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Abstract
Cyclodextrins (CD) are naturally occurring macrocycles composed of a-1,4-linked D-glucopyranose units.
CDs are common components in supramolecular chemistry owing to their ability to act as hosts to
complex a wide variety of guests. Similarly, azobenzene has frequently been used in supramolecular
chemistry as a photoswitchable moiety. We have explored the combined utility of CDs and azobenzene

to explore supramolecular systems on the molecular, material and molecular device scale.

Chapter 1 summarises CD and azobenzene chemistry. The applications of CDs are explored, including its

use as components of polymeric hydrogels, mechanically interlocked molecules and molecular devices.

Chapter 2 describes the attempted synthesis of three structural isomers of azobenzene-linked B-CD
dimers, in which the -CD substituent is attached to the para, meta or ortho position of both phenyl rings
of azobenzene to give bis(6*-deoxy-B-cyclodextrin-6*-yl)-4,4’-aminocarbonylazobenzene (p-B-CD,az),
bis(6"-deoxy-B-cyclodextrin-6-yl)-3,3’-aminocarbonylazobenzene (m-B-CD,az) and bis(6"-deoxy-pB-
cyclodextrin-6"-yl)-2,2’-aminocarbonylazobenzene (o-B-CD,az), respectively. The aim of this research was
to determine the effect of structural isomerisation on the photochemical properties of B-CD dimers. The
synthesis of p-B-CD,az and m-3-CD,az was successful, while the synthesis of 0-B-CD,az did not yield the
desired compound. Instead, (6"-deoxy-B-cyclodextrin-6”-yl)-2-aminocarbonyl-aminobenzene (B-CDab)
was produced. The photoisomerisation properties of p--CD,az and m--CD,az were examined by NMR

and UV-vis spectroscopy.

Chapter 3 investigated the host-guest complexation properties of 3-CD, 3-CDab and E-p--CD;az. Three
dyes were chosen as guests: cationic crystal violet (CV*), zwitterionic rhodamine B (RB) and anionic ethyl
orange (EO’). The host-guest complexes were qualitatively studied by NMR spectroscopy. The

complexation constants and thermodynamic parameters were determined by UV-vis spectroscopy.

Chapter 4 explored the effect of guest modification on the host-guest complexation properties of 3-CD
and B-CDab. Four porphyrins were chosen as guests: meso-tetra(4-sulfonatophenyl)porphine (TSPP),
meso-tetra(4-carboxyphenyl)porphine (TCPP), meso-tetra(4-N,N,N-trimethylanilinium)porphine (TMAP)
and meso-tetra(N-methyl-4-pyridyl)porphine (TMPyP). The host-guest complexation properties were
studied by NMR spectroscopy. The complexation constants and thermodynamic parameters were

determined by UV-vis spectroscopy.



Chapter 5 investigated the complexation between 3-CD, -CDab, E-p--CD,;az and E/Z-m-B-CD,az and
hydrophobe-substituted poly(acrylates) (PAA) in the formation of polymer hydrogels. The molecular-scale
complexation properties were investigated to understand the factors that influence the bulk-material
properties of the solutions. Three adamantane (AD) substituted PAAs were chosen for study, in which the
length of the alkyl tether connecting the AD group to the PAA backbone was an ethyl, hexyl or dodecyl
group (PAAADen, PAAADhn and PAAADddn, respectively). One dodecyl substituted PAA (PAAC12) was
also chosen for study. The host-polymer complexation was qualitatively investigated by NMR
spectroscopy. The complexation constants and thermodynamic parameters were investigated by
isothermal titration calorimetry. The macroscopic properties of the host-polymer solutions were

investigated by rheology.

Chapter 6 describes the attempted synthesis of three azobenzene-modified B-CD-based molecular
muscles, differing by the choice of blocking groups as either adamantane, aza-18-crown-6 and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA). The synthesis of an azobenzene-linked B-CD

compound was successful. However, the attachment of the blocking groups was not successful.

Chapter 7 describes detailed procedures for experiments in Chapters 2 — 6. The research presented in this
thesis hopes to extend our understanding of azobenzene-modified B-CD compounds used on the

molecular, material and molecular device scale, as summarised in Chapter 8.

Vi
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Chapter 1

1.1 Supramolecular Chemistry

The sophistication and wizardry of natural biological processes have long inspired chemists.
Biological systems engineer discrete subunits, which display diverse and efficient functionalities.!
These pre-organised subunits self-assemble into highly ordered architectures to eventually form
living organisms. The beauty of these natural processes is underpinned by the modularity of nature’s

approach, which has inspired a new field in science known as supramolecular chemistry.?

The term “supramolecular chemistry” was first coined in 1978 by Jean-Marie Lehn, who famously
described the field as “chemistry beyond the molecule”.® Supramolecular chemistry employs
biologically inspired principles into the design and synthesis of molecules which can self-assemble

into a single entity by intermolecular forces.

Supramolecular chemistry is underpinned by two fundamental concepts- complementarity and pre-
organisation.* Broadly, these concepts involve the relationship between at least two molecules- a
host and a guest, where a host is described as having convergent binding sites, while a guest, being
more spherical in nature, has divergent binding sites.® The host and guest experience multiple,
cooperative, intermolecular binding interactions (complementarity), with inherent specificity to

allow self-assembly (pre-organisation) to form a complex, as summarised in Figure 1.1.

Polymolecular

Species
A Organised
B\ y R . / Recognition Assemblies
Synthesis Receptor Complexation ¢, nar
O —_— P —» Transformation % — Supramo!ecular
- molecule\ Species

C * Substrate
D Translocation

Figure 1.1: The formation of supramolecular species from the self-assembly of monomeric units A, B,
CandD.?

As the components of supramolecular systems have their own discrete properties, the final utility of
a self-assembled complex will be the sum of its individual parts, creating a system where
information is intrinsically stored within chemical bonds.® Nature abounds with examples which
confirm the potential of this approach. One such example is the tobacco mosaic virus (TMV), which
may be decomposed into its constituent parts in vitro and, when exposed to physiological
conditions, spontaneously reassemble through non-covalent interactions to reform a fully functional
organism. The TMV system is modular and all information required to form the living TMV organism

is encoded within the virus’ DNA.*
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The field of supramolecular chemistry was pioneered by Pedersen, Lehn and Cram. Pedersen and
Lehn respectively made breakthroughs in designing structure-specific molecules, called crown ethers
(or coronands) and cryptands that possess extraordinary selectivity in complexing metal ions.?®’
This work was continued by Cram, who designed three-dimensional structures capable of selectively
binding organic compounds.>®1° For their efforts, Pedersen, Lehn and Cram were jointly awarded
the Nobel Prize in Chemistry in 1987 "for their development and use of molecules with structure-
specific interactions of high selectivity". Since the pioneering work of these three giants of
supramolecular chemistry, the field has greatly expanded to create a vast range of supramolecular

architectures with increasing diversity and functionality.
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1.2 Cyclodextrins - General

Cyclodextrins (CD), also known as cycloamyloses, are naturally occurring homochiral macrocycles
composed of a-1,4-linked D-glucopyranose units, as shown in Figure 1.2. (They are often referred to
as native CDs to distinguish them from their modified forms.) The most frequently occurring CDs are
a-CD, B-CD and y-CD, composed of 6, 7 and 8 D-glucopyranose units, respectively, although larger
CDs also exist.’* Each D-glucopyranose unit of CD is labelled from A-H in a clockwise fashion around

the annulus.

Aring

HO3 2 _OH
OH 4 O
O/%S\O OH Bring
6 HO
HO O |HO
n OH

F-H ring

1
(0)
O "OH HO, O

a-CD n =1 (C3gHggO030)
B-CD n =2 (C4oH7¢035)
y-CD n =3 (C45Hgo040)

Figure 1.2: Structure of a-, - and y-CD, highlighting the primary hydroxyl groups (green) and
secondary hydroxyl groups (red) (left) and the approximate molecular shape (right).

The linked D-glucopyranose units adopt a *C; chair conformation and are oriented in-register (cis) to
form a torus shape with a hollow internal annulus.* The number of D-glucopyranose units defines

the diameter of a CD, with sizes increasing from a-CD to 3-CD to y-CD, as shown in Figure 1.3.

14.6 A 15.4 A 17.5A

-

4.7 A

53A
o-CD

Figure 1.3: Dimensions of a-, - and y-CD."
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Cyclodextrins possess unique structural properties, which enable them to act as hosts to
encapsulate a wide-variety of guests, and places them at the heart of supramolecular chemistry. The
torus of a CD is flanked on either end by hydroxyl groups. The primary face, consisting of hydroxyl
groups extending from the C6 carbon, is slightly smaller in diameter than the secondary face, which
consists of hydroxyl groups attached to the C2 and C3 carbon;! these exterior hydroxyl groups give
CDs high solubility in aqueous media. In contrast to the external hydrophilic characteristic of CDs,
the annulus is lined with skeletal carbons, hydrogen atoms, glycosidic oxygen bridges and non-
bonding electron pairs to create a hydrophobic micro-environment, as shown in Figure 1.4. The
exterior hydrophilic and interior hydrophobic duality gives CDs their characteristic host-guest

complexation properties, satisfying the cooperativity requirement of supramolecular chemistry.

Figure 1.4: Position of one D-glucopyranose unit of CD relative to the macrocyclic structure.

In general, complexation occurs in aqueous media between a CD and hydrophobic guest molecule.®

The main driving force is the hydrophobic effect, where the hydrophobic portion of the guest
becomes dehydrated upon penetration into the CD annulus,'* as shown in Figure 1.5. The guest and
hydrophobic interior of CD experience favourable van der Waals interactions, as well as minimised
unfavourable hydrophilic interactions between the hydrophobic guest segments and bulk water. The
complexation process is further enhanced by the displacement of water molecules from the CD
annulus. The displaced water molecules, which experience incomplete hydrogen bond potentials
within the confined CD annulus and are therefore sometimes referred to as “high energy”, reform
complete hydrogen bonds with the bulk agueous media, contributing to favourable enthalpic and

entropic gains.
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Figure 1.5:The formation of a 1:1 host-guest complex from CD either partially or fully encapsulating
a hydrophobic guest in aqueous media.*

Other factors may fine tune or strengthen the complexation. Comparable size matching between the
guest and CD annulus will enhance complexation as the van der Waals interactions are strongly
dependent on the distance of separation. Guests that exhibit similar size profiles to the CD annulus
can also reduce conformational strain of an otherwise hollow CD. Various other factors such as guest
shape, dipole-dipole interactions, m-n stacking, presence of aliphatic chains or hydroxyl groups,

functional groups on CD, solvent and temperature also influence the host-guest complexation.*’

1.2.1 Analysis of Host-Guest Complexes

The formation of host-guest complexes by CDs may be studied both qualitatively and quantitatively.
Several NMR techniques such as 2D H rotating frame Overhauser enhancement spectroscopy
(ROESY) and nuclear Overhauser enhancement spectroscopy (NOESY) are important techniques for

qualitative determination of complexation.®

When a guest molecule is complexed within a CD annulus, the protons of the guest interact with the
interior protons of CD (H3, H5 and H6). As the through-space interaction is less than 4 A between
these two sets of protons, cross-peaks arising from the nuclear Overhauser effect (NOE) occur and
generate cross-peaks in the NMR spectrum.® As CDs are homochiral, the NMR peaks corresponding
to H3, H5 and H6 protons are readily distinguished. However, modification of CDs (see Section 1.3
Modified Cyclodextrins) leads to a loss of equivalence between each D-glucopyranose unit and
therefore, protons becomes inequivalent, causing superimposition of peaks. Nevertheless, cross-
peaks arising from guest protons and H2 — H6 protons of modified CDs are generally found to

indicate complexation.'®

Many other techniques are used to give qualitative analysis of complexation. 2D diffusion-ordered
NMR spectroscopy (DOSY) gives diffusion coefficients corresponding to individual proton

resonances.’®?° |dentical diffusion coefficients between guest and CD resonances may indicate
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complexation as both host and guest form a single entity that diffuses together in solution. Mass
spectrometry may also be used to identify a host-guest complex if the complex is stable in the gas

phase and soft ionisation techniques are used.?'?2

However, beyond simple interpretations of the existence of host-guest complexes, chemists have
sort to further quantify and understand the strength, stoichiometry and the thermodynamic and

kinetic parameters of complexation.

1.2.2 Thermodynamics

Quantitative assessment is gained through host-guest complex stoichiometry and the magnitudes of
the associated equilibrium constants (often called the complexation constant when referring to
host-guest complexes) and thermodynamics. The simplest CD-guest complex is a 1:1 host-guest
complex in which one CD complexes one guest. However, in principle, CDs may exhibit various

complexation stoichiometries, as shown in Figure 1.6.

CD.G, x Ka

K., 112// \\So

CD.G CD,.G,

o

K24

CD+G
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Figure 1.6: Equilibria describing various CD-guest complexation models.

For a 1:1 host-guest complex, the complexation constant, K, is given by Equation 1.1, where H is the
host and G is the guest. The enthalpy change (4H), entropy change (4S) and Gibbs free energy
change (A4G) are given by Equations 1.2 and 1.3.

K= LHG] (1.2)
~ [H][G] '

AG = —RTInK (1.2)

AG = AH — TAS (1.3)

Calorimetric techniques such as isothermal titration calorimetry (ITC) provide a direct determination
of the thermodynamic parameters through measurement of heat changes upon complexation of a
CD and a guest.?®? This is in contrast to indirect methods such as spectroscopic techniques (UV-vis,
fluorescence, NMR, circular dichroism), which employ temperature-variable titrations to determine

the complexation constants and thermodynamic parameters.

7
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1.2.3 Enthalpy-Entropy Compensation Effect

The change in enthalpy and entropy for the complexation between various CD-guest complexes
exhibits a linear relationship, as shown in Figure 1.7. While there is no necessary relationship
requiring a linear relationship between the two thermodynamic parameters, such a relationship is
often observed. An enthalpy-entropy linear relationship is observed for a series of CD-guest
complexation reactions where factors such as the solvent or CD substituent are changed, which
critically alter the equilibrium constant. However, the expected change in the equilibrium constant
between the complexation reactions is generally smaller than expected when compared with the
enthalpic change (44H) alone (i.e. the change in K is not reflected in the change in 4H). This is due to
a compensatory effect of the entropy (44S), which cancels out a large part of the effect of enthalpic
change. Hence, the linear relationship between enthalpy and entropy is often called the enthalpy-

entropy compensation effect.
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Figure 1.7: Enthalpy-entropy linear relationship for a series of host-guest complexes of various
native and modified 3-CD.**

Correlation analyses by Rekharsky and Inoue!* describes the relationship between AH and AS by
Equation 1.4, where T is the temperature, o is the slope of the plot and TAS, (the intercept)
represents the inherent complex stability (4G) when AH = 0. If TAS, is positive, the complex is

entropically stabilised even in the absence of enthalpic gains upon complexation.

TAS = aAH + TAS, (1.4)
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The o value can be used to quantify the extent of compensation caused by modifications to the host
or guest. For the native CDs, the o value is 0.79, 0.80 and 0.97 for a-CD, 3-CD and y-CD, respectively.
These values proportionally represent the extent to which the entropy change cancels out the
enthalpy change. For 3-CD, an o value of 0.80 indicates that 80% of the AA4H (either positive or
negative) is cancelled out by the A4S while the remaining 20% is reflected in the net increased or

decreased free energy of complexation, A4G.

Debate has arisen over the validity of this extra thermodynamic relationship as most determinations
of AH or AS accrue from van’t Hoff or Arrhenius equations, where the AH and A4S values are not
independent of each other. Therefore, any minor errors in the determination of AH may introduce
compensatory errors in AS and vice-versa. However, this does not necessarily exclude the existence

of a true enthalpy-entropy compensation effect.



Chapter 1

1.3 Modified Cyclodextrins

While each individual interaction between a CD and a guest is weak and not sufficient to individually
create stable complexes, their mutual and simultaneous action stabilises molecular assembly. In this
way, CDs satisfy cooperativity requirements in supramolecular chemistry. However, pre-organisation
to allow for guest selectivity is generally not observed in complexation by native CDs, which has led

to the exploration of CD modification.

Cyclodextrins are modified for a variety of reasons which include solubility enhancement, increasing
the strength or selectivity of complexation and a facilitation of attachment to other moieties or
surfaces for synergistic functionality.*?® For example, Easton et al. used diamine-modified 3-CD to
coordinate to Cu(ll), which acts as a catalyst for the hydrolysis of phosphate esters, as shown in
Figure 1.8.2 The CD acts to increase the effective concentration of the phosphate by forming a host-

guest complex adjacent to the Cu(ll) reaction site.

+ N02 +
N NH Bu O-P~ocH, N Y,
\_/ H3CO NO
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- HyCO-P=0
OCH,4 *
N, ™
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Figure 1.8: The catalytic hydrolysis of 4-tert-butyl-2-nitrophenyl phosphate by diamine-modified [3-
CD coordinated to Cu(ll).%’

Cyclodextrins can be modified on the primary or secondary face via the C2, C3 or C6 hydroxyl
groups. Regioselective modification is possible as each hydroxyl group has different nucleophilicities
and basicities.?® The C6 hydroxyl group is the most basic and nucleophilic as the hydroxyl group can
freely rotate. In contrast, the C2 and C3 hydroxyl groups form an intramolecular hydrogen bond
network across the secondary face, restricting their rotation. As such, the C3 hydroxyl group is the
least accessible and the C2 hydroxyl group is the most acidic. Given these differences, modification

of CD via a mildly-reacting electrophilic substituent will selectively react with the C6 hydroxyl group.

10
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Access to the C2 and C3 hydroxyl groups on the secondary face may be achieved through a series of
protection and deprotection reactions, direct substitution by exploiting the greater acidity of the C2
hydroxyl group or utilising the complexation capabilities of CDs to direct an electrophilic reactant to
the secondary face. Figure 1.9 gives an overview of common routes to regioselective CD

modification.?®

I- normal reactivity, weak base (e.g. pyridine)
and a non competing electrophile

C6-modified CD

II- reversed reactivity, strong base (deprotonate)
add a non-competing electrophile

C2-modified CD

IlI- reaction via complex formation C2-, C3- or C6-modified CD
use a competing electrophile or a mixture of the three

IV- protect 2-position, any base

- » C6-modified CD
any electrophile

V- protect 6-position, weak base

- » (C2- or C3-modified CD
any electrophile

Figure 1.9: Overview of some methods for selective CD modification.?

The most common CD modification is the formation of mono-6-tosyl-CD from a reaction between
native CD and p-toluenesulfonyl chloride.?® The introduction of a sulfonate group opens up a vast
range of possibilities for further modification as the sulfonate group is prone to nucleophilic

substitution. In this way, mono-6-tosyl-CD is a precursor to a diverse range of functionalised CDs.

In principle, poly-functionalisation of a single CD is also possible. However, due to the high symmetry
present in native CDs, regioselectivity in the second and subsequent modifications remains

challenging and the prospect of generating multiple regioisomers is high, as shown in Figure 1.10.

11



Chapter 1

G oo € oo

o-AB a-AC a-AD

B-AB B-AC B-AD

e L L S

a-ABC a-ABD a-ABE a-ACE

B-ABC B-ABD B-ABE B-ABF B-ACE

Figure 1.10: Possible regioisomers of homo-functionalised di and tri-substituted o~ and B-CD.?®
Orange circles represent hydroxyl groups and blue circles represent a functionalised group on the
primary face of CD.

The problem of selectivity is amplified when considering hetero-modification using at least two
different substituents. However, achieving regioselective poly-hetero-functionalisation of CDs can
open up new possibilities. For example, a-CD has six D-glucopyranose units, giving 7826 unique
arrangements of six different functional groups on the primary face. Recently, Sollogoub et al.
realised complete site selectivity through advances in post-synthetic modification®®3® to create a

poly-hetero-functionalised a-CD,3* as shown in Figure 1.11.

HO BnO
H3CNBn%CI
="

Figure 1.11: Hexa-hetero-functionalised a-CD.3*
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1.3.1 Cyclodextrin Oligomers

The synthesis of mono-modified CDs has logically been extended to create CD oligomers and
polymers. The synthesis of CD oligomers has been, to some extent, in response to shortcomings in
the supramolecular capabilities of their native counterparts. As native CDs lack a defined structure
and have significant flexibility, guest selectivity is decreased. Consequently, native CDs often possess
weaker complexation constants, making them less suited to several applications such as enzyme
catalysis.>® However, CDs can be linked to form more rigid and defined structures, optimised for
specific guests, and this has led to the synthesis of CD dimers, trimers, tetramers and higher

oligomeric and polymeric forms.

CD oligomers may exhibit cooperative binding, which is the simultaneous complexation of a guest by
two or more CD entities within one oligomer.3>38 The cooperative binding effect is analogous to the
chelate effect in metal-ligand chemistry where, in this case, enhanced binding arises from increased
van der Waals and hydrophobic interactions between host and guest. The strength of this type of
complexation is dependent on the length of the linker connecting two CDs and the number of
complexation sites on the guest. Complexation constants arising from the cooperative binding effect

may be several orders of magnitude higher in CD oligomers than native CDs.

The variety of CD oligomers is enormous, with CD dimers alone exhibiting incredibly diversity.> The
properties of CD dimers can easily be changed by alterations in the linker length, linker functionality,
number of linkages and CD type (o, B- or y-CD).*® Guest size may further be accommodated by
considering the location of the link on either the primary or secondary face.*® For a CD homo-dimer
(containing one type of CD), there are six possible link combinations that can be formed from
modifications on adjacent carbons: C6C6, C2C2, C3C3, C2C3, C2C6 or C3C6. The number of linker
types increases when considering hetero-dimers, which consist of two different CDs linked together.

Figure 1.12 describes a variety of CD dimers.

13
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Figure 1.12: CD-dimers with various types of linkers including a) structural isomers of triazole
containing B-CD dimers connected on the C6 position, each isomer representing a different length
and degree of flexibility,*! b) a urea-linked B-CD dimer connected via the C6 and C3 positions,*’ c) a
succinimide-linked B-CD dimer connected via the C6 and C3 positions*® and d) a succinimide-linked
hetero-dimer connected via the C3 position of a-CD and C6 position 3-CD.*

Cyclodextrin dimers may also be formed by connecting two CDs through multiple links, as shown in
Figure 1.13.***” Doubly-linked CD dimers, also called duplexes, are the most common, though triply-
linked CD dimers have also been synthesised.*® The structure that arises from these modifications
further defines the dimer stereochemistry for increased pre-organised guest selectivity. The first CD
duplex was synthesised by Tabushi et al. consisting of two -CD units linked by two diamine groups,
forming a tubular structure.** Bent-shaped CD duplexes were later synthesised by Breslow et al.

using two linkers of differing lengths.*®

14
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Figure 1.13: A range of CD duplexes including a) a doubly diamine-linked B-CD duplex,** b) a triply
disulphide-linked o-CD duplex*® and c) a hetero-duplex consisting of a-CD and B-CD.*

Aside from enhancing complexation strengths and guest selectivity, linkers connecting CD dimers

may also possess intrinsic functionality. Thus, CD dimers linked by a ligand capable of binding a

51,52

metal can, for example, act as sensitisers®® or receptors, as shown in Figure 1.14.
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Figure 1.14: The use of CD-dimers as sensitisers and receptors from a) the association between an
EDTA-linked B-CD dimer coordinated to Eu(lll) and a guest molecule undergoing energy transfer
and b) the coordination of pyridine-linked B-CD dimer to a Fe(ll)-centered porphyrin to create a
haemoglobin mimic.® In both cases, CDs are increasing the effective concentration of the guests to
the reactive centre.
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Given the scope of CD dimer synthesis, it is not surprising the vast possibilities that extend to
trimers,>3>® tetramers®’ and higher oligomeric structures.>® As the number of CD groups increases,
so too does the diversity in architecture. Thus, CD trimers may exist as linear, triangular or
branched/star-shaped structures, as shown in Figure 1.15. Similar structures are possible for

tetramers and other oligomers, as shown in Figure 1.16.

O  HN
0 0
N ° AW
H (OH3C)14 NH HN (OCHs)14
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@ @ C)
b)

Figure 1.15: A range of CD trimers including a) a benzene-centred star shaped B-CD trimer,> b) a
dansyl-modified fluorescent linear B-CD trimer*® and c) a biphenyl-linked cyclic 3-CD trimer.>®
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Figure 1.16: Higher order CD oligomers including a) a cyclic B-CD tetramer®’ and b) a ruthenium-
centred star-shaped B-CD hexamer.®®

While CD oligomers have been extensively studied, there are almost limitless possibilities to explore
and fine-tune the nature of these remarkable hosts. We do not yet fully understand the
thermodynamics and kinetics of native CD complexation, let alone their oligomeric forms. Our
incomplete understanding of CD oligomer properties may hamper their use in various applications
such as drug-delivery, where drug release rates and mechanisms must be appreciated.®°

Consequently continuing research is essential.

1.3.2 Polymeric Hydrogels

Polymer chemistry is another area that has been permeated by CDs.®"®2 The incorporation of CDs
into polymer networks enriches the possibility for the host properties of CDs to be employed on
nano-, micro- and macroscopic scales.®*%® Given the biocompatibility of CDs, much attention has

67-70

been directed towards the use of CDs in hydrogel technology, which as a consequence of its

aqueous nature has considerable potential for medical application.

Hydrogels are 3D networks of cross-linked polymers that can entrap large proportions of water.”!

Cyclodextrins are particularly useful in the design of hydrogels as they are water soluble, highly

.72 Due to the large

biocompatible and can be used to both construct and functionalise the hydroge
proportion of water, hydrogels can mimic the viscoelastic properties of biological tissue, making
them particularly useful in biochemistry, having applications as a super absorbent material, medium

for storage and delivery of substances in biomedicine and as scaffolds in tissue engineering.”7®
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1.3.2.1 Chemical and Physical hydrogels

Cyclodextrin-based hydrogels may be classified as either chemical or physical according to the type
of cross-link used to create the 3D polymer networks.®> Chemical hydrogels may be created from

directly cross-linking CDs to create an expansive network, as shown in Figure 1.17.586979

oY o §

§ §

Figure 1.17: Representation of portions of a water-soluble 3-CD polymer chemically cross-linked by
epichlorohydrin.”

R0
TD&
s

As the cross-links in chemical hydrogels are permanent, the gel can be made with considerable
strength and stability. However, chemical hydrogels have several intrinsic disadvantages which may
limit their application.5?’%7> Firstly, the synthesis of chemical hydrogels often results in a poorly
defined network; consequently, it is difficult to design a system with a predictable outcome.
Additionally, the synthesis is often under harsh conditions, requiring organic solvents and metal
catalysts. The use of covalent cross-links also prevents the hydrogel from self-healing, so any defects

that arise within the network cause permanent damage.

Many of the disadvantages of chemical hydrogels may be circumvented by physical hydrogels, which
may be defined as hydrogels with arrays of monomeric or polymeric units brought together by non-
covalent interactions. The advantage of physical hydrogels over chemical hydrogels arises from the
transient nature of the non-covalent crosslinks.®’%7>7¢ This makes the polymer network dynamic
and able to respond to external stresses placed on the system. Due to the enormity of research into
physical hydrogels, the field requires further sub-division to broadly describe the most prevalent

types. However, given that there is no formal categorisation of CD-based physical hydrogels in the
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literature, it remains convenient to designate the most common examples as either

polypseudorotaxane hydrogels, host-guest linked hydrogels or supramolecular hydrogels.

1.3.2.2 Polypseudorotaxane Hydrogels

Polypseudorotaxane hydrogels are perhaps the most common type of CD-based hydrogel.5”8981
Polypseudorotaxanes are formed by the threading of CD groups onto a polymer chain (see Section
1.4.2 Polyrotaxanes and Polypseudorotaxanes), which may then form polymer networks through the
interaction of CDs with adjacent chains. One of the first polypseudorotaxane hydrogels was
synthesised by Harada, Kamachi et al.®® from the association of a-CD threaded through
poly(ethylene glycol) (PEG), as shown in Figure 1.18. Since this discovery, various other
polypseudorotaxanes hydrogels have been created with a diverse range of morphologies and

84-86

physical properties, employing linear polymer chains, star-shaped polymers,®” brush polymers®

and dual molecular recognition.®

Q

>

Figure 1.18: Formation of a polypseudorotaxane hydrogel from the association of adjacent a-CD
moieties (red ovals) threaded through PEG chains (black lines).

The maturing of polypseudorotaxane hydrogel chemistry eventually led to the investigation of
stimuli-responsive polypseudorotaxanes hydrogels, which could alter their physical or chemical
properties upon exposure to external stimuli. Yiu et al. created thermosensitive hydrogels using
chitosan- and dextran-modified PEG and a-CD.%*°! The hydrogel exists in the gel phase when a-CD is
threaded onto the modified-PEG, but reverts to a solution phase upon heating. Polypseudorotaxane

hydrogels exhibiting responsiveness from multiple stimuli have also been synthesised.”
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1.3.2.3 Host-guest linked Hydrogels

Another type of CD-based hydrogel is the host-guest linked hydrogel, which utilises the host
properties of a CD to non-covalently link polymer chains.?*1% Host-guest linked hydrogels can form
either from the interaction between a CD-modified polymer and guest-modified polymer, a CD-
modified polymer and a guest oligomeric linker or a guest-modified polymer and CD oligomeric
linker. Guo, Lincoln, Prud’homme et al. used adamantyl-functionalised poly(acrylate) (PAA) cross-
linked with either a B-CD-functionalised PAA' or a -CD oligomer,* as shown in Figure 1.19. In both

cases, host-guest interactions connect adjacent polymer strands to create polymeric networks.
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Figure 1.19: Host-guest linked hydrogels arising from the interaction between a) a CD-modified PAA
and adamantane-modified PAA'® and b) an adamantane-modified PAA and a B-CD trimer.>
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As with polypseudorotaxane hydrogels, stimuli-responsive host-guest linked hydrogels have been
investigated. There has been much interest in controlling the sol-gel phase transition of hydrogels
using light, redox, pH and thermal stimuli. Stoddart et al. used azobenzene-functionalised PAA cross-
linked with B-CD to create a light-responsive hydrogel system. Upon UV-irradiation, the azobenzene
moiety isomerises from E to Z isomer, accompanied by a gel-sol phase transition.'®” Yuan and Harada
created a redox-responsive hydrogel combining dodecyl-modified PAA, B-CD and ferrocene.'®'® |n
its reduced state, ferrocene binds to B-CD, allowing dodecyl strands of adjacent PAA chains to
associate to produce in a gel phase. However, in the oxidised state, ferrocene is charged and -CD
instead binds to the dodecyl groups of the modified PAA and a gel phase is not produced as a
consequence. Yui et al. devised a pH-responsive hydrogel from the inclusion of y-CD with two
branches of linear poly(ethyleneimine) (PEI).1*° Under acidic conditions, the secondary amines of PEI
become protonated, causing partial dethreading of y-CD, which loosens the network and decreases
the viscoelasticity. Aside from controlling sol-gel phase transitions, stimuli-responsive host-guest

linked hydrogels have also been synthesised to exhibit controllable self-healing properties,'!?

shape memory!*® and recognition capabilities.}*11

The host-guest linked hydrogels discussed so far have used linear polymer chains and oligomers as
the basis of the polymeric network. However, there are a huge variety of other architectures. Star-
shaped polymers have been used instead of linear chains to create a more expansive 3D

network,!61%7

as well as an array of different linkers. Linkers composed of CD-functionalised CdS
quantum dots,'!811% CD-modified single- and multi-walled carbon nanotubes,*?**?* B-CD vesicles'**
and linearly linked CD-based molecular tubes!® have all been used as junctions to accommodate
guests of adjacent polymer chains. Many of these have also been made stimuli-responsive by the

118,120

use of azobenzene or ferrocene!® as the guest.

1.3.2.4 Supramolecular Hydrogels

The third type of CD-based hydrogels are supramolecular hydrogels, which are characterised by the
formation of polymer networks from host-guest interactions between small molecule subunits.12612°
Supramolecular hydrogels differ from host-guest linked hydrogels as they are formed from small
molecules, rather than polymer chains. Supramolecular hydrogels should be more applicable in
biological and environmental settings as gels created without a polymeric backbone are more

biodegradable.'*
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Harada et al. synthesised supramolecular hydrogels from the self-assembly of 3-CD modified with a
cinnamoyl and trinitrophenyl group, as shown in Figure 1.20.1%%3! |n aqueous solution, the
compound forms a head-to-tail channel-type structure. As the concentration is increased, these
structures arrange to form supramolecular fibrils and eventually gels. Gel-sol transition was achieved
by the addition of 1-adamantanecarboxylic acid, which acts as a competitive guest to displace the

cinnamoyl group from the CD annulus.
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Figure 1.20: Formation of a supramolecular hydrogel from the self-assembly of cinnamoyl-modified
[-CD monomers in water to form head-to-tail channel-type structures, which forms supramolecular
fibrils and finally supramolecular hydrogels with increasing concentration.**°

Tian et al. formed a supramolecular polymer from the interaction between y-CD and a coumarin
dimer, as shown in Figure 1.21.13% As y-CD has a large annulus, two coumarin moieties from two
different dimers may be encapsulated at the same time. Photoirradiation at 365 nm fuses the two
coumarin moieties, forming a gel, the effect of which is reversed upon photoirradiation at 254 nm,
which separates the two coumarin entities to form a solution. Tian et al. furthered this work by

synthesising a coumarin trimer to create a more expansive polymer network.!3
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Figure 1.21: Formation of a supramolecular hydrogel from the host-guest interaction between
coumarin dimers and y-CDs. Gel-sol phase transition is controlled by photoirradiation, which can
fuse or separate the coumarin entities, resulting in a gel and solution phase, respectively.3?

1.3.2.5 Hybrid Hydrogels

The types of hydrogels so far described are by no means a comprehensive list. In principle, almost
any linker or combination of linkers can be used to form a CD-based hydrogel. Therefore, a variety of

hybrid hydrogels possessing a mixture of linker types has been investigated.

While there has been some interest in hybrid hydrogels possessing multiple types of non-covalent
interactions (e.g. combining host-guest and polypseudorotaxane links),** much of the interest has
centred on chemical-physical hybrid hydrogels, which possess both covalent and non-covalent links.
Slide-ring gels, for example, consist of CD moieties threaded through a polymer chain and end-
).135-138

capped to created a polyrotaxane (see Section 1.4.2 Polyrotaxanes and Polypseudorotaxanes

The CD groups are then covalently linked to create a hydrogel.

Various other types of chemical-physical hybrid hydrogels have been developed,**'*° including
those that exhibit stretching!*! and shape memory'*? properties. However, the potential of these
types of hydrogels has been superbly demonstrated by Harada. Using a mixture of covalent and non-

covalent cross-links, Harada et al. have demonstrated macroscopic recognition and self-assembly of

115,143 144

hydrogels, strong adhesion between hydrogels,** expansion and contraction of hydrogels and
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145 as shown in Figure 1.22. This research has significantly

directional movement of hydrogels,
demonstrated the main tenets of supramolecular chemistry - that an understanding of molecular

behavior can directly influence macroscopic properties.

" Photoirradiation
at 365 nm

Shaking

Ultraviolet Vis
(4= 365nm) (4=430 nm)
b)
Ultraviolet Vis Vis
(% = 365 nm) (=430nm) IEUS

——

—_ e
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Figure 1.22: Photoresponsive hydrogels''>** consisting of covalent and non-covalent cross-links that

demonstrate various macroscopic changes including a) recognition behavior of pure hydrogels
which, upon gentle agitation and irradiation, predictably self-assemble and disassemble,
respectively, b) expansion and contraction of a hydrogel upon successive irradiation, forming an
artificial muscle and c) the directional movement of a hydrogel upon irradiation, replicating an
actuator.
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1.4 Mechanically Interlocked Molecules

The discussion of supramolecular chemistry has so far relied on two of chemistry’s most prevalent
chemical bonds: covalent and non-covalent. However, supramolecular chemistry also has a strong
association with another special type of chemical bond: the mechanical bond.'**” The mechanical
bond exists where two or more molecular components are mechanically interlocked with each
other. The resulting compound is termed a mechanically interlocked molecule (MIM) as even though
the components are not covalently bound, a covalent bond nevertheless must be broken to separate

the components.

In many ways, mechanical bonds combine the strength of covalent bonds with the intricacies and
subtleties of non-covalent and coordination bonds, to create robust molecules with controllable
functionality. The mechanical bond has become a key feature in much of supramolecular chemistry
as we continue to aspire to nature’s benchmark. The prevalence of mechanical bonds in biological
systems, human cultural enterprises and artistic endeavours provides endless inspiration for

chemists’ pursuit.**’

Of the various types of MIMs that have been developed, rotaxanes and catenanes remain
archetypal, as shown in Figure 1.23.1%81%9 Catenanes, derived from the Latin word catena, meaning
chain, consist of macrocycles mechanically linked, much like the links in a chain.’®*1>? Rotaxanes, on
the other hand, consist of a linear molecule (axle) threaded through a macrocycle.®*** The
macrocycle is mechanically locked by the addition of blocking groups on either end of the axle,
which is larger than the annulus of the macrocycle, preventing the dissociation of components. The
word rotaxane is derived from Latin words rota and axis, meaning wheel and axle, respectively. The
intriguing aspect of catenanes, rotaxanes and other MIMs is that even though components are
linked and cannot dissociate, components are able to independently move, hence the superiority of

MIMs from the combined advantages of covalent bonds and non-covalent bonds.
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Figure 1.23: Structures of a) a catenane®%*! and b) a rotaxane.’®®
1.4.1 Rotaxanes and Pseudorotaxanes

The exploration of MIMs has expanded to create architectures such as knots and Borromean rings,
rotaxanes remain the most heavily researched MIMs.?>#1%6-158 Rotaxanes are named from the sum of
the macrocycle and axle components. If the sum of the macrocycles and axles in a rotaxane, n, is
well defined, this number is given in square brackets: [n]-rotaxane. If the rotaxane contains a
macrocycle and axle, but no blocking group to mechanically lock the formation, it is termed a

pseudorotaxane, as shown in Figure 1.24.

Figure 1.24: Structures of a) a pseudorotaxane®® and b) a rotaxane!® based upon an azobenzene
axle and 3-CD macrocycle.

Cyclodextrins are suitable components of rotaxanes and pseudorotaxanes as they inherently possess
a macrocyclic structure suitable for threading linear molecules. The self-assembly behaviour of CDs

also provides synthetic advantages as pseudorotaxanes can form spontaneously in agueous media,
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before a rotaxanation reaction is initiated to couple blocking groups to the axle. This synthetic route
is known as the threading approach and is the most common mode of rotaxane formation.'®° Given
the variety of CD compounds that can selectively bind a range of diverse guests, a huge catalogue of
rotaxanes may be synthesised and, like the CD entities previously discussed, both oligomeric and

polymeric species may be synthesised.

1.4.2 Polyrotaxanes and Polypseudorotaxanes

Polymeric forms of rotaxanes and pseudorotaxanes may arise in two common ways — through the
condensation of monomeric pseudorotaxanes or through the threading of multiple macrocycles
onto a pluritopic axle, to form polyrotaxanes or polypseudorotaxanes, depending on the absence or
presence of a blocking group.816164 For CD-based polyrotaxanes and polypseudorotaxanes, the

latter synthetic route is easier to achieve.

Various polyrotaxanes have been developed, often with biomedical applications. Vives, Hasenknopf
et al. synthesised a polyrotaxane composed of y-CD modified with either a fluorescent tag or a dia-
or paramagnetic lanthanide, for use as a biomedical imaging tool.'®® Yui et al. established a drug
delivery system based upon a polyrotaxane consisting of a modified a-CD, PEG chain and an amide-
bound blocking group, as shown in Figure 1.25.1% The polyrotaxane could act as a targeted drug
delivery agent as the blocking group could be cleaved by a site-specific enzyme, releasing the

modified a-CD load at the target site.®’

Figure 1.25: A polyrotaxane consisting of modified o-CD macrocycles threaded through a
poly(ethylene glycol) axle, end capped by enzyme-cleavable blocking groups.®®

Polyrotaxanes have also been used as templates for the formation of other architectures. Harada,
Kamachi et al. used polyrotaxanes as the basis of forming an a-CD molecular tube, as shown in

Figure 1.26.1¢8
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Figure 1.26: Formation of an a-CD molecular tube from a polyrotaxane.¢®
1.4.3 Daisy Chains

Special types of polyrotaxane and polypseudorotaxane arise from the interaction of a molecule in
which the macrocycle and axle component are covalently linked. This molecule is given a variety of
names in the literature including heteroditopic, hermaphrodite, plerotopic and self-
complementary.’® The axle component of a heteroditopic molecule may interlink with the
macrocycle component of a second heteroditopic molecule and so on, creating a supramolecular
polymer known as a daisy chain, named from the chains arising from interlinked stems of a daisy
garland.'®72 Daisy chains may form either cyclic or acyclic conformations, as shown in Figure 1.27,
which may be mechanically locked with a suitable blocking group. Typically, cyclic daisy chains may
be labelled [cn]-daisy chains, where n is the number of monomeric units. Additionally, a [c2]-daisy
chain, the smallest possible cyclic daisy chain, is often given the name Janus, after the Roman god
possessing two faces. Extensive research has been carried out into daisy chain chemistry, resulting in
the synthesis of a diverse range of daisy chain architectures including daisy chains with alternating
a-CD and B-CD subunits'”® and cyclic trimers,’’* as shown in Figure 1.28 and Figure 1.29,

respectively.
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Figure 1.27: Structure of 3-CD modified with an alkyl chain and crown ether. The final structure may
be a) a self-included complex, b) an acyclic daisy chain or c) a cyclic daisy chain or Janus complex.!”®
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Figure 1.28: Construction of an acyclic daisy chain with alternating o-CD and B-CD groups.'”
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NH

Figure 1.29: Formation of a trimeric cyclic daisy chain- tri[2]rotaxane.’*

Despite the plethora of daisy chains now under investigation, vexed questions remain concerning
the control of daisy-chain formation, namely, the preference for either the cyclic or acyclic form.
Considering the thermodynamics of daisy chain assembly, we expect the Janus form to be the most
favoured conformation in most systems as Janus formations consist of two stabilising host-guest
interactions from two monomers. This is in contrast to the acyclic form, which always has one axle
that is hindered from complexation, being exposed to unfavourable interactions with the bulk
solvent media. Despite the apparent thermodynamic preference of cyclic daisy chains, the literature
contains many examples of acyclic forms. Various factors such as the modification site and type of

modification may influence the final architecture.®

Kaneda et al. discovered that an azobenzene-modified a-CD would competitively form either a 2-
component or 4-component cyclic daisy chain, depending on the temperature.’® Harada et al.
demonstrated that o-CD modified with cinnamide on the C3 position led to an acyclic daisy chain,
while modification on the C6 position led to a Janus complex, as shown in Figure 1.30. Stimuli-
responsive daisy chains have also been investigated, establishing the use of light to alter the

preference of either cyclic or acyclic forms.}’7:178
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Figure 1.30: The self-assembly of a cinnamide-modified a-CD on either the a) C6 position to form a
Janus or b) the C3 position to form an acyclic daisy chain.'”

1.4.4 Towards Molecular Devices

Unlike rotaxanes and polyrotaxanes, the blocking group of daisy chains is an integral part of the
molecule. While the mechanical bond present in rotaxanes and polyrotaxanes is, in many ways, a
place holder, the mechanical bond in a daisy chain can regulate the size of the molecule.!®
Depending on the length of the axle, the independent movement of each monomer unit can cause

an expansion or contraction of the daisy chain, as shown in Figure 1.31.

—> P O

—>(\ \ O Expand <—{ \Q

(UO_)U_/Q ﬁ (U 0_)0\1_/

Figure 1.31: Expansion and contraction of an acyclic daisy chain from the sliding of individual
monomer units.®°

This elongation adaptability is the key to exploiting a structure-property relationship, where
elongation on the molecular level may be translated to a physical macroscopic change. If the
concept was expanded to include all molecular movements and if such movements could be
controlled by an external stimulus, the resultant molecule would represent the promise of
supramolecular chemistry — a self-assembled system from pre-organised subunits that performs a
function based on intrinsic molecular information. Such molecules do exist and have been termed

molecular devices.

31



Chapter 1

1.5 Molecular Devices

Molecular devices are sets of interrelated molecules, not necessarily covalently linked, that perform
a function when exposed to an external stimulus.’®1> The first serious proposal of molecular
devices came from Richard Feynman in his 1959 lecture to the American Physical Society. In his
address, Feynmann challenged the limitations of the top down approach to technology, stating that
the miniaturisation of components to increase efficiency and functionality of machines has intrinsic
limitations. The title of his address, “There’s plenty of room at the bottom”, aptly offers a solution -
to approach the advance of technology from the bottom-up, that is, through mastering of molecular

information.*%®

Molecular devices may be characterised according to the type of function, the nature of the energy
input, the readout, the repeatability of the function and the timescale of one complete cycle of the
device.'®1182 As molecular devices are a relatively new area in chemistry, it remains convenient to
categorise them according to the type of function, which is in many cases based upon the movement

of individual components.

1.5.1 Types of Device

Initial investigations into molecular devices'®%'87:18 focused on simple motions or functions such as

189,190 194-196 7

rotary motions, shuttling, 183191193 tweezing, controlled recognition'” and restriction of

motion,'*® as shown in Figure 1.32. The mastering of such simple motions eventually led to the

9

evolution of more complex devices, including shuttle-based molecular elevators,’®® cargo

2

transporters,?®® Boolean logic gates®®, molecular walkers,?®> and sequence-specific peptide

synthesisers.2%
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Figure 1.32: A series of molecular devices including a) a molecular shuttle composing a crown-ether
based macrocycle that moves along dialkylammonium and bipyridinium recognition sites of an axle
depending on the pH,® b) a molecular tweezer based upon a crown-ether functionalised
azobenzene that is able to bind to potassium ion when photoirradiated,?®* c) a CD-based molecular
ratchet tooth and pawl that restricts the motion of the CD due to the presence of a methoxy

19 and d) a molecular rotor based upon the rotation of aromatic groups around an alkene

189

group
moiety, regulated by E to Z photoisomerisation.

Cyclodextrins have routinely been used in the design of molecular devices.?°>?°” Easton et al. used
the shuttling motion of a stilbene-modified a-CD Janus complex to replicate the expansion and

1,208,209 35 shown in Figure 1.33. The stilbene moiety is able

contraction motion of a biological muscle,
to photoisomerise from the E to Z isomer, changing the position of the CD group on the axle
component, causing an overall contraction of the length of the Janus complex. Various other

molecular muscles have also been synthesised,14°183/184,210-215
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Figure 1.33: Structure of a molecular muscle based on a stilbene-modified a-CD Janus, which
expands and contracts upon photoirradiation.?%

1.5.2 Molecular Devices on Particles and Surfaces in Materials

The evolution of molecular devices has progressed to the functionalisation of devices on surfaces,
particles and incorporation within materials. This has proved to be extremely fruitful as molecular
motions may be visualised on the macroscopic scale. Leigh, Rudolf, Zerbetto et al. demonstrated the
macroscopic transport of a liquid using a molecular shuttle.?’® A light-responsive, rotaxane-based
molecular shuttle was grafted onto a self-assembled monolayer of 11-mercaptoundecanoic acid on
Au(lll) and deposited onto glass. A droplet of diiodomethane placed on this surface was shown to
laterally move across the surface of the monolayer when photoirradiated. The droplet was also able

to oppose gravity by moving up an incline of 12°, as shown in Figure 1.34.
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Figure 1.34: A 1.25 pulL droplet of diiodomethane moving up a 12° incline of a self-assembled
monolayer composed of a light-responsive, rotaxane-based molecular shuttle grafted onto 11-
mercaptoundecanoic acid on Au(lll), deposited onto glass. The movement of the drop (from top to
bottom) is controlled by photoirradiation of the shuttle.

The unique properties of CDs were incorporated into functionalised nanoparticles to create CD-
gated smart cargo delivery systems.?!” Stoddart, Zink et al. functionalised silica nanoparticles with

azobenzene stalks,?*®

as shown in Figure 1.35. 3-Cyclodextrin threaded onto the E isomer of the
azobenzene stalks, thereby blocking the pores of the nanoparticle. As 3-CD is incapable of threading
onto Z-azobenzene, the B-CD-gating of the nanoparticle could be moderated by photoisomerisation
of the azobenzene moiety. The smart release of cargo by this system was demonstrated using
Rhodamine B (RB), which could accommodate within the pores of the nanoparticle. RB could then

be trapped or released upon photoirradiation.
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Figure 1.35: Operation of a B-CD-gated cargo delivery system based upon azobenzene-surface-
functionalised silica nanoparticles (dashed lines).?'® The top reaction scheme shows the threading
and dethreading of modified 3-CD and the bottom reaction scheme demonstrates the capture and
release of RB, moderated by photoirradiation of the azobenzene moiety, controlling the gating by [3-
CD.
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1.5.3 Barriers to Success

As the field of molecular devices expands and more motions are realised with greater functionalities,
new challenges emerge. We now wish to not only revel in the achievement of constructing a

molecular device, but also understand the controls of the system in more detail.

The form of energy required to effect the motion is crucial.'® Chemical energy is the most obvious
kind of energy, which includes the input of metals, electrons, acids or bases to drive some kind of
reaction. However, as molecular devices need to be reversible and almost infinitely cyclical, a
constant supply of chemical reactants is required. These chemical reactants, which can be thought
of as fuel, will cause an accumulation of waste products, which if not removed, could compromise
the operation of the device.’®19? Therefore, in many systems, photochemical or photoelectrical
energy may be preferred as external stimuli. Photoelectrically driven devices have the advantage of
a ready supply of electrodes, which may be the easiest way to connect molecular devices to the
macroscopic world, while photochemically driven devices can operate within a small space and in a
very short time domain (i.e. through use of lasers).!81182188219 Both stimuli also share an ease in

output readings and on-off activation.

Even if the energy input is mastered, molecular devices may not realise their full potential due to
fundamental design flaws. Currently, molecular devices are designed to oppose thermal motion;
however, nature utilises rather than opposes Brownian motion, allowing substrates to mix very
rapidly in spite of highly viscous environments. Additionally, nature necessarily operates far from
equilibrium, whereas non-biological chemistry eventually achieves equilibrium.*® If molecular
devices are to find practical applications, issues of energy input, equilibrium and an understanding of
thermodynamic and kinetic controls of self-assembly need to be realised to a much greater extent

than is presently the case.
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1.6 Azobenzene

The research into various aspects of CD chemistry described in this thesis involves azobenzene and
its isomers to a substantial extent, and accordingly some aspects of the chemistry of azobenzene are
now explored. Azobenzene is a diazene derivative and a common component in supramolecular
chemistry.107188218 Azobenzene is able to photoisomerise from the thermodynamically more stable £
isomer to the Z isomer and can thermally reverse isomerise back, as shown in Figure 1.36. As
azobenzene exhibits substantial photostability and negligible decomposition, even after multiple
photoisomerisation cycles, it remains a popular constituent in a wide variety of photoswitchable

molecular devices and materials, enabling the conversion of light to mechanical energy.??

@ hv N=N
S . OO0
@ hv, heat

E-azobenzene Z-azobenzene

Figure 1.36: Structures of E- and Z-azobenzene interconverted through photoirradiation and heat.

The E isomer of azobenzene exists as a planar structure with C;n symmetry, while the Z isomer is
non-planar with C, symmetry.??! The UV-vis absorption features of azobenzene are summarised in
Table 1.1.222 The UV-vis spectrum of azobenzene, in either the E or Z form, consists of two bands, the
symmetry allowed ®© = n* transition and the symmetry forbidden n = w* transition, corresponding
to the excitation of azobenzene from the ground state So to excited states S; and S;, respectively.
The Z isomer has a weaker m - m* transition at a shorter wavelength, due to the non-planar

configuration, but a stronger n > r* transition.??

Table 1.1: UV-vis absorption features of azobenzene isomers.??

Isomer | Transition | Ama (nm) | € (L mol?* cm™)
E >t 320 ~22000
n->m* 450 ~400
Z >t 250 ~11000
>t 270 ~5000
n->m* 450 ~1500
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1.6.1 Mechanism of Isomerisation

Much of the utility of azobenzene relates to the isomerisation mechanism which is stimulated by
both irradiation and heat, and which has been the subject of intensive research and debate.??423>
Four mechanisms have been proposed for the isomerisation process,??? as shown in Figure 1.37.
Each mechanism is defined by a unique transition state, which may relax to form either the E or Z

ground state isomer such that the photostationary state often consists of a mixture of isomers.
* *
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Figure 1.37: Possible mechanisms of photoisomerisation between E and Z-azobenzene.???

The rotation mechanism involves an initial breakage of the N=N bond, followed by free rotation
about the N-N bond that alters the C-N-N-C dihedral angle. The inversion mechanism is initiated by
one N=N-C angle forming a transition state at 180°, while the concerted inversion mechanism has a
transition state arising from both N=N-C angles at linearity. The inversion-assisted rotation
mechanism, sometimes known as the hula-twist mechanism, involves changes in both the C-N-N-C
dihedral angle (following rupture of the N=N bond) and N-N-C angle. The transition state of the

concerted inversion mechanism is non-polar while the other three mechanisms are polar.
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Evidence exists for all four mechanisms and consequently a single mechanism cannot fully describe
the isomerisation pathway for azobenzene. In reality, the prevalence of operation of a particular
mechanism of isomerisation is likely to differ to accommodate various intrinsic and extrinsic factors
such as substitution and solvent.??2 However, this has not hindered the manipulation of azobenzene
to influence isomerisation quantum yields, rates of isomerisation and the thermodynamic stability of
either isomer. As such, azobenzene functionalisation has sort to better understand and invoke

control over the photochemical properties of azobenzene.

1.6.2 Perturbations of Isomerisation

As the UV-vis absorption spectra of E- and Z-azobenzene overlap, irradiation of one isomer will
necessarily cause irradiation in the other.?*® While interconversion between the two isomers may be
controlled by the wavelength of irradiation, temperature, polarity and solvent, altering these factors
gives limited advantages.??? Therefore, functionalisation of azobenzene has been explored to
separate the absorbance range of each isomer to exhibit some degree of control over the

thermodynamic stability of the isomers and rates of isomerisation.

The Z isomer has been made more thermodynamically stable than the E isomer by functionalisation
of azobenzene with electron withdrawing and donating groups and sterically bulky groups. Bléger,
Brouwer, Hecht et al. functionalised azobenzene at the ortho-position with fluorine to create near
quantitative two-way isomerisation.??® Fluorine at the ortho-position acts to reduce the electron
density around the N=N bond, thereby lowering the energy of the n-orbital and hence, separating
the energy of the n - 7* transition between the two isomers. The Z isomer was found to have a
half-life of ca. 700 days. Similarly, Temps et al. formed a covalent bond between the two benzene
rings to create a bridged azobenzene.?*® Due to ring strain, the Z isomer of the bridged azobenzene

was more thermodynamically stable than the E isomer.

The rates of photoisomerisation and thermal isomerisation have also been controlled.??® Jurczaka et
al. reported that the thermal reverse isomerisation from Z- to E-azobenzene could be controlled by
the addition of an anion such as a spherical halogen (F, Br) or Y-shaped carboxylate (CHsCO;,
PhCO;).2*” The anion transfers electron density to the m-system of azobenzene, increasing the
repulsion between electron pairs on the N=N bond. Similarly, the addition of a catalyst was
investigated by Scaiano et al., using gold nanoparticles to catalyse the isomerisation from Z- to E-

azobenzene.?®®
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Research into the control of azobenzene isomerisation has also elucidated other structures. While
the E isomer is often planar, several examples of distorted structures have been reported.??”-23
Tamaoki et al. synthesised azobenzenophanes, cyclically methylene-linked azobenzene oligomers.
The crystal structure of these oligomers indicated that E-azobenzene adopted a distorted structure,
out of planarity, due to ring strain of the macrocycle.?*%%° Evidence for the distortion comes from
UV-vis spectroscopy experiments that demonstrate a reduced extinction coefficient and a blue-shift

in Amax When compared with planar isomers.

While there has been extensive research into understanding and designing azobenzene groups for
use as photochemical switches in supramolecular chemistry, our knowledge remains limited. For
example, the position of azobenzene modification may be important. Despite the wide-ranging
investigations into functionalising azobenzenes, few studies®*!?** have systematically sought to
understand the effect of structural isomerisation on the photochemical properties of modified

azobenzenes.

1.6.3 Effect of Cyclodextrin

Given the prevalence of azobenzene as a separate entity or as a substituent in many CD
studies,®1%2% the effect of a CD moiety on azobenzene isomerization is an important
consideration. While the many examples of azobenzene in CD chemistry has focused primarily on its
utility as a photocontrollable moiety,?'>?* some research has investigated both the influence of
azobenzene on CD complexation?*®?*” and the effects of CD on azobenzene photochemistry. For
example, de Rossi et al. discovered that the Z to E thermal isomerisation of some azo dyes were
inhibited when complexed within the B-CD annulus.?*® When considering the continued use of
azobenzene in CD chemistry, particularly to affect photochemical change, an understanding of the

influence the two compounds exhibit on each other is crucial.
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1.7 Research Objectives

Combinations of CDs and azobenzene have consistently featured in supramolecular chemistry owing
to their complexation capabilities and photochemistry, respectively. However, our understanding of
the factors that drive complexation (such as thermodynamics and kinetics) in CD-azobenzene

systems is limited.

To gain further understanding of the fundamental chemistry behind CD-azobenzene systems, we
have chosen to study azobenzene-substituted B-CD in oligomeric, polymeric and mechanically
interlocked molecule (in the form of a molecular muscle) forms, as shown in Figure 1.38. Three

structural isomers of azobenzene-linked B-CD dimers are synthesised.

be) /=
@ N@
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Figure 1.38: Proposed formation of possible oligomers, polymeric hydrogels and molecular devices
based on -CD and azobenzene.

While several similar CD dimers already exist,*>?492°2 there are no studies on the effect of structural
isomerisation on the complexation behaviour or photochemistry of these CD-dimers. Thus, the
effect of structural isomerisation of the three azobenzene-linked -CD dimers to form host-guest
complexes with a range of guests, and to form cross-links through the complexation of substituents
on separate polymer chains in the formation of host-guest linked hydrogel is explored. In addition
the synthesis of an azobenzene-modified 3-CD molecular muscle through the self-assembly of a
heteroditopic monomer is attempted. There are several examples of CD-based molecular muscles,
but most have used a-CD?°%1>2>3 rather than B-CD.
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1.7.1 Aims and Sequence of this Research

The aims of this research are to increase our understanding of azobenzene-modified -CDs. The
complexation behaviour and photochemistry of azobenzene-modified B-CD will be studied on the

oligomeric, polymeric and mechanically interlocked molecule (MIM) scale.

Chapter 2 describes the attempted synthesis and characterisation of three structural isomers of an
azobenzene-linked B-CD dimer. The effect of structural isomerisation on the photochemistry of the
dimers will be investigated. The photochemistry of the dimers will be studied by *H NMR and UV-vis

spectroscopy.

Chapter 3 describes the effect of B-CD modification on the host-guest complexation behaviour of
the B-CD oligomers. The complexation behaviour, which includes the complexation constants,
thermodynamics and kinetics associated with the host-guest complexation with three dye

molecules, will be studied by 2D *H NMR and UV-vis spectroscopy.

Chapter 4 describes the host-guest complexation behaviour of modified B-CD hosts with four
porphyrins. The effect of both host and guest modification on the complexation behaviour will be

investigated by 'H NMR and UV-vis spectroscopy and molecular modelling.

Chapter 5 describes the formation of host-guest linked hydrogels based on the three azobenzene
linked B-CD dimers and four adamantyl- and alkyl-substituted poly(acrylate)s in aqueous solution.
The complexation behaviour between the host and guest will be studied by isothermal titration
calorimetry and 2D H NMR spectroscopy. The formation of the hydrogels and their resultant
macroscopic properties will be studied by rheology. The effect of photoisomerisation of the dimers

on the rheological properties of the hydrogels will also be investigated.

Chapter 6 describes the attempted synthesis and characterisation of three new molecular muscles
based on an azobenzene-modified 3-CD heteroditopic monomer. The formation of either a cyclic or

acyclic daisy chain is determined by 2D ROESY NMR spectroscopy and mass spectrometry.
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2.1 Introduction

Cyclodextrin dimers are common components in supramolecular chemistry as they display enhanced
binding affinities for a range of guests and are therefore suitable for applications ranging from drug
delivery to catalysis.™ Similarly, azobenzene has been deployed as a photocontrollable moiety in a

variety of supramolecular systems including CD supramolecular systems.>®

Gaining an
understanding of the combined effects of CDs and azobenzene is essential to developing potential
practical applications of these systems. To this effect, several researchers have synthesised

azobenzene-linked CD dimers which are the subject of the present study.>°

Ueno et al. linked two B-CD entities to azobenzene through an ether link and explored the
photoisomerisation of the azobenzene moiety from the E to Z isomer.!’ A maximum Z isomer
proportion of 65.8% was achieved upon irradiation with 320 — 380 nm light. The half-life of the Z
isomer was found to be 54.8 hours in aqueous solution at 298 K. Similarly, Djedaini-Pilard et al.
amide-coupled azobenzene and two [-CD groups and investigated both the photochemical and
host-guest complexation properties.!? Sequential photoisomerisation cycles showed no fatigue in
the system, while host-guest complexation experiments with an EDTA-linked adamantane dimer
were performed to characterise the complexation properties of the host azobenzene-linked -CD

dimer.

The limited range of studies on azobenzene-linked CD dimers leave many avenues to be explored,
such as the effect of structural isomerisation on the photochemical and complexation properties. In
each aforementioned cases,'>*? B-CD was substituted at the para-position of the phenyl ring of

azobenzene, however, both meta- and ortho-positions are also potentially available for substitution.

The effect of structural isomerisation on the photochemistry of azobenzene has, to some degree,
been explored!**> and may be extended to CD-substituted azobenzene compounds. Woolley et al.
synthesised several 4,4’-diamidoazobenzenes substituted with various amine groups at the ortho-
positions.'® The ortho-substituents were found to selectively stabilise the Z isomer by comparison
with the parent azobenzene. The stabilisation of the Z isomer was attributed to a tight packing of
ortho-substituents to form a local, stabilising, hydrophobic cage around the azo group. Hara et al.
substituted azobenzene with sterically bulky diethyl groups at the ortho- and meta-positions.r” The
rate of thermal Z to E isomerisation for the ortho-diethylated azobenzene was 30 times slower than
the rate for the meta-diethylated azobenzene. The bulky diethyl substituents of the ortho-

diethylated azobenzene reduces the free volume required for isomerisation.
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These appear to be the only reported studies of the effect of structural isomerisation on the
photochemistry of azobenzene-linked 3-CD dimers. However, it is possible that structural isomers of
azobenzene-linked B-CD dimers, where the 3-CD group is substituted at either the ortho-, meta- or
para- position, possess varying photostationary state (PS) ratios of E and Z isomers, rates of

photoisomerisation and reverse thermal isomerisation, and different complexation properties.

2.1.1 Aims of this study

The aim of this research is to synthesise and characterise three structural isomers of azobenzene-
linked B-CD dimers: bis(6*-deoxy-B-cyclodextrin-6*-yl)-4,4’-aminocarbonylazobenzene (p-B-CD,az),
bis(6*-deoxy-B-cyclodextrin-6"-yl)-3,3’-aminocarbonylazobenzene (m-B-CD,az) and bis(6*-deoxy-f3-
cyclodextrin-6-yl)-2,2’-aminocarbonylazobenzene (0-B-CD»az), in which the B-CD substituent is in
the para, meta or ortho position of both phenyl rings of azobenzene as shown in Figure 2.1. The p-B-
CD,az isomer has previously been synthesised,’? and the newly synthesized m-B-CD,az isomer is
reported here. Attempts to prepare the o-B-CD,az isomer are described herein but proved
unsuccessful, and the reasons for this are discussed. The photochemical properties of the p-B-CD.az
and m-B-CDaz dimers, including PS ratios of E and Z isomers and rates of reverse thermal
isomerisation, are investigated by NMR and UV-vis spectroscopy before and after photoirradiation.
The influence of 1-adamantanecarboxylate (ADC) on the isomerisation properties of the p-B-CD,az

and m-B-CD,az dimers is also investigated by NMR spectroscopy.

1 2 2 3 (@)
(@) 2 1 NH
1 4
N>—<H >—':‘\ NH Na
N 4 N 1
o HN
(0] 3 2
E-p-B-CD,az E-m-B-CD,az
2 H
4 [ }N/,N\é 4
N™ O 1 3
H 2

E-0-B-CD,az

Figure 2.1: Structural isomers of azobenzene-linked 3-CD dimers, depicted here as E isomers.
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2.2 Results and Discussion

2.2.1 Synthesis of 3-CD Dimers

The dimers p-B-CD,az and m-B-CD,az were first prepared by synthesising 6*-amino-6*-deoxy-f-CD
(6P-CDNH,). The synthesis of 63-CDNH, required an initial modification of native 3-CD. The first step
is the reaction of native B-CD with p-toluenesulfonyl chloride (TsCl) to form 6"-O-(4-
methylbenzenesulfonyl)--CD (6B-CDTs).*® As TsCl is a mild electrophile, substitution is
regioselectively directed towards the C6 OH group of 3-CD. The introduction of a tosyl group onto j3-
CD allowed nucleophilic substitution with ammonia to give 63-CDNH..*® A summary of the synthesis

of 63-CDNH, is given in Figure 2.2.

OH OTs NH,
TsCl NH3(aq)
 — —>
NaOH
B-CD 6B-CDTs 63-CDNH,

Figure 2.2: The synthesis of 63-CDNH,.

The modified azobenzene compounds were then synthesised from the parent para- or meta-
nitrobenzoic acid in a basic solution containing glucose to yield either the para- or meta-E-
azobenzene-dicarboxylic acid (E-p-AzCOOH or E-m-AzCOOH), respectively, as shown in Figure 2.3.2%
22 The final step in the synthesis of p-B-CD,az and m-B-CD,az involved the coupling of 63-CDNH, with
E-p-AzCOOH and E-m-AzCOOH, respectively, using hydroxybenzotriazole (HoBT) and
dicyclohexylcarbodiimide (DCC), which are established amide coupling reagents, as shown in Figure

2.4.2% Full synthetic details are given in Chapter 7.

O
N
OH
\
O

E-p-AzCOOH

NO,

N

| \«
\COOH

o)
OH
porm \ A\ ‘C;
N
HO
o)

E-m-AzCOOH

Figure 2.3: The synthesis of modified-azobenzenes.

54



Chapter 2

O

NH, N '\\1\ : NH
N
m O
E-p-B-CD,az
6B-CDNH, / 2

HoBT

HOOC

C>_ OCOOH

E-p-AzCOOH or E-m-AzCOOH

E-m-B-CD,az

Figure 2.4: The synthesis of p-B-CD,az and m-B-CD,az, depicted here as E isomers.

The synthesis of 0--CD,az was also attempted, following a similar procedure as p-B-CD;az and m-f3-
CD;az. The synthesis of ortho-E-azobenzene-dicarboxylic acid (E-0-AzCOOH) was attempted by the
reaction of ortho-nitrobenzoic acid in a basic solution containing glucose. An additional nitrophenol
group was added to E-0-AzCOOH to form bis(4-nitrophenyl)-E-2,2’-dicarboxyazobenzene (E-0-Aznp),

before direct substitution with 63-CDNH,, as shown in Figure 2.5.

NO,
00O
L
N N
OH_> —  » O \@\ N NO
HO™ ~O 0" ™0
E-0-AzCOOH E-o-Aznp
H
O~ N
ON N NO,
N0
oo H
E-0-Aznp E-0-B-CD,az

Figure 2.5: The proposed synthesis of 0-B-CD.az, depicted here as the E isomer.
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However, the evaluation of the final compound by *H NMR spectroscopy and mass spectrometry did
not conclusively identify o-B-CD.az as the final product and therefore, further analysis was
undertaken. The final product is henceforth referred to as 1. The 'H NMR spectrum of 1 in D,0

produced resonances consistent with o-B-CD,az. A summary of the resonances is given in Table 2.1.

Table 2.1: Summary of *H NMR resonances of 1 (2.0 x 10 mol dm) in D,0 at 298.2 K.

Coupling Relative
Resonance | Shift (ppm) Type Constant | ., .
intensity
(Hz)

A 7.47 d 8.1 1

B 7.37 t 7.8 1

C 6.91 d 8.1 1

D 6.86 t 8.1 1

E 5.15-5.03 m - 7

F 4.11-3.90 m - 42

Resonances A — D are consistent with the H1 — H4 protons of azobenzene as they occur within the
aromatic region. Resonance E is well-defined as the H1 proton of B-CD, while resonance F is
consistent with the H2 — H6 resonances of 3-CD. The relative intensity of the resonances could
correspond to an azobenzene-linked B-CD dimer. However, the mass spectrum did not yield the
expected parent ion corresponding to [M + H]" or [M + Na]" of 0-B-CD,az. As 0--CD,az was expected
to be sterically strained, it seemed possible that fragmentation may occur. However, further

experiments were needed to confirm the structure of 1.

Crystals of 1 were grown from an aqueous solution by vapour diffusion with ethanol. X-ray
diffraction data were collected at 150(2) K with Mo Ka radiation (A = 0.7107 A) at 100(2) K on the
MX-1 beamline of the Australian Synchrotron (A = 0.7107 A).>* Data sets were corrected for
absorption using a multi-scan method, and structures were solved by direct methods using SHELXS-
2013, and refined by full-matrix least squares on F? by SHELXL-2014, interfaced through the program
X-Seed.?>?® X-ray diffraction experiments were performed by Dr Campbell Coghlan. A summary of

the crystallographic data is shown in Table 2.2 and the calculated structure of 1 is given in Figure 2.6.
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Table 2.2: Crystallographic data of 1.

Chapter 2

Formula CasH76N203s
Formula Weight (g mol™?) 1253.12
Space Group C222
a(A) 24.121(5)
Cell Constants b (A) 19.093(4)
c(A) 33.573(7)
a(°) 90
Cell Angle b (°) 90
c(°) 90
Cell Volume (A3) 15461.8
Number of reflections 34285
Number of observations 135969
Number of parameters 776
R value (%) 8.99
Max. shift (esd) 0034
Max. residual positive 0.464
electron density (e A3) negative -0.576

Figure 2.6: Structure of 1, with each glucose unit (G1 — G7) of 3-CD labelled. The carbon, oxygen and

/7_ TGZ
G7 \‘ /\/\' k/’

3 o« S
)

N

Ge ¢

G5

\l G3
I
.

G4

nitrogen atoms are shown in grey, red and blue, respectively.

The crystal structure of 1 clearly shows that the synthesis of o-B-CD,az was not successful. -
Cyclodextrin was modified with an aminophenyl! substituent rather than azobenzene to form (6*-
deoxy-B-cyclodextrin-6*-yl)-2-aminocarbonyl-aminobenzene (B-CDab).
instead of 0-B-CD,az occurred as the initial preparation of E-0-AzCOOH was not successful. This
reaction initially requires the reduction of the nitro group of nitrobenzoic acid to an amine, followed
by oxidation of the amine to form the azo bond with an adjacent molecule.?? However, while the
reduction appears to have been successful, the subsequent oxidation did not form the azo bond,
possibly due to steric hindrance of the ortho-carboxylic acid groups. Therefore, upon nitrophenol

modification and substitution with 63-CDNH,, the final compound that formed was B-CDab. This
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structure matches the NMR results, with resonances A, B, C and D corresponding to the H1, H2, H4
and H3 protons of the aminophenyl group, respectively. The structure also matches the mass
spectrum results, which showed a parent ion at 1275.22 m/z, corresponding to the [M + Na]" ion.

The synthesis of 3-CDab is given in Figure 2.7. Full synthetic details are given in Chapter 7.

NO,
NO
NO, O NH, OH NH, O /@/ 2
©)LOH—> OH —» ©/LLO
2
1 3
O 4
NH, NH NH,
NH, O NO,
+ f [l —
o)
63-CDNH, B-CDab

Figure 2.7: The synthesis of 3-CDab.

2.2.1.1 Crystal structure of §-CDab

The crystal structure of [-CDab was further analysed. The modification of B-CD with the
aminophenyl substituent moderately distorts the B-CD structure. The 04 atoms of each glucose unit
are coplanar. The average distance between 04 atoms is 4.370 A, while the average distance
between each 04 atom and the centre of the B-CD group is 5.035 A. As native B-CD is characterised
by 04 to 04’ distances of 4.3 A and 04 to centre distances of 5.0 A,?” the B-CD group of B-CDab has
retained some its approximate heptagonal symmetry. All measured distances between the 04 atoms
and the distances between 04 atoms and the centre of 3-CD are given in Table 2.10 and Table 2.11,

respectively, in 2.5 Appendix.

However, there are some differences in the tilt angle, which is defined as the angle between the
plane through all seven 04 atoms and the plane through C1, C4, O4 and 04’ atoms of each glucose
unit. There is significant variation in the tilt angles of 3-CDab, ranging from 8.06° — 12.80°, with an
average of 9.21°. All tilt angles are given in Table 2.12 in 2.5 Appendix. The average tilt angle of
native 3-CD is 14°, thus the reduced tilt angle results in a reduced inclination of each glucose unit of
[-CDab. This reduced inclination decreases the distance between the secondary hydroxyl groups,

increasing the strength of hydrogen bond interactions.?
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The crystal packing arrangement of 3-CDab was also analysed. Generally, CD compounds form three
main types of packing arrangements: channel-, cage- and layer-type.?”?° Channel-type packing
structures comprise CD groups stacked to form infinite columns, held together by hydrogen bonding
of adjacent hydroxyl groups, as shown in Figure 2.8a,b. As the CD groups of adjacent molecules may
stack with both primary or secondary faces interacting or with one primary and one secondary face
interacting, the structures are generally classified as either head-to-head or head-to-tail,

respectively.
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Figure 2.8: Various crystal packing arrangements of CD including a) head-to-tail channel-type
packing, b) head-to-head channel-type packing, c) cage-type packing and d) layer-type packing.
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Cage-type packing arrangements consist of CD molecules packed crosswise such that the side of one
CD molecule is interacting with either the primary or secondary face of an adjacent CD molecule, as
shown in Figure 2.8c. The cavity of each CD molecule is blocked, hence the term cage. The layer-type
packing arrangement is similar to the cage-type as the CD cavities are blocked by neighbouring CD
molecules. However, the CD molecules in the layer-type arrangement pack side by side and adjacent
layers are displaced by approximately half a CD width such that the arrangement resembles a brick

wall, as shown in Figure 2.8d.

The crystal structure of -CDab shows that the aminophenyl substituent of one B-CDab interacts
with an adjacent aminophenyl substituent to form a dimer that resembles a Janus form, as shown in
Figure 2.9. The two substituents are parallel with a slight displacement, and the distance between

the centroids of these two aminophenyl substituents is 3.71 A, indicating n—n stacking.°

Further one dimensional packing occurs between adjacent 3-CDab dimers. The hydroxyl groups on
the secondary face of 3-CD on one dimer interact with the hydroxyl groups of 3-CD on an adjacent
dimer, forming a head-to-head channel-type packing arrangement, as shown in Figure 2.10. The
distances between the 02 and O3 atoms of adjacent B-CD groups are given in Table 2.13 in 2.5
Appendix. The 02/03 to 02’/03’ distances are between 2.75 — 3.12 A, with an average distance of
2.98 A, consistent with hydrogen bonding.3! Therefore, the packing of B-CDab within a crystal
structure is held together by m—mn stacking of adjacent aminophenyl substituents and hydrogen
bonding interactions between adjacent secondary hydroxyl groups of B-CD to form a Janus form,

head-to-head, channel-type packing arrangement.

Figure 2.9: One dimensional packing arrangement of two [3-CDab molecules. The carbon, oxygen and
nitrogen atoms are shown in grey, red and blue, respectively.
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Figure 2.10: One dimensional channel-type packing arrangement of 3-CDab. Two views are shown,
differing by a 90° rotation. The carbon, oxygen and nitrogen atoms are shown in grey, red and blue,
respectively.

The crystal packing arrangement of 3-CDab is very different to most other mono-substituted 3-CD
compounds. Harata et al. synthesised a phenylethyl-substituted B-CD compound and determined
the crystal structure.® The compound formed a head-to-tail, channel-type crystal packing
arrangement. However, unlike B-CDab, the phenylethyl substituent of one molecule was included in
the B-CD cavity of an adjacent molecule, thus the channel structure resembled an acyclic daisy
chain. This acyclic daisy chain-style, head-to-tail, channel-type crystal packing arrangement is

common amongst mono-substituted B-CD compounds.?3*

There are some examples of Janus form, head-to-head, channel-type crystal packing arrangements
of mono-modified B-CD compounds. One of the earliest reports of Janus form packing was by

Lichtenthaler et al., who synthesised an imidazolylthiol-substituted 3-CD compound.®® The repeating
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unit of the crystal structure was a head-to-head dimer consisting of imidazolyl substituents mutually
residing over, yet not penetrating, the cavity of both -CD groups. This packing mode was labelled
‘Yin-Yang’. Similarly, Fan et al. synthesised a phenol-substituted B-CD compound and determined
that the crystal packing arrangement was based upon a head-to-head dimer.3” However, unlike the
crystal structure of the imidazolythiol-substituted B-CD, the two phenol substituents fully penetrate
the cavity of the adjacent B-CD group. A similar packing arrangement was described by Guo et al.*®
While the crystal packing arrangement of [-CDab is similar to these other Janus form crystal
structures, the stabilisation of the Janus form by m-n stacking of the aminophenyl substituents

appears to be unique.

The differences in the crystal packing arrangements are likely due to the nature of the substituent, in
particular the position of substitution, length, linker atoms and suitability to complex within a CD
cavity. Minor changes to the nature of the substituent can dramatically alter the crystal packing.?’?’
To identify the preference for B-CDab to arrange into a Janus form, the crystal packing structure of
[-CDab was compared to another aminophenyl-substituted B-CD compound. Fan et al. modified [3-
CD with a para-substituted aminophenyl group (p-B-CDab).3” The substituent was attached to the C6
position of B-CD via an ester link. Unlike B-CDab, p-B-CDab formed an acyclic daisy chain-style, head-

to-tail, channel-type crystal packing arrangement.

Both PB-CDab and p-B-CDab have rigid amide and ester links, respectively, connecting the
aminophenyl substituents to B-CD. Therefore, the major difference is the position of the amino
group on the phenyl ring. Substitution of the phenyl ring with an amine group at the para position
does not significantly alter the width of the phenyl group and therefore, para-aminophenyl will have
a similar size profile to the cavity of 3-CD, allowing daisy chain-style packing. However, substitution
of the phenyl ring at the ortho position will alter both the size profile and hydrophobicity of the
phenyl group and thus, the penetration of the ortho-aminophenyl substituent into an adjacent 3-CD
cavity is no longer favoured. Hence, -CDab forms a Janus form packing arrangement, stabilised by

7-7t stacking of the aminophenyl substituents.
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2.2.2 Characterisation of Photochemical Properties of the p-BCD;az and

m-3CD,az Dimers
In principle, the azobenzene moiety in p-B-CD,az and m-B-CD,az may undergo photoisomerisation
from the E to Z isomer by irradiation with UV light and photoisomerisation from the Z to E isomer by
irradiation with visible light. Azobenzene may also undergo reverse thermal isomerisation in the
dark from the Z to the E isomer.> The isomerisation equilibria for p-B-CD,az and m-B-CD,az are

shown in Figure 2.11.

The PS ratios of p-B-CD,az and m-B-CDaz before and after irradiation with UV and visible light were
characterised by UV-vis and 'H NMR spectroscopy. Irradiation wavelengths of 300 — 355 nm and
>400 nm were chosen for this study. As 3-CDab does not possess an azo bond, it was not considered

for isomerisation studies.
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Figure 2.11: Photoisomerisation and reverse thermal isomerisation between the E and Z isomers of
p-P-CD2az and m-PB-CD,az.

2.2.2.1 UV-vis spectroscopy of the p-§-CD,az and m-3-CD;az Dimers

The photoisomerisation of p-BCD.az and m-BCD,az was monitored by UV-vis absorption
spectroscopy. The two dimers were prepared in aqueous phosphate buffer (pH 7.0, / = 0.01 mol
dm?3) at 298.2 K and irradiated first at 300 — 355 nm and then >400 nm using a 500 W Xe lamp
equipped with cut-off filters. The samples were irradiated and the spectra were recorded at intervals
until no further change in absorption was detected. The UV-vis spectra of p--CD,az and m-3-CD,az
before irradiation were compared against that of potassium E-4,4’-azobenzene-dicarboxylate (K;.E-

p-Az(COO0);), as shown in Figure 2.12. A summary of the maximum wavelengths, Amax, and extinction

coefficients, emax, is given in Table 2.3.
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Figure 2.12: UV-vis absorption spectra of p-B-CD,az, m-f-CDaz, and K,.E-p-Az(COO), in aqueous
phosphate buffer (pH 7.0, I = 0.01 mol dm™3) at 298.2 K prior to irradiation.

Table 2.3: Maximum wavelengths, Amax, and extinction coefficients, emax, of p-p-CD,az, m-B-CD,az
and K,.E-p-Az(COO0), in aqueous phosphate buffer (pH 7.0, / = 0.01 mol dm™) at 298.2 K.

Species Amaxt (NM) | €maa (LMol cm™) | Amaxz (hM) | €maxz (L mol™ cm?)
K>.E-p-Az(COO), 332 24600 436 1616
p-P-CD,az 332 24200 436 970
m-B-CD,az 318 14900 430 800

The UV-vis absorption spectra of p-B-CD,az and m-B-CD,az at the PS shows absorption in the UV
(Amaxs and €max1) and visible (Amaxz and emax2) regions corresponding to the m-nt* transition and n-*
transition, respectively, similar to the known photochemical properties of unsubstituted
azobenzene.®> The spectrum of p-B-CD,az closely resembles that of K,.E-p-Az(COO),, with both
species exhibiting @ Amax1 Of 332 nm and gmax values of 24200 and 24600 L mol™ cm™, respectively.
As K,.E-p-Az(COO); is likely to exist predominantly as a planar E isomer,® the similar UV-vis
absorption characteristics suggest that p-B-CD.az also exists predominantly as the E isomer.
Interestingly, while the Amaxx wavelengths between p-BCD,az and K,.E-p-Az(COO), are identical, the
€max2z Of p-B-CDjaz is about half that of E-p-Az(COOK),, consistent with the substitution of B-CD

groups onto azobenzene at the para positions diminishing the intensity of the n-n* transition.

The spectrum of m-B-CD,az has a blue-shifted Amax1, by comparison with that of p-f-CD.az, of 318
nm, with a diminished gmax1 of 14900 L mol™? cm™. As Z-azobenzene exhibits a blue shifted Amaxa and
reduced emax1 by comparison with that of E-azobenzene,® the absorption properties of m-B-CD,az
suggest that the PS state consists of some proportion of the Z isomer. As p-3-CD,az appears to exist
predominantly as the E isomer and m-$-CD,az exists in some proportion as the Z isomer, we may
expect the UV-vis spectrum of m-$-CD,az to show a larger emax2 value, concordant with most of the

observed Z isomers of azobenzene.® However, the gmax of m-B-CD,az is less than the &max value of p-
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[-CD,az, again indicating that the substitution of azobenzene with B-CD decreases the intensity of

the n-mt* transition.

The PS ratios of the E and Z isomers of each dimer were investigated by monitoring changes in the
UV-vis absorption spectrum upon irradiation with UV and visible light, which is likely to induce E to Z

and Z to E isomerisation, respectively. The changes in UV-vis spectra upon irradiation of p-B-CD,az

and m-B3-CD,az are shown in Figure 2.13 — Figure 2.16.
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Figure 2.13: UV-vis absorption spectra of p-B-CD,az (2.5 X 10 mol dm?3) in aqueous phosphate
buffer (pH 7.0, / = 0.10 mol dm™) at 298.2 K, irradiated with 300 — 355 nm light over 20 minutes. The
arrows indicate the direction of the UV-vis absorption change with time.
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Figure 2.14: UV-vis absorption spectra of an initially UV irradiated (300 — 355 nm) sample of p-f3-
CDaz (2.5 % 10° mol dm?3) in aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm3) at 298.2 K,
irradiated with visible light (>400 nm) over 20 minutes. The arrows indicate the direction of the UV-

vis absorption change with time.
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Figure 2.15: UV-vis absorption spectra of m-B-CD.az (5.0 X 10° mol dm™) in aqueous phosphate
buffer (pH 7.0, / = 0.10 mol dm?) at 298.2 K, irradiated with 300 — 355 nm light over 15 minutes. The
arrows indicate the direction of the UV-vis absorption change with time.
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Figure 2.16: UV-vis absorption spectra of an initially UV irradiated (300 — 355 nm) sample of m-p3-
CDaz (5.0 X 10° mol dm?3) in aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm™3) at 298.2 K,
irradiated with visible light (>400 nm) over 20 minutes. The arrows indicate the direction of the UV-

vis absorption change with time.

The change in the UV-vis absorption spectra of p-B-CD.az and m-3-CD,az upon irradiation with 300 —
355 nm or >400 nm light is similar to that expected from unmodified azobenzene.® Irradiation with
300 - 355 nm light leads to a decrease in absorption in the ©-n* region and an increase in absorption
in the n-m* region, while irradiation with >400 nm shows the opposite trend, suggesting
isomerisation from E to Z isomer and Z to E isomer, respectively. The decrease in absorbance upon
irradiation with 300 — 355 nm light is also accompanied by a blue shift in Amaxa of 2 nm and 8 nm for

p-B-CD.az and m-PB-CD,az, respectively, consistent with photoisomerisation to the Z isomer.
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2.2.2.2 'HNMR spectroscopy of the p-B-CD,az and m-B-CD,az Dimers
The PS of p-B-CD,az and m-B-CD,az (2.0 x 10 mol dm™) before and after irradiation were studied by

'H NMR spectroscopy in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. The spectrum
of each dimer was taken before and immediately after irradiation at 300 — 355 nm to investigate the
E to Z isomerisation process. As azobenzene is known to exhibit reverse thermal isomerisation from
Z to E isomer,” spectra were also recorded 24 hours after irradiation at 300 — 355 nm. The spectrum
of each dimer was also recorded following irradiation with 300 — 355 nm and then >400 nm, to
investigate the Z to E photoisomerisation. A 500 W Xe lamp with cut-off filters was used for the
irradiations. The *H NMR spectra of p-B-CD,az and m-B-CD,az before and after irradiation are shown
in Figure 2.17 and Figure 2.18, respectively and a summary of resonances in the aromatic region is

given in Table 2.4.
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Figure 2.17: 'H NMR spectra of p-B-CDzaz (2.0 X 10 mol dm™) prepared in D,0 phosphate buffer
(pD 7.0, = 0.10 mol dm™3) at 298.2 K (a) prior to irradiation, (b) irradiated with UV light (300 — 355
nm), (c) 24 hours after irradiation with UV light and (d) irradiated with visible light (>400 nm).
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Figure 2.18: *H NMR spectra of m-B-CD,az (2.0 X 10 mol dm) prepared in D,O phosphate buffer
(pD 7.0, / = 0.10 mol dm™3) at 298.2 K (a) prior to irradiation, (b) irradiated with UV light (300 — 355
nm), (c) 24 hours after irradiation with UV light and (d) irradiated with visible light (>400 nm).

Table 2.4: Summary of *H NMR resonances in the aromatic region for p-B-CD,az and m-B-CD,az (2.0
x 103 mol dm3) in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm?3) at 298.2 K. The type of
resonance is not specified for low intensity peaks as the assignment is ambiguous.

p-B-CDzaz m-B-CD;az
Shift Coupling Shift Coupling
Resonance Type | Constant Type | Constant
(ppm) (H2) (ppm) (Hz)
A 7.96 s - 8.27 s -
B 7.78 m - 8.12 d 8.1
C 7.09 m - 7.97 d 7.8
D 8.27 br - 7.75 t 8.1
E 8.19 - - 7.64 d 7.8
F 8.06 - - 7.55 s -
G 7.82 - - 7.37 t 7.8
H 7.69 - - 6.90 d 7.5
| 7.06 - - 8.39 s -
J - - - 8.18 - -
K - - - 8.02 - -
L - - - 7.83 - -
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The resonances in each *H NMR spectrum were assigned to either the E or Z isomer based upon the
chemical shifts, multiplicity, change in intensity upon irradiation and likely PS under ambient
conditions, as derived from the UV-vis absorption experiments. The aromatic resonances
corresponding to unsubstituted E-azobenzene range from 7.1 ppm to 8.0 ppm, while the aromatic
resonances corresponding to Z-azobenzene range from 6.7 ppm to 6.8 ppm.* This trend generally
holds for a variety of substituted azobenzenes, with E-azobenzene resonances downfield from Z-
azobenzene resonances,*“° due to the enhanced electron density arising from the extended

conjugation of the planar E isomer.

The *H NMR spectrum of p-B-CD.az under ambient conditions (Figure 2.17a) shows a large singlet, A,
at 8.19 ppm, which represents the E-azobenzene H1 and H2 protons. While we may have expected
to observe an AB system, sometimes called an AB quartet, comprising a set of two doublets in the
NMR spectrum,*! the J value and chemical shift differences appears to have tended towards 0 such

that the two sets of protons are magnetically equivalent.

The resonances labelled B and C in the p-B-CD,az NMR spectrum increase in intensity upon
irradiation with UV light and diminish in intensity upon irradiation with visible light and therefore
correspond to Z-azobenzene H1 and H2 protons, respectively. Interestingly, while resonance A forms
a singlet, resonances B and C form a distinct AB system, especially noticeable after irradiation with
UV light. There is a large difference in the chemical shifts between C and D of 0.69 ppm, which may
be due to an interaction of H2 protons on adjacent phenyl groups of azobenzene, rendering them

inequivalent, as shown in Figure 2.19.
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Figure 2.19: Possible interaction between H2 protons of p-B-CD.az on adjacent phenyl groups, as
shown by a dotted curve.

The p--CD,az NMR spectrum also shows low intensity resonances labelled D —I. These resonances
were initially thought to be impurities and therefore, the compound was recrystallised. However,
the same NMR spectrum was produced. These low intensity resonances are also present in the p-p3-
CD,az NMR spectrum reported by Djedaini-Pillard et al.? and therefore, are not expected to be
impurities.
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As some of the resonances change in intensity upon irradiation, namely H and |, the resonances may
represent intermediate structures. Due to the low intensity, the multiplicities were difficult to
define. However, it appears that resonance E is an AB system, resonances F and G form an AB
system and resonances H and | form an AB system. Correspondingly, resonance D may also
represent a broadened AB system. These AB systems are likely to refer to the H1 and H2 protons of

p-B-CDsaz, arising from different isomerisation intermediates.

Azobenzene, and hence p-B-CD,az, may undergo isomerisation by four possible mechanisms,® giving
rise to four possible intermediates, as shown in Figure 2.20. The structure of each intermediate
would correspond to different 'H NMR spectra, based upon the relationship between the two
phenyl groups of azobenzene. The intermediates arising from the rotation, inversion and inversion-
assisted rotation mechanisms would lead to two AB systems each. However, we may expect the
intermediates arising from the rotation and inversion-assisted rotation mechanisms to have a similar
structure as both mechanisms involve the rotation of one phenyl group relative to the other. The
intermediate corresponding to the concerted inversion mechanism would lead to a single AB system

as the two phenyl groups are equivalent.
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Figure 2.20: Possible mechanisms of photoisomerisation between E and Z-azobenzene.®
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As the p-f-CD,az NMR spectrum indicates at least three AB systems from resonances D — |, more
than one isomerisation intermediate is present. As resonance D is broadened, the intermediate may
reflect a structure whereby the two 3-CD groups experience significant movement. As resonances D
— G are closest to resonance A, the corresponding intermediate is likely to have a similar structure to
the E isomer, indicative of either the rotation or inversion-assisted rotation mechanism. Conversely,
resonances H and | are closest to resonances B and C, and therefore, the corresponding
intermediate is likely to have a structure similar to the Z isomer, indicative of the inversion or
concerted inversion mechanism. The existence of more than one isomerisation mechanism is
possible as p-B-CD,az undergoes E to Z photoisomerisation, Z to E photoisomerisation and Z to E
thermal isomerisation. As the intensities of resonances D — | are low by comparison with resonances
A — C (approximately 5%), they were not further considered in the determination of the PS ratio of p-

[-CD,az.

The *H NMR spectrum of m-B-CD,az under ambient conditions (Figure 2.18a) shows 8 significant
resonances in the aromatic region, representing both E- and Z-azobenzene protons, consistent with
the UV-vis spectra. The four resonances labelled A, B, C and D represent the E-azobenzene H4, H1,
H3 and H2 protons, respectively, as the intensity of the resonances decrease upon irradiation with
UV light. Therefore, the resonances labelled E, F, G and H represent the Z-azobenzene H4, H1, H3
and H2 protons, respectively, which conversely increase in intensity upon irradiation with UV light.
The chemical shifts of the assigned E- and Z-azobenzene protons of m-f3-CD,az are also aligned with
the known chemical shifts of other E- and Z-azobenzene compound.3® The E-azobenzene protons of
m-B-CD,az are between 7.75 ppm and 8.27 ppm, downfield from the Z-azobenzene protons of m-f3-

CD;az between 6.90 ppm and 7.64 ppm.

The m--CD,az NMR spectrum also shows several minor, yet significant, resonances labelled | - L. As
resonances |, J, K and L, are shoulder resonances of A, B, C and D, they likely correspond to the H4,
H1, H3 and H2 protons, respectively. While the intensity of these resonances change upon
irradiation, they do not represent Z-azobenzene protons as their resonances are downfield of
resonances E — H and in the range of the E-azobenzene protons. Therefore, they are likely to
represent an intermediate with a structure similar to the E isomer, indicative of the rotation or
inversion-assisted rotation mechanism. The intermediate, which may be denoted as £’Z’-m-3-CD.az,
comprises approximately 12% of the total isomer population. As the population of the E isomer, Z
isomer and intermediate of m-B-CD,az can be determined, the change in the Gibbs Free Energy (AG)
between the species can be derived, as shown in Table 2.5. Full details describing the equilibrium

between each species and calculation of AG are found in 2.5 Appendix.
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Table 2.5: The change in Gibbs Free Energy (4G) for the equilibrium between the E isomer, Z isomer
and intermediate of m-B-CD,az.

Isomerisation 4G (k) mol?)
E-m-B-CD»az to Z-m-B-CD,az 2.84+0.24
E-m-B-CD,az to £’Z’-m-f-CDaz 3.40+0.24
E’Z’-m-B-CDaz to Z-m-PB-CD;az -0.55+0.24

Intermediate structures between the E and Z isomers of azobenzene compounds are generally not
reported. However, the modification of azobenzene with B-CD appears to stabilise the intermediates
in the p-B-CD,az and m-B-CD,az systems. This stabilisation may be present due to hydrogen bonding
between adjacent B-CD groups or interactions between the B-CD groups and the azobenzene
linker.*>** In the case of p-B-CD,az, the latter explanation may be more likely due to the greater

distance between the 3-CD groups.

Given the assignment of each resonance in the 'H NMR spectra of both dimers, the resonances
corresponding to the E- and Z-azobenzene protons were integrated to determine the relative
proportions present before and after each irradiation experiment. A summary of the PS ratios of p-

[-CD,az and m--CD,az is given in Table 2.6.

Table 2.6: Proportion of E and Z isomers of p-B-CD,az and m-$-CD,az before and after irradiation at
UV (300 — 355 nm) and visible (>400 nm) light, as determined by *H NMR spectroscopy.

Before Immediately after | 24hrs after UV | Immediately after
Irradiation UV irradiation irradiation vis irradiation
Dimer % E % Z % E % Z % E % Z % E % Z
p-B-CD;az 95 <5 80 20 95 <5 95 <5
m-[3-CD,az 76 24 39 61 39 61 76 24

The PS ratios of the E and Z isomers of p-B-CD;az and m-$-CD,az before and after irradiation are
significantly different. Under ambient conditions, the proportion of the E and Z isomers of p-f-CD.az
and m-B-CD,az were 95% and 5%, and 78% and 22%, respectively. This result is consistent with the
deductions made from their respective UV-vis spectra. The UV-vis spectrum of p--CD,az is similar to
K>.E-p-Az(COO),, indicating a PS consisting primarily of the E isomer, while the UV-vis spectrum of m-
[-CD;az shows a blue shift in Amaxa and reduced &maxi, consistent with m-B-CD,az existing as a

mixture of £ and Z isomers.

The PS ratios of p-B-CD,az and m-B-CD,az after irradiation at 300 — 355 nm are noticeably different.
Immediately after irradiation at 355 nm, the proportion of both Z-p-B-CD;az and Z-m-B-CD,az

increased. However, 24 hours after irradiation, the ratio of £ and Z isomers of p-3-CD,az reverted
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back to the initial ratio under ambient conditions, while the ratio of E and Z isomers of m--CD,az
remained unchanged. This indicates that m-B-CD,az does not undergo reverse thermal isomerisation

during the investigated timescale and that Z-m-[3-CD,az possesses greater stability than Z-p-B-CD.az.

The PS ratios of p-B-CD.az and m-B-CD.az after irradiation at >400 nm light are similar. The two
samples were irradiated with >400 nm immediately after irradiation with 355 nm, to determine the
PS ratios after Z to E photoisomerisation. Both p-B-CD,az and m-B-CD,az exhibited Z to E

isomerisation when irradiated with >400 nm, reforming the PS ratio under ambient conditions.

2.2.2.3 Summary and Discussion of Photochemical Properties of the p-B-CD,az and m-B-CD,az
Dimers
From the photoisomerisation experiments using UV-vis and 'H NMR spectroscopy, structural

isomerisation has a clear influence on the stability of the E and Z isomers and hence the
photoisomerisation properties of p--CD.az and m-B-CDaz. The differences are summarised in Table

2.7.

Table 2.7: Summary of photochemical properties of azobenzene, p-B-CD,az and m-[3-CD,az.

Photoisomerisation | Thermal isomerisation PS ratio before
Compound . L.
EtoZandZto E ZtoE irradiation
azobenzene® Yes Yes 100% E isomer
p-B-CD;az Yes Yes ~95% E isomer
m-B-CD,az Yes No Mix of E and Z isomers

The differences in the photochemical properties between p-B-CD;az and m-B-CD,az are likely to
result from the proximity between the two B-CD groups in each dimer. One of the major differences
is the prevalence of the Zisomer of m-B-CD,az under ambient conditions. In principle, the stability of
the Z isomer of m-B-CD,az may arise due to the B-CD groups of m-B-CD,az experiencing some steric
interference. This may cause the phenyl rings of azobenzene to distort from planarity to
accommodate the additional bulk, thus adopting the Z isomer configuration. This has previously
been established by Rau and Yu-Quan and Forber et al., who substituted azobenzene with alkyl
groups at the ortho position, effectively increasing the steric strain around the azo bond.*** In both
cases, the phenyl rings of azobenzene distorted to minimise interactions between the bulky ortho-
substituents and the lone pair of electrons on the nitrogen atom, while the N-N-C angle also opened
up, corresponding to a blue shift and reduced intensity of the n-n* transition. In some situations,
photoisomerisation was not observed. While these studies did suggest a diminished proportion of
the Z isomer, Bunce et al. also synthesised a series of highly hindered alkyl-substituted azobenzenes

with isolable and stable Z isomers.*®
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In the case of m--CD,az, a stable Zisomer may form not only from the tendency for the azobenzene
moiety to distort from planarity to accommodate the bulky B-CD groups, but also due to the
attractive hydrogen bonding interactions between adjacent B-CD groups.*** Stabilisation of the Z
isomer of azobenzene through non-covalent interactions has previously been reported by Haworth
and Chambers through modification of azobenzene with a peptide chain.’” The Z isomer was
stabilised due to hydrophobic interactions between the peptide chain and phenyl groups of
azobenzene. Meyers-Almes et al. similarly used interactions with a protein surface to stabilise the Z

isomer of azobenzene.*®

While the interaction between B-CD groups of m-B-CD,az is sufficient to explain the stability of the Z
isomer, other factors may be considered. Azobenzene may act as a guest to complex within the -CD
cavity. Niino et al. previously stabilised a Z-azobenzene derivative via complexation with B-CD.*® In
the case of m-f-CD.az, one of the 3-CD groups may partially encapsulate or interact with one of the
phenyl groups of azobenzene.*® However, if this were the case, we may expect that the hydrogen

atoms of each phenyl ring to be magnetically inequivalent and differentiable via NMR spectroscopy.

As the stability of the Z isomer of m-3-CD,az is likely to have several origins, so too may the lack of
observable Z to E thermal isomerisation. For example, due to the significant steric bulk of the B-CD
groups surrounding the azobenzene moiety, the lack of thermal isomerisation of Z-m-p-CD,az may
be due to a lack of free volume within the system, which would be required for the rotation or
inversion of one of the phenyl groups of azobenzene during isomerisation.'” The inherent stability of
the Z isomer may also prevent thermal isomerisation. Such a phenomenon has already been

1.%% Macrocyclic azobenzene dimers (azobenzenophanes) were synthesised

observed by Tamaoki et a
with a thermodynamically stable Z-Z isomer, which also exhibited thermal isomerisation from the E-
E to the Z-Z isomer. The thermodynamic stability of the Z-Z isomer was attributed to the strained

geometry of the azobenzenophanes to disfavor the E-E isomer.

In the case of p-B-CD,az, the lower proportion of the Z isomer under ambient conditions arises due
to a longer distance between the two [3-CD groups. The longer distance appears to relieve the steric
interaction between the two B-CD groups, resulting in photochemical properties that are more
aligned with unmodified azobenzene. Reverse thermal isomerisation is observed as the phenyl

groups may move independently of the para-substituted 3-CD groups.

The results of this study indicate that the distance between the two 3-CD groups of an azobenzene-
linked B-CD dimer greatly influences the photochemical properties. As the distance between the two

[3-CD groups decreases, the distortion of the phenyl rings of the azobenzene moiety increases, while
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the attractive force between adjacent 3-CD groups increases. These two interactions contribute to
the stabilization of the Z isomer. Additionally, a shorter distance between the two [-CD groups
decreases the free volume available for rotation or inversion of the phenyl groups of azobenzene,
which is required for isomerisation, resulting in diminished thermal isomerisation pathways from the

E to the Zisomer.

The differences in the PS ratios and isomerisation of the two dimers are noteworthy. While there
have been several studies combining the host properties of CDs with the photochemical utilities of
azobenzene,®®1%°13 there has been little investigation into the influence of CD on the

photochemical properties of azobenzene.>

2.2.3 Effect of guest complexation on the isomerisation properties of the p-
-CD.az and m-B-CD;az Dimers

The effect of guest complexation on the isomerisation properties of p-p-CD,az and m--CD,;az was
studied by NMR spectroscopy. 1-Adamantanecarboxylate (ADC) (generated by the deprotonation of
1-adamantanecarboxylic acid in D,O phosphate buffer at pD 7.0) as shown in Figure 2.21, was
chosen as the guest to influence the isomerisation. ADC is known to form a strong complex with [3-
CD, characterised by a host-guest equilibrium constant, K, of 1400 dm mol™.>® The potential effect of
ADC on the isomerisation properties of the dimers was attributed to the presence of the carboxylate

group, which may disrupt any favourable interactions between the 3-CD groups of each dimer.

Figure 2.21: Structure of ADC.
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2.2.3.1 2D 'H ROESY NMR spectroscopy
The complexation behaviour of p-B-CD;az and m-B-CD,az with ADC was studied by 2D *H ROESY

NMR spectroscopy. Solutions of each dimer (5.0 x 103 mol dm?) and ADC (1.0 x 102 mol
dm) combination were prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm) at 298.2 K. The
concentration of ADC was double that of the dimer to account for the presence of two 3-CD groups
per dimer such that the mole ratio of -CD groups to ADC was 1:1. The 2D *H ROESY NMR spectra for
the complexation of ADC by p-B-CD,az and m-B-CD,az are given in Figure 2.22 and Figure 2.23,

respectively.

2D H ROESY NMR spectroscopy was used to determine the presence of a dimer-ADC complex. A
nuclear Overhauser enhancement (NOE) cross-peak between interior protons of 3-CD (H3, H5 and
H6) and protons of ADC will be observed if B-CD groups of the dimer and ADC are within 4 A of each
other, indicating that ADC has been incorporated within the B-CD cavity to form a complex.*® The
interior protons of native 3-CD are readily distinguished as native B-CD is homochiral. However, the
modification of 3-CD or the complexation of a guest by native B-CD causes a loss of homochirality
and hence, proton resonances in an NMR spectrum may display significant broadening or overlap.
Therefore, cross-peaks occurring between the H2 — H6 protons of a modified 3-CD compound and

protons of a guest are generally considered to indicate complexation.>®

The 2D H ROESY NMR spectra for the complexation of ADC by either dimer show similar results,
with cross-peaks arising between the H1 — H3 resonances of ADC and the H2 — H6 resonances of [3-
CD in either dimer. Therefore, ADC forms a complex with p-B-CD,az and m-B-CD,az. However, the
spectra do not indicate the point of ADC entry into either the primary or secondary face of B-CD. The
spectra also do not suggest the location of the carboxylate group of ADC, which is thought to

influence the isomerisation properties.
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Figure 2.22: 2D 'H ROESY NMR spectrum of p-B-CD,az (5.0 x 10 mol dm) and ADC (1.0 x 10 mol
dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K. Rectangle A highlights
cross-peaks arising from NOE interactions between the annular protons of 3-CD and protons of ADC.
A possible structure is shown above, as well as an annotated structure of ADC.
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Figure 2.23: 2D 'H ROESY NMR spectrum of m-B-CD,az (5.0 x 10 mol dm=) and ADC (1.0 x 10 mol
dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K. Rectangle A highlights
cross-peaks arising from NOE interactions between the annular protons of B-CD and protons of ADC.
A possible structure is shown above, as well as an annotated structure of ADC.
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2.2.3.2 H NMR spectroscopy
The PS ratios of the E and Z isomers of p-B-CD;az and m--CD,az complexed with ADC before and

after irradiation were determined by 'H NMR spectroscopy. Each combination of dimer (5.0 x 103
mol dm3) and ADC (1.0 x 102 mol dm) was prepared in D,0 phosphate buffer (pH 7.0, / = 0.01 mol
dm) at 298.2 K. The spectrum of each combination was taken before, immediately after and 24
hours after irradiation at 300 — 355 nm. Spectra were also recorded following irradiation with 300 —
355 nm and then >400 nm. Irradiation was achieved using a 500 W Xe lamp with cut-off filters. The
'H NMR spectra of the p-B-CD,az-ADC and m-B-CD,az-ADC systems are shown in Figure 2.24 and

Figure 2.25 respectively. A summary of the 'H NMR aromatic resonances is given in Table 2.8.

A
a) S—
E F G H l
/)
c) e _L___ e M—
o ) — .

8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
Chemical shift, 5 (ppm)
Figure 2.24: 'H NMR spectra of p-B-CD.az (5.0 x 10° mol dm?3) and ADC (1.0 X 102 mol dm?3)
prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K (a) prior to irradiation, (b)

irradiated with UV light (300 — 355 nm), (c) 24 hours after irradiation with UV light and (d) irradiated
with visible light (>400 nm).
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Figure 2.25: 'H NMR spectra of m-B-CD,az (5.0 X 10> mol dm?3) and ADC (1.0 X 10 mol dm?)
prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K (a) prior to irradiation, (b)
irradiated with UV light (300 — 355 nm), (c) 24 hours after irradiation with UV light and (d) irradiated

with visible light (>400 nm).

Table 2.8: Summary of the *H NMR resonances in the aromatic region for p-B-CD.az-ADC and m-f3-
CD,az-ADC in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm?3) at 298.2 K. The type of resonance is
not specified for low intensity peaks as the assignment is ambiguous.

p-B-CDzaz-ADC m-B3-CD,az-ADC
Shift Coupling Shift Coupling
Resonance Type | Constant Type | Constant
(ppm) (H2) (ppm) (H2)
A 7.81 m - 8.37 s -
B 7.59 d 9.7 8.18 d 9.2
C 6.95 d 9.7 7.99 d 8.7
D 7.90 d 9.7 7.78 t 9.7
E 8.49 br - 7.63 d 9.0
F 8.33 s - 7.57 s -
G 7.69 d 9.7 7.40 t 9.0
H 7.49 d 9.7 6.91 d 9.5
| 6.93 d 9.7 8.75 -
J 6.88 d 9.7 8.55 - -
K - - - 8.48 - -
L - - - 8.30 - -
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The resonances in each H NMR spectra were assigned to either the E or Z isomer, based upon the
chemical shifts, multiplicity and change in intensity upon irradiation. The assignment of the
azobenzene resonances of both dimer-ADC systems are analogous to the dimers in the absence of

ADC.

Resonances A, B, C and D of the p-B-CD,az-ADC H' NMR spectrum shift upfield by 0.15 ppm, 0.19
ppm, 0.14 ppm and 0.29 ppm, respectively, by comparison with the analogous resonances of p-3-
CD,az alone. The resonances labelled A in the p-B-CD,az-ADC system correspond to the E-
azobenzene H1 and H2 protons, while minor resonances labelled B and C correspond to the Z-

azobenzene H1 and H2 protons, respectively.

Resonance A of the p-B-CD,az-ADC system differs in multiplicity to the analogous resonance of p-f3-
CD,az alone. While resonance A appears as a singlet in the NMR spectrum of p-f-CD,az alone, the
expected AB system is exposed in the p-B-CD,az-ADC system. The addition of ADC may cause a
distortion of the electron density to magnetically differentiate the two protons of the phenyl rings. It
is noted that while different concentrations of p-B-CD,az were used for the H* NMR studies of p-f3-

CD;az alone and with ADC, this did not influence the multiplicity of resonance A.

Similar to the *H NMR spectrum of p-B-CD,az alone, the spectrum of the p-B-CD,az-ADC system
shows minor resonances labelled D - J, likely representing isomerisation intermediates. Resonance D
is a doublet, although it may be part of an AB system which is partially obscured by resonance A.
Resonances G and H appear to form an AB system, as do resonances | and J. Resonances E and F may

also represent an intermediate.

Resonances G — | only appear after UV irradiation and represent an intermediate arising from E to Z
photoisomerisation. As the resonances are close to resonances B and C, their corresponding
structure resembles the Z isomer, indicative of the inversion or concerted inversion mechanism.
Conversely, resonances D — F are downfield of G — | and therefore, their structures are likely to
resemble the E isomer, indicative of the rotation or inversion-assisted rotation mechanism. As the
intensities of resonances D — J are low by comparison with resonances A — C (approximately 5%),

they were not considered in the further considered in the determination of the PS ratios.

The main resonances of the m-B-CD,az-ADC system, A — H, experience a downfield shift between
0.01 - 0.10 ppm by comparison with the analogous resonances of m-B-CD,az alone. The resonances
labelled A, B, C and D in the m--CD,az-ADC system represent the E-azobenzene H4, H1, H3 and H2
protons while the resonances labelled E, F, G and H represent the Z-azobenzene H4, H1, H3 and H2

protons. As with m-B-CD,az alone, there are some minor resonances downfield of the E-azobenzene
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resonances, which are labelled | — L. While the intensity of these resonances change upon
irradiation, they do not represent Z-azobenzene protons as their resonances are downfield of
resonances E — H and in the range of the E-azobenzene protons. Therefore, they are likely to
represent an intermediate with a structure similar to E-azobenzene, indicative of the rotation and
inversion-assisted rotation mechanisms. As the intensities of resonances | — L are low by comparison
with the resonances A — H (less than 5%), they were not considered in the determination of the PS

ratio of m-B-CD,az-ADC.

A summary of the proportion of E and Z isomers is given in Table 2.9. A comparison of the
proportion of E isomers of p-B-CD,az, p-B-CD,az-ADC, m-B-CD,az and m-B-CD,az-ADC is given in
Figure 2.26.

Table 2.9: Proportion of E and Z isomers of p-B-CD,az and m-B-CD,az complexed with ADC before
and after irradiation with UV (300 — 355 nm) and visible (>400 nm) light, as determined by 'H NMR
spectroscopy.

Before Immediately after | 24hrs after UV | Immediately after
Irradiation UV irradiation irradiation vis irradiation
System % E %Z % E %Z %E %Z %E %Z
p-P-CD,az-ADC 95 <5 80 20 90 10 95 <5
m-3-CD,az-ADC 78 22 35 65 77 23 78 22
100
90 -
80 -
70 A
] p-B-CD,az
E 60 1 m p-B-CD,az-ADC
i.%: 50 m-B-CD,az
S 40 - m m-B-CD,az-ADC
X
30 A
20 ~
10 -
0 -
Before Immediately 24hours after Immediately
irradiation after UV UV irradiation after vis
irradiation irradiation

Figure 2.26: Proportion of E isomers of p-B-CD,az and m-f-CD,az alone and in combination with ADC
before and after irradiation with UV (300 — 355 nm) and visible (>400 nm) light, as determined by 'H
NMR spectroscopy.
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The initial PS ratios of either dimer-ADC system are largely unchanged by comparison with the
dimers alone. However, there are differences in the proportion of E and Z isomers of p-3-CD,az and
m-B-CD,az upon irradiation with UV light. The proportion of the Z isomer in the p-B-CD,az-ADC
system remains unchanged at 20% by comparison with p-B-CD,az alone. Similarly, the proportion of
the Z isomer in the m-B-CD;az-ADC system is 65%, an increase from 61% from m-$-CD;az alone.
However, this difference is not significant due to the error in NMR integration. Similarly, ADC does
not affect the E to Z photoisomerisation, with no discernible differences in the PS ratios after

irradiation with visible light between the complexed and uncomplexed dimers.

However, a significant difference in the reverse thermal isomerisation was observed between the
complexed and uncomplexed m-B-CD,az systems. In the absence of ADC complexation, m-f3-CD,az
does not exhibit reverse thermal isomerisation after 24 hours. However, upon complexation with
ADC, reverse thermal isomerisation is observed. The ratio of E and Z isomers of the m--CD,az-ADC
system 24 hours after irradiation with UV is the same as the initial ratio under ambient conditions.
Therefore, ADC acts as a catalyst to increase the rate of reverse thermal isomerisation of m-pB-CD»az.

An analogous effect for the p-f-CD,az-ADC system was not observed.

Several explanations may explain the role of ADC as a catalyst for the reverse thermal isomerisation.
As the ratio of ADC to m-p-CD,az was set at 2:1, there was one ADC per 3-CD group. Therefore, given
the strong affinity of ADC to the B-CD cavity,>®> we may expect both B-CD groups of m-B-CD,az to be
occupied by ADC. Upon irradiation of the m-B-CD,az-ADC system, a substantial proportion of the Z
isomer forms, resulting in two B-CD groups of m-BCDaz in close proximity. As the Z isomer of m-
BCD.az is thought to possess some stability due to favourable hydrogen bonding interactions
between the adjacent B-CD groups or favourable interactions between 3-CD and azobenzene, ADC
may act to destabilise these interactions. This destabilisation may arise from either the repulsive
interactions of the carboxylate groups of adjacently complexed ADC groups or unfavourable steric

interactions, depending on the mode of ADC entry.

Another explanation involves the possibility of the carboxylate groups of the complexed ADC
transferring some electron density to the m system of azobenzene, increasing the repulsion between
the two nitrogen atoms of azobenzene. This situation has previously been established by Jurczak et
al.>’” Anions were bound to a urea-modified azobenzene, and were demonstrated to catalyse the
rate of reverse thermal isomerisation. Anions that were strongly basic produced the greatest
catalytic affect and also induced a large red shift in the m-n* bands of the urea-modified
azobenzene. This is likely to suggest that the anion transfers electrons to the m system of

azobenzene, potentially creating an extended, conjugated m system.
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Given the limited data obtained for the catalytic effect of ADC on the reverse thermal isomerisation
of m-B-CD,az, it remains unwise to draw too many conclusions regarding the mode of action, as well
as the lack of influence on the photochemical properties of p-p-CD.az. However, we may conclude
from this study that the catalytic effect of ADC does not completely diminish the inherent stability of
the Z isomer as the PS ratio of the m--CD,az under ambient conditions does not change upon

complexation with ADC.
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2.3 Conclusion

Two structural isomers of azobenzene-linked B-CD dimers have been synthesised, differing by the
position of the 3-CD groups towards the azobenzene group, either para or meta, corresponding to p-
[-CD,az and m-B-CD,az, respectively. The PS ratio of the E and Zisomers and the photoisomerisation

properties of each dimer were determined by UV-vis and *H NMR spectroscopy.

The PS ratio and photoisomerisation properties of p-B-CD.az closely resembles unmodified
azobenzene. Under ambient conditions, p-B-CD,az exists predominantly as the E isomer, however,
irradiation with UV light causes photoisomerisation from the E to Z isomer. Reverse thermal and
photoisomerisation from the Z to the E isomer is also observed. Conversely, the photoisomerisation
properties of m--CD,az differ markedly from p-B-CDaz. A mixture of E and Z isomers, as well as a
stable intermediate structure, are observed for m-f-CD,az under ambient conditions and while
photoisomerisation from E to Z and Z to E isomers is possible, reverse thermal isomerisation was not
observed during the investigated 24-hour period. The differences are likely due to the distance
between the two -CD groups in either dimer. A shorter distance between the two B-CD groups
causes the phenyl groups of azobenzene to distort from planarity, thereby adopting a Z
configuration. Simultaneously, attractive forces between the [3-CD groups may help to stabilise the Z

isomer.

The influence of ADC on the photoisomerisation of p-B-CD,az and m-B-CD,az was also investigated.
ADC appears to act as a catalyst to increase the rate of thermal reverse isomerisation of m-[3-CD,az.
The carboxylate groups of ADC may repel, causing this observed rate increase. There was no

influence of ADC on the photoisomerisation of p-$-CD,az during the investigated time scale.

An aminophenyl-modified 3-CD compound, 3-CDab, was also synthesised and the crystal structure
determined. In contrast to many mono-modified -CD compounds, 3-CDab self-assembles to a Janus
form, head-to-head, channel-type crystal packing arrangement. The Janus form is held together by
n-1 stacking of the aminophenyl substituents while the overall channel structure is maintained by

hydrogen bonding between adjacent 3-CD groups.

This research highlights the importance of structural isomerisation in the design of CD oligomers.

Simple variations in the structure of CD oligomers can dramatically influence their properties.
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2.5 Appendix

Crystallographic data of 3-CDab

Table 2.10: Distances between 04 atoms of adjacent glucose units of 3-CDab.

G, 04:-:G,.; 04 | Distance (f\)
G7---G6 4.332
G6---G5 4.425
G5---G4 4.325
G4---G3 4.387
G3---G2 4.332
G2---G1 4.429
G1---G7 4.358

Table 2.11: Distance between 04 atoms of each glucose unit with the centre of 3-CDab.

Glucose unit | Distance (A)
G1 4.974
G2 5.049
G3 5.093
G4 4.994
G5 4.974
G6 5.122
G7 5.040

Table 2.12: The tilt angle, which is defined as the angle between the plane through each 04 atom
and the plane through C1, C4, 04 and 04’ of each glucose unit of B-CDab.

Glucose Unit | Tilt Angle (°)
G1 9.19
G2 6.26
G3 10.5
G4 8.06
G5 12.8
G6 8.62
G7 8.98
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Table 2.13: Distances between oxygen atoms of adjacent 3-CD groups of 3-CDab.

Atomof B-CD1 | AtomofB-CD2 | Distance (A)
G102 G1' 02 3.124(6)
G102 G7 03 3.090(6)
G103 G7 03 2.800(5)
G103 G7' 02 3.008(5)
G202 G7' 02 2.994(5)
G202 G6’ 03 3.128(6)
G203 G6’ 03 2.848(6)
G203 G6’ 02 3.057(6)
G302 G6’ 02 3.011(6)
G302 G5’ 03 3.018(6)
G303 G5’ 03 2.752(5)
G303 G5’ 02 2.982(5)
G402 G5’ 02 2.968(5)
G402 G4’ 03 3.128(6)
G403 G4’ 03 2.824(6)
G4 03 G4’ 02 3.128(6)
G502 G4’ 02 2.968(5)
G502 G3' 03 2.982(5)
G503 G3' 03 2.752(5)
G503 G3' 02 3.018(6)
G602 G3' 02 3.011(6)
G602 G2’ 03 3.057(6)
G603 G2’ 03 2.848(6)
G603 G2’ 02 3.128(6)
G702 G2’ 02 2.994(5)
G703 G1' 03 2.800(5)
G702 G1’' 03 3.008(5)
G703 G1' 02 3.090(6)
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Intermediate species of m-f-CD,az

The *H NMR spectrum of m-B-CD,az indicates the presence of an intermediate, as evidenced by
resonances | — L in Figure 2.18. Given that the proportion of each species can be derived from the *H

NMR spectrum, the change in Gibbs Free Energy (4G) between each species may be determined.

The equilibrium between E-m-B-CD,az and Z-m-[3-CD,az is described by Equation 2.1

Ke.
£ (2.1)
E-m-B-CDaz — Z-m-B-CD,az
The equation for the equilibrium constant, K¢z, is given by Equation 2.2.
Ko = Z-m-B-CD7az 2.2)
E=2 ™ Fm-B-CD,az ’
The equation for the AGe.z describing the E to Z isomerisation is given by Equation 2.3.
AGE—Z = _RTanE—Z (23)

As the proportion of each isomer can be determined from the H NMR spectrum, the relative
concentrations of E-m-[3-CD,az and Z-m-f3-CD,az can be used to derived Ke; from Equation 2.2. The
AGgz value can then be determined using Equation 2.3. Similar equilibrium constant and AG
expressions may be constructed for the isomerisation between E-m-B-CD,az, Z-m-[3-CD,az and E’Z"-
m-B-CDyaz. A reaction coordinate diagram describing the change in AG of these isomerisation
pathways is shown in Figure 2.27. An analogous diagram was not constructed for the p-f-CD.az

system due to an overlap of resonances corresponding to E’Z’-p--CD»az.
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Figure 2.27: Reaction coordinate diagram describing the change in AG for the E and Z isomers of m-
[-CD,az as well as an intermediate, E’Z-m-[3-CD,az. Values of AG were determined from isomer
proportions derived from 'H NMR spectroscopy. The structure given in the figure are for illustrative
purposes only and, due to the unknown photoisomerisation mechanism, do not necessarily
representat of the true structures.
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B-Cyclodextrin Oligomers
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3.1 Introduction
3.1.1 Organic Dyes

Cyclodextrin oligomers often have increased complexation capabilities by comparison with
unmodified, native CDs.»? As a result, the complexation properties of native CDs and CD oligomers
are routinely compared by conducting complexation studies with a range of guests.*® Organic dye
molecules are frequently used as guests as their commercial availability and photophysical
properties offer economical and simple experimentation possibilities.”** Various complexation
features are derived from such experiments including the stoichiometry, equilibrium constant (K),
enthalpy change (4H), entropy change (4S) and Gibbs free energy change (4G) of host-guest
complexation.'>* In this research, three dyes are chosen for study: Crystal Violet (CV*), Rhodamine
B (RB) and Ethyl Orange (EO’) which are cationic, zwitterionic and anionic, respectively, and differ
significantly structurally, and might be expected to exhibit significant variations in complexation

characteristics and thereby provide insight into the complexation process.

3.1.1.1 Crystal Violet
Crystal Violet, tris(4-(dimethylamino)phenyl)methylium chloride, also known as gentian violet, is a

cationic triphenylmethane dye.'® The spectroscopic features of CV* have been under consistent
debate over the last 60 years.’® The UV-vis absorption spectrum of CV* shows two absorption
maxima and multiple explanations were initially proposed to explain their origin. The two maxima
have been interpreted as arising from the resolution of vibronic structures,® the existence of two

excited states?® and the existence of two isomers.?!

Recently, Maruyama et al. used femtosecond probe pump measurements of CV* in various solvents
to confirm the existence of two ground state isomers.?? X-ray diffraction studies of single crystals of
triphenylmethane perchlorate unveiled a planar structure as one of the ground state isomers and
therefore, a similar structure was proposed for CV*.22 However, as no other isomer was detected in
the solid state, solvent effects of alcohols were considered, leading to the proposal of the pyramidal
isomer. The pyramidal isomer is proposed to exist in certain solvents such as water, methanol,
ethanol, n-propanol and n-butanol.?? The planar (also known as propeller) and pyramidal isomers of
CV* occur in equilibrium and interconvert depending on the interaction of a solvent molecule with
the central carbon atom. Thus, the central carbon atom may be attracted by and pulled towards a
solvent molecule, forming the pyramidal isomer, while in the absence of this attraction CV* assumes

a planar stereochemistry as shown in Figure 3.1.
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P

planar isomer pyramidal isomer

Figure 3.1: Structures of the planar and pyramidal isomers of CV* in aqueous solvent.

As the isomerisation of CV*occurs due to solvent effects, the planar and pyramidal isomers of CV*
are sometimes referred to as solvation isomers.?? The UV-vis absorption spectrum of CV* shows two
absorption maxima at 590 nm and 557 nm, corresponding to the pyramidal and planar isomers,

respectively.?® Both isomers may be complexed by 3-CD.*

3.1.1.2 Rhodamine B
Rhodamine B, [9-(2-carboxyphenyl)-6-(diethylamine) xanthen-3-ylidene]-diethylamine, is a xanthene

dye, as shown in Figure 3.2. In aqueous solution and at near neutral pH, RB exists predominantly as a

zwitterion, in large part due to hydrogen bonding with the solvent media.?>?®

Figure 3.2: Structure of RB as a zwitterion.

3.1.1.3 Ethyl Orange

Ethyl orange, 4-(4-diethylaminophenylazo)benzenesulfonate, is an anionic, azo dye, as shown in
Figure 3.3.222 EO  is analogous to another common azo dye, methyl orange (MO), which possesses
a dimethylamino group rather than a diethylamino group. Few complexation studies of the
complexation of EO" by CDs have been reported,? while more have been reported for MO~.30-33
However, complexation studies using EO™ as a guest allow for simpler analysis as MO™ has a

propensity to aggregate in solution.3*3
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Figure 3.3: Structure of EO".

3.1.2 Dimerisation of CV*, RB and EO-
Organic dyes sometimes aggregate in solution to form dimers and occasionally trimers and

tetramers.?>3¢38 Aggregation is influenced by the concentration of the dye, solvent, pH and
temperature. The presence of dye aggregates may be detected by UV-vis spectroscopy as
aggregation causes a shift in the Ama, a change in emax and sometimes the appearance of shoulder
peaks in the UV-vis spectra by comparison with that of the monomeric form.3” The UV-vis absorption

features of monomeric CV*, RB and EO" are given in Table 3.1.728:36:39

Table 3.1: Summary of absorption characteristics of monomeric dyes.

Dye Amax 10%¢ pH Solvent system | Reference
(nm) (mol dm3 cm?)

oV 591 9.8 - agueous 36
590 9.60 7.4 aqueous buffer 7

RB 555 10.5 6.4 agueous 39
554 9.62 7.4 aqueous buffer 7

EO 472 2.47 - agueous 28

The equilibrium expression and equilibrium constants (Kp) for the dimerisation of dyes are given in
Equation 3.1 and Table 3.2, respectively.?>363%% Both CV* and RB are known to dimerise in aqueous
solution, while limited to no aggregation is expected for EO". Given the relatively low dimerisation
constants for CV* and RB, the dimeric forms exist in negligible amounts under the experimental
conditions common in complexation studies.

Kp

2dye g—= (dye),

(3.1)

Table 3.2: Equilibrium constants, Kp, and the associated experimental conditions for the
dimerisation of CV*, RB and EO'.

Dye 1023 Kp (dm3 mol?) | T(K) pH Solvent system Method Reference
cv* 0.6+£0.1 293 - aqueous UV-vis 36
spectroscopy
1.8+1.0 298 | 6.4 aqueous NaCl | |emperaturejump 39
RB spectrophotometry
Fl
1.30£0.26 208 | 7.2 aqueous vorescence 25
spectrophotometry
EO no aggregation - - - - 40
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3.1.3 Complexation of CV*, RB and EO" by 3-CD

Cyclodextrins are able to form complexes with CV*, RB and EO" in aqueous solution. A complex
described by a 1:1 stoichiometry between the host and guest may be characterised by the
equilibrium constant, K11. The equilibrium expression and summary of complexation constants for
the 1:1 complexation between native 3-CD and the dyes are given in Equation 3.2 and Table 3.3,

respectively.”?429:39

K1

B-CD + dye == [-CD-dye (3.2)

Table 3.3: Equilibrium constants, K11, for the 1:1 host-guest complexation between B-CD and the
guest dye compounds. Errors were not specified in the reference for the EO™ system.

Guest | 103 Ky (dm3>mol?) | T(K) | pH | Solvent system Method Reference
4680 + 40 298 | 7.0 | aqueous buffer UV-vis 7
. spectroscopy
v UV-vis
820-4300 298 - agueous 24
spectroscopy
3960 + 60 298 | 7.0 | aqueous buffer UV-vis 7
RB spectroscopy
5900 + 2300 298 | 6.4 aqueous Temperature-jump 39
spectrophotometry
EO 9030 298 | 10.6 | aqueous buffer Fluorescence 29
spectroscopy

3.1.4 Aims of this study

The aim of this research is to investigate the effect of 3-CD modification on the host complexation
properties of modified 3-CD. This will be achieved by investigating the complexation properties of
native B-CD, the mono-modified B-CDab and the B-CD dimer E-p-B-CD.az, as shown in Figure 3.4.
Cationic CV*, zwitterionic RB and anionic EO™ will be used as guest molecules. The host-guest
complexes will be studied by 2D *H NMR spectroscopy and UV-vis spectroscopy. Complexation

studies with E/Z-m-3-CD,az were not included due to the presence of both the E and Zisomer.

ZT

p-CD -CDab E-p-B-CD,az

Figure 3.4: Structure of 3-CD, 3-CDab and E-p-B-CD,az.
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3.2 Results and Discussion

3.2.1 Complexation of CV*, RB and EO" by 3-CD, E-p-BCD;az and [3-CDab

The complexation properties of native 3-CD, E-p-3-CD,az and B-CDab were examined by performing
complexation studies with CV*, RB and EO™ as guest molecules. 2D *H ROESY NMR spectroscopy was
used to determine the qualitative complexation behavior, while UV-vis spectroscopy was used to
quantitatively determine the complexation constants and thermodynamic parameters which govern

complexation.

3.2.1.1 Qualitative Investigation of Complexation by 2D *H ROESY NMR Spectroscopy
The complexation behaviour of native 3-CD, E-p--CD,az and 3-CDab with either CV*, RB or EO" was

examined by 2D 'H NMR spectroscopy. Solutions of each host and guest combination were prepared
in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K. The 2D *H ROESY NMR spectra for all
host-dye combinations are given in Figure 3.5 — Figure 3.13. Cross-peaks between the H2 — H6

protons of B-CD and the protons of the guest indicate complexation.”*!

The complexation behavior of CV* with either native 3-CD, E-p-B-CD,az or B-CDab show similar
results. The complexation of CV* by native B-CD produces distinct cross-peaks between the H1 — H3
resonances of CV* and the H3, H5 and H6 resonances of 3-CD. Similarly, the complexation of CV* by
E-p-B-CD,az and B-CDab produces cross-peaks between the H1 — H3 resonances of CV* and the H2 —
H6 resonances of (-CD in either host. Therefore, CV* forms a complex with all three hosts

characterised by penetration of the methyl and phenyl groups of CV* into the -CD cavity.
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Figure 3.5: 2D 'H ROESY NMR spectrum of B-CD (5.0 x 10 mol dm™) and CV* (5.0 x 10 mol dm?)
prepared in D,O phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. Rectangles A and B highlight
cross-peaks arising from NOE interactions between the annular protons of -CD and the protons of
CV*. A possible dominant structure depicting a 1:1 monotopic complex is shown above.
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Figure 3.6: 2D *H ROESY NMR spectrum of B-CD (5.0 x 10 mol dm™) and RB (5.0 x 10 mol dm?)
prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K. Rectangles A and B highlight
cross-peaks arising from NOE interactions between the annular protons of -CD and the protons of
RB. A possible dominant structure depicting a 1:1 monotopic complex is shown above.
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Figure 3.7: 2D *H ROESY NMR spectrum of B-CD (5.0 x 10 mol dm) and EO (5.0 x 10 mol dm)
prepared in D,O phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. Rectangles A and B highlight
cross-peaks arising from NOE interactions between the annular protons of -CD and the protons of
EO". A possible dominant 1:1 monotopic complex structure is shown above.
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Figure 3.8: 2D 'H ROESY NMR spectrum of E-p-B-CD»az (5.0 x 10 mol dm™) and CV* (5.0 x 10 mol
dm?3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=) at 298.2 K. Rectangles A and B
highlight cross-peaks arising from NOE interactions between the annular protons of 3-CD and the
protons of CV*. A possible structure depicting a 1:1 monotopic complex is shown above. A possible
1:1 ditopic complex structure is shown in Figure 3.14.
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Figure 3.9: 2D 'H ROESY NMR spectrum of E-p-B-CD,az (5.0 x 10 mol dm™3) and RB (5.0 x 10° mol
dm?3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=) at 298.2 K. Rectangles A and B
highlight cross-peaks arising from NOE interactions between the annular protons of B-CD and the
protons of RB. A possible structure depicting a 1:1 monotopic complex is shown above.
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Figure 3.10: 2D *H ROESY NMR spectrum of E-p-B-CD,az (5.0 x 10 mol dm™) and EO" (5.0 x 10 mol
dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K. Rectangles A and B
highlight cross-peaks arising from NOE interactions between the annular protons of 3-CD and the
protons of EO". A possible structure depicting a 1:1 monotopic complex is shown above.
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Figure 3.11: 2D *H ROESY NMR spectrum of B-CDab (1.0 x 10 mol dm™) and CV* (5.0 x 10 mol
dm) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. Rectangle A highlights
cross-peaks arising from NOE interactions between the annular protons of -CD and the protons of
CV*. A possible structure depicting a 1:1 monotopic complex is shown above. The abbreviation ‘ab’
refers to the aminophenyl substituent of B-CDab.
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Figure 3.12: 2D *H ROESY NMR spectrum of B-CDab (1.0 x 10 mol dm) and RB (5.0 x 10 mol dm™)
prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K. Rectangles A and B highlight
cross-peaks arising from NOE interactions between the annular protons of -CD and the protons of
RB. A possible structure depicting a 1:1 monotopic complex is shown above. The abbreviation ‘ab’
refers to the aminophenyl substituent of 3-CDab.
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Figure 3.13: 2D *H ROESY NMR spectrum of B-CDab (1.0 x 10°® mol dm™) and EO" (5.0 x 10 mol dm"
%) prepared in D,O phosphate buffer (pD 7.0, / = 0.10 mol dm?3) at 298.2 K. Rectangles A and B
highlight cross-peaks arising from NOE interactions between the annular protons of B-CD and the
protons of EO". A possible structure depicting a 1:1 monotopic complex is shown above. The
abbreviation ‘ab’ refers to the aminophenyl substituent of 3-CDab.
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While the proton resonances of CV* are readily distinguished in the NMR spectra, the proton
resonances of RB overlap and shift upon complexation with native (-CD. Therefore, there is some
ambiguity in the assignment of the H2 — H8 resonances of RB. Nevertheless, there is certainty in the

identification of a complex.

The complexation of RB by native B-CD produces distinct cross-peaks between the H5, H6 and H9
resonances of RB and H2 — H6 resonances of B-CD. The complexation of RB by E-p-B-CD,az and
[B-CDab produces cross-peaks between the H2 — H7 and H9 resonances of RB and the H2 — H6
resonances of the 3-CD groups. As there are no cross-peaks apparent between the H1 resonances of

RB, it appears that all three 3-CD hosts dominantly complex RB via the diethylamino group.

As with CV*, the proton resonances of EO™ are readily distinguished, although the H5 resonance of
EO" overlaps with the H2 — H6 resonances of 3-CD. The complexation of EO" by native 3-CD produces
clear cross-peaks between the H1, H2, H4 and H6 resonances of EO” with the H2 — H6 resonances of
B-CD. This indicates that B-CD can either form a 2:1 B-CD,-EO" complex or that a 1:1 complex is

forming where 3-CD shuttles between the alkyl and phenyl groups of EO".

The complexation of EO™ by E-p-f3-CD,az and 3-CDab produces cross-peaks only between the H4 and
H6 resonances of EO and the H2 — H6 resonances of the B-CD groups. This indicates that EOis
dominantly entering the B-CD cavity via the alkyl end rather than the sulfonate end to minimise the

interaction between the charged sulfonate group and hydrophobic 3-CD cavity.

While 2D *H NMR spectroscopy can determine the existence of a complex, the stoichiometry and
orientation of the host and guest is unknown. The structures given in Figure 3.5 — Figure 3.13 depict
monotopic 1:1 host:guest complexes. However, in principle, 1:1 and 2:1 host:guest complexes may
form, characterised by either monotopic or ditopic complexation. Ditopic complexation by a single
host is also referred to as cooperative complexation, whereby two B-CD groups of a single 3-CD
oligomer complex two sites of a single guest.® Additionally, the guest may enter the CD cavity via the
primary face or secondary face. The preference for primary or secondary face complexation is
usually determined by NMR spectroscopy by considering the shifts in proton resonances of 3-CD
before and after complexation. A shift of the H2 and H3 resonances usually indicates primary face
preference while a shift in H5 and H6 resonances indicates secondary face preference. However,
given that the H2 — H6 resonances of 3-CD are multiplied and superimposed in the spectra of
-CDab and E-p-B-CD,az, the facial preference for complexation is not readily deduced from the

NMR spectra.

108



Chapter 3

Figure 3.14 depicts the possible host:guest complex structures of various stoichiometries and
orientations, using CV* as the guest and either native B-CD or E-p-BCD,az as the host. The

stoichiometry, preference for a particular orientation and stability of a complex was further

characterised by UV-vis spectroscopy as described in 3.2.1.2.

o)
AV 0
\ NH N

e)

Figure 3.14: Host-guest complexes of various structures and orientations, including a) 1:1 3-CD-CV*
monotopic complexation through the primary face, b) 1:1 B-CD-CV* monotopic complexation
through the secondary face, c) 2:1 B-CD,-:CV* monotopic complexation through the primary faces, d)
1:1 E-p-B-CD,az-CV* ditopic complexation through the secondary faces and e) 2:1 (E-p-B-CD,az),-CV*
showing monotopic and ditopic complexation through the secondary faces.
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3.2.1.2 Quantitative Investigation of Complexation by UV-vis spectroscopy
The complexation constants and thermodynamic parameters for the complexation between native

[-CD, E-p-B-CD,az and B-CDab with CV*, RB and EO" were determined by UV-vis spectroscopy. The
equilibrium expression for 1:1 complexation between each host and dye is given by Equation 3.3,

K11

host + dye = <—= host-dye (3.3)

where the host is either native B-CD, E-p--CD,az or B-CDab and the dye is either CV*, RB or EO". The

equation for the complexation constant, K11, is given by Equation 3.4,

K — [host - dye] (3.4)
117 Thost][dye] '
The equilibrium expression for the 2:1 complexation of a second host to the existing host-dye

complex is given by Equation 3.5,

K21
host + host:dye —= host,-dye (3.3)
The equation for the complexation constant, K31, is given by Equation 3.6,
host, - dye
[ 2 - dye] (3.6)

Ka1 = [host][host - dye]

The change in Gibbs free energy (AGi;) for the first equilibrium describing a 1:1 host-dye complex is

given by Equation 3.7,
AG{q = —RTInKq, (3.7)
where R is the ideal gas constant and T is the temperature. AGy; is also given by Equation 3.8,
AGyy = AHy; — TAS14 (3.8)

where 4H11 and A4S;; are the changes in enthalpy and entropy for the formation of a 1:1 host-dye

complex, respectively. Combining Equations 3.7 and 3.8 leads to Equation 3.9,

AH;;  ASi4
RT R

anll = — (39)

Equation 3.9 is known as the van’t Hoff equation and a plot of InK11 versus 1/T is known as the van't

Hoff plot, where the slope and intercept represent -AH11/R and AS11/R, respectively.
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In order to calculate the complexation constants and thermodynamic parameters of complexation,
the concentrations of the host, dye and host-dye complex in solution must be known, and may be
determined by UV-vis spectroscopy.”**** The total concentration of each species at equilibrium is
equal to the initial concentrations of the host and dye, as given by Equations 3.10 and 3.11,

respectively.

[host]y = [host - dye] + [host] (3.10)

[dye], = [host - dye] + [dye] (3.11)
The observed absorbance of the system, Aops, is given by Equation 3.12,
Aobs = Anost + Adye + Ahost-dye (3.12)

Each absorbance term may be expressed in terms of Beer’s Law, given by Equation 3.13,

A =c¢lc (3.13)

where ¢ is the molar extinction coefficient and / is the path length of the cell. Beer’s Law, Equation

3.10 and Equation 3.11 may be substituted into Equation 3.12 to give Equation 3.14,

Aops = Enost- L. ([host]g — [host - dye]) + egye. L. ([dyelo — [host - dye])
(3.14)
+€nost.aye- l. [host - dye]

Equations 3.10, 3.11 and 3.14 may be used to fit a series of UV-vis absorption spectra describing the
equilibria consisting of the host, dye and host-dye complex to yield the concentration of each
species and hence, the complexation constants. The determination of complexation constants at
varying temperatures may then be used to determine the thermodynamic parameters using

Equations 3.7 — Equation 3.9 for 1:1 complexes.

The experimental concentrations chosen for these studies were sufficiently low such that the
dimerisation of CV* or RB did not significantly influence the results. Given that the dimerisation
constants of CV* and RB are 0.60 x 10®> mol dm™ and 1.80 x 10%® mol dm3%% the proportion of
dimers in each study was approximately 0.48% and 1.4%, respectively. Therefore, the presence of
such small amounts of these dimers is not expected to significantly influence the complexation

studies.
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The equilibria in which native B-CD, E-p-B-CD;az and B-CDab complex CV*, RB and EO were
characterised by UV-vis spectroscopy in aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm3) at
308.2 K, 298.2 K, 288.2 K and 278.2 K, following methods reported by Lincoln et al.”**** The
absorbance of the dye (varying concentration of a 2 cm?® solution) was determined against a
reference solution (2 cm?® solution containing aqueous phosphate buffer) in 1 cm matched quartz
cells. The solutions were thermostatted at the required temperature for 15 minutes, while stirring,
before the absorbance was recorded. The absorbance was recorded at 1 nm intervals using a Cary
5000 UV-vis spectrophotometer. The change in the UV-vis spectrum of the dye solution was
monitored as aliquots (5 mm?3) of the host solution were sequentially titrated into the dye and
reference cells. The resultant UV-vis absorption spectra were analysed using the non-linear least
squares fitting program HypSpec,* to derive complexation constants for a 1:1 host-dye complex. The
UV-vis spectra were fitted over a wavelength range in which significant change in the dye solution
absorption occurred upon addition of the host solution. The fitting of the experimental data yielded
the complexation constants for the input equilibria, the derived molar absorbances of free and
complexed dye and, using the simulation software HySS,*® the speciation of the free and complexed
dye with increasing host concentration. Complexation studies between -CD and CV* and RB were

performed by Trang Nguyen.”

Features of the UV-vis absorption spectra of all host-guest systems were analysed to determine the
correct host:guest model to use for fitting. The presence of an isobestic point in the experimental
molar absorbances of the dye upon addition of a host is indicative of a 1:1 complex. The molar

absorbances of the dye in each host-guest system are shown in Figure 3.15 — Figure 3.17.
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Figure 3.15: UV-vis molar absorbances of CV* (initial concentration 8.0 x 10® mol dm3) with
increasing concentrations of A) E-p-B-CDaz (0 — 9.1 x 10®° mol dm™) and B) B-CDab (0 — 7.3 x 10*
mol dm) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm?) at 298.2 K. The arrows
indicate the direction of change.
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Figure 3.16: UV-vis molar absorbances of RB (initial concentration 8.0 x 10°® mol dm) with
increasing concentrations of A) E-p-B-CD,az (0 — 2.4 x 10* mol dm™) and B) B-CDab (0 — 1.1 x 1073
mol dm?3) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm™3) at 298.2 K. The arrows
indicate the direction of change.
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Figure 3.17: UV-vis molar asorbances of EO™ (initial concentration 2.0 x 10° mol dm3) with
increasing concentrations of A) E-p-B-CD,az (0 — 6.4 x 10* mol dm?3), B) B-CDab (0 — 8.0 x 10 mol
dm?3) and C) B-CD (0 - 9.6 x 10™* mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm"
%) at 298.2 K. The arrows indicate the direction of change.

The UV-vis spectra of CV* shows a decrease in absorbance at the Amax at 590 nm upon addition of
both E-p-B-CD,az and 3-CDab. There is also a red shift in the Amax upon increasing host:CV* ratio. The
decrease in molar absorbance and shift in Ama are both indicative of CV* entering a new chemical
environment, which is likely to be the annulus of B-CD. An isobestic point is observed in both
systems at approximately 603 nm. Therefore, the complexation of CV* by E-p-3-CD,az and -CDab is
likely to be dominated by a 1:1 complex. It should be noted that there is a slight variation in molar

absorbance of CV* alone between the E-p-B-CD.az and -CDab host systems. This may occur as CV*
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adsorbs onto glass surfaces, which can cause slight changes in the concentration.3®

The UV-vis spectra of RB shows a decrease in the absorbance at the Amax at 554 nm, upon addition of
both E-p-B-CD,az and 3-CDab. A red shift in the Amax is also observed with increasing host:RB ratio.

As the shift is only 2 nm, it is difficult to identify the existence of an isobestic point.

The UV-vis spectra of EO" shows a decrease in the absorbance at the Amax at 474 nm, upon addition
of E-p-f3-CD,az, 3-CDab and B-CD. Unlike the CV* and RB systems, there is a slight blue shift in the
Amax Upon increasing host:EOQ" ratio. The isobestic point is not as clear as in the CV* systems, but
appears to occur at approximately 445 nm for the E-p-B-CD,az/EQO" and B-CDab/EO" systems, and
454 nm for the B-CD/EQO" system.

An algorithm for the formation of 1:1 host-guest complexes, Equation 3.3, was best-fitted to the
variation of the UV-vis spectra of the E-p-B-CD,az/CV* and B-CDab/CV* host-guest systems, and the
experimental and derived molar absorbances of each system at 298.2 K are shown in Figure 3.18A
and B. It is clearly seen that the fit for the E-p-B-CD.az/CV* system is poor and consistent with the
presence of another host-guest complex instead of, or in addition to, a 1:1 complex, while the fit for
the B-CDab/CV* system is good and consistent with the dominant formation of the (-CDab-CV*

host-guest complex.
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Figure 3.18: UV-vis absorbance data of CV* (initial concentration 8.0 x 10® mol dm=3) with increasing
concentrations of A) E-p-B-CD,az (0 — 9.1 x 10° mol dm™) and B) B-CDab (0 — 7.3 x 10*mol dm?3) in
aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm?3) at 298.2K showing the experimental
(circles) and best fit (line) molar absorbances at 591 nm (fitted at 1 nm intervals over the range 550
— 620 nm) for a 1:1 complex.

It was found that an algorithm for the sequential formation 1:1 and 2:1 host-guest complexes,
Equation 3.3 and Equation 3.5, best-fitted the variation of the UV-vis spectrum of the E-p-B-
CD,az/CV* system, and the experimental and derived molar absorbances at 298.2 K are shown in

Figure 3.19.
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Figure 3.19: UV-vis absorbance data of CV* (initial concentration 8.0 x 10°® mol dm™) with increasing
concentrations of E-p-B-CDaz (0 — 9.1 x 10° mol dm™) in aqueous phosphate buffer (pH 7.0 and I =
0.10 mol dm™) at 298.2 K, showing the experimental (circles) and best fit (line) molar absorbances at
591 nm (fitted at 1 nm intervals over the range 550 — 620 nm) for 1:1 and 2:1 complexes.

The derived K11 and K»; for the E-p-B-CD,az-CV* and (E-p-B-CD,az),-CV* host guest complexes, and
the Ki1 for the B-CDab-CV* at 298.2K and also at 278.2 K, 288.2 K and 308.2 K appear in Table 3.4
together with analogous data for B-CD-CV* and (B-CD),-CV* from the literature.” The complete data
sets appear in 3.5 Appendix for: E-p-B-CD,az/CV* (Figure 3.27 and Figure 3.28 with fitting for
sequential formation of E-p-B-CD,az-CV* and (E-p-B-CD,az),:CV* host guest complexes), E-p-p3-
CD,az/CV* (Figure 3.41 and Figure 3.42 with unsatisfactory fitting for the E-p-B-CD,az-CV* host guest
complex alone), and for $-CDab/CV* (Figure 3.29 and Figure 3.30 with fitting for the 3-CDab-CV*host

guest complex alone).

An algorithm for the formation of 1:1 host-guest complexes, Equation 3.3, fitted well to the

absorbance changes for the E-p--CD,az/RB and 3-CDab/RB systems as seen in Figure 3.20.
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Figure 3.20: UV-vis absorbance data of RB (initial concentration 8.0 x 10 mol dm) with increasing
concentrations of A) E-p-B-CDaz (0 — 2.4 x 10 mol dm™) and B) B-CDab (0 — 1.1 x 10 mol dm?) in
aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm) at 298.2 K, showing the experimental
(circles) and best fit (line) molar absorbances at 554 nm (fitted at 1 nm intervals over the range 520
— 570 nm) for a 1:1 complex.

115



Chapter 3

The complete data sets appear in 3.5 Appendix for: E-p-3-CD,az/RB (Figure 3.31 and Figure 3.32 with
fitting for the formation of the E-p-f-CD,az-RB host-guest complex alone), and for 3-CDab/RB (Figure
3.33 and Figure 3.34 with fitting for the 3-CDab-RB host-guest complex alone). The derived K1, for E-
p-P-CD,az:RB, B-CDab-RB at 298.2 K and also at 278.2 K, 288.2 K and 308.2 K appear in Table 3.5

together with analogous data for 3-CD-RB from the literature.’

An algorithm for the formation of 1:1 host-guest complexes, Equation 3.3, fitted well to the
absorbance changes for the E-p-B-CD,az/EO", -CDab/EO™ and B-CD/EO" systems as seen in Figure
3.21.
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Figure 3.21: UV-vis absorbance data of EO" (initial concentration 2.0 x 10> mol dm) with increasing
concentrations of A) E-p-B-CD,az (0 — 6.4 x 10 mol dm™), B) B-CDab (0 — 8.0 x 10* mol dm?) and C)
B-CD (0-9.6 x 10* mol dm?) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm) at 298.2 K
showing the experimental (circles) and best fit (line) molar absorbances at 474 nm (fitted at 1 nm
intervals over the range 425 — 520 nm) for a 1:1 complex.

The complete data sets appear in 3.5 Appendix for: E-p-B-CD,az/EO" (Figure 3.35 and Figure 3.36
with fitting for the formation of the E-p-B-CD,az:PB host-guest complex alone), for B-CDab/EO
(Figure 3.37 and Figure 3.38 with fitting for the B-CDab-PB host-guest complex alone), and for -
CD/EO" (Figure 3.39 and Figure 3.40 with fitting for the 3-CD-EO" host-guest complex alone). The
derived Ki; for E-p-B-CD,az-EO", B-CDab-EO" and B-CD-EO" at 298.2 K and also at 278.2 K, 288.2 K and
308.2 K appear in Table 3.6.
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The complexation constants for the 1:1 host.guest complex, K11, determined at 278.2 K, 288.2 K,
298.2 K and 308.2 K were used to construct van’t Hoff plots and derive AGi1, AH1: and ASi; of
complexation. The van’t Hoff plots for the complexation of CV*, RB and EO" by the hosts are shown
in Figure 3.22, Figure 3.23 and Figure 3.24, respectively. An algorithm for the van’t Hoff equation
was best-fitted to the K11 data using the GraphPad Prism protocol.*’ Given the higher error estimates
associated with the determination of K1 by comparison with those for K11, analogous van’t Hoff
plots characterising 2:1 host,-dye systems were not constructed. A summary and discussion of the
complexation constants and thermodynamic parameters for the complexation of CV*, RB and EO" by

native 3-CD, E-p-3-CD,az and 3-CDab are given in Section 3.2.1.2.1 — Section 3.2.1.2.3.
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Figure 3.22: Plots of InK13, as determined by UV-vis spectroscopy at various temperatures, against T
for the B-CD-CV* complex (R?> = 0.9982), the E-p-B-CD,az-CV* complex (R? = 0.9974) and the B-
CDab-CV* complex (R? = 0.9898). The icons represent the experimental data and the solid lines
represent the best fit of the van’t Hoff equation to the Ki; data derived using the GraphPad Prism
protocol.*” The R? values refer to the fit of Equation 3.9 to the Ki; data. The error bars represent the
fitting errors.
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Figure 3.23: Plots of InK11, as determined by UV-vis spectroscopy at various temperatures, against T
for the B-CD-RB complex (R? = 0.9849), the E-p-B-CD,az-RB complex (R? = 0.9937) and the B-CDab-RB
complex (R? = 0.9809). The icons represent the experimental data and the solid lines represent the
best fit of the van’t Hoff equation to the Ki; data derived using the GraphPad Prism protocol.*” The
R? values refer to the fit of Equation 3.9 to the Ki; data. The error bars represent the fitting errors.
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Figure 3.24: Plots of InK13, as determined by UV-vis spectroscopy at various temperatures, against T
for formation of the B-CD-EO" complex (R* = 0.9902), the E-p-B-CD,az-EO" complex (R? = 0.9982 and
the B-CDab-EO" complex (R* = 0.9991). The icons represent the experimental data and the solid lines
represent the best fit of the van’t Hoff equation to the Ki; data derived using the GraphPad Prism
protocol.*” The R? values refer to the fit of Equation 3.9 to the Ki; data. The error bars represent the
fitting errors.
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3.2.1.2.1 Complexation of CV* by 3-CD, E-p--CD.az and 3-CDab

The complexation constants and thermodynamic parameters for the complexation of CV* by native
[-CD, E-p-B-CD,az and B-CDab are presented in Table 3.4. The K11 derived for the complexation of
CV* by E-p-B-CD,az at 298.2K is approximately thirty-six times larger than the K1 derived for CV*
complexation by native 3-CD, consistent with cooperative ditopic complexation of CV* by both [3-CD
groups of E-p-B-CD,az.*® Such complexation is possible as CV* has three equivalent
4-(dimethylamino)phenyl groups, two of which may complex with two B-CD groups. The cooperative
complexation is also consistent with the thermodynamic parameters, which shows the 4H:; for the
E-p-B-CD,az-CV* complex to be six times more negative than the AH1; for the 3-CD-CV* complex. The
negative TAS:: for the E-p-B-CD,az-CV* complex is consistent with the entropic gain arising from the
expulsion of water molecules from the B-CD cavity upon complexation being greater than the
entropic loss from the formation of a ditopic complex. There is, however, a slight uncertainty in the

data for the E-p-B-CD,az-CV* complex as up to 5% of p-BCD,az may exist as the Z isomer. This is also

the case for the complexation studies with RB and EO".

Table 3.4: Complexation constants and thermodynamic parameters for the complexation of CV* by
native B-CD, E-p-B-CD,az and B-CDab in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm?) at
varying temperatures.

Host T (K) 103 K14 103 K>:? AG11 b AH;;¢ TAS11d
(dm mol?) | (dmmol?) | (k) mol?) (k) mol?) (kJ mol?)
E-p-B-CD,az 308.2 62.3x0.3 9.04+£0.04 | -28.3+0.1 -65.7+2.4 -37.2+1.3
298.2 1711 17.7+£0.1 -29.910.1 -65.7£ 2.4 -36.0+1.3
288.2 372t1 20.9+0.1 -30.70.1 -65.7£ 2.4 -34.7+1.2
278.2 1130+ 10 23.2+0.1 -32.2+0.1 -65.7£ 2.4 -33.5+1.2
[B-CDab 308.2 4,70+ 0.01 - -21.7+0.1 -18.6+1.3 | 3.08+0.22
298.2 6.20+0.01 - -21.6+0.1 -18.6+1.3 | 2.98+0.21
288.2 8.31+0.01 - -21.6+0.1 -18.6+1.3 | 2.88+0.21
278.2 10.2+£0.1 - -21.3+0.1 -18.6+1.3 | 2.78£0.20
B-CD’ 308.2 4.07+0.04 | 0.13+0.01 | -21.3+0.1 -11.7+£0.6 9.6+0.7
298.2 468+0.07 | 0.21+£0.02 | -21.0+0.1 -11.7+£0.6 9.3+0.7
288.2 5.62+0.06 | 0.22+0.02 | -20.7+0.1 -11.7+£0.6 9.0+£0.7
278.2 6.61+0.08 | 0.35+0.03 | -20.4+0.1 -11.7+£0.6 8.7+0.7

2 Errors calculated from UV-vis titration data using HypSpec fitting program, and rounded up to the
last significant figure. ® Errors calculated using the errors of K11 and the equation AG1; = -RTInK13, and
rounded up to the last significant figure. ¢ Errors calculated from the van’t Hoff plot using GraphPad
Prism software.*” ¢ Errors calculated from the sum of the relative errors in AGi1 and AH:1 shown are
those derived from vant’ Hoff plots of InKi; against 1/T. The errors do not take into account
experimental estimated to be < 5% for K;;.and < 10% for Kaa.
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In the B-CDab-CV* complex, only one of the 4-(dimethylamino)phenyl groups of CV* is complexed
and is characterised by Kii. A similar situation prevails in the native 3-CD-CV* complex and its Ki1 is
similar to that for 3-CDab-CV*. In both cases, AH11 is much less than that for E-p-BCD,az:CV*" and
TAS11 is positive whereas that for E-p-BCD,az-CV* is substantially negative. The greater AH1; for E-p-
[-CD,az-:CV* is anticipated for the ditopic complexation of CV* and consequent strong complexing
interaction. As noted above, the strongly negative TAS:1 for the E-p-B-CD.az-CV* complex indicates
that the entropic gain arising from the expulsion of water from the -CD cavity upon complexation is
greater than the entropic loss from the formation of a ditopic complex, whereas the positive TAS:11
for the B-CD-CV* and [B-CDab-CV* complexes indicates that the entropic gain arising from the
expulsion of water from the B-CD cavity upon complexation in both cases offsets the entropic loss
from the formation of a complex. The more negative AH11 and less positive TAS1; for f-CDab-CV*, by
comparison with those for B-CD-CV', may arise from additional stabilisation and a decreased
entropy arising from stabilising interactions between the aminophenyl substituent of -CDab and
the non-complexed phenyl groups of CV* in B-CDab-CV*. These interactions are absent in the

[B-CD-CV* complex, which is characterised by a less negative AH11 and a more positive TAS11.

Two 2:1 complexes characterised by K»1 were also detected: (E-p-B-CD;az),-CV* and B-CD,-CV*. The
magnitudes of K1 for both complexes are significantly less than their respective Ki; values. This
decreased stability is expected as the probability of a favourable collision leading to reaction is
decreased as two and one of the dimethylaminophenyl groups of CV* are already complexed in the
E-p-B-CDaz-CV* and B-CD-CV* precursor complexes, respectively. In (E-p-B-CD,az),-CV*, the second
complexing E-p-B-CD,az is monotopic, which might be expected to lessen the stability of its complex

by comparison with that of the ditopic complexing of the first E-p-B-CD,az.

The magnitude of the K>; for the E-p-B-CD,az-CV* complex is 10% of the magnitude of the Ki; at
298.2 K. Therefore, there is a larger proportion of the 2:1 complex in the E-p-B-CD,az-CV* complex
by comparison with the B-CD-CV* complex. This may arise due to the enhanced probability of
collision for the E-p-B-CD,az dimer and 3-CD dimers generally by comparison with that of a -CD

monomer.

A K>: value could not be derived for the -CDab system. The lack of K is likely due to the
experimental conditions. In the case of the B-CD-CV* complex, the magnitude of the K, value is only
4.4% of the K11 value at 298.2 K, indicating a negligible proportion of the 2:1 species. Therefore, the
lack of K1 equilibrium in the B-CDab-CV* complex does not necessarily imply that no 2:1 complex
forms, rather, similar to the B-CD/CV* system, the proportion of the 2:1 complex by comparison with

the 1:1 complex may be negligible and not characterised under these experimental conditions.
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3.2.1.2.2 Complexation of RB by 3-CD, E-p--CD;az and 3-CDab
A summary of the complexation constants and thermodynamic parameters for the complexation of

RB by native 3-CD, E-p-B-CD,az and -CDab is given in Table 3.5.

Table 3.5: Complexation constants and thermodynamic parameters for the complexation of RB by
native B-CD, E-p-B-CD,az and B-CDab in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm™) at

varying temperatures.

Host T (K) 1073 K;,® 1023 K»® AG1;® AH;:¢ TAS:1.¢
(dm mol?) | (dm mol?) | (k) mol?) (k) mol?) (kJ mol?)
E-p-B-CD,az 308.2 10.5+0.1 - -23.7+0.1 -22.9+1.3 | 0.807 £0.045
298.2 14.1+0.1 - -23.7+0.1 -229+1.3 | 0.780+0.044
288.2 20.6+0.1 - -23.8+0.1 -229+1.3 | 0.754+£0.042
278.2 27.1+£0.1 - -23.6+0.1 -229+1.3 | 0.728 £0.041
[-CDab 308.2 491 +£0.01 - -21.7+0.1 -19.2+1.9 2.47 £0.24
298.2 5.71+£0.01 - -21.6+0.1 -19.2+1.9 2.39+0.24
288.2 8.28+0.01 - -21.520.1 -19.2+1.9 2.31+£0.23
278.2 10.6£0.1 - -21.410.1 -19.2+1.9 2.23+£0.22
[3-CD7 308.2 3.33+0.04 - -20.8+0.1 -13.5+0.7 7.3+0.6
298.2 3.96 £ 0.06 - -20.6+0.1 -13.5+£0.7 7.1£0.6
288.2 4.54 £ 0.05 - -20.3+0.1 -13.5+£0.7 6.8£0.6
278.2 5.95 1 0.08 - -20.1+0.1 -13.5+£0.7 6.6 0.6

2 Errors calculated from UV-vis titration data using HypSpec fitting program, and rounded up to the
last significant figure. ® Errors calculated using the errors of K11 and the equation AG1; = -RTInK14, and
rounded up to the last significant figure. © Errors calculated from the van’t Hoff plot using GraphPad
Prism software.*” 9 Errors calculated from the sum of the relative errors in AGi1 and AH:1 shown are
those derived from vant’ Hoff plots of InKi1 against 1/T. The errors do not take into account
experimental estimated to be < 5% for Ki;.

The K11 derived from the complexation of RB by E-p-B-CD,az at 298.2 K is approximately 3.6 times
larger than the complexation by native B-CD. This difference is smaller than the analogous CV*
systems which indicates that E-p--CD,az experiences diminished cooperative complexation with RB.
The larger K11 may instead be due to the enhanced probability of a productive collision for the E-p-[3-
CD,az dimer rather than for B-CD monomers. The diminished cooperative complexation of E-p-
BCD.az is also reflected in the thermodynamic parameters, which shows that the AH:1and TAS:;;
values at 298.2 K are more positive than the analogous values for the E-p--CD,az-:CV* complex.
Additionally, the positive TAS;; for the E-p-B-CD,az-RB complex indicates that the entropic gain
arising from the expulsion of water molecules from the -CD cavity upon complexation offsets the

entropic loss from the formation of a complex.
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The diminished cooperative complexation observed in the E-p-B-CD,az-‘RB complex may be
explained in terms of the RB structure. In principle, E-p--CD.az may complex three possible sites of
RB: the carboxyphenyl group and either of the two diethylamino groups. From the 2D 'H ROESY
NMR spectrum, only the diethylamino groups are suitable for complexation The complexation of
one diethylamino group may cause a more localised positive charge on the adjacent diethylamino

group, thereby diminishing the strength of a cooperative complex.

The rationalisation for the diminished cooperative complexation observed in the E-p-B-CD,az-RB
complex may also be applied to explain the absence of K31 equilibria in any of the systems. The
localised positive charge on one diethylamino group as well as the carboxylate substituent on the
carboxyphenyl group of RB do not facilitate the addition of a second host to an existing 1:1 complex.
Therefore, although RB possesses three possible sites for complexation, only one diethylamino

group is suitable.

The derived complexation and thermodynamic data of the 3-CDab-RB and native 3-CD-RB complexes
are similar to those of the CV* systems. The magnitude of the K11 values are similar and both hosts
complex monotopically to RB. Similar to the CV* systems, the AHi; and TASi1; of the [-CDab-RB
complex are more negative than in the 3-CD-RB complex. Once again, the aminophenyl substituent
of B-CDab may display an attractive interaction with the non-complexed aromatic rings of RB,
leading to favourable enthalpy change, yet correspondingly unfavourable entropy change.
Therefore, the modification of native B-CD with an aminophenyl substituent does not significantly
influence the stability of a complex, but may alter the thermodynamic controls, similar to the

deductions made for the CV* studies.
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3.2.1.2.3 Complexation of EO" by 3-CD, E-p-B-CD;az and -CDab
A summary of the complexation constants and thermodynamic parameters for the complexation of
EO™ by native -CD, E-p-B-CD,az and 3-CDab is given in Table 3.6.

Table 3.6: Complexation constants and thermodynamic parameters for the complexation of EO™ by
native B-CD, E-p-B-CD,az and B-CDab in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm™) at

varying temperatures.

Host T (K) 103 K11® 103 Kzq? AG11b AH11¢ TASud
(dmmol?) | (dm mol?) (kJ mol?) (kJ mol?) (kJ mol?)
E-p-B-CD,az 308.2 18.6+0.1 - -25.2+0.1 -41.3+1.3 -16.1+£0.5
298.2 32.0+£0.1 - -25.7+0.1 -41.3+1.3 -15.6£0.5
288.2 60.4+0.1 - -26.4+£0.1 -41.3+1.3 -15.1+£0.5
278.2 104 +1 - -26.7+0.1 -41.3+1.3 -14.6+£0.4
[-CDab 308.2 12.4+0.1 - -24.1+0.1 -26.5+£0.5 | -2.37+£0.05
298.2 18.2+0.1 - -24.3+0.1 -26.5+£0.5 | -2.29+£0.05
288.2 25.6x0.1 - -24.310.1 -26.5+0.5 | -2.22+£0.05
278.2 38.4x0.1 - -24.4+0.1 -26.5+0.5 | -2.14+£0.05
B-CD 308.2 7.68 £0.01 - -22.910.1 -189+1.3 4.05+£0.28
298.2 104+£0.1 - -22.910.1 -189+1.3 3.92+£0.27
288.2 13.6+£0.1 - -22.810.1 -189+1.3 3.78£0.26
278.2 17.1+£0.1 - -22.520.1 -189+1.3 3.65+0.25

2 Errors calculated from UV-vis titration data using HypSpec fitting program, and rounded up to the
last significant figure. ® Errors calculated using the errors of K11 and the equation AG1; = -RTInK14, and
rounded up to the last significant figure. © Errors calculated from the van’t Hoff plot using GraphPad
Prism software.*” 9 Errors calculated from the sum of the relative errors in AGi1 and AH:1 shown are
those derived from vant’ Hoff plots of InKi1 against 1/T. The errors do not take into account
experimental estimated to be < 5% for Ki;.and < 10% for K»1.

The complexation of EO" by the three hosts follows a similar trend to the RB systems. The Ki; of the
E-p-B-CD,az-EO" complex is only 3.1 times larger than the K11 of the B-CD-EO" complex at 298.2 K. As
the AH1; of the E-p-B-CD,az-EO" complex is more than twice as negative as the AH.; for the B-CD-EO
complex and the TAS1; is negative, some cooperative complexation may exist in the E-p--CD,az-EO
complex but is diminished by comparison with the E-p-B-CD,az CV* complex. Therefore, the larger

K11 value of the E-p-B-CD,az-EO" complex may also be substantially due to the greater probability of

collision for a 3-CD dimer.

The structure of EO” may be responsible for the diminished cooperative complexation by comparison
with that of tritopic CV* as it is a charged ditopic dye. A cooperative complex would force one of the
[B-CD groups of E-p-B-CD.az to complex the alkyl end of EO", while the other complexes the charged
sulfonate end of EO". As the latter is likely to be less favourable, cooperative complexation is
diminished and the 3-CD groups of E-p-B-CD.az dominantly complex the alkyl end of EO", consistent
with the 2D 'H ROESY NMR data. The structure of EO” may also account for the lack of K»; in any
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system as the sulfonate end of EO" is too hydrophilic for significant complexation of a second 3-CD

entity.

Interestingly, K11 for the E-p-B-CD,az-EQ” complex is twice as large as the E-p-BCD,az:RB complex at
298.2 K, while the AH11 value for the E-p-B-CD,az-EQO" complex is negative and almost twice as large
in magnitude as that for the complex E-p-B-CD.az-RB. Therefore, while both systems experience
diminished cooperative complexation, there are some interactions probably occurring in the E-p-j3-
CD,az:EO" complex that are absent in the E-p-B-CD,az:RB complex. As both E-p-B-CD,az and EO
possess azobenzene groups, there may be some favourable n-7 stacking interactions to increase the
enthalpic stability. However, this may impart unfavourable steric interactions between the non-
complexed B-CD group of E-p-B-CD.az and the sulfonate end of EO and lead to the substantial

negative TAS1; value.

The influence of the sulfonate group of EO" may also extend to the B-CD-EO" system. The 2D 'H
ROESY NMR spectrum showed NOE cross-peaks between the H1, H2, H4 and H6 resonances of EO"
and the H2 — H6 resonances of 3-CD. While this could suggest that a 2:1 B-CD,-EO" complex is
forming, the lack of any evidence found for a 2:1 complex in the UV-vis is consistent with a single p-
CD host shuttling between the alkyl group and phenyl groups of EOQ". This may also explain the larger
K11 for the B-CD-EO" system by comparison with those for the 3-CD-CV* or 3-CD-RB complexes.

The complexation of B-CDab with EO shows a similar trend to the CV* and RB systems. The Ki; for
the B-CDab-EO" complex is similar to that of the B-CD-EO" complex, while the AH11 and TAS:; are
both more negative. Therefore, the modification of 3-CD with an aminophenyl substituent does not
significantly alter the stability of a complex, however, extra attractive interactions between the
aminophenyl substituent of 3-CDab and the non-complexed aromatic rings of EO" may facilitate
different thermodynamic controls as discussed earlier. As the 3-CDab-EO™ complex is characterised
by a larger K11 and more negative AH1; than the those of the 3-CDab-CV* and 3-CDab-RB complexes,
there may be more direct overlap between the aminophenyl subsituent of 3-CDab and the non-

complexed aromatic rings of EO", by comparison with similar interactions in the other two systems.
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3.2.1.3 Enthalpy-entropy linear relationship
The thermodynamic parameters for each of the host-guest systems studied may be further

compared to other CD-guest systems in the literature. This consideration is important due to the
enthalpy-entropy compensation effect, which is a phenomenon expected in most CD-guest
systems.'#1648 The enthalpy-entropy compensation effect is observed when a plot of the AH and

TAS values for a series of CD-based host-guest complexes yields a linear relationship.

This compensatory relationship between enthalpy and entropy suggests that both thermodynamic
terms are influenced by each other such that during the complexation of a guest by a CD host, a

favourable enthalpy change is compensated for by an unfavourable entropy change, and vice versa.

There are multiple possible origins of this compensatory effect of either enthalpy or entropy. For
example, the formation of a complex is enthalpically favoured due to the hydrophobic effect, where
hydrophobic portions of the guest interact with the hydrophobic cavity of B-CD. However, this
favourable enthalpy change is compensated by an unfavourable entropy change, which arises from
the formation of a single complex from two species. Various other favourable and unfavourable
thermodynamic factors occur during complexation and no single explanation can satisfactorily

describe the enthalpy-entropy compensation effect. %1649

The relationship between the change in enthalpy and entropy is shown by Equation 3.15,

TAS11 = aAH11 + TAS110 (3.15)

where TAS1: and AH1; are experimental data; ais the slope of a plot of TAS1: against AH11 and TAS110
and is obtained when AH11 = 0 (AH11,0) at the zero intercept. The size of a indicates the extent to
which changes in complex stability (proportional to AGi1) occur through enthalpic stabilisation,
AAH1, caused by variation of the identity of the host are cancelled through entropic loss, AAS:1, as

shown in Equation 3.16,
AG1 = (1 - (X)AAHH (316)

such that only (1 - a) of the enthalpic increase can add to the host-guest complex stabilisation.
Thus, TAS110 is the inherent host-guest complex stability, AG11,0, when AH11 = 0 (AH11,0). (It should be
noted that Equation 3.16 does not represent a necessary relationship, but is one observed for a

variety of equilibria involving CDs.)

The enthalpy-entropy linear relationship for 1:1 host-dye complexes of 3-CD, E-p-B-CD,az and [3-
CDab with CV*, RB and EO" is shown in Figure 3.25. The entropy and enthalpy of complexation for

the systems in this study were also compared against literature values,*® as shown in Figure 3.26.
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Figure 3.25: Linear relationship between AH1; and TAS:; for the 1:1 complexation of native 3-CD, E-
p-P-CDzaz and B-CDab with CV*, RB and EO" in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol
dm3) at 298.2 K (R? = 0.9982). The icons represent the experimental data and the solid lines
represent the best fit of Equations 3.15 to the thermodynamic parameters, derived using the
Graphpad Prism protocol.?
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Figure 3.26: Linear relationship between AHi; and TAS; for the 1:1 complexation of various dyes by
native and modified B-CDs at 298 K obtained from the literature.”*6
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The linear relationship between the AH11 and TAS;; for the 1:1 complexation of native 3-CD, E-p-j3-
CDjaz and B-CDab with CV*, RB and EO gives a TAS, value of 20.5 kJ mol™?, indicating that in the
absence of any enthalpic change, the nine systems studied are entropically stabilised. This entropic
stabilisation is likely to arise largely from the expulsion of water molecules from the B-CD cavity

upon dye complexation.**>°

The a value for the nine systems studied is 0.84 a.u., indicating that approximately 84% of the AAH1,
is compensated by the AAS;1. This value is slightly greater than for 3-CD alone, which has an a value
of 0.8 a.u.'® The similarity suggests that most of the thermodynamic parameters that govern the
complexation of 3-CD, E-p-B-CD,;az and 3-CDab with CV*, RB and EO" may be explained dominantly
by the properties of B-CD itself, and only a small fraction of the thermodynamic parameters are
influenced by the modification of 3-CD, the differences in the dyes or the experimental conditions.
This is also evident in Figure 3.26, which shows that the AH11 and TAS:1 values of the systems in this

study are well within the range of the literature CD-guest systems.
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3.3 Conclusion

The effect of B-CD modification on the host complexation properties of various B-CD compounds
were determined. The complexation of native B-CD, E-p-B-CD,az and -CDab with CV*, RB and EO"
was studied by 2D 'H ROESY NMR spectroscopy and UV-vis spectroscopy. The complexation
constants, Ki1 and K. (where possible), and the thermodynamic parameters governing 1:1

complexation, AG11, AH11 and AS11, were derived for each system.

The 2D 'H ROESY NMR data indicated that the hosts complex each guest at a similar position.
However, the UV-vis studies indicated that the stoichiometry and strength of complexation were
different for each system, which is a result of both 3-CD modification and differences between the
dyes. In general, the complexation of the dyes by 3-CDab and -CD were similar, indicating that the
modification of B-CD with an aminophenyl group does little to affect the strength of a complex,
although the thermodynamic controls may be influenced. The complexation of the dyes with E-p-[3-
CD,az were generally stronger. The two B-CD groups of E-p-BCD,az allowed for the cooperative
complexation of the dyes. However, cooperative complexation was diminished with RB and EO™ due

to the structure of the dyes.

The thermodynamic parameters governing complexation showed some differences. A larger Ku
generally results in a more negative AH11. However, the enthalpy-entropy linear relationship that is
observed for the nine systems studied indicates that the thermodynamic parameters are
determined largely by the properties of B-CD alone and that modification of B-CD with an

aminophenyl substituent or the formation of an azobenzene-linked 3-CD dimer plays a minor role.

This research contributes to the overall understanding of factors that influence B-CD and modified
B-CD complexation properties. The results, when analysed within the larger scope of CD

complexation studies, should help to inform the design of future CD systems.
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Figure 3.27: UV-vis absorbance data of CV* (initial concentration 8.0 x 10® mol dm3) with increasing
concentrations of E-p-B-CD,az (0 — 9.1 x 10° mol dm) in aqueous phosphate buffer (pH 7.0 and / =
0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best fit (line) molar absorbances at 591 nm (fitted at 1 nm
intervals over the range 550 — 620 nm) for 1:1 and 2:1 complexes, c) the calculated molar
absorbances, and d) the calculated speciation of free and complexed CV*. The concentration of E-p-
B-CD,az was 0.93 mmol dm?, titrating with 5 mm? aliquots to a 2 cm? solution of CV* in a 1 cm path
length cell. Note: a;-d; and a,-d;, refer to 308.2 K and 298.2 K, respectively.
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Figure 3.28: UV-vis absorbance data of CV* (initial concentration 8.0 x 10® mol dm=3) with increasing
concentrations of E-p-B-CD,az (0 — 9.1 x 10° mol dm™) in aqueous phosphate buffer (pH 7.0 and / =
0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best fit (line) molar absorbances at 591 nm (fitted at 1 nm
intervals over the range 550 — 620 nm) for 1:1 and 2:1 complexes, c) the calculated molar
absorbances, and d) the calculated speciation of free and complexed CV*. The concentration of E-p-
B-CD,az was 0.93 mmol dm?, titrating with 5 mm? aliquots to a 2 cm? solution of CV*in a 1 cm path
length cell. Note: a;-d; and a;-d; refer to 288.2 K and 278.2 K, respectively.
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Figure 3.29: UV-vis absorbance data of CV* (initial concentration 8.0 x 10® mol dm=3) with increasing
concentrations of B-CDab (0 — 7.3 x 10*mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10
mol dm3) showing a) the molar absorption spectrum, the arrows indicating the direction of change,
b) the experimental (circles) and best fit (line) molar absorbances at 591 nm (fitted at 1 nm intervals
over the range 550 — 620 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the
calculated speciation of free and complexed CV*. The concentration of B-CDab was 0.008 mol dm?,
titrating with 5 mm?3 aliquots to a 2 cm? solution of CV*in a 1 cm path length cell. Note: a;-d; and a;-
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Figure 3.30: UV-vis absorbance data of CV* (initial concentration 8.0 x 10® mol dm=3) with increasing

concentrations of B-CDab (0 — 7.3 x 10*mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10

mol dm3) showing a) the molar absorption spectrum, the arrows indicating the direction of change,

b) the experimental (circles) and best fit (line) molar absorbances at 591 nm (fitted at 1 nm intervals

over the range 550 — 620 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the
calculated speciation of free and complexed CV*. The concentration of B-CDab was 0.008 mol dm?,
titrating with 5 mm?3 aliquots to a 2 cm? solution of CV*in a 1 cm path length cell. Note: a;-d; and a;-
d; refer to 288.2 K and 278.2 K, respectively.
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Figure 3.31: UV-vis absorbance data of RB (initial concentration 8.0 x 10® mol dm) with increasing
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concentrations of E-p-B-CD,az (0 — 2.4 x 10 mol dm) in aqueous phosphate buffer (pH 7.0 and / =
0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of

change, b) the experimental (circles) and best fit (line) molar absorbances at 554 nm (fitted at 1 nm
intervals over the range 520 — 570 nm) for a 1:1 complex, c) the calculated molar absorbances, and

d) the calculated speciation of free and complexed RB. The concentration of E-p-B-CD,az was 0.003
mol dm3, titrating with 5 mm? aliquots to a 2 cm? solution of RB in a 1 cm path length cell. Note: a;-
d; and a,-d; refer to 308.2 K and 298.2 K, respectively.
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Figure 3.32: UV-vis absorbance data of RB (initial concentration 8.0 x 10® mol dm) with increasing
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0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of

change, b) the experimental (circles) and best fit (line) molar absorbances at 554 nm (fitted at 1 nm
intervals over the range 520 — 570 nm) for a 1:1 complex, c) the calculated molar absorbances, and

d) the calculated speciation of free and complexed RB. The concentration of E-p--CD,az was 0.003
mol dm, titrating with 5 mm? aliquots to a 2 cm? solution of RB in a 1 cm path length cell. Note: a;-
d; and a,-d; refer to 288.2 K and 278.2 K, respectively.
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Figure 3.33: UV-vis absorbance data of RB (initial concentration 8.0 x 10® mol dm) with increasing
concentrations of B-CDab (0 — 1.1 x 10®mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10
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mol dm=3) showing a) the molar absorption spectrum, the arrows indicating the direction of change,

b) the experimental (circles) and best fit (line) molar absorbances at 554 nm (fitted at 1 nm intervals
over the range 520 — 570 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the

calculated speciation of free and complexed RB. The concentration of B-CDab was 0.014 mol dm?3,
titrating with 5 mm? aliquots to a 2 cm?® solution of RB in a 1 cm path length cell. Note: a;-d; and a,-
d; refer to 308.2 K and 298.2 K, respectively.
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Figure 3.34: UV-vis absorbance data of RB (initial concentration 8.0 x 10® mol dm) with increasing
concentrations of B-CDab (0 — 1.1 x 10°mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10
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mol dm3) showing a) the molar absorption spectrum, the arrows indicating the direction of change,

b) the experimental (circles) and best fit (line) molar absorbances at 554 nm (fitted at 1 nm intervals
over the range 520 — 570 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the
calculated speciation of free and complexed RB. The concentration of B-CDab was 0.014 mol dm?,
titrating with 5 mm? aliquots to a 2 cm? solution of RB in a 1 cm path length cell. Note: a;-d; and a»-

d; refer to 288.2 K and 278.2 K, respectively.
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Figure 3.35: UV-vis absorbance data of EO" (initial concentration 2.0 x 10> mol dm3) with increasing
concentrations of E-p-B-CD,az (0 — 6.4 x 10 mol dm) in aqueous phosphate buffer (pH 7.0 and / =
0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best fit (line) molar absorbances at 474 nm (fitted at 1 nm
intervals over the range 425 — 520 nm) for a 1:1 complex, c) the calculated molar absorbances, and
d) the calculated speciation of free and complexed EO". The concentration of E-p--CD,az was 0.008
mol dm, titrating with 5 mm? aliquots to a 2 cm? solution of EO in a 1 cm path length cell. Note: a;-
d; and a,-d; refer to 308.2 K and 298.2 K, respectively.
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Figure 3.36: UV-vis absorbance data of EO" (initial concentration 2.0 x 10> mol dm) with increasing
concentrations of E-p-B-CD,az (0 — 6.4 x 10 mol dm) in aqueous phosphate buffer (pH 7.0 and / =
0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best fit (line) molar absorbances at 474 nm (fitted at 1 nm
intervals over the range 425 — 520 nm) for a 1:1 complex, c) the calculated molar absorbances, and
d) the calculated speciation of free and complexed EO". The concentration of E-p--CD,az was 0.008
mol dm, titrating with 5 mm? aliquots to a 2 cm? solution of EO™ in a 1 cm path length cell. Note: a;-
di and a,-d; refer to 288.2 K and 278.2 K, respectively.
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Figure 3.37: UV-vis absorbance data of EO" (initial concentration 2.0 x 10> mol dm) with increasing
concentrations of B-CDab (0 — 8.0 x 10*mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10
mol dm3) showing a) the molar absorption spectrum, the arrows indicating the direction of change,
b) the experimental (circles) and best fit (line) molar absorbances at 474 nm (fitted at 1 nm intervals
over the range 425 — 520 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the
calculated speciation of free and complexed EO". The concentration of B-CDab was 0.01 mol dm?,
titrating with 5 mm?3 aliquots to a 2 cm? solution of EO™ in a 1 cm path length cell. Note: a;-d; and a»-
d; refer to 308.2 K and 298.2 K, respectively.
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Figure 3.38: UV-vis absorbance data of EO" (initial concentration 2.0 x 10> mol dm=3) with increasing
concentrations of B-CDab (0 — 8.0 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10
mol dm) showing a) the molar absorption spectrum, the arrows indicating the direction of change,
b) the experimental (circles) and best fit (line) molar absorbances at 474 nm (fitted at 1 nm intervals
over the range 425 — 520 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the
calculated speciation of free and complexed EO". The concentration of B-CDab was 0.01 mol dm?,
titrating with 5 mm? aliquots to a 2 cm? solution of EO"in a 1 cm path length cell. Note: a;-d; and as-
d; refer to 288.2 K and 278.2 K, respectively.
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Figure 3.39: UV-vis absorbance data of EO" (initial concentration 2.0 x 10> mol dm) with increasing
concentrations of B-CD (0 — 9.6 x 10*mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10
mol dm=3) showing a) the molar absorption spectrum, the arrows indicating the direction of change,
b) the experimental (circles) and best fit (line) molar absorbances at 474 nm (fitted at 1 nm intervals
over the range 425 — 520 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the
calculated speciation of free and complexed EO". The concentration of B-CD was 0.012 mol dm?,
titrating with 5 mm?3 aliquots to a 2 cm? solution of EO™ in a 1 cm path length cell. Note: a;-d; and a2-
d; refer to 308.2 K and 298.2 K, respectively.
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Figure 3.40: UV-vis absorbance data of EO" (initial concentration 2.0 x 10> mol dm) with increasing
concentrations of B-CD (0 — 9.6 x 10*mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10
mol dm3) showing a) the molar absorption spectrum, the arrows indicating the direction of change,
b) the experimental (circles) and best fit (line) molar absorbances at 474 nm (fitted at 1 nm intervals
over the range 425 — 520 nm) for a 1:1 complex, c) the calculated molar absorbances, and d) the
calculated speciation of free and complexed EO". The concentration of B-CD was 0.012 mol dm?,
titrating with 5 mm?3 aliquots to a 2 cm? solution of EO" in a 1 cm path length cell. Note: a;-d; and a»-
d; refer to 288.2 K and 278.2 K, respectively.
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concentrations of E-p-B-CD,az (0 — 9.1 x 10° mol dm) in aqueous phosphate buffer (pH 7.0 and / =
0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best fit (line) molar absorbances at 591 nm (fitted at 1 nm
intervals over the range 550 — 620 nm) for a 1:1 complex, c) the calculated molar absorbances, and
d) the calculated speciation of free and complexed CV*. The concentration of E-p-3-CD,az was 0.93
mmol dm?3, titrating with 5 mm? aliquots to a 2 cm? solution of CV* in a 1 cm path length cell. Note:
a:-d; and a,-d; refer to 308.2 K and 298.2 K, respectively.
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Figure 3.42: UV-vis absorbance data of CV* (initial concentration 8.0 x 10® mol dm=3) with increasing
concentrations of E-p-B-CD,az (0 — 9.1 x 10° mol dm™) in aqueous phosphate buffer (pH 7.0 and / =
0.10 mol dm?3) showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best fit (line) molar absorbances at 591 nm (fitted at 1 nm
intervals over the range 550 — 620 nm) for a 1:1 complex, c) the calculated molar absorbances, and
d) the calculated speciation of free and complexed CV*. The concentration of E-p-3-CD,az was 0.93
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CHAPTER 4

Complexation of Porphyrins by
B-Cyclodextrin Oligomers
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4.1 Introduction
4.1.1 Porphyrins

Porphyrins are a class of naturally occurring macrocycles characterised by four pyrrole units
connected through methine bridges.! The highly conjugated structure of porphyrins result in
significant light absorption properties, with strong absorption at ~400 nm (Soret Band region) and in
the 600 — 800 nm range (Q band region).>?® These light harvesting capabilities, along with low
biological toxicity, have resulted in the exploration of porphyrins as photosensitisers for a vast range

of applications including photodynamic therapy (PDT).3®

Photodynamic therapy is a technique used to treat some cancers and diseases in situ, by the
production of cytotoxic singlet oxygen, as catalysed by a photosensitiser.” In order for porphyrins to
act as photosensitisers, they must, among other requirements, possess high absorption in the IR

region (Q bands) and high stability under physiological conditions.?

The properties of a porphyrin may be altered by functionalising the tetrapyrrole core. The addition
of charged phenyl groups are of particular interest as they lead to enhanced water solubility and
hence, application in biological media.? In this research, four porphyrins are chosen for study: meso-
tetra(4-sulfonatophenyl)porphine (TSPP), meso-tetra(4-carboxyphenyl)porphine (TCPP), meso-
tetra(4-N,N,N-trimethylanilinium)porphine (TMAP) and meso-tetra(N-methyl-4-pyridyl)porphine
(TMPyP). These porphyrins are commercially available and differ by the functional group attached to
the tetrapyrrole core. Additionally, two porphyrins are anionic (TSPP and TCPP) and two are cationic
(TMAP and TMPyP). The four porphyrins are depicted in Figure 4.1 and, as is common practice, the
number of NH protons and total charge of the porphyrin are specified. The main absorption

characteristics of the four porphyrins at the Soret band are summarised in Table 4.1.81¢

§4©*SO{ H,TSPP%

§@N+_ H,TMPyP**
+/ H,TMAP**
§—< }N— 2
\

Figure 4.1: The structure of TSPP, TCPP, TMAP and TMPyP as diacids. The total number of amine and
imine protons, as well as the total charge of each porphyrin are specified in the abbreviations.
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Table 4.1: UV-vis absorption characteristics for TSPP, TCPP, TMAP and TMPyP. The total number of
amine and imine protons as well as the total charge of each porphyrin have been specified based
upon the pH.

Porphyrin (;:':"‘) (mol :’?:f em) pH Solvent system | Reference
HsTSPP* 412 530 5 agqueous 8
/H2TSPP* 413 214 - aqueous 9
HsTCPP* 419 339 - DMF 8
/H.TCPP* 415 386 7.5 aqueous buffer 10
412 416 - agqueous 11
H,TMAP* 412 242 7.4 aqueous buffer 12
412 178 - agqueous 13
424 226 5 aqueous 8
HTMPYP®* 425 226 6.8 aqueous buffer 14
422 220 - agqueous 15
422 210 7 aqueous buffer 16

4.1.2 Porphyrin Speciation

Porphyrins may exist as either a free base, mono-acid or di-acid, as shown in Figure 4.2, depending
on the protonation of the two imine groups.!” The stepwise deprotonations from the di-acid to the
mono-acid and from the mono-acid to the free base are characterised by the acid dissociation
constants pKa1 and pKaz, respectively. The pK;, values for TSPP, TCPP, TMAP and TMPyP are given in
Table 4.2.171819

pKa]_ pKaZ

R R = R R =— R R

R R R

diacid monoacid free base

Figure 4.2: The equilibrium between the diacid, monoacid and free base forms of substituted
porphyrins.

Table 4.2: Acid dissociation constants, pKa, for TSPP, TCPP, TMAP and TMPyP.

Porphyrin pKaz pKaz T (K) Solvent Reference
TSPP 4.85 491 298 | aqueous 0.1 M NaClO, 18
TCPP 6.0 6.6 298 aqueous NaCl 17
TMAP 2.3 3.6 298 aqueous NaCl 17

TMPyP <1 1.4 299 aqueous 0.2 M NaNOs 19
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At pH 7, TSPP, TMAP and TMPyP exist predominantly as free bases (H,TSPP*, H,TMAP* and
H,TMPyP*, respectively) owing to relatively low pKa.1 and pKa, values. However, the relatively higher
pKa1 and pKa, values of TCPP result in a significant portion of the mono-acid present at pH 7. In an
aqueous phosphate buffer solution (pH 7.0, / = 0.10 mol dm™), TCPP exists as 3% H4TCPP%, 27%
HsTCPP* and 70% H,TCPP*.%°

4.1.3 Aggregation of Porphyrins

Water-soluble porphyrins have been known to form aggregates in solutions, which may hamper
their utility in biological applications.'® The formation of porphyrin dimers may be characterised by
an equilibrium (or dimerisation) constant, Kp, as shown in Equation 4.1. The aggregation of
porphyrins is dependent upon various factors including the porphyrin concentration, substituents,
pKs, acidity of the solution and presence of salts. The equilibrium constants for the dimerisation of

H,TSPP*, HsTCPP*/H,TCPP*, H,TMAP* and H,TMPyP* are given in Table 4.3,10:17,20-23.24

KD
e

2porphyrin  <——== porphyrin, (4.1)

Table 4.3: Equilibrium constants, Kp, and the associated experimental conditions for the
dimerisation of various porphyrins.

Porphyrin | 10° Ko (dm3mol?) | T(K) | pH Solvent Method Reference
9.60 + 0.96 593 7 aqueous Temperature-Jump 2
buffer Spectrophotometry
H,TSPP* 3.48+0.26 298 | 7.4 | 2aueows Fluorescence 2
buffer Spectroscopy
154 +0.13 298.2 7 aqueous UV-vis and NMR 23
buffer spectroscopy
aqueous UV-vis
HsTCPP* 4.55 298 75 buffer spectroscopy 10
4- _ .
HaTCPP 3.50+0.18 2082 | 7 | dueous UV-vis 20
buffer spectroscopy
H. TMAP* no aggregation® 298 - aqueous UV-vis 24
spectroscopy
HsTMAP>*/ e 3.1- UV-vis
H,TMAP** no aggregation 298 13 aqueous spectroscopy 17
UV-vis and
6+ . c
HsTMPyP no aggregation 298 0 aqueous Temperature Jump 10
.. UV-vis and
no aggregation 298 7.2 aqueous 10
. Temperature Jump
H.TMPyP .
no aggregation® 292 - - aqueous UV-vis 22
333 spectroscopy

2upto 2.0 x 10* mol dm3
®at 5.0 x 10® mol dm™

¢up to 6.0 x 10° mol dm
4up to 1.0 x 10* mol dm
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The two anionic porphyrins have a greater tendency to aggregate than the cationic porphyrins. In
principle, two main forms of aggregation are possible: H-aggregates and J-aggregates, as shown in
Figure 4.3. H-Aggregates are typified by a complete face-to-face interaction of the tetrapyrrole core

of two or more porphyrins while J-aggregates exhibit edge-to-edge interactions as the porphyrins

are slightly displaced.’

H-Aggregates

()
<

Figure 4.3: Proposed structure of H- and J-aggregates of porphyrins.’

J-Aggregates
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Various explanations have been proposed to explain the differences in aggregation between anionic
and cationic porphyrins. The aggregation of anionic porphyrins has generally been described as
occurring due to the lipophilic attraction of adjacent porphyrin centres. The negative charges on the
sulfonate and carbonate groups of H,TSPP* and HsTCPP3/H,TCPP*, respectively, are shielded by the
positive counterions, thereby reducing electrostatic repulsion and increasing lipophilic attraction.?
However, given that cationic porphyrins also possess counterions, other factors also influence the

aggregation.

Pasternack et al. proposed that cationic porphyrins tend not to aggregate as the positive periphery
of the porphyrin causes a more even delocalisation of the m-electron cloud, thus resulting in
enhanced electrostatic repulsion. However, the negative periphery of anionic porphyrins causes a
more localised electron density at the centre of the porphyrin, which increases basicity and
facilitates greater van der Waal’s interactions.’® Kano et al. meanwhile proposed that the positive
charges on the periphery of cationic porphyrins are delocalised on the porphine ring system, which

inhibits aggregation.?®

Aside from electronic effects, Kano et al. have demonstrated that hydrophobic alkyl substituents on
the periphery of a porphyrin may also facilitate aggregation and hence, structural effects influence
porphyrin aggregation.?® Additionally, higher salt concentrations may favour porphyrin aggregation
as the built-up charge that occurs upon porphyrin aggregation is partially shielded by the presence
of a salt.?” Clearly, multiple factors influence porphyrin aggregation and more research is needed to

fully understand these systems.

4.1.4 Complexation with Cyclodextrins
The use of porphyrins in applications including PDT may be aided by complexation with CDs.

Cyclodextrins may be used to slow thermal or oxidative degradation of porphyrins, disperse

porphyrin aggregates, enhance solubility and increase the production of singlet oxygen.?%3°

The complexation of the four porphyrins by native CD and CD derivatives may be characterised by a

complexation constant, K11, as shown in Equation 4.2.

K11

host + porphyrin  <—= host-porphyrin (4.2)
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Given the likelihood of CD complexing via the hydrophobic phenyl groups of the porphyrin, multiple
host:guest stoichiometries may exist. Various studies have derived complexation constants for
H,TSPP* and HsTCPP*/H,TCPP* with native B-CD, as summarised in Table 4.4.323% There have been
some studies confirming the complexation of H,TMAP* and H,TMPyP*" by B-CD,*>?3>3¢ but none have

reliably derived a K11 value.

Table 4.4: Equilibrium constants, K13, for the 1:1 host:guest complexation between 3-CD and either
H,TSPP* and HsTCPP3*/H,TCPP*.

103 Ky; (dm3 Reference
Guest mol?) T(K) | pH | Solvent system Method
1.40+0.14 298 7 aqueous buffer Fluorescence 31
.| 310:40 | 208 | - aqueous Isothermal titration 32
H,TSPP calorimetry
5.60 298 7 aqueous buffer UV-vis 33
17.0+£3.0 298 - aqueous UV-vis 34
3-
/T-ISE'CCF;’PP“' 1.70+0.17 - 7 | aqueous buffer Fluorescence 31
2

4.1.5 Aims of this study
The aims of this research are to investigate the complexation of TSPP, TCPP, TMAP and TMPyP by

native 3-CD and B-CDab, as shown in Figure 4.4. The azobenzene-linked 3-CD dimers from Chapter 2
were not chosen for complexation studies due to a substantial proportion of the Z isomer existing
under ambient conditions. This study will elucidate the effect of porphyrin substituents on the
complexation capabilities of native B-CD and B-CDab. Simultaneously, this study will determine the

potential of 3-CDab to stabilise porphyrins for use in biological applications.

OH

B-CD B-CDab

Figure 4.4: Structure of 3-CD and -CDab.

As the experiments in this study will be performed in aqueous phosphate buffer solution (pH 7.0, I =
0.10 mol dm3), TSPP, TMAP and TMPyP will exist predominantly as the free bases: H,TSPP*,
H,TMAP* and H,TMPyP*, respectively. However, TCPP will exist as 3% H4TCPP%, 27% HsTCPP*and
70% H,TCPP*.2° As the proportion of H,TCPP? is small, the TCPP species in this study will be referred
to as HsTCPP*/H,TCPP*.
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The host-guest complexes will be qualitatively characterised using 1D and 2D *H NMR spectroscopy
and quantitatively characterised using UV-vis spectroscopy to determine the equilibrium constants
and thermodynamic parameters of complexation. Simple gas-phase molecular modelling studies will

also be undertaken to investigate the geometry of the complexes formed.

This research aims to gain a systematic understanding of the factors that influence the complexation
of porphyrins and the influence of modifications of the 3-CD host. This will ultimately lead to more

targeted research into the use of porphyrins and B-CD for biological applications.
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4.2 Results and Discussion

4.2.1 Complexation of H,TSPP#, HsTCPP3-/H,TCPP%, H,TMAP** and
H,TMPyP** by B-CD and 3-CDab

The complexation of H,TSPP*, HsTCPP*/H,TCPP*, H,TMAP*" and H,TMPyP* by native B-CD and B-
CDab was studied by NMR and UV-vis spectroscopy. 1D and 2D *H NMR spectroscopy were used to
determine the qualitative complexation behaviour, while UV-vis spectroscopy was used to
guantitatively describe the complexation constants and thermodynamic parameters which govern

complexation.

4.2.1.1 Qualitative Investigation of Complexation by 1D *H NMR Spectroscopy

The complexation behaviour of H,TSPP*, HsTCPP*/H,TCPP*, H,TMAP* and H,TMPyP* with either
native B-CD or B-CDab was studied by 1D *H NMR spectroscopy. Solutions of each host (B-CD or -
CDab), porphyrin (H,TSPP*, HsTCPP*/H,TCPP*, H,TMAP* or H,TMPyP*) and host-porphyrin
combination were prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=) at 298.2 K.

Due to the relatively high concentrations used in the 'H NMR studies (by comparison with those of
the UV-vis studies discussed later), aggregation is expected for H,TSPP* and HsTCPP3*/H,TCPP*. The
concentration of H,TSPP* and HsTCPP3/H,TCPP* used in the NMR studies is 4.8 x 10 mol dm.
Assuming a Kp of 1.54 x 10* dm3® mol? and 3.59 x 10* dm® mol? for H,TSPP* and HsTCPP*
/H,TCPP*2023 respectively, both porphyrins exists primarily as a dimer (98% and 99%, respectively).
Conversely, either H;,TMAP* or H,TMPyP* is not expected to aggregate significantly and therefore
exist predominantly as a monomer. While H,TSPP* and HsTCPP*/H,TCPP* appear primarily as
aggregates, the addition of a B-CD host can disperse aggregates due to the formation of a complex.?’
Therefore, 'H NMR spectroscopy is a sensitive technique through which to compare the

complexation properties of the four porphyrins by the -CD and 3-CDab hosts.

The host-porphyrin complexes may adopt various stoichiometries and orientations. As each
porphyrin possesses four possible complexation sites, up to four B-CD groups may complex.
However, due to the entropic loss associated with the sequential addition of hosts, only 1:1 and 2:1
host:porphyrin complexes are expected. In the case of 2:1 complexes, the second 3-CD group may
complex either anti or syn to the adjacent -CD. Additionally, each B-CD may complex through the
primary or secondary face. Figure 4.5 depicts 1:1 host-porphyrin complexes through the primary and
secondary face as well as 2:1 host;-porphyrin complexes with anti- and syn-conformations. The

complexes are exemplified using native B-CD as the host and H,TSPP* as the porphyrin.
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Figure 4.5: Host:porphyrin complexes of various stoichiometries and orientations including a) 1:1 -
CD-H,TSPP* complex through the primary face, b) 1:1 B-CD-H.TSPP* through the secondary face, c)
2:1 B-CD2-H,TSPP* anti-conformation complex through the primary face and d) 2:1 B-CD,-H,TSPP*
syn-conformation complex through the primary face.

The incorporation of a porphyrin into a -CD cavity results in new chemical environments for both
the porphyrin and interior protons of B-CD. Therefore, a difference in the chemical shifts of the
proton resonances of the compounds alone and in combination indicates that complexation has
occurred.® Preferential entry of the guest through either the primary or secondary face of B-CD may
be detected based upon the chemical shift changes of the H2 — H6 protons of 3-CD. The H2 and H3
protons of 3-CD surround the primary face while the H5 and H6 protons frame the secondary face.
However, the stoichiometry of the complexes cannot be determined from a single experiment; this
requires a determination of the variation of the chemical shift changes with solution concentration

and composition.

156



Chapter 4

4.2.1.1.1 H NMR spectroscopic study of the complexation of H,TSPP*, HsTCPP*/H,TCPP*,
H.TMAP* and H, TMPyP** by 3-CD
The *H NMR spectra of the porphyrins, -CD and their mixtures are shown in Figure 4.6 — Figure 4.9.

The porphyrin proton resonances are annotated according to the proton labelling in Figure 4.1, and
those of B-CD according to the labelling used in previous chapters. The chemical shifts of the 'H

resonances are collected in Table 4.5 — Table 4.8.

H5,H6
HOD H3 H2 H4
B-CD
HOD
H3,H5,H6 H2,H4 B-CD-H,TSPP*
HOD
HZTSPP4'
5 4.5 4 3.5 3 2.5
Chemical shift, 6 (ppm)
[-CD
pr H., H,
B-CD-H,TSPP*
Hm HO
H,TSPP*
9.4 8.9 8.4 7.9 7.4 6.9 6.4

Chemical shift, 3 (ppm)

Figure 4.6: '"H NMR spectra of H,TSPP* (4.8 x 10 mol dm™), B-CD (4.8 x 10 mol dm) and H,TSPP*
(4.8 x 10 mol dm™) with one molar equivalent of B-CD in D,0 phosphate buffer (pD 7.0, / = 0.10 mol
dm?3) at 298.2 K.
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H5,H6
HOD H3
H2, | H4 B-CD
HOD H3,H5,H6 H2,H4
B-CD-H,TCPP3>/H,TCPP*
HOD
’\fL H,TCPP*/H,TCPP*
5 4.5 4 3.5 3 2.5
Chemical shift, § (ppm)
B-CD
Hm'Ho
Hoy B-CD-H,TCPP3/H,TCPP+
Hu H,TCPP>/H,TCPP*
9.4 8.9 8.4 7.9 7.4 6.9 6.4

Chemical shift, 5 (ppm)

Figure 4.7: 'H NMR spectra of HsTCPP*/H,TCPP* (4.8 x 10 mol dm™), B-CD (4.8 x 10" mol dm) and
HsTCPP*/H,TCPP*(4.8 x 10 mol dm™) with one molar equivalent of B-CD in D,O phosphate buffer
(pD 7.0, /=0.10 mol dm?3) at 298.2 K.
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H2 H4
HOD H3 || B-CD

HOD CH, \ yy H5H6 H2 Ha
B-CD-H,TMAP*

CH
HOD } H,TMAP*
2

5 4.5 4 3.5 3 2.5
Chemical shift, 5 (ppm)

B-CD
Hm'Ho
Hoy B-CD-H,TMAP*
Hm'Ho
Moy H,TMAP**
9.4 8.9 8.4 7.9 7.4 6.9 6.4

Chemical shift, 8 (ppm)

Figure 4.8: 'H NMR spectra of H,TMAP* (4.8 x 10 mol dm?), B-CD (4.8 x 10 mol dm?) and
H TMAP* (4.8 x 10 mol dm™) with one molar equivalent of B-CD in D,0 phosphate buffer (pD 7.0, /
=0.10 mol dm™) at 298.2 K.
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H5,H6
H3
HODL H2
H4 B-CD
CH, H5,H6
HO H3 H2 H4
H1 B-CD-H,TMPyP*
HOD H,TMPyP*
5 4.5 4 3.5 3 2.5
Chemical shift, 8 (ppm)
B-CD
H

m HO
Hpv A+
,J B-CD-H,TMPyP
Hm HO
) Hpy H,TMPyP*

9.4 8.9 8.4 7.9 7.4 6.9 6.4
Chemical shift, 5 (ppm)

Figure 4.9: 'H NMR spectra of H,TMPyP*" (4.8 x 10 mol dm3), B-CD (4.8 x 10 mol dm™) and

H,TMPyP* (4.8 x 10 mol dm™) with one molar equivalent of B-CD in D,O phosphate buffer (pD 7.0,
/=0.10 mol dm™) at 298.2 K.
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buffer (pD 7.0, / = 0.10 mol dm?3) at 298.2 K.

B-CD H,TSPP* [B-CD-H,TSPP*
Hm - 8.26 (d, J =6.55 Hz) 8.60 (s)
Porphyrin Ho - 7.74 (s) 8.31(d,J=7.6 Hz)

Hpy - broadened 9.14 (brs)

H1 5.09 (s) - 5.05 (br m)

H2 3.68 (d,J=10.2 Hz) - 3.59 (br m)
B-CD H3 3.99 (t, ) =9.3 Hz) - 3.91 (br m)

H4 3.61(t,J = 8.6 Hz) - 3.59 (br m)

H5 3.8-3.9 (brm) - 3.91 (brm)

Table 4.6: Summary of *H NMR resonances for 3-CD, HsTCPP*/H,TCPP* and B-CD-H3TCPP*/H,TCPP*

in D20 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K.

B-CD HsTCPP*/H,TCPP* | B-CD-HsTCPP>/H,TCPP*
Hm - 8.30 (s)
8.42 (brs), 8.37 (s)
Porphyrin Ho - 7.59 (s)
Hpy - broadened 9.13 (brs)
H1 5.09 (s) - 5.01 (brm)
H2 | 3.68(d,J=10.2 Hz) - 3.53 (brs)
B-CD H3 3.99 (t,J=9.3 Hz) - 3.86 (br m)
H4 3.61(t,) = 8.6 Hz) - 3.53 (brs)
H5 3.8-3.9 (brm) - 3.86 (brm)
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Table 4.7: Summary of 'H NMR resonances for B-CD, H,TMAP* and B-CD-H,TMAP* in D,0O
phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K.

B-CD H,TMAP** B-CD-H,TMAP**
CHs - 3.95 (s) 3.96 (s)
Hm - 8.29 (s),
Porphyrin 8.18 (s)

Ho - 8.21(d,J=8.2Hz)

Hpy - 8.84 (brs) 8.91 (brs)

H1 5.09 (s) - 4.79 (s)

H2 3.68(d,J =10.2 Hz) - 3.46 (d, ) = 10.0 Hz)
B-CD H3 3.99 (t,J=9.3 Hz) - 3.78 (t,J=9.5Hz)

H4 3.61(t,) = 8.6 Hz) - 3.30(t,J=8.4 Hz)

H5 - 3.62 (m)

3.8-3.9 (brm)
H6 - 3.69 (m)

Table 4.8: Summary of 'H NMR resonances for B-CD, H,TMPyP* and B-CD-H,TMPyP*" in D,0
phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K.

B-CD H.TMPyP** B-CD-H,TMPyP*
CHs - 4.76 (s) 4.84 (s)
Hm - 9.32(d,J=5.7Hz) 9.32(d,J=6.7 Hz)
Porphyrin

Ho - 8.98(d,J=6.7 Hz) 8.99 (d,J=5.8 Hz)

Hpy - 9.14 (brs) 9.16 (brs)

H1 5.09 (s) - 4.84 (s)

H2 3.68(d,J =10.2 Hz) - 3.31(d,J=9.0Hz)
B-CD H3 3.99 (t,J=9.3 Hz) - 3.76 (t, ) =9.2Hz)

H4 3.61(t,) = 8.6 Hz) - 3.18(t,J=8.3 Hz)

H5 - 3.5-3.9 (brm)

He 3.8-3.9 (brm)

The *H NMR spectrum of H,TSPP* alone (Figure 4.6) shows two resonances corresponding to the Hp,
and H, protons. The H,, resonance appears to have broadened into the baseline as a result of the
slow to intermediate (NMR time scale) tautomerism of the H,TSPP* imine protons.®?*3*% Upon
complexation with B-CD, the Hyn and Ho resonances shift downfield by 0.34 ppm and 0.57 ppm,

respectively, indicating complexation of the p-sulfonatophenyl groups into the 3-CD annulus.

The complexation of H,TSPP* by B-CD is also likely to result in a disruption of H,TSPP* aggregation.
The diameters of the primary and secondary face of 3-CD are 600 pm and 650 pm, respectively,
while the width of a phenyl ring is ~470 pm.*° Therefore, it appears that only one phenyl ring is able

to reside in the cavity of B-CD which requires a disruption of porphyrin aggregates.’® However, the
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complete dissociation of the aggregate is likely to depend on the type of aggregate: H- or J-
aggregate. The complexation of a porphyrin with a single B-CD host may allow porphyrins to remain
as J-aggregates as the edge of the porphyrins may still interact. However, the entropic loss
associated with a three-component (two porphyrins and one 3-CD host) complex may disfavor the

retention of J-aggregates.

The Hyy, resonance of H,TSPP* becomes more apparent upon complexation with B-CD, indicating
that the rate of tautomerism of H,TSPP* either increases to the fast exchange limit or slows
substantially upon dissociation of the porphyrin aggregate upon complexation: possibilities which
are not distinguished between on the basis of these data. The H2 resonance of 3-CD shifts upfield by
0.08 ppm upon complexation with H,TSPP*, becoming superimposed with the H4 resonance.
Similarly, the H3 resonance of B-CD shifts upon complexation with H,TSPP*, superimposing with the
H5 and H6 resonances. This is consistent with 3-CD complexing the p-sulfonatophenyl groups of
H,TSPP* through the secondary face. Such a configuration probably allows significant hydration of
the sulfonate group of H,TSPP* as it largely resides outside the B-CD cavity. This preferential
complexation of H,TSPP* by the secondary face has previously been established by Ribo et al. and

may be due to the larger opening of the secondary face.?’

The secondary face preference may also be explained by electronic effects. As there is an imbalance
in the number of hydroxyl groups on either face of B-CD, a dipole moment with its negative end at
the centre of the secondary face and its positive pole at the centre of the primary face exists. Inoue
et al. previously established that the dipole-dipole interaction between «o-CD and either benzoic
acid, p-nitrophenol or p-hydroxybenzoic acid significantly influenced the final host-guest orientation.
Complexes were formed which favoured the antiparallel alignment of dipole moments of the host
and the guest.*! Therefore, as H,TSPP* contains permanent negative charges on the sulfonate
groups, complexation through the secondary face tends to be preferred to oppositely align the

dipole moments of the porphyrin and 3-CD.

The complexation of HsTCPP*/H,TCPP* by B-CD (Figure 4.7) shows similar results to the B-
CD/H,TSPP* system, with an upfield shift of the H2 and H3 resonances of 3-CD of 0.15 ppm and 0.13
ppm, respectively, upon complexation with HsTCPP*/H,TCPP*. The H, and H, resonances of
HsTCPP*/H,TCPP* are superimposed upon complexation with 3-CD and are difficult to definitively
assign. However, the H,, and H, resonances of HsTCPP*/H,TCPP* shift upfield by at least 0.07 ppm

and 0.78 ppm upon complexation with 3-CD, respectively.
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The H NMR spectrum in Figure 4.7 indicates that HsTCPP*/H,TCPP* is complexing through the
secondary face of B-CD. As the H, resonance of HsTCPP*/H,TCPP* undergoes a much greater upfield
shift than the H,, resonance, the p-carbonatophenyl groups of HsTCPP*/H,TCPP* may penetrate the
B-CD cavity more deeply than does H,TSPP* in the analogous B-CD-H,TSPP* complex. As with the p-
sulfonatophenyl group of H,TSPP*, the p-carbonatophenyl groups of HsTCPP*/H,TCPP* possess
permanent negative charges. Therefore, the complexation of H;TCPP*/H,TCPP* by B-CD is probably
dominated by a secondary face entry as this favours the antiparallel arrangement of dipole moments
of both host and guest. The '"H NMR spectrum also shows that the H,, resonance of H3TCPP*
/H2TCPP* becomes apparent upon complexation with B-CD. Therefore, as for H,TSPP*, B-CD either
increases the rate of tautomerism of H3TCPP*/H,TCPP* to the fast exchange limit or slows it
substantially upon dissociation of the porphyrin aggregate when complexation occurs. Such

complexation is also likely to greatly disrupt HsTCPP*/H,TCPP* aggregation.

The Hn and Ho, resonances of H,TMAP* alone in the *H NMR spectrum shown in Figure 4.8 are
superimposed but become magnetically inequivalent upon complexation by B-CD. There is some
ambiguity in the assighment of the H,, and H, resonances of complexed H,TMAP*, however, one of
these resonances shifts downfield by 0.03 ppm, while the other shifts downfield by 0.11 ppm. The
CHs resonances of H,TMAP* shows a slight upfield shift of 0.01 ppm upon complexation by B-CD.
The greater shifts shown by the H, and H, resonances by comparison with that of the CHs
resonances is consistent with dominant B-CD placement over the phenyl groups of H,TMAP** in the

complex.

The H2 — H6 resonances of B-CD shift upfield by 0.21 —0.31 ppm upon complexation with H,TMAP*,
indicating that neither the primary or secondary face of B-CD is preferred during complexation
consistent with complexation occurring through the primary and secondary faces of 3-CD to similar
extents. As with the anionic porphyrins, the cationic porphyrins may prefer to enter through the
secondary face of B-CD due to the larger opening. However, as H,TMAP*" consists of permanent
positive charges at the anilinium group, entry through the primary face would favor the antiparallel
alignment of the dipole moments of H,TMAP* and B-CD. Therefore, as the primary face and
secondary face of 3-CD are contrastingly favoured, no preference is observed, resulting in a mixture

of these geometries.

The complexation of H,TMPyP* by B-CD shows upfield shifts of the H2 — H6 protons of B-CD in the
'H NMR spectrum shown in Figure 4.9, in a similar manner to the B-CD/H,TMAP*" system. The H2,
H3 and H4 resonances of B-CD shift upfield by 0.37 ppm, 0.23 ppm and 0.43 ppm, respectively, while

the H5 and H6 resonances shift upfield and are magnetically differentiated upon complexation with
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H,TMPyP*. However, the Hy, Ho and CHs resonances of H,TMPyP* do not significantly shift upon
complexation. The shifts in resonances closesly matches those reported by Mosinger et al., who
attributed the NMR pattern as resulting from non-covalent interactions between the porphyrin and
internal and external surfaces of B-CD.!> However, the lack of significant shift in the porphyrin

resonances is also likely to indicate weak internal complexation.

Weak stability for the B-CD-H,TMPyP*" complex is due to the delocalisation of the positive charge of
H,TMPyP*" onto the pyridine ring. As a result, complexation within the B-CD annulus may be
hindered by repulsion between the positive end of the B-CD dipole moment at the primary face of
the annulus and the positively charged pyridines of H,TMPyP**.3* Additionally, complexation via the
methyl group of H,TMPyP* would be weak due to a size mis-match between the methyl group and
internal cavity of B-CD. To some extent this may be compensated for by weak interactions between
H,TMPyP* and the external surface of B-CD. However, this does not completely exclude the
possibility of limited internal complexation which contributes to only minor changes in the *H NMR

spectrum of both the porphyin and 3-CD.
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4.2.1.1.2 H NMR spectroscopic study of the complexation of H,TSPP*, HsTCPP*/H,TCPP*,
H.TMAP* and H,TMPyP** by 3-CDab
The *H NMR spectra of the porphyrins, B-CDab and their mixtures are shown in Figure 4.10 — Figure

4.13. The porphyrin proton resonances are annotated according to the proton labelling in Figure 4.1,
and those of B-CDab according to the labelling used in previous chapters. The chemical shifts of the

'H resonances are collected in Table 4.9 — Table 4.12.

B-CDH2 - H6
HOD
[-CDab
B-CDH2 - H6
HOD
B-CDab-H,TSPP*
HOD H,TSPP*+
5 4.5 4 3.5 3 2.5
Chemical shift, & (ppm)
ab ab
H1 H2 H4 H3
-CDab
ab
Hen/Ho H1-H4
Hpy / AN
B-CDab-H,TSPP%
H H
m ° H,TSPP+
9.4 8.9 8.4 7.9 7.4 6.9 6.4

Chemical shift,  (ppm)

Figure 4.10: 'H NMR spectra of H,TSPP* (4.8 x 10 mol dm), B-CDab (9.6 x 10° mol dm?3) and

H,TSPP* (4.8 x 10 mol dm™) with one molar equivalent of B-CDab in D,O phosphate buffer (pD 7.0,
/=0.10 mol dm™) at 298.2 K.
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B-CDH2 - H6
HOD
[-CDab
HOD
B-CDH2 — H6 B-CDab-H;TCPP3/H,TCPP*
HOD
J\fL H,TCPP>/H,TCPP*
5 45 4 3.5 3 2.5
Chemical shift, & (ppm)
ab ab
HL H2  H4 H3
B-CDab
H..H, ab ab
H H1,H2 H3,H4
py
B-CDab-H;TCPP3/H,TCPP*
Hm HO
H,TCPP3/H,TCPP*
9.4 8.9 8.4 7.9 7.4 6.9 6.4

Chemical shift, 5 (ppm)

Figure 4.11: '"H NMR spectra of HsTCPP*/H,TCPP* (4.8 x 10 mol dm), B-CDab (9.6 x 10 mol dm)
and HsTCPP*/H,TCPP* (4.8 x 10 mol dm™) with one molar equivalent of B-CDab in D,0 phosphate
buffer (pD 7.0, / = 0.10 mol dm?3) at 298.2 K.
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[-CDab
CH,
B-CDH2 - H6
HOD LU B-CDab-H,TMAP*
HOD CHs
H,TMAP*
5 4.5 4 3.5 3 2.5
Chemical shift,  (ppm)
ab ab
H1 H2 H4 H3
[-CDab
H,H,
Hoy B-CDab-H,TMAP**
HHo
Hpy H,TMAP*
9.4 8.9 8.4 7.9 7.4 6.9 6.4

Chemical shift, 6 (ppm)

Figure 4.12: 'H NMR spectra of H,TMAP* (4.8 x 10 mol dm™), B-CDab (9.6 x 10 mol dm?) and
H,TMAP* (4.8 x 10 mol dm?) with one molar equivalent of B-CDab in D,O phosphate buffer (pD

7.0,1=0.10 mol dm) at 298.2 K.
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B-CDH2 — H6
\
r

HOD

B-CDab

CH, B-CDH2 - H6

B-CDab-H,TMPypP#

CH,
}C HOD H,TMPyP%
5 4.5 4 3.5 3 2.5
Chemical shift, 5 (ppm)
ab ab
H1 H2 H4 H3
[-CDab
Hp Ho ab ab
H H2 H1 H4 H3
Y AA R
-CDab-H,TMPyP*
H H, p 2
HPY
H,TMPypP*
9.4 8.9 8.4 7.9 7.4 6.9 6.4

Chemical shift, 5 (ppm)

Figure 4.13: 'H NMR spectra of H,TMPyP** (4.8 x 10 mol dm), B-CDab (9.6 x 10 mol dm) and

H,TMPyP* (4.8 x 10° mol dm™) with one molar equivalent of B-CDab in D,O phosphate buffer (pD
7.0,1=0.10 mol dm) at 298.2 K.
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phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K.

B-CDab H,TSPP* B-CDab-H,TSPP*
Hm - 8.26 (d, J = 6.55 Hz)
8.41 (s), 8.54 (s)
Porphyrin Ho - 7.74 (s)
Hpy - broadened 8.96 (brs)
H1 7.48 (d, ) =7.6 Hz) -
i H2 7.38(t,J=7.7H -
Aminophenyl (t, 2) 6.2—8.1 (br m)
group H3 | 6.86(t J=7.2 Hz) -
H4 | 6.92(d,]) = 8.6 Hz) -
H1 5.09 (s) - 5.06 (br m)
H2 -
H3 -
-CD grou H4 -
B-€D group 3.3-4.3 (br m) 3.2-4.7 (br m)
H5 -
H6 -

Table 4.10: Summary of *H NMR resonances for B-CDab, HsTCPP*/H,TCPP* and B-CDab-HsTCPP*

/H,TCPP*in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K.

B-CDab HsTCPP*/H,TCPP* | B-CDab-HsTCPP>/H,TCPP*
Hm - 8.30(s)
8.46 (s)
Porphyrin Ho - 7.59 (s)
Hpy - broadened 8.83 (brs)
H1 | 7.48(d,J=7.6Hz) - 7.1-7.8 (brs)
Aminophenyl | H2 | 7.38(t,J=7.7 Hz) -
group H3 6.86 (t, ) =7.2 Hz) - 6.2-7.1(brs)
H4 | 6.92(d,])=8.6Hz) -
H1 5.09 (s) - 5.07 (brm)
H2 -
H3 -
P-CDgroup | HA | 53 43 (brm) ] 3.0- 4.6 (br m)
H5 -
H6 -
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phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K.

B-CDab H,TMAP* B-CDab-H,TMAP*
CH; - 3.95 (s) 4.03 (s)
Hm -
Porphyrin ” - 8.18 (s) 8.32 (s), 8.53 (s)
Hpy - 8.84 (brs) 8.98 (brs)
H1 7.48 (d, ) =7.6 Hz) -
Aminophenyl H2 7.38(t,J=7.7 Hz) - 6.3—8.0
group H3 6.86 (t, ) =7.2 Hz) -
H4 6.92 (d, ) = 8.6 Hz) -
H1 5.09 (s) - 5.02 (brm)
H2 -
H3 -
B-cDgroup 3.3-4.3 (br m) - 3.2-4.7 (br m)
H5 -
H6 -

Table 4.12: Summary of *H NMR resonances for B-CDab, H,TMPyP*" and B-CDab-H,TMPyP*" in D,O

phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K.

B-CDab H.TMPyP** B-CDab-H,TMPyP*
CH; - 4.76 (s) 4.85 (s)
Hm - 9.32(d,J=5.7Hz) 9.30(d,J=6.0Hz)
Porphyrin
Ho - 8.98 (d,J=6.7 Hz) 8.98 (d,J=6.1Hz)
Hpy - 9.14 (brs) 9.16 (brs)
H1 | 7.48(d,)=7.6 Hz) - 7.26 (t,J = 8.05 Hz)
Aminophenyl | H2 7.38(t,J=7.7 Hz2) - 7.16 (d, ) = 8.05 Hz)
group H3 6.86 (t, ) =7.2 Hz) - 6.70 (t, ) =7.6 Hz)
H4 | 6.92(d,)=8.6 Hz) - 6.79 (d, J = 8.45 Hz)
4.65 (d, J = 2.8 Hz),
H1 5.09 (s) - 4.58 (d, J = 2.8 Hz),
4.33(d,J =3.0Hz)
H2 -
[-CD group H3 i
H4 3.3-4.3 (brm) - 2.5-4.2 (brm)
H5 -
H6 -
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The geometry of the complexes formed between all four porphyrins and B-CDab cannot be
understood in terms of B-CD facial preferences. The H2 — H6 protons of the B-CD group show
significant overlap due to the substiution of 3-CD with an aminophenyl substituent as seen in Figure
4.10 - Figure 4.13. However, changes in the porphyrin resonances upon complexation with 3-CDab
are still apparent, indicating that all four porphyrins may form complexes with 3-CDab, as discussed
below. Additionally, the H1 — H4 aminophenyl resonances of 3-CDab broaden upon complexation

with all porphyrins except H,TMPyP*".

The broadened aminophenyl resonances of [-CDab (Figure 4.10 — Figure 4.13) may infer some
interaction between the aminophenyl substituents and the phenyl or pyrrole groups of the
porphyrins. These interactions may be in the form of w-n interactions, which would stabilise the
complex. The absence of such an interaction in the B-CDab-H,TMPyP*" complex may further suggest

weak complexation.

The Hm and H, resonances of H.TSPP* shift downfield upon complexation with B-CDab as seen in
Figure 4.10. The assignment of the Hn and H, resonances in the B-CDab/H,TSPP* spectrum is
unclear, however, the shift is between 0.15 — 0.80 ppm. Additionally, the Hy, resonance becomes
apparent in the B-CDab/H,TSPP* spectrum (Figure 4.10), indicating that B-CDab increases the rate of
tautomerism to the fast exchange limit or slows it substantially upon dissociation of the porphyrin
aggregate. This is also observed for the B-CDab/HsTCPP*/H,TCPP* system (Figure 4.11) consistent

with both anionic porphyrins complexing through the phenyl groups.

The Hm and H, resonances of H,TMAP* change from an undifferentiated singlet to two distinct
singlets upon complexation with -CDab, shifting by between 0.14 — 0.35 ppm, while the CH3
resonances shifts downfield by 0.08 ppm as seen in Figure 4.12. This indicates that complexation
occurs dominantly through the phenyl groups of H,TMAP* although complexation through the
methyl groups is also possible. Interestingly, the shift in the CH; resonances of H,TMAP** in the j3-
CDab/H,TMAP*" system is much greater than in the B-CD/H, TMAP* system (Figure 4.8). Therefore,
the aminophenyl substituent of B-CDab may form =-m interactions with the phenyl groups of

H,TMAP*, thereby enhancing the stability of a B-CDab-H,TMAP*" complex.
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The Hm, Ho and CHs resonances of H,TMPyP* do not show a significant change in chemical shift in
the presence of -CDab as seen in Figure 4.13. However, the H1 resonances of 3-CDab appear as
three distinct resonances resonances with chemical shifts between 4.33 — 4.65 ppm in the presence
H,TMPyP*, consistent with complex formation. The overall 'H NMR pattern of the B-
CDab/H,TMPyP*" system is analogous to that of the B-CD/H,TMPyP* system, suggesting a weakly
formed B-CDab-H,TMPyP* complex.

4.2.1.2 Qualitative Investigation of Complexation by 2D *H ROESY NMR Spectroscopy

The complexation behaviour of H,TSPP*, HsTCPP*/H,TCPP*, H,TMAP* and H,TMPyP* with either
native 3-CD or B-CDab was studied by 2D *H ROESY NMR spectroscopy. Solutions of each host-guest
combination were prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K. The 2D
'H ROESY NMR spectra for all host-porphyrin combinations are given in Figure 4.14 — Figure 4.21.

The 2D *H ROESY NMR spectra of the host/porphyrin systems closely reflect the 1D *H NMR spectra.
The B-CD/H,TSPP* spectrum produces cross-peaks between the H3, H5 and H6 resonances of 3-CD
and the Hyy, Hm and H, resonances of H,TSPP*, indicating complexation (Figure 4.14). As the H5 and
H6 protons are on the secondary face of [-CD, the complexation is likely favoured by the
encapsulation of the porphyrin by the secondary face of 3-CD, due to the wider opening and anti-
parallel arrangement of dipole moments of B-CD and H,TSPP*, consistent with the 1D NMR data.
Similar results were obtained for the B-CD/HsTCPP*/H,TCPP* system (Figure 4.15).

The complexation of HTSPP* and HsTCPP*/H,TCPP* by B-CDab shows similar results, with cross-
peaks arising between the Hn, and H, protons of the porphyrin and the H2 — H6 protons of B-CDab
(Figure 4.18 — Figure 4.19). As the H2 — H6 protons of the [3-CDab are all overlapped, no primary or

secondary face complexation preference can be determined.
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Figure 4.14: 2D 'H ROESY NMR spectrum of B-CD (4.9 x 10 mol dm) and H,TSPP* (4.9 x 10 mol
dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=) at 298.2 K. Rectangle A highlights
cross-peaks arising from NOE interactions of the annular protons of -CD with protons of H,TSPP*. A
possible dominant structure depicting a 1:1 complex is shown above.
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Figure 4.15: 2D 'H ROESY NMR spectrum of B-CD (4.9 x 10 mol dm) and HsTCPP*/H,TCPP* (4.9 x
10 mol dm) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. Rectangle A
highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with protons of
HsTCPP*/H,TCPP*. A possible dominant structure depicting a 1:1 complex is shown above.
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Figure 4.16: 2D "H ROESY NMR spectrum of B-CD (4.9 x 10 mol dm) and H, TMAP** (4.9 x 10" mol
dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. Rectangle A highlights
cross-peaks arising from NOE interactions of the annular protons of 3-CD with protons of H,TMAP*,
A possible dominant structure depicting 1:1 complex is shown above.
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Figure 4.17: 2D *H ROESY NMR spectrum of B-CD (4.9 x 10 mol dm) and H,TMPyP*" (4.9 x 10 mol
dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K. Rectangle A highlights
cross-peaks arising from NOE interactions of the annular protons of [B-CD with protons of
H,TMPyP*. A possible dominant structure depicting a 1:1 complex is shown above.
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Figure 4.18: 2D *H ROESY NMR spectrum of B-CDab (6.4 x 10 mol dm™) and H,TSPP* (3.2 x 10" mol
dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K. Rectangle A highlights
cross-peaks arising from NOE interactions of the annular protons of 3-CD with protons of H,TSPP*. A
possible dominant structure depicting a 1:1 complex is shown above. The abbreviation ‘ab’ refers to
the aminophenyl substituent of 3-CDab.
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Figure 4.19: 2D *H ROESY NMR spectrum of B-CDab (6.4 x 10 mol dm) and HsTCPP*/H,TCPP* (3.2
x 10 mol dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm) at 298.2 K. Rectangle A
highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with protons of
HsTCPP*/H,TCPP*. A possible dominant structure depicting a 1:1 complex is shown above. The
abbreviation ‘ab’ refers to the aminophenyl substituent of 3-CDab.
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Figure 4.20: 2D 'H ROESY NMR spectrum of B-CDab (6.4 x 10° mol dm) and H.TMAP* (3.2 x
10 mol dm) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. Rectangle A
highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with protons of
H,TMAP*. A possible dominant structure depicting a 1:1 complex is shown above. The abbreviation
‘ab’ refers to the aminophenyl substituent of B-CDab.
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Figure 4.21: 2D 'H ROESY NMR spectrum of B-CDab (6.4 x 10 mol dm) and H,TMPyP* (3.2 x
10 mol dm) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3) at 298.2 K. Rectangle A
highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with protons of
H,TMPyP*. A possible dominant structure depicting a 1:1 complex is shown above. The abbreviation
‘ab’ refers to the aminophenyl substituent of B-CDab.
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The B-CD/H,TMAP* spectrum produces minor cross-peaks between the H5 and H6 protons of B-CD
and the H,, and H, protons of H,TMAP*, indicating complexation is possible, yet likely to be weak
(Figure 4.16). As the 1D NMR spectrum produced an upfield shift of the CHz protons of H,TMAP**
upon complexation with B-CD, we may also expect to observe cross-peaks between these protons
and the protons of B-CD. However, such cross-peaks are difficult to assign on the 2D *H ROESY NMR
spectrum due to the small chemical shift difference between the CHs protons of H,TMAP* and the
H2 — H6 protons of B-CD. Nevertheless, the 1D and 2D NMR spectra of the B-CD/H,TMAP*" system
are consistent with complex formation. The B-CDab/H,TMAP* spectrum (Figure 4.20) showed
similar results, with clear cross-peaks between the H,, and H, protons of H,TMAP* and the H2 — H6

protons of 3-CDab.

The B-CD/H,TMPyP*" spectrum (Figure 4.17) produces minor cross-peaks arising between the Hn,
and CH; protons of H,TMPyP* and the H2 — H6 protons of B-CD. However, cross-peaks arising from
interactions with the CH; protons cannot be reliably assigned. As the 1D NMR spectrum did not
show any change in the shifts of the H,TMPyP* resonances and the 2D NMR shows only minor cross-

peaks, the complexation is likely to be weak.

The B-CDab/H,TMPyP* spectrum (Figure 4.21) produces minor cross-peaks between the H,, protons
of H,TMPyP** and the H2 — H6 protons of 3-CDab. However, similar to the B-CD/H,TMPyP*" system,
the cross-peaks arising from interactions with the CHs; protons cannot be reliably assigned. Cross-
peaks arising from the Hy, protons of H,TMPyP* but not the Hn or H, protons may indicate some

weak association.

In summary, the 1D and 2D NMR studies for the complexation of the four porphyrins by either 3-CD
or B-CDab show significant differences. The nature and location of the charge of the porphyrin are
likely to strongly influence complexation. The two anionic porphyrins, H,TSPP* and HsTCPP*
/H,TCPP*, form a complex through penetration of the phenyl groups through the secondary face of
[-CD, oppositely aligning the dipole moments of either species. Such an arrangement also results in
the charged sulfonate and carbonate groups protruding into the bulk water and a disruption of
porphyrin aggregates. The two cationic porphyrins, H,TMAP* and H,TMPyP*, showed no facial
preference upon complexation by B-CD. Additionally, H, TMAP* is likely to complex through both the
phenyl and methyl groups, while H,TMPyP* is likely to complex only weakly through the methyl
groups. These results appear to correlate with those reported by Kano et al., which suggested that
cationic porphryins do not form strong complexes with CDs.>* However, the stability of these

complexes need to be analysed to further ascertain the validity of this statement.
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4.2.1.3 Quantitative Investigation of Complexation by UV-vis spectroscopy

The complexation constants and thermodynamic parameters for the complexation of H,TSPP*,
HsTCPP*/H,TCPP*, H,TMAP* and H,TMPyP** by B-CD and B-CDab may in principle be determined by
UV-vis spectroscopy. In practice this only proved possible for B-CD complexation of H,TSPP* and
HsTCPP*/H,TCPP*, and for B-CDab complexation of H,TSPP*, H3TCPP*/H,TCPP* and H,TMAP* as is
discussed below. The equilibrium expression for the 1:1 complexation of the host and porphyrin is

given by Equation 4.3,

Kll

—

host + porphyrin <—— host-porphyrin (4.3)

where the host is either B-CD or B-CDab and the porphyrin is either H,TSPP*, HsTCPP*/H,TCPP*,

H,TMAP* or H,TMPyP*. The equation for the complexation constant, K1, is given by Equation 4.4,
[host - porphyrin]

K, = 4.4
17 [host][porphyrin] (44)

The equilibrium expression for the 2:1 complexation of a second host to the existing host-porphyrin

complex is given by Equation 4.5,

K1
host-porphyrin + host <= host,-porphyrin (4.5)

The equation for the complexation constant, K1, is given by Equation 4.6,

[host, - porphyrin]
K1 =

[host][host - porphyrin] (46)

The change in Gibbs free energy for the first equilibrium describing a 1:1 host-porphyrin complex is

given by Equation 4.7,
AG;; = —RTInKy, (4.7)
where R is the ideal gas constant and T is the temperature. AG;; is also given by Equation 4.8,
AGy; = AHy; — TAS}, (4.8)

where AHi;1 and A4S;; are the change in enthalpy and entropy for the formation of a 1:1
host-porphyrin complex, respectively. Combining Equation 4.7 and Equation 4.8 leads to the van’t

Hoff equation, given in Equation 4.9.
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AH; ASy
RT R

anll = — (49)

The complexation constants and thermodynamic parameters of complexation may be derived
through titrations using UV-vis spectroscopy as the detection system. Detailed experimental
procedures for the determination of complexation constants and thermodynamic parameters follow

methods reported by Lincoln et al.**** and have been previously outlined in Chapter 3.

The complexation constants and thermodynamic parameters for the complexation of the porphyrins
by native B-CD and 3-CDab were determined by UV-vis spectroscopy in aqueous phosphate buffer
(pH 7.0, 1 = 0.10 mol dm3) at 308.2 K, 298.2 K, 288.2 K and 278.2 K. The effect of dimerisation was

considered for each porphyrin.

Dimerisation presented a significant issue for the systems involving HsTCPP*/H,TCPP*. The Kp values
for H3TCPP*/H,TCPP* in aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm) at 308.2 K, 298.2 K,
288.2 K and 278.2 K are 2.01 x 10* dm™3 mol?, 3.59 x 10* dm™ mol?, 5.72 x 10* dm™3 mol™* and 8.34 x
10* dm™ mol?, corresponding to dimer proportions of 2.9%, 5.1%, 7.9% and 11.1%, respectively.?®
The effect of dimerisation could not be discounted and therefore, the Kp values and the known
molar absorbances of the monomeric and dimeric forms?® were used to aid in the fitting of the

experimental data to derive the complexation constants.

The effect of dimerisation was not considered for H,TSPP* as the dimer proportion was calculated to
be <3% at 298.2 K, assuming a Kp of 1.54 x 10* dm*® mol™.2 Furthermore, McTernan demonstrated
that the UV-vis absorption spectrum of H,TSPP* in aqueous phosphate buffer (pH 7.0, / = 0.10 mol
dm3) showed only minor changes in the Amax and emax over the 288.2 — 308.2 K temperature range,
indicating little influence of dimerisation.?® Similarly, the effect of dimerisation was not considered
for H,TMAP* and H,TMPyP* as they do not aggregate under the experimental conditions of the

present study,10:17,22:24.25
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4.2.1.3.1 UV-vis spectroscopic study of the Complexation of H,TSPP* by 3-CD
The variation of the absorption spectrum of an aqueous solution of H,TSPP* as an aqueous solution

of B-CD is titrated into it at 298.2 K is shown in Figure 4.22 a). (The conditions for the titration are
given in the Figure captions.) The lack of an isobestic point in Figure 4.22 a) suggests that at least
two complexes of H,TSPP* form with different absorption spectra. Thus, it was unsurprising that an
algorithm for the formation of a 1:1 B-CD-H,TSPP* complex alone fitted the variation of the
absorption spectrum poorly (Figure 4.49 and Figure 4.50 in 4.5 Appendix), whilst an algorithm for
the sequential formation of 1:1 B-CD-H,TSPP* and 2:1 (B-CD),-H,TSPP* complexes (Equations 4.3 —
4.6) fitted the variation of the absorption spectrum well, as is seen in Figure 4.22 b). The derived
spectra of B-CD-H,TSPP* and (B-CD),:H,TSPP* and the variation of their concentrations appear in
Figure 4.22 c) and d). Similarly, good fits were obtained at 278.2 K, 288.2 K and 308.2 K (Figure 4.39
and Figure 4.40 in 4.5 Appendix). The derived K11, K21, AH®11 and TAS®1; appear in Table 4.13. The
AH°1; and TAS®1; for this and the other four systems characterised were determined from van’t Hoff

plots as is discussed below.
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Figure 4.22: UV-vis absorbance data for H,TSPP* (initial concentration 1.2 x 10° mol dm?) with
increasing concentrations of B-CD (0 — 1.6 x 10 mol dm?) in aqueous phosphate buffer at pH 7.0
and /= 0.10 mol dm™ at 298.2 K, showing a) the molar absorption spectra, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 412 nm
(fitted at 1 nm intervals over the range 400 — 425 nm) of the 1:1 B-CD-H,TSPP* and 2:1 (B-
CD),-H,TSPP* complexes, c) the experimental molar absorbances of free H,TSPP* and calculated
molar absorbances of complexed H,TSPP* and d) the calculated speciation of free and complexed
H,TSPP*. The concentration of $-CD was 0.011 mol dm™, and was titrated as 10 mm? aliquots into 2
cm? of a solution of H,TSPP* in a 1 cm path length cell.
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The equilibria characterising the B-CD/H,TSPP* system are shown in Figure 4.23, where the
orientation of the complexing B-CD as shown appears the most likely as deduced from the *H NMR

studies, but the proportions of the anti and syn (B-CD),-H,TSPP* complexes is uncertain.

SOy

. anti alone
or syn alone
or a mixture
of both

Figure 4.23: Equilibria characterising the -CD/H,TSPP* system.
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4.2.1.3.2 UV-Vis Spectroscopic Study of the Complexation of HsTCPP*/H,TCPP* by 3-CD
The variation of the spectrum of an aqueous solution of HsTCPP*/H,TCPP* as an aqueous solution

of B-CD is titrated into it at 298.2 K is shown in Figure 4.24 a). The concentrations of H;TCPP* and
H,TCPP* were calculated from the known dimerisation constant, Kp,?° and incorporated into an
algorithm for the formation of a 1:1 B-CD-HsTCPP*/H,TCPP* complex (Equations 4.3 and 4.4) which
fitted the variation of the spectrum well, as seen in Figure 4.24 b). The known spectra?® of HsTCPP*
and H,TCPP* and derived spectrum of the B-CD-HsTCPP*/H,TCPP* complex and the variation of
their concentrations appear in Figure 4.24 c) and d). Similarly, good fits were obtained at 278.2 K,
288.2 K and 308.2 K (Figure 4.41 and Figure 4.42 in 4.5 Appendix.). The derived K11, AH°11 and TAS®11

appear in Table 4.13.
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Figure 4.24: UV-vis absorbance data of HsTCPP*/H,TCPP* (initial concentration 1.5 x 10 mol dm?3)
with increasing concentrations of B-CD (0 — 3.6 x 10*mol dm) in aqueous phosphate buffer (pH 7.0
and / = 0.10 mol dm), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 420 nm
(fitted at 1 nm intervals over the range 400 — 425 nm) for a 1:1 B-CDab-HsTCPP*/H,TCPP* complex,
c) the experimental molar absorbances of free monomeric and dimeric HsTCPP*/H,TCPP* and
calculated molar absorbances of complexed HsTCPP*/H,TCPP* and d) the calculated speciation of
free and complexed HsTCPP*/H,TCPP*. The concentration of B-CD was 4.5 x 10 mol dm™, and was
titrated as 5 mm?3 aliquots into 2 cm? of solution of HsTCPP*/H,TCPP* in a 1 cm path length cell.
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The equilibrium characterising the formation of the B-CD-H,TCPP* complex is shown in Figure 4.25,
where the orientation of the complexing -CD as shown appears the most likely as deduced from

the *H NMR studies. It is expected that the formation of the B-CD-H3TCPP* complex occurs similarly.

Figure 4.25: Equilibria characterising the B-CD/H,TCPP* system. The formation of 3-CD-HsTCPP* is
expected to occur similarly.

In order to determine the complexation properties of H,TCPP* alone, attempts were made to
determine the complexation at pH 10. At pH 10, TCPP would likely exist dominantly as a free base,
H,TCPP*, and therefore, reliable complexation constants and thermodynamic parameters may be

derived.

Experiments using aqueous carbonate buffer (pH 10.0, / = 0.10 mol dm™) were attempted, following
previous studies by Hamai and Ohshida.*® However, it was noted that at pH 10, the absorbance of
H,TCPP* alone decreases over a 20 minute period at 308.2 and 298.2 K, as shown in Figure 4.26,
likely as a result of decomposition. As a typical titration experiment requires at least 1 hour, the
experiment could not be continued and therefore, the complexation properties of H,TCPP* at pH 10

were not determined.
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Figure 4.26: Absorbance of H,TCPP* (2.0 x 10°® mol dm?) in aqueous carbonate buffer (pH 10.0 and /
=0.10 mol dm™3) over a 20-minute time period. The arrows indicate the direction of change.
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4.2.1.3.3 UV-Vis Spectroscopic Study of the Complexation of H,TMAP* and H,TMPyP* by 3-CD
The variation of the spectra of aqueous solutions of H,TMAP* and H,TMPyP* as an aqueous

solution of B-CD is titrated into them at 298.2 K is shown in Figure 4.27 a) and b), respectively,
consistent with complexation occurring as also evidenced by NMR spectroscopy. The change in the
spectrum of H,TMAP* is particularly small and it was not possible to fit an algorithm for either the
formation of a 1:1 B-CD-H,TMAP* complex alone (Equations 4.3 and 4.4) or together with the
formation of the 2:1 (B-CD),-H,TMAP*" complex (Equations 4.3 — 4.6). A similar situation prevailed
for the B-CD/H, TMPyP* system. It appears that the stabilities of the complexes may be too low to
quantify under the experimental conditions. In the case of the B-CD/H,TMAP* system, the
absorption spectra of free and complexed H,TMAP* may be too similar for quantitative
characterisation of complexation. The unsatisfactory fitting for the 1:1 B-CD-H.TMAP* and
B-CD-H,TMPyP*" complexes are shown in Figure 4.51 and Figure 4.52 in 4.5 Appendix, respectively.

This is further discussion in Section 4.2.1.3.11.
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Figure 4.27: a) Molar absorbance of H,TMAP* (2.5 x 10°® mol dm) with increasing concentrations
of B-CD (0 — 1.9 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm) at 298.2
K. The concentration of B-CD was 0.013 mol dm, and was titrated as 10 mm? aliquots to a 2 cm?
solution of H,TMAP* in a 1 cm path length cell. b) Molar absorbance of H,TMPyP** (2.5 x 10 mol
dm3) with increasing concentrations of 3-CD (0—9.7 x 10* mol dm?) in aqueous phosphate buffer
(pH 7.0 and / = 0.10 mol dm™) at 298.2 K. The concentration of B-CD was 0.012 mol dm™, and was
titrated as 10 mm? aliquots into 2 cm? solution of H,TMPyP* in a 1 cm path length cell. The arrows
indicate the direction of change.
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4.2.1.3.4 UV-Vis Spectroscopic Study of the Complexation of H,TSPP* by 3-CDab
The variation of the spectrum of an aqueous solution of H,TSPP* as an aqueous solution of -CDab is

titrated into it at 298.2 K is shown in Figure 4.28 a). The lack of an isobestic point in Figure 4.28 a)
suggests that at least two complexes of H,TSPP* with different absorption spectra form. An
algorithm for the sequential formation of 1:1 B-CDab-H,TSPP* and 2:1 (B-CDab),-H,TSPP* complexes
(Equations 4.3 — 4.6) fitted the variation of the absorption spectrum well, as is seen in Figure 4.28 b).
The derived spectra of B-CDab-H,TSPP* and (B-CDab),-H,TSPP* and the variation of their
concentrations appear in Figure 4.28 c) and d). Similarly, good fits were obtained at 278.2 K, 288.2 K
and 308.2 K (Figure 4.43 and Figure 4.44 in 4.5 Appendix). The derived K11, AH®1; and TAS®;; appear
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Figure 4.28: UV-vis absorbance data for H,TSPP* (initial concentration 1.4 x 10° mol dm?3) with
increasing concentrations of B-CDab (0 — 1.3 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0
and / = 0.10 mol dm?3), showing a) the molar absorption spectra where the arrows indicate the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 413 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for 1:1 B-CDab-H,TSPP* and 2:1 (B-
CDab),-H,TSPP* complexes, c) the experimental molar absorbances of free H,TSPP* and calculated
molar absorbances complexed H,TSPP*, and d) the calculated speciation of free and complexed
H,TSPP*. The concentration of B-CDab was 1.6 x 10 mol dm?, and was titrated as 5 mm? aliquots
into 2 cm? of the solution of H,TSPP* in a 1 cm path length cell.
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The equilibria characterising the formation of the B-CDab-H,TSPP* and the (B-CDab),-H,TSPP*
complexes are shown in Figure 4.29, where the orientation of the complexing -CDab shown

appears the most likely as deduced from the H NMR studies, but the proportions of the anti and syn

(B-CDab),-H,TSPP* complexes is uncertain.

. H,N
anti alone 2
or syn alone HN
or a mixture @

of both

Figure 4.29: Equilibria characterising the -CDab/H,TSPP* system.
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4.2.1.3.5 UV-Vis Spectroscopic Study of the Complexation of HsTCPP*/H,TCPP* by 3-CDab
The variation of the spectrum of an aqueous solution of HsTCPP*/H,TCPP* as an aqueous solution

of B-CDab is titrated into it at 298.2 K is shown in Figure 4.30 a). The concentrations of H3TCPP* and

H,TCPP* were calculated from the known dimerisation constant Kp?°

and incorporated into an
algorithm for the formation of a 1:1 B-CDab-HsTCPP*/H,TCPP* complex (Equations 4.3 and 4.4)
which fitted the variation of the spectrum well as seen in Figure 4.30 b). The known spectra?® of
HsTCPP* and H,TCPP* and derived spectrum of -CDab-HsTCPP*/H,TCPP* complex and the variation
of their concentrations appear in Figure 4.30 c) and d). Similarly, good fits were obtained at 278.2 K,

288.2 K and 308.2 K (Figure 4.45 and Figure 4.46 in 4.5 Appendix). The derived K11, AH®11 and TAS°1;

appear in Table 4.13.
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Figure 4.30: UV-vis absorbance data of HsTCPP*/H,TCPP* (initial concentration 1.5 x 10® mol dm?3)
with increasing concentrations of 3-CDab (0 — 1.4 x 10 mol dm™) in aqueous phosphate buffer (pH
7.0 and / = 0.10 mol dm?3), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 425 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CDab-HsTCPP*/H,TCPP* complex,
c) the experimental molar absorbances of free monomeric and dimeric HsTCPP*/H,TCPP* and the
calculated molar absorbance complexed HsTCPP*/H,TCPP*, and d) the calculated speciation of free
and complexed HsTCPP*/H,TCPP*. The concentration of B-CDab was 1.8 x 10 mol dm?, and was
titrated as 5 mm?3 aliquots into 2 cm? of a solution of H3TCPP*/H,TCPP* in a 1 cm path length cell.
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The equilibrium characterising the formation of the B-CDab-H,TCPP* complex is shown in Figure
4.31, where the orientation of the complexing f-CDab as shown appears the most likely as deduced

from the *H NMR studies. It is anticipated that the formation of B-CDab-HsTCPP* occurs similarly.

COy

COy,

Figure 4.31: Equilibria characterising the [B-CDab/H,TCPP* system. The formation of B-
CDab-HsTCPP?* is expected to occur similarly.
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4.2.1.3.6 UV-Vis Spectroscopic Study of the Complexation of H,TMAP** by B-CDab
The variation of the spectrum of an aqueous solution of of H,TMAP*" as an aqueous solution of -

CDab is titrated into it at 298.2 K is shown in Figure 4.32 a). An algorithm for the formation of a 1:1
B-CDab-H,TMAP* complex (Equation 4.3 and 4.4) fitted the variation of the absorption spectrum
well as seen in Figure 4.32 b). The molar absorbance spectra of the B-CDab/H,TMAP*" system
showed a slight broadening of the apparent isobestic point with a decrease in temperature (Figure
4.47 and Figure 4.48 in 4.5 Appendix). However, it was not possible to fit the data to an algorithm
characterising the sequential formation of 1:1 B-CDab-H,TMAP* and 2:1 (B-CDab),-H, TMAP*
complexes. Thus, while the 2:1 complex may exist, the stability of the complex may be too weak to
characterise or the molar absorbance spectrum of the (B-CDab),-H, TMAP* complex is too similar to
either H,TMAP* or B-CDab-H,TMAP*. The known spectrum of H,TMAP*" and derived spectrum of
the B-CDab-H,TMAP* complex and the variation of their concentrations appear in Figure 4.32 c) and
d). Similarly, good fits were obtained at 278.2 K, 288.2 K and 308.2 K (Figure 4.47 and Figure 4.48 in
4.5 Appendix). The derived K11, AH®11 and TAS®1; appear in Table 4.13.
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Figure 4.32: UV-vis absorbance data of H,TMAP* (initial concentration 2.5 x 10® mol dm?3) with
increasing B-CDab (0 — 3.0 x 10 mol dm?) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol
dm3), showing a) the molar absorption spectrum, arrows indicate direction of change, b) the
experimental (circles) and best-fit (line) molar absorbances at 410 nm (fitted at 1 nm intervals over
400 — 430 nm) for a 1:1 B-CDab-H,TMAP*" complex, c) the experimental molar absorbances of free
H,TMAP* and the calculated molar absorbance of complexed H,TMAP* and d) the calculated
speciation of free and complexed H,TMAP*". The concentration of B-CDab was 2.0 x 10 mol dm™
and was titrated as 10 mm? aliquots into 2 cm? of a solution of H,TMAP** in a 1 cm path length cell.
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The equilibrium characterising the formation of the B-CDab-H,TMAP* complex is shown in Figure
4.33, where the orientation of the complexing f-CDab as shown appears the most likely as deduced

from the *H NMR studies.

P

+
/’i‘\

Figure 4.33: Equilibria characterising the B-CD/H, TMAP* system.
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4.2.1.3.7 UV-Vis Spectroscopic Study of the Complexation of H,TMPyP* by B-CDab
The variation of the spectra of aqueous solutions of H,TMPyP** as an aqueous solution of B-CDab is

titrated into it at 308.2 K is shown in Figure 4.34. The change in the spectrum of the H,TMPyP* is
small and it was not possible to fit an algorithm for either the formation of a 1:1 B-CDab-H,TMPyP**
complex alone (Equations 4.3 and 4.4) or together with the formation of the 2:1
(B-CDab),-H, TMPyP* complex (Equations 4.3 — 4.6). It appears that the stabilities of the complexes
may be too low to quantify under the experimental conditions. The unsatisfactory fitting for the 1:1
B-CDab-H,TMPyP* complex is shown in Figure 4.53 in 4.5 Appendix. This is further discussed in
Section 4.2.1.3.15.
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Figure 4.34: Molar absorbance of H,TMPyP*" (2.5 x 10°® mol dm) with increasing concentrations [3-

CDab (0 - 2.4 x 10 mol dm?) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm3) at 308.2 K.
The concentration of B-CDab was 0.016 mol dm3, titrating with 10 mm? aliquots to a 2 cm? solution

of H,TMPyP* in a 1 cm path length cell. The arrows indicate the direction of change.
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4.2.1.3.8 Determination of thermodynamic parameters
The complexation constants for the 1:1 host-porphyrin complexes, K11, determined at 278.2 K, 288.2

K, 298.2 K and 308.2 K were used to construct van’t Hoff plots and derive 4Gi1, 4H1: and A4S:; of
complexation. The van’t Hoff plots arising from the complexation of H,TSPP%, HsTCPP*/H,TCPP* and
H,TMAP* by B-CD and B-CDab are shown in Figure 4.35. An algorithm for the van’t Hoff equation

|46

was best-fitted to the K11 data using the GraphPad Prism protocol.*® A summary of the complexation

constants and thermodynamic parameters for each system is given in Table 4.13.

14
13 - B-CD-H,TSPP* B-CDab-H,TSPP*
B-CD:-H;TCPP*/H,TCPP* + B-CDab-HsTCPP3/H,TCPP*
12 1 B-CDab-H,TMAP**
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Figure 4.35: Plots of InKy3, as determined by UV-vis spectroscopy at various temperatures, against T
for the B-CD-H,TSPP* complex (R?> = 0.989), the B-CDab-H,TSPP* complex (R? = 0.996), the B-
CD-HsTCPP*/H,TCPP* complex (R? = 0.982), the B-CDab-H3TCPP*/H,TCPP* complex (R? = 0.988) and
the B-CDab-H,TMAP* complex (R? = 0.990). The icons represent the experimental data and the solid
lines represent the best-fit of the van’t Hoff equation to the K11 data derived using the GraphPad
Prism protocol.*® The R? values refer to the fit of Equation 4.9 to the Ki; data. The error bars
represent the fitting errors.
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Table 4.13: Complexation constants and thermodynamic parameters for the complexation of
H,TSPP*, H3TCPP*/H,TCPP*, H,TMAP* or H,TMPyP* with either B-CD or B-CDab in aqueous

phosphate buffer (pH 7.0 and / = 0.10 mol dm3) at varying temperatures.

System T (K) 103 K14 103 K>, AG®; b AH°11¢ TAS°11d
(dm mol?) | (dm mol?) | (kJ mol?) (kJ mol?) (k) K* mol?)
308.2 | 8.67+£0.01 | 1.46+£0.01 | -23.3£0.1 | -246x1.8 -1.27 £ 0.09
B-CD'HZTSPP4' 298.2 13.2+0.1 | 1.69+£0.01 | -23.3£0.1 | -246£1.8 -1.23 £0.09
288.2 16.8+£0.1 | 2.44+£0.01 | -23.4+£0.1 | -246%£1.8 -1.19£0.09
278.2 252+0.1 | 3.45+£0.01 | -23.4£0.1 | -246%x1.8 -1.15+£0.08
308.2 36.7+0.1 | 532+0.02 | -269+0.1 | -30.3+1.4 -3.40%£0.16
B-CDab-HzTSPP“' 298.2 54.0+£0.1 10.4+0.1 | -27.0+0.1 | -30.3t14 -3.291£0.16
288.2 88.6+0.1 16.2+0.1 | -27.2+0.1 | -30.3t14 -3.18 £ 0.15
278.2 1291 21.3+0.1 | -27.3+0.1 | -303x14 -3.07£0.15
B-CD-H TCpp* 308.2 | 6.18+0.01 - -22.4+0.1 | -8.561£0.81 13.8+1.3
/HzTéPP4' 298.2 | 7.07£0.01 - -22.0£0.1 | -8.56+£0.81 134+1.3
288.2 | 8.11+£0.01 - -21.5£0.1 | -8.561£0.81 129+1.2
278.2 | 8.83+0.01 - -21.1+0.1 | -8.56+£0.81 125+£1.2
CDab-H-TCPP> 308.2 | 27.7+0.1 - -26.3£0.1 | -24.7+1.9 1.61+£0.13
P- /:21.'CF3’P4' 298.2 | 42.9+0.1 - -263+0.1 |-247+19 | 1.55£0.12
288.2 | 56.7+0.1 - -26.2+0.1 | -24.7+£1.9 1.50+£0.12
278.2 | 80.3+0.1 - -26.2+0.1 | -24.7+£1.9 1.45+£0.11
308.2 | 0.65+0.01 - -16.7£0.1 | -28.5x2.0 -11.8+0.8
” 298.2 | 1.05+0.1 - -17.1£0.1 | -28.5%2.0 -11.4£0.8
B-CDab-H,TMAP 288.2 | 1.53+0.1 - -17.5£0.1 | -28.5%2.0 -11.0£0.8
278.2 | 2.19+1.7 - -17.9+0.1 | -28.5%2.0 -10.6 £ 0.7

2 Errors calculated from UV-vis titration data using HypSpec fitting program and rounded up to the
last significant figure. ° Errors calculated using the errors of Ki; and the equation AGi1 = -RTInKi; and
rounded up the last significant figure ¢ Errors calculated from the van’t Hoff plot using GraphPad
Prism software. ¢ Errors calculated from the sum of the relative errors in AGi; and AHi1, derived
from van’t Hoff plots of InKi; against 1/T. The errors do not take into account experimental,
estimated to be < 5% for K1; and £ 10% for K>1.
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4.2.1.3.9 Complexation of H,TSPP* by 3-CD
The addition of B-CD to a solution of H,TSPP* results in a red shift in Amax of 2 nm at 298.2 K, and an

increase in the overall gmax from 4.04 x 10°® mol dm™® cm™ to 4.19 x 10® mol dm? cm™. The
experimental absorbance spectra did not yield a sharp isobestic point and thus, both 1:1 and 2:1

complexes were identified and the K11 and K31 were derived.

The magnitude of the K1 is only 12.8% of the K11 at 298.2 K, which is expected as the probability of a
favourable collision leading to reaction is decreased as one p-sulfonatophenyl group of H,TSPP* is
already complexed in the B-CD-H,TSPP* precursor complex. The geometry of the 2:1 B-CD,-H,TSPP*
complex is unknown. The 1D and 2D NMR spectra of the 1:1 B-CD-H,TSPP* complex indicated that
the p-sulfonatophenyl groups of H,TSPP* enter the B-CD cavity through the secondary face.
However, the second B-CD may adopt either an anti- or syn-conformation, adding through the
primary or secondary face of -CD. Further in-depth studies would be needed to determine the
preferred geometry, although Kano et al. has suggested that a dominant anti-conformation for the
complexation of H,TSPP* by B-CD3* is likely, due to the reduction in steric clash between B-CD

groups.

The TASi; value for the B-CD-H,TSPP* complex is negative, indicating that the entropic loss
associated with the formation of a complex offsets the entropic gain from the expulsion of water
molecules from the B-CD cavity upon complexation. These thermodynamic values, however,
contrast previous studies. Kano et al. and Reinhoudt et al. determined a positive entropic
contribution of the B-CD-H,TSPP* complex in water at 298 K, using UV-vis spectroscopy and
isothermal titration calorimetry (ITC), respectively, owing to the displacement of water molecules
from both the B-CD cavity and porphyrin.?****” The results may differ from those conducted in this
study due to slight experimental differences such as the presence of a buffer, pH and solute
concentrations. For example, the higher porphyrin concentrations required for ITC must take into

consideration the heat release profiles associated with aggregation.

4.2.1.3.10 Complexation of HsTCPP*/H,TCPP* by 3-CD
The complexation of HsTCPP*/H,TCPP* by B-CD has some similarities to H,TSPP*. The trends in the

Amax and €max of H3TCPP*/H,TCPP* upon complexation with B-CD are the same as those established
by H,TSPP*, as is the magnitude of the Ki1. Therefore, it is likely that B-CD complexes HsTCPP*
/H,TCPP* through the secondary face.

It is important to remember that any further analysis must take into consideration the distribution
of the di-acid, mono-acid and free base forms of TCPP present in a solution at pH 7. Solutions in this

study consisted of 3% H4TCPP%, 27% HsTCPP* and 70% H,TCPP*. Therefore, the derived Ki; for the
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B-CD/HsTCPP*/H,TCPP* system represents the weighted mean of the two Ki: pertaining to j-
CD-HsTCPP?* and B-CD-H,TCPP*. As HsTSPP* and H,TSPP* have been shown to complex B-CD with
different K11 complexation constants,™ H3TCPP* and H,TCPP* are not expected to complex 3-CD or

[-CDab with similar Ki1.

Additionally, the relative ratios of HsTCPP* and H,TCPP* may alter across the four temperatures
studied as the pK, values of the porphyrin change with temperature. It has been reported that the
pK, values of common organic bases increase by 0.05 — 0.3 pH units per 10 K temperature rise,*®*
while the addition of a B-CD host may also alter the pK, values.® The low pK, values for the
protonation of H,TSPP* (pKa1 = 4.85 and pKaz = 4.91 at 298.2 K),*® H,TMAP** (pKa1 = 2.3 and pKa2 = 3.6
at 298.2 K)'” and H,TMPyP* (pK.1 = <1 and pKa; = 1.4 at 298.2 K)*° ensures that the porphyrins
remain almost exclusively as free bases at pH 7.0 over the temperature range studied. However, the
higher pK. values for H,TCPP* (pKs1 = 6.0 and pKa., = 6.6 at 298.2 K)7 indicate that significant
variation of the ionic states may occur across the four temperatures. Assuming the largest change of
0.3 pH units per 10 K increase in temperature, the pK, values of H,TCPP* may significantly vary: pKa:
= 5.7 — 6.6 and pKs; - 6.3 — 7.2. Hence, there may be significant variation in the proportion of

HsTCPP* and H,TCPP* across the four temperatures rendering the derived thermodynamic

parameters erroneous. Thus, no further analysis is performed.

It was not possible to derive the individual complexation constants and thermodynamic parameters
for B-CD-HsTCPP* and B-CD-H,TCPP* complexes. The attempts to determine the complexation at pH

10 were not successful due to the significant degradation of H,TCPP*.

4.2.1.3.11 Complexation of H,TMAP** and H,TMPyP** by 3-CD
The complexation properties of the two cationic porphyrins, H,TMAP* and H,TMPyP*, are

significantly different to the anionic porphyrins. The complexation constants for the B-CD-H, TMAP*
and B-CDab-H,TMPyP* complexes could not be derived. This was unsurprising, given that both the
1D and 2D 'H NMR spectra suggested that only weak complexes form. It would be difficult to
quantify the K11 of a weak complex using UV-vis spectroscopy as a high host:porphyrin ratio would
be required, which is beyond the solubility limits of B-CD. Additionally, K11 are difficult to derive for

complexes that have similar absorption spectra to the uncomplexed guest.

The addition of B-CD to solutions of HTMAP* and H,TMPyP*" did not significantly vary the
absorbance. The wavelengths chosen for study by UV-vis spectroscopy occur due to the Soret Band
and therefore, significant variation of the phenyl or pyrrole protons of the porphyrins must occur

upon complexation with the host. However, if the complexes are weak or characterised by
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interactions between the alkyl groups of the porphyrin and the B-CD cavity, the chemical
environment surrounding the phenyl and pyrrole protons of the porphyrin would not significantly
vary. This is evident by the change in the UV-vis spectrum of both H,TMAP*" and H,TMPyP*" upon
addition of B-CD, which shows a shift in Amax of only 1 nm for both systems. Therefore, UV-vis
spectroscopy or other experiments relying on optical properties may not be suitable to determine

the complexation properties of cationic porphyrins.

The lack of K11 derivation of the B-CD/H, TMAP* and B-CD/H,TMPyP* systems demonstrates that
the nature of the porphyrin charge is an important consideration. Kano et al. has previously
discussed that the partially positive internal cavity of CD would favour the complexation of

negatively charged species.?* This statement appears to be validated by this research.

4.2.1.3.12 Complexation of H, TSPP* by B-CDab
Generally, the addition of 3-CDab to a solution of a porphyrin resulted in a greater change in the

absorption spectra of that porphyrin. The larger spectral change is associated with the interaction
between the aminophenyl substitutent of (3-CDab and the phenyl and pyrrole groups of the
porphyrin. Thus, the local hydrophobicity of the phenyl and pyrrole groups of the porphyrin show

more significant variation for the -CDab systems by comparison with the 3-CD systems.

The addition of B-CDab to a solution of H,TSPP* results in a red shift in Amax of 7 nm at 298.2 K and a
decrease in the overall €max from 4.04 x 10°® mol dm™ cm™ to 2.83 x 10® mol dm™ cm™. As the
addition of B-CD to a solution of H,TSPP* resulted in an increase in &ma, the B-CDab-H,TSPP*
complex is likely to have a different complexation geometry to the B-CD-H,TSPP* complex. The 1D
and 2D NMR spectra of the B-CD-H,TSPP* complex indicated that the p-sulfonatophenyl groups of
H,TSPP* enter the B-CD cavity through the secondary face. Therefore, B-CDab-H,TSPP* may be
characterised by a primary face preference instead. This orientation would allow the aminophenyl
groups of B-CDab to interact with tetrapyrrole core of H,TSPP*, increasing the stability of the
complex through m-m interactions. This is evident by the three-fold increase in the K1 at 298.2 K of
the B-CDab-H,TSPP* complex and decrease in AH1; by comparison with the 3-CD-H.TSPP* complex.
A preferential primary face orientation for the B-CDab-H,TSPP* complex indicates that the strength
of the favourable aminophenyl — pyrrole interaction overcomes the unfavourable parallel alignment

of dipole moments of B-CDab and H,TSPP*.

The TAS:; values for the B-CDab-H,TSPP* complex is negative, indicating that the entropic loss
associated with the formation of a complex offsets the entropic gain from the expulsion of water

molecules from the B-CD cavity upon complexation. Similar to the B-CD-H,TSPP* complex, these
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thermodynamic values contrast studies by Kano et al. and Reinhoudt et al. who determined a
positive entropic contribution for a B-CD-H,TSPP* complex in water at 298 K. The differences are

likely due to the experimental differences between the studies.

The 2:1 complex, characterised by K, was also detected for the B-CDab/H,TSPP* system. The
magnitude of the K31 is only 19.3% of the K11 at 298.2 K, which is expected as the probability of a
favourable collision leading to reaction is decreased as one p-sulfonatophenyl group of H,TSPP* is
already complexed in the B-CDab-H,TSPP* precursor complex. Furthermore, the K> of the (B-
CDab),H,TSPP* complex is a similar magnitude to the Ki; of the B-CD-H,TSPP* complex system.
Therefore, the second B-CDab may complex through the secondary face of B-CD to minimise
unfavourable steric interactions between the aminophenyl substituent of the first §-CDab. Thus, the
K>1 is not characterised by n-m interactions between the aminophenyl substituent of the second [3-

CDab and the pyrrole and phenyl groups of H,TSPP*.

4.2.1.3.13 Complexation of HsTCPP*/H,TCPP* by B-CDab
The trends in the Amax and €max of HsTCPP*/H,TCPP* upon complexation with B-CDab are the same as

those established by H,TSPP*. The K11 of the B-CDab-HsTCPP*/H,TCPP* complex is 6 times greater
than the K11 for the B-CD-HsTCPP*/H,TCPP* complex, consistent with 3-CDab complexing HsTCPP*
/H,TCPP* through the primary face, maximising the interaction between the aminophenyl
substituents of B-CDab and the phenyl and pyrrole groups of HsTCPP*/H,TCPP*. This extra stabilising
interaction also corresponds to a more negative AH:;1 and more positive TAS1; for the B-

CDab-H;TCPP*/H,TCPP* complex by comparison with the B-CD-HsTCPP*/H,TCPP* complex.

Similar to the B-CD/HsTCPP*/H,TCPP* system, any further analysis must take into consideration the
relative proportions of the di-acid, mono-acid and free base of TCPP. The variation in the
proportions of the three species across the four temperatures renders the derived complexation
constants and thermodynamic parameters erroneous. Thus, no further in-depth analysis is

performed.

4.2.1.3.14 Complexation of H,TMAP** by B-CDab
The addition of B-CDab to a solution of H,TMAP* showed a greater variation in the absorption

spectra than B-CD, thus the data could be fit to the appropriate algorithm. The complexation
constants and thermodynamic parameters could be derived for a 1:1 B-CDab-H,TMAP* complex.
The reliable fitting of the B-CDab/H,TMAP* system demonstrates that the substitution of B-CD with

an aminophenyl substituent can substantially alter the complexation capabilities.
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In the absence of derived complexation constants and thermodynamic parameters for the B-
CD/H, TMAP* system, the B-CDab/H,TMAP*" system is compared against the H,TSPP* and H;TCPP*
/H2TCPP* systems. The Ky of the B-CDab-H,TMAP* complex is twelve and sixteen times less than
the Ki; for the B-CD-H,TSPP* and B-CD-HsTCPP*/H,TCPP* systems indicating a weakly formed 1:1

complex.

The AH1; value of the B-CDab-H,TMAP* complex is similar to the B-CD-H,TSPP* complex, indicating
that there is some enthalpic stabilisation due to the 7m-m interactions between the aminophenyl
substituent of B-CDab and the phenyl or pyrrole core of H,TMAP*". However, the TAS;; is the most
negative out of all of the systems studied, indicating that the entropic loss associated with the
formation of a complex overcomes the entropic gain from the expulsion of water molecules from
the B-CD cavity. This may indicate that H,TMAP* only partially penetrates the B-CD cavity, resulting
in some water molecules that are not expelled. This scenario is possible if the -CD cavity resides
dominantly over the alkyl groups of H,TMAP*, rather than the phenyl groups, which is consistent
with the low Ki; value. The preference for complexation of the alkyl groups rather than the phenyl
groups of H,TMAP* is likely to be related to the charge of the porphyrin. The interaction between
the B-CD and the positive charge of H,TMAP* would be minimised due to the partially-polarised

internal cavity of B-CD.3*

4.2.1.3.15 Complexation of H,TMPyP** by B-CDab
The complexation constants for the B-CDab-H,TMPyP* complex could not be derived, similar to the

B-CD/H,TMAP* and B-CD/H,TMPyP** systems. The addition of B-CDab to a solution of H,TMPyP*
caused a shift in Amax of only 4 nm. Furthermore, the change in absorbance of H,TMPyP* upon
successive additions of B-CDab did not show a significant departure from linearity up to the
maximum host:guest ratio (1120:1) that could be achieved given the solubility limits of -CDab.

Thus, the spectra could not be fit to the appropriate algorithm.

As with the B-CD/H, TMAP* and B-CD/H,TMPyP** systems, weak complexes characterised by low K1
that also show only minor changes in the absorption spectra are difficult to study. Therefore, UV-vis
spectroscopy or other experiments relying on optical properties may not be suitable to determine

the complexation properties of cationic porphyrins.
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4.2.1.3.16 Enthalpy-entropy linear relationship
For a substantial number of CD studies, it has been found that a linear relationship exists between

TAS11 and AH1; for the complexation by a-CD, B-CD and y-CD hosts of a wide range of guest species

to form 1:1 host-guest complexes.>® Thus, the relationship is shown by Equation 4.10,

TASll = (ZAH]_]_ + TAS]_]_'O (410)

where TAS:1 and AHi: are experimental data; o is the slope of a plot of TAS1; against AH:; and

TAS110 is obtained when AH11 = 0 (AH11,0) at the zero intercept.

The size of o indicates the extent to which changes in complex stability (proportional to AG11) occur
through enthalpic stabilisation, AAH11, caused by variation of the identity of the host are cancelled

through entropic loss, AASi1, as shown in Equation 4.11,
AG = (1 — a)AAH4 (4.11)

such that only (1 - o) of the enthalpic increase can add to the host-guest complex stabilisation.
Thus, TAS11,0 is the inherent host-guest complex stability, AG11,0, when AH11 = 0 (AH11,0). (It should be
noted that Equation 4.10 and Equation 4.11 do not represent a necessary relationship, but is one

observed for a variety of equilibria involving CDs.)

A plot of TAS:1 and AHi; literature data for the complexation of a wide range of guests by 3-CD,
modified B-CD and B-CD dimers for the formation of 1:1 host-guest complexes is shown in Figure
4.36 and is characterised by o = 0.80 and 0.99 and TAS11,0 = 11 k) mol™®and 15 kJ mol™* for B-CD and
modified B-CD, respectively.*® The enthalpy-entropy linear relationship for the 1:1 host-porphyrin
complexes of B-CD-H,TSPP*, B-CD-H3TCPP*/H,TCPP*, B-CDab-H,TSPP*, B-CDab-H;TCPP*/H,TCPP4
and B-CDab-H,TMAP** are also shown in Figure 4.36.

The o value, which describes the extent of entropic compensation caused by modification of the
host or porphyrin, as well as the TAS,, which represents the inherent complex stability (see Chapter
3) was not quantified due to the limited number of reliable data points. Therefore, the extent of
enthalpy-entropy compensation in the systems of this study could only analysed by comparing

against existing literature data.
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The thermodynamic values for the systems in this study correspond with those in the literature,
suggesting that complexation is largely influenced by the B-CD group itself, rather than modifications
to B-CD or differences between the porphyrins. In particular, the values are within the range of the

thermodynamic parameters of analogous systems involving H,TSPP* and a variety of modified y-CD

compounds, 20425051
140
o B-CD
100 4 * B-CD monomer
[-CD dimer
= 60 O H,TSPP* systems with modified y-CD .
5 O B-CD-H,TSPP* e
£ ® B-CDab-H,TSPP*
= 20 o # B-CD-H,TCPP3/H,TCPP*
- . 3- 4-
e * B-CDab-H;TCPP*/H,TCPP . g
N 50 { 4 B-CDab-H,TMAP* 3 35
Xy XX
S5 X% X
60 -
X
-100 . T T T
-120 -80 -40 0 40 80

AH; (k) mol?)

Figure 4.36: Linear relationship between AH;11 and TAS:; for the 1:1 complexation of various guests
and modified B-CDs and y-CDs at 298 K, as determined from this study and the literature.?%42505!
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4.2.1.4 Molecular Modelling of Complexes
Molecular modelling studies were undertaken to gain greater insight into the possible

stereochemical modes of complexation for the host-porphyrin complexes, which neither the NMR or
UV-vis studies could reveal. Molecular models were constructed for 1:1 complexes of B-CD-H,TSPP*,
B-CD-H,TCPP*, B-CD-H,TMAP* and B-CD-H.TMPyP*. Molecular models were also constructed for
2:1 complexes of B-CDy-H,TSPP*, B-CD,-H,TCPP*, B-CDyH,TMAP* and B-CD,-H,TMPyP*,
characterised by either the anti- or syn-conformation, with -CD hosts complexing through both of
the primary faces, both of the secondary faces or one primary and one secondary face. The
structures were energy minimised using the PM7 semiempirical method via MOPAC2012.>% The di-
acid of TCPP was constructed to simplify the analysis. The models are exemplified by 1:1 -
CD-H,TSPP* and 2:1 B-CD,-H,TSPP* complexes, as shown in Figure 4.37 and Figure 4.38,
respectively, while all other complexes are given in Figure 4.54 — Figure 4.59 in 4.5 Appendix. A

summary of the gas phase heats of formation, E, for each complex is given in Table 4.14.

-CD-H,TSPP* primaryface f3-CD-H,TSPP* secondary face

Figure 4.37: Energy minimised molecular models of H,TSPP* alone and in a 1:1 complex with B-CD,
derived using the PM7 semiempirical method on MOPAC2012 software. Note: 3-CD = ball and stick,
H,TSPP* = space filling. Carbon = grey, nitrogen = blue, oxygen = red, sulfur = yellow and hydrogen =
white.
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-CD,-H,TSPP* anti, secondary—secondary -CD,-H,TSPP* syn, secondary—secondary

Figure 4.38: Energy minimised molecular models of 2:1 B-CD,-H,TSPP* complexes of various
conformations, derived using the PM7 semiempirical method on MOPAC2012 software. Note: 3-CD
= ball and stick, H,TSPP* = space filling. Carbon = grey, nitrogen = blue, oxygen = red, sulfur = yellow
and hydrogen = white.
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Table 4.14: Heats of formation, E, (k] mol?) for complexes of porphyrins with B-CD in a range of
host-guest ratios and orientations, calculated through MOPAC2012.>2

Ratio and orientation H,TSPP* | H,TCPP* | H,TMAP* | H,TMPyP*
alone -1027 -276 4240 4529
1:1 primary -8128 -7116 -2568 -2163
secondary -8132 -7080 -2488 -2196
primary — primary -15148 -13850 -9372 -8919
5,;11, primary — secondary -15023 -13871 -9328 -8919
secondary — secondary -15044 -13930 -9311 -9052
. primary — primary -14909 -13853 -9242 -9135
szyi primary — secondary -14926 -13966 -9365 -9012
secondary — secondary -14985 -13807 -9217 -8959.

The PM7 semiempirical method did not appear to be suitable to determine the preferential
geometry of the host:porphyrin complexes. The experimental data does not correlate with the
calculated heats of formation. For example, *H NMR spectroscopy revealed that the complexation of
HsTCPP*/H,TCPP* by B-CD occurred through the secondary face. However, molecular modelling
indicated that the heat of formation was lower for the primary face orientation by 33 kJ mol™.
Similarly, NMR spectroscopy indicated no facial preference for the complexation of the cationic
porphyrins by B-CD. However, there was a difference of 80 kJ mol™ and 33 kJ mol™ between the
primary and secondary face orientations for the B-CD-H,TMAP*" and B-CD-H,TMPyP* complexes,

respectively.

As CD complexation is reliant upon an aqueous solvent media, the PM7 semiempirical method,
which omits solvent molecular interactions, is not suitable for analysis of CD complexes.>®* While
some non-covalent interactions are included in the calculation, the overall main driving force for CD
complexation is the displacement of water molecules from the CD cavity.>® Therefore, the
calculations were not reliable and further calculations using [-CDab as the host were not

undertaken.

208



Chapter 4

4.3 Conclusion
The complexation of two anionic porphyrins, H,TSPP* and HsTCPP3*/H,TCPP*, and two cationic

porphyrins, H,TMAP* and H,TMPyP*" by native B-CD and B-CDab were investigated by NMR and UV-
vis spectroscopy. Investigations by 1D and 2D 'H NMR spectroscopy indicated that H,TSPP* and
HsTCPP*/H,TCPP* preferred to complex through the secondary face of B-CD due, in part, to the anti-
parallel alignment of dipole moments of both the porphyrin and B-CD. However, there was no such
facial preference for the H,TMAP*" and H,TMPyP** systems. The complexation of a 3-CD host also
disrupts the aggregation of the anionic porphyrins as only one of the phenyl groups of the porphyrin

may reside within the B-CD cavity.

Complexation constants and thermodynamics parameters could only reliably be determined for the
B-CD-H,TSPP*, B-CDab-H,TSPP* and B-CDab-H,TMAP* complexes. While complexation constants
were derived for the B-CD-HsTCPP*/H,TCPP* and B-CDab-HsTCPP*/H,TCPP* complexes, the values
are unreliable due to a large amount of both the mono-acid and free base of TCPP existing at pH 7,
the proportions of which may alter across the four temperatures studied. Complexation constants
could also not be derived for the B-CD-H,TMAP*, B-CD-H,TMPyP* and [B-CDab-H,TMPyP*
complexes. Generally, anionic porphyrins are likely to form stronger complexes with B-CD hosts than

cationic porphyrins as the internal cavity of B-CD is partially positive.

The substitution of native B-CD with an aminophenyl substituent greatly improved the complexation
properties with porphyrins. The complexation of the porphyrins with 3-CDab were generally higher,
owing to the additional n-m interactions between the aminophenyl substituent of B-CDab and the

phenyl or pyrrole groups of the porphyrins.

Attempts were made to gain further insight in to the complex geometry of the porphyrins with the
-CD hosts by considering molecular models of each complex. However, the calculated heats of
formation did not correlate with the experimental data and hence, no further analysis was

performed.

This research is a step towards a full understanding of the factors that influence the complexation of
porphyrins by B-CD compounds, and will aid in the utility of porphyrins in biological settings.
Additionally, much like the results from Chapter 3, the results from this chapter, when analysed
within the larger scope of CD complexation studies, should help to inform the design of future CD

systems.
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Figure 4.39: UV-vis absorbance data of H,TSPP* (initial concentration 1.2 x 10° mol dm3) with
increasing B-CD (0 — 1.6 x 10> mol dm?) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm™),
showing a) molar absorption spectrum, arrows show direction of change, b) experimental (circles)
and best-fit (line) molar absorbances at 412 nm (fitted at 1 nm intervals over 400 — 425 nm) for 1:1
B-CD-H,TSPP* and 2:1 (B-CD)2H.TSPP* complexes, c) experimental and calculated molar
absorbances of free and complexed H,TSPP* and d) calculated speciation of free and complexed
H,TSPP*. Concentration of B-CD was 0.011 mol dm?, titrating with 10 mm? aliquots to a 2 cm?
solution of H,TSPP* in a 1 cm cell. Note: a;-d; and ax-d, refers to 308.2 K and 298.2 K, respectively.
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Figure 4.40: UV-vis absorbance data of H,TSPP* (initial concentration 1.2 x 10° mol dm3) with
increasing concentrations of B-CD (0 — 1.6 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0 and /
= 0.10 mol dm3), showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best-fit (line) molar absorbances at 412 nm (fitted at 1 nm
intervals over the range 400 — 425 nm) for 1:1 B-CD-H,TSPP* and 2:1 (B-CD)2-H2TSPP* complexes, c)
the experimental molar absorbances of free H,TSPP* and calculated molar absorbances of
complexed H,TSPP* and d) the calculated speciation of free and complexed H,TSPP*. The
concentration of B-CD was 0.011 mol dm?, titrating with 10 mm? aliquots to a 2 cm? solution of
H,TSPP* in a 1 cm path length cell. Note: a;-d; and ax-d, refers to 288.2 K and 278.2 K, respectively.
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Figure 4.41: UV-vis absorbance data of HsTCPP*/H,TCPP* (initial concentration 1.5 x 10® mol dm?3)
with increasing concentrations of B-CD (0 — 3.6 x 10*mol dm) in aqueous phosphate buffer (pH 7.0
and / = 0.10 mol dm), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 420 nm
(fitted at 1 nm intervals over the range 400 — 425 nm) for a 1:1 B-CD-H3TCPP*/H,TCPP* complex, c)
the experimental molar absorbances of free monomeric and dimeric HsTCPP*/H,TCPP* and
calculated molar absorbances of complexed HsTCPP*/H,TCPP* and d) the calculated speciation of
free and complexed H3TCPP*/H,TCPP*. The concentration of B-CD was 4.5 x 10 mol dm?, titrating
with 5 mm?3 aliquots to a 2 cm? solution of HsTCPP*/H,TCPP* in a 1 cm path length cell. Note: a;-d;
and ay-d; refers to 308.2 K and 298.2 K, respectively.
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Figure 4.42: UV-vis absorbance data of HsTCPP*/H,TCPP* (initial concentration 1.5 x 10 mol dm?3)
with increasing concentrations of B-CD (0 — 3.6 x 10*mol dm™) in aqueous phosphate buffer (pH 7.0
and / = 0.10 mol dm), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 420 nm
(fitted at 1 nm intervals over the range 400 — 425 nm) for a 1:1 B-CD-H3TCPP*/H,TCPP* complex, c)
the experimental molar absorbances of free monomeric and dimeric HsTCPP*/H,TCPP* and
calculated molar absorbances of complexed HsTCPP*/H,TCPP* and d) the calculated speciation of
free and complexed H3TCPP*/H,TCPP*. The concentration of B-CD was 4.5 x 10 mol dm3, titrating
with 5 mm?3 aliquots to a 2 cm? solution of HsTCPP*/H,TCPP* in a 1 cm path length cell. Note: a;-d;
and a,-d; refers to 288.2 K and 278.2 K, respectively.
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Figure 4.43: UV-vis absorbance data of H,TSPP* (initial concentration 1.4 x 10° mol dm3) with
increasing concentrations of B-CDab (0 — 1.3 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0
and / = 0.10 mol dm), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 413 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CDab-H,TSPP* and a 2:1 (B-
CDab),-H,TSPP* complex, c) the experimental molar absorbances of free H,TSPP* and calculated
molar absorbances of complexed H,TSPP* and d) the calculated speciation of free and complexed
H,TSPP*. The concentration of B-CDab was 1.6 x 10 mol dm?, titrating with 5 mm? aliquots to a 2
cm? solution of H,TSPP* in a 1 cm path length cell. Note: a;-d; and a,-d; refer to 308.2 K and 298.2 K,
respectively.
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Figure 4.44: UV-vis absorbance data of H,TSPP* (initial concentration 1.4 x 10° mol dm3) with
increasing concentrations of B-CDab (0 — 1.3 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0
and / = 0.10 mol dm), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 413 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CDab-H,TSPP* and a 2:1 (B-CDab),-
H,TSPP* complex, c) the experimental molar absorbances of free H,TSPP* and calculated molar
absorbances of complexed H,TSPP* and d) the calculated speciation of free and complexed H,TSPP*.
The concentration of B-CDab was 1.6 x 10® mol dm?, titrating with 5 mm? aliquots to a 2 cm?
solution of H,TSPP* in a 1 cm path length cell. Note: a;-d; and ay-d, refer to 288.2 K and 278.2 K,
respectively.
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Figure 4.45: UV-vis absorbance data of HsTCPP*/H,TCPP* (initial concentration 1.5 x 10® mol dm?)
with increasing concentrations of 3-CDab (0 — 1.4 x 10 mol dm™) in aqueous phosphate buffer (pH
7.0 and / = 0.10 mol dm?3), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 425 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CDab-HsTCPP*/H,TCPP* complex,
c) the experimental molar absorbances of free monomeric and dimeric HsTCPP*/H,TCPP* and
calculated molar absorbances of complexed HsTCPP*/H,TCPP* and d) the calculated speciation of
free and complexed HsTCPP*/H,TCPP*. The concentration of B-CDab was 1.8 x 10% mol dm?,
titrating with 5 mm?3 aliquots to a 2 cm?® solution of HsTCPP*/H,TCPP* in a 1 cm path length cell.
Note: a:-d; and a;-d; refers to 308.2 K and 298.2 K, respectively.
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Figure 4.46: UV-vis absorbance data of HsTCPP*/H,TCPP* (initial concentration 1.5 x 10 mol dm?3)
with increasing concentrations of 3-CDab (0 — 1.4 x 10* mol dm™) in aqueous phosphate buffer (pH
7.0 and / = 0.10 mol dm?3), showing a) the molar absorption spectrum, the arrows indicating the
direction of change b) the experimental (circles) and best-fit (line) molar absorbances at 425 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CDab-HsTCPP*/H,TCPP* complex,
c) the experimental molar absorbances of free monomeric and dimeric HsTCPP*/H,TCPP* and
calculated molar absorbances of complexed HsTCPP*/H,TCPP* and d) the calculated speciation of
free and complexed HsTCPP*/H,TCPP*. The concentration of B-CDab was 1.8 x 10% mol dm?,
titrating with 5 mm?3 aliquots to a 2 cm?® solution of HsTCPP*/H,TCPP* in a 1 cm path length cell.
Note: a;-d; and a,-d; refers to 288.2 K and 278.2 K, respectively.
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Figure 4.47: UV-vis absorbance data of H,TMAP* (initial concentration 2.5 x 10® mol dm?3) with
increasing concentrations of B-CDab (0 — 3.0 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0
and / = 0.10 mol dm), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 410 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CDab-H,TMAP*" complex,, c) the
experimental molar absorbances of free H,TMAP* and calculated molar absorbances of complexed
H,TMAP*" and d) the calculated speciation of free and complexed H,TMAP**. The concentration of f3-
CDab was 2.0 x 10 mol dm?3, titrating with 10 mm?3 aliquots to a 2 cm? solution of H,TMAP* ina 1
cm path length cell. Note: a;-d; and a,-d; refers to 308.2 K and 298.2 K, respectively.
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Figure 4.48: UV-vis absorbance data of H,TMAP** (initial concentration 2.5 x 10°® mol dm) with
increasing concentrations of B-CDab (0 — 3.0 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0
and /=0.10 mol dm), showing a) the molar absorption spectrum, the arrows indicating the
direction of change, b) the experimental (circles) and best-fit (line) molar absorbances at 410 nm
(fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CDab-H,TMAP* complex, c) the
experimental molar absorbances of free H,TMAP*" and calculated molar absorbances of complexed
H,TMAP*" and d) the calculated speciation of free and complexed H,TMAP**. The concentration of B-
CDab was 2.0 x 10 mol dm?3, titrating with 10 mm? aliquots to a 2 cm? solution of H,TMAP*ina 1
cm path length cell. Note: a;-d; and a,-d; refers to 288.2 K and 278.2 K, respectively.
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Figure 4.49: UV-vis absorbance data of H,TSPP* (initial concentration 1.2 x 10° mol dm?) with
increasing concentrations of B-CD (0 — 1.6 x 10> mol dm™) in aqueous phosphate buffer (pH 7.0 and /
= 0.10 mol dm?3), showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best-fit (line) molar absorbances at 412 nm
(unsatisfactorily fitted at 1 nm intervals over the range 400 — 425 nm) for a 1:1 B-CD-H,TSPP*
complex, c) the experimental molar absorbances of free H,TSPP* and calculated molar absorbances
of complexed H,TSPP* and d) the calculated speciation of free and complexed H,TSPP*. The
concentration of B-CD was 0.011 mol dm?, titrating with 10 mm? aliquots to a 2 cm? solution of
H,TSPP* in a 1 cm path length cell. Note: a;-d; and a,-d, refers to 308.2 K and 298.2 K, respectively.
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Figure 4.50: UV-vis absorbance data of H,TSPP* (initial concentration 1.2 x 10° mol dm?3) with
increasing concentrations of B-CD (0 — 1.6 x 10 mol dm™) in aqueous phosphate buffer (pH 7.0 and /
= 0.10 mol dm?3), showing a) the molar absorption spectrum, the arrows indicating the direction of
change, b) the experimental (circles) and best-fit (line) molar absorbances at 412 nm
(unsatisfactorily fitted at 1 nm intervals over the range 400 — 430 nm) for a 1:1 B-CD-H,TSPP*
complex, c) the experimental molar absorbances of free H,TSPP* and calculated molar absorbances
of complexed H,TSPP* and d) the calculated speciation of free and complexed H,TSPP*. The
concentration of B-CD was 0.011 mol dm?, titrating with 10 mm? aliquots to a 2 cm? solution of
H,TSPP* in a 1 cm path length cell. Note: a;-d; and ax-d, refers to 288.2 K and 278.2 K, respectively.
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Figure 4.51: Molar absorbance of H,TMAP* (2.5 x 10® mol dm3) with increasing concentrations of
B-CD (0 - 1.9 x 10° mol dm™) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm™) at 298.2 K,
showing a) the molar absorption spectrum, the arrows indicating the direction of change, b) the
experimental (circles) and best-fit (line) molar absorbances at 415 nm (unsatisfactorily fitted at 1 nm
intervals over the range 400 — 420 nm) for a 1:1 B-CD-H,TMAP* complex, c) the experimental molar
absorbances of free H,TMAP* and calculated molar absorbances of complexed H,TMAP* and d) the
calculated speciation of free and complexed H,TMAP*. The concentration of 3-CD was 0.013 mol
dm’3, titrating with 10 mm? aliquots to a 2 cm? solution of H,TMAP* in a 1 cm path length cell.
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Figure 4.52: Molar absorbance of H,TMPyP* (2.5 x 10°® mol dm?3) with increasing concentrations of
B-CD (0-9.7 x 10*mol dm?) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm™) at 298.2 K,
showing a) the molar absorption spectrum, the arrows indicating the direction of change b) the
experimental (circles) and best-fit (line) molar absorbances at 425 nm (unsatisfactorily fitted at 1 nm
intervals over the range 400 — 440 nm) for a 1:1 B-CD-H,TMPyP*" complex, c) the experimental molar
absorbances of free H,TMPyP*" and calculated molar absorbances of complexed H,TMPyP*" and d)
the calculated speciation of free and complexed H,TMPyP*. The concentration of B-CD was 0.012
mol dm?3, titrating with 10 mm? aliquots to a 2 cm? solution of H,TMPyP* in a 1 cm path length cell.
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Figure 4.53: Molar absorbance of H,TMPyP* (2.5 x 10°® mol dm3) with increasing concentrations of
B-CDab (0 — 2.4 x 10 mol dm?) in aqueous phosphate buffer (pH 7.0 and / = 0.10 mol dm?) at 308.2
K, showing a) the molar absorption spectrum, the arrows indicating the direction of change, b) the
experimental (circles) and best-fit (line) molar absorbances at 425 nm (unsatisfactorily fitted at 1 nm
intervals over the range 400 — 450 nm) for a 1:1 B-CDab-H,TMPyP* complex, c) the experimental
molar absorbances of free H,TMPyP* and calculated molar absorbances of complexed H,TMPyP**
and d) the calculated speciation of free and complexed H,TMPyP**. The concentration of B-CDab was
0.016 mol dm?3, titrating with 10 mm? aliquots to a 2 cm? solution of H,TMPyP* in a 1 cm path
length cell.
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H,TCPP*

-CD-H,TCPP*- primary face -CD-H,TCPP* secondary face

Figure 4.54: Energy minimised molecular models of H,TCPP* alone and in a 1:1 complex with 3-CD,
derived using the PM7 method on MOPAC software. The carbon, nitrogen, oxygen, and hydrogen
atoms are shown in grey, blue, red, and white, respectively. Note: B-CD = ball and stick, H,TCPP* =
space filling. Carbon = grey, nitrogen = blue, oxygen = red and hydrogen = white.
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[3-CD,-H,TCPP* anti, secondary—secondary [-CD,-H,TCPP* syn, secondary— secondary

Figure 4.55: Energy minimised molecular models of 2:1 -CD,-H,TCPP* complexes of various
conformations, derived using the PM7 method on MOPAC software. The carbon, nitrogen, oxygen,
and hydrogen atoms are shown in grey, blue, red, and white, respectively. Note: B-CD = ball and
stick, H,TCPP* = space filling. Carbon = grey, nitrogen = blue, oxygen = red and hydrogen = white.
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B-CD-H,TMAP* primary face B-CD-H,TMAP*secondary face

Figure 4.56: Energy minimised molecular models of H,TMAP*" alone and in a 1:1 complex with B-CD,
derived using the PM7 method on MOPAC software. The carbon, nitrogen, oxygen, and hydrogen
atoms are shown in grey, blue, red, and white, respectively. Note: -CD = ball and stick, H,TMAP** =
space filling. Carbon = grey, nitrogen = blue, oxygen = red and hydrogen = white.
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B-CD,-H,TMAP* anti, secondary—secondary 3-CD,-H,TMAP* syn, secondary— secondary

Figure 4.57: Energy minimised molecular models of 2:1 3-CD,-H,TMAP* complexes of various
conformations, derived using the PM7 method on MOPAC software. The carbon, nitrogen, oxygen,
and hydrogen atoms are shown in grey, blue, red, and white, respectively. Note: B-CD = ball and
stick, H, TMAP*" = space filling. Carbon = grey, nitrogen = blue, oxygen = red and hydrogen = white.
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H,TMPyP*

-CD-H,TMPyP* primary face B-CD-H,TMPyP* secondaryface

Figure 4.58: Energy minimised molecular models of H,TMPyP*" alone and in a 1:1 complex with [3-
CD, derived using the PM7 method on MOPAC software. The carbon, nitrogen, oxygen, and
hydrogen atoms are shown in grey, blue, red, and white, respectively. Note: 3-CD = ball and stick,
H,TMPyP* = space filling. Carbon = grey, nitrogen = blue, oxygen = red and hydrogen = white.
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B-CD,-H,TMPyP* anti, primary — primary B-CD,-H,TMPyP* syn, primary— primary

-CD,-H,TMPyP* anti, secondary—secondary  [-CD,-H,TMPyP* syn, secondary— secondary

Figure 4.59: Energy minimised molecular models of 2:1 3-CD,-H, TMPyP* complexes of various
conformations, derived using the PM7 method on MOPAC software. Note: 3-CD = ball and stick,
H,TMPyP** = space filling. Carbon = grey, nitrogen = blue, oxygen = red and hydrogen = white.
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CHAPTER 5

Investigation of Polymeric Hydrogels using
B-Cyclodextrin Oligomers and Adamantane-
and Alkyl-substituted Poly(acrylate)s
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5.1 Introduction to Polymeric Hydrogels
Polymeric hydrogels are 3D networks of polymers capable of entrapping large proportions of water.

The applications of polymeric hydrogels are numerous and include drug delivery and tissue
engineering.’” Polymeric hydrogels are typically composed of hydrophobe-substituted water-soluble
polymers. The formation of 3D networks occurs through the cross-linking of hydrophobic

substituents of the polymer by hydrophobic association or a cross-linking agent.

B-Cyclodextrin oligomers may act as cross-linking agents.®*? In solution, the B-CD oligomers may
form host-guest complexes with the hydrophobic substituents of adjacent polymer strands, giving
rise to a network and, at adequate concentrations, a hydrogel. The nature of the interaction
between the [B-CD oligomer and hydrophobic substituents of the polymer may dictate the
macroscopic properties of a hydrogel. Thus, understanding these interactions is fundamental to

designing hydrogel systems with predictable traits.

The use of B-CD dimers in the formation of polymeric hydrogels has previously been established.
Lincoln et al. designed polymeric networks based upon poly(acrylate)s (PAA) 3% randomly
substituted with adamantyl (AD) or alkyl groups.’*?! The PAA backbone is hydrophilic and readily
soluble in aqueous solution, allowing the dissolution of the normally hydrophobic AD and alkyl
substituents. Additionally, AD and the cavity of 3-CD share similar size and shape profiles, making
them suitable as host-guest counterparts. Therefore, the addition of 3-CD dimers into an aqueous
solution of AD- or alkyl-substituted PAAs forms a polymeric network from the complexation
between B-CD groups of the dimer and hydrophobic substituents on adjacent polymer strands. The
complexation is exemplified in Figure 5.1, using a urea-linked B-CD dimer as the cross-linking agent

and an AD-modified PAA as the polymer.

(0]
COy HNJLNH 0,C
A Wy
0,C o) o) o
co,

"0,C

Figure 5.1: Host-guest complexation between the -CD groups of a urea-linked [3-CD dimer and the
AD substituents of an AD-substituted PAA. The number of n subunits of the alkyl tether connecting
the AD substituent to the PAA backbone may be fine-tuned.
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Various stoichiometries and orientations typify the interactions between the [(-CD dimers and
hydrophobe-substituted PAAs, as shown in Figure 5.2. Cross-links may form due to the association of
hydrophobic substituents of PAA or the formation of 1:2 host:guest complexes. Additionally, the
cross-links that form may be between substituents on a single polymer strand (intra-strand cross-
links) or between substituents on adjacent polymer strands (inter-strand cross-links). Aside from

cross-links, monofunctional 1:1 host:guest complexes may also form.

The competition between these various interactions may be controlled by the solution
concentrations. Dilute solutions favour intra-strand cross-links, resulting in the formation of small
aggregates, while more concentrated solutions favour inter-strand cross-links, resulting in the
formation of expansive polymer networks. Additionally, the prevalence of monofunctional
complexes may be dictated by the length of the hydrophobe substituent, the structure of the 3-CD

oligomer and the host:guest ratio.

inter-strand crosslink

monofunctional
complex

m\

[-CD dimer

hydrophobic

hydrophobe-modified L.
association

polymer

Figure 5.2: Formation of a host-guest linked hydrogel from the interactions between hydrophobe-
modified polymers and B-CD dimers. The polymer is depicted by the solid curved lines and the
hydrophobes are depicted as green circles.

The effect of structural isomerisation on [B-CD complexation may be extended to polymeric
networks. The B-CD dimers described in Chapter 2 may be used as cross-linking agents in the
formation of polymeric hydrogels. The formation of polymeric networks using the two structural
isomers of azobenzene-linked B-CD dimers, E-p-B-CD,az and E/Z-m-B-CD,az, may yield a greater
understanding of the factors that influence the properties of polymeric hydrogels. Additionally, the
photoisomerisation properties of E-p-B-CD,az and E/Z-m-f-CD,az may be utilised to affect the

macroscopic properties of the hydrogel, such as the solution viscosity.?
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5.1.1 Aims of this study

The aim of this research is to investigate the interactions between four B-CD hosts and four
hydrophobe-substituted PAAs. The four 3-CD hosts are native 3-CD, 3-CDab, E-p-f-CD,az and E/Z-m-

[3-CD,az, as shown in Figure 5.3.

O e

N
H W\
E-p-B-CD,az

0
3 NH; N NH
N
HN
0

-CDab E/Z-m-BCD,az

B-CD

H
N

Figure 5.3: Structures of 3-CD, 3-CDab, E-p-B-CD,az and E/Z-m-3-CD,az. Note that only the E isomer
of E/Z-m-[3-CD,az has been shown.

The four hydrophobe-substituted PAAs will use AD and alkyl groups as the hydrophobic substituents.
Three AD-substituted PAAs and one alkyl-substitued PAA will be synthesised. The AD groups will be
attached to the PAA backbone through an ethyl (en), hexyl (hn) and dodecyl (ddn) tether to form 1-
(2-aminoethyl)-adamantane-1-carboxyamide  poly(acrylate)s  (PAAADen), 1-(6-aminohexyl)-
adamantane-1-carboxyamide poly(acrylate)s (PAAADhn) and 1-(12-aminododecyl)-adamantane-1-
carboxyamide poly(acrylate)s (PAAADddn), respectively. One alkyl-substituted PAA will be
synthesised using a dodecyl (C12) group to form dodecyl-substituted poly(acrylate)s (PAAC12). Each
substituted PAA will be synthesised with approximately 3% random substitution of the hydrophobe
onto the polymer backbone. The structures of PAAADen, PAAADhn, PAAADddn and PAAC12 are

shown in Figure 5.4.
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97 3

HAA;

COOH CONHR

R= NN PAAC12
H
NNSNNSASANNN O
H
oSN O PAAADddn
H
~ N0 PAAADhN

PAAADen

Figure 5.4: Structure of PAA 3% randomly substituted with AD- or alkyl-substituents.

The formation of a polymeric network from the interaction between the 3-CD hosts and substituted
PAAs, yielding 16 systems in total, will be investigated. The complexation properties will be
gualitatively characterised by 2D NMR spectroscopy and quantitatively studied using isothermal
titration calorimetry (ITC) to determine the complexation constants and thermodynamic
parameters. The macroscopic properties will then be investigated by rheological studies. The effect
of photoisomerisation of E-p-B-CD,az and E/Z-m-[3-CD,az will also be investigated by rheology. This
research will identify the effects of P-CD modification, structural isomerisation and
photoisomerisation on the complexation properties and bulk-material properties of polymeric

hydrogels.
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5.2 Results and Discussion

5.2.1 Synthesis of polymers
The synthesis of PAAADen, PAAADhn, PAAADddn and PAAC12 followed procedures outlined in the

literature,'>192324 beginning with the synthesis of the hydrophobic substituents. The ethyl-, hexyl-
and dodecyl-modified AD substituents were synthesised by the modification of 1-adamantane-
carboxylic acid (ADCA) with 4-nitrophenol to form 1-(4-nitrophenyloxylcarbonyl)adamantane
(ADnp). Each alkyl-modified AD substituent was then synthesised through modification of ADnp with
1,2-diaminoethane, 1,6-diaminohexane and 1,12-diaminododecane to form N-(2-aminoethyl)-
adamantane-1-carboxyamide (ADen), N-(2-aminohexyl)-adamantane-1-carboxyamide (ADhn), N-(2-
aminododecyl)-adamantane-1-carboxyamide (ADddn), respectively, as shown in Figure 5.5. 1,12-

diaminododecane (C12) was obtained commercially.

H
1,2-diaminoethane O NV\NHz
DMF
—>
NO,
ADen
N
COOH 05-© 1,6-diaminohexane O ~NN"NH,
DMF
_— (.
ADCA ADnp ADhn

H
1,12-diaminododecane  © N\/\/\/\/\/\/\NHz
DMF

ADddn

Figure 5.5: Synthesis of ethyl-, hexyl and dodecyl-modified AD.

The hydropobic substituents ADen, ADhn, ADddn and C12 were attached to the PAA backbone by
direct substitution to form PAAADen, PAAADhn, PAAADddn and PAAC12, respectively, as shown in
Figure 5.6. The desired degree of substitution was achieved by controlling the mole fraction of either
ADen, ADhn, ADddn or C12 added to each sodium acrylate unit of PAA. The degree of hydrophobe-
substitution onto the PAA backbone was determined by H NMR spectroscopy according to
literature methods®® by comparing the areas of integration of ADen, ADhn, ADddn or C12
resonances with PAA CH, resonances. The degrees of substitution for PAAADen, PAAADhn,
PAAADddn and PAAC12 were determinedtobe 2.0+ 0.2 %, 2.7 +0.3 %, 2.0+ 0.2 % and 1.8 + 0.2 %,

respectively. The complete experimental details are given in Chapter 7.
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Figure 5.6: Synthesis of a) AD-modified PAA, where n =1, 5, 11 correspond to PAAADen, PAAADInN
and PAAADddn, respectively, and b) PAAC12.

5.2.2 Complexation of PAAADen, PAAADhn, PAAADddn and PAAC12 by 3-CD,

-CDab, E-p-B-CD;az and E/Z-m-B-CD,az
The complexation of the hydrophobic substituents of PAAADen, PAAADhn, PAAADddn and PAAC12

by B-CD, B-CDab, E-p-B-CD-az, and E/Z-m-B-CD,az was studied qualitatively and quantitatively. 2D *H
NOESY NMR spectroscopy was used to determine the qualitative complexation behavior, while ITC
was used to quantitatively describe the complexation constants and thermodynamic parameters

which govern complexation.

5.2.2.1 Qualitative Investigation by 2D *H NOESY NMR Spectroscopy
The complexation of the hydrophobic substituents of PAAADen, PAAADhn, PAAADddn and PAAC12

by B-CD, B-CDab, E-p-B-CD,az, and E/Z-m-B-CD,az was determined by 2D 'H NOESY NMR
spectroscopy. Solutions of each host-polymer combination were prepared in D,O phosphate buffer
(pD 7.0, I = 0.10 mol dm?3) at 298.2 K. The 2D H NOESY NMR spectrum for all host-polymer

combinations are given in Figure 5.7 — Figure 5.22
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Figure 5.7: 2D *H NOESY NMR spectrum of 0.98 wt% PAAADen ([ADen] = 2.0 x 10 mol dm™) and B-
CD (3.0 x 10 mol dm™) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm?3) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of ADen. A possible structure showing a portion of PAAADen forming a 1:1 complex is
shown above.
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Figure 5.8: 2D *H NOESY NMR spectrum of 0.74 wt% PAAADhn ([ADhn] = 2.0 x 10 mol dm™) and B-
CD (3.0 x 10 mol dm™) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm?) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of ADhn. Possible structures showing a portion of PAAADhn forming 1:1 complexes are
shown above.
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Figure 5.9: 2D 'H NOESY NMR spectrum of 1.00 wt% PAAADddn ([ADddn] = 2.0 x 10 mol dm?) and
B-CD (3.0 x 10 mol dm?) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of ADddn. Possible structures showing a portion of PAAADddn forming 1:1 complexes are
shown above.
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Figure 5.10: 2D *H NOESY NMR spectrum of 1.07 wt% PAAC12 ([C12] = 2.0 x 10 mol dm™) and B-CD
(3.0 x 10 mol dm™) prepared in D,O phosphate buffer (pD 7.0, / = 0.10 mol dm?3) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of C12. A possible structure showing a portion of PAAC12 forming a 1:1 complex is shown
above.
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Figure 5.11: 2D *H NOESY NMR spectrum of 0.98 wt% PAAADen ([ADen] = 2.0 x 10 mol dm) and B-
CDab (3.0 x 10 mol dm?) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm=3) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of ADen. A possible structure showing a portion of PAAADen forming a 1:1 complex is
shown above. The abbreviation ‘ab’ refers to the aminophenyl substituent of 3-CDab.
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Figure 5.12: 2D 'H NOESY NMR spectrum of 0.74 wt% PAAADhn ([ADhn] = 2.0 x 10 mol dm?) and
B-CDab (3.0 x 10° mol dm®) prepared in D,O phosphate buffer (pD 7.0, / = 0.10 mol dm) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of ADhn. Possible structures showing a portion of PAAADhn forming 1:1 complexes are
shown above. The abbreviation ‘ab’ refers to the aminophenyl substituent of 3-CDab.
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Figure 5.13: 2D *H NOESY NMR spectrum of 1.00 wt% PAAADddn ([ADddn] = 2.0 x 10 mol dm™) and
B-CDab (3.0 x 102 mol dm) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of ADddn. Possible structures showing a portion of PAAADddn forming 1:1 complexes are
shown above. The abbreviation ‘ab’ refers to the aminophenyl substituent of 3-CDab.
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Figure 5.14: 2D *H NOESY NMR spectrum of 1.07 wt% PAAC12 ([C12] = 2.0 x 10 mol dm) and B-
CDab (3.0 x 10 mol dm3) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of C12. A possible structure showing a portion of PAAC12 forming a 1:1 complex is shown
above. The abbreviation ‘ab’ refers to the aminophenyl substituent of 3-CDab
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Figure 5.15: 2D *H NOESY NMR spectrum of 0.98 wt% PAAADen ([ADen] = 2.0 x 10 mol dm?) and E-
p-B-CDsaz (1.5 x 10 mol dm™) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at 298.2
K. Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD

with protons of ADen. A possible structure showing a portion of PAAADen and E-p-B-CD,az forming a
1:1 complex is shown above.
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Figure 5.16: 2D 'H NOESY NMR spectrum of 0.74 wt% PAAADhnN ([ADhn] = 2.0 x 10 mol dm) and E-
p-B-CDsaz (1.5 x 10 mol dm™) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm?) at 298.2
K. Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD
with protons of ADhn. Possible structures showing a portion of PAAADhn and E-p-B-CD,az forming
1:1 monotopic complexes are shown above.
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Figure 5.17: 2D *H NOESY NMR spectrum of 1.00 wt% PAAADddn ([ADddn] = 2.0 x 10 mol dm3) and
E-p-B-CDjaz (1.5 x 10 mol dm?) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™) at
298.2 K. Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of
B-CD with protons of ADddn. Possible structures showing a portion of PAAADddn forming 1:1
complexes are shown above.
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Figure 5.18: 2D *H NOESY NMR spectrum of 1.07 wt% PAAC12 ([C12] = 2.0 x 10 mol dm?) and E-p-
B-CDaz (1.5 x 10 mol dm™) prepared in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm) at 298.2 K.
Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of 3-CD with
protons of C12. Possible structures showing a portion of PAAC12 and E-p-B-CDaz forming 1:1
monotopic complexes are shown above.
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Figure 5.19: 2D 'H NOESY NMR spectrum of 0.98 wt% PAAADen ([ADen] = 2.0 x 10 mol dm?) and
E/Z-m-B-CD»az (1.5 x 10 mol dm™) prepared in D,0O phosphate buffer (pD 7.0, / = 0.10 mol dm?) at
298.2 K. Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of
[-CD with protons of ADen. A possible structure showing a portion of the PAAADen forming a 1:1
complex is shown above.

252



Chapter 5

0O
co,
hnN-CH, PAAH,
2o 0% ADH,
Az H1-H4 52 &g hn CH,

—
S
[y
2
[

w
>

3.6

B-CD _|
H2-H6 3.8

4.0

4.2

IIIIlIlllllIllllillllllllllJlll

4.4

lll)lllll]llll'll!ll IFIIIITIIIIII]IIIII!III

8 7 6 5 4 3 2 1

F2
(ppm)

Figure 5.20: 2D 'H NOESY NMR spectrum of 0.74 wt% PAAADhn ([ADhn] = 2.0 x 10 mol dm?) and
E/Z-m-B-CD»az (1.5 x 10 mol dm™) prepared in D,0O phosphate buffer (pD 7.0, / = 0.10 mol dm?) at

298.2 K. Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of

B-CD with protons of ADhn. Possible structures showing a portion of PAAADhn forming 1:1
complexes are shown above.
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Figure 5.21: 2D 'H NOESY NMR spectrum of 1.00 wt% PAAADddn ([ADddn] = 2.0 x 10 mol dm3) and
E/Z-m-B-CD»az (1.5 x 10 mol dm™) prepared in D,0O phosphate buffer (pD 7.0, / = 0.10 mol dm?) at
298.2 K. Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of
B-CD with protons of ADddn. Possible structures showing a portion of PAAADddn forming 1:1

complexes are shown above.

254



Chapter 5

F1
(ppm)

w
()

B-CD
H2-H6

&
I

IlIIIll[lIllll[llll[lllllll[[lll[lllll

RN LA RRRRE RRRE
8 7 6 5 4 3 2 1 0
F2
(ppm)

Figure 5.22: 2D *H NOESY NMR spectrum of 1.07 wt% PAAC12 ([C12] = 2.0 x 10 mol dm™) and E/Z-
m-B-CD,az (1.5 x 10 mol dm™) prepared in D,O phosphate buffer (pD 7.0, / = 0.10 mol dm™) at
298.2 K. Rectangle A highlights cross-peaks arising from NOE interactions of the annular protons of
[3-CD with protons of C12. Possible structures showing a portion of PAAC12 forming 1:1 complexes
are shown above.
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The 2D 'H NOESY NMR spectra of all the modified PAAs in all systems produces AD, alkyl and PAA
backbone resonances that are overlapped in the region ranging from 1.0 — 2.5 ppm. As the backbone
of PAA consists of charged carboxylate groups, they are not expected to form host-guest complexes
with B-CD hosts. Additionally, the modification of B-CD to form E-p-B-CD,az, E/Z-m-f3-CD,az and f3-
CDab causes the glucopyranose subunits to be chemically and magnetically inequivalent and hence,
the H2 — H6 resonances of 3-CD are broadened and overlapped. Despite the overlap in resonances,
cross-peaks arising between the H2 — H6 resonances of 3-CD and the resonances of the modified
PAAs are generally indicative of complexes arising between the AD and/or alkyl groups of the

modified PAAs and the 3-CD hosts.

The 2D 'H NOESY NMR spectra of all the systems studied show similar results. The spectra for the
complexation of PAAADen, PAAADhn, PAAADddn and PAAC12 by native 3-CD produced cross-peaks
between the AD and alkyl resonances of the modified PAAs and the H3, H5 and H6 resonances of 3-
CD, indicating complexation.® Similarly, cross-peaks are produced between the H2 — H6 resonances
of B-CD in either E-p-B-CD.az, E/Z-m-B-CD.az or B-CDab and the AD and alkyl resonances of
PAAADen, PAAADhn, PAAADddNn and PAAC12, indicating complexation.

In the systems involving PAAADen, PAAADhn and PAAADddn, we would expect the complexation to
dominantly favour the encapsulation of the AD substituent, rather than the alkyl tether, by the 3-CD
host. AD is known to form a strong complex with 3-CD, characterised by a 1:1 host-guest equilibrium

constant, K, of 1400 dm mol 2.7’

While the 2D *H NOESY NMR spectra confirm the complexation of the AD and alkyl groups of the
modified PAAs by the 3-CD hosts, the orientation and stoichiometry of these complexes are difficult
to interpret. In principle, 1:1 host-guest complexes are expected for B-CD and [(-CDab, while
additional 1:2 complexes are possible for E-p-B-CD,az and E/Z-m-B-CD.az. The 1:1 complexes
between the modified PAAs and the B-CD dimers may also be characterised by monotopic or ditopic
complexes, while 1:2 complexes may form intra-strand or inter-strand cross-links, depending on the
concentration of the solution. The possible complexation modes of 1:1 and 1:2 complexes are
shown in Figure 5.23, exemplified using PAAADddn as the polymer and E-p-B-CD,az as the host. In

order to confirm the stoichiometry of the complexes formed, ITC studies were performed.
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Figure 5.23: Host-guest complexes of various stoichiometries and orientations including a) 1:1 E-p-B3-
CDaz-ADddn cooperative complex through both the dodecyl and AD groups of PAAADddn, b) 1:1 E-
p-P-CD2az-ADddn non-cooperative complex through the dodecyl group of PAAADddn, c) 1:1 E-p-B-
CD,az-ADddn non-cooperative complex through the AD group of PAAADddn and d) 1:2 E-p-B-
CDaz:(ADddn),; non-cooperative complex through the AD groups of adjacent PAAADddn strands,
forming an intra- or inter-strand cross-link.
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5.2.2.2 Quantitative Investigation of Complexation by Isothermal Titration Calorimetry
The complexation constants and thermodynamic parameters for the complexation of the

hydrophobic-substitutients of PAAADen, PAAADhn, PAAADddn and PAAC12 by native 3-CD, B-CDab,
E-p-B-CDaz and E/Z-m-B-CD,az were determined by ITC. Calorimetry is the only method that can
directly measure the thermodynamic parameters of a system and is particularly useful in the
analysis of spectroscopically silent compounds. Therefore, ITC is a useful technique for the study of

AD- and alkyl-substituted PAAs.?%%

Isothermal titration calorimetry measures the heat change (measured as a temperature change)
upon the sequential titration of a solution containing a ligand into a solution containing a
receptor.?34 Under constant pressure, the heat evolution or consumption represents the change in
enthalpy, 4H, which is dependent upon the interaction between the ligand and receptor. Given that
this change is universal, the equilibrium constant, K, and stoichiometric ratio of ligand to receptor,
N, can also be derived from the heat changes. Equation 5.1 and Equation 5.2 can then be used to

determine AG°and 4S°.
AG° = —RTInK (5.1)
AG° = AH®° — TAS® (5.2)

Hence, given an appropriate ligand-receptor model, exemplified by Equation 5.3 for a 1:1
ligand-receptor complex, non-linear least squares fitting can be employed to extract K, N and the
thermodynamic parameters of complexation from a single titration experiment.

K11 (5.3)

ligand + receptor ——= ligand-receptor

An optimal ITC experiment results in an isotherm with a sigmoidal shape. However, the shape of the
isotherm is dependent upon the magnitude of the complexation constant and the concentration of
the receptor species. Therefore, the equilibrium constant and thermodynamic parameters may only
be extracted from the calorimetric data under certain concentration-dependent conditions. For this
reason, the dimensionless Wiseman parameter, ¢, has been used to quantify the validity of an ITC

experiment.? The cvalue is given by Equation 5.4,
¢ =nK[M] (5.4)

where n is the number of binding sites per receptor, M, and K is the equilibrium constant describing
the ligand-receptor equilibrium given in Equation 5.3. The ¢ value is an indicator of the shape of the

isotherm. Experiments resulting in ¢ values of 10 — 500 are considered optimal as they are correlated
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with isotherms that have a complete sigmoidal shape.®® In principle, the ¢ value may be moderated
by changing the concentration of the receptor. However, changing the concentration may introduce
further errors. For example, increasing or decreasing the concentration of the ligand or receptor

may result heat change profiles that are saturated or insufficiently noisy, respectively.

The experimental ITC isotherms for systems in this study describe the complexation equilibrium of
one host with one hydrophobic substituent, according to Equation 5.5,

K11
host + hydrophobe ———= host-hydrophobe (5.5)

where the host refers to either native B-CD, B-CDab, E-p-BCD.az or E/Z-m-BCD.az and the
hydrophobe refers to ADen, ADhn, ADddn or C12 of PAAADen, PAAADhn, PAAADddn and PAAC12,

respectively. The equation for the complexation constant, K11, is given by Equation 5.6.

K. — [host - hydrophobe] 6
17 [host][hydrophobe] (56)

In principle, a host may also form a complex with a second hydrophobic substituent. The equilibrium
expression for the 1:2 complexation of a second hydrophobe to an existing 1:1 host-hydrophobe

complex is given by Equation 5.7,

K12
host-hydrophobe + hydrophobe /——= host-hydrophobe, (5.7)

The equation for the second complexation constant, K1, is given by Equation 5.8,

[host - hydrophobe,] (5.8)
[host - hydrophobe][hydrophobe]

K, =

The K1, represents a step-wise addition of a second hydrophobic substituent to an existing 1:1
host:hydrophobe complex, rather than a concerted addition of two hydrophobic substituents. An
ITC experiment for a system with a step-wise K1, equilibrium is likely to yield a distinct heat-release
profile, distinguishable from the K11 equilibrium. Thus, the magnitude of the K1, may be determined.
However, by comparison, the heat release profile associated with the concerted addition of two
hydrophobic substituents to one host is likely to be similar to the heat release profile associated
with the K11 equilibrium. Thus, it would not be possible to quantitatively evaluate the magnitude of a
concerted K, equilibrium. This is further discussed in the context of individual isotherms in Section

5.2.2.2.1-5.2.2.2.4.
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The complexation of PAAADen, PAAADhn, PAAADddn and PAAC12 by native B-CD, B-CDab, E-p-B-
CDaz and E/Z-m--CD,az was determined by ITC in aqueous phosphate buffer (pH 7.0, / = 0.10 mol
dm) at 298.2 K, using a MicroCal VP isothermal titration calorimeter. Heat changes were measured
upon addition of 10 mm? aliquots of the B-CD host into a cell containing the hydrophobe-substituted
PAA. The aliquots of the B-CD host were titrated by a computer-controlled micro-syringe at 210 —
270 s intervals. The initial cell volume containing the hydrophobe-substituted PAA was 1.46 cm?3.
Concentration corrections for displaced volume effects which occur with each injection were

calculated by Origin 70 MicroCal protocol.3®

Heat changes resulting from the dilution of native B-CD, B-CDab and E/Z-m-BCD,az were found to be
insignificant. However, the heat of dilution of E-p-BCD.az represented at least 10% of the heat
change associated with complexation. Therefore, the heat of dilution of E-p-B-CD,az into aqueous
phosphate buffer solution (pH 7.0, / = 0.10 mol dm™3) was measured and subtracted from the heat
changes corresponding to all systems containing E-p-B-CD.az, following the Origin 70 MicroCal
protocol.** The heat of dilution of E-p-B-CD,az corresponds to the dissociation of E-p-B-CD,az
dimers, as described in Equation 5.9. The ITC isotherm for the dilution of E-p-B-CD,az into aqueous

phosphate buffer is given in Figure 5.24.

(E-p-B-CD,az), —= 2 E-p-B-CD,az (5.9)
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Figure 5.24: ITC isotherm for the dilution of E-p-BCD,az (2.0 x 10 mol dm™) in aqueous phosphate
buffer (pH 7.0, | = 0.10 mol dm=) at 298.2 K. The top section shows the raw ITC heat release profile
with time. The bottom sections shows the experimental heat released with each addition of E-p-
BCDsaz (squares) and the line of best-fit of an algorithm for the dissociation of a E-p-BCD,az dimer
(solid line), analogous to that shown in Equation 5.9.
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The appropriate equilibrium describing the complexation of the hydrophobic-substituents of
PAAADen, PAAADhn, PAAADddn and PAAC12 by native B-CD, 3-CDab, E-p-B-CD,az and E/Z-m-[3-
CDzaz was used to fit the experimental isotherms. The experimental data were best fit using the
Origin 7.0 MicroCal protocol to yield Ky, AHy,, TASy, and the stoichiometry of host to hydrophobe, N.
Each system was fitted to the appropriate host:guest model, based upon the shape of the isotherm

and the structure of the 3-CD host, as is now discussed.

5.2.2.2.1 ITC Study of the Complexation of PAAADen by -CD, -CDab, E-p-B-CD.az and
E/Z-m-B-CD,az
The heat change profile of an aqueous solution of PAAADen as an aqueous solution of either 3-CD,

[-CDab, E-p-B-CD;az or E/Z-m-B-CD,az is titrated into it at 298.2 K is consistent with complexation
occurring, as also evidenced by NMR spectroscopy. The isotherms for the (B-CD/PAAADen, [-
CDab/PAAADen, E-p-f-CD,az/PAAADen and E/Z-m-(3-CD.az/PAAADen systems are shown in Figure
5.25 a) — Figure 5.28 a), respectively. The heat release associated with the dissociation of E-p-p-
CD,az aggregates (Figure 5.24) was subtracted from the total heat release profile of the E-p-jB-
CD,az/PAAADen system (Figure 5.27 a)).

Each system produced a monophasic isotherm, suggesting the formation of a 1:1 complex. An
algorithm for the formation of 1:1 host:ADen complexes (Equation 5.5 and Equation 5.6) fitted the
isotherms well. The variation of the concentrations of the 1:1 B-CD-ADen, B-CDab-Aden, E-p-j3-
CD,az-Aden and E/Z-m-f-CD,az-ADen complexes are shown in Figure 5.25 b) — Figure 5.28 b),

respectively. The derived K11, AG°11, AH®11 and TAS®1; appear in Table 5.1.

As the E/Z-m--CD,az/PAAADen system consisted of a mixture of £ and Z isomers of m-B-CD.az, it
was anticipated that the isotherm may be biphasic, accounting for the formation of 1:1 E-m-p-
CD,az-ADen and Z-m-B-CD,az-ADen complexes. However, as the E/Z-m-f-CD,az/PAAADen system
produced a monophasic isotherm, E-m-B-CD;az and Z-m-B-CD,az are likely to have similar
complexation properties. Thus, the Ki1 for the E/Z-m-B-CD,az-ADen complex represents the
weighted average of the Ki1 corresponding to the E-m-B-CD,az-ADen and Z-m--CD,az-ADen
complexes. Similarly, the derived thermodynamic parameters represent the weighted average of the
thermodynamic parameters corresponding to 1:1 E-m-B-CD,az:ADen and Z-m-f-CD,az-ADen

complexes.
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Figure 5.25: ITC data for 0.34 wt% PAAADen ([ADen] = 7.0 x 10 mol dm™) with B-CD (7.3 x 10 mol
dm) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm3) at 298.2 K. a) The top section shows
the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of 3-CD (squares) and the best-fit of an algorithm for a 1:1 3-CD-ADen
complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot showing the
variation in the proportion of free and complexed ADen-substituent as [3-CD]/[ADen] increases.
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Figure 5.26: ITC data for 0.14 wt% PAAADen ([ADen] = 2.9 x 10“*mol dm™) with B-CDab (4.0 x 10*
mol dm) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm™) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of B-CDab (squares) and the best-fit of an algorithm for a 1:1 B-
CDab-ADen complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot showing
the variation in the proportion of free and complexed ADen-substituent as [(-CDab]/[ADen]
increases.
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Figure 5.27: ITC data for 0.12 wt% PAAADen ([ADen] = 2.5 x 10* mol dm™) with E-p-B-CD,az (2.0 x
10 mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm=3) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time, where i) is the E-p-B-CD,az dilution data and ii) is
the titration data. The bottom section shows the experimental heat released with each addition of
E-p-B-CD.az, subtracting the heat of dilution of E-p-B-CD.az (squares) and the best-fit of an
algorithm for a 1:1 E-p-B-CD,az-ADen complex (solid line), analogous to that shown in Equation 5.5.
b) Speciation plot showing the variation in the proportion of free and complexed ADen-substituent

as [E-p-B-CD,az]/[ADen] increases.
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Figure 5.28: ITC data for 0.16% wt% PAAADen ([ADen] = 3.3 x 10* mol dm3) with £/Z-m-B-CD,az (2.0
x 10 mol dm) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm?3) at 298.2 K. a) The top
section shows the raw ITC heat release profile with time. The bottom section shows the
experimental heat released with each addition of £E/Z-m-f-CD,az (squares) and the best-fit of an
algorithm for a 1:1 E/Z-m-[3-CD,az-ADen complex (solid line), analogous to that shown in Equation
5.5. b) Speciation plot showing the variation in the proportion of free and complexed ADen-
substituent as [E/Z-m-[B-CD.az] /[ADen] increases.
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5.2.2.2.2 ITC Study of the Complexation of PAAADhnN by -CD, B-CDab, E-p-pB-CD,az and
E/Z-m-B-CD,az
The heat change profile of an aqueous solution of PAAADhnN as an aqueous solution of either 3-CD,

[-CDab, E-p-B-CD;az or E/Z-m-B-CD,az is titrated into it at 298.2 K is consistent with complexation
occurring, as also evidenced by NMR spectroscopy. The isotherms for the [(-CD/PAAADhN, (-
CDab/PAAADhN, E-p-B-CD,az/PAAADhN and E/Z-m-B-CD,az/PAAADhN systems are shown in Figure
5.29 a) — Figure 5.32 a), respectively. The heat release associated with the dissociation of E-p-[3-
CD,az aggregates (Figure 5.24) was subtracted from the total heat release profile of the E-p-3-
CD,az/PAAADhN system (Figure 5.31 a)).

Each system produced a monophasic isotherm, suggesting the formation of a 1:1 complex. An
algorithm for the formation of 1:1 host-:ADhn complex (Equation 5.5 and Equation 5.6) fitted the
isotherms well. The variation of the concentrations of the 1:1 B-CD-ADhn, 3-CDab-ADhn, E-p-B-
CD,az-ADhn and E/Z-m-(-CD.az-ADhn complexes are shown in Figure 5.29 b) — Figure 5.32 b),
respectively. The derived K11, AG°11, AH®11 and TAS®1; appear in Table 5.1.

As the E/Z-m--CD,az/PAAADhN system consisted of a mixture of £ and Z isomers of m-B-CD.az, it
was anticipated that the isotherm may be biphasic, accounting for the formation of 1:1 E-m-f3-
CD,az-ADhn and Z-m-f3-CD,az-ADhn complexes. However, as the E/Z-m--CD,az/PAAADhn system
produced a monophasic isotherm, E-m-B-CD,az and Z-m-B-CD,az are likely to have similar
complexation properties. Thus, the Ki1 for the E/Z-m-B-CD.az-ADhn complex represents the
weighted average of the Ki1 corresponding to the E-m-B-CD,az-ADhn and Z-m-B-CD,az-ADhn
complexes. Similarly, the derived thermodynamic parameters represent the weighted average of the
thermodynamic parameters corresponding to 1:1 E-m-B-CD,az-ADhn and Z-m-f-CD,az-ADhn

complexes.
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Figure 5.29: ITC data for 0.33 wt% PAAADhAn ([ADhn] = 9.0 x 10* mol dm™) with B-CD (7.3 x 10 mol
dm) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm3) at 298.2 K. a) The top section shows
the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of B-CD (squares) and the best-fit of an algorithm for a 1:1 3-CD-ADhn
complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot showing the
variation in the proportion of free and complexed ADhn-substituent as [3-CD]/[ADhn] increases.
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Figure 5.30: ITC data for 0.13 wt% PAAADhAn ([ADhn] = 3.5 x 10* mol dm™) with B-CDab (4.0 x 103
mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm?3) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of B-CDab (squares) and the best-fit of an algorithm for a 1:1 B-
CDab-ADh complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot showing
the variation in the proportion of free and complexed ADhn-substituent as [$-CDab]/[ADhn]
increases.
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Figure 5.31: ITC data for 0.11 wt% PAAADhn ([ADhn] = 3.0 x 10* mol dm™) with E-p-B-CD,az (2.0 x
10 mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm=3) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time, where i) is the E-p--CDaz dilution data and ii) is
the titration data. The bottom section shows the experimental heat released with each addition E-p-
[-CD,az, subtracting the heat of dilution of E-p-f-CD,az (squares) and the best-fit of an algorithm for
1:1 E-p-B-CD,az-ADhn complex (solid line), analogous to that shown in Equation 5.5. b) Speciation
plot showing the variation in the proportion of free and complexed ADhn-substituent as [E-p-B-
CD,az]/[ADhn] increases.
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Figure 5.32: ITC data for 0.13 wt% PAAADhInN ([ADhn] = 3.5 x 10™* mol dm™) with £/Z-m-B-CD,az (2.0 x
102 mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm™3) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of £/Z-m-CD,az (squares) and the best-fit of an algorithm for a 1:1 E/Z-
m-B-CD,az-ADhn complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot
showing the variation in the proportion of free and complexed ADhn-substituent as [E/Z-m-[3-
CD,az]/[ADhn] increases.
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5.2.2.2.3 ITC Study of the Complexation of PAAADddn by -CD, B-CDab, E-p-B-CD;az and
E/Z-m-B-CD;az
The heat change profile of an aqueous solution of PAAADddn as an aqueous solution of either 3-CD,

[-CDab, E-p-B-CD.az or E/Z-m-B-CDaz is titrated into it at 298.2 K is consistent with complexation
occurring, as also evidenced by NMR spectroscopy. The isotherms for the [-CD/PAAADddn, [3-
CDab/PAAADddnN, E-p-B-CD,az/PAAADddn and E/Z-m-B-CD.az/PAAADddn systems are shown in
Figure 5.33 a) — Figure 5.36 a), respectively. The heat release associated with the dissociation of E-p-
[3-CD,az aggregates (Figure 5.24) was subtracted from the heat release profile of the E-p-B-
CD,az/PAAADddnN system (Figure 5.35 a)).

The B-CD/PAAADddNn and B-CDab/PAAADddN systems produced monophasic isotherms, suggesting
the formation of 1:1 complexes. An algorithm for the formation of 1:1 host-ADddn complexes
(Equation 5.5 and Equation 5.6) fitted the isotherms well. The variation of the concentrations of the
1:1 B-CD-ADddn and B-CDab-ADddn complexes are shown in Figure 5.33 b) and Figure 5.34 b),
respectively. The derived K11, AG°11, AH®11 and TAS1; appear in Table 5.1.

The E-p-B-CD,az/PAAADddn system produced an isotherm which was not clearly monophasic. An
algorithm for the formation of a 1:1 E-p-B-CD,az-ADddn complex (Equation 5.5 and Equation 5.6)
unsatisfactorily fitted the data, as shown in Figure 5.57 a) in 5.5 Appendix. Therefore, an algorithm
for the sequential formation of 1:1 E-p-B-CD;az-ADddn and 1:2 E-p-B-CD,az-(ADddn), complexes
(Equation 5.5 — Equation 5.8) was fitted to the isotherm. The fitting was satisfactory, as shown in
Figure 5.35 a). The variation of the concentrations of the 1:1 E-p-3-CD,az-ADddn and 1:2 E-p-B-
CDaz:(ADddn),; complexes are shown in Figure 5.35 b). The derived Ki1, K12, AG°11, AG°12, AH®11,
AH®15, TAS®11 and TAS®1; appear in Table 5.1.

The E/Z-m-B-CD,az/PAAADddn system produced a biphasic isotherm, suggesting the formation of
two complexes. The two complexes are unlikely to be 1:1 E-m--CD,az-ADen and Z-m-[3-CD,az-ADen
complexes as the E/Z-m-B-CD,az/PAAADen and E/Z-m-B-CD,az/PAAADIN systems indicated similar
complexation properties for both E-m-f-CD,az and Z-m-B-CD,az. Thus, the biphasic isotherm of the

E/Z-m-B-CD,az/PAAADddn system represents the formation of 1:1 and 1:2 complexes.
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An algorithm for the sequential formation of 1:1 E/Z-m-B-CD,az-ADddn and 1:2 E/Z-m-f3-
CDaz:(ADddn), complexes (Equation 5.5 — Equation 5.8) fitted the isotherm well. The variation of
the concentrations of the 1:1 E/Z-m-B-CD,az-ADddn and 1:2 E/Z-m-B-CD,az:(ADddn), complexes are
shown in Figure 5.36 b). The derived Ki1, K12, AG°11, AG°12, AH®11, AH®12, TAS®11 and TAS®1; appear in
Table 5.1. The Ki; for the E/Z-m-p-CD,az-ADddn complex represents the weighted average of the K1,
corresponding to the E-m-f3-CD,az-ADddn and Z-m-[3-CD,az-ADddn complexes, while the K1, for the
E/Z-m-B-CD,az-(ADddn), complex represents the weighted average of the Ki, corresponding to the
E-m-B-CD,az:(ADddn); and Z-m--CD,az-(ADddn), complexes. Similarly, the derived thermodynamic
parameters represent a weighted average of the thermodynamic parameters of the analogous 1:1

and 1:2 complexes.
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Figure 5.33: ITC data for 0.35 wt% PAAADddn ([ADddn] = 6.9 x 10 mol dm?) with B-CD (7.3 x 103
mol dm) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of B-CD (squares) and the best-fit of an algorithm for a 1:1 3-CD-ADddn
complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot showing the
variation in the proportion of free and complexed ADddn-substituent as [3-CD]/[ADddn] increases.
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Figure 5.34: ITC data for 0.17 wt% PAAADddn ([ADddn] = 3.0 x 10 mol dm™) with B-CDab (4.0 x 10*
mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm?3) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of B-CDab (squares) and the best-fit of an algorithm for a 1:1 B-
CDab-ADddn complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot
showing the variation in the proportion of free and complexed ADddn-substituent as [f-
CDab]/[ADddn] increases.
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Figure 5.35: ITC data for 0.14 wt% PAAADddn ([ADddn] = 2.7 x 10* mol dm) with E-p-B-CD,az (2.0 x
10 mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm=3) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time, where i) is the E-p-3-CDaz dilution data and ii) is
the titration data. The bottom section shows the experimental heat released with each addition of
E-p-B-CDjaz, subtracting the heat of dilution of E-p-B-CD;az (squares) and the best-fit of an
algorithm for 1:1 E-p--CD,az-ADddn and 1:2 E-p-3-CD,az-(ADddn), complexes (solid line), analogous
to that shown in Equation 5.5 and Equation 5.7, respectively. b) Speciation plot showing the
variation in the proportion of free and complexed ADddn-substituent as [E-p-f3-CD,az]/[ADddn]
increases.
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Figure 5.36: ITC data for 0.18 wt% PAAADddn ([ADddn] = 3.5 x 10*mol dm™) with E/Z-m-B-CD,az
(2.0 x 10 mol dm3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm=3) at 298.2 K. a) The top
section shows the raw ITC heat release profile with time. The bottom section shows the
experimental heat released with each addition of E/Z-m-f-CD,az (squares) and the best-fit of an
algorithm for 1:1 E/Z-m-B-CD,az-ADddn and 1:2 E/Z-m-B-CD.az:(ADddn), complexes (solid line),
analogous to that shown in Equation 5.5 and Equation 5.7, respectively. b) Speciation plot showing
the variation in the proportion of free and complexed ADddn-substituent as [E/Z-m-B3-
CD;az]/[ADddn]increases.
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5.2.2.2.4 ITC Study of the Complexation of PAAC12 by (3-CD, B-CDab, E-p-B-CD;az and
E/Z-m-B-CD;az
The heat change profile of an aqueous solution of PAAC12 as an aqueous solution of either B-CD, B-

CDab, E-p-B-CD,az or E/Z-m-B-CD,az is titrated into it at 298.2 K is consistent with complexation
occurring, as also evidenced by NMR spectroscopy. The isotherms for the [B-CD/PAAC12, [3-
CDab/PAAC12, E-p--CD,az/PAAC12 and E/Z-m-B-CD,az/PAAC12 systems are shown in Figure 5.37 a)
— Figure 5.40 a), respectively. The heat release associated with the dissociation of E-p-B-CD.az
aggregates (Figure 5.24) was subtracted from the heat release profile of the E-p-B-CD,az/PAAC12
system (Figure 5.39 a)).

The B-CD/PAAC12 and B-CDab/PAAC12 systems produced monophasic isotherms, suggesting the
formation of a 1:1 complex. An algorithm for the formation of 1:1 host-C12 complexes (Equation 5.5
and Equation 5.6) fitted the isotherms well. The variation of the concentrations of the 1:1 3-CD-C12
and -CDab-C12 complexes are shown in Figure 5.37 b) — Figure 5.38 b), respectively. The derived
K11, AG°11, AH®11 and TAS°11 appear in Table 5.1.

The E-p-B-CD,az/PAAC12 system produced a biphasic isotherm, suggesting the formation of two
complexes. An algorithm for the sequential formation of 1:1 E-p-B-CD,az-C12 and 1:2 E-p-B-
CD;az:(C12), complexes (Equation 5.5 — Equation 5.8) fitted the isotherm well. The variation of the
concentrations of the 1:1 E-p-$-CD,az-C12 and 1:2 E-p-B-CD,az-(C12), complexes are shown in Figure
5.39 b). The derived K11, K12, AG°11, AG®12, AH®11, AH®12, TAS®11 and TAS®1; appear in Table 5.1.

The E/Z-m-B-CD,az/PAAC12 system produced a biphasic isotherm, suggesting the formation of two
complexes. The two complexes are unlikely to be 1:1 E-m-B-CD,az:C12 and Z-m-B-CD,az-C12
complexes as the E/Z-m-B-CD.az/PAAADen and E/Z-m-B-CD,az/PAAADhN systems indicated similar
complexation properties for both E-m--CD,az and Z-m-B-CD,az. Thus, the biphasic isotherm of the

E/Z-m-[3-CD,az/PAAC12 system is likely to represent the formation of 1:1 and 1:2 complexes.

An algorithm for the sequential formation of 1:1 E/Z-m-B-CD,az-:C12 and 1:2 E/Z-m-[3-CD,az:(C12),
complexes (Equation 5.5 — Equation 5.8) fitted the isotherm well. The variation of the
concentrations of the 1:1 E/Z-m-[3-CD,az-C12 and 1:2 E/Z-m-[3-CD,az-(C12), complexes are shown in
Figure 5.40 b). The derived Ki1, K12, AG°11, AG°12, AH®11, AH®13, TAS®11 and TAS®1; appear in Table 5.1.
The Ki1 for the E/Z-m-B-CD;az:C12 complex represents the weighted average of the Kii
corresponding to the E-m-f3-CD,az-C12 and Z-m-f3-CD,az-C12 complexes, while the K1, for the E/Z-m-
[-CD,az:(C12), complex represents the weighted average of the K1, corresponding to the E-m-B3-
CD,az:(C12); and Z-m-B-CD,az:(C12), complexes. Similarly, the derived thermodynamic parameters

represent the weighted average of the analogous 1:1 and 1:2 complexes.
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Figure 5.37: ITC data for 0.31 wt% PAAC12 ([C12] = 5.8 x 10“*mol dm™) with B-CD (9.0 x 10 mol
dm) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm3) at 298.2 K. a) The top section shows
the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of B-CD (squares) and the best-fit of an algorithm for a 1:1 3-CD-C12
complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot showing the
variation in the proportion of free and complexed C12-substituent as [(3-CD]/[C12] increases.
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Figure 5.38: ITC data for 0.13 wt% PAAC12 ([C12] = 2.3 x 10*mol dm™) with B-CDab (4.0 x 10 mol
dm) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm™) at 298.2 K. b) The top section shows
the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of B-CDab (squares) and the best-fit of an algorithm for a 1:1 B-
CDab-C12 complex (solid line), analogous to that shown in Equation 5.5. b) Speciation plot showing
the variation in the proportion of free and complexed C12-substituent as [3-CDab]/[C12] increases.
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Figure 5.39: ITC data for 0.13 wt% PAAC12 ([C12] = 2.3 x 10* mol dm™) with E-p-B-CD,az (2.0 x 10*
mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm?3) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time, where i) is the E-p-B-CD,az dilution data and ii) is
the titration data. The bottom section shows the experimental heat released with each addition of
E-p-B-CDjaz, subtracting the heat of dilution of E-p-B-CD,az (squares) and the best-fit of an
algorithm for 1:1 E-p-B-CD,az:C12 and 1:2 E-p-B-CDaz-(C12), complexes (solid line), analogous to
that shown in Equation 5.5 and Equation 5.7, respectively. b) Speciation plot showing the variation
in proportion of free and complexed C12-substituent as [E-p--CD,az]/[C12] increases.
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Figure 5.40: ITC data for 0.16 wt% PAAC12 ([C12] = 3.0 x 10 mol dm™) with £/Z-m-B-CD,az (2.0 x 10°
3 mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm) at 298.2 K. a) The top section
shows the raw ITC heat release profile with time. The bottom section shows the experimental heat
released with each addition of £/Z m-BCD,az (squares) and the best-fit of an algorithm for 1:1 £/Z-m-
B-CD,az:C12 and 1:2 E/Z-m-f-CD,az:(C12), complexes (solid line), analogous to that shown in
Equation 5.5 and Equation 5.7, respectively. b) Speciation plot showing the variation in the
proportion of free and complexed C12-substituent as [E/Z-m--CD,az]/[C12] increases.
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5.2.2.2.5 Summary of Complexation Constants and Thermodynamic Parameters
A summary of the complexation constants and thermodynamic parameters for the complexation of

PAAADen, PAAADhN, PAAADddn and PAAC12 by (-CD, B-CDab, E-p-B-CD.az and E/Z-m-B-CD,az are
given in Table 5.1. The N value for the biphasic systems has been excluded as two complexation
processes are occurring, corresponding to K11 and Ki;. Thus, there is an overlap of heat release

profiles and the N value cannot be simply interpreted.

Table 5.1: Complexation constants and thermodynamic parameters for the complexation between
the hydrophobic-substitutients of PAAADen, PAAADhn, PAAADddn and PAAC12 by B-CD, 3-CDab, E-
p-B-CDsaz and E/Z-m-B-CD,az in aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm™) at 298.2 K as

derived from ITC measurements.

10* Ky, AG®° AH®? TAS*
System (dm mo};'l) (kJ moyl'l) (kJ movl'l) (kJ mor'l) N

B-CD/PAAADen Ki; | 1.55+0.08 | -23.9+0.1 | -25.4+0.3 | -1.50+0.03 | 0.73+0.01
B-CDab/PAAADen Kiz | 4.06+0.16 | -26.3+0.1 | -27.7+0.3 | -1.42+0.02 | 0.93+0.01
E-p-B-CD,az/PAAADen  Ki1 | 6.27+0.16 | -27.4+0.1 | -41.1+0.2 | -13.8+0.10 | 0.77 +0.01
E/Z-m-B-CD;az/PAAADen Ki; | 13.6+1.0 | -29.3+0.2 | -59.1+0.7 | -28.7+0.5 | 0.41+0.01
B-CD/PAAADhN K| 2.04+0.10 | -24.6+0.1 | -23.1+0.2 | 1.48+0.02 | 0.74+0.01
B-CDab/PAAADNN Ki1 | 5.58+0.23 | -27.1+0.1 | -26.5+0.2 | 0.59+0.01 | 0.84+0.01
E-p-B-CD,az/PAAADhn  Ki1 | 18.2+06 | -30.0+0.1 | -41.1+0.2 | -11.1+0.1 | 0.62+0.01
E/Z-m-B-CD;az/PAAADhn  Ki; | 27.0+2.0 | -31.0+0.2 | -50.9+0.5 | -19.9+0.3 | 0.42+0.01
B-CD/PAAADddN K| 0.95+0.04 | -22.7+0.1 | -24.7+0.3 | -1.97+0.04 | 0.71+0.01
B-CDab/PAAADddN Ki1 | 1.51+0.05 | -23.9+0.1 | -32.0+0.5 | -8.13+0.05 | 0.73+0.01

E-p-B-CD;az K| 442+47 | -322+03 | -41.6+1.1 | -9.44+0.32 -

/PAAADddn Ki2 | 5.09+0.21 |-26.9+0.1 | -17.8+1.2 | 9.09+0.63 -

E/Z-m-B-CDaz K| 408+174 | -37.7+1.1 | -85.1+46.8 | -47.4+27.5 -

/PAAADddn Ki | 55.0+22.1 | -32.8+1.1 | -40.1+2.0 | -7.25+0.60 -
B-CD/PAAC12 K| 1.04+0.05 | -22.9+0.1 | -20.7+0.3 | 2.19+0.05 | 0.99+0.01
B-CDab/PAAC12 Ki1 | 0.873+0.036 | -22.5+0.1 | -23.9+0.6 | -1.40+0.04 | 0.99 +0.01

E-p-P-CDsaz/PAACI2 K| 75.7+31.7 | -33.6+1.1 |-50.5+13.1 | -16.9+5.0 -

K| 7.1%0.7 -27.7+03 | -23.0+1.2 | 4.65+0.29 -

E/2-m-B-CDyaz/PAACL2 K11 196 +1 -359+14 | -64.4+84 | -285+4.38 -

K| 10.6+1.0 | -28.7+0.2 | -40.3+1.2 | -11.7+0.6 -

2Errors given as fitting errors from ITC fitting program. PErrors calculated using the errors in Ky, and

the equation AGy, = - RTInK,,. °Errors are the sum of the relative errors in AG and 4H. The errors are
rounded up to the last significant figure. The errors do not take into account experimental estimated
to be < 5% for Kiz.and £ 10% for Kai.

The reliability of the derived complexation constants and thermodynamic parameters was assessed
by considering the c value for each system. The ¢ values for monophasic isotherms were calculated
using Equation 5.4. While c values are a useful measure for monophasic isothermes, it is not suitable

for biphasic systems as there are overlapping heat release profiles. Thus, ¢ values were not
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calculated for the E-p-B-CD,az/PAAADddn, E/Z-m-B-CD,az/PAAADddn, E-p-B-CD.az/PAAC12 and

E/Z-m-B-CD,az/PAAC12 systems. The calculated c values appear in Table 5.2.

Table 5.2: The c value derived for the 1:1 complexation between the hydrophobic-substitutients of
PAAADen, PAAADhn, PAAADddn and PAAC12 by B-CD, B-CDab, E-p-B-CD.az and E/Z-m-B-CD,az in
aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm™) at 298.2 K as derived from ITC measurements.
The c values for the E-p-B-CD,az/PAAADddn, E/Z-m-B-CD.az/PAAADddn, E-p-B-CD,az/PAAC12 and
E/Z-m-B-CD,az/PAAC12 systems have been omitted as the associated isotherms are biphasic.

System cvalue
B-CD/PAAADen 10.9
B-CDab/PAAADen 11.8
E-p-B-CD,az/PAAADen 15.7
E/Z-m-B-CD,az/PAAADen 44.9
B-CD/PAAADAN 18.4
[3-CDab/PAAADhN 19.5
E-p-B-CD2az/PAAADhAN 54.6
E/Z-m-B-CD,az/PAAADhN 94.5
[3-CD/PAAADddnN 6.55
[3-CDab/PAAADddn 5.13
E-p-B-CD2az/PAAADddN -
E/Z-m--CD,az/PAAADddn -
[3-CD/PAAC12 6.03
[-CDab/PAAC12 2.01
E-p-B-CDyaz/PAAC12 -
E/Z-m-[3-CD,az/PAAC12 -

An ITC experiment that has a ¢ value between 10 — 500 is generally considered to produce reliable
complexation constants and thermodynamic parameters, while experiments with ¢ values < 10 are
more likely to generate erroneous results.3> A ¢ value of <10 generally corresponds to an isotherm

with an incomplete sigmoidal curve.

However, low affinity systems characterised by low ¢ values may be accurately studied given known
concentrations of species, known stoichiometries, a low noise level and a sufficient portion of the
isotherm is used for fitting. Therefore, a system characterised by a low ¢ value may be considered

valid at the discretion of the experimenter.3®

All systems comprising PAAADen (Figure 5.25 — Figure 5.28) and PAAADhnN (Figure 5.29 — Figure 5.32)
had ¢ values within the range of 10.9 — 94.5. Only the B-CD/PAAADddn (Figure 5.33), B-
CDab/PAAADddn (Figure 5.34), B-CD/PAAC12 (Figure 5.37) and [(-CDab/PAAC12 (Figure 5.38)

systems produced c values < 10. However, in these cases, the concentrations of the hydrophobic
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substituents and B-CD compounds were well known, the level of noise was low and the complete
isotherm was used for fitting. The equilibrium was also well known as both -CD and -CDab are
only capable of complexing a single AD moiety or alkyl tether of the modified PAA. Therefore,

despite the low c values, the results derived for these low affinity system are considered reliable.

As ¢ values may not be used to assess the reliability of biphasic isotherms, the overall shape of the
isotherms must be taken into account. The biphasic isotherms of the E-p-$-CD,az/PAAADddn (Figure
5.35), E/Z-m-B-CD,az/PAAADddn (Figure 5.36), E-p-B-CD,az/PAAC12 (Figure 5.39) and E/Z-m-f3-
CD,az/PAAC12 (Figure 5.40) systems correspond to two equilibria (Equation 5.5 — 5.8). However,
complete sigmoidal curves for both equilibria were not observed in any biphasic system. Thus, the
complexation constants and thermodynamic parameters derived are subject to significant errors.
Significant fitting errors were observed for the £/Z-m-f-CD,az/PAAADddn and E-p-B-CD,az/PAAC12

systems.

The error in the K11 and Ki, for the E/Z-m-B-CD,az/PAAADddn system is 42.6% and 40.2%,
respectively, while the error in the K11 for the E-p-B-CD,az/PAAC12 system is 41.8%. Thus, while the
K11 and Ki, equilibria of the E/Z-m-f-CD,az/PAAADddn and E-p-B-CD,az/PAAC12 systems are likely
to exist, the magnitude of the equilibrium constants is unreliable. The thermodynamic parameters

derived from these systems are also erroneous, with errors ranging from 29.6% to 55.0%.

The high errors are likely to arise from the smaller number of data points characterising the K11 and
K12 equilibria in biphasic isotherms by comparison with monophasic isotherms. In principle, the
fitting error may be reduced by increasing the number of experimental data points. However,
increasing the number of data points to improve the resolution of the sigmoidal isotherm requires a
decrease in the titrant volume. This would cause a decrease in the heat change of the system, thus
increasing the level of noise.3> This may be compensated by increasing the concentration of both the
modified PAA and the 3-CD host. However, the concentrations of PAAADddn and PAAC12 in the E/Z-
m-B-CD,az/PAAADddn and E-p-B-CD,az/PAAC12 systems, respectively, were deliberately low to
discourage the formation of inter-strand cross-links. Thus, increasing the concentration of either
PAAADddn and PAAC12 would encourage polymeric network formation and incur further

inaccuracies as to the type of complexation mode being either intra-strand or inter-strand.
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While the complexation constants and thermodynamic parameters for the E/Z-m-[3-
CD,az/PAAADddn and E-p--CD,az/PAAC12 systems produced significant errors, the biphasic
isotherms that characterised both systems (Figure 5.36 and Figure 5.39, respectively) indicate the
presence of both 1:1 and 1:2 complexes. Thus, while it may not be appropriate to compare the
magnitude of the complexation constants and thermodynamic parameters of these systems, the

prevalence of K11 and K1, equilibria can be discussed, albeit carefully.

5.2.2.2.6 Complexation of PAAADen by 3-CD, B-CDab, E-p-B-CD:az and E/Z-m-f3-CD,az
The complexation of PAAADen by 3-CD and [3-CDab produced monophasic isotherms (Figure 5.25

and Figure 5.26, respectively) and therefore, 1:1 complexes are expected to dominate in solution.
This corresponds to the structure of the hosts as both 3-CD and B-CDab may only complex a single
AD moiety. The likely equilibrium characterising the formation of the 3-CD-ADen and [3-CDab-ADen

complexes are shown in Figure 5.41.

COQ' Coz- R
“0,C R K "0,C
o H 11 2 o 9y
H/\/N + —_— N/\/N
02C o "0,C H o)
COQ' Coz-

anan

Figure 5.41: Equilibrium characterising the 1:1 complexation of PAAADen by 3-CD and 3-CDab. The R
group refers to the hydroxy and aminophenyl substituents of 3-CD and [3-CDab, respectively.

As a dominant 1:1 complex is expected for both 3-CD/PAAADen and -CDab/PAAADen systems, the
expected N value is 1. However, the N values of the 3-CD-ADen and -CDab-ADen complexes are
0.73 and 0.93, respectively. The deviation from unity may be due to the unfavourable steric
interactions between the complexed B-CD and the polymer backbone.***> Additionally, there may
be some competition from the hydrophobic association between AD groups of adjacent polymer
strands. However, given the dilute concentrations used, hydrophobic association is unlikely to be a
significant factor. As the N value of the [-CDab-ADen complex is closer to 1 than the 3-CD-ADen
complex, the effect of the unfavourable steric interactions between the host and polymer backbone
is diminished by the aminophenyl substituent of 3-CDab. The strength of the unfavourable steric
interaction between the host and polymer backbone may be overcome by favourable hydrogen-
bonding interactions between the carboxylate group of PAAADen and the amino group on the

aminophenyl substituent of 3-CDab.
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The effect of the aminophenyl substituent of B-CDab is also reflected in the Ki; value of the [3-
CDab-ADen complex, which is 2.6 times larger than the Ki; for the 3-CD-ADen complex, indicating
some extra stability, possibly from hydrogen-bonding interactions between the amino group of [3-
CDab and the carboxylate groups of the polymer backbone. However, the AH11 and TAS:; of the two
complexes are similar and therefore, the thermodynamic controls of the system are largely

independent of the aminophenyl substituent of 3-CDab.

By contrast to the two -CD monomers, the complexation of PAAADen by E-p-BCD,az and E/Z-m-
[BCD.az is expected to result in both 1:1 and 1:2 complexes forming. Each 3-CD dimer possess two [3-
CD groups, thus enabling the formation of 1:2 host-guest complexes. Under the relatively dilute
conditions used in the ITC experiments, the 1:2 host-guest complexes would form intra-strand cross-

links.3”

A dominant 1:2 complex would expectedly produce a biphasic isotherm, however, both the E-p-3-
CD,az/PAAADen and E/Z-m-B-CD,az/PAAADen systems are monophasic (Figure 5.27 and Figure 5.28,
respectively), suggesting a dominant 1:1 complex. However, the K11 of the E-p-B-CD,az:PAAADen
and E/Z-m--CD,az-ADen complexes are four and nine times greater than the K11 of the 3-CD-ADen
complex and therefore, additional 1:2 complexes are likely. This is also supported by the

thermodynamic parameters.

The AH11 of the E-p-B-CD,az-ADen and E/Z-m-B-CD,az-ADen complexes are -41.1 kJ mol™ and -59.1 kJ
mol™, respectively, substantially more negative than the AHi; of the B-CD-ADen complex, which is
-25.4 kJ mol™. The TAS:; of the E-p-B-CD,az-ADen and E/Z-m-B-CD,az-ADen complexes are -13.8 kJ
mol™® and -28.7 kJ mol?, which is substantially more negative than the TAS:; of the B-CD-ADen
complex, which is -1.50 kJ mol™. The difference suggests that the E-p-B-CD,az/PAAADen and E/Z-m-
[-CD.az/PAAADen systems comprise additional 1:2 intra-strand cross-links. Therefore, the
monophasic isotherms of the E-p-f-CD,az/PAAADen and E/Z-m-[3-CD,az/PAAADen systems indicate
that the first and second equilibria exhibit identical or similar heat profiles and complexation modes.
Thus, the monophasic isotherm can be characterised by an initial complexation of one AD
substituent of PAAADen by one B-CD group of either E-p-f-CD,az or E/Z-m-[3-CD,az, followed by the
rapid and sequential complexation of a second AD substituent by the second B-CD group of the
dimer to yield a single K, analogous to the complexation between a multi-dentate ligand and a metal
ion.”> The likely equilibria characterising the formation of 1:1 and 1:2 complexes of the E-p-

[BCD,az/PAAADen and E/Z-m-BCD,az/PAAADen systems are shown in Figure 5.42.
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Figure 5.42: Equilibria characterising the 1:1 and 1:2 complexation of PAAADen by E-p-3-CD,az and
E-m-B-CD,az. The complexation by Z-m-[3-CD.az is expected to occur similarly.

The effect of structural isomerisation on the complexation properties may be determined by
comparing the N, Ki1, AH11 and TAS:: between the E-p-B-CD;az-ADen and E/Z-m-f3-CD,az-ADen
complexes. The K11 of the E/Z-m-B-CD,az-ADen complex is twice that of the E-p-B-CD,az-ADen

complex. The AH11 and TAS11 of the E/Z-m-B-CD,az-ADen complex are also more negative than the E-
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p-B-CDaz-ADen complex, while the N value of the E/Z-m-[3-CD,az-ADen complex is closer to 0.5

Thus, E/Z-m-[3-CD,az forms stronger 1:2 intra-strand cross-links than E-p-f3-CDaz.

Given that E/Z-m-[3-CD,az consists of both the E and Z isomers and the K1 is a weighted average of
both isomers, the stronger 1:2 intra-strand cross-links may be due to either the effect of structural
isomerisation or photoisomerisation. However, as the complexation of PAAADen by E/Z-m-[3-CD-az
produced a monophasic isotherm, it is reasonable to suggest that E-m-B-CD.;az and Z-m-B-CD,az
have similar complexation properties corresponding to similar K11 values. Therefore, the difference
in K11 and thermodynamic parameters between the E/Z-m-B-CD,az-ADen and E-p-f-CD,az-ADen
complexes are likely due to the effect of structural isomerisation. The shorter azobenzene-linker of
E/Z-m-B-CD,az may reduce the flexibility of the 1:2 intra-strand cross-link, corresponding to a more

stable complex.

The differences between the magnitude of the Ki; of the E/Z-m-f3-CD,az-ADen complex and K11 of
the E-p-B-CD,az-ADen complex may also be due to the effect of B-CD dimer aggregation. During the
ITC experiment, it was noted that the titration of E-p-B-CD,az into the solution containing PAAADen
produced some heat output, which correlated to the presence of E-p-B-CD,az aggregates. It is
possible that this extra competing interaction may diminish the strength of a E-p-B-CD,az-ADen

complex. The aggregation of £/Z-m-[3-CD,az was not observed during this experiment.

5.2.2.2.7 Complexation of PAAADN by (3-CD, 3-CDab, E-p-B-CD,az and E/Z-m-B-CD,az
The complexation of PAAADhn by B-CD and B-CDab produced monophasic isotherms (Figure 5.29

and Figure 5.30, respectively). The N and K11 values for the B-CD-ADhn and [-CDab-ADhn complexes
are similar to their analogous PAAADen complexes and therefore, both are characterised by a
dominant 1:1 monotopic complex. Due to the N values of the B-CD-ADhn and [(3-CDab-ADhn
complexes being less than 1, there are some unfavourable steric interactions between the polymeric

backbone and complexed B-CD.***

The length of the tether appears to be suitably long to facilitate the complexation of 3-CD through
both the AD and alkyl groups of PAAADhn. However, the thermodynamic parameters indicate that
complexation via the AD group of PAAADhnN is dominant. The A4H1; value of the 3-CD-ADhn and [3-
CDab-ADhn complexes are similar to their analogous PAAADen systems. As complexation may only
occur through the AD groups of PAAADen, the similar AH;;1 values indicate similar complexation
modes. The likely equilibria characterising the formation of the B-CD-ADhn and [-CDab-ADhn

complexes are shown in Figure 5.43.
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Figure 5.43: Equilibrium characterising the 1:1 complexation of PAAADhn by B-CD and 3-CDab. The R
group refers to the hydroxy and aminophenyl substituents of 3-CD and [3-CDab, respectively.

The complexation of PAAADhnN by E-p-B-CD;az and E/Z-m-B-CD,az produced monophasic isotherms
(Figure 5.31 and Figure 5.32, respectively), similar to the analogous PAAADen systems. The N values
for the E-p-B-CD.az/ADhn and E/Z-m-B-CD,az/ADhn systems are 0.62 and 0.42, respectively and
therefore, both 1:1 and 1:2 complexes exist in solution. As both isotherms are monophasic, the 1:1
and 1:2 complexes have similar complexation modes. The complexation process can therefore be
characterised by the initial complexation of one AD substituent of one 3-CD group of either E-p-p-
CD;az or E/Z-m-B-CD;az, followed by the rapid and sequential complexation of a second AD

substituent on an adjacent polymer strand by the second 3-CD group of the dimer.

As with the B-CD-ADhn and (-CDab-ADhn complexes, the 1:1 E/Z-m-B-CD,az-ADhn and E-p-B3-
CD,az-ADhn complexes are dominated by interactions between the -CD hosts and the AD group of
PAAADhN, although complexation through the alkyl group may be possible. This is supported by the
thermodynamic parameters which shows that the 4H1; of the E-p-B-CD,az-ADhn complex is identical
to the E-p-B-CD,az-ADen complex, while the AH1; of the E/Z-m-f3-CD,az-ADhn is only slightly more
positive than the AH11 for the E/Z-m-B-CD,az:ADen complex. The likely equilibria characterising the

complexation of PAAADhIN by E-p-B-CD;az and E/Z-m-3-CD,az is given in Figure 5.44.
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Figure 5.44: Equilibria characterising the 1:1 and 1:2 complexation of PAAADhn by E-p-B-CD,az and
E-m-B-CDjaz. The B-CD dimers may form a) 1:1 complex through the AD group, b) 1:1 complex
through the alkyl group, c) 1:2 cross-link between the AD groups on adjacent polymer strands and d)
1:2 cross-link between the AD and alkyl groups of adjacent polymer strands. The complexation by Z-
m-B-CD,az is expected to occur similarly.
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The Ki1 of the E-p-B-CD.az-ADhn and E/Z-m-B-CD,az-ADhn complexes are nine and thirteen times
greater than the Ki1 for the 3-CD-ADhn complex. The length of the tether of PAAADhn is too short to
facilitate cooperative complexation and therefore, the increase in Ki; is due to the enhanced
probability of collision from having two 3-CD groups within a dimer, as well as the formation of 1:2
cross-links. The longer tether length of PAAADhn may also reduce steric interaction between the
complexed B-CD and the polymeric backbone, further increasing the strength of the complex. This is
reflected in the TA4S;: in all PAAADhn systems, which are more positive than their analogous

PAAADen systems.

The Ki1 of the E/Z-m-3-CD,az-ADhn complex is greater than the Ki1 of the E-p-B-CD,az-ADhn, similar
to the analogous PAAADen systems. The difference is due to the effect of structural isomerisation.
The E/Z-m-B-CD,az/PAAADhn and E-p-B-CD,az/PAAADhn systems comprise additional 1:2 intra-
strand cross-links. The shorter azobenzene-linker of E/Z-m-3-CD,az reduces the flexibility of the 1:2

complex, increasing the complex stability.

5.2.2.2.8 Complexation of PAAADddn by 3-CD, 3-CDab, E-p-B-CD,az and E/Z-m-B-CD,az
The isotherms for the complexation of PAAADddn by native B-CD and [-CDab are monophasic

(Figure 5.33 and Figure 5.34, respectively), indicating a dominant 1:1 complex, similar to the
analogous PAAADen and PAAADhn systems. Due to the long length of the dodecyl tether of
PAAADddn, the 3-CD hosts may complex through the AD or alkyl groups. However, the similarity in
the AH11 of the B-CD-ADddn and 3-CDab-ADddn complexes and their analogous PAAADen complexes
indicates that complexation through the AD groups are favoured. The likely equilibria characterising

the complexation of PAAADddn by 3-CD and 3-CDab is given in Figure 5.45.

The Ki1 values for the B-CD-ADddn and -CDab-ADddn complexes are similar and therefore, the
aminophenyl substituent of -CDab does not significantly alter the strength of the complex.
However, the thermodynamic parameters differ. The TAS1; of the B-CDab-ADddn complex is more
than four times negative than the TAS:; of the B-CD-ADddn complex. It is probable that there are
some unfavourable steric interactions occurring between the uncomplexed alkyl tether and the

aminophenyl substituent of the complexed 3-CDab.
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Figure 5.45: Equilibrium characterising the 1:1 complexation of PAAADddn by [3-CD and 3-CDab. The
R group refers to the hydroxy and aminophenyl substituents of B-CD and B-CDab, respectively.

The complexation of PAAADddn by E-p-B-CD.az and E/Z-m-[3-CD.az are in stark contrast to the
analogous PAAADen and PAAADhn systems. Both E-p-B-CD,az/PAAADddn and E/Z-m-B-
CD,az/PAAADddnN systems produced biphasic isotherms (Figure 5.35 and Figure 5.36, respectively),
yielding distinct K11 and Ki, values corresponding to Equation 5.5 and Equation 5.7, respectively.
During the experiment, the first sigmoidal change in the heat release profile corresponds to the Ki;
equilibrium as the host:AD ratio is low. As the host:AD ratio increases, the prevalence of the Ki1

equilibrium increases.3®

The appearance of a biphasic isotherm suggests that the first and second complexation equilibria
exhibit very different complexation modes and heat release profiles. The longer dodecyl tether of
PAAADddn facilitates the cooperative complexation of both the AD and alkyl groups of PAAADddn
by both B-CD groups of either E-p-3-CD,az or E/Z-m-3-CD,az. The K1, equilibrium would therefore be
substantially different, as each B-CD group non-cooperatively complexes AD substituents on
adjacent polymer strands.?* The likely equilibria characterising the complexation of PAAADdn by E-p-

-CD,az and E/Z-m-[3-CD,az are given in Figure 5.46.

293



Chapter 5

- @
“0,C
z O H porm
AN INH
N
oo T8 ¢

Coy
: porm porm
- o N\ K1
W
Cozm [
"0,C
o)
H
N
0,C H | o
a
coy cor
2
0,C o
N
0,C H
€Oz NH
07 NH N
/
nan © N /
COz porm
0,C o . b)
N/\/\/\/\/\/\/N
0,C. H le] porm
2 NH
co, 0 o A 0
" N NH
porm
ann - PAAADddn Kip
co
2 + PAAADddN
“0,C
Q H
N N
- H orm
02C n=11 o NH P wans

o n=11

Coy
"0,C ( § ( )
N
) H porm
0y

0,C

0,C n=11 o NH N o
c o /, 0,C.
N NH COy
waan O
porm
N
e) coy
-0,C
HN 6]

294

PRe v
1 ‘0,C
N NH co-
whn ,
porm § 1%
d) N
I H

COy

Figure 5.46: Equilibria characterising the 1:1 and 1:2 complexation of PAAADddn by E-p-B-CD,az and
E-m-B-CD,az. The B-CD dimers may form either a) 1:1 cooperative complex, b)
complex through the alkyl group, c) 1:1 non-cooperative complex through the AD group, d) 1:2
cross-link between AD groups on adjacent polymer strands and e) 1:2 cross-link
alkyl groups of adjacent polymer strands. The complexation by Z-m-B-CD,az is expected to occur

1:1 non-cooperative

between the AD and



Chapter 5

The formation of a 1:1 complex characterised by cooperative complexation is supported by the
magnitude of Ki1. The E-p-B-CD.az:ADddn and E/Z-m-[-CD,az-ADddn complexes have derived K1
values that are 46 and 430 times larger than the Ki; for the 3-CD-ADddn complex, respectively.
While the K11 of the E/Z-m-B-CD.az:ADddn complex has a 42% error, cooperative complexation is
still expected due to the long dodecyl tether of PAAADddn. The thermodynamic parameters also
support the formation of cooperative complexes, with both the AHi; and TAS:: of the E-p-f3-
CDyaz-ADddn and E/Z-m-BCD,az-ADddn complexes being substantially more negative than the AH1;
and TASy; for the B-CD-ADddn complex. It must be reiterated that the analysis of the E/Z-m-B-
CD;az-ADddn complex is tentative as the ITC analysis produced high errors for the Ki; and
thermodynamic parameters of this system. Given the large error in the Ki; of the E/Z-m-B-
CD,az-ADddn complex, it is not possible to compare the relative stability of the E-p-$-CD,az-ADddn
and E/Z-m-f3-CD,az-ADddn complexes.

The K1, values of the E-p--CD,az:(ADddn), and E/Z-m-[3-CD,az-(ADddn), complexes are significantly
less than their K11 values, which reflects the non-cooperative nature of the 1:2 complexes. This is
also reflected in the thermodynamic terms, which show a more positive TAS:1; and AH1; values, by
comparison with the positive TAS11 and AH11, respectively. The Ki, of the E/Z-m-$-CD,az-(ADddn),
complex has a 40% error and thus, analysis is tentative. However, we may expect that the shorter
azobenzene length that connects the two 3-CD groups of £/Z-m-B-CD,az reduces the flexibility of the
1:2 intra-strand cross-link. Thus, the K1, of the E/Z-m-B-CD,az:(ADddn), complex is expected to be

greater than the Ki, of the E-p-B-CD,az-(ADddn), complex.

5.2.2.2.9 Complexation of PAAC12 by 3-CD, 3-CDab, E-p-B-CD,az and E/Z-m-3-CD,az
The isotherms for the complexation of PAAC12 by native 3-CD, B-CDab, E-p-B-CD,az and E/Z-m-[3-

CD;az are similar to the analogous PAAADddn systems. The (-CD/PAAC12 and [B-CDab/PAAC12
systems yield monophasic isotherms (Figure 5.37 and Figure 5.38, respectively) characterised by N
values of 0.99, indicative of a dominant 1:1 complex in solution. As the N value is close to the
optimum value of 1, there are only minor competing interactions. Nguyen et al. previously reported
that the dodecyl tethers of PAAC12 systems do not significantly aggregate.>® The likely equilibria

characterising the complexation of PAAC12 by 3-CD and B-CDab is given in Figure 5.47.
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Figure 5.47: Equilibrium characterising the 1:1 complexation of PAAC12 by 3-CD and [-CDab. The R
group refers to the hydroxy and aminophenyl substituents of 3-CD and [3-CDab, respectively.

There is very little difference between the K11 of the 3-CD-C12 and -CDab-C12 complexes. However,
the TAS:1 of the B-CD-C12 complex is positive, while the TAS:; of the B-CDab-C12 complex is
negative. It is probable that the aminophenyl substituent may interact with a portion of the

uncomplexed C12 substituent, corresponding to a decrease in entropy.

Similar to the PAAADddn systems, the E-p-B-CD,az/PAAC12 and E/Z-m-B-CD,az/PAAC12 systems
yield biphasic isotherms (Figure 5.39 and Figure 5.40, respectively). This suggests that both 1:1 and
1:2 complexes exist in equilibrium, exhibiting very different complexation modes. The 1:1 complexes
likely exhibit cooperative complexation of two sites of the long dodecyl tether of PAAC12, while the
1:2 complexes are characterised by non-cooperative intra-strand cross-links. The likely equilibria
characterising the complexation of PAAC12 by E-p-f-CD;az and E/Z-m-[3-CD;az are given in Figure
5.48.
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E/m-B-CD,az. The B-CD dimers may form a) 1:1 cooperative complex, b) 1:1 monotopic complex and
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CD;az is expected to occur similarly.
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The K11 of E-p-B-CD;az-C12 and E/Z-m-B-CD,az:C12 complexes are 72 and 188 times greater than the
K11 of the 3-CD-C12 complex, indicative of cooperative complexation. The Ki: of the E-p-B-CD,az-C12
has a 42% error, and thus, the analysis is only tentative. However, cooperative complexation is
expected given the relatively long dodecyl substituent of PAAC12. Cooperative complexation is also

reflected in the more negative AH1; and TASy;: values by comparison with the 3-CD-C12 complex.

The Ki> of the E-p-B-CD,az:(C12), and E/Z-m-B-CD,az:(C12), complexes are significantly less than the
analogous Ki1, due to the non-cooperative complexation of two adjacent C12 groups by two 3-CD
groups of the dimers. The non-cooperative nature of the 1:2 complex may also explain the increase
in both AH:; and TAS:;. The transition from cooperative complex to non-cooperative complex
reintroduces flexibility to the C12 substituent, thereby increasing TAS1, while the disruption of a

cooperative complex increases the AH1;.

The Ki, of the E/Z-m-B-CD,az:(C12), complex is slightly greater than the K1, of the E-p-f-CD,az:(C12),
complex. The enhanced stability of the E/Z-m-B-CD,az:(C12), may arise due to the shorter
azobenzene length of E/Z-m-B-CD,az. The shorter length would reduce the flexibility of an intra-

strand cross-link, thus increasing the stability of the complex.

5.2.2.2.10 Enthalpy-entropy linear relationship
The change in enthalpy and entropy between each host-polymer system was characterised using the

enthalpy-entropy linear relationship, given in Equation 5.10,

TASll = (XAHll + TASll,O (510)

where a (the slope) quantifies the extent of entropic compensation caused by modifications to the
host or guest and TA4S11, (the intercept) represents the inherent complex stability (4G11) when AH11
= 0. The o value can further be described in terms of AGii, given in Equation 5.11, which describes
the extent to which A4H;1 is compensated by AA4S1; in terms of the a value to contribute to the
overall 4Gii. It should be noted that Equation 5.10 and Equation 5.11 do not represent a necessary

relationship, but is one observed for a variety of equilibria involving CDs.
AG = (1 — a)AAH4 (5.11)

The enthalpy-entropy linear relationship for the complexation of PAAADen, PAAADhn, PAAADddn
and PAAC12 by -CD, B-CDab, E-p-B-CD,az and E/Z-m-B-CD,az is given in Figure 5.49. The entropy
and enthalpy of complexation for the systems in this study were also compared against literature

40-42

values, as shown in Figure 5.50.
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Figure 5.49: Linear relationship between AH1: and TAS1; for the 1:1 complexation of of PAAADen,
PAAADhn, PAAADddn and PAAC12 by B-CD, B-CDab, E-p-B-CD,az and E/Z-m-B-CD,az in aqueous
phosphate buffer (pH 7.0 and / = 0.10 mol dm) at 298.2 K (R? = 0.949). The icons represent the
experimental data and the solid lines represent the best fit of Equation 5.10 to the thermodynamic
parameters, derived using the Graphpad Prism protocol.” The R? value refers to the fit of Equation
5.10 to the data.
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Figure 5.50: Linear relationship between AHi1 and TAS:; for the 1:1 complexation of various guests
by native and modified 3-CDs at 298 K obtained from the literature, along with the systems in this
study.?0*2

The enthalpy-entropy linear relationship for the -CD compounds in this study generated a TASy
value of 23.0 kJ mol?, indicating entropic stabilisation in the absence of any enthalpic change. This
may arise from the expulsion of water molecules from the B-CD cavity upon complexation.*® The o
value of 0.80 indicates that approximately 80% of the AAH11 is compensated by the AA4S;1. This value
is identical to the a value for host-guest systems characterised by B-CD alone.*® Therefore, most of
the thermodynamic parameters that govern the complexation of the modified PAAs by the [3-CD
compounds may be explained by the properties of B-CD itself, rather than modifications to B-CD, or

experimental differences.'°

The polymer does not appear to significantly influence the complexation thermodynamics. We may
have expected the freedom of motion of the polymeric backbone to be restricted upon
complexation of the hydrophobic moieties by the B-CD cavity, especially upon the formation of
intra-strand crosslinks. However, the polymers have a low percentage substitution of the
hydrophobic groups and thus, the backbone is flexible enough to allow for freedom of motion upon

complexation.
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5.2.3 Macroscopic properties studies
The macroscopic properties of solutions containing of PAAADen, PAAADhn, PAAADddn and PAAC12

alone and with B-CD, B-CDab, E-p-B-CD.az and E/Z-m-B-CD,az were studied by rheology to
determine the solution viscosity. The high concentration solutions required for rheological
measurements favour the formation of 3D polymeric networks, which occur due to the inter-strand

cross-linking of polymer strands.

5.2.3.1 Rheological Studies
The viscosities of solutions containing PAAADen, PAAADhn, PAAADddn and PAAC12 alone and with

native 3-CD, E-p-B-CD.az, E/Z-m-[3-CD,;az and 3-CDab were studied by rheology. The rheologicaly
determined visocities provide insight into the extent to which inter-strand cross-linking occurs
between AD- or alkyl-substituted PAA strands in the presence of B-CD hosts. Therefore, the
viscosities of 5.3 wt% solutions of PAAADen, PAAADhn, PAAADddn and PAAC12 alone and in the
presence of 3-CD, E-p-B-CD,az, E/Z-m-B-CD,az and 3-CDab were determined over a shear-rate range

to give extrapolated zero-shear viscosities.

The viscosities were measured using a Physica MCR 501 (Anton Par GmbH) stress-controlled
rheometer with a 25 mm cone and plate geometry, using a Peltier plate temperature controller set
to 298.2 £ 0.1 K. Measurements were performed using 5.3 wt% solution of PAAADen ([ADen] =
0.010 mol dm3), PAAADhN ([ADhn] = 0.014 mol dm), PAAADddn ([ADddn] = 0.011 mol dm?3) and
PAAC12 ([C12] = 0.010 mol dm™) alone and with native B-CD (0.016 mol dm), E-p-B-CD,az (0.007
mol dm), E/Z-m-B-CDaz (0.007 mol dm=3) and B-CDab (0.014 mol dm?3) in 0.10 mol dm™ aqueous
NaCl solution, adjusted to pH 7.0 using 0.10 mol dm™ aqueous NaOH solution. Solutions containing
E-p-BCDaz and E/Z-m-BCD.az were also irradiated at 300 — 355 nm for 12 hours prior to
experimentation to determine the influence of photoisomerisation on the rheological properties.
The rheological experiments were performed by Wang Meng Xue at East China University of Science

and Technology, under the supervision of Professor Xuhong Guo.

The variation in the viscosities of each solution with shear rates for PAAADen, PAAADhn, PAAADddnN
and PAAC12 alone and in combination with B-CD, E-p-B-CD.az, E/Z-m-B-CD.az and B-CDab are
shown in Figure 5.51 — Figure 5.54. The zero-shear viscosities of each solution (in the absence of
irradiation), corresponding to the viscosities extrapolated from those observed at the lowest shear
rates, are given in Figure 5.55. The extrapolated zero-shear viscosities of irradiated solutions are
compared against the parent solutions in Figure 5.56. The values for the extrapolated zero-shear

viscosities for all systems are given in Table 5.3.
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Figure 5.51: Viscosity variations with shear rate of 5.3 wt% PAAADen ([ADen] = 0.010 mol dm3)
alone and with B-CD (0.016 mol dm), E-p-B-CD,az (0.007 mol dm), £/Z-m-B-CD,az (0.007 mol dm)
and B-CDab (0.014 mol dm™) in 0.10 mol dm™ aqueous NaCl solution (pH = 7.0) at 298.2 K. Solutions
containing E-p-f-CD,az and E/Z-m-[3-CD,az were also irradiated at 300 — 355 nm for 12 hours prior to
experimentation.
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Figure 5.52: Viscosity variations with shear rate of 5.3 wt% PAAADhn ([ADhn] = 0.014 mol dm?)
alone and with B-CD (0.016 mol dm), E-p-B-CD,az (0.007 mol dm), E/Z-m-B-CD,az (0.007 mol dm)
and B-CDab (0.014 mol dm™) in 0.10 mol dm™ aqueous NaCl solution (pH = 7.0) at 298.2 K. Solutions
containing E-p-B-CD.az and E/Z-m-[3-CD,az were also irradiated at 300 — 355 nm for 12 hours prior to
experimentation.
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Figure 5.53: Viscosity variations with shear rate of 5.3 wt% PAAADddn ([ADddn] = 0.011 mol dm?3)
alone and with B-CD (0.016 mol dm), E-p-B-CD,az (0.007 mol dm), £/Z-m-B-CD,az (0.007 mol dm)
and B-CDab (0.014 mol dm™) in 0.10 mol dm™ aqueous NaCl solution (pH = 7.0) at 298.2 K. Solutions
containing E-p-f-CD,az and E/Z-m-[3-CD,az were also irradiated at 300 — 355 nm for 12 hours prior to
experimentation.
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Figure 5.54: Viscosity variations with shear rate of 5.3 wt% PAAC12 ([C12] = 0.010 mol dm?) alone
and with B-CD (0.016 mol dm?), E-p-B-CD,az (0.007 mol dm3), E/Z-m-B-CD,az (0.007 mol dm=) and
B-CDab (0.014 mol dm™) in 0.10 mol dm™ aqueous NaCl solution (pH = 7.0) at 298.2 K. Solutions
containing E-p-B-CD.az and E/Z-m-[3-CD,az were also irradiated at 300 — 355 nm for 12 hours prior to
experimentation.

303



Chapter 5

1 -
—— alone
—— B-CD
E-p-B-CD,az
- 01 - —e— E/Z-m-B-CD,az
S ] —o— [-CDab
=
(%]
o
a
] ” E W
0.001 T T .
PAAADen PAAADhN PAAADddn PAAC12

Figure 5.55: Variations of zero-shear viscosities of 5.3 wt% PAAADen ([ADen] = 0.010 mol dm?3),
PAAADhON ([ADhn] = 0.014 mol dm3), PAAADddn ([ADddn] = 0.011 mol dm3) and PAAC12 ([C12] =
0.010 mol dm3) alone and with B-CD (0.016 mol dm), E-p-B-CDaz (0.007 mol dm), E/Z-m-B-CD,az
(0.007 mol dm) and B-CDab (0.014 mol dm™) in 0.10 mol dm™ aqueous NaCl solution (pH = 7.0) at
298.2 K.
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Figure 5.56: Variations of zero-shear viscosities of 5.3 wt% PAAADen ([ADen] = 0.010 mol dm?3),
PAAADhAN ([ADhn] = 0.014 mol dm3), PAAADddn ([ADddn] = 0.011 mol dm=3) and PAAC12 ([C12] =
0.010 mol dm3) and with E-p-B-CD,az (0.007 mol dm=) and E£/Z-m-B-CD,az (0.007 mol dm?) in 0.10
mol dm™ aqueous NaCl solution (pH = 7.0) at 298.2 K, before and after irradiation at 300 — 355 nm.
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Table 5.3: Zero-shear viscosities (x 102 Pa s) of 5.3 wt% PAAADen ([ADen] = 0.010 mol dm3),
PAAADhN ([ADhn] = 0.014 mol dm3), PAAADddn ([ADddn] = 0.011 mol dm™) and PAAC12 ([C12] =
0.010 mol dm™) alone and with E-p-B-CDaz (0.007 mol dm3) and E/Z-m-B-CD,az (0.007 mol dm™) in
0.10 mol dm™ aqueous NaCl solution (pH = 7.0) at 298.2 K. The zero-shear viscosities of solutions
containing E-p-B-CD,az or E/Z-m--CD,az were also measured following irradiation at 300 — 355 nm.

The experimental error associated with the measurements is estimated to be 5%.

Host Polymer | o \AADen | PAAADhNn | PAAADAdn | PAACI2
alone 4.08+0.02 | 4674023 | 4004020 | 563+0.28
B-CD 133+0.7 | 413+0.21 | 4.03+0.20 | 7.56+0.38
B-CDab 3.3240.16 | 420+0.21 | 3.66+0.18 | 6.21+0.31
E-p-B-CDzaz 56.842.8 | 248+12 | 228+11 | 10.7+0.54
E-p-B-CD;az UV 163+8 | 30.4+15 | 17.8+09 | 12.1+0.61
E/Z-m-B-CD;az 11046 142+7 | 945+047 | 308+15
E/Z-m-B-CD;azUV | 178+9 216411 | 7.04+035 | 44.9+2.2

The zero shear viscosities range from 3.32 x 103 Pa s for a solution of 5.3 wt% of PAAADen in the
presence of 3-CDab to 0.216 Pa s for 5.3 wt% of PAAADhn in the presence of E/Z-m-B-CD,az and
irradiated at 300 — 355 nm, a 67-fold range. The solution viscosities are influenced by the
competition between 1:1 monofunctional complexes, 1:2 intra-strand cross-links and 1:2 inter-
strand cross-links. The solution viscosities derived from rheology may be compared with the
complexation constants from the ITC studies to investigate the influence of molecular scale
properties of the solutions on the bulk material properties. However, as the solutions used for
rheology are relatively concentrated (5.3 wt%) by comparison with the solutions used for ITC studies
(0.12 — 0.35 wt%), there will be greater competition between the 1:2 intra- and inter-strand cross-
links. The variation in solution viscosities with shear rate is first discussed, followed by the variation

in zero-shear viscosities of non-irradiated and irradiated solutions.

5.2.3.1.1 Variation in the solution viscosities with shear-rate
There is little variation in the solution viscosities with shear-rate of the modified PAAs alone and

with the addition of native (-CD, B-CDab, E-p-B-CD.az or E/Z-m-B-CD.az. However, the E/Z-m-§3-
CD,az/PAAADddnN system (Figure 5.53) showed some shear thinning. An increase in the shear-rate
corresponds to an extension of the polymer strands. Correspondingly, the cooperative complexation
of the AD substituent and dodecyl tether of PAAADddn by both B-CD groups of E/Z-m-[3-CD,az may
be favoured with increased shear-rate. Thus, a decrease in the proportion of inter-strand cross-links
is observed, along with a decrease in the solution viscosity. This scenario may not occur for the E-p-
[-CD.az/PAAADddnN system as the length of the azobenzene linker of E-p-B-CD,az is longer and may

diminish strength of the cooperative complex.
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5.2.3.1.2 Variation in the zero-shear viscosities
The addition of either -CD or 3-CDab to solutions of the modified PAAs did not significantly change

the solution viscosities. It was expected that the addition of 3-CD or -CDab would cause a decrease
in the solution viscosity as a result of the disruption of hydrophobic association between AD or alkyl
substituents of PAAADen, PAAADhn, PAAADddn and PAAC12. Thus, the lack of solution viscosity
change indicates that the AD and alkyl substituents of the modified PAAs do not exhibit significant

hydrophobic association.

The addition of either E-p-B-CD,az or E/Z-m-B-CD,az to solutions of the modified PAAs resulted in an
increase in solution viscosities. The solution viscosities range from 1.07 x 102 Pa s for the E-p-B-
CD,az/PAAC12 system to 0.142 Pa s for the E/Z-m-B-CD,az/PAAADhn. The increase in solution
viscosities correspond to the formation of 1:2 inter-strand complexes. Generally, solutions
containing E/Z-m-f3-CD.az produced larger viscosities than solutions with E-p--CD,az (Figure 5.56).
The larger viscosities of the E/Z-m-B-CD,az solutions may be a result of the shorter azobenzene

linker, which would reduce the flexibility of the 1:2 inter-strand cross-links.

The relative solution viscosities of the modified PAAs with either E-p-B-CD.az or E/Z-m-B-CDaz
generally correlated with the relative magnitudes in Ki; observed for the complexes in dilute
solutions (from ITC studies), with the exception of PAAADddn systems. The K11 of the E/Z-m-[3-
CD,az-ADen, E/Z-m-B-CD,az-ADhn, and E/Z-m-[-CD,az-C12 complexes are 2.2, 1.5 and 2.6 times
larger than the analogous Ki1 of the E-p-f3-CD,az complexes. The zero-shear viscosities of the £/Z-m-
[-CD.az/PAAADen, E/Z-m-B3-CD,az/PAAADhn and E/Z-m-B-CD,az/PAAC12 systems are 1.9, 5.7 and
2.9 times larger than the analogous systems involving E-p-B-CD.az. Therefore, the stereochemical
factors that control the molecular-scale complexation properties influence the macroscopic
rheological properties to a similar extent. However, given the differences in solution concentration
in the ITC studies (0.12 — 0.35 wt%) by comparison with the rheological studies (5.3 wt%), some

additional stereochemical factors must be considered.

The ITC studies revealed that E-p-B-CD.az has a tendency to aggregate in solution, which, in
solutions containing modified PAAs, would compete with the formation of 1:1 and 1:2 complexes.
This competition would be greater in the more concentrated solutions used for rheology. Thus,
solutions containing the modified PAAs and E-p-B-CD,az would have a decreased proportion of 1:2

cross-links by comparison with solutions containing E/Z-m-B-CD-az, resulting in a lower viscosity.

The trends in solution viscosity do not hold for the PAAADddn systems. The Ki1 of the E/Z-m-f3-

CD,az-ADddn complex is 9.2 times greater than the K11 for the E-p-B-CD,az:ADddn complex. Thus we

would expect that the viscosity of the £E/Z-m--CD,az/PAAADddn solution to be greater than the E-p-
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[-CD.az/PAAADddnN solution. However, the viscosity of the E-p-B-CD,az/PAAADddn solution is 2.4
times greater than the E/Z-m-f3-CD,az/PAAADddn solution. This may be explained by the balance
between the 1:1 and 1:2 complexes. The large Ki: of the E/Z-m-[-CD,az:PAAADddn complex is
characterised by cooperative complexation of the AD and alkyl substituents of PAAADddn. The high
stability of this 1:1 cooperative complex may disfavor the formation of 1:2 complexes, thus reducing
the number of inter-strand cross-links, correlating to a lower than expected solution viscosity. It
must be reiterated that this analysis is tentative, due to the high errors associated with the ITC data

for the £/Z-m-[3-CD,az/PAAADddn system.

5.2.3.1.3 \Variation in zero-shear viscosities of irradiated solutions
The viscosities of solutions comprising either E-p-B-CD,az or E/Z-m-B-CD,az did not significantly

change upon irradiation at 300 — 355 nm, although a general trend has emerged. Generally,
irradiation caused a slight increase in solution viscosity of between 1.1 — 2.9 times. The change in
solution viscosities of irradiated systems is due to the change in E:Z isomer ratio of E-p-B-CD,az and
E/Z-m-B-CD,az. The proportion of Z-p-B-CD,az and Z-m-f3-CD,az increase from 5% to 20% and 24% to
61% upon irradiation at 300 — 355 nm, respectively. The effective length of the azobenzene linker of
the Z isomers is shorter than the E isomers. Thus, irradiation causes a decrease in the flexibility of

1:2 inter-strand cross-links and an increase in the solution viscosity.

However, this explanation does not apply for the E/Z-m-B-CD,az/PAAADddn and E-p-f3-
CD,az/PAAADddn systems, which show a decrease in solution viscosity upon irradiation. This implies
that there is a greater proportion of 1:1 complexes. Thus, the Z isomers of E/Z-m--CD,az and E-p-f3-
CD;az preference the cooperative complexation of the AD and alkyl substituents of PAAADddn. The
length of the Z-azobenzene linker is likely to be comparable to the length of the tether of

PAAADddn, thus increasing the strength of 1:1 cooperative complexes.

Although the solutions studied did not yield viscosities high enough to form a hydrogel, the study
does indicate that molecular-scale properties of the solutions influence the macroscopic properties.
In this study, the distance between the two [-CD groups of the dimers influences the formation of
inter-strand cross-links. By altering the length and rigidity of the spacer/linker, the flexibility of the
inter-strand cross-link can be changed, which influences the solution viscosity. This may be achieved
by structural isomerisation or photoisomerisation. This could be the key to controlling the formation

of AD and alkyl substituted PAA hydrogels with 3-CD dimers.
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5.3 Conclusions
The difference in the complexation and macroscopic properties of solutions containing PAAADen,

PAAADhN, PAAADddn and PAAC12 with either native 3-CD, E-p-B-CD.az, E/Z-m-[3-CD»az and [3-CDab
were studied. The complexation properties between the modified PAAs and 3-CD compounds were
determined by 2D 'H NOESY NMR spectroscopy and ITC and the macroscopic properties were
studied by rheology.

2D 'H NOESY NMR spectroscopy indicated successful complexation between the AD or alkyl
substituents of modified PAAs and the 3-CD groups of native B-CD, E-p-B-CD.az, E/Z-m-[3-CD,az and
[-CDab, while ITC determined the complexation constants and thermodynamic parameters of
complexation. Native 3-CD and -CDab were characterised by 1:1 monofunctional complexes in all
systems, while the dimers were characterised by a mixture of 1:1 monofunctional complexes and 1:2
intra-strand crosslinks. Generally, the complexation by E/Z-m-B-CD,az was stronger than the
complexation by E-p-B-CD,az. The shorter-azobenzene linker of £/Z-m-f3-CD,az reduces the flexibility

of a complex, particularly 1:2 complexes, enhancing the stability.

Rheological experiments provided insight into the solution viscosities. Generally, the solution
viscosities correlated with the complexation constants derived from ITC studies. Solutions
comprising E-p-B-CD.az and E/Z-m-f-CD,az with the modified PAAs showed higher viscosities by
comparison with solutions of the modified PAAs alone or with 3-CD/B-CDab due to the formation of
inter-strand cross-links. Solutions containing E/Z-m-f-CD,az generally gave the highest solution
viscosities due to the shorter azobenzene length connecting the two 3-CD groups, which reduce the

flexibility of the inter-strand cross-links.

This explanation also applies to the observation that the irradiation of solutions containing E-p-p-
CDaz and E/Z-m-f3-CD,az generally increased the solution viscosities. Irradiation causes an increase
in the proportion of the Z isomer, reducing the effective length of the azobenzene linker that
connects the two B-CD groups. The shorter azobenzene linker reduces the flexibility of the 1:2 inter-
strand cross-links, thus increasing the solution viscosity. Therefore, both structural isomerisation

and photoisomerisation influences the rheological properties.

Importantly, this research demonstrates that the molecular-scale properties of polymer solutions
with B-CD hosts influence the bulk-material properties. Thus, the design of 3-CD linked polymer
hydrogels with specific, intended macroscopic properties should take into account the structure and

properties of the individual molecular constituents.
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5.5 Appendix
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Figure 5.57: ITC data for 0.14 wt% PAAADddn ([ADddn] = 2.7 x 10* mol dm?) with E-p-B-CD,az (2.0
x 102 mol dm?3) in aqueous phosphate buffer (pH 7.0, | = 0.10 mol dm?3) at 298.2 K. a) The top
section shows the raw ITC heat release profile with time, where i) is the E-p-B-CD,az dilution data
and ii) is the titration data. The bottom section shows the experimental heat released with each
addition of E-p-B-CDaz (squares) and the best-fit of an algorithm for a 1:1 E-p-B-CD,az-ADddn
complex (solid line), as shown in Equation 5.5. b) Speciation plot showing the variation in the
proportion of free and complexed ADddn-substituent as [E-p-3-CD»az]/[ADddn] increases.
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CHAPTER 6

Synthesis of B-Cyclodextrin-based
Molecular Muscles
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Chapter 6

6.1 Introduction

6.1.1 Molecular Muscles
Molecular devices are sets of interrelated molecules, not necessarily covalently linked, that perform

a function when exposed to an external stimulus. Research into molecular devices aims to offer a
new approach to improving the efficiency and functionality of technological devices by using the
‘bottom-up’ approach, that is, through mastering molecular information. Various molecular devices

% molecular tweezers,*

have been synthesised including molecular rotors,>® molecular shuttles,’?
molecular elevators,!? logic gates!® and molecular walkers.’* The importance of molecular device
research was recognised through the 2016 Nobel Prize in Chemistry, which was awarded to pioneers

Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard L. Feringa.

Molecular devices are typically constructed using mechanically-interlocked molecules (MIM),
compounds that consist of multiple components that are linked by mechanical bonds,*® rather than
covalent bonds (see Chapter 1). The most common examples of MIMs are rotaxanes and
catenanes.'® Cyclodextrins have routinely been employed as components of molecular devices

owing to their complexation capabilities.

Molecular muscles are a type of molecular device, characterised by expansion and contraction
movements controlled by an external stimulus.®'’1° A variety of CD-based molecular muscles have

been synthesised in the literature, often using a-CD.?0%3

Cyclodextrin-based molecular muscles typically consist of four components: a CD host, a
photocontrollable moiety, an alkyl tether and a blocking group. The formation of a CD-based
molecular muscle begins with the modification of CD with the photocontrollable moiety.
Azobenzene and stilbene are typically chosen as photocontrollable groups as they expand and
contract upon photoisomerisation from the E to the Z isomer and vice versa, and have similar size
profiles to the internal cavity of a-CD and B-CD. After modification of CD with the photocontrollable
moiety, an alkyl tether is added. Alkyl tethers provide additional spacing to the molecule, which is

required for expansion and contraction of the final molecular muscle.

The modification of CD with the photocontrollable moiety and alkyl tether forms a heteroditopic
compound, named due to the molecule possessing both host and guest components. The
heteroditopic compound is capable of self-assembling into a Janus (see Chapter 1) in aqueous
solution. Upon formation of a Janus, a blocking group is added to mechanically lock in the formation.
The main requirement for a blocking group is that it must be sufficiently larger than the annulus of
CD. Figure 6.1 describes the synthesis of an a-CD-based molecular muscle using stilbene as the

photocontrollable moiety.?
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Figure 6.1: Synthesis of a molecular muscle based on stilbene-modified a-CD Janus with dimethoxy-
triazine blocking groups.? The photcontrollable moiety (stilbene) is shown in blue, the alkyl tether
(propyl group) is shown in green and the blocking group (dimethoxy-triazine) is shown in orange.
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The utility of CD-based molecular muscles is achieved through photoirradiation to isomerise the
azobenzene or stilbene moiety from the E to Z isomer. The E isomers of azobenzene and stilbene are
longer than their respective Z isomers. Thus, photoirradiation from one isomer to another is
accompanied by an expansion or contraction of the entire compound. Figure 6.2 demonstrates the

utility of an a-CD-based molecular muscle using stilbene as the photocontrollable moiety.?
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Figure 6.2: Operation of a molecular muscle based on a stilbene-modified a-CD Janus, which
expands and contracts upon photoirradiation.?

Many of the CD-based molecular muscles published in the literature use a-CD as the macrocycle.
However, studying -CD- or y-CD-based molecular muscles could elucidate additional factors that
influence the formation and utility of molecular muscles. One area of interest for further study is the
self-assembly process. A heteroditopic compound may self-assemble into a Janus or acyclic daisy

chain, however, the preference into one or the other is not well-understood.?* Thus, the study of
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molecular muscles with various types of components can assist in understanding the self-assembly

process.

The role of the blocking group has also not been thoroughly explored. Most blocking groups are
chosen based on size, for purely mechanical means. However, different mechanisms of blocking
could be used. It may be possible to lock a Janus through host-guest complexation rather than steric
bulk. A stable complex formed between the host and blocking group may be strong enough to
stabilise a Janus upon photoirradiation. A more accurate term for a blocking group acting through

complexation rather than steric bulk would be a ‘psuedo-blocking group’.

Blocking groups that possess additional functionality could also be explored. Lanthanide-bound
ligands offer potential in providing structural information as well as the requisite blocking
mechanism. Determining the geometry of a self-assembled systems remains challenging. While NMR
spectroscopy can give some structural information, the unambiguous assignment of protons is
challenging due to overlapping chemical shifts and thus, the structure of a self-assembled system is
difficult to elucidate. Lanthanides are useful in this respect as they may be used as shift reagents in

NMR spectroscopy.?®

Lanthanides can induce large chemical shifts to extend the normal range of a 'H NMR spectra
beyond 0 — 10 ppm.?® Lanthanide-induced shifts arise from through-space interactions between a
paramagnetic lanthanide and a bound ligand, due to the anisotropic effect.?%?” As the effect of
anisotropy is distant dependent, nuclei closer in space to the lanthanide will exhibit a larger shift.
Lanthanide-bound blocking groups may therefore be able to more definitively determine the

geometry of a self-assembled system being either a Janus or acyclic daisy chain.?>?®

As supramolecular chemistry becomes more and more sophisticated, new synthetic routes are
required to continually expand the field. Thus, it remains important to explore new ways to
construct molecular devices. Molecular muscles constructed with non-conventional blocking groups
and different macrocycles may provide extra functionality to the system, open up simpler synthetic
routes and provide a more nuanced understanding of the self-assembly process. It is important to
remain innovative in the approach to molecular device design to understand the complete potential

of these systems.
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6.1.2 Aims of this study

The aim of this research is to synthesise and characterise three molecular muscles, differing by the
type of blocking group. The three molecular muscles are based upon (E)-N-(6"-deoxy-B-cyclodextrin-
6"-yl)-4-aminocarbonyl-4’-carboxyazobenzene (B-CDazpr), as shown in Figure 6.3. B-CD is chosen as
the host, azobenzene is used as the photocontrollable moiety, while a propyl group serves as the
tether. As B-CDazpr possess both host and guest components, it is a heteroditopic molecule capable

of self-assembling in water to form a Janus or acyclic daisy chain.

0]
O
NH N

HN—\_\

NH,

Figure 6.3: Structure of 3-CDazpr.

The self-assembly of B-CDazpr into either a Janus or acyclic daisy chain will first be determined. The
successful formation of a self-assembled structure will be followed by the addition of three different
blocking groups to mechanically lock in the formation. Adamantane (AD), aza-18-crown-6 and
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) will be used as blocking groups to
synthesise [(E)-N-(6*-deoxy-B-cyclodextrin-6*-yl)-4-aminocarbonyl-4’-(3-(1-aminocarbonyl-
adamantane) propylaminocarbonyl) azobenzene]-[c2]-[daisy chain] (2), [(E)-N-(6*-deoxy-B-
cyclodextrin-6*-yl)-4-aminocarbonyl-4’-(3-(2-aminocarbonyl-(1,4,7,10,13-pentaoxa-16-

azacyclooctadecan-16-yl)propylaminocarbonyl) azobenzene]-[c2]-[daisy chain] (3) and [(E)-N-(6"-
deoxy-B-cyclodextrin-6*-yl)-4-aminocarbonyl-4’-(3-(1,4,7,10-tetraazacyclododecane-1-

aminocarbonyl-4,7,10-tetraacetic acid)propylaminocarbonyl)azobenzene]-[c2]-[daisy chain] (4),
respectively, as shown in Figure 6.4. The complete structure of molecular muscles 2, 3 and 4 will

then be determined to confirm the Janus geometry and ability to act as molecular muscles.
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Figure 6.4: Structures of molecular muscles 2, 3 and 4.

The three blocking groups were considered based on their size and lanthanide-binding capabilities.
Aza-18-crown-6 and DOTA were chosen as blocking groups as they form stable complexes with
europium.?3° The incorporation of a lanthanide in molecular muscles 3 and 4 will provide additional
structural information through lanthanide-shift *H NMR spectroscopy. Thus, the self-assembled

structure of molecular muscles 3 and 4 as either a Janus or acyclic daisy chain can be studied.

Unlike aza-18-crown-6 and DOTA, AD was chosen as a pseudo-blocking group. The size of AD is
similar to the cavity of B-CD and thus, a host-guest complex may be formed characterised by an
equilibrium constant of K = 1400 dm mol™.3! The formation of a strong host-guest complex between
-CD and AD may enable a Janus to be locked through complexation, rather than steric bulk, as

shown in Figure 6.5. The structure is not expected to dissociate upon irradiation.

@@

@@@

Figure 6.5: Structure of molecular muscle 2 in aqueous solution using AD as a pseudo-blocking
group.
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6.2 Results and Discussion

6.2.1 Synthesis of 3-CDazpr
The molecular muscles 2, 3 and 4 were prepared by first synthesising 3-CDazpr. The first step of the

synthesis was the formation of 6B-CDNH> by literature methods.?>*® The azobenzene moiety was
introduced by amide coupling 6B-CDNH, and para-E-azobenzene-dicarboxylic acid (E-p-AzCOOH) to
form (E)-N-(6"-deoxy-B-cyclodextrin-6*-yl)-4-aminocarbonyl-4’-carboxyazobenzene (B-CDaz) using 1-
hydroxybenzatriazole (HoBT) and N,N’-dicyclohexylcarbodiimide (DCC) as coupling reagents. The
final step in the synthesis was the addition of a propyl group as a tether. 1,3-diaminopropane was
amide coupled to B-CDaz using BOP reagent, to form B-CDazpr. The syntheses were confirmed by
TLC, *H NMR spectroscopy and mass spectrometry. The syntheses are described in Figure 6.6 and

the full synthetic details are in Chapter 7.

+ y_©,N\\ o  HOBT
NG,
OH
6B-CDNH, E-p-AzCOOH -CDaz
NH2

NH2

z?a_@_N‘NQ—/( N Ojj @_/(

p-CDaz B-CDazpr

Figure 6.6: Synthesis of 3-CDazpr.

6.2.2 Self-Assembly of B-CDazpr

The self-assembly of B-CDazpr in aqueous solution may lead to the formation of a Janus or acyclic
daisy chain, as shown in Figure 6.7. The self-assembled structures may exist either alone or in
equilibrium. It is difficult to determine the exact geometry of the self-assembled structure as there
are no blocking groups to mechanically lock the structure. However, it is pertinent to confirm that 3-
CDazpr does self-assemble in aqueous solution before attaching the blocking groups. The self-

assembly behaviour was studied by 2D *H NMR spectroscopy.
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Figure 6.7: Equilibrium of the self-assembly of 3-CDazpr in aqueous solution to form a Janus or acylic
daisy chain. The acyclic daisy chain may consist of more than 2 monomeric units.

6.2.2.1 2D 'H ROESY NMR spectroscopy of B-CDazpr
The self-assembly behaviour of B-CDazpr was studied by 2D *H ROESY NMR spectroscopy. The 2D *H

ROESY NMR spectrum of B-CDazpr (2.0 X 10 mol dm™) in D,0O phosphate buffer (pD 7.0, / = 0.10
mol dm™) at 298.2 K is shown in Figure 6.8. Cross-peaks between the annular protons of B-CD and

protons of azobenzene or the propyl tether indicate complexation.3

The 2D *H ROESY NMR spectrum shows cross-peaks between the H1 — H4 protons of the azobenzene
group and the H2 — H6 protons of the B-CD group. There are also cross-peaks between the H6
protons of the propyl tether and the H2 — H6 protons of B-CD. As the azobenzene group is
connected to B-CD through an amide link, it is incapable of internal complexation. Thus, NOE
interactions indicate that azobenzene and the propyl tether of one [-CDazpr molecule are
complexing within a B-CD cavity of an adjacent B-CDazpr molecule. The NMR spectrum does not

indicate whether the self-assembly reflects a Janus or acyclic daisy chain.
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Figure 6.8: 2D 'H ROESY NMR spectrum of B-CDazpr (2.0 X 10 mol dm™) in D,0 phosphate buffer
(pD 7.0, /= 0.10 mol dm?3) at 298.2 K. The abbreviation ‘E-Az’ and ‘pr’ refers to the E-azobenzene and
propyl groups of B-CDazpr, respectively. An annotated structure of 3-CDazpr is shown above.
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6.2.3 Synthesis of Molecular Muscles

The synthesis of molecular muscles 2, 3 and 4 were attempted by modifying -CDazpr with blocking

groups AD, aza-18-crown-6 and DOTA, respectively.

6.2.3.1 Synthesis of Molecular Muscle 2
The synthesis of molecular muscle 2 was attempted by first synthesising monomeric 2. The synthesis

of monomeric 2 and the self-assembly into the Janus are shown in Figure 6.9 and Figure 6.10,
respectively. The synthesis of monomeric 2 was achieved by amide coupling the AD pseudo-blocking

group to B-CDazpr by direct substitution. The full experimental details are given in Chapter 7.

(@)
-Ooe
NH N
HN—\_\

B-CDazpr NH,

CI -0

)
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NH N
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monomeric 2

Figure 6.9: Synthesis of monomeric 2.
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Figure 6.10: Proposed equilibrium of 2 in water as a monomer and molecular muscle.

The product was confirmed by *H NMR spectroscopy. The *H NMR spectrum of the product in
DMSO-ds is given in Figure 6.11. A summary of the resonances is given in Table 6.1. Resonances A, B
and D are likely to refer to Z-azobenzene protons H1 — H4, while resonance C is likely to refer to E-
azobenzene protons H1 — H4, based largely upon the chemical shifts being similar to the analogous
protons of 3-CDazpr. Additionally, E-azobenzene protons are typically downfield of Z-azobenzene

protons.353¢

Resonances F, G, H and | have been well-characterised and correspond to OH?*3, H1, OH® and H2 -
H6 resonances of B-CD, respectively. The protons corresponding to the H5 — H7 propyl tether
protons appear to be superimposed with the H2 — H6 resonances of B-CD. Resonances J, K and L
correspond to H10, H8 and H9 protons of the AD pseudo-blocking group, respectively, which would
expectedly give rise to quintet, doublet and triplet multiplicities. However, as resonances J, K and L
are singlets, it indicates that the coupling constants have tended towards zero as a result of

modification with 3-CD.
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Figure 6.11: 'H NMR spectrum of monomer 2 (2.0 x 10 mol dm™) in DMSO-ds at 298.2 K.

Table 6.1: Summary of *H NMR resonances of monomer 2 (2.0 x 102 mol dm=3) in DMSO-ds at 298.2
K. The type of resonance is not specified for low intensity peaks as the assignment is ambiguous.

Resonance Shift (ppm) Type
8.64 -
8.52 -
8.07 m
7.43 -
6.54 -

5.60-5.89

4,78 —4.97

4.43-4,51

3.13-3.66
1.96
1.77
1.65

>

rX=-—=—IOTMMOUOUO®
w v »w 3 3 3 3
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While the 'H NMR spectrum of monomer 2 indicated that the synthesis may be successful, mass
spectroscopy did not give definitive results. The calculated exact mass of monomer 2 (M+H?*) is
1604.628 m/z. The MALDI-TOF spectrum gave a parent ion at 1603.85 m/z, which was beyond the
margin of error for the instrument. Furthermore, the final product was found to be insoluble in
water. Thus, while the synthesis of monomer 2 may have been successful, the insolubility in water
would not enable self-assembly of monomer 2 into molecular muscle 2. Therefore, the synthesis of
molecular muscle 2 was not further continued. The unsuccessful synthesis of molecular muscle 2 is

further discussed in Section 6.2.4.

6.2.3.2 Synthesis of Molecular Muscle 3
The blocking group required for the formation of molecular muscle 3 was first synthesised by

modifying aza-18-crown-6 with a carboxylic acid group to form 2-(1,4,7,10,13-pentaoxa-16-
azacyclooctadecan-16-yl)acetic acid (aza-18-crown-6-COOH),*” as shown in Figure 6.12. The
synthesis of molecular muscle 3 was then attempted by first forming the self-assembled Janus of [3-
CDazpr in aqueous solution. The Janus was then mechanically locked by amide coupling aza-18-
crown-6-COOH to the terminal amine of B-CDazpr using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM), as shown in Figure 6.13. This approach was previously
reported by Harada et al. in the construction of an azobenzene- and a-CD-based molecular muscle.?°

The full experimental details are given in Chapter 7.

(—O/_\O—> 1. Na,CO (—0/_\0—>
- NapLU3

HN o+ \/O\n/\Br — :(—N 0

Q—o\_/o—) ° zHo - © HOQ—O\_/O—)

aza-18-crown-6 aza-18-crown-6-COOH

Figure 6.12: Synthesis of aza-18-crown-6-COOH
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Figure 6.13: Attempted synthesis of molecular muscle 3.

Despite repeated attempts, molecular muscle 3 could not be obtained. The short length of the
propyl tether of B-CDazpr may be responsible for the lack of reactivity. Access to the terminal amine
by DMT-MM may be hindered due to the close proximity of the propyl tether of one B-CDazpr to the
secondary face of the adjacent B-CD group. Thus, the synthesis of molecular muscle 3 was not
further attempted. The unsuccessful synthesis of molecular muscle 3 is further discussed in Section

6.2.4.
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6.2.3.3 Synthesis of Molecular Muscle 4
The synthesis of molecular muscle 4 was attempted by first forming the self-assembled Janus of -

CDazpr in aqueous solution. The Janus was then mechanically locked by amide coupling DOTA to the
terminal end of 3-CDazpr using DMT-MM, as shown in Figure 6.14. The full experimental details are

given in Chapter 7.
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molecular muscle 4 OH

Figure 6.14: Attempted synthesis of molecular muscle 4.

The synthesis was performed using similar conditions as molecular muscle 3. As DOTA possesses
four carboxylic acid groups, it was hypothesised that the coupling may be more successful than the
synthesis of molecular muscle 3. However, repeated attempts did not yield molecular muscle 4,
indicating that a more reactive coupling reagent or new synthetic route is required. Thus, the
synthesis of molecular muscle 4 was not further attempted. The unsuccessful synthesis of molecular

muscle 4 is further discussed in Section 6.2.4.
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6.2.4 Molecular Muscle Design Considerations
The failed syntheses of molecular muscles 2, 3 and 4 require an overhaul of the initial design. The

choice of B-CD as the host may itself be an impedance to this work. While the aim of this research
was to investigate the effect of 3-CD in the construction of molecular muscles, it seems prudent to
acknowledge the difficulty in determining the self-assembled structure of 3-CDazpr. The solubility of
B-CD is 0.016 mol dm™, which is significantly lower than the solubilities of both a-CD (0.15 mol dm)
and y-CD (0.18 mol dm?).3® This lower solubility limits the types of experiments that may be

performed to understand the self-assembly behaviour.

Previously, Harada et al. synthesised supramolecular polymers based upon cinnamide-modified a-
CD.* The self-assembled structure was determined as a polymeric daisy chain using vapour pressure
osmometry (VPO). However, the solubility requirements of VPO are high and thus, VPO is not
suitable for experiments with -CD compounds. While y-CD could be explored instead of 3-CD as a
point of difference to the already established a-CD-based molecular muscles, the comparatively

larger annulus size makes it difficult to find suitable blocking groups.

The length of the tether must also be addressed. The coupling reagent used to amide couple the
tether with the blocking group may have been sterically hindered by the 3-CD host. Therefore,
longer tethers may be employed to extend the distance between the terminal end of the tether and
-CD. Harada et al. previously synthesised an azobenzene-based o-CD molecular muscle using
polyethylene glycol as a tether.?’ The Janus form was successively locked using AD as a blocking
group and DMT-MM as a coupling reagent in aqueous solution. A polyethylene glycol tether may be
suitable for 3-CD based molecular muscles as it may also increase the solubility of the compound.

Enhanced solubility would be particularly important for monomer 2, which was insoluble in water.

While the length of the tether may be altered to address issues with the coupling reagent, it may be
pertinent to avoid coupling reagents altogether. Lincoln et al. mechanically locked-in the Janus of a
stilbene and o-CD-based molecular muscle using direct attachment of a dimethoxychlorotriazine
blocking group in aqueous solution.?®> However, this option utilised an aromatic group to facilitate
the coupling, which this project deliberately avoided. The presence of aromatic groups other than
azobenzene or stilbene can decrease the photoisomerisation yields during irradiation of a molecular
muscle. The presence of extra resonances in the aromatic region of a *H NMR spectra can also lead

to incorrect reporting of E and Z isomers of the molecular muscle upon irradiation.
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The use of lanthanides to probe the self-assembled structure may also need further consideration.
While the incorporation of the lanthanide was not tested in this research, various issues are
foreseen. For example, as aza-18-crown-6 and DOTA are only slightly larger in diameter than the
secondary face of B-CD, the Janus may dissociate during lanthanide chelation. It may be more
suitable to chelate the lanthanide to the ligand before attaching the blocking group, however, this

may further impede the synthesis to attach the blocking group using a coupling reagent.
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6.3 Conclusion
The precursor to the molecular muscles, 3-CDazpr, was successfully synthesised. The self-assembly

behaviour of B-CDazpr in aqueous solution was confirmed by 2D *H ROESY NMR spectroscopy. The
synthesis of molecular muscles 2, 3 and 4 were attempted. Monomeric 2 was likely successfully
synthesised. However, monomeric 2 was insoluble in water and thus, a Janus would not be able to
self-assemble in aqueous solution. Thus, the synthesis of molecular muscle 2 was not successful. The

syntheses of molecular muscles 3 and 4 were also not successful.

The design of the molecular muscles would need to be overhauled to determine the effect of 3-CD
on the self-assembly processes of molecular muscles. The low solubility of B-CD, the short length of
the propyl tether and the use of DMT-MM as a coupling reagent may have contributed to the

unsuccessful syntheses.
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7.1 General Experimental
Thin layer chromatography (TLC) was carried out on Merck Kieselgel 60 F;s4 on aluminium-backed

sheets. For analysis of CD derivatives, plates were developed with 7:7:5:4 v/v ethylacetate/propan-
2-0l/1 mol dm™ ammonia solution/water. Compounds were visualised by drying the plate, dipping it
into a 1% sulphuric acid in ethanol solution and heating it with a heat gun. For the preparations
described in Section 7.2 — Section 7.6, R. represents the R of a modified 3-CD relative to the R of the

parent native 3-CD.

Routine nuclear magnetic resonance (NMR) spectra were recorded on a Varian Gemini ACP-300
spectrometer (300 MHz) and Agilent 500 MHz NMR spectrometer (500 MHz). 2D ROESY and NOESY
'H NMR spectra were recorded on a Agilent 600 (600 MHz) spectrometer, using a standard sequence

with a mixing time of 300 ms at 298.2 K.

Solutions for NMR were prepared in either deuterium oxide (D,0), dimethylsulfoxide-ds (DMSO-d)
or D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm). Chemical shifts are reported on the ¢ scale in
parts per million (ppm) and were referenced to residual peaks of non-deuterated solvents: D,0,
(4.79 ppm), D,0 phosphate buffer (4.79 ppm) and DMSO-d¢ (2.54 ppm). The following abbreviations
are used to report multiplicity: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad. The
6 value at the centre of the multiplet resonance is recorded except for signals where a multiplet is

well resolved, in which case the 6 values for all individual multiplet components are given.

UV-visible absorbance spectra were recorded using a Varian CARY 5000 UV-VIS-NIR
spectrophotometer equipped with matched 1.0 cm path length quartz cells over a range of required
wavelengths at 1 nm intervals. Each solution was run against a reference solution containing all
components of the solution of interest except the absorbing compound. Solutions were pre-
equilibrated at 298.2 + 0.2 K, unless stated otherwise, and maintained at this temperature during
measurement by means of a thermostatted cell block. All solutions were freshly prepared prior to

measurement.

Irradiation was performed using a 500 W Xe Lamp (Ushio Inc.) equipped with cutoff filters for UV
light (Hoya UV 34) and visible light (Hoya Y45). Samples were irradiated in a 1 cm path length quartz

cell while stirring.

Quadrupole Time of Flight (QTOF) mass spectra were run on a Micromass Q-ToF 2
(Waters/Micromass, Manchester, UK) mass spectrometer. Electrospray ionisation mass spectra (ESI-
MS) were recorded on a Finnigan MAT ion trap LC-Q octapole mass spectrometer. Gas

chromatography - mass spectrometry (GC-MS) data were obtained using a Shimadzu GC-MS
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spectrometer. Samples were dissolved in either Milli-Q water, HPLC grade methanol or a mixture of

both at a concentration of 0.5 mg cm3. Analyses was performed in the positive mode.

Matrix-assisted laser desorption/ionisation time of flight (MALDI TOF) mass spectra were acquired
using a Bruker Ultrafle Xtreme MALDI TOF mass spectrometer (Bruker Daltonik GmbH) operating in
linear mode under the control of Flex Control software (Version 3.3, Bruker Daltonik GmbH).
External calibration was carried out using peptide standards (Bruker Daltonik GmbH), over a range of
800 to 4500 D, which was analysed under the same conditions as that of the sample. Spectra were
obtained at various locations over the surface of the matrix spot at an intensity determined by the
operator. The sample was dissolved in 1 cm?® water and diluted to 100 ug cm™ with an aqueous 0.1%
trifluoroacetic acid (TFA) solution. A 1 mm?3 portion was mixed with 1 mm? sinapinic acid in
water/acetonitrile/TFA (V/V/V) (10/90/0.1) solution and 1 mm?3 of this mixture was applied to an 800
pum Anchor Chip target plate (Bruker Daltonik GmbH, Bremen, Germany) and air dried. Analysis was
performed in both positive and negative mode. The MS spectra obtained were analysed using Flex
Analysis software (Version 3.3, Bruker Daltonik GmbH) employing smoothing, background
subtractions and peak detection algorithms. MALDI TOF mass spectra were performed by the

Adelaide Proteomics Centre.

Isothermal Titration Calorimetry (ITC) measurements were recorded on a MicroCal VP Isothermal
Titration Calorimeter. Solutions were degassed and thermostatted to 298.2 K using ThermoVac.
Solutions were prepared in aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm3) immediately prior
to experiment. The initial cell volume was 1.46 cm3. The concentration correction for displaced
volume effects due to each injection (10 mm?3) were calculated by Origin 7.0 MicroCal Protocol. In
each case, 1.46 cm? volume of the substituted poly(acrylate)s were titrated by adding 10 mm?3

aliquots of the host solutions from a computer-controlled micro-syringe at intervals of 210 s.

Rheological measurements were carried out at the State Key Laboratory of Chemical Engineering,
East China University of Science and Technology, Shanghai 00237, China using a Physica MCR 501
(Anton Parr GmbH) stress-controlled rheometer with a 25 mm cone and plate geometry.
Temperature was controlled at 209.2 K £ 0.1 K by a Peltier plate. Rheological samples were prepared
in 0.10 mol dm aqueous sodium chloride solution adjusted to pH 7.0 with 0.10 mol dm™ aqueous
sodium hydroxide solution. The rheological experiments were performed by Wang Meng Xue under

the supervision of Professor Xuhong Guo.
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7.1.1 Materials

Deionised water was prepared using a Milli-Q-Reagent system to give a resistivity of >15 MQ cm.
Aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm3) was prepared from sodium hydrogen

phosphate and potassium phosphate as described in the literature.?

Column chromatography was carried out using Bio-Rex 70 resin, which was purchased from Bio-Rad

Laborators, Inc., CA and converted to the acid form using 3 mol dm3 hydrochloric acid.

B-Cyclodextrin was obtained from Nihon Shokuhin Kako Co. B-CD was dried to a constant weight
under vacuum and stored in the dark under refrigeration. N,N-Dimethylformamide (DMF) was
obtained from APS and D,0 and DMSO-ds were obtained from Cambridge Isotope Laboratory.
Crystal violet (CV*) as the chloride salt (95%, BDH), rhodamine B (RB) as the chloride salt (95%,
Sigma) and ethyl orange (EO’) as the sodium salt (95%, Sigma) were twice recrystallised from water
and dried to constant weight under high vacuum, prior to use. The porphyrins meso-tetra(4-
sulfonatophenyl)porphine dihydrochloride (TSPP), meso-tetra(4-carboxyphenyl)porphine (TCPP),
meso-tetra(4-N,N,N-trimethylanilinium)porphine tetrachloride (TMAP) and meso-tetra(N-methyl-4-
pyridyl)porphine tetrachloride (TMPyP) were obtained from Frontier Scientific and used without
further purification. Poly(acrylic acid) (PAA) was purchased from Sigma Aldrich as a 35 wt% aqueous
solution and lyophilised to a constant weight. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) was purchased from Bioscientific and 1,4,7,10-tetraazacyclododecane (cyclen) was
purchased from Tokyo Chemical Industry. All other reagents and solvents were obtained from Sigma

Aldrich and were used without further purification, unless otherwise stated.
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7.2 Chapter 2 Experimental

7.2.1 Syntheses
The synthesis of 6*-0O-p-toluenesulfonyl-B-cylodextrin (6B-CDTs),* 6*-amino-6*-deoxy-f-cyclodextrin

(6B-CDNH,)** and (E)-azobenzene-4,4’-dicarboxylic acid (E-p-AzCOOH)® followed literature methods.

7.2.1.1 Synthesis of bis(6*-deoxy-f-cyclodextrin-6*-yl)-4,4’-aminocarbonylazobenzene (E-
p-B-CDzaz)

NH

The synthesis of E-p-B-CD,az followed a modified literature procedure.” E-p-AzCOOH (1.0 g, 3.8
mmol) was dissolved in anhydrous DMF (200 cm?3). 1-Hydroxybenzatriazole (0.17 g, 1.25 mmol) and
N,N'-dicyclohexylcarbodiimide (0.26 g 1.25 mmol) was added to the solution. A solution of 63-CDNH>
(1.43 g, 1.26 mmol) in DMF (40 cm?®) was added dropwise to the solution over 4 hours while stirring.
The solution was stirred for 72 hours at 25 °C and filtered under vacuum. The filtrate was added to
acetone (2 dm?3) to give a precipitate. The precipitate was isolated by centrifugation and dissolved in
water (25 cm3). The solution was added to acetone (500 cm?®) to reform the precipitate. The
precipitate was isolated by centrifugation, dissolved in water (3 ¢cm3) and purified by column
chromatography (Bio-rex 70 (H*), 10:1 to 0:1 gradient of H,0:1 mol dm™ ammonia solution) to yield
E-p-B-CD,az as an orange powder (162 mg, 10 %). Rc = 0.48. *H NMR: (300 MHz, D,0) & 7.96 (s, 1H,
Ar H); 5.25 — 5.07 (m, 7H, B-CD H1); 4.26 — 3.17 (m, 42H, B-CD H2-H6). *C NMR: (125 MHz, D,0)
8 165.7 (amide C=0), 153.3 (Ar C-C=0), 136.9 (Ar C-H), 130.5 (Ar C-H), 128.7 (Ar C-H), 122.5 (Ar C-H),
102.3 - 101.9 (B-CD C1), 101.4 (B-CD C1), 84.4 (B-CD C4), 81.4 — 81.6 (B-CD C2 — C4), 80.9 (B-CD C2 —
C4), 71.9 - 73.3 (B-CD C2, C3, C5), 69.7 (B-CD C2, €3, C5), 60.1 — 59.8 (B-CD C6), 59.2 (B-CD C6).
MALDI-TOF MS my/z: Calculated CogH14sN4O70 (M + Na*) 2523.80, found 2523.83. The spectroscopic

data matched that given in the literature.?
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7.2.1.2 Synthesis of E-azobenzene-3,3’-dicarboxylic acid (E-m-AzCOOH)

@)
OH

AN
HO

(o)

The synthesis of E-m-AzCOOH followed a modified literature procedure.® 3-nitrobenzoic acid (5.0 g,
0.03 mol) was added to a solution of sodium hydroxide (10 g) in water (90 cm?) and heated to 50 °C.
An 80 °C solution of a-D-glucose (40 g, 0.2 mol) in water (30 cm?®) was added dropwise to the
solution over 40 minutes while stirring vigorously. The solution was stirred for 2 hours at 50 °C. Air
was bubbled through the solution for 24 hours at 25 °C while stirring. Acetic acid was then added to
the solution until pH 6, to produce a precipitate. The precipitate was filtered and collected (12.7 g).
The precipitate was made into a slurry with hot water and hot filtered. The precipitate was hot
filtered again and collected (2.8 g). Hot methanol was added to the precipitate to make a slurry. The
precipitate was collected by centrifugation to yield E-m-AzCOOH as an orange solid (2.1 g, 52 %). R¢
(4:1 DCM:MeOH) = 0.28. *H NMR: (300 MHz, DMSO-ds) & 8.41 (t, J = 1.5 Hz, 2H, Ar H); 8.18 (m, 4H,
ArH); 7.76 (t, J = 8.1 Hz, 2H, Ar H).
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7.2.1.3 Synthesis of bis(6*-deoxy-f-cyclodextrin-6*-yl)-3,3’-aminocarbonyl azobenzene

(E/Z-m-BCD2az)
(@)
NH
N:N—CﬁL
HN £/2
(0]

The synthesis of E/Z-m-B-CD.az followed a modified literature procedure.” 63-CDNH, (500 mg, 0.44
mol) was dissolved in DMF (40 cm?3). N,N"-Dicyclohexylcarbodiimide (91 mg, 0.44 mmol) and 1-
hydroxybenzatriazole (59.5 mg, 0.44 mmol) were added to the solution. E-m-AzCOOH (47.5 mg, 0.18
mmol) was added in two portions over a 1 hour period. The solution was stirred for 3 days at 25 °C.
The solution was added dropwise to acetone (400 cm?) and stirred for 2 hours at 25 °C. The resultant
precipitate was then isolated by centrifugation. The precipitate was dissolved in water (20 cm?3),
added to acetone (200 cm?) and stirred for 24 hours at 25 °C. The precipitate was isolated by
centrifugation. The precipitate was purified by column chromatography (Bio-rex 70 (H*), 10:1 to 0:1
gradient of H,0:1 mol dm™ ammonia solution) to yield £/Z-m-B-CDaz as an orange powder (153 mg,
28 %) as a mixture of E and Z isomers (78:22). R = 0.35. E isomer *H NMR: (300 MHz, D,0) & 8.27 (s,
2H, Ar H); 8.12 (d, / = 8.1 Hz, 2H, Ar H), 7.97 (d, /= 7.8, 2H, Ar H); 7.75 (t, /] = 8.1, 2H, Ar H); 5.1 - 4.7
(m, 7H, B-CD H1); 4.2 — 3.0 (m, 42H, B-CD H2 — H6). Z isomer *H NMR: (300 MHz, D20) 7.64 (d, J =
8.1 Hz, 2H, Ar H); 7.55 (s, 2H, Ar H); 7.37 (t, J = 7.8 Hz, 2H, Ar H); 6.90 (d, J = 7.5, 2H, Ar H); 5.1 - 4.7
(m, 7H, B-CD H1); 4.2 = 3.0 (m, 42H, B-CD H2 — H6). 3C NMR: (125 MHz, D,0) & 165.76 (amide C=0),
151.7 (C-C=0), 135.8 (Ar C-H), 130.3 (Ar C-H), 129.4 (Ar C-H), 124.8 (Ar C-H), 121.9 (Ar C-H), 111.9 (Ar
C-H), 102.3-101.9 (B-CD C1), 101.5 (B-CD C1), 84.2 (B-CD C4), 81.7 — 81.4 (3-CD C2 — C4), 80.9 (B-CD
C2-C4),73.2-71.9 (B-CD C2, C3, C5), 69.6 (B-CD C2, C3, C5), 60.0 — 59.7 (B-CD C6), 59.3 (B-CD C6).
QTOF MS my/z: Calculated CogH148N4O70 (M + Na*) 2523.80, found 2524.15.
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7.2.1.4 Synthesis of 2-amino-benzoic acid

NH,
OH

2-Nitrobenzoic acid (5.2 g, 0.03 mol) was added to a solution of sodium hydroxide (10 g) in water (90
cm?) and heated to 50 °C. A 50 °C solution of a-D-glucose (40 g, 0.22 mol) in water (30 cm?) was
added dropwise over 40 minutes while stirring. The solution was stirred for 24 hours at 50 °C. The
solution was cooled to 25 °C and air was bubbled through the solution for 24 hours. The solution
was acidified using glacial acetic acid and added to acetone (200 cm?) to form a precipitate. The
precipitate was removed by filtration and the filtrate was evaporated to dryness. Dichloromethane
was added to the dry solid and the remaining precipitate was removed by filtration. The filtrate was
evaporated to dryness and recrystallised with dichloromethane to yield 2-amino-benzoic acid as
yellow crystals (1.1 g, 26 %). R¢ (1:9 MeOH:DCM) = 0.51. *H NMR: (300 MHz, DMSO-ds) §9.29 (br, 1H,
COOH); 7.74 (d, J = 8.1 Hz, 1H, Ar H); 7.29 — 7.20 (m, 1H, Ar H); 6.78 (d, J = 8.1 Hz, 1H, Ar H); 6.57 —
6.49 (m, 1H, Ar H).
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7.2.1.5 Synthesis of 4-nitrophenyl-2-aminobenzoate

NH, O /©/N02
@)LO

2-Aminobenzoic acid (500 mg, 1.85 mmol) and N,N’-dicyclohexylcarbodiimide (762 mg, 3.70 mmol)
were dissolved in dichloromethane (25 cm?) and stirred at room temperature. 4-Nitrophenol (514
mg, 3.70 mmol) was added to the solution and stirred for 24 hours at 25 °C. The solution was
purified by squat column chromatography (SiO,, neat dichloromethane). Fractions containing the
ester were combined and washed with 5 % sodium bicarbonate solution to yield 4-nitrophenyl-2-
aminobenzoate as a yellow powder (190 mg, 40 %). R¢ (1:19 hexane:DCM) = 0.47. *H NMR: (300
MHz, DMSO) 6 8.34 (d, J = 6.9, 2H, Ar H nitrophenyl); 7.93 (d, J = 8.1 Hz, 1H, Ar H); 7.55 (d, / = 6.6 Hz,
2H, Ar H nitrophenyl); 7.36 (t, J = 7.5 Hz, 1H, Ar H); 6.84 (d, /= 8.7 Hz, 1H Ar H); 6.62 (t, / = 6.9 Hz, 1H,
Ar H).
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7.2.1.6 Synthesis of (6*-deoxy-B-cyclodextrin-6*-yl)-4-nitrophenyl-2-aminobenzoate (-
CDab)

NH NH,

To a solution of 6B-CDNH,(500 mg, 0.44 mmol) in pyridine (15 cm®) at 25 °C was added 4-
nitrophenyl-2-aminobenzoate (92 mg, 0.36 mmol) in two portions over 1 hour. The reaction mixture
was then stirred for 48 hours at 25 °C. The mixture was then added dropwise to acetone (150 cm3)
with vigorous stirring. The resultant precipitate was collected by centrifugation and dissolved in
water (10 cm?3). The solution was added dropwise to acetone (200 cm?) and stirred for 24 hours
25 °C. The precipitate was collected by centrifugation and purified by column chromatography (Bio-
rex 70 (H+), water and 1 mol dm ammonia solution) to yield B-CDab as a pale yellow powder (120
mg, 26 %). Rc = 1.2. *H NMR: (300 MHz, D,0) 8 7.47 (d, J = 8.1 Hz, 1H, Ar H); 7.37 (t, J =7.8 Hz, 1H, Ar
H); 6.91 (d, J = 8.1 Hz, 1H, Ar H); 6.86 (t, / = 8.1 Hz, 1H, Ar H), 5.15— 5.03 (m, 7H, 3-CD H1); 4.11-3.9
(m, 42H, B-CD H2 — H6). *C NMR: (500 MHz, DMSO) & 169.1 (amide C=0), 149.5 (Ar C-NH,), 131.6
(Ar C-C=0), 128.2 (Ar C-H), 116.2 (Ar C-H), 114.9 (Ar C-H), 114.6 (Ar C-H), 102.4 — 102.0 (B-CD C1),
81.9-81.4 (B-CD C4), 73.1 - 71.1 (B-CD C2, C3, C5), 60.2 — 59.2 (3-CD C6). QTOF MS m/z: Calculated
CagH76N2035 (M + H*) 1253.42, found 1253.60.
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7.2.2 Sample Preparation

7.2.2.1 Preparation of solutions for photoisomerisation studies by UV-vis absorption
spectroscopy
Solutions of p-BCDzaz (2.5 x 10 mol dm3) and m-BCD,az (5.0 x 10 mol dm™) were prepared in

aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm™). Samples were allowed to equilibrate at the

thermostatted probe temperature of 298.2 K for 10 minutes prior to recording the spectra.

7.2.2.2 Preparation of solutions for photoisomerisation studies by *H NMR spectroscopy
Solutions of p-BCD,az (2.0 x 10 mol dm™) and m-BCD,az (2.0 x 10 mol dm) were prepared in D,O

phosphate buffer (pD 7.0, / = 0.10 mol dm3). Samples were irradiated for 1 hour in a 1 cm path

length quartz cell with at 300 — 355 nm or > 400 nm using a lamp with cutoff filters.

7.2.2.3 Preparation of solutions for complexation studies by 2D 'H ROESY NMR
spectroscopy
Solutions of ADC (1.0 x 102 mol dm™) were prepared in the presence of one molar equivalent of -

CD groups of p-BCD,az and m-BCD,az in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm3).

7.2.2.4 Preparation of solutions for complexation and photoisomerisation studies by 'H
NMR spectroscopy
Solutions of ADC (1.2 x 102 mol dm™) were prepared in the presence of one molar equivalent of -

CD groups of p-BCD,az and m-BCD,az in D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm™). Samples
were irradiated for 1 hour in a 1 cm path length quartz cell with either UV or visible light using a

lamp with cutoff filters.
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7.3 Chapter 3 Experimental

7.3.1 Sample Preparation

7.3.1.1 Preparation of solutions for complexation studies by 2D 'H ROESY NMR
spectroscopy
Solutions of CV*, RB and EO" (5.0 x 102 mol dm) were prepared in the presence of one molar

equivalent of native B-CD, B-CDab or E-p-BCD,az in D,0 phosphate buffer (pH 7.0, / = 0.10 mol dm3).

7.3.1.2 Preparation of solutions for complexation studies by UV-vis spectroscopy
Stock solutions of CV* (2.5 x 10° mol dm?3), RB (2.0 x 10° mol dm) and EO" (4.0 x 10° mol dm?3)

were prepared in aqueous phosphate buffer (pH 7.0, / = 0.10 mol dm) and diluted to 8.0 x 10°® mol
dm3, 8.0 x 10® mol dm™ and 2.0 x 10° mol dm?, respectively. Samples were analysed at four
different temperatures ranging from 278.2 K to 308.2 K in 10 K increments. Samples were
equilibrated at each temperature for 10 minutes before measurement. Stock solutions of hosts 3-CD
(1.2 x 102 mol dm? for EO" only), E-p-BCD,az (1.0 x 10 mol dm™, 3.0 x 10 mol dm™ and 6.0 x 10
mol dm3) and B-CDab (8.0 x 10 mol dm?, 1.4 x 10 mol dm™ and 1.0 x 10> mol dm) were titrated
into the CV*, RB and EO" solutions, respectively. Recordings were taken after sequential injections
(10 mm?3) of host, while stirring, into the dye and reference solutions. A total of 35-40 injections

were made for each system, with 1 minute of stirring between injections.
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7.4 Chapter 4 Experimental
7.4.1 Sample Preparation

7.4.1.1 Preparation of solutions for complexation studies by *H NMR spectroscopy
Solutions of H,TSPP*, HsTCPP3*/H,TCPP*, H,TMAP* and H,TMPyP* (4.8 x 103 mol dm?3) were

prepared alone and with one molar equivalent of 3-CD and two molar equivalents of 3-CDab in D,O
phosphate buffer (pD 7.0, / = 0.10 mol dm3). Solutions of B-CD (4.8 x 10 mol dm™) and B-CDab (9.6

x 10 mol dm™) were also prepared.

7.4.1.2 Preparation of solutions for complexation studies by 2D 'H ROESY NMR
spectroscopy
Solutions of H,TSPP*, H3TCPP*/H,TCPP*, H,TMAP* and H,TMPyP* (4.8 x 103 mol dm?3) were

prepared in the presence of one molar equivalent of 3-CD and two molar equivalent of 3-CDab in

D,0 phosphate buffer (pD 7.0, / = 0.10 mol dm?3).

7.4.1.3 Preparation of solutions for complexation studies by UV-vis spectroscopy
Stock solutions of H,TSPP* (2.4 x 10* mol dm™), HsTCPP3*/H,TCPP* (4.0 x 10> mol dm3) H,TMAP*

(2.5 x 10* mol dm3) and H, TMPyP* (5.0 x 10* mol dm?3) were prepared in aqueous phosphate
buffer (pH 7.0, / = 0.10 mol dm?3) and diluted to the required concentrations. Samples were analysed
at four different temperatures ranging from 278.2 K to 308.2 K in 10 K increments. Samples were
equilibrated at each temperature for 10 minutes before measurement. Stock solutions of hosts 3-CD
(1.1 x 102 mol dm?, 4.5 x 10 mol dm?, 1.3 x 102 mol dm™ and 1.2 x 10 mol dm™) and B-CDab (1.6
x 102 mol dm3, 1.8 x 10 mol dm™, 2.0 x 102 mol dm3 and 1.6 x 10 mol dm’) were titrated into the
H,TSPP*, HsTCPP*/H,TCPP*, H,TMAP* and H,TMPyP* solutions, respectively. Recordings were
taken after sequential injections (10 mm3) of host, while stirring, into the porphyrin and reference

solutions. A total of 35 injections were made for each system.
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7.5 Chapter 5 Experimental

7.5.1 Syntheses
The synthesis of 1-(4-nitrophenylcarbonyl)adamantane (ADnp),° N-(2,aminoethyl)-adamantane-1-

carboxyamide (ADen),}® 1-(6-aminohexyl)adamantane-1-carboxyamide (ADhn)!'! and 1-(12-

aminododecyl) adamantane-1-carboxyamide (ADddn)! followed literature methods.

7.5.1.1 General methods for preparing modified PAAs
X y
§‘l{‘|~H§

COOH CONHR

R= NN PAAC12
H
NNSNNSNASAANNLO
H
oo~ N O PAAADddn
H

~ N O PAAADhN

PAAADen

The synthesis of PAAADen, PAAADhn, PAAADddn and PAAC12 followed literature methods.'*!2 A
solution of poly(acrylic acid) (1 g, 13.88 mmol) in N-methyl-2-pyrrolidone (35 cm?®) was stirred for 48
hours at 60°C. A solution of either ADen, ADhn, ADddn or C12 (0.42 mmol) in N-methyl-2-
pyrrolidone (3.5 cm3) and a solution of N,N’-dicyclohexylcarbodiimide (112 mg, 0.54 mmol) in N-
methyl-2-pyrrolidone (3.5 cm?) were added dropwise to the PAA solution. The solution was stirred
for 96 hours at 60°C. The solution was cooled to 25 °C and 40 wt% sodium hydroxide solution (35
cm?) was added to form a precipitate. The solution was filtered and washed with N-methyl-2-
pyrrolidone (2 x 15 cm?®) and methanol (20 cm?3). The precipitate was dissolved in water (20 cm?) and
added dropwise to methanol (200 cm?) to reform the precipitate (three times). The precipitate was
collected by vacuum filtration and dissolved in water (20 cm?®) and dialysed (Spectra/Por 3 tubing,
molecular weight cutoff 3500 g mol™?) against deionised water until the conductivity of the water

outside the tube remained constant. The final solution was lyophilised to yield a white powder.
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The percentage substitution for PAAADen, PAAADhn and PAAADddn was determined by H NMR

spectroscopy using literature methods®? according to Equation 7.1,

Al
i i 0, —
substitution (mol %) = Al x 100 (7.1)
A2 - 7= (2m+15)
where Al is the area of integration for the N-CH,-C groups (connected to amide or amine group) of
the alkyl tether, A2 is the area of integration of the CH; groups of the PAA backbone as well as the C-
CH3-C (not connected to amide or amine groups) and AD groups of the substituent and m is the

number C-CH,-C groups (not connected to amide or amine groups) of the alkyl tether.

The percentage substitution for PAAC12 was determined by H NMR spectroscopy using literature

methods®? according to Equation 7.2,

A3
substitution (mol %) = —mA3 * 100 (7.2)
A2 - ——

3
where A3 is the area of integration of the CH; group of the C12 substituent. The percentage
substitution for PAAADen, PAAADhn, PAAADddn and PAAC12 were determined to be 2.0+ 0.2 %, 2.7
$0.3%,2.0+0.2% and 1.8 £ 0.2 %, respectively.

The molecular weight of each compound was determined by Equation 7.3, according to literature

methods.

(M1 x (100 - %subs)) + (M2 x %subs)

7.3
%subs (7.3)

MW (modified PAA) =

where M1 is the molecular mass of CH,CHCOO'Na*, M2 is the molecular mass of the substituent
(either ADen, ADhn, ADddn or C12) and %subs is the percentage substitution of the modified PAA.
The molecular weights of PAAADen, PAAADhn, PAAADddn and PAAC12 were determined to be
3315.7 g mol?, 3371.7 g mol?, 3455.9 g mol™* and 3278.3 g mol™, respectively.
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7.5.2 Sample Preparation

7.5.2.1.1 Preparation of solutions for complexation studies by 2D *H NOESY NMR spectroscopy
Solutions of 0.98 wt% PAAADen ([AD] = 2.0 x 10 mol dm3), 0.74 wt% PAAADhn ([AD] = 2.0 x 1073

mol dm), 1.00 wt% PAAADddn ([AD] = 2.0 x 10 mol dm?3) and 1.07 wt% PAAC12 ([C12] =2.0 x 1073
mol dm) were prepared alone and with B-CD (3.0 x 10 mol dm™), B-CDab (3.0 x 10 mol dm?), E-
p-BCD,az (1.5 x 10 mol dm?3) or £/Z-m-BCD,az (1.5 x 10 mol dm?) in D,0 phosphate buffer (pD
7.0, 1=0.10 mol dm3).

7.5.2.1.2 Preparation of solutions for complexation studies by ITC
Stock solutions of B-CD (7.3 x 10 mol dm3), B-CDab (4.0 x 103 mol dm?3), E-p-BCDjaz (2.0 x 103

mol dm™) and E/Z-m-BCD,az (2.0 x 10 mol dm™) were prepared in aqueous phosphate buffer (pH
7.0, I = 0.10 mol dm?3). The concentration of each polymer was varied, as indicated in the Figure
captions in Chapter 5 (Figure 5.24 — Figure 5.39). Aliquots (10 mm?3) of host were added to a solution
of the substituted PAA (1.46 cm?) using a computer-controlled micro-syringe at 210 s intervals. The
concentration corrections for displaced volume effects, which occur with each injection, were

calculated by Origin 7.0 MicroCal protocol.!
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7.6 Chapter 6 Experimental

7.6.1 Syntheses
The synthesis of 6*-O-p-toluenesulfonyl-B-cyclodextrin (63-CDTs),? 6*-amino-6*-deoxy-B-cyclodextrin

(6B-CDNH,)** and 2-(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)acetic acid®® (aza-18-crown-

6-COOH) was achieved by literature methods.

7.6.1.1 Synthesis of (E)-N-(6*-deoxy-B-cyclodextrin-6*-yl)-4-aminocarbonyl-4’-
carboxyazobenzene (-CDaz)

OH

The synthesis of B-CDaz followed a modified literature procedure.’ 4,4-Dicarboxyazobenzene (1.0 g,
3.70 mmol) was dissolved in anhydrous DMF (200 cm?). 1-Hydroxybenzatriazole (0.18 g, 1.26 mmol)
and N,N'-dicyclohexylcarbodiimide (0.26 g, 1.26 mmol) were added to the solution. A solution of 6f3-
CDNH; (1.4 g, 1.2 mmol) in DMF (40 cm?®) was added dropwise to the solution over 4 hours while
stirring. The solution was stirred for 72 hours at 25 °C and filtered under vacuum. The filtrate was
added to acetone (2 dm?) to give a precipitate. The precipitate was isolated by centrifugation and
dissolved in water (25 cm?3). The solution was added to acetone (500 cm?) to reform the precipitate.
The precipitate was isolated by centrifugation and purified by column chromatography (Bio-rex 70
(H*), water and 1 mol dm™ ammonia solution) to yield B-CDaz as an orange powder (129 mg, 21 %).
Rc=1.19. 'H NMR (600MHz): & (D;0) 8.37 (d, J = 7.8Hz, 2H, ArH); 7.95 (d, J = 8.4Hz, 2H, ArH); 7.75 (d,
J=7.2Hz, 2H, ArH); 7.60 (d, J = 7.8Hz, 2H, ArH); 5.21 - 4.97 (m, 7H, B-CD H1); 4.21 —2.91 (m, 42H, B-
CD H2 — H6). 3C NMR (125 MHz): (DMSO-ds) 8 165.6 (COOH), 153.2 (amide C=0), 136.7 (Ar C-C=0),
130.3 (Ar C-H), 128.5 (Ar C-H), 122.4 (Ar C-H) 122.3 (Ar C-H), 102.4 — 101.9 (B-CD C1), 101.3 (B-CD
C1), 84.4 (B-CD C4), 81.7 — 81.4 (B-CD C2 — C4), 80.7 (B-CD C2, €3, C5), 73.3 - 71.9 (B-CD C2, C3, C5),
60.2 —59.8 (3-CD C6), 59.1 (B-CD C6). MALDI-TOF MS m/z: Calculated CsgH79N3037 (M + Na*) 1408.43,
found 1408.45.
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7.6.1.2 Synthesis of (E)-N-(6*-deoxy-B-cyclodextrin-6*-yl)-4-aminocarbonyl-4-(3-
aminopropylaminocarbonyl) azobenzene (-CDazpr)

o)
O o p
HN
_\_\NHZ

(E)-N-(6"-Deoxy-B-cyclodextrin-6*-yl)-4-aminocarbonyl-4’-carboxyazobenzene (100 mg, 0.07 mmol),
1,3-diaminopropane (0.06 mL, 0.72 mmol) and BOP reagent (95 mg, 0.22 mmol) were added to DMF
(10 cm3). The solution was stirred under nitrogen and triethylamine (0.21 ¢cm?, 0.22 mmol) was
added. The solution was stirred under nitrogen for 72 hours at 25 °C. The solution was added to
acetone (150 cm?) and centrifuged to collect a precipitate. The precipitate was dissolved in water (5
cm?) and added to acetone (200 cm?) and centrifuged to collect a precipitate. The precipitate was
purified by column chromatography (Bio-rex 70 (H*), water and 0.5 mol dm ammonia solution) to
yield B-CDazpr as a white precipitate (70 mg, 70 %). Rc: 0.75. *H NMR: (300 MHz, D,0) 8 8.20 (d, J =
8.7 Hz, 2H, Ar H); 8.03 (d, J = 8.4 Hz, 2H, Ar H); 7.79 (d, J = 8.7Hz, 2H, Ar H); 7.61 (d, J/ = 8.4 Hz, 2H, Ar
H); 5.15 —4.98 (m, 7H, B-CD H1); 4.06 —3.16 (m, 42H, B-CD H2 — H6); 3.14 (t, J = 7.8 Hz, 4H, pr H5,
H7); 2.08 (quintet, J = 7.5 Hz, 2H, pr H6). 13C NMR (125 MHz): (DMSO-ds) & 153.2 (amide C=0), 134.0
(Ar C-C=0), 128.6 (Ar C-H), 128.5 (Ar C-H), 122.6 (Ar C-H), 122.4 (Ar C-H), 102.3 — 101.9 (B-CD C1),
81.6 — 81.4 (B-CD C2 —C4), 73.1 — 72.0 (B-CD C2, C3, C5), 60.1 — 59.8 (B-CD C6), 37.3 (pr C-H), 32.8
(pr C-H), 29.0 (pr C-H). ESI MS m/z: Calculated CsoHg7NsOss (M + H*) 1442.52, found 1442.30.
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7.6.1.3 Attempted synthesis of [(E)-N-(6"-deoxy-B-cyclodextrin-6*-yl)-4-aminocarbonyl-
4’-(3-(1-aminocarbonyl-adamantane) propylaminocarbonyl)azobenzene
(monomer 2)

(@)
O e
NH N
HN
_\_\ 5

HN

(E)-N-(6*-deoxy-B-cyclodextrin-6"-yl)-4-aminocarbonyl-4-(3-aminopropylaminocarbonyl)azobenzene
(413 mg, 28.5 mmol) was dissolved in DMF (40 cm?3). Triethylamine was added to the solution until
pH 9 was reached. 1-adamantanecarbonyl chloride (57 mg, 28.5 mmol) was added to the solution
and the suspension was stirred for 4 days at 25 °C. The solution was added to acetone (100 cm?) and
stirred for 2 hours at 25 °C. The resultant precipitate was collected by centrifugation. The precipitate
was purified by column chromatography (Bio-rex 70 (H*), water and 1 mol dm™ ammonia solution)
to yield monomer 2 as an orange powder (24 mg, 5 %). Rc = 1.2. *H NMR: §(300 MHz, D,0) 8.07 (m,
8H, Ar H), 5.89 — 5.60 (m, 14H, B-CD OH*3), 4.97 — 4.78 (m, 7H, B-CD H1), 4.51 — 4.43 (m, 14H, B-CD
OH®), 3.66 — 3.13 (m, 48H, B-CD H2 — H6, pr H5 — H7), 1.96 (m, 3H, AD H10), 1.77 (m, 6H, AD H8),
1.65 (m, 6H, AD H9). Calculated C70H101NsO37 (M + H*) 1604.63, found 1603.85. The title compound

was not confirmed by mass spectrometry.
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8.1 Conclusion and Future Directions

This thesis demonstrated the use of azobenzene-modified B-cyclodextrin (CD) compounds on the
oligomeric, material and molecular device scale. CDs are commonly used in these areas of chemistry,
as examined in Chapter 1, but identical or similar compounds are seldom used across multiple facets
of chemistry. The studies herein illustrated that simply design CD systems may be applied creatively
as host-guest systems on the molecular level, components of polymeric hydrogels and as the basis of

molecular muscles.

Chapter 2 described the synthesis of azobenzene-modified B-CD compounds, differing by the
position of the B-CD group towards the azobenzene, either at the para- (p-B-CD,az), meta- (m-3-
CDsaz) or ortho-position (0-B-CD,az). The para- and meta-substituted isomers were successfully
synthesised, however, synthesis of the ortho-isomer was not successful, yielding instead an
aminophenyl-modified B-CD monomer (3-CDab). The photochemical properties of p-$-CD,az and m-
[-CD,az were examined by UV-vis and NMR spectroscopy, which showed differences in the

photostationary states.

Chapters 3 and 4 examined the host-guest properties of E-p--CD,az, B-CDab and native 3-CD using
model dye systems (crystal violet, rhodamine B and ethyl orange) and porphyrins, respectively. The
aim of this research was to explore the host-guest properties of the hosts on the oligomeric level,
demonstrating their potential use in biological systems. The effect of B-CD modification was
examined in both chapters by comparing complexation constants and thermodynamic parameters of

each host-guest system.

Chapter 5 explored the use of E-p-B-CD.az, £/Z-m-B-CD,az and -CDab as components in polymeric
hydrogels. Adamantane- and alkyl-substituted poly(acrylate)s were synthesised and complexed with
the B-CD hosts, creating polymeric networks that could serve as hydrogels. Each host-polymer
combination was examined on the molecular scale through determination of complexation
constants and thermodynamic parameters, and on the macromolecular scale, through rheological
studies. The molecular-scale interactions between each host and polymer could be used to predict

the rheological properties.
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Chapter 6 described the attempted synthesis of a molecular muscle, based upon an azobenzene-
modified B-CD compound, the structure of which had clear similarities to p-B-CD,az and m-[3-CD,az.

Unfortunately, the synthesis of the molecular muscle was not successful.

Each chapter in the thesis featured identical or similar modified B-CD compounds, demonstrating
the potential for simple B-CD systems to be applied across multiple hierarchies of chemistry. As
such, the future of this research can be taken in multiple directions. A logical next step would be to
apply the azobenzene-modified B-CD compounds in other aspects of chemistry, again demonstrating
their versatility. However, future research could also aim to gain further insight into the use of 3-CD
compounds as hosts in biological systems or in hydrogel design. Research could also be performed

to fully synthesise an operable molecular device.
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