee, S.; Maji, T.; Paira, T. K.; Mandal, T. K. Macromol. Rapid Commun. 2013, 34 (18), 

1480–1486. 

(48)  Li, W.; Liu, Q.; Liu, L. J. Biomater. Sci. Polym. Ed. 2014, 25 (14–15), 1730–1742. 

(49)  Weller, D.; Medina-Oliva, A.; Claus, H.; Gietzen, S.; Mohr, K.; Reuter, A.; Schäffel, D.; 

Schöttler, S.; Koynov, K.; Bros, M.; Grabbe, S.; Fischer, K.; Schmidt, M. Macromolecules 2013, 46 

(21), 8519–8527. 

(50)  Liu, Q.; Singh, A.; Liu, L. Biomacromolecules 2013, 14 (1), 226–231. 

(51)  Liu, Q.; Li, W.; Singh, A.; Cheng, G.; Liu, L. Acta Biomater. 2014, 10 (7), 2956–2964. 

(52)  Kristensen, T. E.; Hansen, F. K.; Hansen, T. European J. Org. Chem. 2009, 2009 (3), 387–395. 

(53)  Alswieleh, A. M.; Cheng, N.; Canton, I.; Ustbas, B.; Xue, X.; Ladmiral, V.; Xia, S.; Ducker, 

R. E.; El Zubir, O.; Cartron, M. L.; Hunter, C. N.; Leggett, G. J.; Armes, S. P. J. Am. Chem. Soc. 2014, 

136 (26), 9404–9413. 

(54)  Evans, A. C.; Lu, A.; Ondeck, C.; Longbottom, D. A.; O’Reilly, R. K. Macromolecules 2010, 

43 (15), 6374–6380. 

(55)  Shi, Q.; Su, Y.; Chen, W.; Peng, J.; Nie, L.; Zhang, L.; Jiang, Z. J. Memb. Sci. 2011, 366 (1–

2), 398–404. 

(56)  Azari, S.; Zou, L. Desalination 2013, 324, 79–86. 

(57)  Zhi, X.; Li, P.; Gan, X.; Zhang, W.; Shen, T.; Yuan, J.; Shen, J. J. Biomater. Sci. Polym. Ed. 

2014, 25 (14–15), 1619–1628. 



32 
 

(58)  Moore, B. L.; O’Reilly, R. K. J. Polym. Sci. Part A Polym. Chem. 2012, 50 (17), 3567–3574. 

(59)  Shang, X.; Fan, X.; Yang, S.; Xie, Z.; Guo, Y.; Hu, Z. RSC Adv. 2015, 5 (116), 96181–96188. 

(60)  Brisson, E. R. L.; Xiao, Z.; Levin, L.; Franks, G. V.; Connal, L. A. Polym. Chem. 2016, 7 (10), 

1945–1952. 

(61)  Bang, E.-K.; Ward, S.; Gasparini, G.; Sakai, N.; Matile, S. Polym. Chem. 2014, 5 (7), 2433. 

(62)  Thomas, G. B.; Lipscomb, C. E.; Mahanthappa, M. K. Polym. Chem. 2012, 3 (3), 741. 

(63)  Roy, S. G.; De, P. J. Appl. Polym. Sci. 2014, 131 (20), 41084(1-12). 

(64)  Moore, B. L.; Lu, A.; Longbottom, D. A.; O’Reilly, R. K. Polym. Chem. 2013, 4 (7), 2304. 

(65)  Maji, T.; Banerjee, S.; Biswas, Y.; Mandal, T. K. Macromolecules 2015, 48 (14), 4957–4966. 

(66)  Li, W.; Liu, Q.; Liu, L. Langmuir 2014, 30 (42), 12619–12626. 

(67)  Romanski, J.; Karbarz, M.; Pyrzynska, K.; Jurczak, J.; Stojek, Z. J. Polym. Sci. Part A Polym. 

Chem. 2012, 50 (3), 542–550. 

(68)  Schild, H. G. Prog. Polym. Sci. 1992, 17 (2), 163–249. 

(69)  Seuring, J.; Agarwal, S. Macromol. Rapid Commun. 2012, 33 (22), 1898–1920. 

(70)  Bauri, K.; Pant, S.; Roy, S. G.; De, P. Polym. Chem. 2013, 4 (14), 4052–4060. 

(71)  Kumar, S.; De, P. Polymer (Guildf). 2014, 55 (3), 824–832. 

(72)  Maji, T.; Banerjee, S.; Biswas, Y.; Mandal, T. K. Macromolecules 2015, 48 (14), 4957–4966. 

(73)  Lowe, S.; O’Brien-Simpson, N. M.; Connal, L. A. Polym. Chem. 2015, 6 (2), 198–212. 

(74)  Chen, S.; Li, L.; Zhao, C.; Zheng, J. Polymer (Guildf). 2010, 51 (23), 5283–5293. 

(75)  Benns, J. M.; Choi, J.-S.; Mahato, R. I.; Park, J.-S.; Kim, S. W. Bioconjug. Chem. 2000, 11 (5), 

637–645. 

(76)  Rosen, J. E.; Gu, F. X. Langmuir 2011, 27 (17), 10507–10513. 

(77)  Cai, X.; Yuan, J.; Chen, S.; Li, P.; Li, L.; Shen, J. Mater. Sci. Eng. C 2014, 36 (1), 42–48. 

(78)  Hadidi, M.; Zydney, A. L. J. Memb. Sci. 2014, 452, 97–103. 

(79)  Blakeston, A. C.; Alswieleh, A. M.; Heath, G. R.; Roth, J. S.; Bao, P.; Cheng, N.; Armes, S. P.; 

Leggett, G. J.; Bushby, R. J.; Evans, S. D. Langmuir 2015, 31 (12), 3668–3677. 



33 
 

(80)  Ladmiral, V.; Charlot, A.; Semsarilar, M.; Armes, S. P. Polym. Chem. 2015, 6 (10), 1805–1816. 

(81)  Sundaram, H. S.; Ella-Menye, J.-R.; Brault, N. D.; Shao, Q.; Jiang, S. Chem. Sci. 2014, 5 (1), 

200–205. 

(82)  Lokitz, B. S.; Stempka, J. E.; York, A. W.; Li, Y.; Goel, H. K.; Bishop, G. R.; McCormick, C. 

L. Aust. J. Chem. 2006, 59 (10), 749–754. 

(83)  Skey, J.; Willcock, H.; Lammens, M.; Du Prez, F.; O’Reilly, R. K. Macromolecules 2010, 43 

(14), 5949–5955. 

(84)  Du, J.; Willcock, H.; Ieong, N. S.; O’Reilly, R. K. Aust. J. Chem. 2011, 64, 1041–1046. 

(85)  Du, J.; O’Reilly, R. K. Macromol. Chem. Phys. 2010, 211 (14), 1530–1537. 

(86)  Kumar, S.; Maiti, B.; De, P. Langmuir 2015, 31 (34), 9422–9431. 

(87)  Skey, J.; Hansell, C. F.; O’Reilly, R. K. Macromolecules 2010, 43 (3), 1309–1318. 

(88)  Notz, W.; Tanaka, F.; Barbas, C. F. Acc. Chem. Res. 2004, 37 (8), 580–591. 

(89)  Kristensen, T. E.; Vestli, K.; Jakobsen, M. G.; Hansen, F. K.; Hansen, T. J. Org. Chem. 2010, 

75 (5), 1620–1629. 

(90)  Kristensen, T. E.; Vestli, K.; Hansen, F. K.; Hansen, T. European J. Org. Chem. 2009, No. 30, 

5185–5191. 

(91)  Kristensen, T. E.; Hansen, T. European J. Org. Chem. 2010, No. 17, 3179–3204. 

(92)  Lokitz, B. S.; Convertine, A. J.; Ezell, R. G.; Heidenreich, A.; Li, Y.; McCormick, C. L. 

Macromolecules 2006, 39 (25), 8594–8602. 

(93)  Kumar, S.; Roy, S. G.; De, P. Polym. Chem. 2012, 3 (5), 1239–1248. 

(94)  Roy, S. G.; Haldar, U.; De, P. ACS Appl. Mater. Interfaces 2014, 6 (6), 4233–4241. 

(95)  Haldar, U.; Nandi, M.; Ruidas, B.; De, P. Eur. Polym. J. 2015, 67, 274–283. 

(96)  Mori, H.; Takahashi, E.; Ishizuki, A.; Nakabayashi, K. Macromolecules 2013, 46 (16), 6451–

6465. 

(97)  Ye, H.; Wang, L.; Huang, R.; Su, R.; Liu, B.; Qi, W.; He, Z. ACS Appl. Mater. Interfaces 2015, 

7 (40), 22448–22457. 



34 
 

(98)  Paslay, L. C.; Abel, B. a.; Brown, T. D.; Koul, V.; Choudhary, V.; McCormick, C. L.; Morgan, 

S. E. Biomacromolecules 2012, 13 (8), 2472–2482. 

(99)  Locock, K. E. S.; Michl, T. D.; Valentin, J. D. P.; Vasilev, K.; Hayball, J. D.; Qu, Y.; Traven, 

A.; Griesser, H. J.; Meagher, L.; Haeussler, M. Biomacromolecules 2013, 14 (11), 4021–4031. 

(100)  Exley, S. E.; Paslay, L. C.; Sahukhal, G. S.; Abel, B. A.; Brown, T. D.; McCormick, C. L.; 

Heinhorst, S.; Koul, V.; Choudhary, V.; Elasri, M. O.; Morgan, S. E. Biomacromolecules 2015, 16 (12), 

3845–3852. 

(101)  Schiff, H. Ann. der Chemie und Pharm. 1864, 131 (1), 118–119. 

(102)  Vázquez, M. A.; Muñoz, F.; Donoso, J.; García Blanco, F. Amino Acids 1992, 3 (1), 81–94. 

(103)  Liu, L.; Breslow, R. Bioorganic Med. Chem. 2004, 12 (12), 3277–3287. 

(104)  Stabilization, T. H. E.; Their, O. F. 1970, 26 (II). 

(105)  Belowich, M. E.; Stoddart, J. F. Chem. Soc. Rev. 2012, 41 (6), 2003. 

(106)  Hafezi, N.; Lehn, J. J. Am. Chem. Soc. 2012, 134 (30), 12861–12868. 

(107)  Ciaccia, M.; Cacciapaglia, R.; Mencarelli, P.; Mandolini, L.; Di Stefano, S. Chem. Sci. 2013, 4 

(5), 2253. 

(108)  Cantrell, G. K.; Meyer, T. Y. J. Am. Chem. Soc. 1998, 120 (32), 8035–8042. 

(109)  Borch, R. F.; Bernstein, M. D.; Durst, H. D. J. Am. Chem. Soc. 1971, 93 (12), 2897–2904. 

(110)  Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.; Stoddart, J. F. Angew. Chemie 

Int. Ed. 2002, 41 (6), 898–952. 

(111)  Belowich, M. E.; Stoddart, J. F. Chem. Soc. Rev. 2012, 41 (6), 2003–2024. 

(112)  Patai, S. Ed. The Chemistry of the Carbon-Nitrogen Double Bond; Interscience: London, 1968. 

(113)  Godoy-Alcántar, C.; Yatsimirsky, A. K.; Lehn, J.-M. J. Phys. Org. Chem. 2005, 18 (10), 979–

985. 

(114)  Thompson, M. C.; Busch, D. H. J. Am. Chem. Soc. 1962, 84 (9), 1762–1763. 

(115)  Corbett, P. T.; Leclaire, J.; Vial, L.; West, K. R.; Wietor, J.; Sanders, J. K. M.; Otto, S. Chem. 

Rev. 2006, 106 (9), 3652–3711. 

(116)  Borisova, N. E.; Reshetova, M. D.; Ustynyuk, Y. a. Chem. Rev. 2007, 107 (1), 46–79. 



35 
 

(117)  Goral, V.; Nelen, M. I.; Eliseev, A. V; Lehn, J. M.; Goral, V.; Eliseev, A. V; Nelen, M. I. Proc. 

Natl. Acad. Sci. 2001, 98 (4), 1347–1352. 

(118)  Zhao, D.; Moore, J. S. Macromolecules 2003, 36 (8), 2712–2720. 

(119)  Zhao, D.; Moore, J. S. J. Am. Chem. Soc. 2002, 124 (34), 9996–9997. 

(120)  Oh, K.; Jeong, K.-S.; Moore, J. S. Nature 2001, 414 (6866), 889–893. 

(121)  Kobayashi, S.; Ishitani, H. Chem. Rev. 1999, 99 (5), 1069–1094. 

(122)  Cantrell, G. K.; Meyer, T. Y. Organometallics 1997, 16 (25), 5381–5383. 

(123)  Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C. A.; Shah, R. D. J. Org. Chem. 

1996, 61 (11), 3849–3862. 

(124)  Alconcel, S. N. S.; Baas, A. S.; Maynard, H. D. Polym. Chem. 2011, 2 (7), 1442. 

(125)  Bentley, M. D.; Harris, J. M. Poly(Ethylene Glycol) Aldehyde Hydrates and Related Polymers 

And Applications in Modifying Amines. United States Patent 5990237., 1999. 

(126)  Harris, J. M.; Sedaghat-Herati, M. R. Preparation and use of polyethylene glycol 

propionaldehyde. United States Patent 5252714., 1993. 

(127)  Turecek, P. L.; Bossard, M. J.; Schoetens, F.; Ivens, I. A. J. Pharm. Sci. 2016, 105 (2), 460–

475. 

(128)  Roberts, M. J.; Bentley, M. D.; Harris, J. M. Adv. Drug Deliv. Rev. 2012, 64 (SUPPL.), 116–

127. 

(129)  Li, J.; Zhang, L.; Lin, Y.; Xiao, H.; Zuo, M.; Cheng, D.; Shuai, X. RSC Adv. 2016, 6 (11), 

9160–9163. 

(130)  Jia, X.; Pei, M.; Zhao, X.; Tian, K.; Zhou, T.; Liu, P. ACS Biomater. Sci. Eng. 2016, 2 (9), 

1641–1648. 

(131)  Pelras, T.; Duong, H. T. T.; Kim, B. J.; Hawkett, B. S.; Müllner, M. Polymer (Guildf). 2017, 

112, 244–251. 

(132)  Binauld, S.; Stenzel, M. H. Chem. Commun. 2013, 49 (21), 2082. 

(133)  Karagoz, B.; Esser, L.; Duong, H. T.; Basuki, J. S.; Boyer, C.; Davis, T. P. Polym. Chem. 2014, 

5, 350–355. 

(134)  Collins, J.; Xiao, Z.; Müllner, M.; Connal, L. A. Polym. Chem. 2016, 7 (23), 3812–3826. 



36 
 

(135)  Cui, J.; Yan, Y.; Such, G. K.; Liang, K.; Ochs, C. J.; Postma, A.; Caruso, F. Biomacromolecules 

2012, 13 (8), 2225–2228. 

(136)  Boehnke, N.; Cam, C.; Bat, E.; Segura, T.; Maynard, H. D. Biomacromolecules 2015, 16 (7), 

2101–2108. 

(137)  Sun, G.; Fang, H.; Cheng, C.; Lu, P.; Zhang, K.; Walker, A. V.; Taylor, J. S. A.; Wooley, K. L. 

ACS Nano 2009, 3 (3), 673–681. 

(138)  Liu, J.; Li, R. C.; Sand, G. J.; Bulmus, V.; Davis, T. P.; Maynard, H. D. Macromolecules 2013, 

46 (1), 8–14. 

(139)  Zhou, W.; Qu, Q.; Xu, Y.; An, Z. ACS Macro Lett. 2015, 4 (5), 495–499. 

(140)  Blasco, E.; Sims, M. B.; Goldmann, A. S.; Sumerlin, B. S.; Barner-Kowollik, C. 

Macromolecules 2017, 50 (14), 5215–5252. 

(141)  Tan, H.; Chu, C. R.; Payne, K. A.; Marra, K. G. Biomaterials 2009, 30 (13), 2499–2506. 

(142)  Ahmad, S.; Tester, R. F.; Corbett, A.; Karkalas, J. Carbohydr. Res. 2006, 341 (16), 2694–2701. 

(143)  Ghobril, C.; Grinstaff, M. W. Chem. Soc. Rev. 2015, 44 (7), 1820–1835. 

(144)  Artzi, N.; Shazly, T.; Baker, A. B.; Bon, A.; Edelman, E. R. Adv. Mater. 2009, 21 (32–33), 

3399–3403. 

(145)  Fukuda, K.; Shimoda, M.; Sukegawa, M.; Nobori, T.; Lehn, J.-M. Green Chem. 2012, 14 (10), 

2907. 

(146)  Maeda, T.; Otsuka, H.; Takahara, A. Prog. Polym. Sci. 2009, 34 (7), 581–604. 

(147)  Garcia, F.; Pelss, J.; Zuilhof, H.; Smulders, M. M. J. Chem. Commun. 2016, No. Scheme 1, 1–

4. 

(148)  Ren, G.; Wang, L.; Chen, Q.; Xu, Z.; Xu, J.; Sun, D. Langmuir 2017, 33 (12), 3040–3046. 

(149)  Popescu, M. T.; Liontos, G.; Avgeropoulos, A.; Voulgari, E.; Avgoustakis, K.; Tsitsilianis, C. 

ACS Appl. Mater. Interfaces 2016, 8 (27), 17539–17548. 

(150)  Xu, X.; Flores, J. D.; McCormick, C. L. Macromolecules 2011, 44 (6), 1327–1334. 

(151)  Jackson, A. W.; Stakes, C.; Fulton, D. A. Polym. Chem. 2011, 2 (11), 2500. 

(152)  Bracchi, M. E.; Fulton, D. A. Chem. Commun. 2015, 51, 11052–11055.



37 
 

3 Characterisation Methods  

The syntheses and characterisations of materials used and made in this thesis are contained within each 

chapter. This chapter contains a general description of the characterisation methods used in this thesis.  

3.1 Nuclear Magnetic Resonance 

Nuclear magnetic resonance, or NMR, is arguably one of the best characterisation methods for the 

determination of chemical structure or composition of chemical samples in organic and polymer 

chemistry. NMR measures the response of nuclei to a strong, oscillating magnetic field to show 

differences in the chemical environments of the nuclei.1 First, a magnetic field is applied that aligns the 

spins of the nuclei. A second, often perpendicular, field is applied as a pulse to flip the spins of the 

nuclei into a higher energy state. The relaxation of the nuclei to the lower energy state releases energy 

in the form of electromagnetic radiation and is measured as the NMR signal. A Fourier Transform of 

this data gives the NMR spectrum that we are all familiar with, with signals from nuclei appearing on 

a scale that indicates their chemical environments. Nuclei close to electron donating groups, or that are 

shielded by a more dense electron cloud appear upfield (at lower ppm value), while nuclei in proximity 

to electron withdrawing groups are de-shielded, and appear downfield (at increased ppm value). There 

are many nuclei that are “NMR active”, or have the adequate quantum mechanical spin numbers to be 

responsive to magnetic fields in this way, however those discussed here will be the proton and carbon 

NMRs, as they are used in the work presented in this thesis. 

NMR spectroscopy measures the response of samples that are in solution, with the exception of solid 

NMR which is beyond the scope of this work. Solvents used for NMR spectroscopy must be deuterated, 

meaning that the hydrogen atoms containing one proton on the solvent molecules must be replaced by 

deuterium atoms, containing one proton and one neutron. Deuterium nuclei do not have the correct 

quantum mechanical spin numbers to be NMR active as regular hydrogen protons do, and will not 

interfere or overpower the spectrum as a non-deuterated solvent would. 

3.1.1 Proton NMR: 1H NMR  

In proton NMR, annotated as 1H NMR, the active nucleus is hydrogen, which consists of one neutron 

and one proton. The abundance of the hydrogen proton in chemical compounds makes 1H NMR a 

quantitative analytical tool; the area under the signals from protons in each chemical environment give 

their relative quantities. This makes 1H NMR very useful in the confirmation of chemical structure as 

well as relative composition of a sample. 

With small molecule samples, 1H NMR can provide important information such as the number of 

protons on neighbouring carbons as these couple together and cause splitting of the peaks. This is highly 
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valuable information and can provide very subtle information in the characterisation of small molecules. 

The use of 1H NMR in this manner is beyond the scope of the work presented in this thesis. Pertinent 

to the characterisation of polymers however, is the loss of this level of detail by the broadening of the 

peaks in the 1H NMR spectrum. The broadening of the peaks is a result of many factors, including the 

protons in a polymer lying in slightly different chemical environments due to being on different 

locations of a long macromolecule. The large mass of polymers limits their motion, or tumbling, in 

solution, which contributes to peak broadening by interferes with the spin-spin relaxation time (T2). In 

polymer chemistry, it can be possible to determine the degree of polymerisation of a polymer (if protons 

from the end groups are present), the conversion of a polymerisation, and the composition of a 

copolymerisation by 1H NMR. The characterisation of polymers by 1H NMR is often considered 

thorough, but sometimes accompanied by a second NMR spectroscopy to substantiate it. 

3.1.2 Carbon NMR: 13C NMR 

The 13C isotope of carbon has the correct quantum mechanical spin numbers to be NMR active, and the 

resulting NMR spectroscopy is carbon NMR (13C NMR). The number of 13C isotopes relative to 12C 

isotopes is very small, and as a result the signal from carbon atoms in a molecule are very weak. The 

consequence of this is that 13C NMR spectroscopy is rarely used as a quantitative technique, as the 

required experimental conditions are often time consuming.2 For this reason, 13C NMR is used as a way 

to confirm data gathered by 1H NMR. Shorter 13C NMR experiments are very useful in confirming the 

presence of functional groups that might not be clearly seen in a 1H NMR spectrum due to overlapping 

peaks. 

3.2 Size Exclusion Chromatography 

Size Exclusion Chromatography (SEC), also previously called Gel Permeation Chromatography (GPC), 

is a characterisation method used to determine the molecular weight, or more accurately the size, of 

polymers, as well as the dispersity (ᴆ) or the distribution of that molecular weight.3 It involves running 

a sample dissolved in a solvent through a column packed with porous beads to separate the sample 

based on size. Larger polymers do not permeate the smaller pores of the beads, only passing between 

the beads, and elute from the column first. While SEC is an important characterisation method of 

polymers, there are several limitations to be aware of in order to be accurate in the conclusions drawn 

from any SEC data. One must consider the shape and conformation of the globular structure of the 

polymer in solutions as this is what passes through the SEC column. This is important because different 

polymer compositions with identical molecular weights will take on different shapes and therefore elute 

from the same SEC column at different times. Additionally, in theory, the column does not interact with 

the sample so that the sample simply passes through the pores appropriate for its size. Smaller molecules 

and oligomers pass through the smaller pores and are slowed by the longer path they take by passing 

through the smaller, windier pores, eluting from the column later.  
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SEC is a very important characterisation method, and with the correct instrument set-up and detection 

methods, the SEC data can give valuable information. Polymers are sized in a variety of methods in 

SEC, however the one employed in this work is a comparison to molecular weight standards. Due to 

the different compositions of the copolymers examined in this work, this measure of molecular weight 

can be inaccurate for statistical copolymers. The use of RAFT polymerization to control the polymer 

size, as well as complementing the SEC data with 1H NMR using the RAFT end groups when possible 

increases the accuracy of the molecular weights described in this thesis. However the inaccuracies 

involved in the use of a calibration curve for compositionally difference statistical copolymers must be 

considered, and the SEC data must not be seen as absolute. These discrepancies are less relevant for 

block copolymers which have high chain end fidelity and are supported by more accurate 1H NMR 

analysis. For these reasons, it is important to be careful to consider the limitations of SEC. 

SEC gives an idea of molecular weight, and when possible, it is always a good idea to measure the 

molecular weight in a few ways to be sure. Solvent choice, electrolyte choice, column choice, detector, 

flow rate, column length, solvent and column compatibility are all things that can influence the detected 

molecular weight; in principle, the polymer sample does not interact with the column, however in reality 

there is always some influence from the listed factors that affect the data collected from SEC. Therefore, 

relative comparisons of samples run in the same conditions is necessary to make a true comparison. 1H 

NMR can be used to quantify the degree of polymerisation of a sample if end groups are clearly visible, 

which is less effective as the polymer increases in size. Unfortunately, 1H NMR does not provide any 

dispersity information. SEC can give both when the correct system is used. SEC is a vital 

characterisation of polymers, however it is important to be aware of its limitations and not to take the 

data as absolute.  

3.3 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared (FTIR) Spectroscopy is a spectroscopic method where a sample is irradiated 

with infrared (IR) light and the absorbance of the IR by the sample is measured. At the correct 

frequency, the IR light has the correct energy to activate a vibrational mode of the chemical bonds 

contained within a sample; essentially, the sample absorbs the energy when certain functional groups 

begin to vibrate at their resonance frequencies. Many types of vibrational modes exist and the 

vibrational spectra of compounds is often daunting. However, IR can often provide an excellent 

confirmation of a chemistry being present, or absent, or a clear difference after a reaction, which is the 

way it is used in this work.  

3.4 Dynamic Light Scattering 

Dynamic light scattering (DLS) is a technique that uses light scattering to determine the size of colloids 

or particles suspended or dissolved in a solution.4 DLS measures the Brownian motion of particles in 

solution. The Brownian motion is measured as photon intensity fluctuations which is converted into 
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size information. DLS is an excellent way to measure particle size, to determine the self-assembly of 

polymer systems, and can often be set up to give temperature specific information. In addition to size 

information, DLS also provides information on the particle size distribution of the sample in solution. 

Because DLS measurement outputs rely so much on math converting the photon intensity fluctuations 

into size, it is important to monitor the quality of the data. The quality of the data is often measured by 

the autocorrelation function, which sums the decay in signal from each particle; this information is used 

to validate the data as good or bad.    

The size of particles can also be based on different parameters which are number, volume (or mass), 

and intensity. Intensity is most often used in reported DLS information, however Intensity 

measurements bias the measurements toward larger particle sizes. These subtleties of DLS 

measurements require careful consideration of the DLS data. It is prudent to use corroborating size 

measurements to confirm DLS measurements, such as electron microscopies, static light scattering, or 

scanning probe microscopy techniques, when possible.  

3.5 Titration 

Titration is a quantification method used to determine the amounts of pH responsive moieties in a given 

volume, at a given concentration. As this quantification method depends on very simple acid-base 

chemistry, it is considered to be an accurate method; one equivalent of base reacts with one equivalent 

of acid-like protons, which changes the pH more slowly than it would in the absence of a material 

reacting with the added base. Titration is performed in aqueous solutions in nitrogen atmosphere to 

prevent the disruption of the solution pH, and potentially falsify results, by the dissolution of 

atmospheric CO2 at high pH. Titration is used in this thesis to quantify histidine moieties when there 

were overlapping peaks in the 1H NMR spectrum.  

3.6 Atomic Force Microscopy 

Atomic force microscopy, AFM, is a scanning probe microscopy method of analysing surfaces via the 

physical interaction of a cantilever mounted probe with the surface.5 Contact with the surface is 

measured by deflection of the cantilever, usually monitored by a laser. AFM measurements can be taken 

in scanning mode (where the probe is dragged along the surface) or tapping mode (where the probe taps 

along the surface at an appropriate frequency). The measurement of soft samples, such as proteins or 

polymer samples, is often done in tapping mode so as to capture as much information without disrupting 

the more delicate surface. In this thesis, AFM measurements were taken in tapping mode, and the size 

of polymer self-assemblies were measured. AFM was also used to determine the presence or absence 

of polymer self-assemblies, as if no particles were formed, there were no particles measured.  



41 
 

3.7 Rheology 

The mechanical behaviour of solid samples is measured using rheology, which is the study of flow.6 

Rheology measures the response to material samples as a function of applied strain. Rheology is used 

to characterise the solid or liquid properties of materials. It provides information on the elastic modulus, 

or stiffness, of solids, the destruction of solids as a transition from solid-like behaviour to liquid-like, 

flowing behaviour. The samples measured in this work are measured using a parallel plate system, as 

is appropriate for gel samples. Two important parameters arise from rheology measurements: the 

storage modulus G’ and the loss modulus G”. The storage modulus represents the energy stored within 

the solid structure, and G” represents the energy lost when the material flows. A solid material has a 

G’>G”. A solid material is said to fail mechanically when G”>G’ and this can be interpreted as the 

sample taking on liquid characteristics such as flow. Material deformation can be measured by a drop 

in G’.  

Rheology was used to measure the self-healing of the gels in this thesis. To do this, the gel was destroyed 

by applying increasing strain to the sample until G”>G’. The gel was allowed time to recover from this, 

and was destroyed in the same manner. The gel was characterised as self-healing if two criteria were 

met: if the gel regained its initial strength, and if it behaved the same way while being destroyed both 

times.  
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4.2 Abstract 

The copolymerisation of N-isopropylacrylamide (NiPAm) with aldehyde functional monomers 

facilitates post-polymerisation functionalisation with amino acids via reductive amination, negating the 

need for protecting groups. In reductive amination, the imine formed from the condensation reaction 

between an amine and an aldehyde, is reduced to an amine. In this work, we categorise amino acids into 

four classes based on the functionality of their side chains (acidic, polar neutral, neutral and basic) and 

use their amine groups in condensation reactions with aldehyde functional polymers. The dynamic 

nature of the imine as well as the versatility of reductive amination to functionalise a polymer with a 

range of amino acids is highlighted. In this manner, amino acid functional polymers are synthesised 



44 
 

without the use of protecting groups with high yields, demonstrating the high functional group tolerance 

of carbonyl condensation chemistry and the subsequent reduction of the imine. Prior to the reduction of 

the imine bond, transimination reactions are used to demonstrate dynamic polymers that shuffle from a 

glycine- to a histidine-functional polymer.  

 

Figure 4.1.1. Graphical Abstract. Amino acids are used to synthesise highly functional polymers in one pot, 
without protecting groups using carbonyl condensation. The imine is used to dynamically functionalise the 
polymer with an exhaustive range of amino acids. The bonds can also be made stable by reducing the imine bond 
yielding a variety of highly functional materials. 

4.3 Keywords 

imine, amino acid, reductive amination, dynamic covalent chemistry, post polymerisation modification, 

transimination 

4.4 Introduction 

Nature provides many chemically active, self-assembling and dynamic materials; their dynamics and 

high functionality are often critical for performance. Synthesising polymers that mimic these biological 

systems is one strategy to create new smart materials.1 Amino acid functional polymers are a class of 

synthetic polymers with pendent amino acid moieties2 which can influence the properties of the 

resulting polymers, imparting chirality,3–5 organocatalytic activity,5–7 antimicrobial and antifouling 

properties,8,9 and more.10 The high functionality of amino acids can complicate the synthesis of amino 

acid functional polymers, which often involves multiple protection and deprotection steps. Amino acid 

functionality has been achieved without protecting group chemistry using epoxide ring opening11 to 

modify the surfaces of gels by Xu et al., and reductive amination to synthesise histidine functional 

polymers as recently reported by our group.12 Both of these strategies allow for the simplified synthesis 

of amino acid functional polymers with the preservation of the amino acid R-groups which play 

important roles in the self-assembly,13–15 metal ion coordination,16 active sites,17 and function18 of 

proteins and peptides.  

The diverse chemistry of the amino acid R-groups as well as their pH responsive, zwitterionic nature 

and high functionality make amino acids attractive moieties for polymer functionalisation. In peptides 
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and proteins, the R-groups and their chemistry dictate the secondary, tertiary and quaternary structures 

through subtle interactions and differences between hydrophobic, hydrophilic, acidic, basic, and 

chelating properties, and importantly also dictate the function of an amino acid sequence.19 For example, 

cationic and hydrophobic regions are crucial to the function of antimicrobial peptides, and synthetic 

mimics with pendent guanidine and indole groups representing arginine and tryptophan, respectively, 

have been shown to have antimicrobial properties.18 The zwitterionic nature of amino acids has been 

demonstrated to be important in the application of amino acid polymers as bio- and antifouling 

materials; the free amine and the carboxylic acid groups of the amino acids are biocompatible and 

antifouling when left pendent off the polymer chain.9,20,21 Amino acid based pH-responsive materials 

have been synthesised, which can penetrate cell membranes and responsively self-assemble into 

functional nanomaterials.22–24 The careful placement of amino acids onto polymers has generated new 

materials with antimicrobial,8 cell membrane penetrating,25,26 metal chelating,27 self-healing27 and self-

assembling properties observed in mimicking proteins and peptides.28 The ability to use amino acids as 

building blocks simply and without protecting groups to add functionality to polymers will greatly 

simplify the synthesis, and enable the application of bioinspired polymers.  

In the synthesis of amino acid polymers with zwitterionic functionality, the amino acid R-groups are 

often reacted in efficient chemistries, such as the reaction of cysteine’s thiol in a Michael addition, 

leaving the protonated amine and deprotonated carboxylic acid as a pendent zwitterion in physiological 

conditions. While this is a useful strategy for the synthesis of zwitterionic and antifouling materials, the 

loss of the R-group functionality limits the biomimicking properties that can be imparted to the polymer. 

Less efficient esterification and amidation coupling reactions can preserve the R-groups when 

synthesising these materials, but lack of orthogonality29 of the amine, carboxylic acid, and sometimes 

even the R-group, requires extensive protecting group chemistry to direct the reaction to the desired 

site.1 The use of orthogonal chemistry can solve this problem but the highly functional nature of amino 

acids greatly limits the chemistries available.  

The dynamic nature of the imine as well as its ability to undergo templated transimination and 

metathesis reactions30,31 have made it an ideal chemistry for polymer scaffolded dynamic combinatorial 

libraries,32  where polymers are reversibly functionalised through changes in equilibrium conditions. 

Polymer scaffolded dynamic combinatorial libraries have found applications in macromolecular 

recognition,33,34 highlighting this approach as a feasible means to mimic nature’s exquisite recognition 

abilities found in enzymes and antibodies. Rapid screening of polymers synthesised using dynamic 

covalent hydrazones for membrane penetration in siRNA delivery has also been reported.35 This work 

demonstrates some important applications for dynamic combinatorial libraries on polymer scaffolds, 

which have the potential to significantly impact the targeted development of polymer based 

technologies.  
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Herein we demonstrate the functionalisation of an aldehyde containing polymer with amino acids 

without protecting groups by using carbonyl condensation chemistry. The orthogonal nature of carbonyl 

condensation with respect to the other functional groups of amino acids, makes protecting groups 

unnecessary (Scheme 4.3.1). This strategy allows us to report two types of amino acid functional 

polymers, those with amino acids bound to the polymer through dynamic imino bonds, and those bound 

through stable secondary amines. Imines are formed between the primary amine of the amino acid and 

the aldehydes on the polymer, and the dynamic covalent bond is used in shuffling reactions. The imines 

are also reduced to form stable amines, demonstrating a simple and robust method for the synthesis of 

highly functional materials from inexpensive amino acids. The strategy presented requires no protecting 

groups, is generalisable, takes place at room temperature, and is performed in one pot. In addition to 

functionalising polymers with almost all amino acids, dual amino acid functional polymers are also 

successfully synthesised in one pot. Imine shuffling (transimination) reactions are successfully 

performed at room temperature on imino- functionalised polymers, shuffling from an imino-glycine 

polymer to an imino-histidine polymer. This work demonstrates and highlights the effectiveness of 

carbonyl/amine condensation as a post-polymerisation functionalisation strategy in the synthesis of 

highly functional materials. The functionalisation of aldehyde polymers with amino acids in one pot, 

without protecting group chemistry is a testament to the versatility of this approach to make highly 

functional materials which can be precisely tuned.  

 

Scheme 4.3.1. Reductive amination as a two-step, one pot approach to the synthesis of highly functional materials 
using the amine of amino acids in condensation reactions with polymer supported aldehydes. 

4.5 Experimental 

4.5.1 Materials 

Chemicals were used as received unless otherwise stated. 4-Hydroxybenzaldehyde (98 %), L-histidine 

(98 %), 4-dimethylaminopyridine (DMAP) (>98 %), methacrylic acid (99 %, stabilised with 250 ppm 

methoxyphenol), sodium borohydride (98 %), L-serine (99 %), L-tyrosine (99 %), L-leucine (99 %), DL-

methionine (99 %), L-alanine (99 %) and N,N’-dicyclohexylcarbodiimide (DCC) (99 %) were 

manufactured by Alfa Aesar and obtained from VWR. Sodium hydroxide (>99 %) and potassium 

chloride (99 %) were manufactured by ChemSupply and obtained from VWR. L(+)-lysine 

monohydrochloride (>99 %) was manufactured by Acros organics and obtained from VWR. L-arginine 
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(extra pure, Ph Eur, BP, USP) was manufactured by Scharlau and obtained from VWR. Tris(2-

carboxyethyl)phosphine, hydrochloride (TCEP) (99 %) was manufactured by Strem Chemicals and 

obtained from VWR. Hydrochloric acid (32 %) was manufactured by LabScan and glacial acetic acid 

was manufactured by Ajax Finechem. N-isopropylacrylamide (NiPAm) (98 %, stabilised with MEHQ) 

was supplied by Tokyo Chemical Industry Co., Ltd and was recrystallised from a mixture of 

toluene/hexane (v/v 2:3) prior to use. 4-cyano-4-[(dodecyl-sulfanylthiocarbonyl)sulfanyl] pentanoic 

acid (CDP) (97 % by HPLC), glycine (ACS reagent, >98.5 %), L-glutamic acid (>98 %), L-cystine 

(>98 %) and azobisisobutyronitrile (AIBN) (98 %) were obtained from Sigma Aldrich Company. AIBN 

was recrystallised in methanol prior to use. Tetrahydrofuran (THF) GPR Reactapur (stabilised with 

BHT) and toluene (Analar Normapur) were purchased from VWR Chemicals. Diethyl ether and n-

hexane (95 %) were of RCI premium grade from ACI Labscan. Dichloromethane (DCM) and methanol 

were of reagent grade and obtained from ChemSupply. Dialysis tubing (regenerated cellulose, 

SnakeSkinTM, 10000 MWCO) was used to dialyze functionalised polymers.  

4.5.2 Characterisation 

1H NMR and 13C NMR spectra were obtained with a Varian 400 MHz spectrometer using the specified 

solvent. Polymer dispersity and molecular weights were determined by Size Exclusion Chromatography 

(SEC) using calibration curves obtained from polystyrene standards. To analyze polymers by SEC, the 

sample was dissolved in spectrometry grade DMF at a concentration of 10 mg/mL and filtered through 

a 0.45 µm TeflonTM syringe filter. 50 µL was injected into the instrument and flowed through at a rate 

of 1 mL/min. The SEC instrument was equipped with a Shimadzu RID-10 refractometer (λ = 633 nm) 

and Shimadzu SPD-20A UV-vis detector using two Phenomenex Phenogel columns (5 µm bead size, 

104 and 106 Å porosity) in series, operating at 70°C. Dimethylformamide (DMF) with 0.05 mol·L-1 

lithium bromide was used as the mobile phase. 4-formylphenyl methacrylate (FPMA) was synthesised 

as previously reported.12  

4.5.3 Synthesis 

4.5.3.1 Synthesis of PNiPAm0.8-co-PFPMA0.2 

A statistical copolymer of FPMA and NiPAm with a 0.8:0.2 molar ratio of NiPAm:FPMA 

(PNiPAm0.8-co-PFPMA0.2) with a molecular weight of 50 kDa were synthesised by reversible addition-

fragmentation transfer (RAFT) polymerisation. NiPAm (2.11 g, 18.6 mmol), FPMA (0.90 g, 4.7 

mmol), CDP (0.31g, 0.077 mmol) and AIBN (1.2 mg, 0.007 mmol) were dissolved in 7.5 mL of dry 

THF and placed into an oven dried Schlenk tube. The solution was degassed using four freeze-pump-

thaw iterations and the vacuum was released under nitrogen. The sample was immersed into an oil bath 

at 65 °C and stirred for 15 hours. The polymerisation was stopped by opening to air and cooling over 

ice. After dilution with excess THF, the polymer was twice precipitated into diethyl ether and dried in 

a vacuum desiccator overnight to yield a white powder (2.18 g, 73 %). Analysis of the polymer by SEC 
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(Figure 4.9.1) showed the polymer to have a molecular weight of 50 kDa and a dispersity of 1.3. 1H 

NMR (400 MHz, CDCl3): δ 9.95 (bs, CHO, 74H), 8.15-6.95 (broad, aromatic/amide, 594H), 5.52 (bs, 

acetal, 6H), 3.95 (bs, isopropyl, 289H), 2.74-0.76 (broad, backbone/dimethyl, 3080H). 13C NMR (100 

MHz, CDCl3): δ 192.91, 176.06, 135.48, 132.04, 123.82, 42.57, 22.32. 

4.5.3.2 Synthesis of amino acid functional polymers 

Amino acids were added to aldehyde functional polymers via the condensation of the aldehyde with the 

primary amine of the amino acids to form an imine which was subsequently reduced by sodium 

borohydride. Amino acids representing the acidic, basic, neutral, and polar neutral side group 

functionalities were used in this work. In general, amino acid functional polymers were synthesised in 

the same manner, with the amino acid first reacted with one equivalent (to the number of carboxylic 

acid groups per amino acid) of NaOH in methanol prior to being added to PNiPAm0.8-co-PFPMA0.2. 

As a representative example, the synthesis of amino-glycine functionalised PNiPAm0.8-co-PFPMA0.2, 

[PNiPAm0.8-co-PFPMA]-co-AmGly0.19, is detailed below. The details of other amino acid functional 

polymer syntheses that deviate from the one presented below are described in the Supplementary 

Information. Table S1 summarises the reaction conditions and equivalents for all reported compounds. 

Glycine (14.0 mg, 0.19 mmol) was stirred with NaOH (0.19 mmol) in methanol for 2 hours. The glycine 

solution was added to PNiPAm0.8-co-PFPMA0.2 (98.7 mg, 0.16 mmol of aldehyde) and was stirred for 

two hours, yielding [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 which was used without further 

purification. Sodium borohydride (29.3 mg, 0.78 mmol) was added and the solution was stirred 

overnight. The reaction was quenched with 10 drops of glacial acetic acid and the methanol was 

evaporated and replaced with an equal volume of deionised water. The polymer was then dialyzed, 

freeze dried, and dried in a vacuum oven to yield [PNiPAm0.8-co-PFPMA]-co-AmGly0.19 as a white 

powder. The conversion from aldehyde to glycine functionality was calculated to be 94 % and the mass 

yield was 91.2 mg (84.6 %). 1H NMR (400 MHz, CD3OD): δ 8.21-6.90 (broad, aromatic/amide, 451H), 

4.57 (bs, CH2OH, 9H), 3.96 (broad, isopropyl/CH2NH, 424H), 3.44 (bs, NHCH2COOH, 113H), 2.65-

0.76 (broad, backbone/dimethyl, 3052H). 

4.5.3.3 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmGly0.08-AmHis0.09 

Dual functional polymers were synthesised using reductive amination in one pot by adding both glycine 

and histidine to PNiPAm0.8-co-PFPMA0.2 in slight excess (0.6 eq. to the aldehyde unit, each). Glycine 

(14.0 mg, 0.19 mmol) and histidine (24.1 mg, 0.16 mmol) were reacted with an equimolar amount of 

NaOH in methanol and stirred for two hours. The glycine and histidine solutions were added to 

PNiPAm0.8-co-PFPMA0.2 (100 mg, 0.16 mmol of aldehyde) and stirred at room temperature for one 

hour. NaBH4 (29.3 mg, 0.78 mmol) was added to the solution and stirred at room temperature overnight. 

Ten drops of glacial acetic acid were added to quench the excess NaBH4. The methanol was removed 

and replaced with deionised water, and the polymer solution was dialyzed against water. Freeze drying 
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and additional drying in a vacuum oven at 80 °C overnight yielded [PNiPAm0.8-co-PFPMA]-co-

AmGly0.08-AmHis0.09 as a white powder (95.2 mg, 84.0 % mass yield). 1H NMR (400 MHz, CDCl3): δ 

8.20-6.89 (broad, aromatic/amide/imidazole, 625H), 4.6 (bs, CH2OH, 20H), 4.37-3.67 (broad, 

isopropyl/CH2NH/methine, 430H), 3.5 (bs, NHCH2COOH, 63H), 3.26-2.05 (broad, His methylene, 

41H), 2.59-0.70 (broad, backbone/dimethyl, 3052). 

4.5.3.4 Transimination Reactions 

Transimination was used to transform imino-glycine functional polymer ([PNiPAm0.8-co-PFPMA]-co-

ImGly0.18) into imino-histidine functional polymer ([PNiPAm0.8-co-PFPMA]-co-ImHis0.2), and a 

series of [PNiPAm0.8-co-PFPMA]-co-ImGlyx-ImHis(0.2-x) polymers with a range of stoichiometries by 

introducing excess histidine to [PNiPAm0.8-co-PFPMA]-co-ImGly0.18. At room temperature, between 

one and fifteen equivalents of histidine, relative to the imino glycine unit, was added to investigate the 

transimination on [PNiPAm0.8-co-PFPMA]-co-ImGly0.18. First, glycine (14.0 mg, 0.19 mmol) was 

reacted with an equimolar amount of NaOH in methanol, and in a separate vial, histidine (48.1 mg, 0.38 

mmol) was also reacted with an equimolar amount of NaOH in methanol. The glycine solution was 

added to the polymer scaffold PNiPAm0.8-co-PFPMA0.2 (100 mg, 0.16 mmol of aldehyde) first to form 

the [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 after stirring for one hour. The histidine solution was added 

to the [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 solution and the conversions were monitored by 1H NMR 

after letting the solutions equilibrate for one hour.   

4.6 Results and Discussion. 

Our aim is to synthesise amino acid functional polymers in one pot using the free amine of the amino 

acid in a condensation reaction with aldehydes; an aldehyde functional polymer allows for the 

orthogonal condensation to take place while preserving the R-groups of the amino acid. To enable the 

reaction with the free amines of the amino acids, an aldehyde functional polymer was synthesised. A 

copolymer of NiPAm and FPMA was synthesised as the aldehyde containing copolymer, NiPAm was 

chosen as the comonomer due to its polarity, as the post-polymerisation functionalisation strategy 

requires that the polymer and amino acids are soluble in the same solvents. The aldehyde functional 

polymer, PNiPAm0.8-co-PFPMA0.2 was synthesised by RAFT polymerisation with a molecular weight 

of 50 kDa and a dispersity (Ð) of 1.3 (Figure 4.9.1). Twenty percent, by mole, of the aldehyde 

containing monomer was incorporated into the copolymers in order to achieve an appropriate amount 

of amino acid functionality; previous reports of amino acid functional antifouling materials have used 

a maximum theoretical incorporation of fifteen percent,11 and zwitterionic materials have been shown 

to have equal antifouling properties to polyethylene glycol containing materials with only fifteen 

percent incorporation, by mole, of zwitterionic sulfobetaines.36  
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4.6.1 Versatile functionalisation with four types of amino acids 

The functionalisation of polymers with amino acids by carbonyl condensation is efficient, protecting 

group free and the reaction conditions can be tuned to accommodate the range of amino acid residues. 

The amino acids were categorised into four classes based on the functionality of their R-group:11 acidic, 

polar neutral, neutral and basic, depicted in Scheme 4.5.1. As discussed below, each of the four classes 

required slightly different reaction conditions, summarised in Table S1. In our previous work, we 

synthesised histidine functional polymers in this manner in acetic acid as it solubilised both the histidine 

and aldehyde polymers.12 Mono substituted thioureas have also been synthesised in acetic acid in good 

yields (66-93 %) by Ciszewski et al.37 Reductive alkylations have also been reported in basic aqueous 

conditions as imines are hydrolytically stable in basic conditions (above pH 6.9) and the stability of 

imines in aqueous systems has been studied in great detail.38–41 While imine formations between 

histidine and our aldehyde functional polymer PNiPAm0.8-co-PFPMA0.2 were successful in good 

yields, amino acids from other reactivity classes showed little to no imine formation in acetic acid. As 

a result, in this work, the carbonyl condensation reactions and subsequent reductions were performed 

in methanol with sodium hydroxide, as we were able to achieve carbonyl condensations to functionalise 

the polymers with amino acids from each reactivity class. 

 
Scheme 4.5.1. The one-pot, two-step approach to the synthesis of highly functional materials using amino acids 
as reactive moieties.  

The reaction conditions were optimised to maximise the imine formation between amino acids and the 

aldehyde functional polymer, PNiPAm0.8-co-PFPMA0.2. We found that acid catalysis did not improve 

the yield of imine formation. Abdel-Magid et al. also showed that acid catalysis does not always 

improve the reaction yield and can even hinder the conversion.42 We observed higher conversions when 
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the amino acid was first reacted with sodium hydroxide and subsequently reacted with PNiPAm0.8-co-

PFPMA0.2. The solubility of the amino acids in methanol is improved with the addition of sodium 

hydroxide which increases the efficiency of the reaction. In addition, methanol’s protic nature allows 

for the carboxylic acid of the amino acid to deprotonate and protonate the amine, decreasing the 

efficiency of the carbonyl condensation reactions. Reacting the carboxylic acid with a base having a 

conjugate acid with a higher pKa than the amine, such as sodium hydroxide, improved conversions. 

Triethylamine (TEA), an organic base with a pKa ≈ 12, did not yield a significant increase in 

conversion, however the solubility of amino acids in methanol in the presence of TEA was less than 

their solubility in the presence of NaOH. To prevent the base catalyzed hydrolysis of the ester in the 

FPMA repeating unit, the amino acid was reacted with the base prior to reacting it with the carbonyl 

containing polymer. Adding the amino acid, base, and polymer simultaneously resulted in some ester 

cleavage; the ester cleavage was completely prevented when the amino acid was first reacted with the 

base. No ester cleavage is observed with the addition of an organic base, however to achieve the best 

possible yields, the addition of equimolar amounts of sodium hydroxide to the carboxylic acid(s) was 

determined to be the optimal reaction condition. The carbonyl condensations were complete in an hour 

and took place at room temperature. In this work, imines were reduced to amines using sodium 

borohydride as the reducing agent. 

Amino acid functionality was achieved with good to excellent yields (78 % to 94 %) from samples of 

amino acids representing the four classes of amino acids. Functionalisation of PNiPAm0.8-co-

PFPMA0.2 with the simplest amino acid, glycine, is used to give a complete discussion of the conversion 

of aldehydes to amino acid functional polymers, first as imine bound amino acids which are 

subsequently reduced to secondary amines. The reaction of glycine onto PNiPAm0.8-co-PFPMA0.2 to 

form [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 and its reduced analogue [PNiPAm0.8-co-PFPMA]-co-

AmGly0.19 was monitored by 1H NMR. Upon addition of glycine to PNiPAm0.8-co-PFPMA0.2, the 

aldehyde peak Ha (Figure 4.5.1a) diminishes as the imino peak Hc and the two glycine protons 2Hd 

become visible (Figure 4.5.1b). Comparison of peaks Hb and Hc, the isopropyl proton of the NiPAm 

repeat unit and the imine proton respectively, gives a 91 % conversion of aldehyde to imino-glycine 

functionality. Upon reduction with NaBH4, the imino peak Hc disappears as the two amino protons 2He 

become visible, and the glycine protons 2Hd shift upfield as the electronegative double bond next to 

them disappears (Figure 4.5.1c). Unreacted aldehyde is reduced to a benzyl alcohol 2Hu at δ 4.6 ppm 

in the 1H NMR spectrum (Figure 4.5.1c). Comparison of peaks 2Hu and 2Hd in [PNiPAm0.8-co-

PFPMA]-co-AmGly0.19 gives a 94 % conversion of aldehyde to amino-glycine functionality. 
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Figure 4.5.1. 1H NMR spectra following the reaction of glycine onto PNiPAm0.8-co-PFPMA0.2 (a) to form 
[PNiPAm0.8-co-PFPMA]-co-ImGly0.18 (b) and [PNiPAm0.8-co-PFPMA]-co-AmGly0.19 (c). The aldehyde peak 
Ha disappears and the imino peak Hc and the glycine peak 2Hd appear after glycine is added to the polymer. Upon 
reduction, the imino peak Hc disappears as the amino peak 2He appears, and the glycine peak 2Hd shifts upfield.  

Glutamic acid was chosen to represent the acidic amino acids, having a carboxylic acid R-group; 

aspartic acid differs from glutamic acid only in having one less carbon in the R-group. Glutamic acid 

was reacted onto PNiPAm0.8-co-PFPMA0.2 similarly to glycine. In this case two molar equivalents of 

sodium hydroxide were initially reacted with glutamic acid because glutamic acid has two carboxylic 

acids; this was done to prevent any protonation of the amine which would reduce the yield of the 

reaction. Using these conditions, [PNiPAm0.8-co-PFPMA]-co-AmGlu0.16 was synthesised with 80 % 

conversion, determined by the comparison of the 2Hu and methylene protons 2Ha of the 1H NMR 

spectrum (Figure 4.5.2a).  

Serine, methionine and tyrosine were chosen as a representative examples of polar neutral amino acids 

and were successfully reacted onto to PNiPAm0.8-co-PFPMA0.2. Serine, methionine and tyrosine were 

all added under the same conditions that glycine was added, yielding [PNiPAm0.8-co-PFPMA]-co-

AmSer0.18, [PNiPAm0.8-co-PFPMA]-co-AmMet0.17, and [PNiPAm0.8-co-PFPMA]-co-AmTyr0.18 

with conversions of 92 %, 84 % and 92 %, respectively. The comparison of peak 2Hu of the benzyl 

alcohol with the methine proton from the amino acids was used to calculate the conversions, shown in 
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Figures 4.5.2b and c, for serine and methionine. The conversion of the tyrosine functional polymer 

(Figure 4.5.2d) was calculated to be 92 % by comparing the unreacted aldehyde (2Hu) to the phenyl 

group of tyrosine’s side chain (2Hd). 

Cysteine is also a polar neutral amino acid with a thiol as an R-group. However, the thiol can compete 

with the amine in the nucleophilic attack of the carbonyl carbon, which we confirmed by forming a gel 

by reacting cysteine with PNiPAm0.8-co-PFPMA0.2. Nature provides an effective means to access thiol 

functionality using the amino acid cystine, the disulfide of cysteine. With the thiol in a disulfide form, 

it cannot compete with the amine in the attack the carbonyl carbon. After reduction of the imine with 

NaBH4, the polymer was crosslinked. TCEP is used to cleave the disulfide bond, leaving the thiol free, 

observed as a soluble polymer. We did not observe any significant crosslinking of this polymer as we 

analyzed it immediately following its synthesis. Over time, the thiols air-oxidise to form disulfide 

crosslinks; reduction of these disulfide bonds is necessary to solubilise this after it has been stored for 

some time. [PNiPAm0.8-co-PFPMA]-co-AmCys0.17 was synthesised in this manner with 86 % 

conversion, calculated by the comparing the integral of the unreacted aldehyde peak 2Hu with that of 

the polymer backbone, illustrated in Figure 4.5.2e.   

In addition to glycine, neutral amino acids were represented with alanine and leucine as they do not 

contain polar R-groups. One equivalent of sodium hydroxide was initially reacted with the neutral 

amino acids, and they were reacted in an identical manner to glycine. [PNiPAm0.8-co-PFPMA]-co-

AmAla0.16 and [PNiPAm0.8-co-PFPMA]-co-AmLeu0.18 functional polymers were synthesised with 

78 % and 88 % conversions, respectively illustrated in Figure 4.5.2f and 4.5.2g.  

Histidine, arginine and lysine are the three basic amino acids. With its amine R-group functionality, 

lysine is an obvious exception to our functionalisation strategy using reductive amination. Histidine and 

arginine functional materials have been successfully synthesised using this strategy. [PNiPAm0.8-co-

PFPMA]-co-AmHis0.17 was synthesised with 86 % conversion using the NaOH in methanol reaction 

conditions (Figure 4.5.2h) and similar results were obtained using 10 equivalents (to the aldehyde repeat 

unit) in acetic acid as the solvent, as previously reported.12 Arginine’s solubility in methanol, even in 

the presence of NaOH was limited. This resulted in base catalyzed ester hydrolysis. Reacting the 

arginine with NaOH in water and subsequently adding this to a solution of PNiPAm0.8-co-PFPMA0.2 

in methanol resulted [PNiPAm0.8-co-PFPMA]-co-AmArg0.18 in conversions of 92 % (Figure 4.5.2i). 

The protecting group free strategy provided allows for a good means of attaching these highly functional 

moieties to polymers via post polymerisation modification.   
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Figure 4.5.2. Representative samples of amino acid functional polymers as synthesised by reductive amination. 
The amino acids chosen represent acidic, polar neutral, neutral, and basic amino acids to demonstrate the tolerance 
of reductive amination to a broad range of functional groups. Amino acid peaks are identified in red, and in black, 
peak 2Hu is from the unreacted benzaldehyde that has undergone reduction to the benzyl alcohol. Peak Hi is the 
isopropyl proton from the PNiPAm. 

4.6.2 Multiple amino acid co-functionalisation 

To further demonstrate the versatility of our synthetic strategy we successfully synthesised a copolymer 

with two different amino acids on the one copolymer. We chose histidine and glycine in a 1:1 ratio to 

demonstrate the concept (Scheme 4.5.2). To synthesise this copolymer, 0.6 equivalents (to the 
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benzaldehyde repeating unit) of both glycine and histidine were reacted with an equimolar amount of 

sodium hydroxide in methanol, subsequently added to the polymer scaffold, and reduced with sodium 

borohydride.  

 
Scheme 4.5.2. The one pot synthesis of dual glycine and histidine functional polymer, [PNiPAm0.8-co-PFPMA]-

co-AmGly0.08-AmHis0.09.  

The resulting copolymer, [PNiPAm0.8-co-PFPMA]-co-AmGly0.08-AmHis0.09, is functionalised with 

both basic histidine and neutral glycine pendant groups, confirmed by 1H NMR. The proton from the 

imidazole He at δ 6.99 is evident, as is the methylene peak 2Hd from both amino acids at δ 3.20 and 

the histidine methine peak Hb at δ 3.78 (Figure 4.5.3). The methylene amines from both glycine and 

histidine functional polymers overlap at 2Ha and the methylene peak of the glycine 2Hc appears at δ 

3.50. The integral of peak 2Hu was used to determine that the overall polymer functionalisation is 86 %, 

while peak 2Ha gives the glycine functionality 42 %. Assuming that the rest of the polymer is 

functionalised with histidine, the histidine incorporation was determined to be 44 %. 

The ability to synthesise dual amino acid functional copolymers with good yields in one pot without 

protecting group chemistry can be readily applied to the synthesis of polymeric libraries; the high 

efficiency of this chemistry can also be used to synthesise polymers with more than two functionalities 

by a one pot post-polymerisation strategy by reacting three or more amino acids (or nearly any amine 

containing moieties) in the same manner.  

 

Figure 4.5.3. The 1H NMR spectrum of [PNiPAm0.8-co-PFPMA]-co-AmGly0.08-AmHis0.09, dually 
functionalised with glycine and histidine. 
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4.6.3 Dynamic functionalisation 

Imines31 and related hydazones43 and oximes44 are known dynamic covalent bonds45,46 which are often 

used in dynamic combinatorial chemistry. The application of dynamic combinatorial chemistry to 

polymer scaffolds has been proposed and explored by Fulton and coworkers.32–34,47 Polymer supported 

dynamic combinatorial libraries find important application in screening polymer functionality and in 

the development of synthetic macromolecular receptors. The dynamic nature of the imine bond was 

used in this work to highlight the ability to use the equilibrium in the solution to preferentially 

functionalise the polymer scaffold. This was demonstrated at room temperature on the polymer scaffold 

with transimination reactions shuffling histidine onto [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 with 

different excesses of histidine, ranging between one and fifteen equivalents to the imino-glycine repeat 

unit. The displacement of glycine with histidine was chosen as a model system to demonstrate the use 

of imine chemistry to dynamically functionalise the polymer by changes in equilibrium as we 

understand the chemistry and characterisation of these materials well. The displacement of the glycine 

imine was monitored by 1H NMR by following the imine protons: the glycine-imine was present at δ 

8.30 while the histidine-imine was present at δ 8.00. The discrete nature of the imine peaks enables the 

quantification of the transimination by 1H NMR as demonstrated in Figure 4.5.4. 1H NMR spectra for 

each conversion point in Figure 4.5.4 are shown in Figure 4.9.2. 
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Figure 4.5.4. To [PNiPAm0.8-co-PFPMA]-co-ImGly0.18, a range of equivalents of histidine (one to fifteen) were 
added to displace the glycine from the polymer. The conversion of [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 to 
[PNiPAm0.8-co-PFPMA]-co-ImHis0.2 by transimination as excess histidine is added was followed by 1H NMR. 
Full conversion from glycine to histidine was achieved with an excess of 15 equivalents of histidine.  

Complete conversion of the imino-glycine into imino-histidine units was observed with the addition of 

fifteen equivalents of histidine. The conversion from imino-glycine to imino-histidine can be tuned with 

the number of equivalents of histidine that are added to [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 

polymer. This is shown nicely in Figure 4.5.4, where the conversion to [PNiPAm0.8-co-PFPMA]-co-

ImHis0.2 is tuned from 48 % to 100 %. At one equivalent, the reaction is converted by approximately 

50 %. This is indicative that the rates of reaction are equal for the displacement of histidine to the 

displacement of glycine.48  

Transimination on a polymer scaffold not only allows for the dynamic functionalisation of the polymer 

with amino acids, but it is also a means to tune the ratio of amino acid functionality in dual functional 

materials. The system comes to equilibrium relatively quickly, and can easily be shifted in any direction 

by adding the correct excess of the desired amino acid moiety. The efficiency of the both the 

amine/aldehyde condensations and of the transimination shows promise for the application of this post-

polymerisation strategy in the synthesis of polymers functionalised with more than two amino acids.  

The ability to control the incorporation in this one pot method is an excellent advantage to 
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functionalising polymers using amine/aldehyde condensation to take advantage of the dynamic nature 

of the imine formed, as it provides flexibility to carefully tune the resulting materials in a simple, 

effective way.  

4.7 Conclusion 

We have demonstrated the use of carbonyl condensation chemistry as a versatile and robust method for 

the synthesis of highly functional amino acid polymers by using an aldehyde containing polymer 

scaffold. Using this strategy, two kinds of amino acid functional polymers are reported: dynamic imino- 

functional polymers upon the condensation between the aldehyde and the amine, and amino- functional 

polymers after the reduction of the imine bond. The chemistry remains orthogonal throughout the four 

chemically different classes of amino acids, as demonstrated by the protecting group free synthesis 

performed. Cysteine functional polymers were synthesised by using the disulfide form of cysteine, 

cystine, and subsequently reducing the disulfide. In addition to orthogonality across a wide range of 

complex moieties, this strategy allowed for the one pot synthesis of dual functional materials, which 

was demonstrated to be tunable by taking advantage of transimination reactions. Carbonyl 

condensation, with and without the subsequent reduction of the imine, is demonstrated to be a powerful 

tool in the synthesis of highly functional materials in one pot. Additionally, the incorporation of 

dynamic chemistry onto polymer scaffolds is explored and is demonstrated to aid in the precise control 

of materials synthesised using this strategy.   

Supporting Information. The structure and SEC trace of PNiPAm0.8-co-PFPMA0.2 are shown in 

Figure 4.9.1, 1H NMR peak assignment data for the reported amino acid functional materials,  a 

discussion on the calculation of their conversions, and Figure 4.9.2 depicting the 1H NMR spectra for 

the polymer scaffolded transimination reactions are included in the supplementary information. This 

material is available free of charge via the Internet at http://pubs.acs.org.  
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4.10 Supporting Information 

 

  Retention Time (minutes) 

Figure 4.9.1. The RI SEC trace of the aldehyde containing scaffold polymer, PNiPAm0.8-co-PFPMA0.2, is shown 
on the right. This was performed in DMF with 0.01M LiBr as the eluent. The molecular weight, determined by 
comparison to polystyrene standards, is ≈ 50 kDa and the Đ was found to be 1.3. 

4.10.1 Synthesis of amino acid functional polymers. 

Amino acid functional polymers were synthesised in the same manner as [PNiPAm0.8-co-PFPMA]-co-

AmGly0.19 as described in the Experimental Section of the manuscript, with exact stoichiometries listed 

in Table S1 and any exceptions outlined in the following text. If the procedure was identical to that of 

[PNiPAm0.8-co-PFPMA]-co-AmGly0.19 then only characterisation data is listed.  
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Table 4.9.1. Reaction Conditions for the Synthesis of Amino Acid Functional Polymers 

Amino Acid Eq.a to Aldehyde Eq.a of NaOHb Conversionc 

Glutamic acid 1.2 2 80 % 

Histidine 1.2 1 86 % 

Arginine 1.2 2? 92 % 

Serine 1.2 1 92 % 

Cystined 0.6 2 86 % 

Tyrosine 1.2 1:1 92 % 

Alanine 1.2 1:1 78 % 

Methionine 1.2 1:1 84 % 

Leucine 1.2 1:1 88 % 

amolar equivalents, bmolar equivalents relative to moles of amino acid, cdetermined by 1H NMR, dThe disulfide 
was cleaved by with 1 equiv of TCEP in water (methanol was removed and replaced with deionised water before 
adding TCEP into the solution). 

4.10.2  Synthesis of [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 

The synthesis is described in the Experimental Section. 1H NMR (400 MHz, CD3OD): δ 9.92 (bs, CHO, 

8H), 8.27 (bs, CHN, 66H), 8.13-7.04 (broad, aromatic/amide*, 353H), 4.23 (bs, NHCH2COOH, 138H), 

3.95 (bs, isopropyl, 307H), 2.65-0.76 (broad, backbone/dimethyl, 3192H). *The amide will proton 

exchange with the CD3OD, so this peak cannot be considered to be quantitative. 

4.10.3 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmGlu0.16 

The synthesis of [PNiPAm0.8-co-PFPMA]-co-AmGlu0.16 is the same as for [PNiPAm0.8-co-PFPMA]-

co-AmGly0.19, except that the glutamic acid is reacted with 2 molar equivalents of NaOH in methanol, 

as reported in Table S1. 1H NMR (400 MHz, CD3OD): δ 8.25-6.89 (broad, aromatic/amide, 708H), 4.59 

(bs, CH2OH, 30H), 4.35-3.71 (broad, CH2NH/isopropyl, 529H), 3.51 (bs, methine, 59H), 2.77-0.66 

(broad, backbone/dimethyl, 4195H). 

4.10.4 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmSer0.18 

1H NMR (400 MHz, CD3OD): δ 8.29-6.87 (broad, aromatic/amide*, 472H), 4.61 (bs, CH2OH, 12H), 

4.44-3.70 (broad, CH2NH/isopropyl, 499H), 3.56 (bs, methine, 55H), 2.72-0.66 (broad, 

backbone/dimethyl, 3052H). 
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4.10.5 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmMet0.17 

1H NMR (400 MHz, CD3OD): δ 8.25-6.91 (broad, aromatic/amide, 744H), 4.60 (bs, CH2OH, 20H), 

4.36-3.76 (broad, CH2NH/isopropyl, 553H), 3.67 (bs, methine, 64H), 2.81-0.56 (broad, 

backbone/dimethyl/methylene(x2)/methyl, 5259H). 

4.10.6 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmTyr0.18
  

1H NMR (400 MHz, (CD3)2SO): δ 7.71-6,75 (broad, aromatic/amide, 635H), 6.72-6.51 (bs, Tyr 

aromatic, 113H), 4.48 (bs, CH2OH, 9H), 4.02-2.69 (broad, CH2NH/isopropyl/methine/H2O*, 990H), 

2.96-2.69 (broad, NHCHCH2Ph, 86H), 2.30-0.31 (broad, backbone/dimethyl, 3052H). *The solubility 

of this polymer in deuterated methanol was poor, so the 1H NMR was run in (CD3)2SO. While the 

solubility is improved, this polar polymer has a lot of hydrogen bonded water that was not possible to 

remove completely. The conversion of this material was calculated to be 92 % by comparing the 

unreacted aldehyde at δ 4.48 to the phenyl group of tyrosine’s side chain at δ 6.67.  

4.10.7 Attempted synthesis of [PNiPAm0.8-co-PFPMA]-co-AmCys0.xx from cysteine 

Cysteine (11.0 mg, 0.09 mmol) was reacted with one equivalent of NaOH in methanol. To this solution, 

PNiPAm0.8-co-PFPMA0.2 (49.8 mg, 0.08 mmol of aldehyde) was added. A polymer precipitate was 

formed. The imine was reduced at room temperature using NaBH4 (17.2 mg, 0.45 mmol). The methanol 

was removed and replaced with deionised water, resulting in a solid white polymer mass, indicating 

that both the thiol and amine reacted with the aldehydes, forming a crosslinked network. 

4.10.8 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmCys0.17 

Cystine (23.5 mg, 0.19 mmol) was reacted with two equivalents of NaOH in methanol. To this solution, 

PNiPAm0.8-co-PFPMA0.2 (100.0 mg, 0.16 mmol of aldehyde) was added and stirred for 2 hours. The 

imine was reduced at room temperature using NaBH4 (35.2 mg, 0.93 mmol) and stirred overnight. The 

methanol was removed and replaced with deionised water. When the polymer did not go into solution, 

TCEP (38.5 mg, 0.16 mmol) was added to reduce the disulfide bonds, yielding a water soluble polymer 

after one hour. The polymer was purified by exhaustive dialysis against deionised water. After freeze 

drying a white powder was obtained and further dried overnight in a vacuum oven (77.4 mg, 67 %). 1H 

NMR (400 MHz, CD3OD): δ 8.23-6.93 (broad, aromatic/amide, 487H), 4.66 (bs, CH2OH, 20H), 4.48-

3.51 (broad, CH2NH/isopropyl/methine, 440H), 3.24-2.92 (broad, methylene, 70H), 2.61(bs, methylene 

25H) 2.52-0.63 (broad, backbone/dimethyl, 3052H). 

4.10.9 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmAla0.16  

1H NMR (400 MHz, CD3OD): δ 8.19-6.90 (broad, aromatic/amide*, 532H), 4.61 (bs, CH2OH, 32H), 

4.35-3.71 (broad, CH2NH/isopropyl, 372H), 3.58 (bs, methine, 58H), 2.60-0.56 (broad, 

backbone/dimethyl, 2978H). 
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4.10.10 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmLeu0.18 

1H NMR (400 MHz, CD3OD): δ 8.29-6.83 (broad, aromatic/amide*, 655H), 4.60 (bs, CH2OH, 19H), 

4.40-3.70 (broad, CH2NH/isopropyl, 461H), 3.55 (bs, methine, 65H), 2.66-0.56 (broad, 

backbone/dimethyl/isobutyl, 4283H). 

4.10.11 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmHis0.17 

1H NMR (400 MHz, CD3OD): δ 8.21-6.79 (broad, aromatic/amide/imidazole, 673H), 4.56 (bs, CH2OH, 

20H), 4.38-3.55 (broad, CH2NH/isopropyl/methine, 452H), 3.24-2.99 (broad, methylene, 86H), 2.72-

061 (broad, backbone/dimethyl, 3052H). 

4.10.12 Synthesis of [PNiPAm0.8-co-PFPMA]-co-AmArg0.18 

In water, arginine (36.3 mg, 0.21 mmol) was dissolved and reacted with an equimolar amount of NaOH 

in deinonised water. In a separate vial, polymer (100.6 mg, 0.16 mmol) was dissolved in methanol and 

added to the arginine solution, and stirred at room temperature for 2 hours. The imine was reduced using 

NaBH4 (38.9 mg, 1.03 mmol). The polymer was purified by exhaustive dialysis and isolated by freeze 

drying. The white powder was dried in a vacuum oven to yield [PNiPAm0.8-co-PFPMA]-co-

AmArg0.18. 1H NMR (400 MHz, CD3OD): δ 8.20-6.99 (broad, aromatic/amide, 396H), 4.62 (bs, 

CH2OH, 11H), 3.96 (bs, CH2NH/isopropyl, 435H), 3.67 (bs, methylene(x2), 221H), 3.12.4799 (bs, 

methine, 44H), 3.48-0.77 (broad, backbone/dimethyl.methylene, 4258H). 

4.10.13 The quantification of amino acid functionality by 1H NMR 

The conversion of the aldehydes to the amino acid functional polymers was quantified by 1H NMR. As 

all spectra, except for [PNiPAm0.8-co-PFPMA]-co-AmTyr0.18, were taken in deuterated methanol, the 

aromatic and amide region was not used in the quantification of any polymers, as the amide can undergo 

proton exchange with the solvent. The 1H NMR spectra of functional polymers with no overlapping 

peaks with the polymer backbone were integrated by setting the integral of the polymer backbone to 

3052H. This number was obtained from the degree of polymerisation of PNiPAm0.8-co-PFPMA0.2, 

which is comprised of 298 units of NiPAm and 74 units of FPMA. The remaining integrated peaks 

were taken as quantitative in the 1H NMR analysis. For polymers that were functionalised with amino 

acids that overlap with the backbone region, the unreacted aldehyde (referred to as peak u in all spectra 

shown in Figure 4.5.2) was used to quantify the reacted material. In doing this, we assumed that no side 

reactions took place; aldehydes either underwent reductive alkylation or were reduced to the benzyl 

alcohol. Since the number of aldehydes per polymer chain is 74, it was easy using this assumption to 

quantify the amount of amino acids that reacted onto the polymer as the sum of ½ of the area of peak u 

and the area of peak b (the methine proton) was set to 74. Some of the 1H NMR spectra analyzed in this 

manner show elevated backbone signals and aromatic signals. While this could be due to ester cleavage 

from unreacted base, we can confirm that this is not the case, as all imines were monitored prior to 

reduction, and none of these show ester hydrolysis. As the amplified regions belongs to the backbone 
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of our highly functional polymers, this discrepancy is likely due to a small amount of self-assembly in 

solution.  

In some cases, as with [PNiPAm0.8-co-PFPMA]-co-AmArg0.18 the methine proton from the amino acid 

overlapped with NiPAm’s isopropyl peak. In these cases, the contribution from the isopropyl peak was 

known to be 298H and the aldehydes were once again assumed to undergo no side reactions, either 

being converted to amines or reduced to alcohols. The integrals of peaks u and i,a (Figure 4.5.2i) were 

set to have a total of 446 (298H from the single proton of the isopropyl group, and 148H from the 74 

FPMA units that have either been reduced to alcohols (2H) or converted to amines (2H)). The unreacted 

aldehyde was calculated by dividing the integral of peak u by two (as it is a signal from two protons), 

and then dividing by 74 (the starting number of aldehydes). 

 

Figure 4.9.2. The 1H NMR spectra following the conversion of [PNiPAm0.8-co-PFPMA]-co-ImGly0.18 to 
[PNiPAm0.8-co-PFPMA]-co-ImHis0.2 with increasing equivalents of histidine. The imino-glycine peak Ha at δ 
8.3 is clearly decreasing with the addition of histidine while the imino-histidine peak Hb at δ 8.0 increases.  
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5 Facile Synthesis of Histidine Functional poly(N-isopropylacrylamide): 

Zwitterionic and Temperature Responsive Materials 
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5.2 Abstract 

N-isopropylacrylamide is copolymerised with aldehyde functional monomers to facilitate post polymer 

functionalisation with histidine via reductive amination. This strategy is successfully performed without 

the use of protecting groups with high yields, demonstrating the facile application of this synthetic 

strategy with high functional group tolerance. The resulting temperature responsive, histidine 

functionalised polymers are characterised and their responsive nature is explored. The functionalised 

polymers exhibit sharp Lower Critical Solution Temperatures (LCST) at histidine incorporations of up 

to 9%. Upon 16 and 23% incorporation, the LCST transition extends over a wider range of temperature, 
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indicating that the LSCT is being counteracted by an increase in solubility from the histidine moieties 

which interact strongly with water. Dynamic Light Scattering data indicates responsive self-assembly. 

 

Figure 5.1.1. Graphical abstract. Reductive amination facilitates the protecting group free post-polymerisation 
functionalisation of a temperature responsive, aldehyde containing polymer with histidine. 

5.3 Keywords 

histidine, temperature response, zwitterionic polymer, amino acid, reductive amination 

5.4 Introduction 

Nature has evolved a number of strategies based on the responsive properties of highly functional 

protein molecules to efficiently complete a range of complex functions. In fact, many biological 

processes can be triggered by solution conditions such as temperature1 or pH2 to control complex 

enzyme mediated reactions. The development of new synthetic mimics inspired by nature’s designs will 

enable new advanced applications to emerge. 

The most common examples of synthetic stimuli responsive materials are modulated by solution 

conditions such as pH and temperature. Poly(N-isopropylacrylamide) (PNiPAm) is the most studied 

thermoresponsive polymer and exhibits hydrophilic character in water below its Lower Critical Solution 

Temperature (LCST) as hydrogen bonds between the polymer and water molecules are responsible for 

its solvation.3 When PNiPAm is heated above the LCST, the hydrogen bonds between the polymer and 

water molecules break and the polymer undergoes a coil to globule transition, resulting in poor 

solubility in water. This responsivity has been utilised to create range of advanced materials, such as 

nanogels and micelles for targeted drug delivery and drug release,4–6 immunoassays,7 functional 

polymeric biointerfaces,8,9 responsive stabilisation of colloidal suspensions,10 and self-healing coatings 

applications11. An interesting class of pH responsive materials are zwitterionic-based structures. 

Zwitterionic polymers, or polymers that carry equal positive and negative charges, such as sulfobetaine 

or carboxybetaine methacrylates (SBMA or CBMA), have anti-biofouling properties resulting from the 

formation of a hydration layer that prevents non-specific protein adsorption.12,13 Nature makes regular 

use of zwitterions, the classical examples being amino acids and phospholipids. 
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The design of zwitterionic polymers utilising nature’s own amino acids is an emerging field in polymer 

chemistry. The zwitterionic nature of amino acids stems from the relative pKa of the carboxylic acid 

and the pKb of the free amine. In water, this usually results in the deprotonation of the carboxylic acid 

and the protonation of the amine, and with both positive and negative charges present, a net neutral 

charge results. Polyzwitterions based on amino acids are designed such that the carboxylic acid and 

amine groups are left as pendant groups, using the amino acid side chain to react with a polymerisable 

precursor (generally methacrylates or methacrylamides).14,15 This strategy results in interesting 

zwitterionic materials, however these are not a true a mimic of polypeptides as the amino acid side 

chains are not retained in the final structure, as their functionality is used to place them on the polymer. 

The use of the amino acid side chains as functional handles prevents transferring their useful and 

important roles in protein folding and function to synthetic polymers, and acts as a barrier to making 

truly biomimetic polymers with amino acid functionality.16–18 The development of a synthetic strategy 

to create polyzwitterions based on amino acids while preserving the amino acid side chain will enable 

a new library of synthetic mimics, leading to a range of synthetic polymer based protein mimics.  

In this work, we present a facile synthetic strategy to prepare a series of PNiPAm copolymers to which 

amino acid functionality can be added post polymerisation without protecting group chemistry; 

importantly, we have also preserved the side chain of the amino acid. The use of reductive amination 

to react the free amine of histidine with an aldehyde functional monomer, 4-formylphenyl 

methacrylate,19 copolymerised with PNiPAm yields a histidine functional, thermoresponsive polymer. 

The successful attachment of histidine to the polymer without protecting group chemistry20 is a 

testament to the versatility and potential that reductive amination can lend to polymer chemistry. This 

work explores the interesting properties that the histidine moiety adds to the thermoresponsive 

copolymer, including pH responsiveness and zwitterionic functionality within the appropriate pH range. 

Highlighted in this paper is the protective group free chemistry used to synthesise this material which 

can expand the ability to make a range of amino acid functionalised polymers without compromising 

the amino acid side chain. 

5.5 Experimental 

5.5.1 Materials  

Chemicals were used as received unless otherwise stated. 4-Hydroxybenzaldehyde (98%), L-histidine 

(98%), 4-dimethylaminopyridine (DMAP) (>98%), methacrylic acid (99%, stabilised with 250 ppm 

methoxyphenol), sodium borohydride (98%), and N,N’-dicyclohexylcarbodiimide (DCC) (99%), are 

Alfa Aesar products obtained from VWR. Sodium hydroxide (>99%) was obtained from VWR. 

Potassium chloride (99%) was manufactured by ChemSupply. Hydrochloric acid (32%) was 

manufactured by LabScan. Glacial acetic acid was manufactured by Ajax Finechem. N-

isopropylacrylamide (NiPAm) (98%, stabilised with MEHQ) was supplied by Tokyo Chemical Industry 
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Co., Ltd and was recrystallised from a mixture of toluene/hexane (v/v 2:3) prior to use. 4-cyano-4-

[(dodecyl-sulfanylthiocarbonyl)sulfanyl] pentanoic acid (CDP) (97% by HPLC) and 

azobisisobutyronitrile (AIBN) (98%) were obtained from Sigma Aldrich Company. AIBN was 

recrystallised in methanol prior to use. Dialysis tubing (regenerated cellulose, SnakeSkinTM, 10000 

MWCO) was soaked in deionised water for 15 minutes and thoroughly rinsed prior to use. 

Tetrahydrofuran (THF) GPR Reactapur (stabilised with BHT) and toluene (Analar Normapur) were 

purchased from VWR Chemicals. Diethyl ether and n-hexane (95%) were of RCI premium grade from 

ACI Labscan. Dichloromethane (DCM) and methanol (MeOH) were of reagent grade and obtained 

from Chem-Supply.  

5.5.2 Characterisation 

1H NMR and 13C NMR spectra were taken with a Varian 400 MHz spectrometer using the specified 

solvent. Fourier Transform Infra-Red (FTIR) spectra were taken with a Perkin Elmer Frontier FTIR 

Spectrometer using a Universal ATR Sampling Accessory. Spectra collected were taken with a 

resolution of 4 cm-1 with 64 scans. Solution pH was measured using a HACH SensION+ PH31 with a 

5014T probe. Size Exclusion Chromatography (SEC) was used to determine polymer molecular weight. 

The polymer was dissolved in spectrometry grade DMF at a concentration of 10 mg/mL and filtered 

through a 0.45 µm TeflonTM syringe filter. 50 µL was injected into the instrument and flowed through 

at a rate of 1 mL/min. The SEC instrument was equipped with a Shimadzu RID-10 refractometer (λ = 

633 nm) and Shimadzu SPD-20A UV-vis detector using two Phenomenex Phenogel columns (5 µm 

bead size, 104 and 106 Å porosity) in series, operating at 70°C. DMF with 0.05 mol·L-1 LiBr (>99%, 

Aldrich) was used as the mobile phase. The polymer molecular weight was determined by comparison 

to polystyrene calibration curves. Polymer LCST measurements were taken using UV-Vis transmission 

(540 nm) measurements using a quartz cuvette with a 10 mm path length on a Shimazdu UVmini 1240 

UV-Vis Spectrophotometer fitted with a heating cell; any resulting temperature changes were measured 

with an external thermocouple. Dynamic Light Scattering (DLS) measurements were taken with a 

Wyatt DynaPro NanoStar DLS/SLS with disposable cuvettes.  

5.5.3 Synthesis  

5.5.3.1 4-formylphenyl methacrylate 4-FPMA.  

Into a 150 mL round bottomed flask with magnetic stirring, 4-hydroxybenzaldehyde (3.02 g, 

24.7 mmol), methacrylic acid (2.23 g, 25.9 mmol) and DMAP (0.305 g, 2.5 mmol) were added 

and dissolved in 5 mL of DCM. DCC (5.69 g, 27.5 mmol) was dissolved in 3 mL of DCM and 

added dropwise into the flask. The reaction proceeded overnight at room temperature and was 

filtered the next morning to isolate the filtrate. The solvent was removed by rotary evaporation 

and the remaining brown oil was purified by column chromatography on silica (35 Å, 40-63 µm) 

with DCM as the eluent. The fractions were collected and the additional solvent was removed 
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by rotary evaporation and desiccation, yielding 4-FMPA as a pale yellow oil (3.90 g, 78% 

yield). 1H NMR (400 MHz, CDCl3): δ = 10.00 (s, 1 H), 7.94 (d, J = 8.01 Hz, 2 H), 7.32 (d, J = 

8.07 Hz, 2 H), 6.38 (s, 1 H), 5.81 (s, 1 H), δ = 2.07 (s, 3 H).  

5.5.3.2 General procedure for the synthesis of poly(N-isopropylacrylamide-co-4-

formylphenyl methacrylate) PNiPAm-co-PFPMA. 

Statistical copolymers of NiPAm and 4-FPMA with varying incorporations of 4-FPMA were 

synthesised via RAFT polymerisation in an oven dried, 25 mL Schlenk tube under nitrogen 

atmosphere.  

The detailed synthesis for PNiPAm73-co-PFPMA26 (P4) is provided. The reagents, NiPAm (0.58 g, 

5.1 mmol), 4-FPMA (0.42 g, 2.2 mmol), CDP (0.010 g, 0.025 mmol) and AIBN (0.0015 g, 

0.0062 mmol) were dissolved in THF (2.8 mL) ca. 40% wt/wt. Following three freeze-pump-thaw 

iterations, the reaction was heated to 60°C and the polymerisation proceeded for 24 hours. The resulting 

polymer (P4) was precipitated twice into diethyl ether and dried in a vacuum oven (90°C) overnight, 

yielding a white powder (0.77 g, 76%). 1H NMR (400 MHz, CD3OD): δ = 9.87 (s, 0.35 H), 8.09-7.04 

(broad, 1.83 H), 3.93 (bs, 0.65 H), 2.64-0.68 (broad, 6.47 H). 13C NMR (100 MHz, CD3OD): δ = 192.91, 

176.06, 135.48, 132.04, 123.82, 42.57, 22.32. IR: (cm-1) 3303, 2972 2934 (PNiPAm CH2), 1751 (ester), 

1700 (aldehyde), 1642 (amide I), 1532 (amide II), 1458, 1387, 1367, 1208, 1156, 1131, 1092, 1013. 

5.5.3.3 General procedure for the synthesis of poly(N-isopropylacrylamide-co-histidine) 

[PNiPAm-co-PFPMA]-co-His. 

The functionalisation of the aldehyde functional polymers PNiPAm-co-PFPMA with histidine was 

performed in two steps in 15 mL vials.  

The detailed synthesis of [PNiPAm89-co-PFPMA]-co-His8 (P6) is provided. The reactants PNiPAm89-

co-PFPMA8 (P2) (0.098 g, 0.081 mmol of PFPMA repeating units) and histidine (0.13 g, 0.86 mmol) 

were dissolved in ≈1 mL acetic acid and reacted for 12 hours at 50°C. The acetic acid was removed by 

evaporation and replaced with an equal volume of methanol. Sodium borohydride (0.036 g, 0.94 mmol) 

was added and left to stir overnight at room temperature. The functionalised polymer (P6, [PNiPAm89-

co-PFPMA]-co-His8) was purified by dialysis. After freeze drying and drying in the vacuum oven at 

100°C overnight, a pale yellow powder remained (0.087g, 84.1%).  1H NMR (400 MHz, CD3OD): δ = 

8.11-7.03 (broad, 1.35 H), 6.95 (s, 0.09 H), 4.18 (s, 0.19 H), 3.95 (bs, 0.9 H), 3.74 (s, 0.11 H), 3.17 

(broad, 0.18 H), 2.48-0.46 (broad, 9.21 H). 13C NMR (100 MHz, CD3OD): δ = 176.00, 135.27, 134.80, 

132.10, 123.64, 44.19, 42.50, 37.06, 28.15, 22.83. IR: (cm-1) 3288, 2972 2933 (PNiPAm, CH2), 1745 

(ester), 1637 (amide I), 1538 (amide II), 1458, 1386, 1367, 1202, 1169, 1101, 1018.  
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5.5.4 Polymer Titration 

Polymers P5-P8 were titrated under nitrogen atmosphere to quantify their pH responsive histidine 

functionality. Titrations were performed on 2 mg/mL samples of polymer in electrolyte (0.10 M KCl). 

The pH was initially adjusted to 2.5 with 0.10 M HCl. Volumetric increments (10 µL) of NaOH 

(0.10 M) were added until the pH approached 12. Prior to each pH measurement, the sample was stirred 

for 30 seconds after the addition of NaOH. The titration curves of the polymer samples were compared 

to the titration of an equal volume of 0.10 M KCl. All stock solutions used in titrations were purged 

with nitrogen for 1 hour before the titrations.   

5.5.5 LCST measurements 

The LCST of the polymers P5-P8 was measured by observing the sample transmission as the 

temperature of the sample was changed. Polymer samples in deionised water were prepared at a 

concentration of 10 mg/mL. The sample pH was changed with 0.01 M KOH or 0.10 M HCl stock 

solutions to determine the effect of pH on the temperature response of the polymer. During pH 

adjustments, the concentration of the polymer solution was maintained between 9 mg/mL and 

10 mg/mL.  

5.5.6 Dynamic Light Scattering 

DLS measurements were performed on polymer samples of 1 mg/mL with and without electrolyte 

(0.01 M KCl). Polymer solutions were filtered through 0.45 µm Teflon filters at room temperature prior 

to any temperature changes or measurements. Samples were made from a polymer stock solution and 

pH was adjusted using 0.10 M KOH and HCl solutions. 

5.6 Results and Discussion 

5.6.1 Material Synthesis 

To develop a versatile platform for amino acid functionalisation a series of copolymers of PNiPAm 

with an aldehyde containing monomer were prepared. As commercially available aldehyde containing 

monomers are limited, one was synthesised by DCC coupling of methacrylic acid and 

4-hydroxybenzaldehyde. The monomer, 4-formylphenyl methacrylate (4-FPMA), was synthesised in 

good yields (≈80%) and was easily purified by column chromatography. Due to the reactive nature of 

aldehydes, benzaldehyde was incorporated into the monomer rather than an aliphatic aldehyde to 

minimise polymer crosslinking reactions that are less likely to occur with the less reactive benzaldehyde 

group.   

Controlled polymerisation was used to synthesise the copolymers of NiPAm and 4-FPMA via 

Reversible Addition-Fragmentation Chain-Transfer (RAFT) polymerisation. The polymer series was 

synthesised with increasing amounts of aldehyde, from 4.3% in P1 to 26.2% in P4. The molecular 

weights of the platform polymers P1-P4 ranged between 43 kDa and 55 kDa with dispersities for all 
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polymers being 1.5-1.6. The high dispersity could be due to a number of factors. The SEC trace 

indicated some interaction between the SEC column (measured in DMF, Figure 5.9.1) and the polymer 

samples that are high in PNiPAm content. Additionally, the RAFT agent chosen was best suited to 

methacrylates, with some compatibility with acrylamides. Likely, a combination of SEC column 

interactions and RAFT agent compatibility is causing this high dispersity. The aldehydes could also be 

reducing the radicals in the polymerisation, destroying some of the growing chains. In order to confirm 

that the high dispersity is due to RAFT agent compatibility and some column interactions, we 

synthesised a homopolymer of PNiPAm by RAFT polymerisation using the same CTA (supplementary 

information). The shape of the SEC trace (Figure 5.9.2) is very similar, with a dispersity of 1.4 (for a 

16 hour polymerisation) which indicates that the compatibility with the RAFT agent with NiPAm is 

influencing the dispersity of the polymers. Better dispersity could be achieved by smaller reaction times 

and through an investigation of other RAFT agents. The composition of the copolymers P1-P4 was 

quantified by 1H NMR and is summarised in Table 5.5.1. 

Reductive amination is a two-step reaction with relatively mild reactions conditions. Abdel-Magid 

reported comprehensive work of its utility in organic chemistry covering a large scope of substrates.21 

A hydroxyamine intermediate is formed and produces an imine upon dehydration, usually in acidic 

conditions. The imine is subsequently reduced to form a stable amine linkage. Due to the dehydration 

of the hydroxylamine intermediate to form the imine, the removal of water from the reaction to drive 

the equilibrium to completion is a common strategy to get high yields from this reaction. We found that 

the removal of water was not necessary in the system studied. Scheme 5.5.1 shows the approach we 

have used to functionalise the PNiPAm-co-PFPMA polymer series with histidine by reductive 

amination. 

Table 5.5.1. Aldehyde functionalised, temperature responsive polymer synthesis and characterisation and their 
conversion to histidine functional, temperature responsive polymers 

Polymer Composition  Aldehyde %a Mw 

(kDa)b 

Đ
b His %c Conversion of 

aldehydes (%)c 

P1 PNiPAm94-co-PFPMA4 4.3 52 1.5 - - 
P2 PNiPAm89-co-PFPMA9 9.3 46 1.5 - - 
P3 PNiPAm81-co-PFPMA18 18.1 55 1.6 - - 
P4 PNiPAm73-co-PFPMA26 26.2 54 1.5 - - 
P5 [PNiPAm94-co-PFPMA]-co-

His3 
- 52 1.5 2.9 66.6 

P6 [PNiPAm89-co-PFPMA]-co-
His8 

- 46 1.5 7.7 84.6 

P7 [PNiPAm81-co-PFPMA]-co-
His12 

- 55 1.6 12.1 67.2 

P8 [PNiPAm73-co-PFPMA]-co-
His23 

- 54 1.5 23.3 89.1 

aDetermined by 1H NMR, comparing the aldehyde proton at 10 ppm and the isopropyl proton at 3.9 ppm. bDetermined from SEC in DMF, using 
polystyrene standards. cDetermined by titration.  
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Finding an optimal solvent for the reductive amination to functionalise the PNiPAm-co-PFPMA 

polymer series with histidine was challenging; histidine is insoluble in most solvents except water, 

which would be a poor solvent choice for this chemistry considering the dehydration of the 

hydroxylamine to form the imine. Additionally, polymers P2-P4 were insoluble in water due to their 

increased content of the hydrophobic 4-FPMA. Abdel-Madgid reports successful reductive amination 

in both THF and dichloroethane,21 and Ciszewski et al. report the use of reductive amination in acetic 

acid to synthesise monosubstituted thioureas.22 Acetic acid was found to be a good solvent for both the 

polymer series and histidine. The formation of the imine is catalysed by acid which protonates the 

aldehyde, making it more prone to nucleophilic attack. After the imine formation, the acetic acid was 

evaporated and replaced with methanol for the reduction. The reducing agent used in this work was 

sodium borohydride.  

Histidine was successfully reacted onto the aldehyde functional PNiPAm-co-PFPMA polymer series 

(P1-P4), without any protecting group chemistry, to form histidine functional polymers (P5-P8, 

respectively). The conversion of polymers P1-P4 to P5-P8 was confirmed by 1H NMR. The absence of 

the aldehyde peak g present in the 1H NMR spectra of PNiPAm-co-PFPMA and the presence of broad 

peaks for methyne (d), methylene (c and e), and imidazole (b) peaks (illustrated in Figure 5.5.1) indicate 

that histidine is covalently bound and that we have synthesised a histidine functional, temperature 

responsive polymer. 

By controlling the amount of aldehyde in the temperature responsive polymer platform, we can control 

the histidine content of the resulting histidine functional polymers. This is demonstrated by the synthesis 

of 4 platform polymers P1-P4 and their subsequent conversion to histidine functional polymers P5-P8. 

With increasing histidine content, the 1H NMR spectra show increased signal and increased broadening 

in the methyne (d), methylene (c and e), and imidazole (b) peaks, shown in Figure 5.5.2.  

Scheme 5.5.1. Post polymer functionalisation of thermoresponsive poly(N-isopropylacrylamide) copolymer with 
unprotected histidine via reductive amination. 
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Figure 5.5.1. The 1H NMR spectra of the polymer platform P2 (bottom) and the histidine functionalised polymer 
P6 (top). The disappearance of the aldehyde peak g in P6, as well as the broadening of histidine peaks (methyne 
peak d, methylene peaks c and e, and imidazole peak b) indicate the presence of histidine on the polymer and the 
successful functionalisation of the aldehyde functional handle with histidine. 

Polymers P5-P8 were titrated due to the pH responsive nature of the histidine moiety to quantify and 

confirm the identity of the ionisable groups. The quantification was achieved by comparing the titration 

curve of the polymers P5-P8 to that of an electrolyte solution. The points of inflection of the titration 

curves correspond to known pKa values for carboxylic acids (pKa ≈ 4.5),23 protonated imidazoles (pKa 

≈ 7),24 and protonated amines (pKa ≈ 9-10).25 We achieved 65% to 90% conversion using reductive 

amination without the use of protecting groups. Table 1 summarises the conversions. 

To corroborate the 1H NMR and titration evidence of polymer functionalisation, FTIR spectra of the 

starting materials and functionalised polymers were compared. In the polymer platform P4, the peaks 

at 1750 cm-1 and 1697 cm-1 correspond to C=O stretches for the ester and aldehyde (respectively) 

present in the 4-FMPA unit and the strong peaks at 1644 cm-1 and 1534 cm-1 correspond to amide 

stretches from the PNiPAm. In the functionalised polymer P8, the PNiPAm stretches are still present 

and so is the C=O ester stretch at 1750 cm-1 however the aldehyde stretch is absent (Figure 5.5.3, see 

Figure 5.9.3 for full spectra). This indicates the successful functionalisation of the polymer, and 

combined with the NMR data, demonstrating the versatility of reductive amination chemistry to 

functionalise polymers P1-P4 with histidine.  

The pH response of this material suggests that it has four charged states as the pH is increased 

from 2 to 12. At low pH (<3), the carboxylic acid is protonated and charge neutral while the 

imidazole group and the secondary amine are positively charged, yielding an overall doubly 
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positive charge on the histidine pendant groups. Increasing the pH above 4 results in the 

deprotonation of the carboxylic acid, reducing the overall charge to +1. Further increasing the pH above 

7.5 results in the deprotonation of the protonated imidazole group and brings our material into its 

zwitterionic state. And finally, in highly basic conditions with pH in excess of 10.5, the deprotonation 

of the secondary amine leaves a single negative charge on the carboxylic acid. Figure 5.5.4 illustrates 

the different charged states as a function of pH.  

5.6.2 LCST response of the polymers 

The temperature response of PNiPAm is due to hydrogen bonding between the polymers polar 

groups and water. Below the LCST, water molecules are hydrogen bonded to the polymer, 

giving it a coil conformation which is in solution. Above the LCST, there is enough thermal 

energy to break the polymer-water hydrogen bonds and the polymer hydrogen bonds with itself, 

undergoing a coil to globule transition. The addition of hydrophilic groups to a temperature 

responsive polymer results in a higher LCST due to the increased hydrogen bonding of water 

with the hydrophilic groups.26 As expected the addition of histidine to the PNiPAm polymers 

results in an increased LCST, demonstrated with P5 and P6 with 3% and 8% histidine, 

respectively, in Figure 5.5.5. As we further increase the histidine content in samples P7 and P8, 

to 12% and 23% respectively, the thermal response broadens. This is consistent with results 

reported by Chang et al.27 who showed that a copolymer of NiPAm with sulfobetaine 

methacrylate (SBMA) with molar ratio of 70:30 exhibited UCST and LCST behaviour, with 

broadened transitions. The broad transition might be explained by the histidine groups 

exhibiting zwitterionic behaviour at near neutral conditions, where the addition of heat causes 

an increase in solubility in the zwitterionic blocks.28 With increased incorporations of histidine, 

the broadening of the LCST transition could be due to the competition between the increased 

solubility of the histidine groups and the decreased solubility of the PNiPAm groups.29 The 

incorporation of 23% histidine groups in P8 is enough to prevent the full decrease in 

transmission of light through the polymer solution, indicating a decrease in solubility, but not to the 

same extent as with less histidine incorporation.  
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Figure 5.5.2. Controlling the amount of aldehyde in the platform polymer series P1-P4 allows us to control the 
amount of histidine on the histidine functional polymers P5-P8. Here, the 1H NMR spectra of histidine functional, 
temperature responsive polymers P5-P8 demonstrate our series of polymers with increasing histidine content. 

 

  

Figure 5.5.3. The FTIR spectra of the copolymer platform P4 (bottom) shows clear ester and aldehyde C=O 
stretching. While the C=O stretch from the ester is still present in the functionalised polymer P8 (top), the absence 
of the aldehyde peak indicates the successful polymer functionalisation with histidine. While the FTIR spectra for 
Polymers P1-P3 and P5-P7 show the same aldehyde peak and its absence, polymers P4 and P8 are shown due to 
the higher incorporation of aldehyde, showing the most pronounced aldehyde peak. 
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Figure 5.5.4. The titration curve for the temperature responsive, histidine functional polymer P8 showing the 
suggested charged states of the material for the range of pH values between 2 and 12. 

 

 

 

 

Figure 5.5.5. The LCSTs of our histidine functional, temperature responsive polymers P5-P8 relative to that of 
PNiPAm (measured by transmission measurements at 540 nm) with varying incorporations of histidine. The pH 
of the solutions ranged between 6.2 and 6.8, due to the pH responsive nature of the histidine moieties. At low 
incorporations of histidine, the LCST of the copolymer is increased as expected due to the addition of hydrophillic 
groups (samples P5 and P6). At higher incorporations, the LCST is broadened and thermoresponsive nature of 
the PNiPAm is competing with that of the zwiterionic histidine moieties (P7 and P8). 

Polymers with pH responsive moieties and temperature responsive moieties are known to have an LCST 

that is affected by pH.30 The effect of pH on the LCST of the histidine functionalised polymers was 

measured in order to characterise the temperature response. At a pH of 6.4, the LCST of P7 is 

approximately 38°C. The pH was adjusted to 3.0 and to 10.2 and in both cases, the LCST was increased, 

shown in Figure 5.5.6. At a pH of 6.4 without the addition of any ions into the sample, the LCST is 

lower than in the charged states. The charged states of the polymer, both positive and negative, at pH 

3.0 and 10.2 increase the solubility and hydrophilicity of the polymer chain. The addition of charge to 
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the polymer increased the LCST of the material which results from the increase in solubility from the 

pH responsive charged states. 

 

Figure 5.5.6. The effect of pH on LCST of the 16% histidine functional polymer, P7. The lowest LCST occurs near neutral 
pH, while increased LCST is observed for acidic and basic conditions where the polymer is expected to have net positive and 
negative charges, respectively. 

In order to further understand this pH responsive behaviour of the system, DLS was used to measure 

the hydrodynamic radius of P7 as a function of both temperature and pH with (0.10 M KCl) and without 

added salt. At neutral pH, the temperature responsive aggregation is visible and observable as an opaque 

solution. The pH of the polymer solutions had a dramatic effect on the size of the hydrodynamic radii 

upon heating. At both acidic and basic pH, the size of the polymer aggregates at 50°C were increased 

from 5 nm at room temperature to 100-200 nm without any visible opacity. In 0.1 M KCl solution, the 

acidic pH caused smaller aggregates to form from the polymer solution, with the size increasing to only 

≈ 30 nm at 50°C from 5 nm at room temperature. Figure 5.5.7 shows these trends). The increase in 

charge (doubly positive charge at pH less than 3, single negative charge at pH above 10) at the lower 

pH, indicates a change in the copolymers self-assembling behaviour with pH. The excessively large 

aggregates found in the neutral pH could also be attributed to the LCST aggregation of PNiPAm 

followed by the swelling of the zwitterionic blocks at elevated temperatures.  

Throughout all pH ranges the polymers were not observed to aggregate except upon the addition of 

heat. We expect that a larger molar ratio of histidine moieties would result in greater pH responsive 

behaviours, or that a DLS study of the hydrodynamic radius of the polymers as a function of pH would 

likely show signs of micellisation, to be expanded upon in a future study. 
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Figure 5.5.7. DLS data exploring the size of P7 as a function of temperature at different pH values with and 
without electrolyte. Photographs of the neutral pH samples are shown above for 25°C (blue circles) and 50°C (red 
squares) measurements. The DLS measurements did not converge, however visible aggregation is clearly seen in 
both cases. The aggregates clump together in the polymer electrolyte solution, shown in Figure 5.5.7a.  

5.7 Conclusions 

A simple, high yielding approach to functionalise the temperature responsive polymer PNiPAm 

with histidine without the need for protection group chemistry has been developed. Copolymers 

of NiPAm with aldehyde containing 4-FPMA incorporations varying between 4 and 26% were 

synthesised and subsequently functionalised with histidine via reductive amination with 65% to 

90% conversion. The strategy demonstrates the versatile and effective use of reductive amination 

chemistry for polymer functionalisation, with its mild reaction conditions and tolerance to many 

functional groups, including the imidazole of histidine. Importantly, these synthetic methods enable the 

design of new polymers functionalised with amino acids with the side groups of amino acids preserved. 

The temperature responsive histidine functional polymers synthesised exhibit interesting pH and 

electrolyte dependent LCST behaviour. This highly functional material exhibits multiple responsive 

behaviours. The facile synthesis negates the need for protecting group chemistry and demonstrates a 

powerful strategy to produce amino acid and other amine functional polymers.  
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5.10 Supporting Information 

 

Figure 5.9.1. The SEC traces in DMF of the aldehyde functional PNiPAm copolymers with MWs ≈ 50000 and ᴆ 
1.5-1.6. 

5.10.1 Synthesis of poly(N-isopropylacrylamide)  

Into a schlenk tube, NiPAm (1.0 g, 8.84 mmol), CDP (0.024 g, 0.059 mmol), and AIBN (0.0029 g, 

0.018 mmol) were dissolved in THF ca. 40% wt/wt. After three freeze pump thaw iterations, the 

polymerisation was heated to 65°C and proceeded for 16 hours. The polymer was precipitated twice 

into diethyl ether and dried in a vacuum desiccator overnight, yielding a white powder (0.6903 g, 69%). 
1H NMR (400 MHz, CDCl3): δ = 8.10-7,40 (broad, 0.96 H), 4.05-3.84 (broad, 1 H), 2.29-0.89 (broad, 

9.34 H). 
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Figure 5.9.2. The SEC (in DMF) trace of PNiPAm homopolymer synthesised by RAFT polymerisation using 
CDP as the RAFT agent. The dispersity is 1.43.  

 

 

Figure 5.9.3. The full FTIR spectra of PNiPAm73-co-His23 (a), PNiPAm73-co-PFPMA26 (b), PNiPAm 

(c) and PFPMA. In spectra (b) and (d) the aldehyde peak is clearly visible at 1700cm-1. After reductive 

amination, this peak disappears as can be seen in the FTIR spectra of PNiPAm73-co-His23 (a).  

5.11 References 

(1)  Lindquist, S.; Craig, E. A. Annu. Rev. Genet. 1988, 22 (1), 631–677. 

(2)  Perutz, M. Science (80-. ). 1978, 201 (4362), 1187–1191. 

(3)  Schild, H. G. Prog. Polym. Sci. 1992, 17 (2), 163–249. 



85 
 

(4)  Oh, J. K.; Drumright, R.; Siegwart, D. J.; Matyjaszewski, K. Prog. Polym. Sci. 2008, 33 (4), 

448–477. 

(5)  Chung, J. E.; Yokoyama, M.; Yamato, M.; Aoyagi, T.; Sakurai, Y.; Okano, T. J. Control. 

Release 1999, 62 (1–2), 115–127. 

(6)  Bae, Y.; Fukushima, S.; Harada, A.; Kataoka, K. Angew. Chemie Int. Ed. 2003, 42 (38), 4640–

4643. 

(7)  Hoffman, J. M.; Stayton, P. S.; Hoffman, A. S.; Lai, J. J. Bioconjug. Chem. 2015, 26 (1), 29–38. 

(8)  Ebara, M.; Yamato, M.; Aoyagi, T.; Kikuchi, A.; Sakai, K.; Okano, T. Biomacromolecules 2004, 

5 (2), 505–510. 

(9)  Luzinov, I.; Minko, S.; Tsukruk, V. V. Soft Matter 2008, 4 (4), 714. 

(10)  O’Shea, J.-P.; Qiao, G. G.; Franks, G. V. J. Colloid Interface Sci. 2010, 348 (1), 9–23. 

(11)  Stuart, M. A. C.; Huck, W. T. S.; Genzer, J.; Müller, M.; Ober, C.; Stamm, M.; Sukhorukov, G. 

B.; Szleifer, I.; Tsukruk, V. V; Urban, M.; Winnik, F.; Zauscher, S.; Luzinov, I.; Minko, S. Nat. 

Mater. 2010, 9 (2), 101–113. 

(12)  Chen, S.; Li, L.; Zhao, C.; Zheng, J. Polymer (Guildf). 2010, 51 (23), 5283–5293. 

(13)  Lowe, S.; O’Brien-Simpson, N. M.; Connal, L. A. Polym. Chem. 2015, 6 (2), 198–212. 

(14)  Liu, Q.; Li, W.; Singh, A.; Cheng, G.; Liu, L. Acta Biomater. 2014, 10 (7), 2956–2964. 

(15)  Liu, Q.; Singh, A.; Liu, L. Biomacromolecules 2013, 14 (1), 226–231. 

(16)  Shimazaki, Y.; Takani, M.; Yamauchi, O. Dalt. Trans. 2009, No. 38, 7854. 

(17)  Degtyar, E.; Harrington, M. J.; Politi, Y.; Fratzl, P. Angew. Chemie Int. Ed. 2014, 53 (45), 

12026–12044. 

(18)  O’Reilly, R. K. Polym. Int. 2010, 59 (5), 568–573. 

(19)  García, F.; García, J. M.; García-Acosta, B.; Martínez-Máñez, R.; Sancenón, F.; Soto, J. Chem. 

Commun. (Camb). 2005, No. 22, 2790–2792. 

(20)  Isidro-Llobet, A.; Álvarez, M.; Albericio, F. Chem. Rev. 2009, 109 (6), 2455–2504. 

(21)  Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C. A.; Shah, R. D. J. Org. Chem. 

1996, 61 (11), 3849–3862. 



86 
 

(22)  Ciszewski, L.; Xu, D.; Repič, O.; Blacklock, T. J. Tetrahedron Lett. 2004, 45 (43), 8091–8093. 

(23)  Mandel, M. Eur. Polym. J. 1970, 6 (6), 807–822. 

(24)  Lundberg, P.; Lynd, N. a.; Zhang, Y.; Zeng, X.; Krogstad, D. V.; Paffen, T.; Malkoch, M.; 

Nyström, A. M.; Hawker, C. J. Soft Matter 2013, 9 (1), 82–89. 

(25)  Hall, H. K. J. Am. Chem. Soc. 1957, 79 (20), 5441–5444. 

(26)  Liu, R.; Fraylich, M.; Saunders, B. R. Colloid Polym. Sci. 2009, 287 (6), 627–643. 

(27)  Chang, Y.; Chen, W.-Y.; Yandi, W.; Shih, Y.-J.; Chu, W.-L.; Liu, Y.-L.; Chu, C.-W.; Ruaan, 

R.-C.; Higuchi, A. Biomacromolecules 2009, 10 (8), 2092–2100. 

(28)  Seuring, J.; Agarwal, S. Macromol. Rapid Commun. 2012, 33 (22), 1898–1920. 

(29)  Zhao, Y.; Bai, T.; Shao, Q.; Jiang, S.; Shen, A. Q. Polym. Chem. 2015, 6 (7), 1066–1077. 

(30)  Schmaljohann, D. Adv. Drug Deliv. Rev. 2006, 58 (15), 1655–1670. 

 



87 
 

6 Temperature Induced Assembly and Metal Ion-Stabilisation of Histidine 

Functional Block Copolymers  

6.1 Abstract 

Histidine functional block copolymers are thermally self-assembled into polymer micelles with 

poly-N-isopropylacrylamide in the core and the histidine functionality in the corona. The thermally 

induced self-assemblies are reversible until treated with Cu2+ ions at 50°C. Upon treatment with 0.5 

equivalents of Cu2+ relative to the histidine moieties, metal ion coordination locks the self-assemblies. 

The self-assembly behaviour of histidine functional block copolymers is explored at different pH using 

dynamic light scattering and 1H NMR. The metal ion coordination locking of the histidine functional 

micelles is also explored at different pH values, with stable micelles forming at pH 9, observed by 

dynamic light scattering and imaged by atomic force microscopy. The thermal self-assembly of glycine 

functional block copolymers at pH 5, 7 and 9 are similar to the histidine functional materials, however 

the self-assemblies do not become stable after the addition of Cu2+, indicating that the imidazole plays 

a crucial role in the metal ion coordination that locks the micelles. The reversibility of the histidine-

copper complex locking mechanism is demonstrated by the addition of acid to protonate the imidazole 

and destabilise the polymer self-assemblies.  

 

Figure 6.1.1. Graphical Abstract. Divalent copper ions are used to stabilise thermally induced self-assembled 
histidine functional polymer structures through metal ion coordination bonds. 

6.2 Keywords 

histidine, metal ion coordination, self-assembly, thermal response, reductive amination 

6.3 Introduction 

The self-assembly of block copolymers is a promising area of polymer chemistry and engineering with 

technological applications in drug and vaccine delivery,1–3 sensing,4,5 catalysis,6,7 and more. The self-

assembly of block copolymers depends on many factors, including polymer architecture, 

amphiphilicity, polymer sizes and polymer functionality. Some polymers can change their properties in 

response to a stimulus, such as pH, temperature, light, electrolytes, and more, classifying them as 
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‘smart’ materials.8 The incorporation of smart materials into block copolymers enables stimuli 

responsive block copolymer assembly or disassembly, as well as the ability to tune the chemical 

composition of the micelles. The functionality of polymers included in block copolymer designs can 

play very important roles in the application of the polymer self-assemblies. For example, the reversible 

conjugation of drugs to the polymer corona can be necessary for targeted load delivery. The 

incorporation of fluorine atoms into certain blocks of block copolymers can enable their use as MRI 

contrast agents.9,10 and also enable sensing capabilities.5 The mechanism of drug or gene delivery can 

also be the disassembly of the polymer micelles upon exposure to a certain stimulus, such as a change 

in pH.3,11,12  

In addition to the tailoring of block copolymers for specific applications, polymer functionality can be 

used to lock micelles into their self-assembled structures. As polymer self-assemblies are dynamic in 

nature, their stability can be compromised at elevated temperature, low concentrations, or in turbulent 

conditions.13 Permanently stabilising polymer self-assemblies has been achieved by using covalent 

chemistries either in the core or the corona of the self-assembly, in addition to the chain ends. In some 

applications, it is acceptable to lock the polymer self-assemblies permanently, however the ability to 

manipulate the self-assemblies based on external stimuli is a highly attractive reason to instead employ 

dynamic cross-linking strategies. The use of responsive and highly functional building blocks to make 

block copolymers allows for their assembly and disassembly,14 in addition to their changing shapes or 

sizes based on external stimuli.15,16  It has been demonstrated that polymer micelles are more readily 

uptaken into cells than their unimers,17 and as a result, acid degradable polymers have been a focus in 

polymer cancer therapy developments.11,18 In addition to pH as a stimulus, polyelectrolytes have been 

used to reversibly lock micelles using electrostatic interactions and electrolytes as stimuli.19 Other 

dynamic chemistries have been employed in zwitterionic polymers, coascervates,20 disulphide exchange 

chemistry,21 carbon dioxide,22 and Diels Alder chemistry.23 The ability to dynamically lock micelles 

into place with a wide range of chemistries and interactions is important to further develop block 

copolymer based technologies.24  

Our group has a large focus on biomimicry, and part of that comes with a focus on the synthesis of 

amino acid functional polymers. Amino acids are highly functional moieties with an amine, a carboxylic 

acid and an R-group, which can have hydrophobic, polar, acidic or basic functionalities. One amino 

acid of particular interest to our group for application in material science has been histidine. Histidine 

has important roles in both catalysis25 as well as in metal ion coordination.26 Histidine mimicking 

materials have been used in metal ion coordination gels,27–30 as well as in pH responsive gels.31 The pH 

response of histidine is also highly physiologically relevant. It is protonated below pH 7 and 

deprotonated above. It’s pH responsive nature has let it be used as a pH responsive destabilisation 

system.32 Histidine has the advantage of being a naturally occurring, important ligand for divalent 

metals.27 The use of metal ion coordination as a dynamic bond is widely studied in self-healing materials 
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and in templated materials, however the application to block copolymer self-assembly has been limited. 

Van der Gucht and coworkers used chelideamic acid functional polymers and used zinc ions to induce 

micellisation of amphiphilic block copolymers.33 Liu et al has made ruthenium core crosslinked metal 

ion micelles, as well as some magnetic metal containing micelles. 34,35 Jäkle has done nice 

supramolecular self-assembly work using metal ion coordination of polymer supported tris(2-pyridyl)- 

borates, however it is not demonstrated to be reversible and the structures are micron sized.36 Zhuo et 

al stabilised micelles using metal ion coordination of PEI with both copper and ruthenium and used 

these to synthesised Pt nanoparticles.37,38 The incorporation of histidine as an important natural ligand 

for metal ion coordination into a block copolymer self-assembly is an exciting way to add some dynamic 

chemistry to the reversible locking of self-assemblies in the corona.  

In this paper, we synthesise temperature responsive, histidine functional block copolymers that can be 

reversibly locked using metal ion coordination using Cu2+ ions that coordinate to the histidine moieties. 

Cu2+ is cytotoxic, however it was used in this work because the Cu2+:histidine complex is well 

known27,39,40 and thus serves as a good starting point for this work. The synthesis of our block 

copolymers via the synthetic strategy presented in Chapters 4 and 5 using reductive amination expands 

the application of this post polymerisation approach to aldehyde functional block copolymer 

architectures. The incorporation of a PNiPAm block allows for reversible, temperature responsive 

micellisation. Upon the addition of Cu2+ at elevated temperatures, the temperature responsiveness of 

the micelles is lost, as the micelles are locked into place and still measured at upon cooling. The effect 

of pH on the self-assembly, as well as the metal ion coordination of these materials is explored. The 

reversibility of the metal ion coordination is nature of micelle formation is demonstrated by the addition 

of acid. The self-assembly and metal ion coordination of the polymers is compared to glycine functional 

polymers, to highlight the need for the imidazole group in the Cu2+ complexation.  

6.4 Experimental 

6.4.1 Materials 

Unless otherwise stated, chemicals were used as received. N-isopropylacrylamide (NiPAm; 98%, 

stabilised with MEHQ) was obtained from Tokyo Chemical Industry Co., Ltd., and recrystallised from 

a toluene:n-hexane mixture (2:3 by volume) prior to use. Azobis(isobutronitrile) (AIBN; 98%), 3-

vinylbenzaldehyde (3VBA; 97%), cyanomethyl dodecyl trithiocarbonate (CDT; 98% by HPLC), 

glycine (ACS reagent, >98.5%), 1,4-dioxane (>99.0), sodium acetate (>99.0%), cupric chloride (97%), 

TRIS (99.9%), and BIS TRIS (98%) were obtained from Sigma Aldrich. AIBN was recrystallised from 

cold methanol prior to use. L-histidine (98%), 4-nitrophenyl benzoate (97%), and sodium borohydride 

(98%) were manufactured by Alfa Aesar and obtained from VWR. Sodium hydroxide (>99%) was 

manufactured by Acros organics and obtained from VWR. Hydrochloric acid (1.0 M) and glacial acetic 

acid were manufactured by AjaxFinechem. Toluene (Analar Normapur) was purchased from VWR. 
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Functionalised polymers were dialysed against double distilled water using dialysis tubing (regenerated 

cellulose, SnakeSkinTM, 10000 MWCO) obtained from Life Technologies Australia. Diethyl ether 

(99%) and n-hexane (95%) were of RCI Premium grade from ACI Labscan. Methanol (MeOH; reagent 

grade) was manufactured by Chem-Supply. Buffers (sodium acetate:acetic acid pH 5; BIS TRIS pH7; 

and TRIS HCl pH9) were prepared at 0.6M and adjusted to the desired pH using 1.0M HCl or NaOH 

solutions. Dimethyl formamide (DMF, spectrometer grade), Lithium bromide (LiBr; 99%) sigma). 

6.4.2 Characterisation 

Proton nuclear magnetic resonance (1H NMR) spectra were taken with a Varian 400 MHz spectrometer 

in the specified deuterated solvent. Size Exclusion Chromatography (SEC) was used to characterise the 

molecular weight of synthesised polymers. Samples were prepared by dissolving the polymer in 

spectrometry grade DMF at 5 mg mL-1 and filtering them through a 0.45 µm TeflonTM filter prior to 

injection. 50 µL of sample solution was injected and flowed through the instrument columns and 

detectors at 1 mL·min-1. The SEC instrument, operating at 70°C, was equipped with two Phenomenex 

Phenogel columns (5 µm bead size, 104 and 106 Å porosity) in series, a Shimadzu RID-10 refractometer 

(λ = 633 nm), and a Shimadzu SPD-20A UV-Vis detector. The mobile phase was 0.05M LiBr in DMF. 

The molecular weights of the polymers were determined by comparison to a calibration curve 

determined by known polystyrene standards. The pH of aqueous solutions were measured using a 

HACH SensION+ PH31 with a 5014 T probe. UV-Vis spectrophotometry was undertaken using a GBC 

Cintra 2020 Spectrophotometer with Peltier cell in a quartz cuvette. Dynamic Light Scattering (DLS) 

measurements were taken with a Wyatt DynaPro NanoStar DLS/SLS with a quartz cuvette after samples 

were filtered through a 0.45 µm NylonTM filter. Atomic Force Microscopy (AFM) images were acquired 

using a Cypher S AFM (Oxford Instrument’s Asylum Research, Santa Barbara, USA) operating in 

tapping mode in air. AFM samples were prepared by drop casting 10 µl of solution (0.5 mg·mL-1) onto 

1x1 cm2 silicon wafer pieces then allowing them to air dry in a laminar flow hood before transferring 

to the AFM sample stage. BlueDrive photothermal excitation was used to actuate AC240TS-R3 probes 

(Asylum Research, USA) mounted in a standard air holder. Spring constants of 1.7 – 2.6 N/m were 

recorded and resonance frequencies of 65 kHz – 80 kHz. Free air amplitudes of 650 mV were used for 

each probe and set points of 450 – 500 mV used to engage on the surface. Images were obtained at scan 

rates of 1 Hz and with 512 lines. WaveMetrics Igor Pro v6.35 and Asylum Research AFM Software 

v14 were used for image analysis.   

6.4.3 Synthesis 

6.4.3.1 Poly(N-isopropylacrylamide)80 macro chain transfer agent (MCTA). 

 Into a Schlenk tube equipped with a magnetic stir bar, NiPAm (6.010 g, 53.11 mmol), CDT (0.208 g, 

0.65 mmol), and AIBN (0.011 g, 0.067 mmol) were added and dissolved in 1,4-dioxane (8.75 mL). The 

mixture was degassed using three freeze-pump-thaw cycles and with the vacuum released under argon 
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atmosphere, and the Schlenk tube was immersed into an oil bath at 65°C to begin polymerisation. The 

polymerisation was stopped after 2 hours 10 minutes. The MCTA was precipitated into diethyl ether 

twice and allowed to air dry, yielding a pale yellow powder. 1H NMR (400 MHz, CDCl3): δ = 7.3-5.8 

(b, 76 H), 4.0 (bs, 80 H), 3.3 (bs, 2H), 2.5-0.9 (backbone, 761 H). SEC (DMF): Mn = 16800, Mw = 

14400; Ð = 1.17.  

6.4.3.2 Poly[(N-isopropylacrylamide)80-b-(3-vinylbenzaldehyde)27].  

MCTA (0.5 g, 49 µmol), 3VBA (0.3988 g, 3.02 mmol) and AIBN (29 µL of a 1 mg·mL-1 solution in 

1,4-dioxane, 1.8 µmol) were dissolved into 1.0 mL 1,4-dioxane and added to a Schlenk tube equipped 

with a magnetic stir bar. The mixture was degassed by three freeze-pump-thaw cycles and the vacuum 

was released under argon atmosphere. The reaction was stopped after 6 hours and the polymer was 

precipitated into diethyl ether and allowed to air dry, yielding P1 as a pale yellow powder. 1H NMR 

(400 MHz, CDCl3): δ = 10.0-9.6 (bs, 27 H), 7.7-5.9 (b, 184 H), 4.0 (bs, 80 H), 2.4-0.9 (backbone, bm, 

856 H). SEC (DMF): Mn = 27700, Mw = 22000; Ð = 1.27. 

6.4.3.3 Poly[(N-isopropylacrylamide)80-b-(3-vinylbenzaldehyde)-co-histidine25] (PHIS).  

Into a vial, histidine (1.4 eq 43.1 g, 0.278 mmol) was stirred in an equimolar solution of NaOH in MeOH 

(510 µL of a 0.5 M stock solution) until dissolved. P1 (0.091 g, 0.195 mmol aldehyde) was added to 

the histidine solution and stirred for two hours. Sodium borohydride (4 eq, 25.6 mg, 0.779 mmol) was 

added and the solution was stirred at room temperature overnight. The methanol was evaporated and 

replaced with an equal volume of distilled water, and the polymer solution was dialysed against distilled 

water with at least three water changes. The water was removed by lyophilisation, yielding a fluffy 

white powder. 1H NMR (400 MHz, CD3OD): δ = 8.2-6.1 (bs, 111 H), 4.4 (b, 4 H), 4.8 (bs, 101 H), 3.6 

(bs, 12 H), 3.1 (bs, 21 H) 2.5-1 (backbone, bm, 801 H).  

PGLY was synthesised in the same manner as PHIS, with glycine substituted for histidine. 1H NMR 

(400 MHz, CDCl3): δ = 7.8-6.1 (bs, 79 H), 4.3-3.7 (bm, 108 H), 3.6-3.0 (bs, 35 H), 2.5-0.7 (backbone, 

bm, 801 H).  

6.4.4 Temperature responsive micelles  

Polymer solutions with a concentration of 0.5 mg mL-1 of polymer in 0.1 M buffer solutions were 

prepared and filtered through 0.22 µm NylonTM filters. To measure the polymer behaviour above and 

below the LCST of the PNIPAM block were investigated by taking DLS measurements of the polymers 

solutions at 25°C, 50°C and again at 25°C after cooling. The polymer solutions were gently stirred and 

held at the measurement temperature for a minimum of 5 minutes before a measurement was taken. To 

study this by 1H NMR, the polymer was dissolved into D2O at a concentration of 20 mg mL-1 and the 

solution was heated in the spectrometer without stirring. 
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6.4.5 Copper locked micelles  

To lock the micelles using metal ion coordination, cupric chloride was added to the gently stirring 

polymer solutions after they had been heated at 50°C for five minutes. After the addition of the Cu2+ 

ions, the polymer solutions were allowed to cool to room temperature with gentle stirring. In addition, 

the copper ions were also added at 25°C, to ensure that the self-assembly would not be driven by the 

coordination or by the addition of copper. In these samples, the copper was added to the stirring polymer 

solutions at 25°C and subsequently heated to 50°C for 5 minutes and cooled to 25°C.  

6.5 Results and Discussion 

The synthesis of histidine and glycine functional block copolymers was undertaken using the protecting 

group-free post-polymerisation functionalisation approach developed by our group, illustrated in 

Scheme 1.41,42 To achieve this, an aldehyde containing block copolymer was synthesised. First, a 

temperature responsive, PNiPAm, macro chain transfer agent (MCTA) was synthesised using RAFT 

polymerisation. The degree of polymerisation of the MCTA was determined to be 80 with good control 

over dispersity (Ð=1.17), confirmed by 1H NMR, shown in in Figure 6.5.1a, and SEC in Figure 6.9.1. 

The MCTA was chain extended with 3-vinylbenzaldehyde (3VBA) to form the diblock copolymer P1, 

poly(N-isopropylacrylamide80-block-3vinylbenzaldehyde27), maintaining good control over the 

polymerisation (Ð=1.27) by keeping the radical initiator concentration low. The incorporation of the 

aldehyde was determined by comparing the 1H NMR signal from the aldehyde at δ 10 (peak c in Figure 

6.5.1b) with the methine proton of the isopropyl group of the NiPAm moiety at δ 4 (b).  

 

Scheme 6.5.1 A temperature responsive, benzaldehyde functional diblock copolymer, P1, was synthesised by 
RAFT polymerisation. A macro chain transfer agent (MCTA) was first synthesised from NiPAm which was 
subsequently chain extended with 3VBA. The post-polymerisation functionalisation of P1 was performed using 
reductive amination with both glycine and histidine to form PGLY and PHIS, respectively.  
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Figure 6.5.1 The 1H NMR spectra showing the synthesis and functionalisation of the block copolymers: MCTA 
(a), P1 (b), PHIS (c) and PGLY (d).  

The diblock copolymer P1 was functionalised with histidine and glycine using the same methodology 

developed in our research group for statistical copolymers. Reductive amination was employed, first 

reacting the amino acid with one equivalent of base in methanol and subsequently adding the polymer 

to form an imine. The imine bond was reduced to an amine using sodium borohydride. The aldehyde 

peak shown in Figure 6.5.1b (peak c) disappears after functionalisation with glycine and histidine 

(Figures 6.5.1c and d respectively). The amount of glycine functionality achieved was 100%, 

determined by comparing the backbone intensity to peaks d and b. The amount of histidine functionality 

achieved was 95%, determined by comparing the backbone protons to the two protons at peak i from 

the -CH2- protons of the histidine R-group. The use of reductive amination to functionalise 

benzaldehyde containing block copolymers further highlights the use of this chemistry for post 

polymerisation functionalisation of polymers with varying architectures. 

The resulting amino acid functional diblock copolymers, PHIS and PGLY, are water soluble. The amino 

acid functional blocks are pH responsive, taking on different charged states in response to the pH of the 

solution. For PHIS, the histidine functional moiety can take on four charged states with three functional 

groups that can be protonated or deprotonated: the carboxylic acid (pKa 4.5), the imidazole (pKa 7) and 
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the secondary amine (pKa 9). PGLY has the carboxylic acid and the secondary amine. The presence of 

both positive and negative charges, depending on the pH can affect the self-assembly of the polymers. 

The PNiPAm blocks are thermoresponsive, with that block taking on a hydrophobic character and 

making the polymers PHIS and PGLY amphiphilic with an increase in temperature. As PNiPAm is a 

thermoresponsive polymer, exhibiting a Lower Critical Solution Temperature (LCST) of 32°C, the 

diblock copolymers PHIS and PGLY demonstrate reversible thermoresponsive self-assembly, illustrated 

in Scheme 2.  

Scheme 6.5.2. The temperature-induced, reversible self-assembly of PHIS with the charged states of the histidine 
moiety at pH 5, 7 and 9. Above 32°C, the PNiPAm block takes on hydrophobic character to drive the self-assembly 
in water.  

The temperature induced self-assembly of these materials was investigated by 1H NMR. PHIS was 

dissolved into deuterated water and 1H NMR spectra were taken at 25°C, 50°C and upon cooling again 

at 25°C, illustrated in Figure 6.5.2. The bottom spectrum, (Figure 6.5.2a), is PHIS at 25°C. The peaks in 

this spectra show evidence of some polymer self-assembly as the peaks associated with the histidine 

moieties (c, d, e, f and g) are very broad. Upon heating the sample to 50°C, the peaks associated with 

the histidine moieties in the spectrum (Figure 6.5.2b) are much better resolved and are sharpened. 

Additionally, the peaks associated with the PNiPAm have decreased in intensity relative to those of the 

sharpened histidine moieties. Notably, the isopropyl proton (b), as well as the backbone signal is greatly 

reduced. Upon cooling again to 25°C, the signs of self-assembly of the histidine moieties return as the 

associated peaks broaden and decrease in signal intensity. In addition, the backbone signal and the 

isopropyl signal increase in intensity once again. The pH of these solutions were not measured to avoid 

contamination of the deuterated solvent, however PHIS dissolved in deionised water has a pH of ≈ 6.8. 
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Figure 6.5.2. The 1H NMR spectra for PHIS showing the reversible temperature induced self-assembly of the 
polymer. At 25°C, the peaks associated with the histidine moieties (c, d, e, f and g) are very broad, indicating 
some hydrogen bonding and some potential shielding from soluble PNiPAm blocks. At 50°C, these peaks sharpen 
while the isopropyl protons (a and b) decrease in intensity as they move into the self-assembly.  

The thermoresponsive behaviour of PGLY was similar to that of PHIS, observed by 1H NMR in Figure 

6.9.2. At 25°C, the protons associated with the glycine functional block are broad. As the temperature 

is increased, the protons associated with the PNiPAm block decrease in intensity and the glycine (e) 

and benzylamine (f) peaks become a bit sharper as the glycine groups are expressed in the corona of a 

sphere. Upon cooling, the PNiPAm peaks resume their intensity as the polymer solubilises, and the 

glycine associated peaks become more broad again as the polymer interacts with itself. The change in 

relative intensities of the PNiPAm associated protons and the amino acid associated proton signals 

indicates a temperature responsive self-assembly where the PNiPAm protons are shielded within a core 

above the LCST, with the amino acid functional blocks exposed to the exterior of the polymer self-

assembly, in the corona. In addition, the 1H NMR spectra confirm the presence of some self-assembly 

of PHIS at 25°C.   

The self-assembly of  PHIS and PGLY were also measured by dynamic light scattering (DLS). At pH 

values of 5, 7 and 9, the polymers undergo a reversible change in size upon an increase in temperature 

which is due to the temperature induced amphiphilicity of the blocks as the PNiPAm block undergoes 

a coil to globule transition. The size of the polymer assemblies formed at 50°C is dependent on the pH, 

which reflects the charges found on the amino acid functional block, shown in Figure 6.9.3 and 6.9.4 

for PHIS and PGLY, respectively. DLS also gives an indication of populations of self-assemblies, which 
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in the context of highly functional polymers makes sense. These materials can hydrogen bond with 

themselves and with other polymer chains, as well as with the PNiPAm block which can also form 

strong hydrogen bonds. The presence of some self-assemblies that are ill defined and non-uniform at 

25°C measured by DLS is contrasted with really sharp, uniform and single sized populations at 50°C. 

This supports the 1H NMR measurements at 25°C which show peak broadening that indicate some 

hydrogen bonding amongst these highly functional materials.  

 

Figure 6.5.3 Dynamic light scattering (DLS) was used to measure any polymer self-assemblies in solution (pH 
9) above and below the LCST of PNiPAm to confirm the reversible self-assembly of PHIS with a change in 
temperature. The charged state of the histidine moiety is shown.   

At pH 9, the histidine block exhibits a negative charge. Figure 6.5.3 illustrates the temperature response 

of PHIS. At 25°C, some polymer self-assemblies are detected by DLS and are likely due to some 

hydrogen bonding of the deprotonated amine and imidazole groups. Upon heating this sample to 50°C, 

self-assemblies are again observed with a radius of 106 nm. Upon cooling, the block copolymers return 

to their multiple size populations indicating some self-association and hydrogen bonding that is not 

strong enough to stabilise the thermally induced self-assemblies. 

The glycine functional polymer PGLY exhibits very similar temperature responsive behaviour to PHIS 

with the size of the temperature induced assemblies dependent on the charged state of the glycine 

functional blocks, illustrated in Figure 6.9.4. At both pH 5 and 9, well defined micelles were observed 

upon heating the polymer solutions to 50°C. The micelles formed at pH 5 were 160 nm while the 

micelles formed at pH 9 were smaller at 120 nm in radius. At pH 7, the polymer precipitated into stable 

assemblies visible with the naked eye, however did not precipitate out of solution. The increased 

aggregation size is due to the zwitterionic nature of the glycine functional moiety. The complete 

precipitation of the polymer was not observed as in the case with PHIS, and this could be due to the lack 

of the imidazole structure, which could also increase the hydrophobicity of the PHIS block when it is not 

protonated.  

After confirming that the reversible temperature induced self-assembly, the thermally induced PHIS 

micelles were locked into place with Cu2+ ions, shown schematically in Scheme 3. No micelle locking 
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was attempted at pH 7 due to the polymer precipitating out of solution. To lock the micelles using Cu2+ 

ions, the polymer solutions at pH 5 and 9 were heated to 50°C with gentle stirring and held at 50°C for 

five minutes to form micelles. To the heated polymer solution, 0.5 eq of Cu2+ ions was added relative 

to the histidine moieties. The sample was removed from heat and allowed to cool to room temperature 

while gently stirring. Once cooled, well-defined micelles were observed via DLS at pH 9, shown in 

Figure 6.5.4. The presence of single sized micelles at room temperature indicates that the thermally 

induced polymer self-assemblies were locked into place by metal ion coordination.  

Scheme 6.5.3. The copper coordination crosslinking of the temperature induced self-assemblies at 50°C. Upon 
cooling, the Cu2+ coordination crosslinked micelles are present and stable. 

The self-assemblies formed at pH 9 were very well defined and still stable and measureable after one 

month’s time. The self-assemblies formed at pH 5 were not well-defined as a single sized population, 

indicating that the metal ion coordination is not as strong at pH 5, and the self-assemblies were even 

less well-defined after a few days. This indicates that the strength of this metal-ion coordination bond 

is dependent on the pH of the solution which is typical for metal-ion complexation with imidazoles. 

Messersmith and coworkers demonstrated in histidine metal ion coordination gels, that the gel 

formation was dependent on the pH of the solution and that the ideal conditions for gelation was the 

deprotonation of an amine as well as a non-protonated imidazole, which occurred after adding 2 

equivalents of NaOH to the histidine ligands.2743  In the case of our system, at pH 5 the imidazole and 

the secondary amine is protonated. While metal ion coordination is still present (by a visible blue colour) 

at pH 5, the strength of the bond is not very strong due to the protonation of the groups coordinating to 

the metal ion. At pH 9, stable micelles form when both the secondary amine and the imidazole are 

deprotonated. This indicates that this is the pH at which the metal ion coordination is strongest. They 

were also able to show that gelation required the presence of an amine group to coordinate strongly 

with the metal ions. In the absence of the amine group, the metal ion coordination was present and 

visible with a change of colour, however, the bonds were not strong enough to form gels. They were 

however significant enough to affect the viscosity of a gel.43 The stability of our metal ion locked 

micelles follows a similar trend, where stable micelles are held together when the pH is such that both 

the amine and the imidazole are deprotonated. In addition, while the micelles are temporarily stable at 

pH 5, they slowly return to unimeric form, indicating that the metal ion is coordinated, however the 

strength of the bond is not enough with the protonation of the coordinating groups.   
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Figure 6.5.4. The radii of the PHIS self-assemblies at pH 9, measured by DLS, are shown in a). At 25°C, PHIS does 
not exhibit a uniform population by DLS, which is contrasted by the single population of 106 nm present upon 
heating the sample to 50°C. AFM imaging of PHIS at 25°C shown in (b) shows a clear lack of polymer self-
assemblies, confirming that the distribution of sizes measured by DLS are a result of PHIS is self-associating with 
itself as it is a functional material. After the addition of Cu2+ ions at 50°C and cooling back to 25°C, a single 
population of 96 nm polymer self-assemblies are measured by DLS. The presence of these stabilised micelles was 
confirmed by AFM imaging, shown in (c). Each AFM image displays a 5x5 um field with a 100 nm total z-range.   

To ensure that Cu2+ ions did not contribute to the self-assembly of PHIS, it was introduced to the polymer 

sample at 25°C as well as 50°C. No uniform populations of micelles were found after the addition of 

Cu2+ to the polymer solution. When the Cu2+ is added at 25°C, it floats in solution and might coordinate 

to the polymer as it is in solution. When this sample is heated, precipitates form: some histidines from 

a few chains might be joined through metal ion coordination bonds and as the PNiPAm takes on a 

hydrophobic character, hydrophobic association causes aggregation. This behaviour is also observed in 

the glycine functional materials, shown in Figure 6.9.6.  

 

 

Figure 6.5.5. DLS measurements of PHIS in the presence of Cu2+ ions when they are added at 25°C. After adding 
the Cu2+ ions, the solution was heated to 50°C and cooled once again to 25°C. A single population of self-
assemblies was not observed, and thermally induced, reversible self-assembly was not was also not observed.  

To further investigate the stoichiometry of the Cu2+ to the histidine moieties in this metal ion 

coordination locking, the amount of copper added to the micelles was varied from His:Cu2+ 2:1 to 2:0.1, 
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as outlined in Table S1. The only His:Cu2+ ratio that formed stable, single-sized self-assemblies was a 

2:1 ratio. This is also consistent with other findings of histidine and amine containing metal ion 

coordination gels reported by Messersmith and coworkers.27 The ratio of Cu2+ required for locked 

structures, in combination with the specific pH where locking occurs due to the deprotonation of the 

relevant coordination sites lends itself to the proposed coordination locking in Figure 6.5.6.  

 

Figure 6.5.6. The likely coordination mechanism of the PHIS responsible for the locking of the micelles. 

To ensure that the carboxylic acids are not contributing to the coordination of the metal-ion coordination 

proposed in Figure 6.5.6, the behaviour of PGLY in the presence of Cu2+ was investigated and compared 

to that of PHIS. At all pH values, no single population of PGLY micelles was locked as PHIS did at pH 9 

with a 2:1 His:Cu2+ ratio. The addition of the Cu2+ at 50°C resulted in a more turbid solution than when 

the Cu2+ was added at 25°C. Importantly, the thermally induced self-assemblies were not consistent or 

uniform upon the addition of Cu2+ ions which indicates that if any metal ion coordination is occurring 

in the PGLY samples, these interactions are weak, lacking the strength to lock the PGLY self-assembly 

corona to preserve the thermally induced assemblies. Figure 6.9.5 shows the DLS data of the PGLY 

samples in the presence of copper, and AFM images confirming a lack of locked particles. The use of 

PGLY as a control in this manner allows us to infer that if the carboxylic acids play any role in the metal 

ion coordination locking of the micelles, that role is miniscule.   

6.6 Conclusion 

In this work, we have synthesised amino acid functional block copolymers without protecting group 

chemistry, and investigated their self-assembly by DLS and 1H NMR. We have demonstrated that the 

histidine and glycine blocks are expressed in the corona of the micelle upon thermally induced self-

assembly, and that the introduction of Cu2+ ions can introduce metal ion coordination locking of the 

histidine functional micelles but not the glycine functional micelles. The metal ion coordination bonds 

are a dynamic bond that can be employed for the reversible locking of polymer self-assemblies in the 

corona. Future work should expand the metal ions used in this work beyond Cu2+ to other divalent 

cations which are more biocompatible.  



100 
 

6.7 Supporting Information 

 

Figure 6.9.1. The SEC chromatographs showing the elution (in minutes) and dispersity (Ð) of MCTA (a) and P1 
(b).   

 

Figure 6.9.2. The 1H NMR spectra for PGLY showing the reversible temperature induced micellisation. At 25°C, 
the peaks associated with the glycine moieties (e and f) are very broad, indicating some hydrogen bonding and 
some potential shielding from soluble PNiPAm blocks. At 50°C, these peaks sharpen while the isopropyl protons 
(a and b) decrease in intensity as they move into the self-assembly. 
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Figure 6.9.3. Dynamic light scattering (DLS) was used to measure any polymer self-assemblies in solution at pH 
5, 7 and 9 above and below the LCST of PNiPAm to confirm the reversible self-assembly of PHIS with a change 
in temperature. The charged states of the histidine moiety are shown as these influence the size and shape of the 
self-assemblies.   

Figure 6.9.4. Dynamic light scattering (DLS) was also used to measure any polymer self-assemblies of PGLY in 
solution at pH 5, 7 and 9 above and below the LCST of PNiPAm to confirm the reversible self-assembly. The 
charged states of the glycine moiety appear beside the DLS behaviour to conceptualise how the charged moieties 
can influence micelle size and shape. 

Figure 6.9.5. At pH 9, we investigated the effect of Cu2+ ions on PGLY. The DLS data on the left is from the 
addition of Cu2+ at 50°C (a) and from the addition of Cu2+ at 25°C (b). After the addition of Cu2+, the samples 
were measured at 25, 50 and 25°C to determine any changes in the thermally induced self-assemblies. The addition 
of Cu2+ at 25°C had no effect on the thermal self-assembly of PGLY, but at 50°C causes some aggregation and 
turbidity of the sample, but does not preserve a single-sized micelle population. This indicates that the Cu2+ is able 
to coordinate with the highly functional polymer but not in a specific or strong manner. AFM images confirm this 
by showing an absence of particles in PGLY without Cu2+ (c) and PGLY with Cu2+ added at 50°C (d). This indicates 
that at pH 9, there is likely little to no coordination contribution from the carboxylic acids in the histidine moieties 
that contribute to locking the micelles.  
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Table 6.9.1. Cu2+:His Ratios and Locked Micelle Stability 

Cu2+ His Size (nm) by DLS 

1 20 Not well defined 

1 8 Not well defined 

1 6 Not well defined 

1 4 Not well defined 

1 2 86 nm 

 

 

Figure 6.9.6. The DLS measurements of PGLY after Cu2+ was added at 50°C after cooling to 25°C at pH 5, 7 and 
9. No single size populations of polymer self-assemblies were observed which indicates that these micelles are 
not locked in the corona by metal ion coordination.   
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7 Self-Healing and Amino Acid Functional Gels 

7.1 Abstract 

The statistical copolymerisation of N-isopropylacrylamide with 3-vinylbenzaldehyde or 4-

formylphenylacrylate yields an aldehyde functional polymer. This polymer is functionalised with 

histidine via reductive amination to form two materials, a histidine functional polymer and a dual 

histidine-aldehyde functional polymer. Self-healing gels are formed with the aldehyde functional 

polymer using ethylenediamine, forming imine crosslinks. This material is characterised using rheology 

and demonstrated to be self-healing. The reduction of the imine bonds to amine bonds results in a loss 

in this material’s ability to self-heal, also characterised by rheology. The histidine functional materials 

are mixed with Cu2+ ions and aggregates are observed as a result of metal ion coordination with the 

histidine moieties. The same behaviour is observed in water, dimethylsulfoxide, dimethylformamide, 

tetrahydrofuran, and methanol.  

7.2 Key Words 

Self-healing materials, functional materials, dynamic gels, metal ion coordination materials, imine, 

histidine 

7.3 Introduction 

Materials with the ability to self-heal are of significant interest to the material science communities. 

Additionally, the ability to alter the physical properties, such as stiffness, of three dimensional scaffold 

materials like hydrogels is important in applications such as tissue engineering,1,2 where material 

stiffness can impact the differentiation of stem cells or the adhesion of target materials.3 One popular 

approach to self-healing materials is the use of dynamic chemistry and there are some nice examples 

using carbonyl condensation chemistry such as the imine, the oxime, and the hydrazone.4–7 Metal ion 

coordination has also been used in the synthesis of self-healing hydrogels, inspired by the byssal mussel 

fibre,8,9 rich with L-3,4-dihydroxyphenylalanine (DOPA) and histidine which coordinate to the 

moieties.10  

The use of multiple dynamic chemistries in one material is an exciting prospect in the field of self-

healing and highly functional materials. Two independent dynamic bonds can be used to make 

interesting self-healing materials. In our group, a self-healing material comprising of oximes and 

boronic esters was reported.11 The dynamic nature of these bonds enabled the self-healing behaviour, 

but also for the controlled degradation and recyclability of these gels. Additionally, imines have been 

used to tune the mechanical properties of 3D printable hydrogels.12 The relative strength of the histidine 

metal ion complex with different divalent metal ions has also been used as special and temporal control 

over the stiffness of hydrogels.13 In histidine metal coordination gels, the strength of the gels has be 
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tuned by changing the metal ion, as different divalent ions have different metal ion coordination bond 

strengths. This was used to finely tune the mechanical stiffness of the gels as well as their self-healing 

time. The advantage of the use of metal ion coordination bonds in self-healing materials is their rapid 

formation rate; a property that is used in nature to increase the toughness of the byssal fibres.14  

In this chapter, we attempt to make doubly dynamic gels using both imine chemistry and metal ion 

coordination with histidine moieties. A combination of dynamic covalent chemistry and supramolecular 

bonds of metal ions and polymeric ligands are used. Presented herein is the synthesis of three polymers: 

aldehyde functional, histidine functional, and dual aldehyde/histidine functional polymers. The 

aldehyde polymer is crosslinked using ethylenediamine (EDA) or cystine, forming an imine based self-

healing material. The histidine polymer is able to form aggregates in solution when Cu2+ ions are added, 

however an insolubility of the functional material in combination with a high crosslinking density 

prevented the formation of uniform gels. The dual functional aldehyde/histidine polymer is able to form 

a gel with imines, however the addition of copper dissolved the gels. We believe that despite this 

setback, the pursuit of metal ion coordination bonds and imines as dynamic bonds in an amino acid 

functional self-healing material is worth further investigation. .  

7.4 Experimental 

7.4.1 Materials 

Chemicals were used as received unless otherwise stated. 4-hydroxybenzaldehyde (98%), L-histidine 

(98%), 4-dimethyl-aminopyridine (DMAP) (>98%), acrylic acid (99%, stabilised with 250 ppm 

methoxyphenol), sodium borohydride (98%), and N,N′-dicyclohexylcarbodiimide (DCC) (99%), are 

Alfa Aesar products obtained from VWR. Sodium hydroxide (>99%) was obtained from VWR. 

Hydrochloric acid (32%) was manufactured by LabScan. Glacial acetic acid was manufactured by Ajax 

Finechem. N-Isopropylacrylamide (NiPAm) (98%, stabilised with MEHQ) was supplied by Tokyo 

Chemical Industry Co., Ltd and was recrystallised from a mixture of toluene/hexane (v/v 2 : 3) prior to 

use. 3-vinylbenzaldehyde (97%) (3VBA), L-cystine (98%, TLC), ethylenediamine (analytical standard) 

(EDA), 4-Cyano-4-[(dodecyl-sulfanylthiocarbonyl)sulfanyl] pentanoic acid (CDP) (97% by HPLC), 

cyanomethyldodecyltrithiocarbonate (98%) (CDT) and azobisisobutyronitrile (AIBN) (98%) were 

obtained from Sigma Aldrich Company. AIBN was recrystallised in methanol prior to use. Dialysis 

tubing (regenerated cellulose, SnakeSkin™, 10 000 MWCO) was thoroughly rinsed in deionised water 

prior to use. Tetrahydrofuran (THF) GPR Reactapur (stabilised with BHT) and toluene (Analar 

Normapur) were purchased from VWR Chemicals. Diethyl ether and n-hexane (95%) were of RCI 

premium grade from ACI Labscan. Dichloromethane (DCM) and methanol (MeOH) were of reagent 

grade and obtained from Chem-Supply. 
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7.4.2 Characterisation 

1H NMR spectra were taken with a Varian 400 MHz spectrometer using the specified solvent. Polymer 

size and dispersity was measured by size exclusion chromatography (SEC) using a Shimadzu liquid 

chromatography system outfitted with a Shimadzu RID-10 refractometer (λ = 633 nm) and Shimadzu 

SPD-20A UV-Vis detector. The mobile phase, DMF with 0.05 M LiBr, was passed through two 

Phenomenex Phnogel columns (5 μm bead size, 104 and 106 Å porosity) at 70°C with a 1 mg·mL-1 

flowrate. Samples were prepared at 10 mg·mL-1, with 50 μL injected into the instrument for detection. 

The molecular weight was determined from polystytene standards. Rheological properties of the gels 

were measured using a controlled strain rheometer with 40 mm parallel plate geometry (HAAKE 

MARS).  

7.4.3 Synthesis 

7.4.3.1 4-Formylphenyl Acrylate (FPA) 

4-formylphenyl acrylate (FPA) was synthesised and isolated the same way as FPMA reported in section 

5.4.3.1, but with acrylic acid instead of methacrylic acid. 1H NMR (400 MHz, CD3OD): δ = 9.99 (s, 1.0 

H), 7.99 (d, 2.1 H), 7.39 (d, 2.1 H), 6.60 (d, 1.1 H), 6.41 (m, 1.1H), 6.13 (d, 1.2 H).  

7.4.3.2 Aldehyde polymers 

7.4.3.2.1 PNiPAm294-co-PFPA73 (P7.1) 

The reagents, NiPAm (0.58 g, 5.1 mmol), 4FPA (0.42 g, 2.2 mmol), CDP (0.010 g, 0.025 mmol) and 

AIBN (0.0015 g, 0.0062 mmol) were dissolved in THF (2.8 mL) ca. 40% wt/wt. Following three freeze–

pump–thaw iterations, the reaction was heated to 60 °C and the polymerisation proceeded for 24 hours. 

The resulting polymer (P7.1) was precipitated twice into diethyl ether and dried in a vacuum oven (90 

°C) over- night, yielding a white powder (0.77 g, 76%). 1H NMR (400 MHz, CD3OD): δ = 9.91 (bs, 73 

H), 8.14–6.97 (broad, 589 H), 3.94 (bs, 281 H), 2.67–0.61 (broad, 3010 H).  

7.4.3.2.2 PNiPAm306-co-PVBA87 (P7.2) 

The reagents, NiPAm (0.58 g, 5.1 mmol), 3VBA (0.42 g, 2.2 mmol), CDT (0.010 g, 0.025 mmol) and 

AIBN (0.0015 g, 0.0062 mmol) were dissolved in dioxane (2.8 mL) ca. 40% wt/wt. Following three 

freeze–pump–thaw iterations, the reaction was heated to 80 °C and the polymerisation proceeded for 8 

hours. The resulting polymer (P7.2) was precipitated twice into diethyl ether and dried in a vacuum 

oven (90 °C) over-night, yielding a white powder (0.77 g, 50%). 1H NMR (400 MHz, CD3OD): δ = 

9.91 (bs, 87 H), 8.06-6.65 (broad, 770 H), 3.82 (bs, 353 H), 2.43-0.52 (broad, 4217 H).  
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7.4.3.3 Histidine Polymers 

7.4.3.3.1 [PNiPAm306-co-PVBA]-AmHis87 (P7.3) 

Polymer P7.2 was fully functionalised with histidine using reductive amination as previously reported 

in section 4.9.11. To the aldehyde, 1.2 equivalents of histidine was added and the imines were reduced 

using 4 equivalents of sodium borohydride. 1H NMR (400 MHz, CD3OD): δ = 8.16-6.68 (bm, 712 H), 

4.35-3.48 (broad, 524 H), 3.24-2.94 (bs, 117 H), 2.72–0.54 (broad, 3138 H). 

7.4.3.3.2 [PNiPAm306-co-PVBA40]-co-AmHis47 (P7.4) 

Polymer P7.2 was partially functionalised with histidine using reductive amination, reacting P7.2 with 

0.4 equivalents of histidine to aldehydes. To preserve the unreacted aldehydes, the imines were reduced 

using 2 equivalents of sodium triacetoxyborohydride. P7.4 was otherwise synthesised and isolated as 

reported in section 4.9.11. 1H NMR (400 MHz, CD3OD): δ = 9.96 (bs, 11.2 H), 8.20–6.46 (broad, 214 

H), 4.58 (bs, 5.4), 3.92 (bs, 184.1 H), 2.80–0.48 (broad, 1530 H). 

7.4.3.4 Gel Formation 

7.4.3.4.1 Imine Crosslinked Gels 

To synthesise imine crosslinked gels, a diamine was reacted with either P7.1 or P7.2 with an 

amine:aldehyde stoichiometry of 1:1 in the relevant solvent. If the diamine had an acid functionality 

and the gel was formed in a protic solvent, it was first reacted with sodium hydroxide (1 equivalent to 

the acid group), in accordance to the synthesis reported in Chapter 4. The diamine was then added to a 

polymer solution of a concentration of 100 mg·mL-1, the solution was mixed and then sealed and left to 

gel.  

7.4.3.4.2 Metal Ion Coordination Gels 

To synthesise metal ion coordination materials, P7.3 was dissolved at a concentration of 100 mg·mL-1 

in the relevant solvent or buffer, and Cu2+ ions were added from a 0.1M or 0.01M stock solution. At a 

pH of 9, aggregates formed and no change in polymer concentration or solvent choice was able to form 

a continuous solid gel. 

7.4.3.4.3 Imine and Metal Ion Coordination Gel 

First, P7.4 was dissolved into methanol at 100 mg·mL-1. An imine crosslinked gel was synthesised as 

per section 7.4.3.4.1. The methanol was evaporated and the gel was swollen with DMF containing Cu2+ 

ions. The gel dissolved after this and could not be characterised.  
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7.5 Results and Discussion 

7.5.1 Material Synthesis 

Aldehyde functional copolymers were synthesised and used to make gels as well as be functionalised 

further for their use in gels. Two benzaldehyde containing monomers, 4-formylphenyl acrylate (FPA) 

and 3-vinylbenzaldehyde (VBA) were used to synthesise two aldehyde functional polymers using 

RAFT polymerisation. These two monomers were explored in the synthesis of amino acid functional 

polymers because of the high dispersity (ᴆ=1.6) observed (discussed in Chapter 5) when copolymerising 

NiPAm and 4-formylphenylmethacrylate, FPMA. 3VBA was obtained commercially and FPA was 

synthesised by DCC coupling and purified by column chromatography.  

 
Scheme 7.5.1. Illustrated is the synthesis of P7.1, involving the copolymerisation of N-isopropylacrylamide and 
4-formylphenylacrylate (FPA) by RAFT polymerisation. 

The 4-formylphenylacrylate functional copolymer, PNiPAm294-co-PFPA73, P7.1, was synthesised as 

illustrated in Scheme 7.5.1, with an average molecular weight of 50 kDa and an average dispersity of 

1.3, the characterisation of which is shown in Figure 7.5.1. The polymerisation proceeded to 

completion, which meant that the amount of aldehyde added to the polymer was easy to predict, as the 

ratio of NiPAm:FPA was similar before and after polymerisation.  
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Figure 7.5.1. The characterisation of P7.1 is shown: (a) the SEC trace, and (b) the 1H NMR spectrum. P7.1 has a 
molecular weight of 47 kDa and a dispersity of 1.4, measured by SEC. Comparison of peaks a (from the aldehyde) 
and b (from the isopropyl group) in the 1H NMR spectrum (b) gives the aldehyde incorporation as 20%, by mole. 

The benzaldehyde functional polymer, PNiPAm306-co-PVBA87, P7.2, was synthesised as illustrated in 

Scheme 7.5.2. Good dispersity was achieved (ᴆ=1.4), however polymerisations did not proceed to 

completion. The molecular weight achieved was 21 kDa, even if a higher molecular weight was 

targeted. In order to achieve similar aldehyde incorporations to those in previously synthesised 

polymers, it was necessary to overshoot the amount of 3VBA. Keeping the reaction time to eight hours 

or less was an important factor in the polymerisation of P7.2, as higher reaction times lead to larger 

dispersities. Also important in minimising the dispersity was keeping the initiator concentration at 5% 

of the CTA. The best conversions were observed for reaction temperatures of 80°C in 1,4-dioxane, 

while lower conversions were observed at 60°C, in both dioxane and THF.15 The P7.2 used in this work 

had a molecular weight of 47 kDa and a dispersity of 1.6 and an aldehyde incorporation of 30%, the 

characterisation of which is shown in Figure 7.5.2. 

  

 
Scheme 7.5.2. Illustrated is the synthesis of P7.2, involving the copolymerisation of N-isopropylacrylamide and 
3-vinylbenzaldehyde by RAFT polymerisation. 
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Figure 7.5.2. The characterisation of P5.2 is shown: (a) the SEC trace, and (b) the 1H NMR spectrum. P5.2 has a 
molecular weight of 47 kDa and a dispersity of 1.6, measured by SEC. Comparison of peaks a (from the aldehyde) 
and b (from the isopropyl group) in the 1H NMR spectrum (b) gives the aldehyde incorporation as 22%, by mole. 

In order to investigate metal ion coordination materials, some aldehyde functional polymer, P7.2, was 

functionalised with histidine using reductive amination, illustrated in Scheme 7.5.3. Using this strategy, 

both a fully functional histidine polymer, P7.3, and a partly functional histidine polymer, P7.4, were 

synthesised. The 1H NMR spectra of P7.3 and P7.4 are shown in Figure 7.5.3. In order to partially 

functionalise P7.2 with histidine while leaving some aldehyde functionality, sodium 

triacetoxyborohydride was employed as the reducing agent, as it selectively reduces imines.16 The ease 

with which P7.4, a highly functional histidine and aldehyde functional material was synthesised is a 

highlight of the synthetic approach in this work. The efficiency of the carbonyl condensation allows for 

carful tuning of the amount of histidine that is added to the polymer as well as the amount of aldehyde 

that remains.  
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Scheme 7.5.3. Histidine functional polymers P7.3 and P7.4 were synthesised from P7.2 by reductive amination 
with histidine. To synthesise the fully histidine functional polymer, P7.3, 1.2 equivalents of histidine (to aldehyde) 
was used and sodium borohydride was the reducing agent. To synthesise the part histidine part aldehyde functional 
polymer, P7.4, 0.4 equivalents of histidine were used and sodium triacetoxyborohydride was the reducing agent 
in order to only reduce the imines and not the aldehydes. 

 

Figure 7.5.3. The 1H NMR of P7.3 and P7.4 are shown. The aldehyde functionality remaining in P7.4 is apparent 
at position a.  

7.5.2 Self-Healing Gels 

A number of functional, self-healing materials based on imine chemistry were synthesised and 

characterised. Three gels were investigated, two with a simple diamine, EDA, and one based on an 

amino acid crosslinker. 
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Scheme 7.5.4. The formation of G7.1 is achieved by carbonyl condensation upon the addition of EDA forming 
an imine crosslinked gel. Reduction of the imine bonds with NaBH4 results in G7.2 which is crosslinked with 
amine bonds. 

In order to investigate the imine-histidine doubly responsive gels made possible by the synthesis of 

P7.4, the imine gel system based on P7.2 was first characterised. Due to the complex solubility of these 

functional materials, a simple diamine was used to make G7.1, synthesised from P7.2 and EDA, 

illustrated in Scheme 7.5.6. The mechanical properties and self-healing behaviour of G7.1 was 

characterised with rheology. The gel was destroyed by applying increasing strain to the sample. The gel 

was completely destroyed and started behaving like a liquid at 170% strain, demonstrating that the 

polymer network was broken, shown in Figure 7.5.4a. The gel was allowed to heal for twenty minutes, 

during which time the storage modulus was observed over time, showing that the gel regains its 

mechanical properties quite quickly (Figure 7.5.4b). After allowing the material to heal, the gel was 

destroyed again by applying increasing strain to the system. G7.1 behaved the same was in both 

destructive tests, breaking again at 170% strain, after twenty minutes of healing time, demonstrating 

this imine crosslinked gel to be self-healing. 
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Figure 7.5.4. The rheological measurements demonstrating the self-healing behaviour of G7.1, the imine 
crosslinked gel. Strain was applied until the gel was destroyed (a), it was allowed to heal for 2 minutes and 
demonstrated quick recovery (b), and the destruction of the gel was carried out again (c). The gel had nearly 
identical physical properties in both tests, demonstrating it as a self-healing material. 

 

 
Figure 7.5.5. The rheological measurements of the reduced gel, G7.2, demonstrating it to not be self-healing. The 
gel fails at 200% strain and after healing for twenty minutes, none of the mechanical integrity of the gel is regained, 
as the gel fails at 20% the second time.  

The self-healing behaviour of G7.1 is attributed to the imine bonds in this material, which are dynamic 

in nature. To confirm this to be the case, G7.2 was reduced with NaBH4 to reduce the imines to amines. 

The response to strain of G7.2 was measured by rheology by applying increasing strain to the sample 

(Figure 7.5.5a). The sample failed at 200% strain and was allowed to rest for 20 minutes (a). G7.2 

seemed to regain its original strength almost immediately, shown in Figure 7.5.7b, likely due to the 

formation of hydrogen bonds. Upon reapplication of strain to the previously destroyed sample, the gel 

failed at 20% strain (Figure 7.5.7c). This demonstrates that G7.2 was not able to fully self-heal, 

confirming that the self-healing of G7.1 to be able to withstand the same strain after mechanical failure 

is a result of the reformation of the dynamic imine bond.   
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Scheme 7.5.5. The formation of G7.3 is done by crosslinking P7.1 with cystine, yielding a gel with two reversible 
covalent crosslinks.  

A cystine functional gel, G7.3, was successfully formed in methanol, shown in Scheme 7.5.5. First, the 

carboxylic acids of the cystine were reacted with NaOH to ensure that any dissociated acid would not 

protonate the amines on the cystine and reduce their condensation with the polymer supported 

aldehydes. The kinetics of gel formation were measured by monitoring the elastic modulus over time; 

at 2.5 minutes, the mixture took on a solid character, showing quick and efficient gel formation, shown 

in Figure 7.5.6b. These gels were stiff, with a storage modulus of 4 kPa (taken as the plateau region of 

Figure 7.5.6c). The self-healing behaviour of G7.3 was measured by rheology breaking the gels with 

increasing strain, until G” fell below G’, indicating that the gel network was broken and the material 

behaved as a liquid. The sample was allowed to rest for one hour and the measurement was repeated. 

The material had fully healed in that time and the same behaviour was observed upon the addition of 

strain to the material, demonstrating that it was able to heal itself in that time. The full recovery of the 

material is also demonstrated in Figure 7.5.6d, as a percentage of original storage modulus over time.    



117 
 

 
Figure 7.5.6. The self-healing behaviour of G7.3 is characterised by rheology. The gel stiffness was measured 
with a frequency sweep (a) and the gelation kinetics were measured and demonstrate that this gel forms quickly. 
The self-healing behaviour was demonstrated by destroying the gel with high strain (c) and allowing it to recover 
for one hour before repeating the measurement. The gel recovered fully, observed as the storage modulus returned 
to its original value after 60 minutes (d).  

The imine and disulphide bonds present in G7.3 are an exciting pair of doubly dynamic bonds to 

investigate in doubly dynamic gels.17 Both of these bonds are reversible in biological conditions and 

this material could present as an opportunity to form some interesting and potentially biologically 

responsive gels. Upon further investigation of G7.3 as a doubly dynamic material, including the 

selective degradation of the imine or the disulphide linkages under different conditions, G7.3 was 

observed to become unstable, with an irreversible dissolution of the gels observed. This is possibly due 

to some mixed reactions with the thiol and aldehyde as these bonds are not orthogonal. 

While it was not studied in this work, the mechanism of the breaking and reforming of imine bonds via 

applied mechanical stress is of interest to this discussion. The imine bond is in equilibrium (along with 

a water molecule) with it’s amine and aldehyde/ketone precursors. The presence of water can disturb 

or shift this equilibrium, so it is possible that mechanical stress can dislodge any water hydrating a polar 

polymer backbone and cause it to destabilize this equilibrium and push the imine toward its precursors. 

However the imine can also undergo imine exchange, so the presence or absence of amines or aldehydes 

can cause imine exchange that can break the polymer network. Zhang and coworkers have shown that 

when using mechanical stress to break an imine crosslinked network, the rate of imine exchange had 

the largest impact on the gel properties.18 It would be worth investigating the effect of mechanical stress 
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on these imine networks in varying stages of hydration, with excess amine and aldehyde. Additionally, 

the mechanism of the self-healing of the doubly dynamic imine and disulfide gel could be further 

investigated. As disulfide materials undergo homolytic scission when under mechanical stress, one 

could employ similar chemistry to by Lee et al which reacts with thiols19 to probe whether the disulfide 

or the imine is responsible for the self-healing behaviour of the doubly dynamic gels.  

In an attempt to find a more orthogonal pair of dynamic chemistry to tune the gel properties we 

investigated metal-histidine coordination. Histidine functional materials were used to synthesise metal 

ion coordination materials with Cu2+ ions. The gelation of P7.3 was attempted at three pH values; 5, 7, 

and 9. As was observed in Chapter 6, aggregates were only formed at pH 9, shown in Figure 7.5.7. In 

order to prevent the self-association of P7.3 as it coordinates with Cu2+ and allow it to form a continuous 

gel, the P7.3 concentration was varied from 1-100mg∙ml-1. Unfortunately, no transition gelation was 

observed. The amount of Cu2+ ions added in relation to the histidine moieties was also varied and no 

effect was observed again. The self-association of P7.3 could have to do with the highly polar histidine 

moiety covalently bound to the hydrophobic phenyl group, in combination with the geometry of the 

two histidine moieties coordinating the Cu2+. In order to try and overcome this potential solubility issue, 

the formation of gels was attempted (at 100 mg∙mL-1) in a number of solvents including: DMF, 1,4-

dioxane, water, methanol, ethanol, THF, DMSO, and acetone. No gels were observed; the aggregation 

was observed in each solvent, as well as a colour change to blue or green, indicating the coordination 

of histidine to the Cu2+. The conclusion reached about this particular histidine functional polymer is that 

while it does form interactions with the Cu2+ those nods do not provide enough strength to form 

continuous gels.  
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Scheme 7.5.6. The formation of G7.4 is done by crosslinking the histidine functional polymer P7.3 with Cu2+ 
ions. G7.4 was not a gel, but a polymer aggregate.  

 
Figure 7.5.7. At pH 5 and pH 7, the blue colour is observed, but the polymer remains in solution, as in insert 
i).The histidine-Cu2+ complexes to form polymer aggregates at pH 9, shown in inserts ii) and iii). Changing the 
concentration or the solvent still resulted in aggregates... The structure on the right is the proposed mechanism for 
the coordination, as discussed in chapter 6.  

In order to realise the goal of a doubly dynamic gel that enables the tunable mechanical properties of a 

gel, P7.4 was gelled using EDA. Upon addition of Cu2+ ions, and being left to equilibrate, the gel was 

found to dissolve. Further work is needed to fully examine this material and tune the system finely such 

that imines and metal ion coordination bonds can be used as orthogonal bonds in a gel. However the 

synthesis strategy in this chapter has enabled the facile preparation of fast self-healing gels with imine 
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chemistry. Furthermore the addition of histidine and metal ion coordination enables highly functional 

gels to be prepared which could find useful applications in sensing or biomaterials scaffolds. Further 

work in this area should focus on making similar water soluble materials and expanding the metal ion 

coordination beyond Cu2+ which is cytotoxic. 

7.6 Conclusion 

Functional polymers were synthesised for the purpose of forming gels. Highly functional polymers with 

the potential to contain doubly dynamic bonds were synthesised and the gelation and self-healing 

behaviours were examined with rheology. Cystine functional gels were found to be self-healing and to 

have quick gelation kinetics. Histidine functional materials were synthesised, and aggregates were 

found to form upon the addition of Cu2+ ions, irrespective of the solvent or concentration. It was possible 

using reductive amination to synthesise one polymer with both histidine metal ligands and aldehyde 

moieties available to undergo carbonyl condensation. The combination of imines and metal ion 

coordination bonds into one material was attempted, however there is still work to be done to fully 

explore this idea. Further work in metal ion coordination gels should focus on water soluble gels with 

a variety of metal ions. Gels were formed with cystine and with ethylene diamine. The gels synthesised 

with EDA and cystine as crosslinkers were analysed with rheology and shown to be self-healing. We 

formed a self-healing gel with two dynamic bonds that can be individually manipulated to tune the 

mechanical properties of the gel. Importantly, the crosslinking is from natural amino acids which give 

the gel chirality and biocompatibility.  
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8 Conclusions and Future Work 

To date, the synthesis of amino acid functional polymers has been arduous, often involving the 

protection of at least one functional group of the amino acid. The work presented in this thesis has 

simplified the synthesis of amino acid functional materials as well as enabled the synthesis of libraries 

and dynamic functional materials; crucial to the impact of the approach taken in this work is the removal 

of any protection group chemistry in the synthesis of these materials while preserving the amino acid 

R-groups as a functional moiety on the resultant polymers. Here, the major conclusions of this work 

will be summarised, and questions that arose from the work presented as well as ideas for future work 

that have arisen from the work.  

The functional nature of the amino acid functional materials is explored and higher polymer 

architectures are prepared and self-assembled. The dynamic nature of the metal ion coordination of 

histidine is used to lock micelles and the chemistry is used to synthesise dynamic hydrogel materials. 

In addition, the materials simplified using this approach have been used in a way that mimics the 

dynamic chemistry found in proteins and peptides, such as metal ion coordination as well as approach 

to the synthesis of amino acid functional polymers has also been to make polymers from amino acid 

functional monomers. While the use of RAFT polymerisation helps control complex polymer 

architectures, the ability to create libraries of amino acid functional polymers remains elusive. The 

preservation of the amino acid R-group is often difficult with functionalities such as the guanidine group 

and imidazole group, hindering the synthesis of truly biomimetic macromolecules. Polymer chemists 

are able to add this kind of functionality to macromolecules, however this involves a high degree of 

organic synthesis, a number of steps, low yield, and a great deal of time. 

8.1 Conclusions 

Central to the work presented in this thesis is the development of reductive amination as a post-

polymerisation functionalisation strategy; aldehyde functional monomers were copolymerised with 

N-isopropylacrylamide using RAFT polymerisation to form aldehyde functional co-polymers. Carbonyl 

condensation between the primary amines of amino acids and the polymer supported aldehydes, a 

chemistry orthogonal to the other functional groups present on the polymer and amino acids, resulted 

in imino functional polymers that could be reduced using borohydrides to form stable amines. The 

orthogonal reaction of the free amine bond of the amino acid with the aldehyde functional polymer 

ensures two key things: first, that no protecting groups are needed for any amino acids used, and second, 

that the amino acid R-groups are preserved as pendent moieties from the resulting polymers. This 

approach has been demonstrated as a viable synthetic strategy for amino acid functional polymers for 

all amino acids (with the exception of lysine, which has an amino R-group, and proline, which has a 

secondary amine), with 78% to quantitative conversion of aldehyde to amino acid functionality.  
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Carbonyl condensation was also explored as a functionalisation strategy without reducing the imine 

bonds to secondary amines. The imine bond and its dynamic nature was used to synthesise amino acid 

functional polymers whose functionality could change in response to the manipulation of equilibrium. 

Imino-glycine functional polymers were synthesised and the introduction of histidine to this polymer 

resulted in imino-histidine functional polymers. The amount of histidine added could also be used to 

control the stoichiometric amounts of histidine and glycine functionality of the polymer. The system 

reached equilibrium quickly (in less than 30 minutes), demonstrating this to be an excellent way to 

manipulate polymer composition in non-aqueous solvents.  

The synthesis of histidine functional materials is difficult, due to the reactivity of the imidazole ring. 

The facile synthesis of histidine functional polymers was successfully achieved using reductive 

amination. Control over the aldehyde content of the aldehyde functional polymers enabled the nearly 

quantitative control of the histidine incorporation between 5 and 26%. The histidine was explored as a 

highly functional entity. The pH response of the histidine functional moiety moved from anionic at low 

pH, to cationic at high pH, with two cationic moieties (the protonated secondary amine and the 

protonated imidazole) and one anionic carboxylic acid. The high charge density makes this functional 

moiety interesting. The effect of these charged states was shown to affect the LCST and this effect was 

also demonstrated to be pH dependent. These polymers also exhibited temperature and pH responsive 

self-assembly in aqueous solution.   

Blockcopolymer architectures were also synthesised and functionalised using reductive amination post-

polymerisation, with a PNiPAm block and an amino acid functional block. Histidine and glycine 

functional diblock copolymers were synthesised and their reversible temperature responsive self-

assembly was observed, with the PNiPAm in the core of the thermal self-assemblies and the histidine 

or glycine functional blocks in the corona above 50°C. The addition of Cu2+ ions to the thermally self-

assembled histidine polymers lead to the locking of these structures, which were observed after cooling 

by DLS and AFM. The addition of Cu2+ ions to the glycine functional block copolymers did not result 

in the stabilisation of thermally induced polymer self-assemblies. The catalytic activity of these 

materials, as well as of the locked micelles was studied, and demonstrated the ability of histidine to be 

a metal ion coordination site for further development of polymer supported catalysts.  

Finally, the amino acid functional materials were used to explore the synthesis of functional polymer 

based gels. Carbonyl condensation was used to synthesise dynamic, self-healing gels, that were facilely 

functionalised with histidine moieties and cystine. The versatility afforded from carbonyl condensation 

and reductive amination has allowed for the synthesis of some very interesting materials, many of which 

can be easily designed for their application in doubly dynamic systems.   

The work presented in this thesis has contributed to the field of polymer chemistry by demonstrating a 

new viable approach to the synthesis of highly functional materials. It has greatly simplified a class of 
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polymers that have been of interest as protein mimics and chiral materials for decades. In addition to 

the synthetic strategies developed, the materials synthesised using this approach have been explored in 

the self-assembly of block copolymers and as self-healing materials, two fields of polymer chemistry 

with a great deal of potential to impact human lives.  

8.2 Future Work 

The work presented in this thesis has demonstrated the use of simple and robust reductive amination 

and carbonyl condensation chemistry in the synthesis of amino acid functional polymers. Some very 

useful applications of these materials have been demonstrated and warrant further exploration and 

development as the new ease of synthesis of these materials is a significant advantage. The following 

are some interesting applications of these materials or aspects of their synthesis that warrant further 

investigation. 

8.2.1 Amino Acids as Polymer Supported Catalysts 

Amino acid functional polymers have catalytic activity in many reactions including in enantiomeric 

reactions, and as demonstrated in Chapter 6, in the hydrolytic cleavage of esters. The polymer design 

can play a large role in the resulting self-assembled structures as well as the type of reaction that can be 

catalysed. In Chapter 6, the amino acids and coordinated Cu2+ ions were in the corona of the polymer 

self-assemblies, which limited the catalysis due to the hydrophilic environment. Tuning the polymer 

composition or architecture to include these hydrophilic amino acids such as histidine or arginine into 

hydrophobic regions would be an excellent way to further explore the application of these amino acid 

functional materials as catalysts. Additionally, functionalising the polymers with more than one amino 

acid to crudely mimic the active sites of enzymes could be a simple approach to boost the catalytic 

activity of amino acid functional materials, and this could easily be done using the chemistry presented 

in Chapter 4. Exploring the incorporation of amino acids into single chain nanoparticles as tiny 

nanocatalysts is also an area of potential high impact application of the work developed in this thesis. 

In addition to academic impact, further exploration of these simple to synthesise materials as polymer 

supported catalysts could have meaningful commercial impacts. 

8.2.2 Amino Acids R-groups Reversibly Stabilising Polymer Self-Assemblies 

In proteins, amino acids interact with their surroundings and each other to control folding and three 

dimensional structure. These interactions are often reversible, good examples being disulphide bonds, 

metal ion coordination, and pH responsive charges. Using the reversible chemistries available to amino 

acid R-groups in nature in polymers and their self-assemblies is a strategy that can be employed for the 

development of realistic and biocompatible polymer based technologies. Materials that can respond to 

stimuli such as changes in equilibrium, changes in ionic strength or metal ions, in addition to pH or 

temperature, add a layer of complexity that can potentially be harnessed in novel polymer based 

technologies such as sensing, stimuli responsive delivery, or absorption of toxins.    
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8.2.3 Aldehydes: Their Controlled Polymerisation and use of Aliphatic Aldehydes in 

Similar Polymer Functionalisation 

During the synthesis of aldehyde functional polymer scaffolds using RAFT polymerisation, decreasing 

control was observed with longer reaction times or with higher incorporations. This was a manageable 

problem in the synthesis of statistical copolymers, as decreasing both the reaction time and the initiator 

concentration maintained good control. During the synthesis of block copolymers, this became more 

problematic. To synthesise blocks, and MCTA was first synthesised and subsequently chain extended 

with the aldehyde monomer. Longer aldehyde blocks were associated with a loss of control. Why this 

occurs is a question worth investigating. Is the aldehyde reacting with the radicals in the polymerisation? 

Is the aldehyde reacting with the thiol? The thio-radical? Understanding the mechanism of this loss of 

control could lead to a better understanding of RAFT chemistry and improve it in the synthesis of 

aldehyde functional materials and create a direct route to the synthesis of aldehyde polymers without 

the protection of the aldehydes, which is a significant advantage of the synthetic strategy developed in 

this work. This would also enable better synthesis of higher order functional polymers, or the 

incorporation of aldehyde functionality into multiblock copolymers. 

Additionally, the aldehydes used in this work were limited to benzaldehydes, due to the stability of the 

imines formed and their reduced reactivity relative to their aliphatic counterparts which often undergo 

irreversible gelation. These are significant advantages to their use in this synthetic approach, however, 

the resulting amino acid functional moieties are relatively hydrophobic as a result of the benzyl group. 

The use of aliphatic or alkoxy aldehydes in this type of synthetic system is worth exploring as this can 

lead to finer tuning of hydrophilic character of any resulting amino acid functional polymers. In order 

to use these more reactive aldehydes, the aliphatic aldehydes would likely require to be generated in 

situ, either by oxidation or by deprotection. The exact reaction conditions to functionalise the aldehydes 

post polymerisation would require optimisation however the absence of the benzyl group and the effect 

of this absence on the self-assembly and solution behaviour make this effort worth investigating.  

8.2.4 The Application of Amino Acids in Highly Dynamic and Self-Healing Materials 

The work done in Chapter 7 using aldehyde functional materials to synthesise self-healing materials 

with two or more dynamic chemistries. Tuning the stiffness or the rate of self-healing of a gel is 

important in fields like tissue engineering. The ability to soften a gel without dissolving it, or to 

reversibly stiffen it using different stimuli is quite advantageous. The amino acid functionalities 

afforded by reductive amination as a synthetic strategy can lead to quite interesting self-healing 

materials.  

One of the main focuses of work in this area is the optimisation of the reaction conditions such that the 

dynamic chemistries can be employed together. A good example of a material which requires this kind 

of fine tuning is P7.4 reported in Chapter 7; the imine and the metal ion coordination bonds are both 
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highly dependent on pH. Changes in each bond can also impact the pH, so there is work to be done to 

stabilise both bonds in the same system. Additionally, adding in the disulphide linkages for three 

orthogonal bonds is another intriguing undertaking.  

The complex materials that can be made in one or two steps using the chemistry in this thesis enables 

the synthesis of some highly functional and highly tunable materials. The ability to apply these as self-

healing materials lends itself to important aspects of polymer chemistry today.  
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