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Abstract

This thesis is focused on the study of the bis aromatic urea unit shown in Figure i. Particular
attention is given to the self-assembly capabilities of the units as a consequence of aromatic ring
functionality. The ease of synthesis, explained and developed throughout this thesis, and the
properties of materials containing the units make them suitable for many industrial and

biological applications (as described in Chapter 1).
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Figure i The generic structure of bis aromatic-urea moieties described in this thesis where R4 are either hydrogen
or electron withdrawing moieties and R, is a covalent or supramolecular linker unit.

Chapter 2 describes a study on chemical structure variations of linked bis aromatic urea units (a
variation of Ry.4, Figure i) and the correlation of these to self-assembly capabilities. The self-
assembly studies are focused around the gelating capabilities of the formed compounds.
Variations of the covalent linkers and outer aromatic functionalities (see Rx and R4 in Figure i
respectively) afforded a series of organo and hydrogelators. It was found that those molecules
with electron withdrawing moieties in the meta position relative to the urea bond (R in Figure i)

formed the most effective self-assembly units.

Chapter 3 details several low molecular weight hydrogelators based on mono, bi and tri-armed
bis aromatic urea units. The Chapter specifically focuses upon their applications as water
purification and drug delivery agents. Hydrogelators described in Chapter 2 are employed and
expanded upon to increase water purification properties. It was found that the formed
hydrogelators were capable of removing a range of industrial dyes from aqueous environments.
Furthermore the biocompatibility of the systems and drug removal as well as release capabilities

demonstrate the possibility of such systems in biomedical applications.



Chapter 4 explores the results of the introduction of the bis aromatic urea self-assembly units
into polymers as low molecular weight additives to enhance both the mechanical and healable
properties of the bulk phase. This effect is achieved via supramolecular interactions between the
units and polymers and specific self-assembly between the additives. Initial explorations were
performed with poly(ethylene-co-acrylic acid) and low molecular weight mono and diacid
additives. After this proof of concept stage was completed a range of bis aromatic ureas were
then synthesized and blended with the polymers. These bis aromatic ureas additives had the dual

functionality of promoting system toughness as well as lowering healing temperatures.

The chemistries reported in Chapter 5 employed the results from Chapters 2 and 4 to link the
most successful self-assembly units, via covalently bonds, to telechelic polyethylene glycol
(PEG) oligomers to create healable polymeric coatings. Control over the systems mechanical
and healable properties were realized via synthesis and blending of tri-armed polymeric units to
the telechelic PEG derivatives. A significant advantage of employing a water absorbing
polymeric backbone in the form of PEG was demonstrated in the ability of the formed systems to

close punctures in coatings via swelling phenomena.

Finally Chapter 6 reports an approach based upon the data described in the previous Chapters
whereby polypropylene glycol oligomers (which are more hydrophobic in character when
compared to analogies PEG systems) were endcapped with the self-assembling bis aromatic urea
units and the physical properties of the resultant supramolecular networks assessed. These

supramolecular networks exhibited remarkable self-healing properties.
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Chapter 1 - Introduction

1.1 Supramolecular Chemistry

Supramolecular chemistry focuses upon the use of dynamic non-covalent interactions such as
hydrogen bonds, =-m interactions, coordination chemistry, electrostatic interactions,
solvophobic effects and van der Waals forces of attraction to create functional assemblies.t
Utilisation of non-covalent bonding between chemical systems (both polymeric and low
molecular weight) resulting in self-assembly has created a range of ‘smart’ or responsSive
materials that are referred to as ‘supramolecular polymers’.2 The focus of this PhD study has
been the exploitation of non-covalent interactions and self-assembly processes to generate

novel low molecular weight gelator systems and healable polymer networks.

1.2 Gelator Systems
A gel can be defined as a ‘semi-solid material composed of low concentrations of gelator
molecules that, in the presence of an appropriate solvent, self-assemble via physical or

chemical interactions, preventing solvent flow’ (an example is shown in Figure 1.1).3
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Figure 1.1 Gelation of 1,4-dichlorobenzene by thermogelator 1.1 showing; a) the neat gelator, b) addition of the
liquid solvent, ¢) immobilisation of the solvent after heating.*

Gelators can either be classed as polymeric or molecular in nature. Whilst polymeric gels can
immobilize a solvent via both physical® and/or chemical interactions (i.e. a cross-linked
matrix®), the structure and properties of molecular gels arise as a result of self-assembly through
non-covalent interactions. These dominant non-covalent interactions result in the process of

making gelation reversible in molecular gels.’

Two quantitative and fundamental properties arise from the gelator and solvent interactions in
molecular gels. The Tge value reveals the temperature at which the gel to solution transition

occurs (an approximate measure of the gel’s strength),® whereas the Critical Gelator



Concentration value (CGC) correlates to the lowest concentration of gelator molecules required

to gel a liquid (and thus is an approximate measure of the gelator’s efficiency).’

In addition, two qualitative properties can be applied to molecular gels:
Rheological — the materials return to their original form when relieved of an applied stress;
Structural — the materials appear solid-like and yet are composed predominately of a liquid at

the microscopic scale.®

Molecular gelators are subdivided as either organo- or hydrogelators depending on the solvents

in which they form gel (although several molecules reported in the following sections are able

Nature of gelator
molecule

to gel both types of solvent) (Figure 1.2).

Solvent gelled

Organogel Hydrogel

Supergel

Figure 1.2 A flow chart demonstrating the different gelator classifications

The earliest reported organogelators were based on aromatic linked steroidal (ALS) systems
(1.2 Figure 1.3)% that rely on combinations of hydrogen bonding, n-r stacking and van der
Waals forces to aggregate. Attempts to simplify these gelators have included removal of the
aromatic group to create linker steroidal (LS) systems (1.3 Figure 1.3)'! or steroidal group to
create aromatic linker (AL) systems (1.4, Figure 1.3)'?, both types of molecule successfully
gelating a variety of organic solvents. Finally, gelators created from the linker groups used

have also been realised. For example, dioctyldecylamine 1.5 has been shown to effectively



gelate a wide range of solvents'® and even simpler alkane chains (from 28 to 36 carbons in
length), relying purely on van der Waals forces to aggregate, have demonstrated gelation ability

although the resultant gels have only limited mechanical and thermal stability.*
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Figure 1.3 Organogelators 1.2-1.5; ALS gelator; 3-B-cholesteryl-4-(2-anthryloxy)butanone (1.2), LS gelator;
Cholesteryl Laurate (1.3), AL gelator; 2,3-Bis(nonyloxy)phenazine (1.4), L gelator; Dioctadecylamine (1.5)

These developments have led to the discovery of low molecular weight gelators (LMWGSs) that
can immobilize solvents at particularly low mass/volume ratios. Within this subgroup of
gelators there is a class of gelators referred to as ‘supergelators’ (Figure 1.2) which afford
stable gels at CGC values < 1% mass/mL (many of the molecules shown in Figures 1.3-4 are

examples of such gelators).”!

As with their organogelator counterparts the search for structurally simpler hydrogelators can
be traced through categorisation of different gel systems. Cholesterol based hydrogelators, 1.6
(Figure 1.4) prove to be highly efficient, employing alcohol moieties (providing miscibility in
aqueous solvents) and amide functionalities to cause aggregation.® Sugar based hydrogelators
also rely on the alcohol moiety for solubility and other functional groups for aggregation (e.g.
1.7 relies on 7-m stacking for aggregation) to gel both water and organic solvents.'® Peptide
based hydrogelators, such as 1.8 in Figure 1.4, rely on hydrogen bonding and aromatic

interactions to aggregate, whilst the carboxylic moieties allow solvation in water.’

Surfactant based hydrogelators rely on the hydrophobic/philic character of the molecule to self-
assemble in water. Variation of the hydrophobic alkyl chain in gelator 1.9 (see Figure 1.4),
permits control over the properties of the aggregates/gel formed.® Both hydrogelators 1.6 and

1.7 also rely on surfactant properties, (e.g. for 1.6 the lipophilic B-faces create hydrophobic



pockets in aggregated form in aqueous solvents, whereas in the case of 1.7 the aliphatic chains

attached to the aromatic moiety aggregate into helical fibres) to successfully form gels.*>6
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Figure 1.4 Hydrogelators 1.6-1.9; Tripodal cholamide gelator (1.6), Sugar based hydrogelator (1.7),
bis(phenylalanine) fumaric acid (1.8), “Gemini” surfactant based hydrogelator (1.9)

1.2 Aggregation of LMWGs

All of the gelators shown in Figures 1.3-4 rely on supramolecular attractions to aggregate.
Whilst these attractions between the molecules are the cause of gelation, uncontrolled
aggregation results in either crystallization or precipitation. Hence controlled aggregation
along one dimension (resulting in fibrillar aggregation and the creation of Self Assembled
Fibrillar Networks, SAFINs)® or even two dimensions (flat aggregates®®/micelles?!) is desired
as opposed to three dimensional aggregation (e.g. crystallization??).

The networks of aggregates in gels have primary, secondary and tertiary structures, much like
those used to describe protein structures?® - the primary structure represents the molecular
composition of the gel, the secondary level correlates to the gelator’s intermolecular
interactions, and the tertiary form describes how the aggregates interact with each other.?* This
section outlines the forces responsible for the secondary structure in gels. Although it is
proposed that if one force is sufficiently strong to cause aggregation others are not needed,?
many of the LMWGs described previously rely on more than one aggregation force, resulting

in a great diversity in their structural composition and gelling properties.



1.2.1 Hydrogen Bonding in LMWGs - The hydrogen bond is one of the strongest
intermolecular interactions (= 20 kJ mol™?) responsible for aggregation in molecular gels.
Hydrogen bonding occurs between a partly exposed positive charge of a proton bound to an
electron withdrawing group and a negatively polarised atom in a neighbouring molecule.?
This bonding can occur between a variety of elements and the hydrogen atom,?” although most

relevant to this study is that of urea moieties (Figure 1.5).
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Figure 1.5 Intermolecular ribbon (left) and chain (right) hydrogen bonding between urea molecules.

Controlling the degree of hydrogen bonding is vital in gelation. As an example, ALS gelator
1.2 will not gel when a secondary amine is used to link the anthracene system to the steroidal
system (thereby replacing the ester group) despite the increased ability to accept hydrogen
bonds. However, 1.2 will gelate when the amine is converted into a tertiary amine which serves
to reduce the ability to form hydrogen bonds. It is believed that the orientation of the extra

hydrogen bonds cause uncontrolled 3D growth and hence precipitation from solution.?®

It has been observed that hydrogen bonding in gelator aggregation is not just restricted to urea
or amine systems. Other functionalities that permit gelation have already been shown in
Figures 1.3 and 1.4 including: amide systems (1.6, 1.8), ester (1.2, 1.3) and ethers (1.4).

1.2.2 n-w Stacking in LMWGs - n-r Stacking is a non-covalent force of attraction that occurs
between aromatic groups (although there is evidence for non-aromatic n-m stacking).?® Here
positive and negative electrostatic potentials on each aromatic ring align themselves resulting
in overall attraction. On average n-r stacking is weaker than a hydrogen bond (8-12 kJ mol™*
in the benzene system®°), although bonding energies up to 50 kJ mol™ have been recorded.®
The importance of 7-7 interactions has been demonstrated via attachment of aromatic moieties
to gelator 1.10, (Figure 1.6) thus increasing aromatic stacking and hence increasing the Tge

value in addition to reducing the CGC values.



Figure 1.6 3,5-diaminobenzanoate (1.10) (aromatic derivatives Ar, predominantly phenyl, naphthalene or
anthracene)

The molecular gelator 1.2 also relies on n-x stacking to induce gelation. Concurrent to increases
in hydrogen bonding, when additional aromatic systems are covalently bound to the gelator,
the gel stability is lowered. The extra n-overlap results in 3D growth, leading to gelatinous
precipitation rather than effective gelation.®® This property has been exploited to control

thixotropy in the system (e.g. mixtures of gelling and non/weakly gelling units being blended).

1.2.3 Van der Waals forces in LMWG systems - The van der Waals interaction between each
pair of CH, groups in neighbouring alkyl chains has an average enthalpic value of 8 kJ mol*.3*
The search for gels that rely purely on these forces has been accessed via exploration of gelator
1.5. By replacing the nitrogen group with a sulfur atom, the propensity for hydrogen bonding
was decreased and the molecules were found to gelate a variety of oils.®* It has been
demonstrated that the sulfur is not required for gelation as chain lengths of 28 — 36 can gelate

in a variety of organic solvents and oils by dispersion forces alone.?

The importance of van der Waals interactions has been further demonstrated by attaching
different sized alkyl chains to urea moieties and ultimately manipulation of the type of bonding
formed during aggregation. Increases in the alkyl substituent’s chain length decreased the
propensity for the urea functionalities to bind in the chain-like structure (Figure 1.6) despite
its enthalpic advantage. This change is as a result of increased importance of van der Waals
forces in the aggregation process.® It is also interesting to note that, in gelators of this type,
monosubstituted ureas were typically poorer gelators than disubstituted ureas, despite the

increased propensity for hydrogen bond formation.

1.3 Matrix Formation, Aggregation to Gelation

The creation of nucleation points, from which molecules can aggregate, can be categorised in
two ways; spontaneous nucleation (aggregation occurs at the same time throughout the gelator
solvent mixture)®” and continuous nucleation (aggregates form at a constant rate throughout
the gelation process). The type of nucleation has a direct effect on the nature of the gel finally

formed.®®



The interactions between these aggregates form the tertiary structures in gels. To enable
rigidity in the network, and hence solvent entrapment/gelation, the aggregates must be linked.
This is an element of gelation that is largely elusive, (characterisation requiring gel destruction

in many cases), yet it is these interactions which can govern the ability of a molecule to gel.

The type of linkage between aggregates affects kinetic properties of the gels and allows
division of molecular gelators into two further categories. Solid gels are described as
precipitations (formed from a drop in temperature/change in solvent polarity, or other stimuli)
at the solubility limit resulting in aggregation of the gelator molecules into a gel matrix of rigid
structures.*® In comparison, fluid gels are formed when surfactants are mixed with polar
solvents causing reorganisation and aggregation. Whilst both are comprised of networks of
fibers the stability of fluid gels arises from chain entanglement rather than connections through
nucleation points (Scheme 1.1).° The molecules of the fibres (of fluid gels) can be in dynamic
exchange with the solvent liquid (Scheme 1.1).*! This makes surfactant-based organogelators

(particularly those based on the lecithin structure) effective in drug delivery.*?

E> Junction zone
N formation (solid matrix)

Solution Nucleation —
chain growth Chain entanglement

(fluid matrix)

Scheme 1.1 A flow diagram showing the evolution of SAFINs and matrix formation in gelation

1.4 Chirality in Aggregation

An example of the macroscopic implications of the specific interactions between individual
molecules that result in gelation has been demonstrated by the introduction of chirality into
gelator molecules. Rodriguez-Llansola et al. have demonstrated how asymmetric centres
within a bisurea tetrol 1.11 (Figure 1.7) translate chirality into the self-assembled fibers formed
within hydrogels. *® It was found that only mixtures with an enantiomeric excess of 80% gelate
successfully. This trend has been referred to as ‘the majority rules effect’* - the majority
enantiomer forcing the minority to adopt the correct positions in order to aggregate. It is also

possible to translate chirality using the ‘sergeants and soldiers effect’*®, whereby small amounts



of chiral gelators can be mixed with larger amounts of achiral gelators to affect the overall

chirality of the aggregated form.

j.'l\ JOJ\
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Figure 1.7 Bisurea bas1e.c:|1superhydrogelator 1.11
This translation of chirality has also been observed in several ALS gels; where n-n stacking
systems with chiral centers promote growth of helicodial fibers, as well as in simple gelators
such as N-steroyl alanine based systems (relying purely on hydrogen bonding for
aggregation).*® In the latter system it has been demonstrated that enantiomerically pure samples
gelate a variety of solvents, but in contrast with systems based on the bisurea tetrol 1.11,

racemic mixtures resulted in uncontrolled growth and crystallization.*’

1.5 Gelation Stimuli

The stimuli used to generate gels has been divided into two main categories:-

J Physical Stimuli

Thermogels — gelators that are soluble in the solvent above a certain temperature (not the same
as Tger) and below this value become insoluble/aggregate to afford gel.

Photoisomerisation — inclusion of the photoresponsive moiety into gels makes them responsive
to UV light, however, to successfully induce a sol gel transition one isomer must be able to
successfully aggregate whilst the other cannot. Examples of this type of system are found in
gelators 1.8 and 1.11 (where the trans isomer does not gel).*®

Mechanical — gelators that respond to external forces to aggregate are becoming increasingly
common, a notable example is the cholesterol-based organogelator reported by Wu et al. that
gelates upon exposure to ultrasound.*®

o Chemical Stimuli

pH responsive — in this case hydrogelator molecules are soluble either in high or low pH
conditions but aggregate as the pH is reversed to yield gels. Key example include the phenazine
derivatives of gelator 1.4.°

Interaction with guest species — for example, the use of recognition groups within simple

molecular architectures that can coordinate to transition metals thereby inducing aggregation



and gelation.®® Gelation can also be stimulated by interaction with neutral,* charged or
enzymatic species.>?

Redox — oxidation or reduction of specific moieties can cause electrostatic interactions resulting
in gelation or precipitation (analogous to photoisomeriation). A frequently employed example
of a redox active unit is the tetrathiofulvalene moiety.>

Reactive species — the formation of covalent bonds to form gelators in situ. Gels have been
produced in studies on the secondary amine gelator 1.5. By a process of CO> insertion the
amine 1.5 is split into charged ammonium-carbamide pairs (Scheme 1.2). The electrostatic
interactions between these molecules aids gelation and allows a greater number of solvents to
be gelated. In addition, control over Tge values via the addition of CO2 and chemoreversibility

by addition of nitrogen to displace the CO- has also been shown to be possible.>*

0
R CO; Ryu o ® R
‘=2~ 1 NJJ\O 1

""NH \ +H N
R, N2 R, R,
1.5

Scheme 1.2 LMWGs formed after CO; insertion into 1.4 to form carbamide and ammonium ions

1.6 Solvent Variation

The key parameter in the gelation mechanism is the balance between the gelator’s solubility
and insolubility in a given solvent, to ensure fiber formation while preventing phase separation
or precipitation.® Hildebrand Solubility Parameters (HSP, Equation 1.1) enable quantification
of some solvent-gelator interactions. Expressed in the following equation these parameters

indicate the energy required to remove a unit (mol) of molecules from their neighbours:®

s _ [AHy—RT
= a

Equation 1.1 Hildebrand Solubility Parameter (AHy = the enthalpy of vaporisation, Vim = molar volume, T =
absolute temperature, R = gas constant).

By comparing solubility parameters the probability of miscibility of a molecule and solvent
can be calculated.®® The validity of the use of Hildebrand Solubility Parameters has been
explored by varying the organic solvents used in fatty acid gelator systems.>” It was
demonstrated that as the static relative permittivity of solvents (an indicator of polarity)
increased, the CGC decreased in a linear fashion for the studied gels. This allows prediction
of the CGC values of new gelator systems by observing both the dispersive and hydrogen

bonding interactions that form HSP values. However, the HSP system have proven not to be



universal and did not permit effective predictions for gelators other than those based on the

fatty acid system initially analysed.

A simpler explanation of gelator/solvent interactions is that a stable gel requires that the
melting point of the gelator be high and its solubility in the liquid be low.?® Alternatively it can
be said that forces that induce aggregation must overcome solvation of the gelator molecule.
A further approach is to vary the polarity of the solvents used to oppose the polarity of the
gelator. Zweep et al. have demonstrated that the contributions of the hydrogen bonding groups
and aliphatic components of gelator 1.12 to gel stability were controllable depending on the
polarity of the solvent (however, as observed with HSP values, a comprehensive prediction

was not possible).*
(@]
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Figure 1.8 Bisurea (X = NH) and amide (X = CH>) cyclohexane based organogelators, 1.12 (with one
substituent in axial and equatorial positioning)

1.7 Gel Design

The methods to generate successful gels can be divided into two distinct approaches.®® The
library approach combines two or more known gelating components, through covalent or non-
covalent bonding, to give a modified gelator molecule in situ. A variety of gels can be
synthesised by modifying one of the components as demonstrated by Miyata et al., whereby a

range of gels were generated from combinations of bile acids with aliphatic amines.%°

The second approach to gel design is commonly referred to as the scaffold approach. In this
method, a known gelator is structurally modified via covalent bond formation.%* A notable
example of this approach has been demonstrated in the modification on gelator 1.2.%2
Attachment of crown ether groups to gelator 1.2 yields a new gelator (see 1.13 in Figure 1.9)
allowing metal complexation into the gel structure. By varying the concentration as well as
type of ion complexation the Tge values can be effectively controlled. Another key example of
the scaffold approach is the bisurea thiophene 1.14 (Figure 1.9).% Well-established bisurea
alkyl gelators are combined with thiophenes to enable n-n stacking of the thiophene aromatic
rings to form molecular wires capable of conducting electrical signals throughout the gel

medium.
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Figure 1.9 ALS organogelator 1.13, (analogous to gelator 1.2 with crown ether attachment), Bisurea thiophene
based organogelator 1.14

1.8 Bis Aromatic Ureas in LMWGs

The bis aromatic urea moiety is a common structural motif in gelator compounds. A novel
hydrogelator (see 1.15 in Figure 1.10) that utilised this structural unit was reported by Hayes
et al.*® The bis aromatic urea 1.15 was found to aggregate in acidic solutions (pH < 4) to form
fibers in which hydrogen bonds between the urea and nitro moieties are orientated along the
axis and m—7 stacking interactions perpendicular to the fiber axis (Figure 1.10). Partial
ionization of the acidic groups in solution results in frustrated crystallization, encouraging fibril

development rather than 3D growth leading to gelation characteristics.

interaction

O,N

RO Q
N CO,H e
H

interaction [
H

CO,H H-bonding ﬂ b 1

1.15

Figure 1.10 Left, hydrogelator 5-(3-(4-Nitrophenyl)ureido)isophthalic acid (1.15), Right proposed interactions
in aggregated gel system showing fibrillar arrangement.

A scaffold approach has been employed to modify gelator 1.15 including positional changes
of the nitro group on the aromatic ring, replacement of the nitro group (with an amine, nitrile
or ether moiety) and replacement of the urea group with a thiourea link.®* It was noted that
only modifications with an electron withdrawing moiety replacing the nitro group resulted in
successful gelation. This result was evident on account of the nature of the urea diphenyl

moiety. The carbonyl moiety is not a strong intermolecular hydrogen bond acceptor as a result
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of its intramolecular interactions with the adjacent phenyl groups, as has been demonstrated in

several urea diphenyl group derivatives (see 1.16).546°

NO, NO,
H.

o
X1 0
DY

H . 1.16

I
S.

Me” “Me

Figure 1.11 Solvent interaction and intramolecular hydrogen bonding in N, N’-bis(m-nitrophenyl)urea (1.16) and
DMSO systems.®

The proton donating ability of such bis(aryl) urea systems enables employment of the system
as catalysts in Diels-Alder reactions.®” It also enables incorporation of anionic guest species
into the hydrogen bonding network of bis(aryl) urea moieties, in many cases causing
aggregation. This inclusion has also been demonstrated in oligomeric bis(aryl) urea gelators,
incorporating guest species into capsules formed by belts of hydrogen bonding between the

urea groups.®

1.9 Water Purifying Application of Gels

One of the key applications of gels studied in this thesis is that of water purification. Polymeric
water purification systems that employ hydrogels are well-established. Both anionic®® and
cationic dyes’® can be effectively removed from water via silica/urea and polysaccharide based
polymeric gels. In contrast, examples of water purification systems based on LMWGs are not
as common. It has been shown that LMWG 1.15 absorbs dyes via intercalation within the gel
fibrils (Figure 1.12). After dye extraction gelator regeneration can be achieved easily via

washing with chloroform, facilitating the potential of gel reuse.®

1. 2. 3.

-

Figure 1.12 A series of images showing dye removal from aqueous environment where; 1) vial of gelator 1.15
and beaker of aqueous methylene blue (250 mL, 0.25 mg L), 2) solution of the two, 3) system after being mixed
together for 72 hours.

Other key examples of water purification, based upon dye removal via gel contact are realised
in gelators 1.17-1.19 (Figure 1.13). The pH tunable tripeptide based hydrogelator 1.17 (Figure

1.13) was able to remove organic dyes (Rhodamine B, Reactive Blue 4 and Direct Red 80)
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from dilute solutions (gelator was recoverable by pH switching in this system).”* The peptide
based hydro- and organogelator 1.18 has been used to remove Crystal Violet from an aqueous
into an organic phase. The sodium salt of the carboxylic acid capped peptide allows
hydrogelation. When reprotonated the gelator becomes an organogelator separating into the
organic phase with the absorbed dye.”? The bolaamphiphile hydrogelator 1.19 has also been
found to possess dye extraction capabilities. The system can remove several ionic dyes (Crystal
Violet and Naphthol Blue Black) from neutral water. Gelation is stimulated via the addition
of divalent salts (MnCl2, CoCl,, CuSOs, and NiCly). Its reversible absorbing properties have

also been employed in the controlled release of vitamin B1, molecules.”

)\ff\)J\)\WOH \/\/\/\)J\?B\W\)J\ONCE

1.17 1.18

HO M \)J\OH

Figure 1.13 Tripeptide based hydrogelator 1.17, Amphiphilic organo and hydrogelator (shown) 1.18, both R; and
R varying aliphatic and aromatic substituents, bolaamphiphilic hydrogelator 1.19.

In conclusion, the use of supramolecular chemistry to create LMWGs is an area of increasing
development. It has been shown that a variety of supramolecular bonds can be employed to
create such self-associating units capable of gelation. The dynamic nature of the formed gels
(or rather their interactions with the solvent surroundings) also render them relevant to such
applications as dye removal or drug release. Futhermore, it is important to recognise the
parallels between the self-assemblies crucial to gelating systems and those employed in the

supramolecular self-healing systems that are reported in the following section.

1.10 Self-Healing Polymer Systems

The second part of this introduction focuses upon self-healing in materials chemistry, with
primary attention given to the role of polymeric protection systems. Throughout this chapter
polymeric protection is defined as a system that provides a barrier between an internal/fragile
component and the outside environment (for example, many of the plastic cases available for
personal electronic equipment). Remote protection systems share the same role as defined

above, but where human intervention is not feasible (for example, under-sea
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telecommunication and power cabling). In attempts to increase the longevity of such types of
protection systems, the ability of a material to self-heal is of vital importance. Self-healing

polymer protection systems have been classified according to three main approaches: —

I)  The encapsulation approach;
I1)  Dynamic/irreversible covalent bond systems;

[11) Supramolecular based systems.

1.10.1 The Encapsulation Approach - Autonomous self-repair in protection systems has been
developed in the form of a micro-encapsulation approach. In this approach a healing agent (or
additional anti-corrosion/anti-oxidant) is encapsulated within microparticles which, when
fractured, leach into the voids created by damage in the polymeric medium (Figure 1.14)."* A
common problem encountered within this approach is that the pristine materials properties are

not recovered upon healing (due to variations in polymer types/networks formed).

This method has been modified to yield a healing agent whereby a monomer is encapsulated
(a variation of A in Figure 1.14).” The monomer containing microcapsules are dispersed
within the polymer bulk in addition to polymerisation catalysts. When the microcapsules split
as a result of damage, they release monomers which come into contact with the catalyst leading
to polymerisation and thereby the damaged region is healed. This approach is limited both in
the number of break-heal cycles obtainable and catalytic poisoning/unwanted cross-linking
(affecting the mechanical properties of the polymer through differences between the bulk
polymer and the newly formed ‘healed” polymer).”® In addition, the additional complexity of
designing a combined catalyst and microcapsule system that can be dispersed into the polymer
medium and remain stable under the conditions required means that this approach is not a
universal solution to healable polymers. Another significant concern with this approach is that
once the capsules are broken they cannot be reused, and therefore the number of break-heal

cycles is drastically limited.””

An alternative composite approach has involved hollow fibres filled with healing agents that
are embedded within a bulk matrix (see B in Figure 1.14). For example, glass fibres filled with
superglue (ethyl cyanoacrylate) have been used in cement composites,’® or more complex
systems of glass fibres embedded in polymer matrices that release healing agents upon cracking

to effect healing.”® Conjugate systems of healing agent and UV-vis active agents that allow
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healing upon cracking of nanotubes as well as detection of the repair have also been reported.&
One of the major problems with using hollow fibres is that the cracking/defects formed must
be of correct size to induce capillary action and release the healing agent.8* Furthermore, in
parallel to the microcapsule healing approach, once broken the fibres expend their healing

capabilities limiting the number of repair-heal cycles.

Attempts to circumvent this problem (present in both microcapsule and fibre encapsulation
approaches) have involved connection of the fibres to create networks that span the length of
the polymeric bulk in a vascular like system (see C in Figure 1.14).8? The channels can then
be attached to reservoirs to pump healing agents into the system® or monomers® to react with
embedded catalysts allowing refilling of broken channels and multiple break healing cycles.
Naturally complications arise from this approach including the complexity of the vascular

system, blockages and leakages in the systems, and power requirements. 886

A) B)
® © e ©
(@] o ® - Repair @ © ® < Repair
— - 9 Gwr—er— ~
€] @ —
C IR e ¢ ¢

Figure 1.14 Showing damage initiation (black arrow) and repair for A) microencapsulation technique (where
healing agent is encapsulated, or monomer is encapsulated with catalyst dispersed throughout the polymer bulk),
B) filled fibre technique (analogous to A) (images reproduced with permission from reference 97) C)
microvascular approach. (images reproduced with permission from reference 77).

1.10.2 Dynamic/Irreversible Covalent Bond Systems - The use of dynamic covalent bonds
as pathways to self-healing polymers were among the first reported.®® Use of the reversible
Diels-Alder cycloaddition of furan and maleimide moieties has been studied extensively in
self-healing polymeric systems. (Scheme 1.3)8% The majority of the reported polymers
(polyolefins, polystyrenes and poly(ethylene glycols)) heal only at elevated temperatures (>
90 °C).”! However, thermal repair can be achieved at temperatures as low as 60 °C using a
dendritic polymer with furan moieties located at the focal point.
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Scheme 1.3 Reversible polymer cross-linking of pendant furan and maleimide moieties via Diels—Alder
cycloaddition where R; and R; represent covalent linkages to polymeric backbone.89-%

Alternative Diels-Alder cycloaddition polymers with healing potential include those based
upon cyclopentadiene (Scheme 1.4). In these cases the cyclopentadiene dimerises to create a
polymer with a dicyclopentadiene repeat unit in the chain.®® The reversible nature of the
reaction has been employed to create reversible cross-linking in polymeric systems.®* However,
these systems only operate at extremely high temperatures (> 170 °C) rendering them

unsuitable for remote protection technologies.

3O

170 - 250 °C

Scheme 1.4 Dimerization of cyclopentadiene and incorporation into a polymeric backbone to afford a healable
polymer system. %394

The use of reversible disulfide bridges as a route to healable polymers was among the earliest
approaches reported.®® The use of FeCls to couple thiols via oxidation has also proved
successful (Scheme 1.5). This route has been effectively employed in polystyrene polymers
bridged by disulfide bonds though the operating conditions are very specific (temperatures >
60 °C are also necessary).*® In parallel with the disulfide bridge approach, alkoxyamines have
been shown to exhibit self-healing properties when inserted into the main chain of polymers.®’
T T

Rq R
] Oxidation, > 60 °C g 1
SH S

S
SH Reduction, > 60 °C )
R; Rz
-

Scheme 1.5 Reversible polymer cross-linking of disulfide bridges under oxidizing and reducing conditions. %%

Several photoinduced repairable polymeric systems have been developed that include the
photodimerization of anthracene moieties (Scheme 1.6),%%%° coumarins'®!%! and

trithiocarbonates*?? attached to polymeric backbones.%
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Scheme 1.6 Reversible polymer cross-linking of anthracene moieties via photodimerization.

The use of bulky substituents in reversible amide formation has been demonstrated in the
literature, but this reaction is unfeasible for self-mendable polymers, as the ketene formed is
far too reactive/unstable to allow diffusion throughout the bulk (i.e. the bonds break and reform
instantaneously without movement and hence do not permit repair).1** The most successful
approach has been demonstrated by Ying et al.!% Employment of known reversible urea
bonds, via attachment of bulky substituents to nitrogen moieties, %1% in polyureas has led to

the creation of a stable polymer that can heal at room temperature (Scheme 1.7).
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Scheme 1.7 The creation of a hindered urea bond via addition of bulky substituents and its reversible dissociation
into isocyanate and amine moieties at room temperature. 1%

The reversibility, and stability of the intermediate, of the urea bonds is such that when polymers
of different molecular weights (up to a factor of 10) are mixed, at 37 °C, polymers of the same
average molecular weight are formed (as monitored by light scattering GPC). However, the
disadvantages of this system include the instability of the isocyanates formed in aqueous media,
as well as the weak gel-like nature of the material (e.g. Young’s modulus of 1 MPa when
compared to other protection systems such as: common rubber — 0.1 GPa,® Teflon — 0.5
GPal% or carbon fibre reinforced plastics — 181 GPa).!°

It is noted that there are reported self-healing systems based upon non-reversible covalent bond
formation.®® These systems present the same flaws as those reported with the encapsulation
approach (limited break-heal cycles).

1.10.3 Supramolecular Self-Healing Systems — Polymeric systems with self-associating
supramolecular groups offer an alternative route to self-healing materials. Such systems can
be thought of as ‘molecular zips’ where the weaker non-covalent interactions provide

reversible interactions/sacrificial bonding during system damage, whilst the covalent
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polymeric networks provide material stability. The result is a dynamic healable polymeric

network capable of undergoing multiple break-heal cycles.

1.10.3.1 Hydrogen Bonding - The first use of hydrogen bonding interactions to generate
supramolecular networks capable of self-healing was reported by Liebler et al. (see Figure
1.15).1*1 This elastomeric material, marketed under the trade name of ‘Reverlink™, employs
di- and tri-fatty acid oligomers functionalised with urea moieties to create a hydrogen bonded
network capable of self-healing at room temperature. Although the glass transition temperature
(Tg) of the material was low (T4 = 28 °C) and plasticising additives were required to achieve
adequate toughness (e.g. uniform stress =~ 3 MPa), the use of self-assembling low molecular

weight oligomers represented a novel approach to self-healing polymer networks.
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Figure 1.15 Self-healing low molecular weight system of fatty di- and tri-fatty acids oligomers after triamine
condensation and urea formation.!!

Palleau et al. have employed Reverlink® injected with microchannels of liquid alloy eutectic
gallium-indium to create conducting wires able to self-heal, once severed, by the application
of an electric current.!'? The system employs the low melting point and high conductivity of
the alloy*® as well as the ability of the alloy to form oxide films!** when in contact with air to
prevent seepage when the wire is severed. When the severed wire was placed back together
reduction of the oxide film and flow of the metal allows the conductivity to be regained. A

related approach to electrically induced healing of hydrogen bonded oligomer networks was
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reported by Bao et al. who used nickel nanoparticles embedded in Reverlink™ to create
> 115

‘electronic skins’.
In addition to the development of Reverlink™, several other key examples of self-healing
polymers based upon reversible hydrogen bonding interactions. Notable examples that make
use of self-associating hydrogen bonded recognition groups with high dimerization constants
(Kdim > 103 mol?) include the six hydrogen-bonded cyanuric ‘wedge’ systems reported by Lehn
et al.,*!® the quadruple hydrogen bonded ureido-pyrimidone systems described by Meijer et al.
(Scheme 1.8) (now marketed in the form of SupraB®),!” and the triple hydrogen bonded
bis(melamine) polymers blended with cyanurates or barbiturates detailed by Yagai et al.*'® As
a consequence of the strength of the association of the recognition groups in these
supramolecular networks and weak phase separation of the polymer/supramolecular

moieties,'® all of the systems required heating above room temperatures (> 30 °C) to stimulate

healing.
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Scheme 1.8 An example of the use of the acceptor acceptor donor donor (AADD) self-assembly unit ureido-
pyrimidinone as a self-healing motif.1%

1.10.3.2 Metal Ligand Interactions - Several systems based on derivatives of the tridentate
ligand terpyridine, when attached to the termini of polymeric units complex with metal ions
(Fe(1), Co(lIl), Zn(11), or Cd(Il)). These can form crosslinked systems that are able to
dissociate at low temperatures (40 °C)'*® or with addition of competitive solvents to induce
phase separation.!? Similar systems have been developed using pyridyl motif complexation
with Zn(11) ions.*?!  Finally, use of Zn(ll) ion complexation with pyridine functionalized
ligands, attached to polyolefins, has afforded light-induced healable polymers.t?? The wide
range of organometallic complexes available!?® will allow for many for future developments
in this field.

1.10.3.3 lonomeric Healing Systems - Polymers with partially neutralised carboxylic acid or
ammonium moieties,*?* represent self-healing systems that rely on a combination of both ionic

and polymeric interactions. Several polymers produced by DuPont® such as the acid
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functionalised Surlyn®, and neutralised Nucrel®, have shown ballistic (i.e. bullet impact)
healing capabilities.??>'%6 Recovery was attributed to a two stage system involving polymer
melt and ionic cross-linking (Scheme 1.11). However, this simplistic model has been subject
of debate — recent studies have shown that recovery is reliant upon hydrogen bonding

throughout the network and heat generated by ballistic impact.2>127

@ m
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&

Scheme 1.11 Various order-disorder transitions of ionomers where; T; = temperature required for ionomer
disassociation, Tm = melt temperature of polymer chain disentanglement, T, = crystallization temperature!?®

Relaxation

1.10.3.4 Aromatic n-n stacking Interactions - There are several reports of polymeric materials
employing m-m stacking initiated mechanisms, applied to create self-healing polymeric
films!29130 and gels.’3t A further example of n-n stacking has been developed by Hart et al.
applying tweezer like interactions between n-electron poor (1.20) and n-electron rich moieties

(1.21) to yield self-healing supramolecular networks (Figure 1.26).303!

1.20
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Figure 1.16 A) n-electron-deficient naphthalenedimide units (1.20) and n-electron-rich pyrenyl residue (1.21), B)
Model of the chain-folding-tweezer complex between 1.20 and 1.21, C) Model representing blends of polymers
incorporating units of 1.20 and 1.21 with self-healing capabilities.**?

1.10.3.5 Hybrid Systems - Healable polymers that rely on a hybrid of reversible covalent and
non-covalent interactions have been reported in the literature.’®-*% Blends of polymers
bearing ammonium salts, attached via disulfide bridges, and polymers bearing crown ether
moieties can be disassembled under mild conditions (60 °C).13* Further hybrid systems employ
the reversible formation of imine covalent bonds, via variation of pH, alongside n-n stacking

and solvophobic effects in the hybrid polymer backbone.'3*
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1.11 Modelling Self-Healing in Supramolecular Systems

In attempts to design and create new self-healing systems based on supramolecular assembly
it is essential to understand the mechanical and thermodynamic models associated with the
healing processes, as well as to define the parameters of successful self-healing.

1.11.1 Five Stage Model of Passive Self-Healing - A well-recognised model for describing
self-healing systems is the five stage model of passive self-healing (Scheme 1.12) developed
by Wool and O’Connor.*®*® The model was originally developed with the intention of
investigating systems that contain healing agents, either encapsulated or as embedded fibres.**
Despite this focus, this model has been applied successfully to supramolecular self-healing

systems.

d) Diffusion

c) Wetting E

Iir)é’ ] l_ \ l_ _@ Creation of variations

i . iv) in Tg at surface

5] ferd]

) iii)

Scheme 1.12 Five stage model of passive self-healing, where variations in surface T are theoretically caused by
- i) space requirements of polymer end groups; decrease in surface polymer density via: ii) alteration in high
weight molecular chain conformations as a result of generated surface confinements or iii) collective chain
motions requiring lower free volume than standard bulk motions, leading to chain migration; iv) accumulation of

low molecular weight polymers at surface.

1.11.1.1 Surface Rearrangement - In the first stage of any self-healing process, defects in the
polymer bulk and surfaces create new surfaces (a, Scheme 1.12). Variations in the glass

transition temperatures (Tg) at these surfaces separates supramolecular self-healing from the
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process of welding (where network reformation is achieved via heat applied to melt the
sample).’*” Potential causes of the Tg variations (at newly created surfaces, on account of

damage) have been separated into four main categories:

1) Higher space requirements of polymer end groups (i, Scheme 1.12) are a result of increased
rotational and vibrational freedoms when compared to the bulk polymer.2381% This results in
chain movement into the bulk, an increase in available free volume for the end groups and a
decrease in chain entanglement and density at the surface.’*® This theory is of particular
relevance when one considers self-healing systems based on dynamic reversible covalent
bonds.1® Migration of ‘active’ cleaved end groups to the surface is essential for bond
reformation between separate surfaces rather than bond formation within the bulk. In
supramolecular systems migration of functionalised end groups to the surface would be
desirable to create reductions in T4 as well as facilitating binding with free recognition sites on

opposing surfaces.

il — iii) Reduction in symmetry in contact space via creation of a new surface causes a decrease
in surface polymer density. This can occur in two ways and is the proposed cause of Ty
variations in ii and iii in Scheme 1.12. Longer chain length polymers will migrate away from
the surface (ii, Scheme 1.12).24! Conversely, such decreases in surface polymer density can be
as a result of the collective chain motions of certain sections requiring less free volume than

the bulk chain (iii, Scheme 1.12) analogous to category i.14142

iv) Migration of shorter chain length polymers/molecules to surface occurs as a result of higher
thermal motions when compared to that of the bulk (iv, Scheme 1.12).14 This will create a
decrease in the Tg in accordance with the Flory-Fox equation (Equation 1.2).

Tyn =Ty — K/Xp

Equation 1.2 The Flory-Fox equation; X, is the number-average chain length, K is a polymer-specific constant,
and Ty, is the asymptotic value towards which Tq tends as molecular weight increases.

The migration of lower molecular weight molecules to newly created surfaces, combined with
chain flexibility and entropy variations, has been employed effectively in the approach of Yang

et al. to model the thermodynamics of self-healing (Section 1.11.1.3).144

Desirable criteria for self-healing materials include the introduction of a decrease in the glass
transition temperature at the surfaces formed (Tqs) whilst maintaining that of the bulk (Tgp)
(Figure 1.17). Lower Tgs values will allow chain motion at contacted surfaces facilitating

wetting, and eventually healing, to occur (see c in Figure 1.27 and Section 1.11.1.4). In order
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to provide mechanical properties sufficient for that of a protection system the T4 must remain
undisturbed (i.e. a defect cannot cause a decrease in T4 throughout the entire system resulting
in protection failure). For polymers to heal at the surrounding environmental temperatures
under which they are placed, without external heating, the Tgs must drop to at least that of the
surrounding system, preferably lower. Several gel based (employing Tgel in place of Tg) and

counter ion polyelectrolyte systems have achieved this gradient.1t:145:146
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Figure 1.17 Idealised variation of glass transition temperature with decreasing sample depth (from the damaged
surface) for self-healing where; Tqy is the Bulk Polymer Glass Transition Temperature, Dy the critical bulk
depth and Ds surface depth.

When considering polymeric systems for remote protection roles the manner of the surface
rearrangement is of high importance (see a in Scheme 1.12). As an example, all protective
materials will be subjected to mechanical stresses resulting in nano-fractures forming that
ultimately lead to the development of macro-sized cracks. The majority of controlled
experiments replicate these faults (namely cutting into the surface with a scalpel) creating
wedge shaped deformations in the material.®**>® However, there are a variety of additional
processes that can also create surface rearrangement within protection systems including, and
not limited to:- solvation, defects in extrusion (e.g. encapulsation of undesired
materials)/synthesis,**’ electrical/water treeing,'*® swelling'*® and mechanical torsions.'*°
Therefore when modelling self-healing in supramolecular polymers, defects that do not create

the same surface dimensions as a scalpel cut must also be considered.

1.11.1.2 Surface Approach (towards contact) - Surface approach (see b in Scheme 1.12) is an
important step for engineering considerations when modelling self-healing materials for
protection roles. If the mechanics of the overall system do not allow for surface approach
resulting in contact, healing will not occur regardless of whether surface rearrangements are

beneficial to healing or not. Concurrently, in some systems, if the surfaces do not contact in a
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required time, further surface rearrangements can in fact prevent self-healing.1*>1! As an
example, gelator based systems rely on mechanical pressures to force surface contact and
initiate self-healing after surface rearrangements.’*® This healing mechanism has been applied
to electrical cabling protection systems, employing the internal pressures from outer coating

constrictions to force surface approach towards contact.>

A revised model of surface approach has been observed in supramolecular based self-healing
systems that rely on elevated temperatures to heal. Rheological studies of self-healing
materials have revealed an inversion of the storage (G’) and loss of (G”) modulii at critical
temperatures (see Terit, Figure 1.18). Above such temperatures G”>G’ and the materials
exhibit a viscosity allowing limited flow to result in surface contact. Below such temperatures

G’<G” and the materials are unable to flow providing the bulk protection properties desired.'*

4 polymer unable to flow/heal

polymer able to flow/heal

Modulus (Pa)

T = Terit
Temperature (°C)

Figure 1.18 Graphical representation of idealised rheological plot for self-healing polymers where polymer flow
occurs with T>Tit.

Two important considerations must be mentioned at this point. If Tcrit> Tgp then the material
is experiencing a welding process and not self-healing (for healing at system temperatures,
Tsyst, Terit< Tsyst). The Terit Values of the surface must be separated from the values of the bulk
material for self-healing protection systems. If polymer flow is experienced throughout the
bulk then the system’s validity for protection roles will be limited.*>*1°

The ability of the material to flow around surface areas whilst maintaining its bulk protection
properties has direct impact on the level of healing achieved. One of the standard models for
healing of scratch defects employs a base upwards healing movement (Figure 1.19).14° Here
contact between surfaces at the bottom of the scratch is achievable, resulting in self-healing

and a decreased distance between the surfaces above the base. Continual healing and surface
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movement eventually achieve full surface recovery. However, if the force exerted by the base
healing cannot exude enough mechanical pressure to enable movement and contact of upper
levels the healing cannot be achieved. Often heat is applied to overcome such obstacles, but it
is vital to understand that materials with a high self-affinity/high G’ will not flow regardless of
the materials base healing capabilities (see Section 1.11.1.4).1% This recurring theme of
compromise between properties desirable for protection systems, in this instance the elastic

modulus, and healing capabilities is highlighted in Section 1.12.

Flow of bulk polymer
D SRR induced by base
healing

Mechanical force
4+— exerted by base

healing

Figure 1.19 Crack defect healing from base up where initial base healing forces defect contact to induce
subsequent healing.

1.11.1.3 Wetting - Wetting (see ¢ in Scheme 1.12) is the process of forming interfaces between
surfaces in contact to allow self-healing to continue in the form of diffusion (e.g. d in Scheme
1.1.2). Initially modelled on the spread of healing fluid on rearranged surfaces, the model can
be adapted to include two rearranged polymeric surfaces in contact.?>® If it is assumed that
rearranged surfaces are brought into complete contact, with desired Tgs variations (Figure
1.17), initial pools of wetted surfaces will increase exponentially with time until a fully wetted

area is achieved (Equation 1.3).1%

W(t) = 1—exp(—kt™)

Equation 1.3 Growth of two dimensional fraction of wetted area, (W(t)) where; t = time, k and m are constants
depending on nucleation function/spreading rates.

Naturally the model is limited with respect to the limited mobility of polymers when compared
to a healing fluid. However, the model does predict an increase in wetted fraction, leading to
an increase in diffusion and hence healing with increased contact time, as has been

demonstrated in many healing systems,144-147.157

Yang et al. have developed a model for self-healing that is applicable to the stage of wetting

(d, Scheme 1.12). The model encompasses the enthalpy and entropy available at cleavage
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surfaces,** and is dependent upon the cleaved chains’ status as tethered to the polymeric bulk
or free, their flexibility!®® as well as the molecular weight of the polymer. As a result energy
requirements for self-healing are able to be mapped as a function of chain length and flexibility
(Figure 1.20).

A —Free Chain Ends
B —Tethered Chain Ends
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Figure 1.20 Gibbs free energy (AG) available for wetting and diffusion as a function of length of polymer chain
(N) and chain flexibility (f) where; A represents free chains, B tethered chains (Figure reproduced with permission
from reference 148).

Shorter molecular chains, caused by surface damage or migration to surface (iv, Scheme 1.12),
exude favourable entropy, as a result of decreased restrictions, and hence facilitate wetting and
diffusion (see c and d in Scheme 1.12 and Section 1.11.1.4) at lower temperatures (Equation
1.2 and Figure 1.20). Chain flexibility also facilitates healing at lower temperatures increasing
the probability of contact between two broken chain ends. The healing curve (represented via
the red line Figure 1.20) demonstrates the dynamics of flexible short chained units binding
during a healing cycle. As the chain length grows, and becomes incorporated into the
polymeric bulk, (diffusion d in Scheme 1.12 and Section 1.11.1.4) the flexibility decreases.
As a result the energy required for the process increases to the critical point (AG = 0) where
spontaneous diffusion (resulting in self-healing) will not occur. Energy is therefore required
to overcome attractions (causing the barrier) within the bulk that stop material flowing into the

damaged area (Section 1.11.1.2).

1.11.1.4 Diffusion -The process of regaining the bulk polymer’s pristine properties is achieved
via diffusion (see d in Scheme 1.12). As demonstrated by the model developed by Yang et al.
(Figure 1.20), polymer length and chain flexibility have a direct impact on overall diffusion,
and thus self-healing efficiency. This trend is consistent with reptation dynamics and the tube
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model of polymer motion (describing the confined motion of polymers).***% Polymers that
self-heal below Ty rely on variations in Ty throughout the surface to penetrate and diffuse
into the bulk (see Section 1.11.1.1, Figure 1.28).16!

Two major considerations in this final stage of self-healing must be highlighted. Firstly the
extent of applied heat (Tappi) must be analysed within the context of systems that require
elevated temperatures to self-heal. Provided Tappi < Tg,s it has been proposed that the process
of restoration is self-healing rather than simple melting.1**1%¢ However, when one considers
the spread of elevated temperature throughout the polymer bulk, the variations in polymer
molecular weights as well as flexibilities and degrees of freedom, a Boltzmann like distribution
for temperature can be derived (Figure 1.21). In this case, certain individual polymers, or
clusters, would experience temperatures in excess of Tgp, even under Tappi < Tgb conditions.
Thus it is feasible that self-healing occurs as a result of localised melting and welding within

clusters of the bulk.

N T = Tappl T = Tg'b

Polymer fraction

v

Temperature

Figure 1.21 A Boltzmann based distribution of temperature experienced by polymer fractions throughout
application of temperature (Tapp) to healing systems.

These temperature and mobility variations within the polymeric bulk have been expressed in
the twinkling fractal theory.1%%13 The fraction of solid and liquid like clusters in a polymer is
determined by the population in available energy levels. Thus as Tq is approached from either
above or below, clusters of polymers are observed to ‘twinkle’ in and out of the bulk

representing either solid or liquid like populations.t®

The second consideration, self-affinity between the polymers, encompasses a more design
based approach to self-healing polymeric systems, and is applicable to all stages of the five

stage self-healing model (see Scheme 1.12). The use of binding constants to monitor and
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design novel supramolecular®®!%® as well as dynamic covalent bond!® based self-healing
polymeric systems has been documented. The development of supramolecular based self-
healing systems requires consideration of the strength of binding constants associated with the

recognition moieties present in the polymer structure.®’

Again the compromise between the material’s use as a protective system and its ability to self-
heal at Tsyst is found. By increasing the strength of binding constants in functionalities, greater
protective characteristics are achieved and higher healing efficiency (Equation 1.4) (if healing
is achieved). Conversely, an increase in the energy required to achieve surface approach,
wetting and diffusion is needed.'®® Self-healing materials with large enough binding constants
could find diffusion into the bulk, rather than into the contacted rearranged surface,
thermodynamically favourable.

1.11.1.5 Randomization of Polymer System - The randomization stage is achieved when
diffusion (see d in Scheme 1.12) has occurred to such an extent that the damaged material has
recovered to the greatest degree possible. In many cases the healing process does not achieve
the properties of the pristine sample, but good recovery (> 90 %, Equation 1.4) can be

demonstrated.®® Healing efficiency is calculated as a fractional scale:-

R(o) = Ohealed
( ) Oinitial

Equation 1.4 showing healing efficiency (R(c)) where; ohealed IS fracture stress after and cinitiar iS before healing.

1.12 Self-Healing Polymers as Protection Systems

The five stage model of passive self-healing, as well as Yang’s thermodynamic model, provide
excellent understanding of the theories behind self-healing in supramolecular systems, yet fail
to take into account the applicability of the systems in question. The physical properties of the
polymers (glass transition temperatures, crystallinity, adhesion properties etc) are not outlined
within these models. For example, reports by Chen et al. on polymeric gels*®* or metal ligand
based polymers, as described by Holtem-Andersen et al.,*>® demonstrate self-healing at room
temperatures (c.a. 20°C) as a consequence of the ability to flow when damaged, yet their
applicability within a protection context is obviously non-existent when their low mechanical

strength is considered.
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As demonstrated throughout Section 1.11, there is a constant compromise between the ability
to self-heal at system (ambient) conditions and also provide sufficient mechanical
characteristics desirable for remote protection. This conflict was highlighted in the analysis of
Yang et al. model (Figure 1.20). An adaptation of the model allows the insertion of the
polymer’s intrinsic mechanical properties (representing its suitability as a protection system)
into the healing cycle (Figure 1.22). The same parameters of the healing curve (Figure 1.20)
can be employed, though simplified. The Gibbs free energy for both tethered and free chains
are modelled as dependent on chain length in accordance with Equations 1.5 and 1.6;

15 AG= —nRT{InN +In(Z)+ (N -2)In[=])

16 AG = —nRT{In () + (N = 2)In ||}

Equations 1.5 and 1.6; Equations that define the Gibbs free energy for free chains (1.5) and tethered chains
(1.6) where; N is polymer segment number, z is coordination number of the polymer chain and f is Flory’s
flexibility parameter.

As polymer chain length increases, confinements increase (as a result of increasing
coordination number), presenting a decrease in flexibility in accordance with Flory’s flexibility
parameter.'>® Therefore, in accordance with Equations 1.5 and 1.6, as flexibility decreases the
Gibbs free energy change increases, and spontaneous self-healing thus becomes less likely.
For simplicity this has been modelled as a linear progression (Figure 1.22). Under similar
considerations the Ty of polymer formed can be directly related to chain length (Equation

1.2)*"° and a graphical representation of the issue can be proposed (Figure 1.22).

The model presented in Figure 1.22 illustrates the compromise between protection and self-
healing abilities. As polymer chain length increases the Gibbs free energy available to free and
linked segments increases under a negative function until AG = 0 and spontaneous self-healing
will no longer occur. Analogously as the chain length of the healed polymers increase Tg also
increases until the point where the material becomes a useful protection system (Tq > R.T.). At
this point the polymer segments will no longer be able to flow, wet or diffuse, and thus self-
healing can only be achieved with intervention.
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Figure 1.22 A plot of Gibbs free energy change (AG) and glass transition temperature (Tg) as a function of
polymer chain length (1).

This model is applicable to other characteristics of polymers system (for example polymer
flow, see Figures 1.18 and 1.19). A simplified version of the model demonstrates the
compromise between useful protection systems and the ability to self-heal (presented in Figure
1.23). Achievement of autonomous self-healing polymers for remote protection systems will
only be achieved with materials that can demonstrate both the properties of Tg <R.T. and AG

< 0 (overlap of top right and bottom left quadrants of Figure 1.23).
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Figure 1.23 A simplified plot of Gibbs free energy change available for self-healing against the system’s glass
transition temperature.
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It is clear that in many cases the intended protection system’s surroundings will have to be
utilised in order to create self-healing under the desired conditions. Such utilisable
surroundings include; mechanical pressures exerted by the system (e.g. sheath confinements in
cabling systems), oxidative processes (resulting in variation of Tgs values) and solvating effects
when new surfaces are exposed (acting as healing fluids) or elevated temperatures from

exposure to sunlight.

In the instances where use of the surroundings is undesirable for self-healing, supramolecular
self-healing systems will have to employ designs that facilitate the creation of variations in Tgs
to below that of the overall system (Figures 1.17 and 1.18) whilst maintaining Tgp». The design
must also facilitate moieties that can disengage or fragment under the mechanical forces created
via defect healing (Figures 1.29 and 1.30) to allow flow and complete healing of the defect. It
has been calculated that shorter or more flexible chain lengths created during surface creation
are desirable for self-healing (Figure 1.31), but this is only desirable for protection systems if
the shorter chains can still provide valuable protection roles. Creation of supramolecular
autonomous self-healing polymers for remote protection roles will thus rely on a balance

between healing ability and intrinsic properties (Figures 1.22 and 1.23).

This compromise can be circumvented via the use of outside stimuli, for example, the
electrically induced self-healing systems, reliant on vy-Fe2Os nanoparticles dispersed
throughout the polymer bulk to generate localized melt flow during oscillations induced via
magnetic fields (Scheme 1.13).1* The systems have the ability to heal several times over upon
application of the field. This variation of self-healing has also been applied to healing agents
encapsulated in TiO2 and SiO2 particles which oscillate and degrade (releasing the agents)

under various stimuli.1"2

e o ® @ (o (o) e o ®
. ° @ = _C‘? ® ©

o @ ©f = @ (o) (O) | e ., ¢
o’ e o @@ ® 6o o o

Application of
magnetic field

Damage formation Recovery

Scheme 1.13 Self-healing system of embedded nanoparticles oscillating under a magnetic field to induce local
heat allowing flow of molten polymer and recovery of the polymer properties post removal of the magnetic
stimulus.
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Dispersion of water-absorbing polyethylene oxide in hydrophobic polyisobutene has created a
material that swells when in contact with water thus forcing the closure of any defect that

caused the swelling.t® The reversible nature of the system was, however, not reported.

1.13 Project Aims and Objectives
This project has focussed on the supramolecular chemistry of the bis aromatic urea unit (shown
in Figure 1.24) and the application of it in the formation of LMWGs and autonomous self-

healing systems.

Figure 1.24 depicting the bis aromatic urea unit where Ry.3 = either H or an electron withdrawing moiety (namely
COzH, COzEt or NO2) and Rx = a polymer/oligomer backbone or supramolecular functionality for blending.

The bis aromatic urea unit (Figure 1.24) has been demonstrated to be an effective self-
assembling unit, specifically when applied to the design of low molecular weight gelators
(LMWGs).**® Thus the initial focus of this thesis (see Chapters 2 and 3) is on the development
and applications of such LMWGs. Chapter 2 investigates the role of the outer aromatic
functionality of the bis aromatic urea moiety (e.g. Ri3 in Figure 1.24) and linkage (e.g Rx in
Figure 1.24) in developing self-assembling units to permit efficient generation of a library of
novel LWMGs. After synthetic development of such systems, the applications of these

hydrogelators in drug delivery and water purification is reported (Chapter 3).

The second part of this thesis is focused upon supramolecular based self-healing incorporating
the bis aromatic urea unit (Figure 1.24) investigating two differing approaches;

1) introducing low molecular weight bis aromatic ureas into established co-polymer protection
systems (Chapter 4) to promote self-healing, wherein the linkage moiety (Rx Figure 1.24) is
employed to induce non-covalent small molecule-copolymer interactions.

ii) covalently binding the bis aromatic ureas onto polymeric systems to create self-healing
systems with weaker yet more responsive properties (Chapters 5 and 6) via use of oligomers
and polymers as the linkage moiety (Rx Figure 1.24).

In each approach the most effective bis aromatic urea unit, with respect to self-assembling
capabilities, was found with the electron withdrawing nitro moiety in the meta position (R2 =
NO: Figure 1.24)
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Chapter 2

Linked bis amide aromatic-ureas:— highly effective hydro- and

organogelator systems
This chapter is based upon the publication:- Bis amide-aromatic-ureas - highly effective
hydro- and organogelator systems, B. C. Baker, A. L. Acton, G. C. Stevens, W. Hayes;
Tetrahedron, 2014, 70, 8303-8311.

Abstract A series of hydro- and organo-supergelators have been synthesised
via coupling of simple bis aromatic-ureas via alkyl amide linkages. These bis
amide-aromatic-ureas exhibited reduced critical gelator concentrations,
improved gelator stability, mechanical and dye removal properties for
potential use in water purification, in comparison to related bis aromatic-
ureas. Systematic structure studies via variation of the bis amide-aromatic-
urea linker length as well as functionalization of the terminal aromatic
moieties have enabled control over the gel properties. Of these structures it
was determined that the bis aromatic units possessing a nitro moiety in the
meta position (with respect to the urea bond) provided the most strongly

binding assembly units.

2.1 Introduction

Low Molecular Weight Gelators (LMWG) are systems that will self-assemble via non-covalent
interactions (i.e. hydrogen bonding, aromatic n-n stacking and van der Waals forces of
attraction) under the required stimuli? to form supramolecular networks that entrap large
volumes of solvent.®* As a result of their highly effective self-assembly, LMWGs are able to
gel solvents at very low percentage weights when compared to their polymeric counterparts®®
(indeed gels formed at weight % values < 1 are referred to as supergelators’). LMWGs have
found application in drug delivery,® tissue engineering,® catalysis,*®* electronics'? and water

purification. 34

The recent interest in aromatic urea-based gelator systems has arisen in light of the
effectiveness of the association of urea moieties, permitting aggregation of fibrils and

entrapment of solvents to afford stable gels.>***° Linking aromatic units directly to ureas
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facilitates an increase in thickness of fibrils formed on account of n-n stacking perpendicular

to the axis of fibril growth, resulting in strengthening of the gels formed.*3-16

Notable independent studies conducted by the groups of Weiss,*’ van Esch,*® Miravet and
Escuder,® have demonstrated the positive effects of linking recognised structural units that are
responsible for gel assembly. There have been further successes in exploring the effects of
creating bolaamphiphilic gelators?®2 from the corresponding mono amphiphilic hydrogelators
and multicomponent linked gelator systems?? which exhibit increased gelating efficiency.
Furthermore, detailed studies of the linker unit length between the established gelator units?®

have enabled the properties of the gels thus formed to be tailored.?®

In this Chapter are reported the effects of coupling bis aromatic-urea based pH tuneable
hydrogelator units (2.1, Figure 2.1, see also section 1.8 Chapter 1) that have dye uptake
capabilities, via alkyl amide linkages (Figure 2.1).2® Several structural modifications of this
gelator motif have been carried out to assess the optimal group interactions'* and have also led
to the creation of organogels.® In designing these new linked gelators, the aromatic and urea
moieties of 2.1 were retained as terminal units whilst bridging alkyl chains were used to couple
the bis aromatic-ureas together via amide residues. The functionality on the terminal aromatic
unit group was also varied within this study (R1-4 Figure 2.1).

CO,H

NO
g Q 2T
HO,C H N

" i o i "
” L T
o "o
APy e,

Figure 2.1. A) Hydrogelator 5-(3-(4-nitrophenyl)ureido)isophthalic acid (2.1); B) the key structural elements of
the novel linked bis amide-aromatic-ureas (Ri-4 = COH/ COzEt/ H/ NOy).

2.2 Results and Discussion

2.2.1 Synthesis

The successful synthesis of each linked gelator (depicted in Figure 2.1) relied upon the
formation of bis aromatic-urea end caps (Figure 2.2 and Table 2.1). The bis aromatic-ureas
2.2-2.5 were synthesised via procedures reported previously.**?* The bis aromatic-ureas 2.6

and 2.7-2.9 were synthesised according to a variation upon a procedure described by Rodriguez
40



et al.?® and Denny et al.,? respectively. Addition of a solution of an isocyanate dropwise to a
solution of 1,4-phenyldiamine afforded the bis aromatic-ureas. A ratio of 2:1
(diamine:isocyanate), in conjunction with reduced temperature (< 10 °C), was used to minimize
the disubstitution of the diamine. In each case the product was isolated in high yield (> 88%)
via a precipitation procedure that maintained the temperature of the bulk solvent below 10 °C
for ca. 1 hour. The only exception to this procedure was the bis aromatic urea 2.9 that had to

be isolated by removal of solvent in vacuo and washed with toluene (2 x 50 mL).

2.2-2.9
Figure 2.2 Generic structure of bis aromatic-ureas 2.2-2.9.

Table 2.1 Structures of bis aromatic-urea precursors 2.2-2.9.

Bis aromatic-urea R1 R2 R3 Ra
2.2 H CO2H H COH
2.3 H H CO2H H
2.4 H CO2Et H CO2Et
2.5 H H COzEt H
2.6 H H H H
2.7 NO> H H H
2.8 H NO2 H H
2.9 H H NO; H

Successful synthesis of each bis aromatic-urea 2.2-2.9 was confirmed via a range of analytical
techniques. For example, achievement of mono capping and formation of 2.8 was confirmed
by *H NMR spectroscopic analysis which revealed a key amine proton resonance at 4.71 ppm
and two urea resonances at 9.01 and 8.31 ppm (Hn and Ha respectively Figure 2.3). Integration
of these key proton resonances afforded integral values in agreement with the proposed
structure. In addition, IR spectroscopic analysis of 2.8 highlighted the absence of the isocyanate
carbonyl stretches that were observed in the starting material.2®
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Figure 2.3 'H NMR spectra of 2.8 in DMSO-ds

Further confirmation of the successful mono capping of the diamine was provided by mass
spectrometric analysis of bis aromatic-urea 2.8 (Figure 2.4). The ion observed at 273.0983
correlated with the predicted molecular ion for the bis-aromatic urea (e.g. Ci13H1303N4
273.0982). Furthermore, the absence of an ion at m/z 436.1131 demonstrated that bi capping
had been avoided in this procedure.

273.0983
10 2=1
o 8
e
&
2 s
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Figure 2.4 Mass spectra (operating in electrospray mode) of bis aromatic urea 2.8
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Linked gelators formed of the bis amide-aromatic-ureas 2.10a-2.18c were generated from the
corresponding bis aromatic-urea precursors which featured an aniline moiety 2.2-2.9 (Scheme
2.1, Table 2.2). The aniline functionalised bis aromatic-ureas 2.1-2.8 were linked together
using commercially available diacyl chlorides with increasing alkyl chain lengths (glutaryl,
adipoyl and sebacoyl) in a variety of solvents (Scheme 2.1). The acid functionalised bis amide-
aromatic-ureas 2.10a-2.11c were recovered by precipitation into acidic media (pH < 4) whereas
the ester, nitro and unfunctionalised bis amide-aromatic-ureas 2.12a-2.17c were obtained by

precipitation directly from the reaction medium.

Ra Ra H H Ra
—_—
n o "o
Ry N)kN o0 0 Ry NN NN R,
R, HH R, 5

2.2-29 n=3(a) 2.10a-2.17c
n=4(b)
n=38(c)
Scheme 2.1 Generic synthesis of bis amide-aromatic-ureas 2.10a-2.17¢ from bis aromatic-ureas 2.2-2.9 with i)
DMF, ii) NMP or iii) THF, each with EtsN at room temperature, 24 hours, with the corresponding diacyl chloride.

Table 2.2 Structures of bis amide-aromatic-ureas 2.10a-2.17¢ (where i-iii are synthetic routes reported in
Scheme 2.1) and corresponding bis aromatic-urea precursor 2.2-2.9.

Bis amide-
aromatic-urea R Re Rs Ra
2.10a-c’ H COoH H COzH
2.11a-c" H H CO2H H
2.12a-c" H COzEt H COqEt
2.13a-c" H H COzEt H
2.14a-cl H H H H
2.15a-c" NO> H H H
2.16a-c" H NO- H H
2.17a-c™ H H NO- H

The successful synthesis of each bis amide-aromatic-urea 2.10a-2.17¢ was confirmed using a
range of analytical techniques. For example, the synthesis of the amide links in 2.12¢c was
confirmed by *H NMR spectroscopy. Key changes between the *H NMR spectra of the starting
material 2.4 and the product 2.12c were observed (see Figure 2.5). The primary amine
resonances (observed at 4.84 ppm, Hs Figure 2.5) in the spectra of the starting material 2.4
were not evident in the *H NMR spectra of product 2.12¢c. Furthermore a key amide proton
resonance at 9.79 ppm was revealed in the spectra of 2.12c (Ha Figure 2.5). Finally the
downfield shift of the aromatic proton resonances associated with the amine functionalised
aromatic system (Hs and Hs Figure 2.5) also indicate formation of the desired amide link.
Interestingly the absence of broad amide resonances indicates that a single conformer is
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generated as a result of intramolecular hydrogen bonding and/or resonance tautomerisation.
Alternatively the energy barrier to amide bond rotation is low so that this process is rapid with

respect to the timescale of *H NMR spectroscopic analysis.*
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Figure 2.5 'H NMR spectra of the starting material bis aromatic urea 2.4 and the bis amide-aromatic-urea 2.12¢c
recorded in DMSO-dg

Further verification of the successful synthesis of the bis amide-aromatic-urea 2.12c was
provided by *C NMR spectroscopic analysis (Figure 2.6). Carbonyl resonances associated
with the amide, urea and ester environments were evident at 170.8, 164.9 and 152.5 ppm,
respectively. In addition, eight distinct $3C resonances were observed in the aromatic region,

in agreement with the target structure.
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Figure 2.6 1*C NMR spectra of the bis amide-aromatic-urea 2.12c recorded in DMSO-ds.

2.2.2 Gelation studies

The tetra-acid bis amide-aromatic-ureas 2.10a-c were found to be supergelators,” readily
soluble in basic solutions (pH > 12) yet upon acidification (pH <4) forming translucent gels
(Figure 2.7) at wt % values < 1. Interestingly, it was found that only bis amide-aromatic-urea
2.10a formed stable gels upon direct pH switching achieved via addition of HClg). Stable
hydrogel systems of 2.10b and 2.10c were accessed via the glucono-3-lactone protocol?’ to
produce rapid (ca. < 1 hour) formation of homogeneous gels. In contrast, the para-diacid bis
amide-aromatic-ureas 2.11a-c (see Table 2.2) failed to gel under analogous conditions. It is
proposed that this trend occurs as a result of unfavourable supramolecular interactions between
the para carboxylic acid moieties and the urea and amidic moieties causing three dimensional
growth and ultimately precipitation rather than fibril assembly and gelation (as observed in

previous studies''* and reported in Chapters 4 and 5).
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Figure 2.7 Hydrogelators a) 2.10a, b) 2.10b, c¢) 2.10c, at their respective critical gelator concentration (CGC) after
pH switching.

This preliminary study revealed that stable hydrogels in the case of 2.10a-c were afforded at
higher wt % values in comparison to the bis aromatic-urea 2.1 (Table 2.3).'* The trend of
decreasing CGC with increasing linker chain length indicated a surfactant like driving force in
the self-assembly process for these gels, analogous to reported hydrogelators studies.*2%%* The
anti-parallel/parallel stacking effects of linked urea based gelators?® have been discounted in
these systems as 2.10a-c feature both odd and even numbers of methylene units yet self-
assemble effectively. The hydrogels formed by 2.10a-c exhibited a vial inversion stability of
>1 week. Interestingly, the bis amide-aromatic-urea 2.10c was able to thermogelate in both
neutral and basic conditions, however, under these conditions the CGC value required was in

excess of 38 mM.

Table 2.3 Gelation studies for 2.1 and 2.10a-c, G = gel each accessed via glucono-é-lactone protocol.?”

Gelator Obs CGC[mM] wt % gel

2.1 G 0.9 0.03
2.10a G 7.4 0.54
2.10b G 4.1 0.30
2.10c G 1.8 0.14

The importance of the aromatic ring adjacent to both the amide and urea moieties in hydrogels
of 2.10a-c was assessed via synthesis of the tetra-acid 2.18 (Figure 2.8). Disappointingly,
attempts to generate stable hydrogels of 2.18 via pH switching resulted only in precipitation.
It is feasible that this amide linked aromatic unit limits self-assembly of the urea groups via
internal hydrogen bonding (as observed in related bis aromatic-urea systems***-*) and thus in
the case of 2.18 precipitation occurs (hydrophobic effects were discounted as the bis-amide-
aromatic-ureas featuring both shorter, 2.10a, and longer, 2.10c, alkyl chains gelated

successfully, see Table 2.3).
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Figure 2.8 The tetra-acid 2.18

The tetra-ester, 2.12a-c, and unfunctionalised (2.14a-c) bis amide-aromatic-ureas proved to be
highly effective organo-supergelators’ within functionalized aromatic solvents (such as 1,2
dichlorobenzene (1,2 DCB),1,2,4-trichlorbenzene (1,2,4, TCB) or nitro benzene), affording
translucent gels (Figure 2.9) at wt % values <1 (Table 2.4). In each case, the gels exhibit a
vial inversion stability >1 week. In contrast, the para-di-ester, 2.13a-c, and para, ortho and

meta-nitro, bis amide-aromatic-ureas 2.15a-2.17c failed to gel any of the solvents reported in

Table 2.4.

Figure 2.9 Organogelator systems of a) 2.4 in 1,2-DCB, b) 2.12a in 1,2 DCB and c¢) 2.12a in dimethyl sulfoxide
all at their CGC values (see Table 2.4).

Table 2.4 Gelation studies for thermogelators bis amide-aromatic-ureas 2.12a-c, 2.14a-c and bis aromatic-urea
2.4

Gelator 1,2-DCB 1,2,4-TCB Nitrobenzene
Obs CGC[mM] wt% |Obs CGC[mM] wt% |Obs CGC[mM] wt%
212a G 2.2 014 G 4.1 023 P - -
212b G 2.3 015 G 4.0 023 P - -
212c G 4.2 029 G 4.4 027 P - -
214a P - - S - - G 5.81 0.27
214b P - - GP - -G 5.31 0.25
214c P - - P - - G 7.73 0.40
2.4 G 64.6 185 G 75.4 1.92 GP - -

where: G = Gel, GP = gelatinous precipitate, S = sol, P = precipitate, 1,2 DCB = 1,2 dichlorobenzene, 1,2,4 TCB
=1,2,4 trichlorobenzene.

The di-ester bis aromatic-urea 2.4 was also found to be able to effectively gelate in organic

solvents (Table 2.4), however, linking of the molecules with alkyl chains to afford 2.12a-c
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increased the gelation efficiency (Figure 2.9). This was attributed to the increased propensity

of the gelators to assemble into fibrils as observed with other aliphatic systems.%202!

In contrast, the trend of increasing efficiency of the gelators 2.12a-c and 2.14a-c as the chain
length decreased was attributed to solubility changes rather than an increased ability to self-
assemble.!” Although the CGC values increased as the length of the alkyl chain was extended
it became progressively more difficult to dissolve the gelator in all of the solvents reported in
Table 2.4.

The tetra-ester, 2.12a-c, and meta-nitro, 2.16a-c bis amide-aromatic-ureas formed stable
opaque gels at wt % values < 1 in combinations of water and polar aprotic solvents (20% v/v)
(Table 2.5). The decrease in CGC values as the linker chain length increased indicated a
surfactant like effect, with irregular sized vesicles forming upon addition of the second solvent
(see Figure 2.10). The vesicles were found to degrade as the water in the bulk medium
evaporated under the analysis conditions used in the optical or scanning electron (ESEM)
microscopy studies, but they reformed rapidly following addition of water post-analysis (see
Figure 2.10), observations that are analogous to other organic/aqueous LMWG systems that
have been reported.?®2° This property was also observed upon addition of other miscible polar
solvents (i.e. methanol, ethanol and acetonitrile). In each case, the resultant gels exhibited a

vial inversion stability of greater than 1 week.

Table 2.5 Gelation studies for bis amide-aromatic-ureas 2.12a-c and 2.16a-c and bis aromatic-urea 2.4

Gelator DMSO NMP DMF

Obs CGC[mM] wt% |Obs CGC[mM] wt% |Obs CGC[mM] wt%
212a G 11.9 093 G 334 2.74 GP - -
212b G 10.8 0.85 G 26.0 217 G 48.1 4.28
212c G 4.6 039 G 16.5 147 G 35.3 3.35
2.16a G 17.2 1.02 GP - - G 13.4 0.90
2.16b G 10.1 061 G 15.0 096 G 12.2 0.83
2.16c G 5.1 033 G 7.32 051 G 6.5 0.48
2.4 GP - - GP - - S - -

where; G = Gel, GP = gelatinous precipitate, S = solution, P = precipitate, DMSO = dimethyl sulfoxide, NMP =
N-methyl-2-pyrrolidone, DMF = dimethylformamide, gelation stimulated via addition of water in 4:1 ratio with
respect to the organic solvent.
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Figure 2.10 Optical micrographs of the gel of 2.12¢ in water/DMSO (20% v/v) at its CGC; a) 25 °C, b) 80 °C, 5
minutes, c) 80 °C, 15 minutes, d) reformation of peripheral vesicles after addition of H,O (0.2 mL) 0 minutes, e)
After addition of H,O, 5 minutes.

It was found that derivatives of 2.16a-c in which the nitro end group was located in the ortho
(2.15a-c) or para position (2.15a-c) with respect to the urea functionality, failed to gel in any
of the solvents via thermal or solvent triggering effects (indeed, these compounds formed
precipitates in all of the gel studies). Analogous results were obtained in gelation tests for
derivatives of 2.12a-c in which the ester groups are situated in the para position (3.4a-c). From
this simple gelation assay, it is clear that a key structural motif for effective gelation (both in
aqueous and organic media) is the location of hydrogen bond acceptor groups meta to the urea
moiety. It is thus proposed that interactions between these hydrogen bond acceptor moieties
and the effective hydrogen bond acceptor/donor capability of the bis aromatic-urea moiety*
facilitate self-assembly, and hence gelation, when located in the meta position. Conversely
when the hydrogen bond acceptor moieties are situated in the ortho or para position on the
aromatic rings precipitation results. However, in the case of the unfunctionalised bis amide-
aromatic-ureas 2.14a-c, which feature phenyl end groups, specific solvents with hydrogen bond

acceptor moieties are required to effect gelation.

2.2.3 Solvent Parameter Analysis
Solubility parameters such as Hildebrand, Hasen, Kamlet-Taft and Flory—Huggins have been

employed effectively in the analysis of the assembly mechanisms operating in gel networks.
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Kamlet-Taft solvent parameters (Table 2.6)*" have, in this study, also allowed further
investigation of the interactions within the organogels thus formed. It is apparent from gelation
studies on 3.3a-c, 3.5a-c and 3.7a-c that solvents with low hydrogen bonding donating
parameters (o) are desirable for gelation (Tables 2.4-6). This trend is consistent with
observations from previous studies* - the urea moiety is an efficient source of hydrogen bond
donation and thus solvents interfering with this intermolecular interaction serve to disrupt the

gel network.*1°

Table 2.6 Kamlet - Taft parameters for selected solvents

Kamlet - Taft Parameters

Solvent
(1] B m*

1,2-dichlorobenzene 0.00 0.03 0.80
1,2-dichloroethane 0.00 0.10 0.81
Benzene 0.00 0.10 0.59
Dimethyl sulfoxide 0.00 0.76 1.00
N,N-dimethylformamide 0.00 0.69 0.88
N-methylpyrrolidone 0.00 0.77 0.92
Nitrobenzene 0.00 0.30 1.01
Water 1.17 0.47 1.09

where; o = hydrogen bonding donating, § = hydrogen bonding accepting and n* = polarisability parameters of the
solvent.

A direct comparison of the hydrogen bonding accepting parameters () of 1,2-dichlorobenzene
and nitrobenzene provided insights into the networks formed in gels of tetra-ester, 2.12a-c, and
non-functionalised, 2.14a-c, bis amide-aromatic-ureas. It is proposed that the successful
gelation of 1,2-dichlorobenzene by 2.12a-c arises as a result of the low [ value of the solvent
and the hydrogen bond accepting ability of the terminal ester groups, allowing the
intermolecular interaction of hydrogen bond withdrawing and donating groups and ultimately
self-assembly of the gelator. Absence of the hydrogen bond accepting ester moieties, i.e. bis
amide-aromatic-ureas 2.14a-c, thus favours gelation of solvents with larger p values (as
achieved in nitrobenzene) that are able to interact with the gelators hydrogen bond donating
moieties. This conclusion was reinforced since 2.12a-c failed to gel in nitrobenzene and 2.14a-
c also do not gel in 1,2-dichlorobenzene. However, use of the Kamlet Taft parameters did not
successfully predict suitable gelating solvents for 2.12a-c and 2.14a-c therefore revealing the

limitation of this approach.
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The tetra-ester, 2.12a-c, and meta-nitro 2.16a-c bis amide-aromatic-ureas only dissolved in
solvents with high hydrogen bonding accepting parameters (B > 0.45). Gelation was then
achieved after increasing the a value (via addition of water) in order to cause precipitation of
the gelator (Table 2.6). However, stable gels of para-ester 2.13a-c, ortho-nitro 2.15a-c and
para-nitro 2.17a-c could not be realised via this approach, again highlighting the necessity of
the interaction between the meta withdrawing group on terminal aromatic moiety and the urea
moieties in successful gelators.

2.2.4 Rheological Studies

All of the gels reported revealed similar rheological profiles with a storage modulus (G”) that
was an order of magnitude greater than the loss modulus (G”) (Figure 2.11) (indicating
successful gelation rather than the presence of highly viscous fluids).3? The storage modulus
was also independent of shear rates above certain thresholds and thus these gels behave as
Bingham type fluids.3*** Rheological studies on the gels were performed at a concentration of

20mM using both cone (1°) and plate geometries at 1% strain to allow comparison with
previous studies.*1°
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Figure 2.11 Rheological data (1° cone geometry) for A) hydrogelator 2.10c (20 mM), B) organogelator 2.12a in
1,2-DCB (20 mM), G’: A and G™: x

The date presented in Table 2.7 reveals the correlation of increasing alkyl chain length with
increasing storage modulus (G’) in hydrogelator systems of tetra-acid bis amide-aromatic-ureas
2.10a-c. The gel 2.10c exhibited higher G’ values when compared to the bis aromatic-urea 2.1,
forming more physically robust gels at equal concentrations, thus demonstrating the ability to
improve this characteristic of the gel system. The maximum storage modulus value for 2.10c

also reveals an improvement in comparison to the parent hydrogelator 2.1*and related bis urea
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hydrogelator systems,® though not as substantial an increase as observed for a structurally
related chiral linked urea gelator.?® It is proposed that the sudden decrease in G’ between bis
amide-aromatic-ureas 2.10a and 2.10b occurs as a result of the latter’s decreased ability to

cross-link gel fibrils.*8:337

Table 2.7 Maximum storage and loss moduli (kPa) for hydrogelators 2.1%# and 2.10a-c each at 20 mM (1° cone
geometry).

Gelator G’ G”
2.1 294 31.5
2.10a 3.3 0.4
2.10b 281 41.8
2.10c 327 445

The mechanical studies of thermally stimulated organogels of tetra-ester, 2.12a-c, and meta-
nitro, 2.14a-c, bis amide-aromatic-ureas demonstrate an inverse correlation than that observed
for hydrogelators 2.10a-c (i.e. a decrease in G’ as the linker chain length increases) (Table 2.8).
In stark contrast, the gels 2.12a-c generated in 1,2-DCB exhibited a reversal of this trend
indicating a different gelator-solvent interaction/aggregation mechanism.3¥2° Gels 2.12a and
2.12b in 1,2-DCB, 2.12b and 2.12c in 1,2,4-TCB and 2.14c in nitrobenzene exhibit higher G’
values, at identical concentrations to the organogelator analogues of the parent gelator 2.1.1°
The bis aromatic-urea 2.4 was not used as it could not form stable gels at concentrations ca. 20

mM and thus could not be compared directly within this study.

Table 2.8 Maximum storage and loss moduli (kPa) for thermally stimulated organogelators 2.12a-c and 2.14a-c
(20 mM) and solvent variation stimulated organogelators 2.12a-c and 2.16a-c (20 mM) (gelation initiated via
addition of water) (1° cone geometry).

Gelator 1,2-DCB 1,2,4-TCB Nitrobenzene DMSO
G’ G” G’ G” G’ G” G’ G”

2.12a 3485 88.8 61.3 12.9 - - 188.6 43.0
2.12b 299.0 79.8 1670 38.3 - - 290.1 54.6
2.12c 103.1 149 1738 24.3 - - 2032.0 234.5
2.14a - - - - 80.9 8.2 - -
2.14b - - - - 88.9 18.3 - -
2.14c - - - - 398.1 36.7 - -
2.16a - - - - - - 148.3 17.3
2.16b - - - - - - 1694.2 250.4
2.16¢ - - - - - - 2595.0 477.0

The mechanical properties of gels of tetra-ester, 2.12a-c, and meta-nitro 2.16a-c bis amide-
aromatic-ureas formed in DMSO (via addition of water to the organic solution) were also

compared at concentrations of 20 mM (Table 2.8). The reduction in G’ values as the linker
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length decreased was attributed to a decrease in surfactant like interactions, an increase in
solubility, and hence a weakening of the gel.1>?%3" The organogelators 2.12c and 2.16¢c
exhibited vastly increased G’ values when compared to the thermogelator counterparts. The
potential for evaporation of the water component in the gel on the rheometer plate to afford
more viscous gels or even in homogenous samples, as well as movement of the gels under the
cone, were minimized by repeating the two sweeps using a flat plate and oil around the outside
of the sample. The data obtained via this method was in agreement with that reported in Table
2.8. The larger G’ values observed for gels of 2.16a-c, when compared to 2.12a-c, were
assigned to the larger hydrogen bond acceptor tendencies of the nitro groups, in comparison to

the ester, resulting in increased self-assembly efficiency of the systems. 131540

2.2.5 Dye absorption studies

Tetra-acid bis amide-aromatic-ureas 2.10a-c exhibited dye absorption capabilities relevant to
extraction studies based on molecular gelators***2 and linked gelators.** Removal of a model
contaminant, methylene blue, from agueous media was monitored via UV/vis spectroscopic
analysis, employing the absorption maxima at 667 nm of the dye to calculate the degree of

extraction (Figure 2.12).
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Figure 2.12 UV/vis absorption spectra of stirred solution of agueous methylene blue (250 mL, 0.25 mg L) up
to 48 hours after addition of 1 mL of hydrogelator 2.10a (1 mL, 10 mM).

Interestingly none of the hydrogelators demonstrated dye removal capabilities at gelator
concentration > 20 mM, in contrast to the parent bis aromatic urea (2.1).14%° It is proposed that
this discrepancy is as a result of transformations in the mode of self-assembly of the gelator at
higher concentrations (see Figure 2.13),>4* hence not affording an extended aromatic face, or

permeability within the gel structure, necessary for intercalation of the aromatic dye
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molecules.*3144042 |t was also noted that gels of both 3.3a-c and 3.7a-c in DMSO, NMP and

DMF failed to remove methylene blue from solution.

Figure 2.13 Optical micrographs of the hydrogel 2.10a; a) 40 mM, b) 2 mM

To overcome this trend the gelators were used at a concentration of 10 mM, (removing
methylene blue from 1 mg/250 mL aqueous solutions). The gelators did not show any visual
increase in dye removal capabilities when compared to gelator 2.1, further verified by dye
uptake calculations from UV/vis spectroscopic analysis (Table 2.9). However, as a result of
the decreased concentration used and the increased molecular weight of the linked gelators a
more effective mol mol™ uptake of the dye than the initial gelator 2.1 was realised (as would
be anticipated from the number of aromatic moieties per molecule having been doubled, hence

increasing sites available for gel intercalation).'®

Table 2.9. Maximum absorption of methylene blue dye from water from hydrogelators 2.1'4 (20 mM) and
2.10a-c (10 mM).

Gelator  Weight dye uptake Dye uptake per molecule of

[mg g gelator [mol mol-]
2.1 1020 1.1
2.10a 128 2.9
2.10b 56 1.3
2.10c 117 2.9

Unfortunately direct correlation was not observed between the chain length of the alkyl linker
unit and dye uptake. However, in the case of hydrogelator 2.10b, UV/vis spectroscopic analysis
revealed an interaction with the dye (see Figure 2.14) accounting for a change in its gelling

ability and for the dramatic decrease in dye uptake.
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Figure 2.14 UV/vis absorption spectra of stirred solution of agueous methylene blue (250 mL, 0.25 mg L) up
to 48 hours after addition of 1 mL of hydrogelator 2.10b (1 mL, 10 mM).

Further studies on the most efficient dye-removing bis amide-aromatic-urea hydrogelator 2.10a
were undertaken. *H NMR spectroscopic studies revealed downfield shifts in the urea proton
resonances with increasing dye concentration suggesting hydrogen bonding as a contributing
factor to dye absorption (Figure 2.15). To ascertain the impact of n-m stacking on dye
intercalation a hydrogel of 2.10a (10 mM, 1 mL) was prepared in DO and a solution of
spermine (1 mL, 0.25 mg L) was deposited on the gel. After a period of 48 hours *H NMR
spectroscopic analysis of the gel and sol separately showed that absorption of the aliphatic
tetracation spermine from the solution had not occurred thus supporting the hypothesis that
intercalation is responsible for dye removal rather than electrostatic interactions alone.
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Figure 2.15 *H NMR spectra of hydrogelator 2.10a and methylene blue in DMSO-ds where bottom spectrum is
pure 2.10a with mixtures 9:1, 8:1, 7:1, 5:1, 3:1, 2:1, 1:1, 1:2, (top) (mol:mol, 2.10a:methylene blue); red arrows
indicate the shift in the proton resonances of the urea group; blue boxes outer aromatic shifts; green boxes
methylene blue resonances; purple box highlight the shift in the aromatic protons resonances.
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The hydrogelator also failed to remove methylene orange from solution, as monitored by UV-
Vis spectroscopy, yet was able to partially remove methylene green from solution, indicating
selection for positively charged aromatic based molecule adsorption as demonstrated in dye

removal studies involving gelator 2.1.13

2.3 Conclusions

It has been demonstrated that a range of both hydro- and organo-supergelators can be
synthesised via linking a known gelator motif. The process of linking creates a significant
improvement on the initial gelling properties. Control over the linked gelators CGC and
mechanical properties has been demonstrated via variations of the alkyl linker lengths. It is
proposed that functionalization of the links could also result in greater manipulation of the
gelator properties, especially dye absorption.

It has also been demonstrated that by varying the number and position of groups capable of
hydrogen bonding on the terminal aromatic ring, the properties of the gelators can also be
altered. Furthermore it has been shown that the increase of aromatic moieties via linking known

hydrogelators can facilitate increased efficiency of dye removal from aqueous media.

The high degree of mechanical strength shown by the nitro gelator 2.16 has been utilised in
later studies as reported in Chapters 4-6. The self-assembling unit recognised in the bis
aromatic urea 2.8 is employed to promote unidirectional assembly in networks and provide a
dynamic/reversible system for self-healing. Furthermore the three dimensional growth
demonstrated by the nitro gelator 2.17 and the associated bis aromatic urea 2.9 are employed

to promote supramolecular cross linking.

2.4 Experimental

All of the chemicals and solvents were purchased from Sigma Aldrich and used as purchased.
THF was distilled from sodium and benzophenone under inert conditions prior to use. All
other solvents were used as supplied. NMR spectra were obtained using Bruker Nanobay 400
and Bruker DPX 400 spectrometers (operating at 400 MHz and 100 MHz for *H NMR and *3C
NMR, respectively). All samples were prepared in DMSO-ds and dissolution was achieved
with slight heating and sonication (5-10 minutes). Mass spectra were obtained using Thermo-
Fisher Scientific Orbitrap XL LCMS (operating in electrospray mode) - samples were prepared
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in either 0.1 M NaOH.q) or DMSO (for direct injection) (1 mg mL™). A Perkin Elmer 100 FT-
IR (diamond ATR sampling attachment) was employed for IR spectroscopic analysis. All the
samples used for characterisation were in powder form. UV spectra were recorded using a
Varian Cary 300 Bio or a PerkinElmer Lambda 25 UV/Vis Spectrometer. Samples were
analysed in quartz cuvettes with a 5.0 mm path length and were baseline corrected with respect
to a blank cell with the appropriate solvent. Thermogravimetric Analysis employed a TA
Instruments TGA Q50 attached to a TGA heat exchanger, platinum crucible and an aluminum
TA-Tzero pan (ramp rate 15 °C/min to 500 °C). Differential scanning calorimetry analysis
employed TA DSC Q2000 with TA Refrigerated Cooling System 90 (aluminum TA-Tzero
pans and lids) (ramp rate 15 “C/min). Rheological analysis employed TA Instruments AR 2000
rheometer operating in the cone and plate geometry (20 mm steel cone with 1° gradient) (25
°C). Dye uptake measurements were carried out via extraction of 2 mL sample from

dye/gelator mixtures, filtering through sterile syringe filters (0.2 um, 33 mm).

Thermally stimulated organogel systems of 2.12a-c and 2.14a-c were achieved via sonication
of the gelator in the desired solvent and subsequent heating. Solvent stimulated organogel
systems of 2.12a-b and 2.16a-c were achieved via dissolution of the gelator in the desired
solvent (0.8 mL) and addition of polar solvent (0.2 mL). pH stimulated hydrogelator systems
of 2.10a-c were achieved via dissolution of the gelator in NaOHq) (0.5 mL, 0.1 M) followed
by addition of glucono-é-lactone (0.5 mL, 0.2 M). The systems were then left for 2 hours to
acidify and gel. Critical Gelation Concentration (CGC) determination was carried out in a
2 mL screw top glass vial, minimum gelator mass was determined to nearest 1 mg, then varied

every 0.2 mg to obtain increased accuracy of CGC.

Bis aromatic-ureas 2.1-2.5 were synthesised and characterised via procedures reported

previously.'424

The bis aromatic-ureas 2.6 and 2.7-2.9 were synthesised according to a variation upon a
procedure described by Rodriguez et al.® and Denny et al.8, respectively. Addition of a
solution of an isocyanate dropwise to a solution of 1,4-phenyldiamine afforded the bis
aromatic-ureas. A ratio of 2:1 (diamine:isocyanate), in conjunction with reduced temperature
(<10 °C), was used to minimize the disubstitution of the diamine. In each case the product was

precipitated to obtain the product via maintaining a reduced temperature of the bulk solvent (<
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10 °C) for ca. 1 hour. The only exception was bis aromatic urea 2.8 that had to be isolated from

the solvent in vacuo and washed with toluene (2 x 50 mL) and water (2 x 50 mL).

(2.6) 1-(4-Aminophenyl)-3-phenylurea;

Phenylisocyanate (273 pL, 2.5 mmol) in anhydrous THF (25 mL) was added dropwise to a
solution of 1,4-phenyldiamine (0.30 g, 2.8 mmol) in anhydrous THF (25 mL, 5 °C). The
product was then recovered as a precipitate as a white powder, (0.54 g, 95 %), Taeg = 255 °C;
IR (ATR) /cm™ 3452, 3364, 3291, 3036, 2940, 1621, 1593, 1551, 1509, 1303, 1228, 835, 799,
738, 691, 667; *H NMR (400 MHz, DMSO-ds) = 8.45 (s, 1H, Ha), 8.12 (s, 1H, Ha), 7.39 (d
appt., 2H, J appt. = 7.2 Hz, Hp), 7.27 (t appt, 2H, J appt = 7.1 Hz, H¢), 7.06 (d appt, 2H, J appt
= 7.6 Hz, He), 6.94 (t appt., 1H, J appt. = 7.0 Hz, Hq), 6.55 (d, appt 2H, J appt = 7.6 Hz, Hs),
4.79 (s, 2H, Hg) ppm; *C NMR (100 MHz, DMSO-ds) = 152.9, 144.0, 140.2, 128.7, 128.5,
121.3, 120.7, 117.9, 114.1 ppm; MS (ESI) m/z [M+H*] calculated for C13H14N30 228.1131,
found 228.1131.

Bis aromatic-ureas 2.7-2.9 were synthesised by addition of the respective 2/3/4-
nitrophenylisocyanate (0.45 g, 2.7 mmol) in anhydrous THF (25 mL) in a dropwise fashion to
a solution of 1,4-phenyldiamine (0.30 g, 2.8 mmol) in anhydrous THF (25 mL, 5 °C). The
product was then recovered as a precipitate apart from 2.9 which was isolated from the solvent

in vacuo then washed with toluene (2 x 50 mL) and water (2 x 50 mL):-

(2.7) 1-(4-Aminophenyl)-3-(2-nitrophenyl)urea;

Yellow powder, (0.65 g, 89 %), Taeg 184 °C (dec.); IR (ATR) /cm™* 3325, 3288, 3045, 2841,
2539, 2325, 1715, 1661, 1582, 1549, 1499, 1420, 1335, 1280, 1257, 1118, 1090, 1038, 861,
789, 733; 'H NMR (400 MHz, DMSO-dg) = 10.11 (s, 1H, Ha), 9.93 (s, 2H, Hn), 9.68 (s 1H,

Ha), 8.22 (d. appt, 1H, J. appt. = 7.2 Hz, He) 8.10 (t. appt., 1H, J. appt = 7.1 Hz, Hy), 7.72 (m,
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1H, Hy), 7.58 (d appt., 2H, J. appt. = 7.4 Hz, Hy), 7.27 (m, 3H, Hc,g) ppm; **C NMR (100 MHz,
DMSO-ds) = 151.9, 138.5, 138.2, 134.8, 134.4, 125.4, 123.2, 122.8, 122.5, 119.4 ppm; MS
(ESI) m/z [M+H"] calculated for C13H13N4Os 273.0982, found 273.0984.

(2.8) 1-(4-Aminophenyl)-3-(3-nitrophenyl)urea;

Yellow solid, (0.69 g, 94 %), Taeg 198 °C (dec.); IR (ATR) /cm™ 3403, 3338, 3299, 1669, 1606,
1553, 1522, 1511, 1435, 1347, 1311, 1279, 1236, 884, 842, 804, 738, 681; *H NMR (400 MHz,
DMSO-dg) = 9.01 (s, 1H, Ha), 8.49 (s, 1H, Ha), 8.31 (s, 1H, Hp), 7.80 (d appt., 1H, J appt. = 7.8
Hz, He), 7.67 (d appt., 1H, J appt. = 8.0 Hz, H¢), 7.53 (t appt., 1H, J appt. = 8.0 Hz, Hq), 7.08
(d appt., 2H, J appt. = 8.3 Hz, Hy), 6.56 (d appt., 2H, J appt. = 8.4 Hz, Hyg), 4.77 (s, 2H, Hn)
ppm; 3C NMR (100 MHz, DMSO-ds) = 152.7, 148.1, 144.5, 141.5, 129.9, 127.8, 124.0, 121.2,
119.4, 115.7, 114.0, 111.8 ppm; MS (ESI) m/z [M+H*] calculated for C13H13N4O3 273.0982,
found 273.0985.

(2.9) 1-(4-Aminophenyl)-3-(4-nitrophenyl)urea;

O,N .
2 j\ "
Ho N° N He
Ho Ha H

Yellow solid, (0.65 g, 88 %), Taeg 161 °C; IR (ATR) /cm™ 3402, 3319, 3071, 1700, 1597, 1539,
1501, 1488, 1338, 1234, 1204, 1112, 853, 853, 749; 'H NMR (400 MHz, DMSO-ds) = 9.28 (s,
1H, Ha), 8.40 (s, 1H, Ha), 8.18 (d appt., 2H, J appt. = 8.4, Hz Hy), 7.67 (d appt., 2H, J appt. =
8.4 Hz, Hc), 7.11 (d appt., 2H, J appt. = 8.1, Hz Hg), 6.54 (d appt, 2H, J appt = 8.2 Hz, He), 4.85
(s, 2H, Hr) ppm; *C NMR (100 MHz, DMSO-ds) = 152.2, 146.8, 144.6, 140.6, 127.6, 125.1,
121.2, 117.1, 114.1 ppm; MS (ESI) m/z [M+H"] calculated for C13H13N4O3 273.0982, found
273.0984.

The bis amide-aromatic-ureas 2.10a-c and 2.11a-c were obtained using a procedure that

involved dissolution of 2.2 (0.20 g, 0.6 mmol) and 2.3 (0.16 g, 0.6 mmol) in anhydrous DMF

(30 mL) or NMP (30 mL) respectively with trimethylamine (0.25 mL, 1.8 mmol). This was
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followed by addition of corresponding diacyl chloride (glutaryl chloride 38.3 uL, 0.3
mmol/adipoyl chloride 43.6 uL, 0.3 mmol/ sebacoyl chloride 64.1 uL, 0.3 mmol) then stirred
for 24 hours under inert conditions. The target compounds were purified via precipitation into
acidic aqueous solutions (200 mL, pH < 4) to afford:-

2.10a-c:

CO,H H CO,H

He o} NTRTN\Q\ 0 /@\ where R = Hp
HO N)LN no © )LN CO,H
Ho M, H, H H

(2.10a) 5, 5'-(((((Glutaroylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))bis(carbonyl))
bis(azanediyl))diisophthalic acid; brown powder, (0.17 g, 79 %). Taeg 229 °C; IR (ATR) /cm™?
3299, 2962, 2567, 1692, 1657, 1559, 1516, 1403, 1299, 1259, 1225, 758, 665; *H NMR (400
MHz, DMSO-de) = 9.84 (s, 2H, Hs), 9.19 (s, 2H, Ha), 8.77 (s, 2H, Ha), 8.26 (s, 4H, Hy), 8.09
(s, 2H, Hc), 7.53 (d appt., 2H, J appt. = 8.8 Hz, Hg), 7.41 (d appt., 2H, J appt. = 8.8 Hz, He),
2.37 (t, 4H,J = 7.2 Hz, Hg), 1.92 (t, 2H, J = 7.2 Hz, Hy) ppm; 1*C NMR (100 MHz, DMSO-ds)
=170.4,166.7, 152.5, 140. 6, 134.6, 134.0, 131.8, 123.1, 122.5, 119.6, 119.0, 35.5, 21.0 ppm,;
MS (ESI) m/z [M+H"] calculated for C3sH31NeO12 727.1994, found 727.2000.

(2.10b) 5, 5'-(((((Adipoylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))bis(carbonyl))
bis(azanediyl))diisophthalic acid; brown powder, (0.20 g, 91 %). Tqeg 209 °C; IR (ATR)/cm™
3286, 3087, 2959, 2923, 2856, 1710, 1691, 1604, 1557, 1514, 1199, 754, 666; *H NMR (400
MHz, DMSO-dg) = 9.80 (s, 2H, Hs), 9.08 (s, 2H, Ha), 8.65 (s, 2H, Ha), 8.26 (s, 4H, Hy), 8.06
(s, 2H, Hc), 7.50 (d appt., 4H, J appt. = 8.9 Hz, Hq), 7.39 (d appt, 4H, J appt = 8.9 Hz, H¢), 2.31
(m, 4H, Hi), 1.62 (s, 4H, H;) ppm; C NMR (100 MHz, DMSO-dg) = 170.7, 166.6, 152.5,
140.6, 134.5, 134.0, 131.7, 123.4, 122.5, 119.6, 119.0, 36.2, 25.0 ppm; MS (ESI) m/z [M+H"]
calculated for C3sH33NeO12 741.2151, found 741.2156.

(2.10c) 5 5-(((((Decanedioylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))

bis(carbonyl)) bis(azanediyl))diisophthalic acid; dark brown powder, (0.20 g, 84 %). Taeq 197

°C; IR (ATR) /cm™ 3287, 3051, 2926, 2851, 2578, 1690, 1655, 1551, 1514, 1401, 1201, 1109,

1061, 756, 663; *H NMR (400 MHz, DMSO-ds) = 9.79 (s, 2H, Hy), 9.09 (s, 2H, Ha), 8.67 (s,
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2H, Ha), 8.28 (s, 4H, Hy), 8.08 (s, 2H, Hc), 7.51 (d appt., 4H, J appt. = 8.8 Hz, Ha), 7.39 (d
appt., 4H, J appt. = 8.8 Hz, He), 2.28 (t, 4H, J = 7.2 Hz, H), 1.59 (m, 4H, Hy), 1.31 (m, 8H,
Hum,n) ppm; 3C NMR (100 MHz, DMSO-ds) = 170.8, 166.7, 152.5, 140.6, 134.5, 134.1, 131.8,
123.1, 122.5, 119.6, 118.9, 36.3, 28.7, 28.7, 25.2 ppm; MS (ESI) m/z [M+H"] calculated for
CaoHa1NsO12 797.2777, found 797.2783.

2.11a-c:

(2.11a) 4.4'-(((((Glutaroylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))bis(carbonyl))
bis(azanediyl))dibenzoic acid; cream powder, (0.11 g, 59%). Taeg 213 °C ;IR (ATR) /cm?;
3278, 2962, 2541, 1645, 1595, 1553, 1509, 1401, 1303, 1226, 1169, 1107, 1052, 837, 760; 'H
NMR (400 Mhz, DMSO-ds) = 9.84 (s, 2H, Hs), 9.19 (s, 2H, Hz), 8.89 (s, 2H, Ha), 7.86 (d appt.,
4H, J appt. = 8.2 Hz, Hc), 7.55 (m, 8H, Hp,q), 7.40 (d appt., 4H, J appt. = 8.0 Hz, He), 2.35 ({,
4H, J = 6.8 Hz, Hy), 1.91 (t, 2H, J = 6.8 Hz, Hx) ppm; *C NMR (100 MHz, DMSO-ds) = 170.4
167.0, 152.2, 144.1, 134.5, 134.0, 130.5, 123.4, 119.7, 118.8, 117.1, 35.5, 21.0 ppm; MS (ESI)
m/z [M+H*] calculated for Cs3Hz1NsOg 639.2198, found 639.2196.

(2.11b) 4,4'-(((((Adipoylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))bis(carbonyl))
bis(azanediyl))dibenzoic acid; cream powder, (0.15 g, at 80 %). Taeg 222 °C; IR (ATR) /cm™™;
3272, 2939, 2864, 2679, 2550, 1679, 1646, 1594, 1556, 1510, 1403, 1294, 1172, 1109, 1041,
907, 841, 760; *H NMR (400 MHz, DMSO-dg) = 9.81 (s, 2H, Hs), 9.12, (s, 2H, Ha), 8.80 (s,
2H, Ha), 7.86 (d appt., 4H, J appt. = 8.0 Hz, Hc), 7.54 (m, 8H, Hyd), 7.38 (d appt., 4H, J appt.
= 8.0 Hz, He), 2.28 (t, 4H, J = 7.4 Hz, Hj), 1.57 (t, 4H, J = 7.4 Hz, H;) ppm; C NMR (100
MHz, DMSO-de) = 174.3, 170.6, 167.0, 152.4, 144.3, 134.7, 130.5, 123.2, 119.8, 119.7, 118.5,
116.8, 36.0, 33.4, 24.7, 24.1 ppm; MS (ESI) m/z [M+H*] calculated for C31H33NsOs 652.2355,
found 653.2358.

(2.11c) 4,4'-(((((Decanedioylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))bis(carbonyl))

bis(azanediyl))dibenzoic acid; brown powder, (0.16 g, 75%). Taeg 217 °C; IR (ATR) /cm™
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3285, 2927, 2851, 1802, 1692, 1648, 1594, 1562, 1511, 1404, 1305, 1171, 1043, 839, 742; MS
(ESI) m/z; *H NMR (400 MHz, DMSO-ds) = 9.78 (s, 2H, Hs), 9.05 (s, 2H, Ha), 8.73 (s, 2H,
Ha), 7.86 (d appt., 4H, J appt. = 8.0 Hz, H¢), 7.53 (m, 8H, Hyq), 7.37 (d appt., 4H, J appt. = 8.0
Hz, He), 2.27 (t, 4H, J = 7.2 Hz, H), 1.59 (m, 4H, H1), 1.29 (m, 8H, Hmn) ppm; 3C NMR (100
MHz, DMSO-dg) = 170.8, 167.0, 152.2, 144.4,134.4, 134.1, 130.5, 123.4, 119.6, 118.8, 117.1,
36.3, 28.7 25.2 ppm; MS (ESI) m/z [M+H"] calculated for CasH41NgOs 708.2980, found
708.2983.

The bis amide-aromatic-ureas 2.12a-c, 2.13a-c, 2.14a-c, 2.15a-c, 2.16a-c and 2.17a-c were
obtained using a procedure that involved dissolution of bis aromatic-ureas 2.4 (0.15 g, 0.4
mmol), 2.5 (0.12 g, 0.4 mmol), 2.6 (0.10 g, 0.4 mmol), 2.7-2.9 (0.15 g, 0.5 mmol) respectively,
in anhydrous THF (40 mL) and trimethylamine (69.7 uL, 0.5 mmol). This was followed by
addition of respective diacyl chloride (glutaryl chloride 25.5 pL, 0.2 mmol/adipoyl chloride
29.3 uL, 0.2 mmol/sebacoyl chloride 42.7 uL, 0.2 mmol) then stirred for 24 hours under inert
conditions. The products were isolated as precipitates from the THF solution and washed with
H>0 (2 x 200 mL).

2.12a-C:

H;
CO,Et H H CO,Et M
\ a
Hi, He 0 NTRTN 0 where R = HJ-
0 JU 0O O JU
H/ N" N He N CO,Et
h H

(2.12a) Tetraethyl 5, 5-(((((glutaroylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))
bis(carbonyl))bis(azanediyl))diisophthalate; cream powder, (0.15 g, 91 %). Taeg 228 °C; IR
(ATR)/cm™ 3708, 3676, 3354, 3267, 2982, 2939, 2923, 1724, 1660, 1650, 1562, 1228, 1058,
1033, 1018, 753; 'H NMR (DMSO-ds) = 9.86 (s, 2H, Hy), 9.21 (s, 2H, Ha), 8.65 (s, 2H, Ha),
8.33 (s, 4H, Hb), 8.08 (s, 2H, Hc), 7.55 (d appt., 4H, J appt. = 8.4 Hz, Hy), 7.40 (d appt., 4H, J
appt. = 8.4 Hz, He), 4.37 (t, 8H, J = 6.8 Hz, Hy), 2.37 (t, 4H, J = 6.8 Hz, Hi), 1.92 (t, 2H, J =
6.8 Hz, H;), 1.35 (t, 12 H, J = 6.8 Hz, Hp) ppm; 1*C NMR (DMSO-ds) = 170.4, 164.9, 152.5,
140.9, 134.4, 134.1, 130.9, 122.5, 122.4, 119.6, 119.1, 61.2, 35.5, 21.0, 14.1 ppm; MS (ESI)
m/z [M+H"] calculated for C43H47NeO12 839.3246, found 839.3248.
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(2.12b)  Tetraethyl 5, 5-(((((adipoylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))
bis(carbonyl))bis(azanediyl))diisophthalate; cream powder, (0.16 g, 88 %). Tdeg 214 °C; IR
(ATR)/cm™ 3708, 3675, 3352, 3288, 2982, 2946, 2923, 1719, 1656, 1655, 1554,1515, 1227,
1214, 1057, 1033, 1018, 752; *H NMR (DMSO-ds) = 9.83 (s, 2H, Hy), 9.21 (s, 2H, Ha), 8.64
(s, 2H, Ha), 8.33 (s, 4H, Hy), 8.08 (s, 2H, Hc), 7.53 (d appt., 4H, J appt. = 8.4 Hz, Hg), 7.40 (d
appt., 4H, J appt. = 8.4 Hz, He), 4.39 (t, 8H, J = 6.8 Hz, Hg), 2.33 (m, 4H, Hy), 2.10 (m, 4H,
Hr), 1.35 (t, 12H, J = 6.9 Hz, Hy) ppm; C NMR (DMSO-ds) = 170.7, 164.9, 152.4, 140.9,
134.4, 134.1, 130.9, 122.5, 122.4, 119.6, 119.1, 61.1, 36.2, 25.0, 14.1 ppm; MS (ESI) m/z
[M+H*] calculated for C44H49NsO12 853.3403, found 853.3412.

(2.12c) Tetraethyl 5, 5'-(((((decanedioylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))
bis(carbonyl))bis(azanediyl))diisophthalate; brown powder, (0.17 g, 93 %). Taeq 204 °C (dec.);
IR (ATR)/cm™ 3708, 3681, 3351, 3286, 2982, 2938, 2923, 1719, 1654, 1652, 1554, 1515, 1228,
1057, 1033, 1017, 752; *H NMR (DMSO-ds) = 9.77 (s, 2H, Hy), 9.22 (s, 2H, Ha), 8.64 (s, 2H,
Ha), 8.32 (s, 4H, Hy), 8.08 (s, 2H, Hc), 7.52 (d appt., 4H, J appt. = 8.8 Hz, Hd), 7.39 (d appt.,
4H, J appt. = 8.8 Hz, He) 4.36 (t, 8H, J = 6.8 Hz, Hy), 2.28 (t, 4H, J = 7.2 Hz, Hn), 1.60 (m, 4H,
Hn) 1.33 (m, 20 H, Hhop) ppm; *C NMR (DMSO-dg) = 170.8, 164.9, 152.5, 140.9, 134.3,
134.2,130.9, 122.5, 122.4, 119.6, 119.1, 61.2, 36.3, 28.7, 28.6, 25.2, 14.1 ppm; MS (ESI) m/z
[M+H"] calculated for CagHs7NsO12 909.4029, found 909.4036.

2.13a-c:

(2.13a) Diethyl 4,4'-(((((glutaroylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))

bis(carbonyl))bis(azanediyl))dibenzoate; white powder, (0.11 g, 80 %). Tgeg 231 °C; IR

(ATR)/cm™ 3285, 3049, 2982, 2942, 2904, 1712, 1650, 1596, 1557, 1511, 1402, 1367, 1304,

1274, 1227, 1169, 1102, 1017, 835, 761 ; 'H NMR (400 MHz, DMSO-ds) = 9.85 (s, 2H, Hy),

9.06 (s, 2H, Ha), 8.71 (s, 2H, Ha), 7.88 (d appt., 4H, J appt. = 8.4 Hz, Hc), 7.57 (d appt., 4H, J

appt. = 8.4 Hz, Hy), 7.53 (d appt., 4H, J appt. = 8.0 Hz, Hg), 7.39 (d appt., 4H, J appt. = 8.0 Hz,
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He), 4.29 (t, 4H, J = 8.4 Hz, H,), 2.37 (t, 4H, J = 7.2 Hz, Hy), 1.90 (m, 2H, Hn), 1.32 (t, 6H, J =
8.4 Hz, Hp) ppm; C NMR (100 Hz, DMSO-dg) = 170.4, 165.4, 152.2, 144.4, 130.3, 122.5,
119.7, 118.8, 117.2, 60.2, 35.5, 21.0, 14.2 ppm; MS (ESI) m/z [M+H"] calculated for
Cs7H39N60s 695.2824, found 695.2827.

(2.13b) Diethyl 4.4'-(((((adipoylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))
bis(carbonyl))bis(azanediyl))dibenzoate; white powder, (0.11 g, 79 %). Teeg 211 °C; IR
(ATR)/cm™ 3263, 2945, 2870, 1712, 1647, 1552, 1511, 1401, 1273, 1212, 1169, 1075, 834,
760; 'H NMR (400 MHz, DMSO-dg) = 9.85 (s, 2H, H), 9.06 (s, 2H, Ha) 8.71 (s, 2H, Ha), 7.87
(d appt., 4H, J appt. = 8.3 Hz, H¢), 7.57 (d appt, 4H, J appt = 8.4 Hz, Hy), 7.51 (d appt., 4H, J
appt. = 8.0 Hz, Hq), 7.37 (d appt., 4H, J appt. = 8.0 Hz, He), 4.28 (t, 4H, J = 8.0 Hz, Ho), 2.32
(m, 4H, Hi), 1.63 (m, 4H, H;), 1.31 (t, 6H, J = 8.0 Hz, Hp) ppm; **C NMR (100 MHz, DMSO-
de) = 170.8, 165.5, 152.2, 144.4, 134.4, 134.0, 130.3, 122.6, 119.7, 118.9, 117.2, 60.3, 36.2,
24.9, 14.2 ppm; MS (ESI) m/z [M+H"] calculated for CasHa1NsOsg 709.2980, found 709.2980.

(2.13c) Diethyl 4,4'-(((((decanedioylbis(azanediyl))bis(4,1-phenylene))bis(azanediyl))
bis(carbonyl))bis(azanediyl))dibenzoate; white powder, (0.09 g, 63 %). Tdeg 216 °C; IR
(ATR)/cm™ 3285, 2928, 2850, 1714, 1650, 1597, 1562, 1514, 1403, 1306, 1278, 1230, 1172,
1107, 1019, 838, 761; *H NMR (400 MHz, DMSO-ds) = 9.76 (s, 2H, Hs), 9.06 (s, 2H, Ha), 8.70
(s, 2H, Ha) 7.86 (d appt., 4H, J appt. = 8.4 Hz, H.), 7.55 (d appt., 4H, J appt. = 8.4 Hz, Hy), 7.50
(d appt., 4H, J appt. = 8.0 Hz, Hq), 7.36 (d appt., 4H, J appt. = 8.0 Hz, He), 4.27 (t, 4H,J=8.1
Hz, Ho), 2.26 (t, 4H, J= 7.4 Hz, Hy), 1.57 (m, 4H, Hi) 1.30 (m, 14 H, Hmnp) ppm; *C NMR
(100 MHz, DMSO-de) = 170.8, 165.4, 152.2, 144.4, 130.3, 122.5, 119.6, 118.8, 117.1, 60.2,
36.3, 28.7, 28.5, 14.2 ppm; MS (ESI) m/z [M+H™] calculated for C42H49NsOs 765.3606, found
765.3607.
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2.14a-c:

g M
Hqg 0 NTRT e} where R = H;
B 0 o AL
H N° N Hs¢ N~ N i
¢ Lo H H
H, Hy H; H

(2.14a) N!, N°-Bis(4-(3-phenylureido)phenyl)glutaramide; white powder, (0.09 g, 82 %). Taeg
201 °C; IR (ATR)/cm™ 3310, 3284, 3040, 2959, 1659, 1637, 1557, 1538, 1445, 1403, 1298,
1227, 1169, 739, 692, 637, 619; *H NMR (400 MHz, DMSO-ds) = 9.82 (s, 2H, Hg), 8.61 (s,
2H, Ha), 8.56 (s, 2H, Ha), 7.52 (d appt., 4H, J appt. = 7.2 Hz, Hy), 7.45 (d appt., 4H, J appt. =
8.0 Hz, He), 7.37 (d appt., 4H, J appt. = 8.0 Hz, Hy), 7.28 (t appt., 4H, J appt. = 6.8 Hz, Hc),
6.97 (tappt., 2H, J appt. = 6.9 Hz, Hq), 2.36 (t, 4H, J = 7.2 Hz, Hh), 1.91 (quin, 2 H, J = 7.2 Hz,
Hi) ppm; *C NMR (100 MHz, DMSO-dg) = 170. 4, 152.5, 139.8, 134.9, 133.7, 128.7, 121.7,
119.7, 118.6, 118.1, 35.5, 21.1 ppm; MS (ESI) m/z [M+H"] calculated for Cs1H31NeO4
551.2401, found 551.2413.

(2.14b) N, N6-Bis(4-(3-phenylureido)phenyl)adipamide; white powder, (0.11 g, 98 %). Taeg
249 °C; IR (ATR)/cm™* 3308, 3260, 3149, 3040, 2940, 2875, 1644, 1557, 1512, 1403, 1299,
1228, 842, 726, 690, 642; *H NMR (400 MHz, DMSO-dg) = 9.79 (s, 2H, Hg), 8.60 (s, 2H, Ha),
8.56 (s, 2H, Ha), 7.51 (d, appt. 4H, J appt. = 6.8 Hz, Hy), 7.50 (d appt, 4H, J appt = 8.0 Hz, He),
7.37 (d appt., 4H, J appt. = 8.0 Hz, Hy), 7.28 (t appt., 4H, J appt. = 6.7 Hz, Hc), 6.97 (t appt.,
2H, J appt. = 6.8 Hz, Ha), 2.32 (t, 4H, J = 6.2 Hz, H)), 1.64 (t, 4H, J = 6.2 Hz, Hx) ppm; 3C
NMR (100 MHz, DMSO-dg) = 170.6, 152.5, 139.8, 134.9, 133.7, 128.7, 121.7, 119.7, 118.6,
118.1, 36.2, 25.0 ppm; MS (ESI) m/z [M+H*] calculated for Cs2H33NeO4 565.2558, found
565.2565.

(2.14c) NY, N°-Bis(4-(3-phenylureido)phenyl)decanediamide; white powder, (0.12 g, 90 %).

Taeg 254 °C; IR (ATR)/cm™ 3308, 3287, 3043, 2927, 2850, 1624, 1562, 1514, 1404, 1230, 741,

691, 638, 625 ; *H NMR (DMSO-ds) = 9.75 (s, 2H, Hg), 8.60 (s, 2H, Ha), 8.56 (s, 2H, Ha), 7.49

(d appt., 4H, J appt. = 6.2 Hz, Hy), 7.45 (d appt., 4H, J appt. = 8.2 Hz, H¢), 7.37 (d appt., 4H, J

appt. = 8.2 Hz, Hy), 7.28 (t appt., 4H, J appt. = 6.0 Hz, H), 6.96 (t appt., 2H, J appt. = 6.0 Hz,

Ha), 2.28 (t, 4H, J = 7.2 Hz, Hi), 1.60 (t, 4H, J = 7.1 Hz, Hm), 1.32 (M, 8H, Hn,) ppm; *C NMR
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(DMSO-de) = 170.8, 152.7, 140.0, 135.1, 133.6, 128.7, 121.5, 119.7, 118.5, 118.1, 36.3, 28.7,
28. 7, 25.2 ppm; MS (ESI) m/z [M+H"] calculated for C3sH41NsO4 621.3184, found 621.3198.

2.15a-c:

He HeO NTRTN\Q\ o] where R = Hi
" ’T‘A"“ O O NXH "

NO, Ha Ha Hr NO, W b

(2.15a) N!, N°-Bis(4-(3-(2-nitrophenyl)ureido)phenyl)glutaramide; yellow powder, (0.10 g,
85 %), Taeg 203 °C; IR (ATR)/cm™ 3275, 3140, 3051, 3036, 2935, 2362, 2322, 1660, 1609,
1586, 1559, 1541, 1496, 1461, 1435, 1403, 1336, 1282, 1221, 1145, 844, 779, 783, 739; H
NMR (400 MHz, DMSO-de) =9.88 (s, 2H, Hi), 9.79 (s, 2H, Ha), 9.59 (s, 2H, Ha), 8.32 (d appt.,
2H, J appt. = 6.4 Hz, He), 8.10, (d appt., 2H, J appt. = 6.0 Hz, Hy), 7.70 (t appt., 2H, J appt. =
6.1 Hz, Hq), 7.56 (d appt., 4H, J appt. = 8.0 Hz, Hs), 7.42 (d appt., 4H, J appt. = 8.0 Hz, Hy),
7.19 (t appt., 2H, J appt. = 6.4 Hz, Hc), 2.38 (t, 4H, J = 7.2 Hz, Hj), 1.92 (m, 2H, Hx) ppm; 3C
NMR (100 MHz, DMSO-de) = 170.4, 151.8, 137.5, 135.0, 134.9, 134.3, 125.4, 122.6, 122.1,
119.7, 119.0, 35.5, 21.0 ppm; MS (ESI) m/z [M+H"] calculated for C31H29NgOs 641.2103,
found 641.2101.

(2.15b) N!, Ne-Bis(4-(3-(2-nitrophenyl)ureido)phenyl)adipamide; yellow powder, (0.12 g,
93 %), Taeg 220 °C; IR (ATR)/cm™ 3262, 3146, 3041, 2923, 2364, 2336, 1651, 1584, 1558,
1543, 1499, 1456, 1434, 1401, 1337, 1283, 1253, 1213, 1147, 842, 782, 736; *H NMR (400
MHz, DMSO-ds) = 9.84 (s, 2H, Hi), 9.78 (s, 2H, Hz), 9.59 (s, 2H, Ha), 8.32 (d appt., 2H, J appt.
= 6.8 Hz, He), 8.10 (d appt., 2H, J appt. = 6.5 Hz, Hp), 7.71 (t appt., 2H, J appt. = 6.8 Hz, Hq),
7.55 (d appt., 4H, J appt. = 8.3 Hz, Hy), 7.42 (d appt., 4H, J appt. = 8.2 Hz, Hy), 7.19 (t appt.,
2H, J appt. = 6.0 Hz, Hc), 2.33 (t, 4H, J = 6.9 Hz, Hj), 1.65 (m, 4H, Hm) ppm; C NMR (100
MHz, DMSO-dg) = 170.7, 151.8, 137.5, 135.1, 135.0, 134.3, 125.4, 122.4, 122.2,119.7, 119.0,
36.2, 25.0 ppm; (MS (ESI) m/z [M+H"] calculated for C32H31NgOs 655.2259, found 655.2256.

(2.15c) N!, N°-Bis(4-(3-(2-nitrophenyl)ureido)phenyl)decanediamide; yellow powder, (0.09
0, 73 %), Mp 229 °C (dec.); IR (ATR)/cm™ 3267, 2913, 2845, 2602, 2496, 2361, 2337, 1654,

1589, 1584, 1554, 1543, 1498, 1456, 1435, 1402, 1337, 1283, 1222, 838, 791, 735; 'H NMR
66



(400 MHz, DMSO-ds) = 9.83 (m, 4H, Hia), 9.61 (s, 2H, Ha), 8.30 (d appt., 2H, J appt. = 6.4
Hz, He), 8.10 (d appt., 2H, J appt. = 6.0 Hz, Hp), 7.70 (t appt., 2H, J appt. = 6.5 Hz, Hqg), 7.54
(d appt., 4H, J appt. = 8.0 Hz, Hy), 7.40 (d appt., 4H, J appt. = 8.0 Hz, Hyg), 7.21 (t appt., 2H, J
appt. = 6.2 Hz, Hc), 2.29 (t, 4H, J = 7.2 Hz, H»), 1.60 (m, 4H, Ho), 1.30 (m, 8H, Hpq) ppm; *C
NMR (100 MHz, DMSO-de) = 170.9, 151.8, 137.7, 134.9, 134.3, 125.4, 122.6, 122.1, 119.6,
119.0, 36.3, 28.7, 25.2 ppm; MS (ESI) m/z [M+H*] calculated for C3sH39NsOs 711.2885, found
711.2885.

2.16a-c:

(2.16a) N*, N°-Bis(4-(3-(3-nitrophenyl)ureido)phenyl)glutaramide; yellow powder, (0.09 g,
74 %). Taeg 240 °C; IR (ATR)/cm™ 3367, 3276, 3096, 2985, 1737, 1653, 1556, 1513, 1404,
1345, 1301, 1228, 1044, 802, 733, 681, 606; *H NMR (400 MHz, DMSO-dg) = 9.86 (s, 2H,
Hi), 9.20 (s, 2H, Ha), 8.78 (s, 2H, Ha), 8.58 (s, 2H, Hy), 7.83 (d appt., 2H, J appt.= 7.0 Hz, Hc),
7.73 (d appt., 2H, J appt. = 7.0 Hz, He), 7.53 (m, 6H, Has), 7.41 (d appt., 4H, J appt. = 8.2 Hz,
Hg), 2.37 (t, 4H, J = 6.8 Hz, H;), 1.59 (t, 2H, J = 6.8 Hz, Hx) ppm; *C NMR (100 MHz, DMSO-
ds) = 170.4, 152.4, 148.1, 141.2, 134.2, 133.9, 130.0, 124.2, 119.6, 119.0, 116.1, 112.0, 35.5,
21.0 ppm; MS (ESI) m/z [M+H"] calculated for C31H29NgOs 641.2103, found 641.2103.

(2.16b) N, NS-Bis(4-(3-(3-nitrophenyl)ureido)phenyladipamide; yellow powder, (0.11 g,
84 %). Taeg 199 °C; IR (ATR) /cm™ 3259, 2937, 2871, 1648, 1554, 1513, 1403, 1347, 1298,
1238, 1178, 1013, 842, 797, 732, 679; *H NMR (400 MHz, DMSO-ds) = 9.84 (s, 2H, Hi), 9.19
(s, 2H, Ha), 8.76 (s, 2H, Ha), 8.58 (s, 2H, Hy), 7.82 (d appt., 2H, J appt. = 7.0 Hz, H¢), 7.70 (d
appt., 2H, Jappt. = 6.8 Hz, Hc), 7.56 (m, 6H, Haq), 7.41 (d appt., 4H, J appt. = 8.8 Hz, Hy), 2.33
(t, 4H,J = 8.0 Hz, H;), 1.64 (m, 4H, Hm) ppm; 3C NMR (100 MHz, DMSO-ds) = 170.7, 152.6,
148.1, 141.4, 130.0, 124.2, 119.7, 119.6, 119.3, 119.0, 116.0, 112.0, 36.2, 25.0, 24.9 ppm; MS
(ESI) m/z [M+H"] calculated for C32H31NgOg 655.2259, found 655.2258.
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(2.16¢) N, N1°-Bis(4-(3-(3-nitrophenyl)ureido)phenyl)decanediamide; brown powder, (0.12 g,
90 %). Taeg 211 °C; IR (ATR)/cm™ 3367, 3286, 2924, 2925, 2850, 1654, 1554, 1514, 1403,
1345, 1303, 1230, 843, 804, 734, 681; *H NMR (400 MHz, DMSO-ds) = 9.82 (s, 2H, Hy), 9.52
(s, 2H, Ha), 9.01 (s, 2H, Ha), 8.57 (s, 2H, Hp), 7.81 (d appt., 2H, J appt. = 7.1 Hz, He), 7.72 (d
appt., 2H, J appt. = 7.0 Hz, Hc), 7.51 (m, 6H, Ha,), 7.39 (d appt., 4H, J appt. = 8.9 Hz, Hy), 2.28
(t, 4H,J=7.2 Hz, Hy), 1.59 (M, 4H, Ho), 1.31 (m, 8H, Hp.q) ppm; *C NMR (100 MHz, DMSO-
ds) =170.9, 152.5, 148.1, 141.2, 134.4, 134.1, 133.9, 130.0, 124.0, 119.7, 119.4, 118.9, 36.3,
28.7, 28.7, 25.2 ppm; MS (ESI) m/z [M+H"] calculated for C3sH39NgOs 711.2885, found
711.2886.

2.17a-C:

(2.17a) N%, N° -Bis(4-(3-(4-nitrophenyl)ureido)phenyl)glutaramide; yellow powder, (0.11 g,
78 %). Taeg 213 °C; IR (ATR)/cm™t; 3368, 3271, 3153, 2930, 2851, 1654, 1550, 1503, 1401,
1326, 1303, 1215, 1176, 1111, 854, 834, 747; *H NMR (400 MHz, DMSO-ds) = 9.84 (s, 2H,
Hs), 9.39 (s, 2H, Ha), 8.83 (s, 2H, Ha), 8.17 (d appt., 4H, J appt. = 9.2 Hz, Hy), 7.67 (d appt.,
4H, J appt. = 9.2 Hz, Hc), 7.53 (d appt., 4H, J appt. = 8.9 Hz, Hq), 7.38 (d appt., 4H, J appt. =
8.9 Hz, He), 2.35 (t, 4H, J = 7.3 Hz, Hg), 1.88 (quin, 2 H, J = 6.9 Hz, Hn) ppm; 3C NMR (100
MHz, DMSO-de) =170.4, 151.9, 146.5, 140.9, 134.4, 134.1, 125.1, 119.7, 119.1, 117.3, 35.5,
30.7 ppm; MS (ESI) m/z [M+H"] calculated for Cs1H29NgOsg 641.2103, found 641.2110.

(2.17b) N!, N°-Bis(4-(3-(4-nitrophenyl)ureido)phenyl)adipamide; yellow powder, (0.11 g,
82 %). Taeg 234 °C; IR (ATR)/cmt; 3367, 3270, 2929,2850, 1654, 1549, 1495, 1401, 1325,
1300, 1214, 1178, 1110, 834, 747; *H NMR (400 MHz, DMSO-ds) = 9.81 (s, 2H, Hs), 9.38 (s,
2H, Ha), 8.82 (s, 2H, Ha), 8.17 (d appt., 4H, J appt. = 9.2 Hz, Hy), 7.67 (d appt., 4H, J appt. =
9.2 Hz, H¢), 7.52 (d appt., 4H, J appt. = 8.9 Hz, Hq), 7.37 (d appt., 4H, J appt. = 8.9 Hz, He),
2.31 (t, 4H, J = 8.2 Hz, Hi), 1.62 (m, 4H, H;) ppm; 3C NMR (DMSO-ds) = 170.7, 151.9, 146.5,
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140.9, 134.3, 134.1, 125.1, 119.7, 119.1, 117.3, 36.2, 25.0 ppm; MS (ESI) m/z [M+H"]
calculated for C3pH31NgOg 655.2259, found 655.2272.

(2.17¢) N!, N°-Bis(4-(3-(4-nitrophenyl)ureido)phenyl)decanediamide; yellow powder, (0.12
0, 91 %). Taeg 226 °C; IR (ATR)/cm* 3370, 3280, 2930, 2919, 2850, 1654, 1550, 1503, 1493,
1401, 1326, 1303, 1227,1215, 1176, 1111, 853, 834,747 ; *H NMR (400 MHz, DMSO-ds) =
9.80 (s, 2H, Hs), 9.40 (s, 2H, Ha), 8.83 (s, 2H, Ha), 8.20 (d appt., 4H, J appt. = 8.8 Hz, Hy), 7.70
(d appt., 4H, J appt. = 8.8 Hz, H¢), 7.54 (d appt., 4H, J appt. = 8.4 Hz, Hq), 7.40 (d appt., 4H, J
appt. = 8.0 Hz, He), 2.28 (t, 4H, J = 8.2 Hz, Hy) 1.60 (m, 4 H, Hj), 1.32 (m, 8H, Hmn) ppm; 3C
NMR (100 MHz, DMSO-ds) = 170.9, 151.9, 146.5, 140.9, 134.4, 134.0, 125.1, 119.7, 119.1,
117.3,36.3, 28.7, 28.7, 25.14 ppm; MS (ESI) m/z [M+H"] calculated for C3sH39NgOg 711.2885,
found 711.2886.

(2.18) 5, 5'-(((Hexane-1,6-diylbis(azanediyl))bis(carbonyl))bis(azanediyl))diisophthalic acid;

COLH CO,H
Hozcj i ‘NJLNWNJLN' t “CO,H
L H H

5-aminoisophthalic acid (0.15 g, 0.8 mmol) was added to a solution of 1,6-diisocyanatohexane
(64.6 uL, 0.4 mmol) in anhydrous DMF (50 mL) and stirred under inert conditions for 24 hours.
The solvent was removed in vacuo to afford 2.18 as a white powder (0.14 g, 64 %). Tgeq 189
°C; IR (ATR)/cm 3306, 2935, 2853, 1695, 1645, 1600, 1558, 1513, 1403, 1297, 1207, 1105,
1059, 757, 647; *H NMR (400 MHz, DMSO-ds) = 8.97 (s, 2H, Ha), 8.23 (s, 4H, Hp), 8.02 (s,
2H, He), 6.35 (5, 2H, Ha), 3.11 (t, 4H, J = 6.0 Hz, He), 1.47 (m, 4H, Hy), 1.33 (m, 4H, Hy) ppm;
13C NMR (100 MHz, DMSO-ds) = 166.9, 155.0, 141.2, 132.0, 122.4, 121.9, 30.0, 29.7, 26.1
ppm; MS (ESI) m/z [M+H"] calculated for C24H27N4O10 531.1722, found 531.1719.
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Chapter 3

Bis aromatic-ureas hydrogelators:— from water purification to drug delivery

systems
This Chapter is based upon the publication:— Multifunctional, Biocompatible, Non-peptidic
Hydrogels: from Water Purification to Drug Delivery, B. C. Baker, C. L. Higgins, D.
Ravishankar, H. M. Colquhoun, G. C. Stevens, F. Greco, B. W. Greenland, W. Hayes, Chemistry
Select, 2016, 1, 1641-1649.

Abstract A novel series of low molecular weight non-peptidic, biocompatible
super-hydrogelators based upon the bis aromatic urea self-assembly moiety have
been developed. Linking the bis aromatic urea groups responsible for gelation
together to form bi-armed gelators, affords control over gelation and water
purification properties as demonstrated in Chapter 2. This chapter focuses upon
the synthesis of a tri-armed bis aromatic urea hydrogelator and comparisons of
its gelation properties to the linked gelators reported in Chapter 2. The use of
the bis aromatic urea based gels as effective drug scavengers and delivery
systems has been demonstrated with a variety of dye substrates, via pH inversion,
as monitored by UV-vis spectroscopy. Finally, the developed systems' abilities
as both drug scavenging and delivery systems have been demonstrated with the

clinically-approved drugs chlorpromazine and doxorubicin, respectively.

3.1 Introduction

Low molecular weight hydrogelators have gained increasing interest in recent years as a result of
the diverse applicability of these systems in areas such as tissue engineering, catalysis and
electronics.>? Notably, the use of hydrogelators as water purification systems has been the focus
of several research programs.®® The ability to remove large amounts of toxic materials (with
respect to toxin:gelator ratio) from aqueous systems, makes hydrogelator systems advantageous
for water purification applications in an industrial setting (such as the removal of aqueous based

dyes used in the textile industries).?0
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Many reported low molecular weight hydrogelators can entrap and gel water at levels of less than
1% by weight of gelator. Termed ‘super-gelators’,'? these gels are desirable in drug delivery
systems as they possess the stable rheological properties of other gels, but without the need to
introduce large quantities of organic matter into the final assembly. Stable, low molecular weight
hydrogelators are finding increased use as drug delivery systems as a result of their injectibility>4
and biocompatibility'>® in addition to their ability to control drug release by varying the gel’s

rheological properties (via the concentration of gelator).!"18:19

In this Chapter the development of a non-peptidic hydrogelating system based on the gelator 3.1
(Figure 3.1 and previously reported in Chapter 2) is reported. This system was found to possess
suitable characteristics for water purification and drug delivery.”® Whilst several key examples of
peptide based hydrogelators have been described in the literature (primarily drug release moieties
and inhibitors),'*2%2! the ureas 3.1 and 3.3 (Figure 3.1) represent non-cytotoxic, non-peptidic
hydrogelators that are capable both of water purification and drug delivery. These non-peptidic
gelators have significant advantages over peptidic systems in terms of cost, as well as in the
scalability of their synthesis (for example, hydrogelators 3.1, 3.2 and 3.3 are obtained pure without

recourse to column chromatography).

COH HO,C N R NN CO,H
NO 2 2
ol Nen |SRACNT SRS
Hoe” Py u%u
H H CO,H 8 CO,H
3.1 3.2
CO,H
HN CO,H
HNAO
O<__NH
CO,H 9y 9y CO,H
N N
L8 LY UL 2L
o) o
HO,C N)LN N)LN CO,H
H H 23 H H

Figure 3.1 The structures of bis aromatic urea mono 3.1 and linked hydrogelators 3.2 — 3.3.
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Low molecular weight heteroaromatic dyes were used to establish the drug scavenging and
delivery capabilities of gelators 3.1-3.3 (Figure 3.1). The functionalized aromatic moieties
presented in 3.1 enhance this gelator's dye-uptake capabilities via n-n stacking and hydrogen
bonding interactions.”®° The data presented in Chapter 2 showed that by combining two units of
the urea 3.1 to form a linked gelator 3.2 (Figure 3.1) gelation ability was maintained and dye
removal efficiency increased. In this Chapter an extension of this concept is described in the form
of a tri-armed?? gelator 3.3 (Figure 3.1) which exhibits greatly improved dye removal capabilities.
In an additional and comparative study the ability of hydrogelators 3.1-3.3 to both selectively and
preferentially remove dyes from solutions containing mixtures of dyes has been demonstrated. The
release of gel-entrapped dyes is achieved via adjustments of the pH of the gel medium. Finally,
the potential use of gels 3.1-3.3 in the delivery and scavenging of aromatic drug molecules having
structures complementary to those of the gelating moieties has been studied.?

3.2 Results and Discussion

3.2.2 Synthesis and Characterization of Gelators

The aromatic ureas 3.1 and 3.2 were synthesized according to previously reported procedures.”®
The tri-urea 3.3 was synthesized using an analogous pathway to that used to generate 3.2 and has
been characterized by a combination of spectroscopic techniques. The absence of a primary amine
resonance (associated with the bis aromatic urea amide 2.2, reported in Chapter 2) in the 'H NMR
spectra of tri-urea 3.3 indicated successful amide formation (see Figure 3.2). In parallel to this,
observation of the downfield shifts of the aromatic resonances when compared to those of the
amine starting material (see compound 2.2) revealed the successful formation of the tri-urea 3.3,
as reported in previous studies of related molecules (see Chapter 2).° Interestingly, resonances
associated with the urea protons (see Hc-q in Figure 3.2) were not identified in the *H NMR spectra
of tri-urea 3.3 yet appeared upon addition of aromatic methylene blue causing network disruption
(vide infra). The absence of proton resonances of the gelator has been attributed to the self-

assembly properties of the gelator by Escuder et al. 24

74



Terminal Linker Central core
R

[¢]
CO,H H
i@\ o) /©/N , R R = continuation of bis carboxylic acid aromatic urea
0}
A A
Hc Hd

as depicted in Figure 3.1

HO,C
gelator 3.3 ‘
h ab ef “
1 !
g winl I\ |
o AN PRl
——ry "; v— ‘11 T 1! T 65 vvvvvvv avov T ._-5 vvvvvvv ‘v Y 4v= T 3': T :lv:' ™ iv:" T '0'9' o
8 (ppm)

Figure 3.2 'H NMR spectra of gelator 3.3 recorded in DMSO-ds.

Further proof of the successful synthesis of the tri-urea 3.3 was provided by IR spectroscopic
analysis, with the characteristic acyl chloride stretch frequencies (1756 cm™) not in evidence in
the spectrum of the isolated product. *C NMR spectroscopic analyses also provided additional
confirmation of the generation of the desired material. The presence of three key **C carbonyl
resonances (at 167.4, 164.5 and 153.2 ppm) associated with the carboxylic, amide and urea
carbonyl residues of 3.3 present and the 10 aromatic environments (Figure 3.3). It is noted that
13C NMR spectra of 3.3 recorded using a concentration in excess of 10 mM failed to produce
detectable resonances. This result was attributed to the slower tumbling rates of the larger

oligomer 3.3 and self-association, leading to faster relaxation times.?®
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Figure 3.3 1*C NMR spectra of gelator 3.3 (0.5 mM) in DMSO-ds.

Finally mass spectrometric analysis of 3.3 revealed a parent ion in the mass spectrum at m/z
1100.2324 (calc = 1100.2340) confirming the successful formation of the tri-armed gelator 3.3.
Interestingly ions were not detected in positive electrospray ionization mode. However, ions were
apparent in negative mode, attributed to the high carboxylic acid content of molecule 3.3.%5
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Figure 3.4 ESI mass spectrum of gelator 3.3 in electrospray mode

3.2.3 Gelation studies
Hydrogels of 3.1-3.3 were formed using the well-documented glucono-3-lactone protocol,?” which

afforded stable gels. Successful gelation of water using compounds 3.1-3.3 was confirmed via
vial inversion tests (the gels were stable for > 1 month) and rheological analyses (Table 3.1 and
Figure 3.5), which showed that the gels have a storage modulus an order of magnitude higher than

that of the loss modulus.”®
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Table 3.1; Comparison of the properties of gelators 3.1-3.3, Maximum storage moduli (G’) and loss moduli (G”)
(kPa) for hydrogelators 3.1-3.3 each at 20 mM."®

Density of
Gelator CGC[mM] wt%gel G’ (kPa) G” (kPa) hydrogen bonding
units (x 10%%/q)

3.1 0.9 0.03 294 31.5 1.57
3.2 1.8 0.14 327 44.5 1.36
3.3 1.8 0.2 250 43.2 1.47
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Figure 3.5 Rheological data for gelator 3.3 at 20 mM (cone and plate, 1°)

The ureas 3.1-3.3 all exhibited super-gelator characteristics (< 1 wt% gelator in gel, Table 3.1).
Of particular note are variations in the structural stability of the gels. The increase in storage
modulus (G") of the linked bis-armed gelator 3.2 when compared to that of 3.1 and 3.3 suggests
differences in the nature of the supramolecular assembly that result in gelation. This is in
agreement with the surfactant-like nature of gelator 3.2, resulting from the hydrophobic nature of
the alkyl linker and the polar urea end group (see density of hydrogen bonding units values quoted
in Table 3.1). Furthermore, urea 3.2 revealed the ability to thermo-gelate in water (see Chapter
2) (a property not demonstrated by gelators 3.1 and 3.3).° Further indications of a different type of
assembly in gels of 3.2, when compared to those of 3.1 and 3.3, were evident from the dye
absorption properties of the linked gelators and also from toxicity studies (see section 3.2.4).

3.2.4 Cytotoxicity testing
To assess the possibility of using hydrogelators 3.1-3.3 as drug scavengers and delivery vehicles
in vivo, cytotoxicity testing was undertaken. Using the MTT assay?® it was found that gelators 3.1

and 3.3 were non-toxic at the concentrations tested (10 pM) whilst 3.2 was toxic at concentrations
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greater than 1 uM (Figure 3.6). These data are in agreement with the surfactant-like nature of
gelator 3.2, and are in accordance with variations seen in assembly methods and dye absorption
capabilities described previously.® To further assess the applicability of the gels as drug
delivery/scavenging systems three individual solutions of gels of 3.1-3.3 (3.1 and 3.3 1 mL, 20
mM, 3.2 1mL, 10 mM) were placed in DO (10 mL) for 1 month at 37 °C. Dissolved gelator was
not detectable via *H NMR spectroscopic analysis during this period, so it is not unreasonable to
propose that in aqueous environments gelators of this type will not be present in high enough
concentrations to cause a toxic response (Figure 3.6).24
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Figure 3.6 Toxicity of gelators 3.1-3.3, evaluated using SH-SY5Y (human neuroblastoma cell line) to test toxicity,
with results monitored via MTT assay.?®

3.2.5 Dye extraction studies

To analyze the potential of gelators 3.1-3.3 as drug removal and delivery systems several aqueous
based dyes (see Figure 3.7) were employed as model compounds to investigate the suitability of
each system. Visual analysis of the dye-removal capabilities of gels of 3.1-3.3 have shown that
gelator 3.3 has by far the most efficient extraction ability for a range of different dyes when
compared to gels formed by gelators 3.1 and 3.2. In each experiment gels (20 mM, 1 mL for 3.1
and 3.3, 10 mM, 1mL for 3.2), were added to an aqueous solution of each respective dye sample
(250 mL, 8 mg L) and samples were then removed (0.5 mL) and filtered (0.45um Minisart®
syringe filter) for UV/vis spectroscopic analysis. Dye removal was monitored from the decrease
in the absorption maximum of each dye and then correlated directly to concentration via a

calibration curve.
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Figure 3.7 Structures of dyes employed in absorption studies.

3.2.6 Single dye removal

Previous studies have shown hydrogelator 3.1 to be an effective scavenger of the cationic dyes
Methylene Blue, Methylene Green and Rhodamine B (Figures 3.7 and 3.8 a).”® The linkage of
moieties responsible for dye absorption, to afford gelator 3.2, has been shown to increase dye
uptake efficiency.’. Interestingly the linked gelator 3.2 was found to absorb dye when used at
concentrations of only 10 mM, half that required for gels formed with triarmed gelator 3.3 and
previously reported for gels of 3.1 (Figure 3.8 b).° This observation, combined with the surfactant
like nature of gelator 3.2 (Figure 3.1 and 3.6), highlights possible differences in the

supramolecular assembly of gels of 3.2 when compared to that of gelators 3.1 and 3.3.”°
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Figure 3.8 UV/vis absorption spectra of stirred solutions of aqueous Direct Red, Methylene Blue, Methylene Green
and Rhodamine B (250 mL, 8 mg L) after addition of 1 mL of hydrogelator; a) 3.1 (1 mL, 20 mM), b) 3.2 (1 mL, 10
mM) and c) 3.3 (1 mL, 20 mM), and stirring for an allotted timeframe. Complete removal of methylene green and
Rhodamine B via gels of 3.1 was observed only after 3 days.

The dye removal capability of gelator 3.3 was assessed via UV/vis spectroscopic analysis with a
range of dye types (Figures 3.8-3.9). The gelator was found to be extremely efficient for removal
of a range of heteroaromatic dyes and, in particular, Methylene Blue, Methylene Green and Direct
Red (Figure 3.7) were completely absorbed after 5 minutes (each dye solution of 250 mL, 8 mg
L1, gelator 3.3 added at 1 mL, 20 mM) (see Figure 3.8c and Figure 3.9). However, such efficient

dye removal was not realized in similar studies with gelators 3.1 and 3.2 (Figure 3.8)."8°

Furthermore, the removal of Direct Red, achieved via gelator 3.3 (Figure 3.8 c, Figure 3.9), was

not observed for either gelator 3.1 or 3.2 (a, b Figure 3.8). It is proposed that uptake of Direct Red
80



occurs as a result of the increased functionalities capable of supramolecular interactions present in
gelator 3.3. This facilitates enhanced interactions with the higher molecular weight dye (with
respect to Methylene Green and Methylene Blue, Figure 3.7), via hydrogen bonding and n-nt
stacking, coupled with increased ordering within the gel structure to enable dye entrapment and

thus removal from solution.”87
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Figure 3.9 Removal of single dyes: a) Methylene Blue b) Direct Red ¢) Methylene Green (250 mL, 8 mg L™?):
i) before gelator addition, ii) after addition of hydrogelator 3.3 (1 mL, 20 mM) and stirring (5 minutes) and iii) after
filtration of gelator.

It is noted that the removal of the dye Rhodamine B did not occur with comparable efficiencies to
Methylene Blue/Green or Direct Red (c, Figure 3.8) when employing gelator 3.3. Additionally
rates of Rhodamine B uptake via gelator 3.3 were dimished in comparison to gelator 3.1 (a, Figure
3.8). It is suggested that the carboxylic acid moiety of the Rhodamine B (Figure 3.7) dye binds
competitively to the carboxylic functionalized gelator 3.3 to hinder effective fibril formation and
so diminish dye uptake.”® Such results were not observed in the case of the mono-armed gelator

3.1, which relies on hydrogen bonding nitro-urea interactions to effectively form a stable gel.’

To understand the binding motifs underpinning the dye uptake by gelator 3.3, dilution studies using
'H NMR spectroscopy were undertaken on samples of the gelator and dyes Rhodamine B and
Methylene Blue (a and b, respectively, see Figure 3.10). Spectra were acquired in the dipolar
aprotic solvent DMSO-ds to avoid gelation during the NMR spectroscopic study. Of note, and
apparent in both studies, is the splitting of the proton resonances associated with the central core
aromatic moieties in gelator 3.3 as the dye concentration increased (see Hs, Figure 3.10). It is
proposed that such splitting of the proton resonances arises from the presence of unbound and
bound gelator (with respect to the dye), implying slow exchange on the NMR timescale.?®% The
multiplicity and chemical shift of resonances associated with the urea protons of the gelator (see
Hs.4 Figure 3.10) also indicate a breakdown in the intermolecular hydrogen bonding interactions
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between the gelator molecules and an increase in those between gelator and dye, suggesting that

this is a key interaction for dye absorption.®>3? Finally, shifts in the proton resonances associated

with linking and terminal aromatic rings (Hi-2,5-6 in Figure 3.10) in both dilution studies suggests

that n-r stacking is an additional driving force behind dye absorption in the gel, as reported in

analogous studies on gelators 3.1 and 3.2.78°
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Figure 3.10 a) *H NMR spectra of hydrogelator 3.3 and Rhodamine B (* denoting resonances associated with the dye,
in non-gelling solvent DMSO-ds) where the bottom spectrum is pure 3.3 (mixtures 8:1, 6:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:4,

in ascending order, mol:mol, 3.3:Rhodamine B); b) 'H NMR spectra of hydrogelator 3.3 and Methylene Blue (

A

denoting resonances associated with the dye, in non-gelling solvent DMSO-ds) where the bottom spectrum is pure 3.3
(mixtures 1:2, 1:4, 1:6, 1:8, 1:10, 1:12, in ascending order, mol:mol, 3.3:Methylene Blue)

Key differences to note from these studies include the level of dye loading (with respect to gelator)

necessary to produce the same shifts of the gelator urea, amide and central core resonances when
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comparing the two dyes. In studies of binding between gelator and Rhodamine B, splitting of the
central core aromatic proton resonance (Hs Figure 3.10) was observed at a molar ratio of 6:1
(gelator:dye), with gelator urea resonances (Hs.+ Figure 3.10) appearing at a ratio of 4:1. In
analogous binding studies of the gelator with Methylene Blue, splitting of the central core aromatic
resonance was not observed until a molar ratio of 1:4 (gelator:dye) was reached, and urea
resonances did not appear until a molar ratio of 1:6 was achieved. Such a large increase in the level
of dye needed to implement such changes in the spectra reflects the increased efficiency of the
gelator to bind to Methylene Blue dye when compared with Rhodamine B. Indeed, the efficiency
of dye-gelator binding is such that at a molar ratio of 1:8 ratio (gelator:dye) free Methylene Blue
dye was not detectable by *H NMR spectroscopic analysis (Figure 3.10 b).

In attempts to understand the differences in efficiency of the dye uptake of Rhodamine B and
Methylene Blue by gelator 3.3, the chemical shifts in comparable proton resonances were analyzed.
No significant differences were observed in the amide and urea shifts (H7 and Hs.s, respectively,
Figure 3.10), but analysis of the terminal aromatic resonances (H:-2> Figure 3.10) demonstrated a
much larger chemical shift with Methylene Blue than with Rhodamine B. Unfortunately, attempts
to analyze the aromatic shifts of the linker (Hs.s Figure 3.10) were complicated by the overlap in
gel/dye proton resonances. It is proposed that increased m-m stacking interactions between the
gelator and Methylene Blue when compared to Rhodamine B is the key driving force behind

increased efficiency of uptake of the former dye.’8°

Small angle X-ray scattering (SAXS) analysis of gels of 3.3 both before and after Methylene Blue
absorption were undertaken to further ascertain method of dye removal. Prior to dye absorption,
significant scattering was not observed (Figure 3.11), consistent with the amorphous nature of the
gel. However, after dye absorption, small-angle scattering was observed corresponding to a d-
spacing of approximately 300 A (Figure 3.11). It has been suggested in the literature that such
scattering occurs as a result of the intercalation of the dye into the fibrils of the gelator, disrupting
the fibrils’ assembly and thus length as a result of the increased propensity for disassociation from

the gel bulk resulting in detection (as noted in dye absorption studies on gels of 3.1).”8
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Figure 3.11 SAX scattering data for gels formed from 3.3 (1 mL, 20 mM) both a) before and b) after contact with
Methylene blue solution (250 mL, 8 mg L) for 20 minutes.

Finally it was observed that absorption studies of gelators 3.1-3.3 with the azo functionalized
anionic dye Direct Orange (Figure 3.7) did not reveal significant dye removal. This proved

important in the sequential dye-removal studies reported (see Section 3.2.7).’

3.2.7 Sequential dye removal

It was decided to compare the most versatile dye removal gelators 3.1 and 3.3 (Figure 3.8) in
selective dye removal studies. Primarily selective removal of Methylene Blue from mixtures of
Direct Orange and Methylene Blue (250 mL H20, 4 mg L, 1:1 wt% dye) was studied in both
gelators (ImL, 20 mM). It was found that both gelators were able to successfully remove the
Methylene Blue from the solution of mixed dyes (Figure 3.12). The presence of the non-absorbed
Direct Orange did not have an effect on the uptake efficiency of gelators 3.1 or 3.3 (Figure 3.12b)

for Methylene Blue.
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Figure 3.12 Selective removal of Methylene Blue from Methylene Blue:Direct Orange aqueous solution (250 mL,
4mg L7, 1:1 % wt dye) after addition of 1 mL of hydrogelator 3.1 or 3.3 (1 mL, 20 mM) where; a) i) Methylene
Blue:Direct Orange solution, ii) after addition of gel of 3.3 and five minutes stirring, iii) after filtration of gel, b)
percentage absorption of dyes after addition of hydrogelators 3.1 and 3.3 (1 mL, 20 mM).

In a further selectivity experiment, the absorption capabilities of gelators 3.1 and 3.3 (1 mL,
20 mM) in mixtures of Direct Red/Methylene Blue aqueous solutions (250 mL, 4 mg L%, 1:1 %
wt dye) were compared. Gelator 3.3 removed both dyes successfully from solution, although the
rate of removal was effectively halved, now taking 10 minutes for complete dye removal (Figure
3.13). It was observed that the removal of Methylene Blue by Gelator 3.1 was hindered in presence
of Direct Red (Figure 3.13), indeed subsequent release of the dyes after 30 minutes stirring was
observed. This observation supports the hypothesis that the density of functional groups capable

of supramolecular interactions within the gelator has a direct effect on its dye removal capabilities.
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Figure 3.13 Absorption of Methylene Blue and Direct Red from a mixed aqueous solution (250 mL, 4 mg L™, 1:1 wt%
dye) after addition of 1 mL of hydrogelators 3.1 or 3.3 (1 mL, 20 mM).
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The rate of dye removal by gelator 3.3 was further demonstrated by preferential dye removal
experiments. Rhodamine B and Methylene Blue were selected in combination as a result of the
variation in absorption rates (Figure 3.8c). The dyes were mixed in a wt/wt ratio of 1:1 (250 mL,
4 mg L1 and gelator 3.3 was added (1 mL, 20 mM) as in previous studies. Preferential absorption
of Methylene Blue was shown (99% absorbed, Figure 3.14c) in comparison to Rhodamine B (5%
absorbed, Figure 3.14c). The presence of Rhodamine B had no impact on the rate of Methylene
Blue absorption, with this dye being removed completely after 5 minutes. Interestingly it was
found that the remaining Rhodamine B was absorbed after addition of a larger volume of gelator
3.3 to the mixture (3 mL, 20 mM) (Figure 3.14), but at a decreased rate with respect to gelator:dye

volume (see Figure 3.8 for a comparison).
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Figure 3.14 where; a) Preferential removal of Methylene Blue from Methylene Blue:Rhodamine B aqueous solution
(250 mL, 4 mg L, 1:1 % wt dye) (see i) after addition of 1 mL of hydrogelator 3.3 (1 mL, 20 mM) (see ii) and
filtration (see iii), b) removal of Rhodamine B from same mixture as b (see i) after second addition of hydrogelator
3.3 (3 mL, 20 mM) (see ii) and filtration (see iii), ¢) percentage absorption showing same selective dye removals as a
and b
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3.2.8 Dye release via pH inversion

In order to explore the possibilities of pH-induced molecular release, a process relevant to drug
delivery and gel regeneration,21® the release of absorbed Methylene Blue via pH variation was
studied with gelators 3.1-3.3. The gelator and aqueous dye solutions were prepared as in previous
experiments, and the dye was absorbed onto the gelator from solution. The pH of the solution was
varied by addition of either NaOH ) or HClconc) to minimise volume and concentration variation.

The pH was varied between 7 and 9 to effect dye adsorption and release.

Ratios derived from dilution studies allowed calculation of the percentage release of dye at a given
pH for each gelator. Variations in the absorption spectra of Methylene Blue under different pH
conditions were analyzed using a standard solution of the dye (250 mL, 8 mg L). Spectra were
recorded at pH 7 and pH 9 (after addition of NaOHs)) of the same solution to allow comparison
(Figure 3.15). It was found that similar concentrations showed a decrease to 29% of the original
absorption maxima at 667 nm when in basic conditions. Dilution of the pH 9 control sample
showed direct correlation between concentration and absorption (Figure 3.15). This allowed

direct comparison of repeated absorption and release of Methylene Blue dye.
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Figure 3.15 Absorption spectra of Methylene Blue under neutral (25 mM) and basic (25, 12.5, 6.75 mM) conditions.

It was observed that upon raising the pH to 9, breakdown of the gel structure allowed release of
absorbed Methylene Blue (Figure 3.16). It was apparent that gelator 3.2 releases the dye at the
fastest rate, with 100% release being achieved in less than 2 hours. However, it was observed that

the gels of this system are formed at half the concentration of 3.1 and 3.3 as a result of the different
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assembly and absorption properties of 3.2. Gels of 3.1 and 3.3 showed slower release of Methylene
Blue, with 3.3 achieving a higher final level (90%) of release than 3.1 (60%).
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Figure 3.16 Percentage release of Methylene Blue dye from gels of 3.1-3.3 (for 3.1 and 3.3 1 mL, 20 mM, for 3.2
1mL, 10 mM) into NaOHaq) (pH 9, 250 mL) after Methylene Blue (250 mL, 4 mg L™!) has been absorbed onto gelators.

The versatility of gelator 3.3, in terms of dye removal/release was also demonstrated via multiple
absorption/release cycles (Table 3.2). As is shown the absorption/release cycles have minimal
impact on the ability of the gelator to absorb/release dyes effectively.

Table 3.2 Percentage absorption and release of Methylene Blue dye via pH switching of a solution containing
Methylene Blue (250 mL, 8 mg L) and gelator 3.3 (1 mL, 20 mM).

Aqueous
pH value dye
7 >1%
Cycle 1 9 90%
7 >1%
Cycle 2 9 89%

3.2.9 Drug scavenging
To assess the possibility of the use of the gelators as drug removal agents from aqueous solution
3.3 was selected as the model system, being the most efficient gelator for dye-removal (see Figures

3.8, 3.12 and 3.13) and also non-cytotoxic in nature (Figure 3.6). Chlorpromazine was chosen as
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a model drug, as a result of its structural similarity to Methylene Blue (Figure 3.17), and its toxic

effects when administered at high dosage levels.®
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Figure 3.17 showing similarity of structures of A) Methylene Blue and B) chlorpromazine

It was found that gels of 3.3 were able to remove the drug efficiently from D20 in 10 minutes, as
monitored via *H NMR spectroscopy (Figure 3.18), using the same extraction protocols as those

described previously.

CP

D20
CP

cp EtOH

MJ M ij cron cp

D20

EtOH

J Eon J‘

T T T T T T T T
4.0 3.5 3.0 2,5 2.0 1.5 1.0 0.5

85 80 75 70 65 60 55 50_ 45
3 (ppm)

Figure 3.18 'H NMR spectra showing removal of chlorphenazine (CP) from D,O. Top: chlorphenazine 8 mg/mL
(25 mL) spiked with ethanol as a reference (10 um). Bottom: sample after stirring with gel of 3.3 (1 mL, 20 mM) for
10 minutes.

Based upon the mechanical stability (Table 3.1), non-cytotoxicity (Figure 3.6) and dye release
characteristics (Figure 3.16), hydrogelator 3.1 was selected as a model system to investigate drug
release via diffusion. In addition, the hydrogelator system 3.1 was also capable of gel re-formation
after disruption and injection rendering it suitable for drug delivery applications (see Figure 3.19),

this characteristic was not realised in either of the other two gelators 3.2 and 3.3.
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Figure 3.19 a) Visual demonstration of the injectability of gels of 3.1 in H,O (20 mM) after glucono-8-lactone pH
switching and reformation of a stable gel after 20 minutes of standing, b) rheological data for gelator 3.1 using cone
(1°) and plate (20mm) (20 mM) at 5 mins after injection onto plate and ¢) 20 minutes after injection onto the plate.

Doxorubicin was selected as the drug for delivery after it was ascertained that drug release would
not be hindered via intercalation into the gel fibrils. This was monitored via UV/vis spectroscopy
under same method as dye uptake; a gel of 3.1 (ImL 20mM) being placed into a stirred solution
of doxorubicin 10 mL 0.1 mg/mL. No uptake of doxyorubicin was observed attributed to the

dissimilarity between the drug and aromatic dyes used in this study see Figures 3.7 and 3.20).

NH,

S0 0o OH o7 o
HO
O OH ol

Doxorubicin

OH
Figure 3.20 The chemical structure of doxorubicin

Two gel samples of different concentrations were prepared via dissolution of gelator 3.1 (20 mM
and 80 mM) in NaOHaq) (0.01 M, 0.5 mL). Doxorubicin (0.2 mL, 0.1 mg/mL) was introduced via
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dilution in HCl@g) (0.02 M, 0.3 mL) and addition to gelator 3.1 NaOHq) solution to achieve
gelation. The gels were then injected into phosphate buffer saline solution and held at 37 °C over
a period of 1 month. Drug release was monitored via UV/vis spectroscopic analysis, correlating
the absorption maxima of doxorubicin (Amax = 485 nm) with percentage release, as in the dye-

release studies described above.

Gelator 3.1 proved to be an effective release system, and the rate of release was controllable via
gelator concentration, directly related to the rheological properties of the resultant gel (Figure
3.21). 171934 At hoth gelator concentrations, a burst release was observed within the first 24 hours
(the level of release directly related to gelator concentration), after which Fickian-like delivery
predominated at both concentrations.*®3® Finally, plateauing was recorded in both concentrations

when the drug delivery had exceeded 90%.
100 A
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Figure 3.21 Release of doxorubicin (0.02 mg) from gelator 3.1 (at concentrations of 20 mM and 80 mM, 1 mL) into
phosphate buffer saline solution.

3.3 Conclusions

It has been demonstrated that a range of super-hydrogelators can be synthesised with a bis aromatic
urea motif. These super-gelators have demonstrated significant water purification properties via
gelator-impurity (e.g. dye) binding. Linking the motifs responsible for binding creates a significant
improvement on the ability of the resulting gels to purify water. The ability of such gels to

preferentially and sequentially remove species from aqueous environments has been demonstrated.
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It has also been demonstrated that absorbed species contained within the formed gels can be

released by pH switching.

Furthermore it has been demonstrated that the tris armed gelator can effectively remove model
drug compounds from aqueous solutions. The mono armed gelator can successfully release model
drugs via diffusion with release rates controllable via concentration of formed gelators. Combined
with the biocompatibility of the two hydrogelators, and injectability of the monogelator it is
suggested that they would be suitable as both drug-release and drug-scavenging agents.

3.4 Experimental

For the general experimental procedures and instrumentation used see Section 2.4, Chapter 2.
Small angle X-ray scattering data were collected using a Bruker Nanostar instrument with an
Incoatec microfocus X-ray source operating at 45 kV. Scattering patterns were collected using a
Vantec area detector (2048 x 2948 pixels, camera length 66 cm, q = 2*pi*sin(theta)/lambda
(scattering angle = 2*theta, lambda = 1.54 A)) using silver behenate as a calibrant (d-spacing =
58.3 A).

Cytotoxicity testing; Cell line and Culture: SH-SY5Y (human neuroblastoma cell line) were
purchased as a frozen stock from European Collection of Cell Cultures (ECACC). SH-SY5Y cells
were grown in DMEM:F-12 (1:1) [with sodium pyruvate] supplemented with 15% FBS and 1%
NEAA. All of the cell culture reagents unless specified were obtained from Lonza, UK. DMEM:F-

12 (1:1) culture medium was obtained from Life Technologies (Gibco), UK.

For the cell culture experiments, the stock solutions of the test compounds (3 mg/mL) were
prepared in DMSO. Subsequent 1000 uM stock solutions in ethanol were prepared and these stocks
were then appropriately diluted with the complete culture medium for testing. The ethanol and
DMSO levels were maintained below 1% in the test concentrations. The solutions of the test
compounds were sterilized by syringe membrane-filtration.

Cytotoxicity assay: SH-SYS5Y cells were seeded at a density of 1.5 x 105 cells/mL into 96 well
plates and incubated for 24 hours to allow attachment. After 24 hours, the cells were treated with

these synthesised derivatives at a range of concentrations (10.0, 7.5, 5.0, 1.0, 0.5 and 0.1 uM) for
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67 hours. After 67 hours an MTT assay was carried out by the addition of 20 uL of MTT (5 mg/mL)
solution in PBS into each well and the cells were incubated for 5 hours. The purple crystals formed
were dissolved in 100 pL of DMSO and the plates were read at 570 nm using a SPECTRA max
UV spectrometer (Bio-Rad). The data represented are the mean of the four individual experiments.

The cell viability of the control was considered to be 100%.

Gelators 3.1 and 3.2 were synthesized according to procedures previously reported (Chapter 2)."°

R

CO,H Hg

Ha e} N R R = continuation of bis carboxylic acid aromatic urea
)J\ 0 H as depicted in Figure 3.1
HO,C N"°N Hy h
Hb c Hd He
3.3

Synthesis of 5,5",5"-((((((benzene-1,3,5-tricarbonyl)tris(azanediyl))tris(benzene-4,1-

diyl))tris(azane-diyl))tris(carbonyl))tris(azanediyl))  triisophthalic  acid  (3.3);  5-(3-(4-
aminophenyl)ureido)isophthalic acid (see compound 2.1, Chapter 2).2 (0.4 g, 1.16 mmol) was
reacted with 1,3,5-benzenetricarbonyl trichloride (0.1g, 0.38 mmol) in DMF (15 mL) with EtsN
(162 uL, 1.18 mmol) at 80 °C for 8 hours and then precipitated into water (250 mL) to give a
brown coloured gel. After filtering and washing with toluene (2 x 50 ml) and water (2 x 50 mL)
the triarmed gelator 3.3 was afforded as a brown solid (0.35 g, 83%); Taeg 191 °C; IR (ATR) cm™?
3308, 2922, 1694, 1658, 1609, 1551, 1512, 1447, 1402, 1301, 1203, 1117, 1056, 894, 830, 726,
671; *H NMR (400 MHz, DMSO-ds) 10.54 (s, 3H, Hg); 8.73 (s, 3H, Hn); 8.33 (s, 3H, Ha); 8.11 (m,
6H, Hp); 7.74 (m, 6H, He); 7.53 (m, 6H, Hr) ppm; 3C NMR (400 MHz, DMSO-ds) 166.6, 161.8,
152.6, 140.6, 135.5, 133.3, 132.3, 131.7, 123.0, 122.4, 121.2, 121.1, 118.6 ppm; MS (ESI) calc for
Cs4H38018Ng = 1100.2340 [M-H] m/z found = 1100.2324.
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Chapter 4

Inducing hardening and improved healability in poly(ethylene-co-acrylic
acid) via blending with complementary low molecular weight bis aromatic

ureas

This chapter is based upon the patent specification:- ‘Repairable Polymer Compositions’, patent
number; GB 1621400.9, 15 December 2016, by B. C. Baker, I. German, G. C. Stevens, H.M.
Colquhoun, W. Hayes.

Abstract The design and synthesis of low molecular weight additives, based
on the bis aromatic ureas described in Chapters 2 and 3, and their
compatibility with poly(ethylene-co-acrylic acid) copolymers is reported.
The self-assembly properties of the low molecular weight additives have been
demonstrated in a series of gelation studies. Upon blending at low percentage
weights (< 5%) the additives were capable of increasing the stress and strain
to failure when compared to the copolymer. Modification of the mechanical
properties of the copolymer has been demonstrated via variation of the
percentage weight of the additive as well as the type of additive blended.
Finally, an increase in the healability of formed blends when compared to that
of the original polymer has been observed via the introduction of a ‘network

within a network’.

4.1 Introduction

Polyethylene based co-polymeric systems are used widely as protective coatings.! The
toughness of the polyethylene phase and the ability to manipulate mechanical properties of the
co-polymer, via variations in copolymer units, allow access of a wide range of systems.?
However, when damaged, repair within the polymeric matrix cannot be realised and thus the
system fails as a protection mechanism. The introduction of healability within a polymeric

protection system is thus a very desirable proposition.

Numerous polymeric-based healable systems have been reported in the literature.® The
encapsulation and reversible covalent bond approaches offer alternative routes to healability

within polymer matrices. However these approaches have distinct practical limitations
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including; limited break-heal cycles, reduced toughness of the system and the need to
implement external stimuli to initiate healing.* Non-covalent sacrificial bonds placed
throughout polymeric networks have allowed access to a route to healability via controlled
bond disassociation and re-association.* However the compromise between control over the
thermal and kinetic stimuli required to initiate healing and ability of the system to offer viable

protection must be considered.>®

The self-healing mechanism of ethylene carboxylic acid co polymers, such as poly(ethylene-
co-methacrylic acid) has been reported to involve a two-stage system relying upon a
supramolecular rearrangement and polymeric melt (Scheme 4.1).”® In this model sacrificial
supramolecular bonds (intramolecular hydrogen bonding between carboxylic acid moieties)
are able to dissociate at lower temperatures. At higher temperatures melting of the polyolefin

crystalline domains allows copolymer flow and processability.

& Q
TH Tm @
1 Relaxation @ Te @
Ordered State Disordered State Molten State
Increasing Temperature g
@ -=CO:H O = COzH = -CHz-  seeevseseennn: = Hydrogen
domains polymer bonding

Scheme 4.1 Proposed various transition states of poly(ethylene-co-acrylic acid) showing disordering of carboxylic
acid domains (red) at temperatures > Ty and polyolefin back bone melt (black) at temperatures > Tr. Scheme
modified from previously reported ionomer Surlyn®."8

This model (Scheme 4.1) has been extended to the random copolymer poly(ethylene-co-acrylic

acid) (Figure 4.1).

X y

Figure 4.1 The chemical structure of poly(ethylene-co-acrylic acid).
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In this chapter is reported the introduction of small molecules into a range of ethylene-
carboxylic acid copolymers in an attempt to improve both the healable and mechanical
properties of the bulk phase. In accordance with the model described by Yang et al.’,
introduction of small molecules into copolymers should promote healing at lower temperatures
provided they interact with the moieties within the bulk polymer that are responsible for healing
(in this instance the acidic moieties, Figure 4.2).1° The small molecules also strengthen the
polymer via increased ordering within the bulk (at temperatures < Ty) in accordance with
studies on precise copolymers of poly(ethylene-co-acrylic acid) by Middleton et al.**

/\/ = -CH2- short chain additive D = secondary supramolecular

backbone functionality

Figure 4.2 Insertion of;, A) dicarboxylic acid additive (sebacic acid), B) mono-carboxylic acid additive
(dodecanoic acid), C) functionalised carboxylic acids additives to enable secondary supramolecular interactions
into poly(ethylene-co-acrylic acid).

The primary objective of this research was to introduce spontaneous self-healing capabilities
into existing polymeric protection systems via lowering the Tg of the system with regard to the

bulk phase and additive (see Figure 4.3).
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Figure 4.3 A simplified plot of Gibbs free energy change available for self-healing versus the systems’ glass
transition temperature to show how manipulation of a polymeric protection system via decrease in the glass
transition temperature can yield a spontaneously self-healing material.

4.2 Results and Discussion

4.2.1 Small molecule synthesis and characterisation

Each of the additive molecules 4.1-4.6 (Figure 4.4) was designed to interact with the
carboxylic acid hydrogen bonding domains present in poly(ethylene-co-acrylic acid). The
diacid, sebacic acid (4.1), and the mono acid, dodecanoic acid (4.2), were used as received.

(0] (6]
4.1
HOMOH
(@]
4.2
HO 10
R X i
4345 0 NOH Molecule  R; Rz
N 0 4.3 H NO;
R, N~ N
H H 4.4 NO, H
4.5 H H

4.6 2 NOH
o)

CO,H

N)J\N COzH
H

Figure 4.4 Low molecular weight additives showing: bis acid 4.1, mono acid 4.2, carboxylic acids 4.1-4.7.
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Carboxylic acids 4.3-4.5 were synthesised via a two-step reaction, with each respective amine
functionalised bis aromatic urea being formed from the corresponding phenyl isocyanate and
p-phenyl diamine (reported in Section 2.2.1 in Chapter 2).1213 The carboxylic acids were then
generated via a ring opening reaction with succinic anhydride (Scheme 4.2).

R NH, Molecule R Rz
:@\ + © 4.3 H  NO;
Ry NCO  HoN 4.4 NO, H
4.5 H H

THF, Ar
-10 °C, 2 hours

LA T e o
R2 HoOH V 70 °CT|2—|4Fhours :@\ /©/
4.3-4.5

Scheme 4.2 The synthetic route used to generate the carboxylic acids 4.3-4.5.
The successful synthesis of each carboxylic acid was confirmed by a combination of IR, H
and ®C NMR spectroscopies in addition to mass spectrometry. For example, 'H NMR
spectroscopic analysis of the carboxylic acid 4.3 revealed absences of the primary amine
resonances present in the starting material and the appearance of an amide resonance (at 9.83
ppm) (Figure 4.5). These spectroscopic data were in agreement with the *C NMR
spectroscopic analysis which revealed the presence of three different carbonyl residues (e.g.
175.8, 169.7 and 153.8 ppm) corresponding to the urea, amide and carboxylic acid groups
present in the desired product (Figure 4.5). Further proof of the successful synthesis of 4.3
was evident in the IR spectra which, exhibited three distinct absorption bands (at 1696, 1671
and 1655 cm™, respectively) correlating to the three carbonyl moieties and an amide stretch (at
3362 cm). Finally mass spectrometric analysis revealed a mass ion at m/z = 395.0959 which

was in good agreement with the calculated values (e.g. C17H160sNsNa = 395.0962).
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Figure 4.5 *H and *3C NMR spectra of the carboxylic acid 4.3 in DMSO-ds.

The carboxylic acid 4.6 was synthesised via a similar procedure to that used to generate the
acid functionalised bis aromatic ureas 4.3-4.5. 3-Nitro aniline and succinic anhydride were
dissolved in THF and heated under reflux for a period of 2 hours and the desired product was
isolated by precipitation.!* The biscarboxylic acid 4.7 was synthesised as previously reported
and was used as a control (in both gelation studies, see Section 4.2.2 and mechanical tests

Section 4.2.4) as previously reported in Chapters 2 and 3 (as compounds 2.1 and 3.1).%°

4.2.2 Gelation studies

To probe the self-assembly capabilities of carboxylic acids 4.1-4.7, gelation studies were
undertaken. Hydrogels of the carboxylic acids were formed via use of the glucono-g-lactone
protocol .8 Initial gelation studies revealed the successful hydrogelation ability of carboxylic
acids 4.1 and 4.3, indeed 4.3 is a supergelator with a critical gelator concentration < 1 % wt,
(see Figure 4.6 and Table 4.1).*7
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Table 4.1 Gelation properties of molecules 4.1-4.7 where; G = Gel (withstanding the vial inversion test for > 1
hour).

Molecule Gelation state CGC wt%o

4.1* G 98.8 2.0
4.2 GP - -
4.3 G 2.7 0.1
4.4 P - -
4.5 P - -
4.6 P - -
4.7 G 0.9 0.03

where: GP = Gelatinous Precipitate, P = Precipitate. * at concentration of 297.2 mM (6.0 %wt) molecule 4.1 can
also behave as a thermogelator.

a— b= C) = dsm °
' ‘ - Fé o
- 5 i g8
Figure 4.6 Vial inversion test of hydrogels of the carboxylic acid 4.3, formed via the glucono-é-lactone protocol,
20 °C, at concentrations; a) 0.9 mM b) 1.8 mM ¢) 2.5 mM d) 2.7 mM e) 2.9 mM.

The biscarboxylic acid 4.7 has already been reported to be a supergelator.®® Interestingly,
carboxylic acid 4.2 was not able to form stable hydrogels which implied that bifunctionality
was required to promote supramolecular network growth. From the functionalised carboxylic
acids studied (4.3-4.7), only the system with the nitro moiety in the meta position with respect
to the urea bond (4.3) formed stable gels (as shown by the vial inversion test, see Figure 4.6
and rheological analysis Figure 4.7). Rheological analysis undertaken on hydrogels of 4.3
revealed an increased maximum storage modulus (400 kPa) with respect to gelator 4.7
(294 kPa) (both gelators at 20 mM, Figure 4.7).%°

10000
= 1000
£ ooooooooooooooooox*ox
5 100 *
3 ><><><><><><><><><><><><x><><><>< X .G
3 10 XG"

1 T T T T T TTTTT T T LN L L |
5 50 500
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Figure 4.7 Rheological data (1° cone geometry) for hydrogels of 4.3 (20 mM) formed via the glucono-5-lactone
protocol, 20 °C, G’: A and G™: X.
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The failure of carboxylic acids 4.4 and 4.5 to gelate highlights the importance of the nitro
moiety and also its’ position on the aromatic ring in the formation of complementary hydrogen
bonding networks. It is proposed that the meta positioning of the nitro moiety allows fibril like
growth whereas para substitution results in crystallisation and ultimately precipitation.16:18:20
Furthermore, when the urea moiety was absent, as in the case of the carboxylic acid 4.6, fibril

growth, and hence gelation, was not realised.

The differences in the assembly of the hydrogelators 4.3 and 4.7 was evident from studies on
the dye absorption capabilities of each gelator. Whilst gelator 4.7 absorbed aromatic dyes such
as Methylene Blue from aqueous solution (see Chapters 2 and 3), the carboxylic acid 4.3 did
not demonstrate any appreciable ability to produce similar results (Figure 4.8). It is proposed
that 4.3 does not possess the extended aromatic face in the fibrils formed under gelation

conditions necessary to absorb the dye molecules.®*°
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Figure 4.8 UV/vis absorption spectra of stirred solution of aqueous Methylene Blue (250 mL, 8 mg L) after
addition of 1 mL of hydrogelator 4.3 (1 mL, 20 mM).

4.2.3 Initial blending procedures

Films were cast successfully from blends of carboxylic acids 4.1-4.7 and poly(ethylene-co-
acrylic acid) (15 wt % acrylic acid) (pbEAAL5). Blends were obtained via dissolution of both
polymer and low molecular weight carboxylic acid in dimethylformamide (DMF) and removal
of solvent under high vacuum (for a period of 24 hours at 80 °C, confirmed via TGA). In the
case of blends of pEAA15 and the bisacid 4.1 it was found that phase separation occurred at
an additive loading of 10 wt % (with respect to the polymer weight) as determined by DSC
analysis (see Figure 4.9). In the light of this observation, blends comprised of 1 and 5 wt %

of 4.1 in pEAALS were investigated in more detail.
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Figure 4.9 DSC thermogram of pEAA15/1 (10 wt%) revealing the phase separation of polymer and biscarboxylic
acid 4.1 (represented via the melt transition at 119.8 °C after second heat/cool cycle (heating rate 15 °C/min,
cooling rate 5 °C/min).

It was not possible to achieve blends of carboxylic acids 4.1-4.7 with poly(ethylene-co-
methacrylic acid) (15 wt% acrylic acid) (pbEMA15) via either solution or melt cast blending.
DSC analysis of mixtures of pEMAL5 and the carboxylic acids 4.1 and 4.2 revealed phase
separation at extremely low percentage weight values (0.5 wt%). It is proposed that in these
cases, the inability to generate homogeneous blend occurred as a result of the smaller hydrogen
bond domains in pEMA15 when compared to that of pEEA15.781 In addition, it was not
possible to cast films of blends of polyacrylic acid with carboxylic acids 4.1-4.7 as these blends

resulted in the formation of powders.

4.2.4 Tensile properties of pEEAL5 blends

Mechanical analysis was carried out on blends of pEEA15 and carboxylic acids 4.1-4.7 to
assess the impact of the addition of such small molecule at loading levels of 1 and 5 wt% (with
respect to the polymer). Studies were undertaken on films (averaging 400 x 10 x 1 mm
dimensions) using a tensometer with a true strain rate of 0.2 s™*. Each sample was analysed five

times and the average profile was recorded (see Table 4.2).
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Table 4.2 Mechanical properties of films formed of blends of pEEAL5 and carboxylic acids 4.1-4.7 in 1 and
5 wt% with respect to plasticizer (film dimensions averaging 400 x 10 x 1 mm, true strain rate of 0.2 s%).

Tensile Fracture Uniform Strainto Energy Young’s

Film System b\I,ZEOdA; d Strength  Stress Strain  Fracture Absorbed Modulus
(MPa) (MPa) (%) (%) (MPa) (MPa)
pEEA15 2.20 1.95 7.30 9.84 0.26 117.47
pEEA15/4.1 1 2.83 2.75 3.26 3.59 0.11 220.49
5 3.30 3.12 9.54 10.38 0.39 123.78
pEEA15/4.2 1 1.86 1.49 9.09 9.58 0.13 23.72
5 0.95 0.46 62.80 69.50 0.34 0.98
pEEA15/4.3 1 2.28 2.09 8.00 10.66 0.26 117.48
5 2.66 1.95 9.21 17.14 0.41 146.21
pEEA15/4.4 1 1.81 1.37 12.90 17.62 0.27 54.45
5 1.85 1.67 5.52 6.13 0.08 58.42
pEEA15/4.5 1 2.04 1.72 16.26 18.37 0.31 52.03
5 0.36 0.26 5.72 6.49 0.02 24.22
pPEEA15/4.6 1 1.75 1.54 13.14 16.44 0.23 18.53
5 0.59 0.32 16.10 20.40 0.09 6.57
pEEA15/4.7 1 1.90 1.78 12.91 14.88 0.22 53.04

It was found that blending the carboxylic acids 4.1 and 4.2 with pEEAL5 had a significant
impact upon the polymer’s mechanical properties (Table 4.2). The diacid 4.1 was found to
increase the tensile strength of the bulk phase at low weight concentrations (< 5 wt%) (see
Table 4.2 and Figure 4.10). Blending of 1 wt% of the diacid 5.1 was found to afford a stronger
yet more brittle sample than pure pEEA15 demonstrating increased tensile strength and
Young’s modulus, though decreased uniform strain and energy absorbed. Blends comprising
5 wt% of 4.1 with pEEA15 resulted in an increase in the materials’ toughness and elasticity
indicating that a change in the order of the system had occurred (see Figure 4.10 and in

agreement with polar optical microscopy (POM) studies, see Section 4.2.5).
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Figure 4.10 Stress strain curves for pEAALS (black), pEAA15/4.1 (5 wt %) (blue dashed), pEAA15/4.3 (5 wt %)
(blue solid).

Analogous to the strengthening shown via blending of the biscarboxylic acid 4.1 with pEEA15,
the mono carboxylic acid 4.2 acted as a plasticizer when blended, in agreement with Figure
4.2 B, (Table 4.2). An increase in strain to fracture of > 700 % was observed at 5 wt% as well
as a decrease in both the tensile strength and Young’s modulus. It is proposed that the inability
of the mono carboxylic acid 4.2 to effectively self-assemble (see gelation studies Table 4.1),

prevents the formation of effective reinforcing networks within the polymer blends.

Blending of the functionalised carboxylic acid 4.3 with pEEA15 afforded an increase in the
bulk materials’ tensile strength as well as its uniform strain (Table 4.2 and Figure 4.10). The
increase in tensile strength was not so pronounced as the blends with the dicarboxylic acid 4.1,
yet in contrast the increase in uniform strain was greater. It is proposed that these mechanical
observations are as a result of the introduction of a weaker secondary interaction in the self-

assembly motif of the bis aromatic nitro urea moiety in 4.3 (Figure 4.2 C).

Finally the presence and position of the nitro functionality (as well as a second aromatic ring
and urea bond) to reinforcement of the properties of the bulk polymeric phase was confirmed
via analysis of blends of carboxylic acids 4.4-4.6 with pEEA15. In these studies it was found
that the low molecular weight additives acted as plasticizers, lowering the tensile strength of
the polymer yet increasing the uniform strain (Table 4.2). Blending the carboxylic acids 4.4-
4.6 did not have the beneficial results exhibited in the blends of pEEA15 with 4.3. The

importance of the interactions between the acidic moieties of copolymer and additive was also
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demonstrated via analysis of blends of the gelator 4.7 with pEAA15. At 1 wt % the gelator was
found to weaken the polymer (with respect to tensile strength and Youngs’ modulus, Table

4.2), thus acting as a plasticiser (e.g. increasing the uniform strain of the bulk material).

4.2.5 Polar Optical Microscopic Studies

To assess the level of structural ordering present in pure pEEA15 when compared to blends of
the polymer and carboxylic acids 4.1-4.6, polar optical microscopic (POM) studies were carried
out on thin films (1 mm) of these materials (Figure 4.11). The polymer pEEA15 did not
exhibit optical activity suggesting an amorphous phase, whereas blends with carboxylic acids
4.1-4.3 did reveal structured micrographs (Figure 4.11 A), possibly as the result of anisotropic
domains observed in other small molecule:copolymer blends.?’ The presence of birefringence
in optical micrographs of the blends of pEEAL5 and carboxylic acids 4.1 and 4.3 (see B-D in
Figure 4.11) revealed a level of structural ordering that correlates well to the improved

mechanical properties of the bulk phase (Table 4.2).

PEAA15 50 um  pEAAI5/4.1 (1 wt %)
Q) BY w8

- 4

pEAAL5/4.2 (1 wt %) 50 um p'EAA,15/4.3 (i wt %) . :

Figure 4.11 Polar optical images of pEAA15 (a) and pEAAL5/4.1-4.3 (b-d) blends at 1 wt %, film thickness
1mm.

It was noted that the optical activity observed in blends of pEAA15 and additives 4.1-4.3 at
1 wt % (Figure 4.11) was also observed in blends with a higher additive loading (5 wt %).
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Interestingly the birefringence observed in the blends of pEEA15 and 4.1/4.3 was not as
pronounced as the blends where the additive used was the carboxylic acid 4.2 (see Figure 4.11
c). Itis proposed that the level of birefringence is directly related to the ability of the additive
to self-associate. The mono functionalised carboxylic acid additive (4.2) was not able to
enhance the structural ordering of the polymer (Scheme 4.2, Tables 4.1 and 4.2). This
decreased optical activity was also observed in blends of molecules 4.4-4.6 with pEEAL5,

when compared to those of 4.1 and 4.3.

4.2.6 Differential Scanning Calorimetric Studies

In order to ascertain the common thermal transition points of the blends and to monitor the
ability of the blends to relax into a thermodynamically favourable state (Scheme 4.1) DSC
analysis was conducted. The common thermal transition points were determined by standard
DSC protocol involving the application of two successive heat/cool cycles, the first cycle to
remove thermal/processing histories and the second to ascertain the common thermal
transitions (e.g. Tg and Tm).

Each blend demonstrated plasticization properties as evident by the observation of lower Ty,
and Tm values with respect to pEEAL5 (Table 4.3). Interestingly an increase in Ty was
observed in the blends featuring higher loadings (5 wt %) in comparison to the blends featuring
1 wt % of the carboxylic acid additives 4.1 and 4.3. This trend was not observed in the
carboxylic acid 4.2. It was noted that transitions were in good agreement with those reported
previously for the random copolymer pEEA15.%

Table 4.3 Thermal properties of formed of blends of pEEA15 and plasticizers 4.1-4.3 in 1 and 5 wt % with
respect to plasticizer after the second heat/cool cycle (heating rate 15 °C/min, cooling rate 5 °C/min).

Film wt %

System  blended To Tm Te
pEEA15 -12 84 73
pEEA15/4.1 1 -14 82 71
5 -13 82 71

pEEA15/4.2 1 -15 82 72
5 -15 81 71

PEEAL5/43 1 16 82 72
5 -15 83 72

Additional DSC studies were undertaken where by two individual heal/cool cycles (on the same
sample) were separated by a 24 hour gap (20 °C). This 24 hour gap was introduced to probe
the ability of the blends to relax into thermally stable states over a period of 24 hours (Scheme
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4.1). Both the primary heat/cool cycle and then a secondary heat/cool cycle (undertaken 24
hours after) were conducted at a heating rate of 15 °C/min and cooling rate 5 °C/min on the
same sample. Relaxation into thermally stable states was ascertained by monitoring transitions
common to both cycles separated by the 24 hour gap. This method of DSC analysis is now

referred to as post relaxation analysis.

In applications such as remote protection systems where access to external stimuli (such as
heat, or pressure) is limited, such thermally stable states will be present in the copolymer
systems. Therefore damage and recovery is likely to be initiated when the copolymer systems
are in such states. Thus, the investigation into these relaxed thermally stable states, via post
relaxation analysis, is of almost greater interest than that of the common transition points of

multiple successive heat/cool cycles.

Relaxation into thermally stable states was apparent from the post relaxation analysis of
pEEA15 and the blends of pEEA15/4.1-4.3 (at additive loadings of 1 and 5 wt %). Each of
these blends was found to exhibit identical thermal characteristics to those observed 24 hours
previously (Figure 4.12). It was noted that the common thermal transitions, ascertained from
standard DSC protocol, associated with the T4 of pEAA15 (-12 °C, Table 4.3) were not
apparent in either the primary or secondary DSC scans of pEAA15 during post relaxation
analysis (see Figure 4.12).2 However a transition (resembling that of a Tg) was observed at
47 °C in post relaxation analysis. Further to this, the T recorded from post relaxation analysis
was evident at a value of 87 °C (an increased temperature with respect to the T of 84 °C
recorded from standard DSC protocol, Table 4.3). It is proposed that such rises in thermal
transitions support the concept of a slow relaxation process, allowing reorientation and system
reinforcement (see Scheme 4.1).

Relaxation into thermally stable states was also apparent in the post relaxation analysis of
pPEEA15/4.1 (secondary heat/cool cycle conducted 24 hours after the initial thermal cycle,
Figure 4.12). The lowest temperature transition at 7 °C (Figure 4.12) revealed that some
degree of plasticisation is still apparent in the blends when compared to pEEA15 after
relaxation induced by the 24 hour isotherm. It is noted that such transitions were apparent in
both the 1 and 5 wt % blends of pEEA15/4.1. The complexity of the thermal transitions (in
comparison of those of pEEA15 and pEEA15/4.2-3, Figure 4.12) were attributed to the larger

variations of additive-polymer interactions available with dicarboxylic acid additive 4.1.
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Figure 4.12 DSC Thermograms of pEEAL5 and blends with 4.1-4.3 (5 % wt) recorded 24 hours after the
preliminary heat/cool cycle (heating rate 15 °C/min, cooling rate 5 °C/min). Each scan is repeatable via allowing
relaxation of heated sample over 24 hours (holding at 20 °C).

Similar post relaxation analysis of pEEA15/4.2 demonstrated transition of the blend into a
thermally stable state after the 24 hour hold at 20 °C. In addition a degree of plasticisation
present in the relaxed state in comparison to pEEA15 (as the Trm was lowered to 72 °C from
84 °C, Figure 4.12 and Table 4.3) was noted. These data were in accordance with the

elastomeric effects observed in the blends in the mechanical studies (Section 4.2.3).

Finally post relaxation analysis of the blend pEEA15/4.3 revealed the appearance of lower
temperature transitions (ca. 10 °C Figure 4.12) without significantly decreasing the Tm when
compared to pEEA15. In contrast to the thermal data obtained for the blend between pEEA15
and 4.1, the thermal behaviour of pEEA15/4.3 was far less complex suggesting simpler self-

assembly within the additive and additive-copolymer system (see C in Scheme 4.2).

Interestingly the lower thermal transitions evident in the DSC thermograms of polymer blends
of pEEA15/4.1-4.3 (recorded from the post relaxation analysis) correlate well with those
observed in well-defined block copolymers of poly(ethylene-co-acrylic acid).!* It is proposed
that the ordering observed in the well-defined copolymers has been replicated in the random
co-polymer/small molecule blends, the carboxylic additives assembling and interacting with
the supramolecular domains to achieve this new network (see Figure 4.2). In an attempt to
determine the precise nature of the thermal transitions variable temperature wide angle X-ray

scattering (WAXS) was also undertaken. However, the change observed after thermal
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relaxation of the blends corresponded simply to melt transitions (e.g. 86 °C for pEEA15/4.1,
Figure 4.13).
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Figure 4.13 Variable temperature WAXS analysis of the blend of pEAA15 with 4.1 at 5 wt %.

4.2.7 Healing Studies

Healing studies were undertaken on pEAAL5 and the blends using mechanical property
recovery as the key indicator (under the same blending conditions reported Section 4.2.3). It
was decided to limit these studies to the blends that possessed improved properties (with
respect to tensile strength and uniform strain) when compared to the bulk polymer alone. For
this reason, blends of carboxylic acids 4.1 and 4.3 with pEAAL5 at an additive loading of
5wt% and 4.2 with pEAAL5 (1 wt%) were studied (Table 4.2). Blends of pEAA15 with

carboxylic acids 4.4-4.7 were not assessed for their healing characteristics.

Three independent studies were undertaken on films (400 x 10 x 1 mm) of the blends to
ascertain the degree of healing. For the thermal studies, films of blends were cast from solution
(DMF) and cut into two pieces using a scalpel before being placed in contact without any
overlap of the cut edges. The films were then held at 60 °C for 2 hours (see a in Table 4.4) and
50 °C for 8 hours (see b in Table 4.4). These temperatures were chosen as they are at least 15

°C lower than any of the melting points recorded in the DSC analysis (see Section 4.2.6).
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Table 4.4 Percentage healing of films of the blends based on tensile strength, energy absorbed and Young’s
modulus recovery where:- a) healing at 50 °C 8 hours, b) healing at 60 °C 2 hours and c) healing under pressure
(0.98 MPa) 8 hours.

wt% Tensile Strength Energy Absorbed Young’s Modulus

Film System blended Recovery (%0) Recovery (%0) Recovery (%)

a b c | a b c | a b C
pEEA15 - 55 177 455 0.8 3.1 23.1 48 121 224
pEEA15/4.1 5 2.7 - 410 0.3 - 256 10.6 - 17.6
pEEA15/4.2 1 30.6 38.7 108 10.0 231 5.4 979 758 784
pEEA15/4.3 5 331 421 733 32 51 341 127 123 283

It was demonstrated that blends of carboxylic acids 4.1 and 4.3 increase healability of pEAA15
with respect to thermally-induced healing (see a/b in Table 4.4). Although the blend featuring
carboxylic acid 4.2 exhibited a greater degree of healing there was a drop in the mechanical
properties when compared to the pristine sample (see Section 4.2.3). This sample also
demonstrated decreases in the thermal transition temperatures (see Section 4.2.5) which in turn
implies simple plasticisation of the bulk polymer phase. Notably, the thermal healing studies
revealed the ability of the carboxylic acid 4.3 blended with pEAA15 healed with greater
efficiency (with respect to each mechanical property recorded, Table 4.4) in comparison to the
blend formed with the dicarboxylic acid 4.1. These data suggest that the insertion of a
secondary supramolecular functionality (in the form of the bis aromatic urea of 4.3) capable of
self-assembly actually increases the healability of the bulk phase without disrupting its

mechanical performance.

An additional healing study on these blends involved the application of pressure to the cut
films. Films were prepared (see Section 4.2.2) and cut with a scalpel before the cut edges were
overlapped (1 x 10 mm) and then subjected to a pressure of 0.98 MPa overnight (by placing a
1 Kg weight onto the overlap). From the blends tested, those possessing the carboxylic acid
4.3 healed most successfully under this healing regime using the tensile recovery as the key
indicating factor (see c in Table 4.4). Interestingly the blends of pEEA15/4.2 exhibited limited
recovery when this healing method was used in terms of recovering both the tensile strength
and energy absorbed to break.

4.3 Additional blending studies
Further studies have been undertaken with poly(ethylene-co-acrylic acid) with percentage
weight acid 5 (pEAAS) and 20 (pEAA20) blended with carboxylic acids 4.1 and 4.3. DSC
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analysis of the blends of pEAAS with carboxylic acid 4.1 have revealed phase separation at
additive loadings of 5 wt % in contrast to those of pEAA20 which are homogeneous at 10 wt%
(Figure 4.14). This trend is in agreement with the proposal that the low molecular weight
additives interact with the carboxylic acid moieties present in the polymeric backbone.

10
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Figure 4.14 DSC thermograms of a) pEAA5 and pEAAS5/4.1 at 5 wt % and b) pEAA20 and pEAA20/4.1 and
4.3 each at 10 wt % (heating rate 15 °C/min, cooling rate 5 °C/min).
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To probe potential system hardening and healability, films of the blends formed between
PEAA20 and carboxylic acids 4.1 and 4.3 (each at an additive loading of 10 wt%) were
subjected to tensile testing. An increase in strength and elastomeric response was realised in
both of these blends (see Table 4.5 and Figure 4.15).

Table 4.5 Mechanical properties of films formed from blends of pEEA20 and carboxylic acids 4.1 and 4.3 at
additive loadings of 10 wt % (film dimensions averaging 400 x 10 x 1 mm, true strain rate of 0.2 s2).

Tensile Fracture Uniform Strainto Energy Young’s

i 0,
Film wt % Strength  Stress Strain  Fracture Absorbed  Modulus

System blended

(MPa)  (MPa) (%) (%) (MPa) (MPa)
pEEA20 4.86 4.47 64.7 72.1 2.84 26.79
PEEA20/4.1 10 4.23 4.11 122.9 129.8 4.85 40.24
PEEA20/4.3 10 6.30 5.78 98.4 103.1 4.90 33.76

Studies on the healability of blends of pEEA20 focused on a comparison of pEAA20 and the
best performing blend (see Table 4.5). The blend pEAA20/4.3 (10 wt%) was the most
successful under pressurised healing conditions (Table 4.4) (the healing conditions used were
described in Section 4.2.7). Under these conditions recovery of the properties was not
observed in pEAA20 whilst the blends of pEAA20 and 4.3 (10 wt %) exhibited healability in
terms of stress (55%), energy absorbed to break (17 %) and Young’s modulus (54 %) (see
Figure 4.15).
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Figure 4.15 Stress strain curve showing pEAA20 and pEAA20/4.3 before (solid purple) and after (dashed purple)
after healing under pressure (0.98 MPa) (8 hours). *Note that pEAA20 failed to heal under similar pressure
conditions.
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4.4 Conclusions

It has been demonstrated that blending low molecular weight additives with copolymers of
ethylene and acrylic acid can serve the dual purpose of both reinforcement and increased
healability via the creation of ‘network within a network. Here this is realised by a soft ‘gelator
type’ network phase within a polymeric network. This scenario has only been realised when
the low molecular weight additives are able to interact with the residues within the copolymer
structure that are responsible for supramolecular bonding and network formation. The additives
must also be functionalised with moieties that promote fibril like growth rather than three
dimensional crystallisation, as demonstrated via self-assembly gelation studies of carboxylic
acid 4.3. Manipulation of the mechanical properties of the bulk polymer phase has been
demonstrated by variations of the additive concentrations as well as changes in the structural
composition of the additive. It was noted that those additives with the nitro moiety in the meta
position provide the most beneficial additive properties to the resultant blends. These key
observations have been employed in the development of novel healable systems as described

in Chapters 5 and 6.

It is proposed that the introduction of functionalised low molecular weight additives to
reinforce and promote healability could be developed for a range of copolymers. Variations in
the moieties responsible for the formation of soft ‘gelator type’ networks would enable control
over structural stability whilst variations in the moieties responsible for additive-polymeric
interactions would enable compatibility. However, the composition of the copolymer is also
crucial, it must feature complementary residues to permit binding with the low molecular
weight additive. Furthermore the dynamics of the copolymer must allow self-assembly of the
low molecular weight additive if beneficial properties (such as increased strength of healing)

are to be realised.

4.5 Experimental

The experimental methods and instrumentation used in this Chapter are reported in Section 2.4
of Chapter 2. WAXS analysis was performed using a Bruker Nanostar system. The data were
recorded using a FujiFilm image plate system. Samples were mounted in a temperature-
controlled heater, in the form of films sandwiched between Kapton films. The WAXS IP was
a Fujifilm imaging plate (BAS-1P MS 2025), which is read on a Fujifilm FLA-7000 and wiped
clean on a Fujifilm IP Eraser 3. The sample to IP distance was 55 mm. The calibrant for WAXS

was corundum, which has a d-spacing of 2.55 A.
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All of the films tested were prepared by solvent casting (DMF) to ensure film homogeneity,
after it was ascertained that tensile properties were equivalent for melt and solvent cast films
of pEAA15/4.1. Films were cut into a dog-bone structure before testing, measurement region

dimensions averaging 400 x 10 x 1 mm.

Carboxylic acids 4.1 and 4.2 were used as supplied. Generic synthesis of the low molecular
weight additives 4.3-4.5:- The appropriate bis phenyl amine, 1-(4-aminophenyl)-3-(3-
nitrophenyl)urea (to give 4.3)/1-(4-aminophenyl)-3-(4-nitrophenyl)urea (to give 4.4) (0.1 g,
0.36 mmol) or 1-(4-aminophenyl)-3-phenylurea (to give 4.5) (0.08g, 0.36 mmol) was dissolved
in dry THF (50 mL). To this solution succinic anhydride (0.032g, 0.36 mmol) was added
directly and the solution was then stirred under reflux for 24 hours. The product was
precipitated into HClg) (1.0 M, 200 mL) and collected via filtration at the pump, then washed
with H20 (2 x 25 mL) before drying in vacuo (80 °C, 2 hours) to afford:-

(4.3) 4-((4-(3-(3-Nitrophenyl)ureido)phenyl)amino)-4-oxobutanoic acid,

He Ho H O
Ha o NWJ\OH
owﬁw%@mo "
Ho Hpy H, Hg
As a light brown powder, (0.12 g, 86%) Taec 252 °C; IR (ATR)/cm™ 3362, 3275, 1696, 1671,
1655, 1599, 1554, 1515, 1403, 1348, 1255, 1202, 1173, 1047, 888, 839, 795, 722; *H NMR
(400 MHz, DMSO-ds) = 9.89 (s, 1H, Ha), 9.39 (s, 1H, Hp), 8.97 (s, 1H, Hy), 8.58 (t appt., 1H,
J appt. = 2.0 Hz, Hc), 7.80 (d appt., 1H, J appt. = 7.2 Hz, Hq), 7.73 (d appt., 1H, J appt. = 7.0
Hz, Hs), 7.51 (m, 3H, Heg) 7.39 (d appt., 2H, J appt. = 9.0 Hz, Hs), (Hj« obscured by solvent
peak) ppm; 1*C NMR (100 MHz, DMSO-ds) = 175.8, 169.7, 153.8, 149.1, 140.2, 135.3, 135.1,
130.9, 124.6, 121.9, 119.9, 114.3, 111.2, 31.3, 29.1 ppm; MS (ESI) m/z [M+Na*] calculated

for C17H1606N4Na = 395.0962, found 395.0959.

(4.4) 4-((4-(3-(4-Nitrophenyl)ureido)phenyl)amino)-4-oxobutanoic acid,
Ho Hg ©O
O,N o NNOH
de@&wgmo K
He Hp Hp He
As a yellow powder, (0.08 g, 61%) Taec 255 °C; IR (ATR)/cm™ 3369, 3282, 3056, 1657, 1604,

1553, 1498, 1404, 1324, 1220, 1110, 834, 746, 645; *H NMR (400 MHz, DMSO-ds) = 9.92 (s,
1H, Ha), 9.39 (s, 1H, Hb), 8.82 (s, 1H, Hy), 8.18 (d appt., 2H, J appt. = 8.0 Hz, Ha), 7.69 (d
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appt., 2H, J appt. = 8.0 Hz, H), 7.50 (d appt., 2H, J appt. = 8.2 Hz, He), 7.37 (d appt., 2H, J
appt. = 8.0 Hz, Hy), (Hg-n obscured by solvent peak) ppm; *C NMR (100 MHz, DMSO-ds) =
173.9, 169.8, 151.9, 146.4, 140.9, 134.3, 134.0, 125.1, 119.5, 119.1, 117.4, 30.9, 28.8 ppm;
MS (ESI) m/z [M+H"] calculated for C17H170sN4 = 373.1143, found 373.1142.

(4.5) 4-Ox0-4-((4-(3-phenylureido)phenyl)amino)butanoic acid

Ha, H, O

Ho Mo Hy Hy

As a white powder, (0.09 g, 73%) Taec 242 °C; IR (ATR)/cm™ 3314, 3270, 3030, 1696, 1638,
1601, 1562, 1444, 1404, 1301, 1226, 1183, 1054, 902, 799, 735, 619; *H NMR (400 MHz,
DMSO-dg) = 12.13 (s, 1H, H;), 9.87 (s, 1H, Ha), 8.62 (s, 1H, Hb), 8.57 (s, 1H, Hp), 7.50 (m, 4H,
Hcr), 7.36 (d appt., 2H, J appt. = 8.2 Hz, Hyg), 7.26 (t appt., 2H, J appt. = 7.0 Hz, Hy), 6.95 (t
appt., 1H, J appt. = 6.9 Hz, He), (Hn-i obscured by solvent peak) ppm; *C NMR (100 MHz,
DMSO-dg) = 173.9, 169.6, 152.5, 139.8, 128.7, 121.7, 119.5, 119.0, 118.6, 118.1, 30.9, 28.9
ppm; MS (ESI) m/z [M+H"] calculated for C17H1804N3 = 328.1292, found 328.1290.

(4.6) 4-((3-Nitrophenyl)amino)-4-oxobutanoic acid,;

3-nitroaniline (0.1 g, 0.72 mmol) was dissolved in dry THF (50 mL). To the solution succinic
anhydride was added (0.064g, 0.72 mmol) and the solution stirred under reflux for 24 hours.
The product was precipitated into HClgg) (1.0 M, 200 mL), The precipitate collected by
filtration and washed with HO (2 x 25 ml) to yield the title compound as a yellow powder
(0.142 g, 83%) Taec 239 °C; IR (ATR) /cm™ 3260, 3198, 3105, 2863, 2567, 1694, 1674, 1610,
1553, 1523, 1432, 1403, 1340, 1256, 1176, 1083, 951, 806, 732, 670; *H NMR (400 MHz,
DMSO-ds) = 10.47 (s, 1H, Ha), 8.63 (s, 1H, Hp), 7.87 (M, 2H, Hc.q), 7.58 (t appt., 1H, J appt. =
7.2 Hz, He), 2.60 (t, 2H, J = 6.8 Hz, Hn), 2.52 (t, 2H, J = 6.8 Hz, Hf) ppm; *C NMR (100 MHz,
DMSO-ds) = 173.7, 170.9, 147.9, 140.3, 130.1, 124.8, 117.5, 112.9, 31.0, 28.5 ppm; MS (ESI)
m/z [M+H*] calculated for C10H110sN2 = 239.0668, found 239.0670.
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Chapter 5

Bis aromatic urea nitro terminated polymeric coatings that exhibit thermal

reformation and swelling induced defect closure

This chapter is based upon the patent specification:- ‘Repairable Polymer Compositions’, patent
number; GB 1621400.9, 15 December 2016, by B. C. Baker, I. German, G. C. Stevens, H.M.
Colquhoun, W. Hayes.

Abstract Bi- and tri-armed polyethylene glycol units endcapped with bis
aromatic nitro urea self-assembly units reported in Chapters 2 and 4 have
been synthesised. These endcapped polymers are able to self-assemble via
complementary supramolecular interactions to afford materials with
improved mechanical and thermal properties when compared to those of the
polyethylene glycol precursors. Thin films of the capped polymeric systems
are able to reform after defect creation. Control over mechanical and thermal
stabilities of the self-assembled networks was achieved via variations of the
percentage weight of the tri-armed moieties blended that led to induction of
supramolecular crosslinking. The systems also demonstrate water absorption
capabilities that are controllable via the percentage weight of the tri-armed
material blended into the bi-armed system. These physical characteristics

were employed as swelling driven closure motifs for puncture repair.

5.1 Introduction

Several polymeric systems have been recognised as suitable for use in remote protection
systems (for example polytetrafluoroethylene or polyether ether ketone), however, damage to
such polymers often results in system failure.>’” Repairability is thus a greatly desired quality
in such systems both to prevent system failure (in order to extend lifetimes) and, in the case of
remote systems, to bypass costly system replacements.!?3# Routes to repairable polymeric
systems have been achieved primarily via three different approaches:— reversible® or
irreversible covalent bonds,? encapsulation of healable agents® and the supramolecular bond
approach.* Of these routes, the supramolecular bond approach (involving the placement of
sacrificial but reversible supramolecular bonds throughout a covalently bound polymeric

network, namely the use of hydrogen bonds, metal ligand interactions, ionomeric interactions
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and m-m stacking) has enabled the development of several structurally diverse repairable
systems.*® These supramolecular systems have a distinct advantage over covalently bond
dominated systems in that repeat break-heal cycles can be realised via stimuli such as heat,

time, pressure, light or sonochemistry.”89

The approach described in this Chapter utilises the bis aromatic nitro urea self-assembly units
developed in Chapters 2 and 4 to realise supramolecular bond based self-healing systems. The
approach is different from that detailed in Chapter 4 (wherein a known protection system is
modified to achieve lower healing temperatures via variation of Tg). In this chapter (5) an
existing spontaneous self-healing gelator system was modified to extend their applications to
that of protection systems (Figure 5.1). The chemistries reported in this Chapter exploit the
linked bis aromatic ureas (see Chapter 2) via linker modification to increase their thermal (and

mechanical) stabilities.

Useful protection

systems

AG>0

AG=0

Gibbs free energy change

AG<0 Spontaneous self -

\ healing

T<RT. T,=R.T. T>RT.

A J

Temperature

Figure 5.1 A simplified plot of Gibbs free energy change available for self-healing versus the systems glass
transition temperature to illustrate how a spontaneous self-healing system can be altered to yield a polymeric
protection system via an increase in the glass transition temperature.

Within the field of supramolecular polymer based repairable systems, relatively few studies
have focused upon the impact of water contact as either a positive or negative aspect of the
repair process.’®! In many cases water contact can actually lead to degradation of the healing
agent, diminished binding to supramolecular sites or system reorientation to render
supramolecular bond reformation unachievable (for example, see the decreased efficiency of

self-healing of the Reverlink® and SupraB™ systems by enhanced atmospheric moisture
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content).!>131 By considering the environment that many polymeric remote protection
systems will be embedded in (e.g. soil, concrete or under the sea), contact with water must be
incorporated into the system design.*1%-14 Several systems have been reported that utilise
dynamic polymer responses with water contact to enable repair under aqueous
conditions.'®>1% The research reported in this Chapter focuses on a defect closure approach

that employs water-induced swelling of the non-covalently bound polymer matrix.*’

In designing supramolecular based repairable polymeric networks that can operate in aqueous
conditions it was decided to exploit the previously reported'®!%20 bis aromatic nitro urea self-
assembling units (Scheme 5.1 and Figure 5.2). This recognition motif was used as an
endcapping unit on a liquid linker system, polyethylene glycol (Mw= 600g/mol, PEG) to afford
stable materials with enhanced mechanical and thermal properties in comparison to the parent
polymer.2%2! |t was proposed that when the endcapped PEG is subject to sufficient force to
effect damage, the weak non-covalent bonds between the endcapping units will be disrupted,
enabling the liquid PEG components to flow, as a result of decreased restrictions, to refill the
void created. Subsequent re-engagement of the endcapping units will lead to self-assembly of
an alternative network and ultimately recovery of the system (Scheme 5.1).%" Formation of
tri-armed oligomeric systems endcapped with the recognition unit enabled manipulation of the
strength of the systems via enhanced cross-linking density?? and supramolecular interactions.?°

Break Recovery
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Scheme 5.1 A schematic representation of the organisation of the bis aromatic nitro urea motif linked to both bi-
and tri-armed polyethylene glycol units in the pristine state to yield a network, after damage resulting in network
break up and polymer flow and re-association of the endcapping recognition units leading to final recovery of the
network and its properties.
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Furthermore it is demonstrated that water absorbing properties of the linkage PEG units are
able to induce system swelling.!” This characteristic is utilised within this system to facilitate

defect closure after water contact.®’

5.2 Results and Discussion

5.2.1 System design and self-assembly studies

In order to achieve the desired assemblies (Scheme 5.1) linked bis aromatic nitro urea units
were designed based upon the strength of the linked gelator that were reported previously in
Chapter 3.2° In this study the selected linkers were poly(ethylene glycol) bis(carboxymethyl)
ether (Mn ~ 600) (to afford 5.1) and glycerol ethoxylate (to afford 5.2-5.3, Figure 5.2) which
were chosen for their fluid-like characteristics at room temperature and successful use in other

repairable systems, 417212223
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Figure 5.2 Bi and tri-amide-aromatic urea molecules with polyethylene glycol linkers (5.1-5.3).

Gelation studies have demonstrated the importance of the position of the nitro moiety on self-
assembling units containing bis aromatic nitro ureas (See Chapters 2 and 4). Further
examination of the self-assembly units was undertaken by solid state analysis of the self-

assembling end groups present in molecule 5.1 and previously reported successful gelators (1-
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(4-aminophenyl)-3-(3-nitrophenyl)urea) (Figure 5.4). Three key hydrogen bonds were
revealed between the urea, nitro and amine groups in adjacent molecules (N(1)s+*N(2), 3.068
A, N(2)+++0(2), 3.212 A and N(3)+++O(1), 2.875 A, respectively, see Figure 5.4). Interestingly
intermolecular hydrogen bonding between nitro and urea moieties was not observed in the (1-
(4-aminophenyl)-3-(3-nitrophenyl)urea) unit as previously reported in structurally related
systems.?#?> It was noted that hydrogen bond interactions between the amine moiety and both
the nitro and urea groups were observed, with the amine acting as both hydrogen bond donor
and acceptor simultaneously (Figure 5.4). This hydrogen bond pattern highlighted the
weakness of the urea-nitro interaction, hence its dynamic nature utilised in the soft matters

reported.?

D)

s :
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s i = “¥

Figure 5.4 A) Bis aromatic urea nitro end group (1-(4-aminophenyl)-3-(3-nitrophenyl)urea) and corresponding
crystal structure, B) view along the ¢ axis showing hydrogen bonding interactions between N1 and N2 atoms and
N3 and O1 atoms in adjacent molecules. Note: distances N1eseN2 and N3e++O1 are 3.068 and 2.875 A,
respectively, C) view along the b axis showing hydrogen bonding interactions between N1 and N2 atoms and N2
and O1 atoms in adjacent molecules. Note: distances N2++«O1 are 3.068 and 3.212 A, respectively, D) extended
crystal structure, view along the b axis.
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Finally, in order to further quantify the degree of self-assembly, dilution studies of the
functionalised PEG 5.1 were undertaken in CDCls (Figure 5.5). Shifts in the resonance
associated with the urea resonance of molecule 5.1 with decreasing concentration were used to
obtain association constants (Ka) information. Data was analysed with the non-linear least
squares regression analysis software BioKin Dynafit?” to give a Ka of 128 + 23 M7,
significantly lower than those values reported for the repairable systems from the research

groups of Meijer?® and Zimmerman.?®
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Figure 5.5 'H NMR spectroscopic dilution studies of 5.1 in CDCl; showing A) plot of *H NMR titration B) *H
NMR spectra where bottom dilution is concentrations of 14.0 mM (top) to 2.6 mM (bottom), * denoting assigned
urea resonance.
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The functionalised PEGs 5.4-5.6 (see Figure 5.6) were designed and synthesised (vide infra).
Such compounds allowed verification of the importance of meta-nitro bis aromatic urea

functionality in the self-assembly process (analogous to studies reported in Chapters 2 and 4).
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Figure 5.6 Functionalised PEGs 5.4-5.6 designed and synthesised to probe the importance of the (1-(4-
aminophenyl)-3-(3-nitrophenyl)urea) unit in the self-assembly process.

5.2.2 Synthesis and Characterisation of Functionalised PEGs

Synthesis of functionalised PEG 5.1 was achieved in good yield (76 %). The amine end cap
(1-(4-aminophenyl)-3-(3-nitrophenyl)urea) (Figure 5.4) was dissolved in dry tetrahydrofuran
(THF) and triethylamine. To this solution bis acyl chloride poly(ethylene glycol)
bis(carboxymethyl) ether (Mn ~ 600), synthesised as previously reported,?® was then added.
The solvent was removed in vacuo and the resulting brown viscous liquid washed with water
(50 mL) and dried over magnesium sulfate, filtered and then concentrated in vacuo to give the
functionalised PEG 5.1. The synthesis of the functionalised PEG 5.1 was confirmed via H
NMR spectroscopy — the absence of the amine resonances (evident at 4.87 ppm) associated
with the starting materials (see Chapter 2)® in conjunction with the appearance of amide
resonances (observed at 9.54 ppm, Ha Figure 5.7) correlated to the formation of the desired
amide linker. Additional support for the synthesis of 5.1 was provided by *C NMR
spectroscopic analysis which revealed the presence of two carbonyl resonances (at 167.8 and
152.5 ppm, respectively) associated with the urea and amide carbonyl groups, and absence of
the carboxylic acid resonance (171.6 ppm) associated with the starting material. This
spectroscopic data was complemented by IR spectroscopic analysis, which revealed two
distinct carbonyl stretching frequencies (at 1753 and 1657 cm™). DSC analysis revealed a glass
transition at -10.2 °C (vide infra) which was not evident in the thermal analysis of the

poly(ethylene glycol) bis(carboxymethyl) ether (Mn ~ 600).%°
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Figure 5.7 *H NMR and **C NMR spectra of the bi-armed functionalised PEG 5.1 in DMSO-ds.

The tri-armed bis aromatic nitro ureas 5.2 and 5.3 were synthesised via a three-stage reaction
(Scheme 5.2). 4-Nitrophenylisocyanate was added to glycerol ethoxylate (M, ~ 1000) in THF
and the product thus formed were reduced via addition of palladium activated on carbon under
a hydrogen atmosphere to yield the amine capped tri-armed starting material. To the tri-armed
amine either 3 or 4-nitrophenyl isocyanate was added to afford 5.2 and 5.3, respectively.
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Scheme 5.2 The synthetic route used to generate the tri-armed functionalised PEG systems 5.2 and 5.3.

The successful synthesis of both functionalised PEGs 5.2 and 5.3 was confirmed by a
combination of analytical techniques. For example, *H NMR spectroscopic analysis of 5.3
revealed the key amidic resonances at 8.71 ppm (see Ha Figure 5.8) Two distinct carbonyl
stretching frequencies were evident in the IR spectra (at 1719 and 1653 cm™, respectively) that
correlated to the amide and urea residues (see Figure 5.8). DSC analysis revealed a glass
transition at -8.5 °C (which was not evident in glycerol ethoxylate or the bis armed
functionalised PEG 5.1).
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Figure 5.8 The *H NMR spectra (recorded in DMSO-dg) and IR spectra of the tri-armed functionalised PEG 5.3.

The functionalised PEGs 5.4 and 5.5 were generated employing an analogous synthetic route
to that used to produce 5.1, however, in these cases the appropriate bis aromatic urea endcap
(see Chapter 2) was added to bisacyl chloride poly(ethylene glycol) bis(carboxymethyl) ether
(Mn ~ 600) in THF and triethylamine. The synthesis of the functionalised PEG 5.6 was
achieved via the direct addition of 4-nitroaniline to bisacyl chloride poly(ethylene glycol)
bis(carboxymethyl) ether (Mn ~ 600). Successful synthesis of 5.4-5.6 was confirmed via the
same analytical techniques used to characterise 5.1. For example, 'H NMR spectroscopic
analysis of functionalised PEG 5.4 revealed the key amide resonance at 8.99 ppm (see Figure
5.9), and the downfield shift of resonances associated with the aromatic protons (when
compared to the starting material, see Chapter 2). In addition, *3C NMR spectroscopic
analysis revealed the presence of two carbonyl resonances (at 167.9 and 152.0 ppm,
respectively) associated with the urea and amide carbonyl groups and eight distinct aromatic

resonances as predicted.
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Figure 5.9 The *H NMR and '3C NMR spectra of the bi-armed functionalised PEG 5.4 in DMSO-ds.

5.2.3 Thermal and Mechanical Studies

To assess the impact of supramolecular crosslinking on the thermal and mechanical stability of
these networks and blends of them, two studies were undertaken involving blends of biarmed
functionalised PEG 5.1 with either the triarmed functionalised PEG 5.2 or 5.3. The first study
involved determining the change in the glass transition temperature (Tg) against the percentage
weight of the individual tri-armed component added (Figure 5.10). This analysis revealed that
increasing the percentage weight of the meta nitro tri-armed polymer 5.2 (with respect to 5.1)
resulted in a direct increase in the Ty (from -10 to -0.5 °C). This trend correlates with an
increased degree of covalent crosslinking (via addition of the triarmed units) within the
supramolecular network.?? Interestingly, thermal analysis of blends of biarmed functionalised
PEG 5.1 with triarmed functionalised PEG 5.3 revealed a parabolic like relationship between
the blend composition and the Tg4 values (with a maximum observed at 3.2 °C). It is proposed
that this trend is a result of the location of the nitro moiety, i.e. meta or para positioning. Whilst
meta positioning (as found in 5.2) induces fibrillar growth and crosslinking the para position
(evident in 5.3) promotes purely crosslinking. This structural effect was also apparent in
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reformation studies (see Section 5.2.4) and in agreement with the self-assembly gelation
studies (see Chapter 2).%°
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Figure 5.10 A plot of T4 midpoints versus the percentage weight of triarmed functionalised PEGs 5.2 or 5.3
blended with biarmed functionalised PEG 5.1.

To further assess the mechanical and adhesive capabilities of 5.1 and blends formed with
5.2/5.3 (Figure 5.10) were cast as thin films (averaging 5 x 9 x 1 mm) upon glass slides that
were backed with grid paper. These assemblies were then placed vertically in order to monitor
the polymer flow over time (20 °C, atmospheric conditions). It was demonstrated that films of
5.1 had distinct mechanical advantages when compared to unfunctionalised polyethylene
glycol bis(carobxymethyl)ether, the functionalised PEG did not flow over a period of four
months whereas the latter flowed immediately at 20 °C when held in the vertical position (see
Aand B in Figure 5.11). At elevated temperatures (35 °C) it was revealed that the mechanical
stability of the films of 5.1 decreased. In an attempt to overcome this fall off in mechanical
properties, films of blends of 5.1 with the tri-armed functionalised PEGs 5.2 and 5.3 (1:1 %
wt) were cast and their physical characteristics assessed.?? These films exhibited increased
mechanical stability in comparison to the bi-armed functionalised PEG 5.1, with temperatures

> 65 °C required to initiate flow (see C in Figure 5.11).
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Figure 5.11 Films cast upon glass slides and then held in the vertical position where: A) polyethylene glycol
bis(carboxymethyl) ether (M, ~ 600) at 10 minutes after casting, B) 5.1 at 4 months after casting and 72 hours
after being held at 35 °C, C) cast of 5.1/5.3 (1:1 % wt.) 4 months after casting 72 hours at 65 °C, D) 5.4 at 10
minutes after casting and 6 days after casting at 20 °C. Each film was formed via heat casting being held at
approximately 20 minutes at 70 °C and manipulated with a spatula and compressed with a secondary slide (average
film dimensions 5 x 9 x 1 mm). Grid backing paper placed behind the slide (dimensions of the grid - 1 x 1 mm).

It was noted that none of the control bis-armed functionalised PEGs (i.e. 5.4-5.6, see Figure
5.6) exhibited comparable flow characteristics to that shown in casts of 5.1-5.3. Functionalised
PEGs without the nitro functionality (5.5) and without the secondary aromatic moiety (5.6)
flowed at 20 °C (< 7 days). These observations are consistent with data reported in Chapters
2-4 (the meta nitro bis aromatic urea units necessary for effective self-assembly and gelation).
Interestingly, the functionalised PEG possessing the para nitro functionality (5.4, Figure 5.6)
did not exhibit increased mechanical stability or crystallinity, the films cast from this material
flowed at 20 °C (< 7 days, see Figure 5.11). The increase in stability demonstrated by the
blends of the bi-armed functionalised PEGs 5.1 and tri-armed functionalised PEGs 5.2/5.3
(Figure 5.7) was attributed to the enhanced non-covalent cross-linking induced by the triarmed

units.

5.2.4 Healing Studies

To determine the possibility of the healing of the films of 5.1 after they were subjected to
damage rheological studies were undertaken. Rheological studies on the films were performed
via direct casting of the bi-armed functionalised PEG 5.1 onto rheometer plates and the
temperature was increased from 0 — 60 °C (plate/plate geometries, 1% strain, 2 °C/min). It was
observed that the crossover of the storage and loss moduli occurred at 26 °C (Figure 5.12)
which correlates to the transfer from the elastic to the viscous domain. This rheological data
indicates that this material could be healed at relatively ambient temperatures.® In contrast,
films cast from combinations of the bi-armed functionalised PEG 5.1 and the tri-armed
functionalised PEGs 5.2/5.3 proved to be too viscous at all temperatures undertaken (0-100
°C) for meaningful rheological analysis to be collected.
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Figure 5.12 Temperature dependent stress sweep of 5.1 on plate rheometer with the crossover of G’ and G”
highlighted at 26 °C.

Of significant interest was the visual observation of the reformation process in thin films of the
bi-armed functionalised PEG 5.1 (averaging 5 x 9 x 1 mm). When cast upon glass slides and
defects were introduced by a scalpel, crack closure was observed at room temperature (20 °C)
and in a timeframe that was under 30 minutes. Furthermore, films of the blends of
functionalised PEGs 5.1/5.3 (1:1 % wt) also demonstrated equally good self-repair properties
at 20 °C (Figure 5.13) as well as increased thermal and mechanical stability (Figures 5.10 and
5.11). These results, when combined with the inability of the blends of functionalised PEGs
5.1/5.3 (1:1 % wt) to flow at 20 °C, suggest that supramolecular associations, and not just flow,
aid defect reapair and healing. It is noted these results were repeatable with glass inversion,

without apparent flow and disruption of covering.

0] rf\ﬂnute 2 minutes 5 minutes

60 minutes

Figure 5.13 Microscopy images revealing the reformation of a film of the blend of functionalised PEGs 5.1/5.3
(1:1 wt%) (average film dimensions 5 x 9 x 1 mm) at 20 °C after damage with a scalpel at respective times after
casting onto a glass slides.
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Interestingly blends of functionalised PEGs 5.1/5.2 (1:1 % wt) did not demonstrate reformation
properties at 20 °C, even when heated to 200 °C crack closure was not observed (Figure 5.14).
Further analysis of films of 5.2 and 5.3 independently did not reveal self-repair ability for the
bi-armed functionalised PEG 5.2 with either time or heat variations yet crack closure did occur
for tri-armed functionalised PEG 5.3 at 45-50 °C (see Figures 5.15-16).

Figure 5.14 Microscopic images of film of 5.1/5.2 (1:1 % wt) after defect formation where; A) 0 min (20 °C), B)
60 minutes (20 °C), C) heated to 100 °C, D) heated to 200 °C after defect formation (heating rate 2 °C /min) (film

thickness = 1 mm).

Figure 5.15 Microscopic images of film of 5.2 after defect formation where; A) 0 min (20 °C), B) 60 minutes (20
°C), C) heated to 100 °C, D) heated to 200 °C after defect formation, (heating rate 2 °C /min) (film thickness = 1

mm).
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Figure 5.16 Microscopic images of film of 5.3 after defect formation where; A) 0 min (20 °C), B) 60 minutes (20
°C), C) heated to 45 °C, D) heated to 50 °C after defect formation (heating rate 2 °C /min) (film thickness = 1
mm).

5.2.5 Swelling induced crack closure

To monitor the water absorption capabilities of the functionalised PEGs, 5.1 and 5.3, which
also demonstrated reformation abilities, thermogravimetric analysis was employed. Films of
functionalised PEGs 5.1, 5.3 and 5.1/5.3 (1:1 wt%) were formed and left under atmospheric
conditions for 21 days. Samples were removed at allotted intervals and subjected to analysis to
determine percentage of water absorbed (related directly to percentage weight loss at 100 °C).
According to the weight loss recorded the bi-armed unit 5.1 absorbed a larger quantity of water
over the period and also at a faster rate in comparison to the tri-armed unit 5.3. This result is
consistent with the degree of covalent crosslinking within the supramolecular network formed
by the bi- or tri-armed oligomers. Interestingly, films formed of blends of 5.1/5.3 (1:1 wt%)
exhibited a faster rate of absorption (when compared to films of 5.3) yet far less overall water

absorption (when compared to films of 5.1) over the same time period (21 days) (Figure 5.17).
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Figure 5.17 Plot of the percentage weight loss monitored via thermal gravimetric analysis of 5.1, 5.3 and the
blend of 5.1/5.3 (1:1 wt %) at 100 °C after removal of absorbed water from functionalised PEG systems against
time (days) left under atmospheric conditions.

After establishing the water absorption capabilities of these supramolecular polymer networks,
discs were cast from 5.1, 5.3 and 5.1/5.3 (1:1 wt %) to investigate the potential for defect
closure via swelling. The freshly cast discs were placed between two sheets of porous AWA®
10 non-woven polyester paper prior to analysis. Defects were introduced via three punctures
through each cast and paper (calculated to be equivalent to 0.3 % removal of the surface area
of each disc). The samples were then placed into the bottom of a stirred cell assembly and
10 mL of water was poured into the cell (the volume of water was maintained at a constant
level to uphold the pressure) (Figure 5.18). Water samples were then collected and weighed to

calculate the flow rate through the films as function of time (Figure 5.19).

.

Figure 5.18 Formation of cast films of 5.1/5.3 (1:1 % wt) between porous paper, defect formation and system
set up for crack closure via swelling experimentation.

135



12
__ 10 -
<
g &1 5.1
4 | —— 5.1/5.3 (1:1 wt%)

0 T T T v T v T T 0 v

0 15 30 45 60 75 90 105 120 135 150

Time (min)

Figure 5.19 A plot of flow of water (under gravity) through cast discs of 5.1, 5.3 and of 5.1/5.3 (1:1 wt%) bis
aromatic nitro urea systems placed between two sheets of porous paper after defects formed via puncturing
(equivalent to 0.3 % disc removal).

It was shown that the films of the functionalised PEG 5.1 were able to dramatically reduce the
water flow but did not facilitate complete defect closure after a period of 150 minutes (Figure
5.19). In contrast, the films formed from 5.3 were able to halt the water flow after a period of
135 minutes (Figure 5.19). Promisingly films cast from 5.1/5.3 (1:1 wt %) exhibited the most
efficient water flow inhibition (ca. 42 minutes, Figure 5.19). Interestingly water absorption
monitored via disc volume expansion (Table 5.1) after 180 minutes of water contact showed
that the discs cast from 5.3 possessed the largest increase (in direct contrast to results show via
TGA Figure 5.17). Furthermore, the water solubilities of the functionalised PEGs 5.1, 5.3 and
5.1/5.3 (1:1 wt%) were monitored to ascertain if closure failure was attributed to dissolution.
Each cast was placed into D20 and held at 40 °C for 1 month, however, dissolution was not
observed via *H NMR spectroscopic analysis for any of these materials. It is, therefore,
suggested that the data shown in Figure 5.19 results from the poor stability of films of the
functionalised PEG 5.1 when compared to that of 5.3 and 5.1/5.3, respectively.

Table 5.1 Average volume expansion of discs of functionalised PEGs 5.1 and 5.3 after puncture closure
experiment, see Figure 5.18.

System % volume expansion

5.1 131
5.3 172
5.1/5.3 163
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5.3 Conclusions

A series of bi- and tri-armed functionalised PEGs endcapped with the self-assembly unit bis
aromatic nitro urea have been synthesised. It has been demonstrated that films cast from blends
of these polymers possess self-repair capabilities at 20 °C. It has also been shown that the self-
repair properties of these films, as well as their mechanical and thermal stabilities, are
dependent upon the amount and type of tri-armed functionalised PEG blended. Tri-armed
functionalised PEGs with the nitro hydrogen bond accepting moiety in the para position
(relative to the urea group) have been shown to form more stable films yet still possess self-
repair properties. Those tri-armed units with the nitro groups in the meta position increase
stability yet do not allow self-repair. Those films that demonstrate self-repair capabilities also
display water absorption and swelling capabilities capable of defect/puncture closure. The rate
and success of defect/puncture closure was correlated directly to the ability of the bi- and tri-

armed units to associate.

The functionalised PEGs allow the realisation of intrinsic repairable protection systems capable
of both operating in and utilising aqueous conditions to facilitate repair. However, the main
flaw in such systems is their relatively poor mechanical stability when compared to those films
reported in Chapter 4. The supramolecular polymers reported in Chapter 6 that utilise the
same self-assembling endcapping groups but are instead appended to an extended

poly(propylene glycol) network were developed to overcome this physical limitation.

5.4 Experimental

The experimental methods and instrumentation used in this Chapter are reported in Section 2.4
of Chapter 2. Gel permeation chromatography (GPC) was conducted using an Agilent
Technologies 1260 Infinity Instrument, the data processed using Agilent GPC/SEC software;
polystyrene was used as the calibrant. Samples for GPC analysis were dissolved in analytical
grade THF (2 mg/mL).

Synthesis; (5.1) Bis 1-(4-aminophenyl)-3-(3-nitrophenyl)urea poly(ethylene glycol) 600;

NN NO
Hs Ha Hi Hq o /@/ g \©/ 2
H H N
’ ZOL ﬁowo\)ku o
o] H
O,N N7 N Hh "10-11
He H, Hy, Hg

1-(4-Aminophenyl)-3-(3-nitrophenyl)urea was synthesised as previously reported (see

Chapter 2).2° Polyethylene glycol 600 diacyl chloride was generated according to the
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procedure described by Waite.'! Polyethylene glycol 600 diacyl chloride (1.0 g, 1.6 mmol) was
dissolved in anhydrous THF (30 mL) under inert conditions. To this a solution of 2.7 (0.85 g,
3.1 mmol) and triethylamine (0.5 mL) were added dropwise under inert conditions and stirred
for 24 hours at room temperature. The solvent was removed in vacuo and the resulting brown
liquid washed with water (50 mL) and dried over magnesium sulfate, filtered and then
concentrated in vacuo to yield the title compound as a brown solid; (1.41g, 76%); T4 -10.2 °C,
Taeg 210 °C; IR (ATR)/cm™; 3353, 3061, 2871, 1702, 1693, 1676, 1596, 1514, 1346, 1320,
1306, 1246, 1210, 1172, 1086, 1025, 1007, 991, 949, 9191, 891, 868, 828, 797, 734, 704; H
NMR (400 MHz, DMSO-ds) = 9.53 (s, 2H, Ha), 9.05 (s, 2H, Hp), 8.93 (s, 2H, Hb), 8.57 (s, 2H,
Hc), 7.83 (d appt., 2H, J appt. = 7.5 Hz, He), 7.70 (d appt., 2H, J appt. = 7.4 Hz, Hq), 7.56 (m,
6H, Hsg), 7.42 (d appt., 4H, J = 8.4 Hz, Hp), 4.17 (m, 4H, H;), 3.50 (m, integration obscured
via water peak, Hk) ppm; *C NMR (100 MHz, DMSO-ds) = 167.8, 152.5, 146.9, 140.8, 140.6,
127.8, 125.1, 120.9, 119.2, 117.7, 117.2, 116.9, 69.7 ppm; GPC (THF) M, = 3245 Da, My =
14884 Da, B = 4.6.

For the synthesis of tri-armed functionalised PEGs 5.2 and 5.3, glycerol ethoxylate (2 g,
2 mmol) was dissolved in THF (150 mL) under anhydrous conditions. To the mixture 4-
nitrophenyl isocyanate (0.98 g, 6 mmol) was added and stirred for 24 hours at room
temperature. The solvent was removed and washed with toluene (2 x 25 mL) to give tri 4-nitro

phenyl carbamate glycerol ethoxylate;

& o I el 6T i
IS TS LA Gl
O Hd 6 0
O,N Hb 67 1/6_7 NO,
Hc
0

A

O~ 'NH

NO,

as a yellow oil (2.9 g, 99%); IR (ATR) /cm™ 3351, 3061, 3030. 2971, 2978, 2869, 1732, 1702,
1686, 1676, 1596, 1554, 1508. 1444, 1367, 1346, 1322, 1261, 1212, 1172, 1055, 1026, 919,
858, 828, 753, 727; 'H NMR (400 MHz, DMSO-dg) = 10.52 (s, 2H, Ha), 8.21 (m, 6H, Hy), 7.71
(m, 6H, Hc), 4.24 (m, 6H, Ha,), 3.53 (M, 77H, Hae 1) ppm; *C NMR (100 MHz, DMSO-dg) =
153.2, 154.6, 141.6, 152.0, 117.6, 70.4, 70.1, 69.7, 68.4, 64.2 ppm; GPC (THF) M, = 1724 Da,
Mw = 1929 Da, Bm = 1.119. The tri 4-nitrophenyl carbamate glycerol ethoxylate (2.9 g, 2
mmol) was then dissolved in THF:ethanol (50:50, 100 mL), Pd;C added (0.05 g) and stirred
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under Hy for 24 hours at room temperature. The solution was filtered through Celite® (10 Q)

and the solvent removed in vacuo to afford the brown oil tri 4-amino phenyl carbamate glycerol

Ea o He Hng 8_7 H
g V"wc’” QL
O Hd 6 o
N Hb 67, 1/6_7 NH,
H

He
0

A

ethoxylate;

Hp<

O~ 'NH

NH,

(2.8 g, 99%); IR (ATR) /cm™ 3355, 2872, 1713, 1640, 1594, 1515, 1433, 1348, 1225, 1148,
1096, 1058, 938, 830, 757, 723; *H NMR (400 MHz, DMSO-ds) = 9.19 (s, 3H, Ha), 7.05 (m,
6H, Hb), 6.48 (m, 6H, Hc), 4.75 (s, 6H, Hh), 4.19 (m, 6H, Ha.), 3.55 (M, 83H, Haef) ppm; 1°C
NMR (100 MHz, DMSO-dgs) =153.6, 144.2, 128.1, 120.4, 144.1, 77.6, 72.3, 70.4, 70.1, 69.7,
68.8, 63.1, 60.2 ppm; GPC (THF) M, = 1784 Da, My, = 2551 Da, Pm = 1.4.

(5.2) Tri 1-(4-aminophenyl)-3-(3-nitrophenyl)urea glycerol ethoxylate; tri 4-aminophenyl
carbamate glycerol ethoxylate 1405 g/mol (1.0 g, 0.7 mmol) was dissolved in anhydrous THF
(50 mL) and 3-nitro phenyl isocyanate (0.35 g, 2.1 mmol) added, the resultant solution then
was stirred for 24 hrs at room temperature. The solvent was removed in vacuo and the resultant

oil washed with toluene to give the title compound;

Hy

Ha H; b, Hi 67
He Hqg N O%/‘\ ! /\%O N
IPOREBSLRE NGB EE!
O,N N“N ™ i 6 6.7 NN NO,
Hy Hy, Hy Hy ‘

red oil (0.85 g, 64%); Ty -0.5 °C, Taeg 228 °C: IR (ATR) femt 3352, 3042, 2926, 2840, 1650,
1593, 1500, 1444, 1411, 1387, 1328, 1260, 1236, 1149, 1010, 975, 936, 920, 829, 757, 721;
IH NMR (400 MHz, DMSO-ds) = 9.64 (s, 3H, Ha), 9.16 (5, 3H, Hb), 8.72 (s, 3H, Hb), 8.57 (m,
3H, Hc), 7.82 (m, 3H, Hg), 7.81 (m, 3H, He), 7.57 (M, 3H, Hr), 7.39 (M, 12H, Hgp), 4.19 (m,
6H, His), 3.62 (M, 90H, Hijx.) ppm: °C NMR (100 MHz, DMSO-ds) = 153.5, 152.4, 148.1,
133.9, 130.0, 124.2, 121.1, 119.5, 119.3, 118.8, 118.7, 116.1, 7.6, 72.3, 70.4, 70.1, 69.7, 68.8,
68.7, 63.4, 60.2, 30.4 ppm; GPC (THF) M, = 1352 Da, My, = 2476 Da, D = 1.8.
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(5.3) Tri 1-(4-aminophenyl)-3-(4-nitrophenyl)urea glycerol ethoxylate; the triarmed
functionalised PEG 5.3 was synthesised utilising same procedure was employed as described

for 5.2, 4-nitrophenyl isocyanate used, to give;

Ha Hh o M 67
O.N N o{j/k J /\%0 N NO,
L LLET Owo O L
YNNI TR T ST g, NN

He Hy Hp, He fe)

A

O NH

Oy _NH

jop
O5N

To give a brown highly viscous oil (0.76 g, 57%); Tq -8.6 °C, Taeg 236 °C; IR (ATR) /cm?
3351, 3048, 2872, 1713, 1638, 1595, 1500, 1409, 1328, 1301, 1260, 1224, 1177, 1099, 1060,
1028, 936, 830, 720; *H NMR (400 MHz, DMSO-ds) = 9.67 (s, 3H, Ha), 9.41 (s, 3H, Hy), 8.82
(s, 3H, Hp), 8.18 (m, 6H, Hc), 7.67 (m, 6H, Ha), 7.39 (M, 12H, Hes), 4.14 (m, 6H, Hg,), 3.54
(m, 90H, Hhij) ppm; *C NMR (100 MHz, DMSO-ds) = 140.7, 126.4, 125.1, 121.4, 119.1,
118.3, 117.8, 117.2, 115.2, 112.3, 77.6, 72.3, 70.4, 70.1, 69.7, 68.7, 63.4, 60.2 ppm; GPC
(THF) My = 1548 Da, My, = 2701 Da, Bm = 1.7.

Compounds 5.4-5.6 were synthesised in an analogous route to that of compound 6.1, where 1-
(4-aminophenyl)-3-(4-nitrophenyl)urea (0.86 g, 3.2 mmol), 1-(4-aminophenyl)-3-phenylurea
(0.73 g, 3.2 mmol) or 3-nitroaniline (0.44 g, 3.2 mmol) was added to polyethylene glycol 600
diacyl chloride (1.0 g, 1.6 mmol) in anhydrous THF (30 mL) and triethylamine (0.5 mL) under
inert conditions to give compounds 5.4-5.6, respectively:—

(5.4) Bis 1-(4-aminophenyl)-3-(4-nitrophenyl)urea poly(ethylene glycol) 600;

I
Hc Hb Hb He

As a brown highly viscous oil; (1.55g, 84%); Taeg 231 °C; IR (ATR) /cm™; 3323, 3000, 2872,
1704, 1674, 1600, 1549, 1515, 1459, 1407, 1349, 1303, 1232, 1198, 1099, 945, 898, 838, 754,
654; 'H NMR (400 MHz, DMSO-ds) = 9.54 (m, 4H, Hay), 8.99 (s, 2H, Hb), 8.20 (d appt., 4H,
Jappt. = 9.0 Hz, Hc), 7.71 (d appt., 4H, J appt. = 9.0 Hz, Hd), 7.59 (d appt., 4H, J appt. = 8.7
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Hz, He), 7.44 (d, 4H, J = 8.7 Hz, Hy), 4.06 (m, 4H, Hg), 3.55 (m, 44 H, integration obscured via
water peak, Hn;) ppm; 3C NMR (100 MHz, DMSO-ds) = 167.9, 152.0, 146.5, 140.9, 134.6,
133.2, 125.1, 120.3, 119.0, 117.4, 70.3, 69.7, 69.5 ppm; GPC (THF) M, = 8233 Da, My =
22351 Da, Bm = 2.7.

(5.5) Bis 1-(4-aminophenyl)-3-phenylurea poly(ethylene glycol) 600;

NN
PPN LT R g
de;:LN NQHQO o
He Hy, Hy Hs
As a yellow oil (1.20g, 66%); Taeg 222 °C; IR (ATR) /cm™; 3311, 3055, 2880, 1712, 1680,
1602, 1597, 1559, 1501, 1410, 1327, 1305, 1212, 1203, 1174, 1111, 1035, 931, 838, 753, 692,
IH NMR (400 MHz, DMSO-ds) = 9.50 (s, 2H, Ha), 8.79 (s, 2H, Hb), 8.77 (s, 2H, Hb), 7.53 (d
appt., 4H, J appt. = 8.9 Hz, Hc), 7.44 (d, 4H, J = 7.8 Hz, Hy), 7.38 (d, 4H, J = 7.8 Hz, Hy), 7.27
(t, 4H, J = 7.6 Hz, Hq), 6.96 (t, 2H, J = 7.4 Hz, He), 4.06 (s, 4H, Hp), 3.50 (m, integration
obscured via water peak, Hij) ppm; *C NMR (100 MHz, DMSO-ds) = 167.8, 152.6, 139.8,
135.6, 132.5, 128.7, 121.6, 120.3, 118.4, 118.0, 70.3, 70.1, 69.7, 69.5 ppm; GPC (THF) My =
819 Da, My, = 1092 Da, b =1.3.

(5.6) Bis 3-nitrophenylurea poly(ethylene glycol) 600;
Hp Ha H H o /@\
O=N Nﬁo/\%o\)kN NO,
H
Hg HdO 1011
He

As a brown oil; (1.41g, 73%); Taeg 201 °C; IR (ATR) /cm; 3451, 2874, 2692, 2512, 1739,
1705, 1607, 1517, 1483, 1408, 1349, 1310, 1235, 1090, 1036, 951, 838, 741, 677; *H NMR
(400 MHz, DMSO-ds) = 10.14 (s, 2H, Ha), 8.67 (s, 2H, Hb), 7.99 (d appt., 2H, J appt. = 7.2 Hz
Ha), 7.93 (d appt., 2H, J appt. = 7.4 Hz, H¢), 7.61 (t appt., 2H, J appt. = 7.2 Hz, He), 4.13 (m,
4H, Hy), 3.62 (m, 31 H, Hgpn) ppm; *C NMR (100 MHz, DMSO-ds) = 169.2, 147.8, 139.3,
130.1, 125.7, 118.1, 113.8, 70.3, 70.1, 69.7, 69.5 ppm; GPC (THF) M, = 2897 Da, Mw = 5207
Da, bm = 1.8.
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Chapter 6

Healable bis aromatic nitro urea poly(propylene glycol) supramolecular

networks.
This chapter is based upon the patent specification:- ‘Repairable Polymer Compositions’, patent
number; GB 1621400.9, 15 December 2016, by B. C. Baker, I. German, G. C. Stevens, H. M.
Colquhoun, W. Hayes.

Abstract. This chapter presents a preliminary investigation into healable
supramolecular networks based upon branched oligomers that feature the bis
aromatic nitro urea recognition motif reported in the previous Chapters of this
thesis. A one-pot reaction utilising poly(propylene glycol) toluene 2,4-
diisocyanate terminated (M, ~ 2300), the bis aromatic nitro urea and tris(2-
aminoethyl) amine was used to synthesise several branched oligomers. Control
over the degree of oligomerization/branching was investigated via variation of
feed ratios of starting materials in this one-pot reaction. It has been
demonstrated that the ability of the branched oligomers to form a
supramolecular network capable of self-healing relies upon the self-association
of the bis aromatic nitro urea end groups. It has also been demonstrated that
the level of branching, as a result of altering the tris(2-aminoethyl) amine feed,
determines the materials’ strength and ability to self-heal. After determining
the systems’ optimal feed ratios, a supramolecular network with high self-
healing capabilities has been characterised and the mechanical properties of
this dynamic material investigated. The supramolecular material formed
exhibits effective self-healing (> 80 % with respect to uniform stress) up to 6
weeks after defect formation and defected surface separation. Furthermore,
elastomeric recovery was observed (> 80 % with respect to uniform stress)
over a period of 24 hours after the samples have been elongated above the

uniform strain (50 %).
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6.1 Introduction

From the established routes to healable polymeric systems,™? the supramolecular bond approach
is perhaps the most attractive.® Supramolecular networks, formed from oligomeric units
functionalized with self-assembling motifs, have a distinct advantage over covalently crosslinked
networks. After damage and disruption of the weak non-covalent associations between
constituent oligomers repeat break heal cycles can be realized via stimuli such as heat, time or
pressure.* The stimuli allows the supramolecular networks to reform as the self-assembling
motifs re-associate. For example, the use of hydrogen bonding with ditopic and multitopic
molecules to form elastomeric supramolecular networks with healing capabilities has been
established by Liebler et al. (see Chapter 1, Figure 1.15).° Further examples of supramolecular
networks capable of self-healing are found in the ureido pyrimidine systems reported by Meijer
et al (see Chapter 1, Scheme 1.10).° Advantageously, these healable supramolecular materials
are generated by a simple one-pot approach which, in turn, has been translated to an industrial
scale and as a consequence such systems are now marketed under the tradenames Reverlink®’

and SupraB™* respectively.

The formation of supramolecular networks, capable of self-healing, from one pot reactions are
achieved by both supramolecular and covalent crosslinking.>® The use of one pot reactions
presents certain characterization challenges as has been demonstrated in the preliminary studies
of the Reverlink® system.®> Uncontrolled chain growth, network cyclisation and varying side
reactions can create a range of molecules within each reaction procedure. Creation of discrete
oligomeric units, with control over the levels of covalent cross linking, is necessary in such

systems to fully understand the networks formed.*®*

This Chapter reports the results from a preliminary investigation into supramolecular networks
generated by a one pot approach using commercially available starting materials. The use of the
bis aromatic meta nitro urea 6.1, a proven self-assembling moiety, with a recorded K, of 128 +
23 M™ in analogous poly(ethylene glycol) materials (see Chapter 5) to induce supramolecular
network formation, is described.’®** Commercially available tris(2-aminoethyl) amine 6.2 and
poly(propylene glycol) toluene 2,4-diisocyanate terminated (M, ~ 2300) 6.3 were employed as

covalent linkers of the self-associating moiety to form branched oligomers (Scheme 6.1). The
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branched oligomers are thus capable of self-assembling to form supramolecular networks.
Mechanical analysis of the supramolecular networks of 6.4 revealed high self-healing and

elastomeric recovery properties. >*%1314
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Scheme 6.1 Schematic representation of the formation of the self-healing supramolecular network 6.4 from
branched oligomer formation.

6.2 Results and discussion

6.2.1 Synthesis and Characterisation

To investigate supramolecular networks utilising the self-assembling bis aromatic nitro urea (6.1)
systems, oligomers 6.4-6.9 (Table 6.1) were synthesized and subjected to a range of analytical

techniques (vide infra). The oligomerization reaction involved a procedure where tris(2-
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aminoethyl) amine (6.2) and the bis aromatic nitro urea (6.1) were dissolved in dry
tetrahydrofuran. Poly(propylene glycol)tolylene 2,4-diisocyanate terminated ¢ M, 2300) (6.3)
was then added directly under an inert atmosphere and the mixture heated to 60 °C for a period
of 2 hours. The ratio of the monomer feed was varied during repeat experiments to afford
compounds 6.4-6.9 (Table 6.1). In each case the product was obtained by precipitation into
water, then filtered off and washed with toluene (2 x 200 mL) and water (2 x 200 mL).

Table 6.1; The reaction feed ratios to obtain systems of 6.4-9 with respect to molar ratio of reactant added and

products inherent viscosities in DMF, physical form and thermal properties (degradation temperature and glass
transition, heating rate 15°C/min).

NH2
OCN N__o i /©\/
H2N/\/ \/\NHz 0

2

6.2 6.3

Molar ratio of reactant

System added Ninh | State Tdec T,
6.1 6.2 63 WdL)
6.4 1 1 1 0.333 Film 272 -48.0
6.5 1 - 1 0.267 Solid 254 -50.8
6.6 1 1 Insol. Film 333 n.a.
6.7 - - 1 0.100 Viscous oil 335 -48.6

Where insol = insoluble; n.a. = not available

Structural analysis of the supramolecular network 6.4 was undertaken using *H NMR
spectroscopy (Figure 6.1). The detectability of proton resonances in samples of the polymer 6.4
suggests that the system is formed of branched oligomers end capped with groups capable of
self-recognition (rather than a covalently crosslinked product).” Assembly of these branched
oligomers via association of the end groups leads to network formation. The supramolecular

network nature of the system is further supported via viscosity measurements (Table 6.1).>%*

Comparisons of the *H NMR spectra of the supramolecular network 6.4 with the starting
materials reveals the successful synthesis of the oligomeric system shown in Scheme 1 (Figure
6.1). For example, the amine resonance associated with the bis aromatic nitro urea (H. Figure
6.1) starting material was not evident in the spectrum of 6.4. In addition, the amine proton

147



resonances associated with hydrolysed poly(propylene glycol) toluene 2,4-diisocyanate
terminated (M, ~ 2300) (6.7) were also not observed. Proton resonances assigned to the para
disubstituted aromatic unit of the bis aromatic nitro urea (H, and H, Figure 6.1) were shifted
downfield by 0.53 and 2.54 ppm respectively, indicating that the self-assembling unit 6.1 had

been successfully installed as an endcapping unit covalently linked onto the oligomers.

H H a
O,N NTN b
c2
Starting 6.1
. a b
material 6.1 c
- ./L Jl L ,.\ Jk (o M . )\
Supramolecular _
network 6.4 o — methyl tris(2- a — methylene
\ ' | aminoethyl) PPG 1,
_xhka M LU e U A N A

s - /N \
— - \ ' S et

Bis armed PPG
6.5

a — methylene

| f
| LM | .‘I", | Il'_' | PPG

f1 (ppm)

Figure 6.1 Expanded *H NMR spectrum of the starting material 6.1, the supramolecular network 6.4 and the bis
armed polymer 6.5, each spectra was recorded in DMSO-dg: THF-dg 1:1 at 25 °C.

Further analysis of the *H NMR spectra of 6.4 revealed a proton resonance at 5.56 ppm (Figure
6.1). This was assigned to the a-methylene moiety of the tris(2-aminoethyl) amine (6.2) after
oligomer formation. The absence of such resonances in the *H NMR spectra of 6.5, 6.7 or any of
the starting materials indicate successful incorporation of the tris(2-aminoethyl) amine into the

branched oligomers formed (Scheme 6.1).

Comparison of the proton resonance integrals associated with the a-methylene residues of both
the PPG backbone (ca. 3.81 ppm, associated with both CH, and CH methyl units) and the
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incorporated tris(2-aminoethyl) amine moiety in spectra of 6.4 enabled the ratio of PPG to
triarmed linker to be estimated (1.87:1). In the case of an oligomer possessing only a single
triarmed unit as shown in Scheme 6.1 this ratio would be 1:1 (accounting for proton ratios). Thus
the data indicates that the oligomerisation reaction shown in Scheme 6.1 did afford a branched

polyurea material.

By incorporating integrals from the resonances associated with the endcapped bis aromatic urea
(0.69 with respect to triarmed linker, Figure 6.1) a branching factor of 0.51 was obtained

employing equation 6.1.>*°

B (X branch + ) linear)
"~ (X branch + ¥ linear + Y, terminal)

Fbr

Equation 6.1 where F,, = branching factor and branch, linear and terminal refer to the integrals of the associated
moieties.

Such a branching factor (F,, = 0.51) indicates equality in the reactivity of the amine
functionalities of both the bis aromatic urea (6.1) and the tris(2-aminoethyl) amine (6.2),

resulting in formation of a branched oligomer (Scheme 6.1).'%*

Furthermore, the mid ranged
value of the branching factor (i.e. not towards 1) indicates a branched oligomeric system, rather

than a hyperbranched polymer.*’

In addition to NMR spectroscopic analysis, comparison of the infrared spectra of the starting
material poly(propylene glycol)toluene 2,4-diisocyanate terminated (M, ~ 2300) (6.3) and the of
compounds 6.4, 6.6 and 6.7 was undertaken (Figure 6.2). It was clear from this analysis that the
key isocyanate absorption (2273 cm™) associated with the starting material 6.3 is not in evidence
for the polymers 6.4, 6.6 and 6.7 indicating successful urea formation. Furthermore amine
absorption bands (3682 cm™) attributed to the starting materials 6.1 and 6.2 and the hydrolyzed
PPG 6.7 are not present in spectra of 6.4 and 6.6, indicating successful oligomer or crosslinked
network formation. Finally, broad carbonyl stretches (ca. 1708 cm™ associated with the urea
moieties) of the branched oligomer compound 6.4 when compared to that of 6.6 or 6.7 indicate

that hydrogen bond networks exist throughout the material (Figure 6.2).
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Figure 6.2 Infrared spectra of the starting material poly(propylene glycol)tolylene 2,4-diisocyanate terminated ¢ Mn
2300) (6.3), the amine terminated product (6.7), the branched oligomeric supramolecular network (6.4) and the
covalently crosslinked system (6.6).

Comparative GPC analysis of the supramolecular network 6.4 and the biscapped PPG 6.5 was
undertaken to establish the degree of oligomerisation present in 6.4 (as depicted in Scheme 6.1).
As shown in Figure 6.3, both the bis armed (6.5) and supramolecular network (6.4) samples
exhibit elution bands associated with the discrete bis armed unit. Observation of elution bands
associated with higher molecular weight material in the analysis of 6.4 indicated that
oligomerization had occurred (as a consequence of addition of the tris(2-aminoethyl) amine 6.2).
It is proposed that the branched oligomers formed contain between zero and three tris(2-
aminoethyl) amine units to correlate with the 4 discrete elution bands shown in Figure 6.3.26%
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Figure 6.3 GPC data of the supramolecular network 6.4 and bis armed PPG 6.5 analysed in THF, 40 °C.
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The nature of the A, + B3 polymerisation reaction utilised to create the supramolecular network
6.4 presents significant characterization challenges as recognised in the literature.>*® For
example, attempts to probe the nature of the branched oligomers formed in supramolecular
network 6.4 via fluorine tagging resulted in highly insoluble and non-healing systems.**® It is
proposed that such results, (combined with the tensile properties of supramolecular network 6.4
and covalently crosslinked systems of 6.6 vide infra) indicate phase separation as a key force

behind the network synthesis and supramolecular network formation.*!#*

6.2.2 Mechanical analysis and healing studies

It was clear in these preliminary studies that supramolecular network 6.4 demonstrated efficient
self-healing characteristics. The supramolecular network 6.4 exhibited healability when cut and
the freshly created edges of the film were placed in contact at room temperatures (see Figure

6.4).
!
e)

Figure 6.4 Visual healability of 6.4 where; a) pristine cast network lifting weight, b) cutting of network,
c) separation of network, d) contact of cut surfaces for 30 seconds, e) reformed network lifting weight, 60
g of sand being lifted in each picture.

e

a) b) c) d)

——y

Stable films of the supramolecular network 6.4 (solution cast from THF), exhibited a high degree
of elasticity as determined by tensile testing (the films, 1 x 3 x 20 mm, were able to withstand a
uniform strain > 600 % and a strain to fracture > 800 % with a speed of 1 mm min™, see Figure
6.5 A). Further to this mechanical analysis, healability tests were carried out where cut samples
were left under atmospheric conditions (20 °C) and showed that this material demonstrates a
high degree of healability for a period of up to 6 weeks (Figure 6.5B). Samples of 6.4 were
shown to heal with > 80 % efficiency (with respect to uniform stress recovery) throughout the
length of the 6 week period. Interestingly, properties such as energy stored and Young’s

modulus did not demonstrate the same level of recovery (65% and 55%, respectively).

151



A) 12 -

= Pristine

= Healed

0.6 4

Stress (MPa)

0.4 A

0.2 -

Strain

B) 120

[ Stress

100 B Energy Absorbed

[ ,
80 Young’s Modulus

% recovery

40

20

5 min 2 weeks 4 weeks 6 weeks

Figure 6.5 The healability of films of the supramolecular network 6.4 demonstrated via A) stress strain graph of
pristine films against healed films cut and allowed 2 minutes of contact time; B) percentage healing efficiency (in
terms of several mechanical parameters) as a function of time apart after film separation (for both A and B;
extension rate 1 mm min, film dimensions 1 x 3 x 20 mm).

It was observed that the mechanical strength of the supramolecular network 6.4 recovered in
under 30 seconds once the freshly cut film edges were placed in contact (at room temperatures
20 °C) (Figure 6.6).
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Figure 6.6 Stress strain curves of films of supramolecular network 6.4 as a function of the contact time after the film
was cut and placed together (extension rate 1 mm min™, film dimensions 1 x 3 x 20 mm).

In addition, the healable characteristics of the supramolecular network 6.4 were not dependent
upon plasticizing additives (in comparison to other hydrogen bonded supramolecular polymer
networks®). Residual THF or water was not detectable in the films of 6.4 via thermogravimetric
analysis either after casting or after being exposed to atmospheric conditions for a period of three
months (Figure 6.7).>% Interestingly the higher degradation temperatures observed in samples
that were three months old imply that the system is still equilibrating. It is proposed that the
hydrophobicity of the poly(propylene glycol) prevents water penetration into system in
atmospheric conditions, thus preventing system reorientation and enabling self-healing to be
realized > 6 weeks after defect formation. In other less hydrophobic systems, end group
reorientation into the bulk after contact with atmospheric water can lead to a loss of

20,21

healability.
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Figure 6.7 Thermogravimetric analysis of supramolecular network 6.4 after initial casting from THF and a period of
3 months (heating rate 5 °C/min).
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The mechanical testing of the films of supramolecular network 6.4 also revealed a high degree of
elastic recovery. The films were able to undergo repeat deformations of up to 200% strain with
full mechanical recovery (extension rate of 1 mm min™ and compression of 0.1 mm min™)
though, at applied strains of 300% slow deformation was realized on the time scale shown in
Figure 6.8 A. However, it was observed that after the deformations, given sufficient time for

recovery (< 1 hour) the films were able to regain their original mechanical properties, a property

not demonstrated in the majority of self-healing materials previously reported.>>®
A)
1.0
0.8 -
g
S 061
g
= 0.4 4 / /
0.2 -
019 2 4 6 8 10
Strain
140 -
B) 120 |
Z 100 4
g
S —e— Youngs modulus
o 80 -
% Energy absorbed
b= 60 ~ —&— Maximal Stress
(]
o .
S 40 - —@— Uniform Strain
20 -
O T T I T 1
g (/] @ 2 © &
S > O O LA IN AN
& L& W & L& g& &
Q‘\ & < § g 3 CAe)
N v [25) v q&’ v QS"
< <

Figure 6.8 where A) demonstrates the elastomeric nature of systems of the supramolecular network 6.4, with the
same film subject to each extension relaxation cycle (with an extension rate of 1 mm min™ and compression of 0.1
mm min, film thickness 1 x 3 x 20 mm), B) elastomeric recovery of systems of 6.4 after elongation to 50 % over
the uniform strain point as a function of repeat cycles and after having left for a recovery time of 2 hours.
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This observation of elastic recovery led to investigations of elastomeric recovery beyond the
uniform strain, samples being stretched to 50 % higher than the uniform strain (without break)
and subjected to repeated analysis. It was demonstrated that throughout the first few healing
cycles of the films of the supramolecular network 6.4, the mechanical stability of the system was
dramatically diminished (Figure 6.8 B). Interestingly after a recovery time of 2 hours the film
was able to fully recover in terms of uniform stress and strain to break, although in these samples

the Young’s modulus was diminished permanently.

To validate the necessity of each starting material 6.1-6.3 in the formation of the supramolecular
networks capable of self-healing several iterations of the reaction procedure were undertaken
(reported in Table 6.1). Mechanical testing and observations of the formed compounds 6.4-6.7
demonstrate the necessity of all three of the starting materials in the formation of self-healing
networks realized in 6.4. As an example, the bis armed PPG 6.5 did not afford stable films
which highlighted the requirement for a degree of covalent branching (realized via the addition
of tris(2-aminoethyl) amine (6.2)) in such systems.>?>** This degree of mechanical difference
was reflected in the thermal stabilities of the supramolecular network 6.4 and the bis armed PPG
6.5, the latter material exhibiting lower Tqec and Tg values (by 15 and 2.8 °C, respectively, see
Table 6.1).

To establish that the bis aromatic urea end groups (6.1) were crucial structural elements for the
formation of stable supramolecular films reactions were carried out utilizing only poly(propylene
glycoltoluene 2,4-diisocyanate terminated (M, ~ 2300) (6.3) and tris(2-aminoethyl) amine (6.2)
to yield the covalently crosslinked system 6.6 (Table 6.1). Film casting was achievable from
systems of 6.6 directly from the gel-like material produced during reaction conditions. Once cast
the films cast proved to be insoluble and did not demonstrate healability even at temperatures >
150 °C.

It is relevant to note that systems of 6.6 demonstrated covalent crosslinking beyond that of the
triarmed unit reactant feed ratio. Molar ratios of reactants suggest that the formation of simple
branched oligomeric units, similar to the supramolecular network 6.4, should have afforded a

soluble compound rather than a covalently crosslinked network. Such results support the
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proposition that phase separation plays a crucial role in both the oligomerisation of reactions
shown in Scheme 6.1 and the supramolecular network assembly of 6.4.%

Films of the covalently crosslinked network 6.6 formed weaker systems (with respect to both
strain to break and ultimate stress) than films cast from the supramolecular network 6.4 (see
Figure 6.9). It is proposed that the non-covalent crosslinking within systems of the
supramolecular network 6.4 allows strengthening of the overall network via the dynamic

interactions as is observed in films of Reverlink® in both pure and plasticized form.”
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Figure 6.9 The stress strain curves of the covalently crosslinked network 6.6 (extension rate 1 mm min™, film
dimensions 1 x 3 x 20 mm)

Interestingly film casting of the hydrolyzed PPG 6.7 was not realized, the formed product being
a viscous oil. Chain extension in the synthesis of 6.7, via amine side product reaction with free
isocyanates, was only partially observed in the reaction conditions and did not allow for stable
film formation. The reaction acted as a control, highlighting the necessity for both
supramolecular and covalent crosslinking to form stable healable films under such reaction
conditions, and negating simple chain extension as being the route cause behind successful

healable film formation.

6.3 Conclusions
In this chapter preliminary studies upon a supramolecular network system have been reported.
The formed supramolecular network 6.4 was capable of full mechanical recovery after being

damaged and healing can be achieved up to 6 weeks post damage event, a result that is in stark
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contrast to other hydrogen-bonded, non-covalently associated networks. The system also
demonstrates elastomeric recovery beyond the uniform strain if it is given sufficient recovery

time, a property unreported in other established self-healing systems.*®

The necessity of the systems’ three components was explored via variations in feed ratios. It was
shown that each of the components, the self-associating end group, the polymeric linker and the
tri-armed linker was required in order to form stable self-healing films. Films could be cast
without the self-associating end groups, however, the strength of the formed films and the ability
to self-heal was compromised. The formation of branched oligomeric units to form the
supramolecular networks is shown to be desirable as discrete bis armed systems do not
demonstrate stable film formation. However, it is noted that such a one pot A, + Bgj
oligomerisation reaction presents certain characterization challenges (for example, the degree of
covalently bound chain extension) that need to be further addressed to fully understand and

optimise the system.

The simplicity of the synthesis of the supramolecular network system make it very applicable to
industrial scale (it has been demonstrated that the material is able to be synthesized on the gram
scale). The robustness of the system (in terms of the mechanical strength and self-healing
abilities) suits it to remote protection roles (such as underground electrical cabling). The chapter
recognizes the potential of the bis aromatic nitro urea, as a self-assembly motif, in achieving self-

healing polymeric systems for protection roles.

6.4 Experimental

For the experimental methods used in this Chapter see Chapters 2-5.

All films tested were prepared from solvent casting (THF). To facilitate film homogeneity,
solutions were left overnight under ambient conditions (20 °C) then place under vacuum (2
hours, 60 °C). The resultant films (20 x 3 x 1 mm) were then cut into a dog-bone structure
before mechanical testing. Films were cut using a scalpel and left at ambient temperatures (ca.
20 °C) for a range of times before being placed together via hand at ambient temperature as part

of the healing study.
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Synthesis; Compounds 6.4-7 were obtained on a scale of 5 g: (1-(4-aminophenyl)-3-(3-
nitrophenyl)urea) (see 6.1, Table 6.1, synthesized as previously reported®®) and/or tris(2-
aminoethyl)amine (6.2, Table 6.1) were added to dry THF (200 mL, 60 °C, inert conditions) in
the ratios described. To this solution poly(propylene glycol) toluene 2,4-diisocyanate terminated
(M, ~ 2300) (6.3) was added and the resultant mixture was stirred (2 hours, 60 °C, inert
conditions). The products were obtained via precipitation into H,O (500 mL, left at room
temperature for 24 hours) and then washed with toluene (2 x 200 mL) followed by H,O (2 x 200

mL) before being dried (6 hours, 40 °C in vacuo) to give;-

(6.4)

H
or
28 oY
O,N N)kN
H H

Brown glossy solid Ty -48.0 °C, Taeq 272 °C; IR (ATR)/cm™ 3284, 2969, 2898, 2870, 1707,
1529, 1451, 1371, 1227, 1089, 925, 806, 739; 'H NMR (400 MHz, DMSO-dg: THF-dg 1:1)
(relative integrations given) = 8.55-6.66 (m, 11.5H, NH and ArH), 5.56 (m, 1H, H,), 3.82 (m,
2H, Hy), 2.48 (M, 119H, Hyc), 1.14 (m, 2H, Ar-CHs), 0.15 (m, 102H, Hq) ppm; **C NMR (100
MHz, DMSO-ds: THF-dg 1:1) = 155.1, 153.7, 152.7, 152.1, 152.0, 147.8, 141.2, 138.6, 137.8,
137.6, 137.3, 137.3, 137.0, 136.3, 134.6, 133.1, 129.4, 129.3, 129.1, 124.4, 123.5, 120.8, 118.8,
118.7, 117.9, 115.3, 111.9, 111.5, 111.3, 74.6, 72.3, 70.9, 55.5, 29.8, 24.1, ppm; GPC (THF) 1%
peak, Mn = 3739 Da, My, = 6584 Da, Dy, = 1.8, 2" peak, M, = 62096 Da, M,, = 116696 Da, B,
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= 1.9, 3" peak, M, = 670268 Da, M, = 829441 Da, By, = 1.2, 4" peak, M, = 4960904 Da, M,, =
8948730 Da, By, = 1.8.

i @;@;TM@@L o

Brown solid Teey 254 °C, T, -50.8 °C; IR (ATR)/cm™ 3277, 2970, 2919, 2851, 1728, 1654, 1536,
1451, 1373, 1227, 1082, 925, 821, 684; *H NMR (400 MHz, DMSO-dg: THF-dg 1:1) = 8.14 (s,
2H, Hy), 8.00 (s, 4H, Hy), 7.75 (s, 2H, Hp), 7.55 (m, 4H, Hy¢), 7.46 (m, 2H, H;), 6.96 (s, 2H, Hy),
6.64 (m, 4H, He,), 6.49 (m, 10H,Hgyp;), 5.72 (d appt., 2H, J appt. = 8.0 Hz, Hy), 3.83 (m, 6H,
Hmeoa), 2.43 (M, 141H, full integration obscured by water peak, Hn ), 1.40 (s, 6H, H)), 0.17 (m,
121 H, Hnne) ppm; *C NMR (100 MHz, DMSO-dg: THF-dg 1:1) =151.7, 151.1, 151.0, 147.1,
140.5, 136.5, 133.8, 132.3, 131.1, 128.2, 128.1, 122.2, 119.2, 119.0, 117.5, 116.9, 114.1, 111.0,
110.6, 73.6, 71.3, 15.6 ppm; GPC (THF) M, = 4071 Da, M,, = 6609 Da, B, = 1.6.

(6.5)

(6.6) as a yellow solid, covalently crosslinked film did not permit exhaustive characterization via
'H and **C NMR spectroscopy; Tgeg 333 °C; IR (ATR)/cm™ 3295, 2970, 2919, 2862, 1727, 1651,
1540, 1453, 1373, 1224, 1083, 924, 816, 765.

(6.7)

Hg
(0]
H ° Ea OFJ<H"J/”\ /@\/
- N NH
:e \([)]/ H Va2 W i
g f
He
Hq

Black oil, Ty -48.6 °C, T 4 335 °C; IR (ATR)/cm™ 3682, 3665, 2970, 2926, 2868, 1727, 1600,
1536, 1453, 1373, 1239, 1230, 1064, 924, 771; *H NMR (400 MHz, DMSO-ds: THF-dg 1:1) =
8.82 (s, 2H, H,), 8.39 (m, 2H, Hy), 7.95 (d appt., 4H, J appt. = 8.6 Hz, H.), 7.34 (d appt., 4H, J
appt. = 8.6 Hz, Hy), 5.69 (s, 3H, He), 5.35 (m, 6H, Hyyne), 4.30 (M, 131H, Hsp), 2.97 (m, 6H, Hy)
1.95 (m, 121H, Hyg) ppm; *C NMR (100 MHz, DMSO-ds: THF-dg 1:1) = 151.8, 151.4, 142.4,
136.9, 136.4, 128.2, 118.6, 112.9, 73.6, 71.6, 15.6 ppm.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

This thesis has demonstrated the ability of a bis aromatic urea recognition motif to self-
assemble effectively and form a variety supramolecular polymer networks. Systematic
structural analysis of the core bis aromatic urea unit has enabled the most efficient assembly
motifs to be developed. Furthermore, the material properties of the supramolecular networks
thus, developed have been investigated and range from water purification, drug delivery,
plasticizing additives and self-healing coatings.

In Chapter 2 it was shown that a range of both hydro- and organo-supergelators can be
synthesised via covalent linking the bis aromatic urea recognition motif (see Figure 7.1). In
several cases linking the recognition motifs led to an improvement on the initial gelation
properties. Control over the gels CGC values and mechanical properties was achieved via
variation of the length of the alkyl chain linker units.! This level of structural control with
respect to the material properties is highly desirable, especially in applications such as drug
delivery.? Furthermore the studies reported in this Chapter have shown that increasing the
degree of aromatic content via linking an established hydrogelators® can lead to increased

efficiency of dye removal from aqueous media.'*

Figure 7.1 Structure of the meta nitro functionalised bis aromatic-urea presented throughout thesis where Ry is a
covalent or supramolecular linker unit.

A systematic study of the functionality of the bis aromatic urea motifs is also reported in
Chapter 2. By varying the number and position of functional groups capable of hydrogen
bonding on the terminal aromatic ring, the properties of the gelators (and indeed their gelation
potential) can also be explored. The strength of the assembly of the organogels formed from
the nitro functionalised gelators has been exploited in subsequent studies on supramolecular
polymer networks and was discussed in Chapters 4, 5 and 6. It was demonstrated that for

successful self-assembly to be realised in terms of gelation capability, the bis aromatic urea
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motif required an electron withdrawing motif located at the meta position of the outer aromatic

functionality (Figure 7.1).

The data presented in Chapter 3 have expanded upon the range of hydro-super-gelators that
were described in Chapter 2 whereby the bis aromatic urea motif was utilised to create a
triarmed gelator system. The triamed receptor system was able to effectively self-assemble and
form super gels of aqueous solvents upon pH inversion. These results help build an
understanding of the nature of gelation in these systems when the potential of the triarmed
compound to form extended three dimensional networks, resulting in precipitation rather than
gelation, is considered® The super-gelators reported in this Chapter also exhibited the
capability to purify water via gelator-impurity (e.g. dye) binding. The creation of these larger
multivalent® triarmed gelators allowed access of dye removal capabilities not realised by the
mono or bis armed gelators (e.g. dye removal of Methylene Blue in under 5 minutes, and access
to the removal of dyes Rhodamine B and Direct Red). The ability of such gels to preferentially
and sequentially remove specific substrates from aqueous environments was also

demonstrated.

Further investigations reported in Chapter 3 revealed the hydrogelators suitability for use in
medical applications such as drug delivery.” It was shown that absorbed species within the
hydrogels could be released by pH switching and this capability is directly relevant to drug
release.? In addition, it was demonstrated that the triarmed gelator can effectively extract model
drug compounds from aqueous solutions. In the case of the model drug compounds that do not
intercalate with the fibres (e.g. doxorubicin) within the gel release via diffusion was observed.
The release rates of doxorubicin were found to be controllable via the concentration of gel
precursors. In addition, it was shown that the two hydrogelators capable of absorption and
release in aqueous media were non-toxic in operation concentrations. This, combined with the
injectability of the monogelator demonstrated the suitability of these systems as both drug-

release and drug-scavenging agents.

The formation of non-covalently bound ‘dual networks’® comprised of the bis aromatic urea
motifs and complementary polymeric units was reported in Chapter 4. It was demonstrated
that blending the bis aromatic urea motifs (as low molecular weight additives) with copolymers

of ethylene and acrylic acid can be achieved successfully to afford stable materials. Both
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reinforcement and increased healability of the bulk polymeric phase was realised via the

creation of a soft ‘gelator type’ network phase within a supramolecular polymeric array.

The importance of interactions between the low molecular weight additives and the carboxylic
acid residues within the copolymer structure that are responsible for supramolecular bonding
and network formation was also demonstrated. The additives must also be functionalised with
moieties that promote fibril like growth rather than three-dimensional crystallisation (as
highlighted in the gelation studies reported in Chapter 2). Manipulation of the mechanical
properties of the bulk polymer phase was achieved via varying the additive loading as well as

modifications of the structural composition of the additive.

This study has also shown that supramolecular networks formed from discrete polymers
featuring bis aromatic nitro ureas as endcapping units exhibit healing characteristics, as detailed
in Chapter 5. A series of polyethylene glycol bi- and tri-armed oligomers were endcapped
with the self-assembling bis aromatic nitro urea unit. Films cast from blends of these polymers
were found possess reformation capabilities at 20 °C. It has also been shown that the
reformation properties of these films, as well as their mechanical and thermal stabilities, are
dependent upon the level of branching, realised in the amount and type of tri-armed unit
blended. Interestingly it was shown that whilst both tri armed units with the outer nitro moiety
in the meta or para position serve to increase the thermal stabilities of the networks only those
materials possessing the para substituted nitro moiety enable self-healing. Furthermore the
importance of the bis aromatic meta nitro urea was demonstrated via systematic variations in
the structure of the bis armed polymeric units. As has been reported in Chapters 2, 3 and 4 the
bis aromatic meta nitro urea (Figure 7.1) was required for successful network assembly.

Further results reported in Chapter 5 show that those films demonstrating reformation
capabilities also display water absorption and swelling capabilities capable of defect/puncture
closure. The rate and success of defect/puncture closure was correlated directly to the ability
of the bi- and tri-armed units to self-associate. These supramolecular polymer networks allow
the realisation of intrinsic repairable protection systems capable of both operating in and

utilising aqueous conditions to facilitate repair.®

Chapter 6 reports preliminary studies on supramolecular polymer networks that employ

polypropylene glycol instead of polyethylene glycol and possess with intrinsic self-healing and
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mechanical properties rendering these materials suitable for use in protection systems such as
electrical cabling coatings. The results described build upon the data detailed in Chapter 5,
employing polypropylene glycol (Mw ~ 2300) covalently bound to the self-assembling bis
aromatic meta nitro urea (Figure 7.1). A one-pot synthetic approach using polypropylene
glycol (M, ~ 2300), the self-assembling unit, and a tri-armed amine afforded a disperse range
of branched oligomeric units (with respect to both branching and molecular weights). These
branched oligomers were able to self-assemble to create a supramolecular network that was
significantly more mechanically and thermally stable than the supramolecular networks
derived from polyethylene glycol oligomers (Chapter 5). It is proposed that the improved
physical properties of the polypropylene glycol based branched oligomers arises from
increased phase separation of the hydrophobic polypropylene glycol and the polar self-
assembling end groups.

The supramolecular network reported in Chapter 6 system was found to be capable of
complete mechanical recovery after damage and also exhibited good recovery (> 80 % with
respect to ultimate stress) that can be achieved up to 6 weeks after the damage event — to the
authors’ knowledge this characteristic has not been reported in other self-healing systems to
date. The supramolecular network also exhibits elastomeric recovery beyond the uniform strain
given sufficient time for recovery (ca. 24 hours). Finally the necessity of the presence of the
supramolecular endcapping groups to afford healable materials was assessed via variations in
the feed ratios of the three reactants. Networks without the endcaps (Figure 7.1) failed to heal,

and those without the tri-armed crosslinker were not stable enough to form ductile films.

7.2 Future Work

With respect to the results reported in Chapter 2, it is proposed that structural variation of the
linker moieties would permit greater manipulation of the gelator properties, especially dye
absorption. As an example increasing the area of the aromatic n-faces of the recognition motifs
would aid dye adsorption and possibly enable the absorption of higher molecular weight dyes.°
Functionalisation of the linking moiety between the bis aromatic urea recognition motif could
also provide additional extrinsic properties with respect to the formed network, for example,
insertion of thiophene moieties could facilitate formation of electrically conductive pathways

to permit the formation of gel electrical switches or sensors.
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As demonstrated in Chapter 3, increasing the number of recognition moieties responsible for
dye absorption also increases the effectiveness of the gelator as a water purification agent.
Therefore it is proposed that future studies should also focus on attaching the bis aromatic urea
moieties to functional polymeric backbones to increase the effectiveness of dye absorption.!
Investigations into the sustained biocompatibility of such units and the reusability of the
compounds (dye removal via chloroform wash) when incorporated into polymeric receptors

would also provide interesting support for their use as biomedical devices.!?

Potential extension of the studies reported in Chapter 4 include the introduction of
functionalised low molecular weight additives to reinforce and promote healability for a variety
of copolymers. Adaptation of the recognition units responsible for the formation of soft ‘gelator
type’ networks would enable control over structural stability whilst variations in the moieties
responsible for additive-polymeric interactions would enhance compatibility within blends.
For example, it would be feasible to create a dual network of bis aromatic nitro urea (Figure

7.1) and the n-7 stacking polymer reported in Figure 1.16.°

The approach to healable supramolecular polymer networks described in Chapter 5 and 6 can
be expanded to provide more robust, yet still dynamic materials that are suited for use in
protection systems. As an example further investigations into low molecular weight bis
aromatic urea additives into the polymeric systems could be undertaken (analogous to those
studies reported in Chapter 4). Further to this it is proposed that larger oligomeric systems,
analogous to that shown in Chapter 6, are explored for the polyethylene glycol systems to
access more robust materials. Enhancement of the mechanical properties could also be realised
via increasing the supramolecular valency of the polymeric materials (e.g. covalently binding
the nitro bis aromatic unit onto systems of poly(ethylene-co-acrylic acid), as reported in
Chapter 4). It will also be vital to consider the fundamental properties of the polymeric
backbone within future studies exploring supramolecular networks such as those described in
Chapters 5 and 6 and the effects that it has on enhancing potential phase separation and

ultimately the mechanical strength/healing capabilities of the material.’
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