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Abstract
Abstract

Traditionally, polymers have been designed to possess irreversible covalent bonds between the
repeating units in polymer molecules. However, significant interest has more recently been directed
toward the synthesis of polymers that are held together by reversible covalent or non-covalent bonds.
Linear polymers that incorporate reversible bonds are particularly interesting materials as they are able
to polymerise and depolymerise in response to an external stimulus by the reversible connection and
disconnection of monomers.

Reversible linear polymers could therefore be a platform for the

development of novel recyclable polymer systems.
Several reversible polymerisations have been reported in the literature, however many of these are
based on thermally-reversible reactions, like the Diels-Alder reaction, which require high energies for
depolymerisation. Photo-chemical reactions, on the other hand, are considered to be green synthetic
pathways because they can be conducted at ambient temperature and often in the solid-state. Thymine,
one of the nucleic acid bases of DNA, has the propensity to reversibly photo-dimerise in the solid-state
by a [2π+2π]-cycloaddition reaction. The focus of this Thesis is to exploit the reversible photodimerisation of thymine in order to develop a novel, reversible linear polymer system using di-thymine
monomers.
In this research, several new bis-thyminyl monomers were designed and synthesised, and their solidstate photo-reactivity was examined using films or crystals of the monomers. Where possible, the
crystal structures of the bis-thyminyl monomers were determined by single crystal X-ray diffraction
(SC-XRD).

The photo-reactions of the monomers were studied using a number of spectroscopic

techniques such as UV-visible (UV-Vis), nuclear magnetic resonance (NMR) and infrared (IR). Where
possible, the molecular weights of the photo-products were determined using gel permeation
chromatography (GPC) and/or matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF MS). The thermal properties of some of the new materials were also
evaluated using thermoanalytical techniques including thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC).
Overall, these studies demonstrated the importance of monomer structure, alignment and
conformation for the photo-polymerisation of bis-thyminyl compounds. Photo-reactivity investigations
of thin monomer films revealed that the bis-thyminyl monomers only underwent partial
multimerisation/oligomerisation. Nevertheless, the polymerisation yield was modestly improved in the
v
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films, when the alignment of the monomers was controlled using a polyvinylpyrrolidone (PVP) template.
Quantum chemical studies confirmed that the reaction barriers and reaction energies of
[2π+2π]-cycloaddition reactions were not significantly effected by the nature of the thymine
substituents, but were instead governed by the alignment of the reactive thyminyl moieties. Moreover,
based on crystallographic studies using simple N1-modified thymine derivatives, it was proposed that
the ideal alignment of thyminyl moieties could be achieved if other disruptive intermolecular
interactions were eliminated. Using this design principle, a number of bis-thyminyl derivatives were
synthesised and successfully photo-polymerised by irradiating crystalline samples of the compounds
with 302 nm UV light. The polymerisations were also found to be photo-reversible. In the solid state
partial depolymerisation occurred to produce oligomers, but when the depolymerisation reactions were
conducted using polymer samples suspended in MeCN, complete photo-depolymerisation was achieved
in some cases.

The polymers also demonstrated varied susceptibility to thermally-induced

depolymerisation reactions. Ongoing work aimed at the synthesis of photo-reactive coordination
compounds using bis-pyridyl thyminyl monomers is also presented.

vi
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Nomenclature
Nomenclature

For the purposes of clarity and ease of reading, thyminyl derivatives are not named according to IUPAC
nomenclature in the body of this thesis. Thyminyl compounds are instead described as N1-, N3- or
N1,N3-derivatised (as shown below).

In order to emphasise the functionality of particular thyminyl derivatives, terms such as thyminyl acetic
acid will be used rather than thyminylacetic acid or 2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)yl)acetic acid.
The bridged bis-thyminyl derivatives are referred to as either:
•

n-Alkyl-linked bis-thyminyl acetates, or

•

N3-N3 bridged N1-derivatised bis-thyminyl compounds
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Chapter 1

1
1.

Introduction, Background and
Research Objectives

Introduction, background and research objectives

1.1 General introduction

1.1.1

Reversible polymers

Traditionally, polymers have been designed to possess irreversible covalent bonds between the repeating
units in polymer molecules. Great efforts have even been made to ensure that these bonds remain stable
to external environmental conditions such as heat and light.[1] However more recently, significant interest
has ben directed toward the synthesis of stimuli responsive polymers that are held together by reversible
covalent or non-covalent bonds.[2]

In particular, exciting advancements have been made in the

development of structurally dynamic polymers for use in a number of self-healing,[3-9] and reorganisable
materials.[10-15]
(b)

(a)
Monomer

Functionalised polymer
chains
Stimulus
Stimulus

Stimulus

Crosslink

Polymer

(c)

Stimulus

Stimulus

Stimulus

Figure 1.1 Types of reversible polymers. (a) Reversible linear polymer (RLP), (b) reversibly crosslinkable polymer
(RCL), (c) Reorganisable polymer (ORG).
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Polymeric systems containing dynamic bonds can usually be categorised into one of three overarching
technologies, as shown in Figure 1.1. Reversibly cross-linkable materials (RCLs, Figure 1.1b) are comprised
of polymers bearing multiple dynamic bonding units which are usually positioned along the polymer chain
as pendant groups,[9, 16-19] or as terminal units in multi-functional macromonomers.[7-8] In RCLs, an external
stimulus triggers crosslinking and de-crosslinking reactions between the responsive groups. RCLs have
gained much attention due to their potential applications for self-healing,[3-9] shape-memory[17-18, 20-25] and
other reversible polymer networks.[26]
Reorganisable polymer systems (ORGs, Figure 1.1c) are a more recent development.[10-15] ORGs are
polymers that are synthesised with dynamic bonding units in the main chain.[10]

Application of an

appropriate stimulus in this case, triggers cleavage of the dynamic bonds and reorganisation or scrambling
of the polymer structure when the bond reforms with another polymer segment or added monomer.[10-15]
ORGs, like that shown in Figure 1.1c, show promise for the preparation of new polymer hybrids from
mixtures of different (dynamic) homopolymers.[12]
Reversible linear polymers (RLPs), use an external stimulus to trigger polymerisation and depolymerisation
(on demand) through the formation or breakage of bonds between monomer units (Figure 1.1a).[27-31]
While RLPs that utilise reversible non-covalent associations have been the subject of intense research focus
and scientific review,[2, 32-38] there are comparatively fewer examples of RLPs that utilise dynamic covalent
bonds.[27-31] Nevertheless, RLPs are particularly interesting materials as they could represent a new type of
recyclable system that exploits the dynamic nature of the polymerisation and depolymerisation
processes.[27]

1.1.2

Dynamic bonds

The behaviour of a structurally dynamic polymer system largely depends on the nature of the reversible
bond present. Numerous dynamic chemistries exist, where bond formation and bond breakage reactions
are triggered by a given chemical, thermal or light stimulus.[39] Thus, the scientist is able to control the type
of stimulus that a material will respond to by carefully selecting the dynamic bond present in the polymer.
Some of the reversible chemistries that have been exploited for the formation of dynamic polymer systems
are summarised in Table 1.1. It should be noted, however, that this compilation is not exhaustive. For a
more comprehensive overview of the breadth of available reversible chemistries, the interested reader is
referred to two recent reviews on the topics of dynamic polymers[2] and dynamic covalent bonds.[39]
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Table 1.1 Summary of some of dynamic chemistries exploited in the preparation of reversible polymers.

Entry
1

Reversible reaction
Non-covalent

eg) Hydrogen bond donor(D)-acceptor(A) pairs

Stimulus

Examples

Heat,

[34, 38]

Heat

[4, 17, 19-22,

(supramolecular)

2

Diels-Alder

24-25, 27-28,
40-45]

3

Alkoxyamine

Heat

[10-13, 46]

4

Hydrazone exchange

Heat & acid

[14-15, 47]

5

Thiol-disulfide

Chemical

[9, 48-49]

UV light

[3, 8, 18, 29, 50-

exchange
6

Photo-dimerisation

51]

(eg. [2π+2π]cycloaddition)

As indicated in Table 1.1, one of the most widely used stimuli in the design of responsive materials, is heat.
To make use of this stimulus, functionalities are required that selectively break and reform in response to
thermal energy (without significant side-reactions).[52] As supramolecular motifs (entry 1, Table 1.1) are
composed of weaker non-covalent interactions, they inherently respond to thermal stimuli (although their
responsiveness varies depending on the strength of the interaction).[52] Meanwhile, the Diels-Alder (entry
2),[4, 17, 19-22, 24-25, 27-28, 40-45] alkoxyamine (entry 3)[10-13, 46] and hydrazone exchange reaction (entry 4)[14-15, 47] are
some of the commonly used sources of thermally reversible covalent bonds. The thiol-disulfide exchange
reaction (entry 5) is an interesting example of a dynamic covalent system that utilises a redox chemical
process to trigger bond formation and breakage, and is becoming increasingly popular due to its biological
relevance.[9, 48-49]
Photo-chemical reactions are considered to be green synthetic pathways because photons do not leave
residues, the reactions can be conducted at ambient temperature, and often in the solid-state.[53] This
makes the construction of dynamic polymeric systems using photo-reversible covalent reactions like the
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photo-dimerisation (Table 1.1, entry 6), particularly attractive.[3, 8, 18, 29, 50-51] However, many of the reports
using photo-dimerisable moieties focus on the formation of RCLs,[3, 8, 18] rather than RLPs.[29]
The ultimate objective of this research is to therefore produce a photo-reversible linear polymer, where
light acts as the trigger for polymerisation and depolymerisation (as in Figure 1.1a). It is hoped that from
this research, a new type of recyclable polymer system will be identified. As presented in the following
discussion, this topic utilises knowledge from a wide range of fields including: organic synthesis, solid-state
photo-chemistry, polymerisation, theoretical chemistry, X-ray crystallography, crystal engineering and
supramolecular chemistry.

1.2 Photo-dimerisation
Some of the moieties capable of photo-reversible dimerisation and commonly used in polymeric systems
are summarised in Table 1.2.
Table 1.2 Moieties capable of undergoing photo-reversible dimerisation by UV irradiation. Relevant literature
examples are included when the specified moitety (or a derivative thereof) has been incorporated into a polymeric
system as a photo-reversible segment.

Moiety

Ref.

Photo-reaction
[4+4]-Cycloaddition

Anthracene

[8, 54]

[2π+2π]-Cycloaddition
Coumarin

Thymine

[18, 55]

[50, 56]

(5)

Stilbene

[57]

>300 nm
7

Cinnamic acid

4

[58]

<260 nm
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Most commonly, the dimerisation reactions proceed by either a [4π+4π]- or [2π+2π]-cycloaddition
mechanism, that can be reversed upon application of the appropriate wavelength of light. In the case of
the [2π+2π]-cycloaddition reaction, photo-dimerisation occurs between two alkenes to form a cyclobutane
dimer. However, it is important to note that [2π+2π]-cycloaddition is not characteristic of all alkenes. As
shown in Table 1.2, an extended system of conjugation is required in the molecules to permit the photochemical [2π+2π]-cycloaddition reaction to occur.

1.2.1

[2π+2π]-Cycloaddition mechanism

The general mechanism of a [2π+2π]-cycloaddition is outlined in Scheme 1.1. Here, UV-light causes an
electron from the alkene to become excited and move from the ψ1 orbital in the ground state of the
highest occupied molecular orbital (HOMO). The electron moves to the ψ2* orbital, known as the excited
state HOMO. When the excited-state HOMO of one alkene interacts with the lowest unoccupied molecular
orbital (LUMO) of the second alkene, [2π+2π]-cycloaddition occurs suprafacially (Scheme 1.1). Photochemical cycloaddition therefore occurs as a result of the correct symmetry between terminal π lobes,
which allows interaction between lobes on the same face of one alkene with lobes on the same face of a
second alkene.[59-61]

Ground State
LUMO

λ, Suprafacial

Excited State
HOMO

Cyclobutane
dimer

λ

Scheme 1.1 Orbital symmetry required for suprafacial [2π+2π]-cycloaddition of two general alkenes

1.2.1.1 Schmidt’s topochemical postulate[62]
The [2π+2π]-cycloaddition reaction can be performed in either the solution or solid phase. Generally
however, the solid-state reactions give better product yields and permit higher regiospecificity of the
photo-products (see later discussion in Sections 1.3.3-1.5).[63]

Extensive crystallographic and photo-

chemical studies by Schmidt, which involved the study of various crystalline cinnamic acid derivatives,
enabled the formulation of a series of geometrical criteria that were useful for predicting the outcome of
[2π+2π]-cycloaddition reactions in crystalline solids.[62] Schmidt’s topochemical postulate states that for a
solid-state [2π+2π]-cycloaddition reaction to occur, the pair of reactive olefins should be parallel to one
another, and be separated by a distance of 3.5-4.2 Å.[62]

Schmidt also explained that the photo-

dimerisation reactions occured with a minimum amount of molecular movement, which meant that the
topochemistry of the reactant molecules were directly related to the stereochemistry of the resulting
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photo-product molecules.[62] With few exceptions,[64] Schmidt’s topochemical arguments concerning the
reactivity of crystalline solids hold true to this day.

1.2.2

Monitoring a [2π+2π]-cycloaddition

In addition to classical organic characterisation techniques such as nuclear magnetic resonance (NMR) and
infrared (IR) spectroscopy and mass spectrometry (MS), [2π+2π]-cycloaddition reactions are often (and
easily) monitored by ultraviolet-visible spectroscopy (UV-Vis).

The latter technique relies on large

differences between the UV absorption characteristics of the starting olefin and corresponding cyclobutane
photo-product.
The electronic conjugation of the photo-reactive molecules produces strong UV absorption at certain
wavelengths (typically around the 260-300 nm region) (Figure 1.2, a). During dimerisation of the molecules,
however, conjugation is destroyed and the absorbance of the irradiated sample reduces greatly in the
stated wavelength range (Figure 1.2, b). When the retro-[2π+2π]-cycloaddition occurs (i.e. cyclobutane
cleavage), conjugation is restored in the molecule and absorption again increases in the 270-300 nm region
(Figure 1.2, c). Therefore, by monitoring changes to the UV absorbance at particular wavelengths (specific
to the molecule of study) one may conveniently estimate the extent of dimerisation/reversion that occurs
during irradiation. For example, the lower absorbance shown for c in Figure 1.2 indicates incomplete dimer

Relative Absorbance

cleavage.

(a)

(c)
(b)

200

220

240

260

280

300

320

340

Wavelength (nm)
Figure 1.2 Conceptual example showing how a [2π+2π]-cycloaddition reaction can be monitored using UV-Vis: (a)
Molecule before irradiation, (b) Molecule after irradiation to produce the dimer, (c) Photo-chemical cleavage of the
dimer
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1.3 Thymine chemistry

1.3.1

General

Compared with the other molecules capable of photo-dimerisation (Table 1.2), thymine (5) is an interesting
choice for incorporation into reversible polymers.

From a photo-chemical viewpoint, thymine

demonstrates a high sensitivity and efficiency of photo-reversion in solid films (Figure 1.3).[65] Figure 1.3
compares the percentage change to UV-VIS absorbance after three cycles of dimerisation and reversion for
a selection of photo-reversible groups.[29,

65-67]

Thymine (5), in comparison to coumarin (3) and

cinnamylidene (a derivative of 9), maintains approximately the same change to absorbance at each
irradiation cycle. This indicates that fewer irreversible photo-processes occur during the irradiation of
thymine than in the other moieties. Although anthracene performs even better than thymine in this sense,
anthracene is a known carcinogen, which makes its use in a green photo-reversible material
counterintuitive.
100

% Change to UV absorbance at λmax

90
80
70
60
50

Cycle 1
Cycle 2

40

Cycle 3
30
20
10
0
Coumarin

Cinnamylideneacetate

Thymine

Anthracene

Photo-reversible moiety

Figure 1.3 Percentage change in absorbance of thin films after repeated irradiation cycles

Thymine (5) is also of interest for incorporation into polymeric materials because, being a nucleobase in
deoxyribonucleic acid (DNA), it is biologically-derived, and is neither hazardous as reagent nor
end/degradation-product. Since thymine (5) is naturally present in an organism’s DNA, it is none-toosurprising that the photo-chemical [2π+2π]-cycloaddition of thymine occurs outside of the laboratory, in
nature, when an organism is exposed to UV-light.[68] In this situation, DNA lesions can form when the
(irradiated) stacked thymines of the DNA double-helix, dimerise.
enzymatically,

[69]

If the damage is not repaired

the lesions create isolated loops in the DNA strand, and result in the loss of genetic
7
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information during subsequent cellular-replication cycles. Such loss of genetic information has implicated
thymine dimerisation as the cause of certain skin cancers, such as basal and squamous carcinomas.[68, 70]
It is interesting to note that although the other nucleic acids are capable [2π+2π]-cycloaddition, adenine
and guanine are around an order of magnitude less photosensitive than thymine (5). Also, photo-reversion
of the cytosine dimer occurs at the same wavelength as its dimerisation, whereas thymine dimerisation
occurs at a shorter wavelength compared with its dimerisation. Subsequently higher dimerisation yields
are achieved by irradiation of thymine (5) compared with cytosine.[71] Although the thymine dimer (6) is
the major (if not only) photo-product from irradiation, a 6,4-(irreversible) photoadduct (11) has also been
reported as a minor photo-product in some experiments (Scheme 1.2).[71]

Scheme 1.2 Thymine photo-products; Photo-dimer 6 (major), 6,4-photoadduct 11 (minor)

[71]

The structure of thymine, complete with atom numbering, is shown in Figure 1.4a. Thymine (or, 5methyluracil) is a pyrimidine, and in DNA, it base-pairs with the purine, adenine (Figure 1.4b). The hydrogen
of the N3 imide nitrogen is important in maintaining the DNA double helix as it forms one of two hydrogen
bonds with adenine.[72-73] The C4 carbonyl oxygen is the second site for hydrogen bonding to adenine,
while the N1 nitrogen links thymine to the deoxyribose units of the DNA backbone.

Figure 1.4 (a) Structure and atom-numbering of thymine; (b) Adenine-thymine base pair in DNA is stabilised by two
hydrogen bonds (Watson and Crick); (c) The equilibrium between thymine and its anions.
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As shown in Figure 1.4c, deprotonation of thymine can occur at the N1 or N3 site to produce two major
tautomers.[74] Thymine deprotonation to the monoanion occurs with a macroscopic pKa of 9.70-9.75.[74-75]
As such, derivatisation at the nitrogen positions can be achieved under alkaline conditions,[76-77] although
product mixtures of the N1, the N3 and the N1,N3 modified thymines are sometimes obtained.

1.3.2

Thyminyl derivatives

Table 1.3 shows the reported results from the irradiation of different thyminyl derivatives, and provides a
brief indication of the ways in which thymine photo-dimerisations have been utilised in not only systems
involving small molecules, but also large polymeric materials. This table also serves as a reference point for
irradiation methodologies previously employed in the photolysis experiments. The physical states of the
compounds at the time of irradiation are shown, as well as the relevant solvents used in the preparation of
solutions and films. Where relevant, the maximum percentage yield of cycobutane (CB) and photocleavage (CC) is included (as determined by UV-VIS or NMR spectroscopy experiments).
As shown in Table 1.3, most of the [2π+2π]-cycloaddition reactions are performed using UV wavelengths of
254-300 nm, which correspond closely to the absorption maxima of thymine (λ = 268 nm). The cyclobutane
cleavage reactions, or retro-[2π+2π]-cycloadditions, are performed using shorter wavelengths that typically
range between 220-254 nm.
Although discussed in the following section (Section 1.3.3, p. 14), it is beneficial to note at this stage that
the photo-dimer yields of thymine differ when it is irradiated in solution (Table 1.3, entry 3), or in the solidstate (entry 2). It is also interesting to note from Table 1.3 that in N1 and N3 substituted thymines,
dimerisation yields differed depending on the derivatisation site. Inaki et al. extensively studied the
crystallisation and dimerisation behaviour of some alkyl-substituted thymine derivatives (entries 10 and
12).[65, 78-83] They demonstrated that in thin films, alkylation at N3 resulted in lower dimer yields (10%, entry
12) than those derivatives alkylated at N1 (90% dimer yield, entry 10).[65] The differences in photo-reactivity
were attributed to steric factors in the N3-substituted compounds that interrupted thymine stacking and
either: prevented dimerisation, or, destabilised the dimers, thereby lowering the observed dimer yield
(Figure 1.5).[65] However, the experimental details were limited in this case.

Figure 1.5 Steric hindrance was attributed to the low dimer yield in N3-substituted alkyl thymines[65]
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Table 1.3 Results from the irradiation of various thyminyl derivatives, irradiation conditions used, and photo-chemical
yields of the reactions: Cyclobutane yield (CB), dimer cleavage yield (CC), negligible (neg.), not stated (n.s.)

Compound

Entry

Wavelength,
(photo-product)

Physical state

Yield (%)

Ref

254 nm (Cleavage)

80 (CC)

[84]

BX

30 (CB)

Thymine
1

Frozen solution
(H2O)

2

Solid
(KBr matrix)
Solution
(H2O)

3

A

<275 nm

(Dimer)
C

220-235 nm (Cleavage)
265 nm (Dimer)

D

[85]

0 (CC)
Neg, n.s
(CB)

[86]

N1-Thyminyl derivatives
Solid
(KBr matrix)

4

Film
(CHCl3)

5

<275 nm

BX

(Dimer)
C

220-235 nm (Cleavage)

90 (CB)
29 (CC)

280 nm (Dimer)

D

90 (CB)

D

84 (CC)

D

None (CB)

240 nm (Cleavage)

6

Crystal
(EtOH or C6H6)

280 nm (Dimer)

7

Solution
(CHCl3)

280 nm (Dimer)

8

Film
(CHCl3)

280 nm (Dimer)

9

Solution
β
(Acetone)

D

D

254 nm

EY

(Dimer)

[85]

Slow, n.s.
(CB)
Fast, n.s.
(CB)

[87]

[88]

[89]

[89]

Neg. (CB)
[65, 7883]

10

Crystal
(EtOH, EtOAc)

254 nm

EY

(Dimer)

98 (CB)
(n = 8)

N3-Thyminyl derivatives

11

12

Solid
(KBr matrix)

Film
(n.s.)

<275 nm

BX

(Dimer)

10 (CB)
[85]

C

220-235 nm (Cleavage)

0 (CC)

280 nm (Dimer)
Neg. (CB)

[65]

240 nm (Cleavage)

N1,N3-Thyminyl derivatives
13

10

Solid
(KBr matrix)

<275 nm

BX

(Dimer)
C

220-235 nm (Cleavage)

96 (CB)
54 (CC)

[85]
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Table cont....

Compound

Entry

Physical state

Wavelength,
(photo-product)

Yield (%)

Ref

75 (CB)

[90]

80 (CB)

[90]

n.s. (CB)

[90]

65 (CB)

[90]

Bis-thymines
DFG

*

14

Film
(DMF, DMSO)

(Dimer )
280 nm
-2
10.0 J.cm

15

Film
(DMF, DMSO)

280 nm
(Dimers-Oligomers )
-2
6.83 – 10.0 J.cm

16

Solution
(DMSO)

280 nm (Intramolecular dimer)

17

Film
(DMF, DMSO)

N1

N1-N3

DFG

*

F

DFG

*

280 nm
(Dimers )
-2
6.83 – 10.0 J.cm

N1
1

R 70 (CB)

18

Film
(DMF, DMSO)

280 nm

DFG

*

1

(Dimer )

R 60 (CC)

240 nm (Cleavage)

R 45 (CB)

C

[90]

2

3

R 70 (CB)
N1

N1

19

Solution
β
(H2O)

300 nm (Intramolecular dimer)

20

Crystal (n=3)
(H2O)

280 nm (Intramolecular dimer
+ 10% insoluble)

H

64-77 (CB)

[91]

H

90 + 10 (CB)

[91-93]

Polymers incorporating thymine
D

21

22

Film
(H2O)

Film
(H2O)

280 nm (Crosslink)

80 (CB)
[50]

D

89 (CC)

D

90 (CB)

D

86 (CC)

240 nm (Cleavage)

280 nm (Crosslink)
240 nm (Cleavage)

[50]
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Table cont...

Compound

Entry

Wavelength,
(photo-product)

Physical state

Yield (%)

Ref

n.s. (CC)

[94]

15 (CB)

[95]

α

n.s. (CB)

[96]

D

42 (CB)

D

84 (CC)

Polymers incorporating thymine, cont...

23

Film
(DMF)

249 nm

24

Micelle
(H2O)

254 nm (Crosslink)
-2
10 J.cm

25

Film
(H2O)

520 nm (Crosslink)

26

Film
(DMF)

GZ

(Cleavage)

I

280 nm (Crosslink)
240 nm (Cleavage)

[97]

Light source (A-H): A Germicidal UV lamp (1.10 ergs.cm-2), B Medium pressure Hg lamp, C Cd-lamp, D Monochromator, E Highpressure Hg-Xe lamp,

F

Super-high-pressure Hg-Xe lamp,

G

2 kW Xe-Arc lamp,

crosslinker lamp (polychromatic UV centred at 254 nm). Filters (X-Z):

X

H

Glass,

Rayonet RPR 208 reactor, I CL1000S UV-

Y

U340 cut-out filter,

Z

Diffracting latticed

window. Photosensitizer (α-β): α Eosin Y Spirit Soluble, β Acetone. *Molecular weights from GPC measurements not provided.

In the derivative substituted at both N1 and N3 positions (Table 1.3, entry 13), dimerisation was high (96%),
but photo-cleavage was relatively low (54%).[85] The high dimerisation yield was attributed to a slight
variation from the [2π+2π]-cycloaddition mechanism shown in Scheme 1.1. In the case of the N1-N3
substituted thymine (entry 13), photo-dimerisation was thought to occur between two excited molecules
to form an exciton, rather than through the traditional combination of a ground state and an excited
species.
As shown in Table 1.3, the use of thymine in polymers (entries 21-26) has typically focused on the
attachment of pendant thymine groups to linear polymer backbones.[50, 94-97] This ‘comb-like’ architecture
promotes interdigitation of thyminyl groups from adjacent polymer chains, so they may be in close
proximity to one another to permit photo-dimerisation. It should be noted here that dimerisation of
thyminyl moieties in these cases, forms inter-molecular cross-links and generates a thermoset polymer
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(strong, but heat resistant). While cross-linking joins polymer chains together to form a 3-dimensional
network, it should not be confused with the process of monomer polymerisation to form a linear
thermoplastic (heat malleable).
The latter process, of course, is the topic of this research. Hence the bis-thyminyl compounds (Table 1.3,
entries 14-20) are the most relevant compounds to this project. With the suitable alignment of bisthyminyl molecules, neighbouring bis-thymines could covalently link together to produce dimers, oligomers,
and polymers. As the bis-thymines possess two thyminyl groups per molecule, they would also allow linear
photo-polymerisation to produce a thermoplastic. As shown in Table 1.3, the majority of bis-thymines
possess the same general, linear, structure of thymine-R-thymine. Of the bis-thymines identified in the
literature, it is only the R group that is modified, while the two terminal thyminyl moieties are retained.[90-91,
98-105]

In the cases where bis-thyminyl compounds were irradiated as solutions (Table 1.3, entries 16 and 19), only
intramolecular dimers were produced. Although the measured molecular weights were not given, there
was some chromatographic evidence supporting the partial multimerisation of three of the monomers
when they were irradiated in solid films (entries 14-15 and 17).[90] Moreover, based on either UV-VIS or
NMR spectroscopic analyses, one N1,N3-linked bis-thyminyl derivative (entry 15) and five N1-linked
derivatives (entries 14 and 17-18) gave reasonable cyclobutane yields (45-80%) when the monomers were
irradiated as solid films. Interestingly, when a crystal of the N1-N1 propyl-bridged bis-thymine (entry 20)
was irradiated, the expected intramolecular dimer was obtained in 90% yield, but a small amount (10%) of
insoluble material was also isolated. The authors proposed that the insoluble product was a cyclobutane
polymer (although it was only characterised on the basis of its CHN composition).[91-93]
Thus from the above discussions, it is most apparent that the photo-reactivity of thymine (and its
derivatives) differs depending on the state of the compound, i.e. whether it is a solution or solid (eg. film).
The following section aims to briefly describe the differences between the photo-reactivity of thymine
when it is in different physical states.
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1.3.3

The physical state of the thymine effects its photo-reactivity

1.3.3.1 Photo-chemistry of thymine in solution
There are four major photo-dimer stereo-isomers that can be formed upon irradiation of thymine (and its
derivatives), as shown in Figure 1.6.[106] However, the trans-syn and cis-anti isomers can each exist in two
entantiomeric forms.[107] Solution-phase irradiations of thymine and its derivatives, tends to produce a
mixture of all the stereo-isomers shown in Figure 1.6.

Figure 1.6 The four stereo-isomers of the thymine photo-dimer. The trans-syn and cis-anti isomers can exist in two
enantiomeric forms.

Thymine dimerisation follows different reaction pathways depending on the solution concentration.[86] As
shown in Figure 1.7 (left), irradiation of a dilute thymine solution (< 10-3 M) causes excitation of thymine to
the singlet state (1P).[86] The short life-time of the excited singlet (10-11 sec) means that it is improbable that
molecular collisions will occur between a singlet and ground state molecule to produce the dimer within
the life-time of the singlet.[86] Therefore the majority of these excited species decay back to the ground
state (P) (by radiationless transitions) before they are able to combine with a ground-state molecule.
However, some of the singlets can undergo intersystem crossing (Øisc) to produce the longer-lived triplet
species, 3P (life-time 10-5 – 10-3 sec),[108] which may then participate in any combination of the following
photo-physical processes:[86]
•

Radiationless decay (rate constant k3, sec-1),

•

Quenching by O2 (rate constant k2, M-1.sec-1),

•

Bimolecular self-quenching (rate constant k’1, M-1.sec-1), and

•

Dimerisation by combination with a ground state molecule (rate constant k1, M-1.sec-1).

As such, irradiation of dilute thymine solutions results in dimerisation only by combination of a groundstate molecule and excited triplet.
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Figure 1.7 Reaction pathways for thymine in (left) dilute, and (right) concentrated solution (adapted from)

[86]

In concentrated (aqueous) solutions, thymine forms aggregates or associated pairs of ground-state
ground
molecules.[86, 109] In these aggregates, thymine molecules are close enough to each other to readily permit
pe
dimerisation
ation by the excited singlet before its decay to the ground-state,
ground state, or intersystem crossing to produce
86]
the triplet (Figure 1.7, right).[86
Therefore, irradiation of concentrated solutions of thymine leads to

dimerisation by either:[86]
•

Combination of a ground-state
ground
molecule and excited singlet, or

•

Combination of a ground-state
ground
molecule and excited triplet.

In concentrated thymine solutions, temperature also affects the efficiency of dimerisation.

At low

temperature (2°C) dimerisation efficiency is improved, whereas higher temperature (70°C) lowers the
degree of dimerisation.[86] Fisher and Johns suggest that high temperatures meltt thymine aggregates/pairs,
lowering dimerisations occurring by a singlet mechanism, and promoting triplet formation and thus a
slower and less efficient dimerisation.[86]

Similarly, solvent selection plays an effect on thymine

dimerisation in concentrated (aggregate) solutions. Solvents that prevent aggregation and thymine-pairing
thymine
will obviously result in dimerisation primarily via the triplet-pathway.[110]
Irradiation of dilute thymine solutions results in a quasi-equilibrium
quasi equilibrium between monomer and dimer
dimer.[85] At
this photo-steady
steady state, concentrations of only 4-6%
4
dimer exist.[85] Although the dimer concentration may
be increased in the solution-state
state by the irradiation of more concentrated thymine solutions, the
equilibrium can be shifted to produce a majority of dimer when irradiations are performed in the solidsolid
state.[85]
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1.3.3.2 Photo-chemistry of thymine in solid-state
The accepted mechanism for dimerisation of thymine in the solid-state is through an excited singlet
mechanism, similar to that outlined for the solution aggregate in Figure 1.7 (right).[85] In the solid-state,
irradiation causes formation of the excited singlet which may then either:[85]
•

Undergo radiationless decay to the ground state, or

•

Combine with a ground-state thymine to produce the dimer.

It is important to emphasize that dimerisation of thymine via an excited singlet occurs more efficiently than
dimerisation from the triplet, since quenching and other side reactions are minimised.[86] Further to this,
the solid-state dimerisation of thymine is controlled topochemically. This not only means that dimerisation
is restricted to thymine molecules whose C=C bonds are within 4.2 Å of one another, but also, due to the
limited mobility of molecules in solid compared with in solution, regiochemistry of photo-dimers is directly
related to their alignment before dimerisation.[65] For example, two thymines aligned trans-syn to one
another in a solid, are likely to produce the trans-syn photo-dimer by irradiation.[65] As the solid-state
demonstrates a higher level of order than the solution-state, this translates to mean that only one or two
dimer-isomers are formed from photo-reaction.[65]
It is apparent, so far, that a fast, efficient photo-dimerisation is desired for photo-polymerisation. A
reaction involving as few side-reactions as possible, which yields the highest degree of dimer, is favoured
because more extensive polymerisation will occur in this case. Therefore photo-polymerisation should be
performed in the solid-state, which also eliminates the need for a solvent and minimises chemical waste.
1.3.3.3 Photo-chemistry of thymine derivatives in single-crystals
Although most of the photo-reactivity of thymine-containing compounds has been investigated in thin films
(Table 1.3), photo-reactions within crystals are favoured over films because:
•

Crystals possess regular repeated molecular arrangements that are ideal for reproducible
topochemical reactions,

•

Crystals possess excellent optical properties, which means that UV-light can penetrate more deeply
and permit a more complete reaction, and

•

Molecular packing within the crystal can be deduced using X-ray crystallography, providing a
reliable assessment of the topochemical alignment of olefinic bonds

However, the rational-design of molecules for crystal-phase [2π+2π]-cycloaddition reactions remains
challenging due to the difficulty in predicting the way a given compound will crystallise. In particular, it can
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be very difficult to control the alignment of the reactive olefinic groups so that they meet the necessary
geometrical constraints required for the dimerisation (i.e. parallelism of the double bonds and an olefinic
separation of 3.5-4.2 Å[62]). Often just a small change in the chemical structure of the reactant molecule
imparts large changes upon the molecular packing in the crystal, thereby rendering a crystalline sample
photo-reactive or photo-stable depending on how the alignment of the reactive double bonds is effected.
Inaki’s research group demonstrated that the photo-reactivity of crystalline samples of a number of N1alkylthymines varied depending on the length of the alkyl chain.[111] For example, N1-octylthymine crystals
(Table 1.3, entry 10) underwent 98% conversion to the corresponding cyclobutane,[80] while the N1hexylthymine and N1-pentylthymine derivatives produced photostable crystal packing arrangements.[79]
Related alkylpropanoate derivatives were also found to produce photo-stable crystals (Table 1.3, entry 6).[88]
Another complication with crystalline-phase [2π+2π]-cycloaddition reactions arises from the fact that a
given compound can exist in several polymorphic forms that differ only with respect to the molecular
packing of the lattice. It follows, therefore, that such crystal polymorphs can also differ in their photoreactivity. This was indeed demonstrated in Inaki’s investigation of the photo-reactivity of alkyl-substituted
thymines in single crystal.[79-81] He showed that three polymorphs of N1-octylthymine could be obtained by
crystallisation of the compound from various solvents (Table 1.4),[80] in line with other reports of crystal
polymorphism.[112-116]

Interestingly, only octylthymine polymorphs I and III were photoactive.[80] When

considering the observed crystal shapes in octylthymine (Table 1.4), it is also interesting to note that form I
and form III are comparible to the photo-active plate and needle shaped crystals of cinnamic acid
polymorphs (α and β, respectively).[117] The γ-cinnamic acid polymorph has a plate morphology and is
photo-inactive – comparable with form II of the N1-octylthymine.[117]
Table 1.4 Three N1-octyl thymine polymorphs possess varied photo-reactivity

[80]

Crystal Structure

Solvent

Shape

Photo-active

Photo-dimer isomer

Form I

EtAc, CHCl3

Plate

Y

trans-anti

Form II

EtOH, MeOH, AcN, Acetone

Plate

N

-

Form III

AcN

Needle

Y

trans-anti
trans-syn

The Inaki group also proposed that dimerisation of the N1-alkyl thymines was a result of both:[79-81]
•

C=C Groups of neighbouring thymine moieties being within 4.2 Å of one another, and

•

Disrotation of thymine units during dimerisation – similar to the mechanism outlined in Scheme 1.3.

17

Chapter 1

Scheme 1.3 Trans-anti conformation in the crystal undergoes disrotation to produce the cis-anti intermediate, and
finally the trans-syn dimer. A similar process occurs in a cis-syn crystal to produce a trans-anti dimer, while a transsyn crystal produces a trans-anti dimer.[80]

Despite C=C groups of neighbouring thymine moieties in the photo-inactive polymorph II (Table 1.4), being
within the appropriate distance constraints for dimerisation (olefinic separation distance of 3.4 Å), the
crystal was nonreactive.[80] This was attributed to the crowded packing of alkyl chains in the crystal which
prevented disrotatation of the thymine units during dimerisation.[80] However, it remains unclear whether
this disrotatory mechanism is exclusive to dimerisations of the N1-alkylthymines, or whether it is also
applicable to other thymine derivatives.
As already mentioned, irradiation of a crystalline N1-N1 propyl-bridged bis-thymine (Table 1.3, entry 20)
gave an intramolecular dimer and a minor polymeric product (as shown schematically in Figure 1.8).[91-93]
The authors proposed that the polymeric side-product contained cyclobutanes in the main chain, due to
the close intermolecular alignment in the crystalline starting material. Unfortunately due to the insoluble
nature of the material, its precise composition was not conclusively identified (only its CHN composition
was given). If the authors were indeed correct in their assignment of the minor product, it would represent
a special case of topochemical polymerisation by the [2π+2π]-cycloaddition (discussed below).
Propyl chain

Cyclobutane
ring

Thyminyl ring

Molecular
packing

Intramolecular
dimer

Polymer

Figure 1.8 The two proposed photo-products obtained from the irradiation of an N1-N1 propyl-bridged bis-thymine
derivative
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1.4 Topochemical photo-polymerisation by the [2π+2π]-cycloaddition in monomer
crystals
The first topochemical [2π+2π]-photo-polymerisation was reported by Hasegawa (in 1967) for crystals of a
diolefin, 2,5-distyrylpyrazine (DSP) (Scheme 1.4).[118]

Hasegawa named the new topochemical

polymerisation reaction, a four-centre-type polymerisation.[118] Since then, the crystallographic, thermal
properties and photo-reactivity of DSP and its polymer, poly-DSP, have been more thoroughly studied.[119130]

Hasegawa’s group also reported several subsequent diolefin derivatives capable of [2π+2π]-photo-

polymerisation, which collectively constitute the bulk of literature available on the topic.[131-139] A few
reports of [2π+2π]-photo-polymerisations have been made by other groups,[140-142] but they seem to be an
extension of Hasegawa’s work on the four-centre-type polymerisation using structurally-related diolefin
derivatives.[141-142]

Scheme 1.4 Topochemical polymerisation of distyrylpyrazine (DSP, 12) to poly-DSP (13) by [2π+2π]-cycloaddition,
as described by Hasegawa.[118]

Although diolefins are structurally different from the proposed bis-thyminyl monomers, the principles of
the four-centre-type polymerisations seem theoretically and conceptually similar, and are hence worthy of
discussion. Diolefins have the general molecular formula, X-CH=CH-X-CH=CH-X (where X can be any
conjugated moiety).[131-133, 141, 143-154]

Figure 1.9 Photo-products are the result of monomer packing in the single crystal: (a) Dimerisation occurs as a result
of parallel monomer stacking; (b) Polymerisation typically results from monomer arrangement in the single crystal
that include a molecular offset.[155]
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Generally speaking, [2π+2π]-photo-polymerisation is the result of appropriate monomer alignment in the
crystal (Figure 1.9).[131-133, 141, 143-154] If monomers stack and align parallel to one another in the crystal lattice,
the photo-product is usually a dimer (Figure 1.9a), although some exceptions[137] have been reported. If
however, monomers align with about a half-molecule offset, successive [2π+2π]-cycloadditions can occur,
and polymeric (or at least oligomeric) photo-products arise (Figure 1.9b).

Often the monomers

demonstrating photo-polymerisation include an aromatic, or other conjugated group between the two C=C
bonds (represented as an open circle in the centre of monomers in Figure 1.9).[121, 133, 138, 141, 150, 152-153] The
inclusion of aromatic moieties at the centre of the monomer structure (such as the pyrazine unit in DSP),
can promote intermolecular π-π stacking interactions in the monomer crystals, and thus enforce the
necessary molecular displacement required for photo-polymerisation (Figure 1.10 and Figure 1.9b).

Figure 1.10 Phenyl-pyrazine π-π stacking interaction contributes to the desired half-molecule displacement in the DSP
(12) monomer crystal structure.

For quick reference, the product yields of some [2π+2π]-photo-polymerisations are included in Table 1.5.
Insoluble photo-products cited in Table 1.5 might indicate the attainment of very high molecular weight
photo-products, but the molecular weights could not be determined in these cases (entries 3-4 and 7). The
molecular weights of soluble photo-products were determined using either gel permeation
chromatography (GPC), or vapour pressure osmometry (VPO). Where relevant, monomer conversion (n) is
also included.

20

Chapter 1

Table 1.5 Selected examples of [2π+2π]-photo-polymerisation, and the photo-product yields.

Evidence for
Entry

Monomer Structure

Photo-products

Ref.
[2π+2π]

1

Polymeric
VPO
[121]
Mw 60,000

2

Oligomeric
VPO
Mw 740-1053

3

4

5

6

7

8

3% Monomer to trimer (GPC)
97% Insoluble

[118]

1

H NMR

[152]

XRD
UV-VIS

[153]

IR
IR

Insoluble

Monomer to oligomers
(GPC, Mn 2,300)
[n = 7.4]
20% Monomer isomers
80% Oligomers
(VPO, Mw 1060)
[n = 4.3]
15% Monomer-tetramer
(GPC)
85% Insoluble
62% Dimer to tetramer
18% [n = 6-8]
10% [n = 15-20]
(GPC)

[133, 138, 150]

1

H NMR
IR

[133, 150]

1

H NMR

UV-VIS
[152]

IR
1

H NMR
IR

[141]

1

H NMR
HPLC

1

[140]

H NMR
IR

1

9

H NMR

84% Dimer to heptamer

MALDI-TOF MS

[142]
A

1

H NMR
IR

10

VPO,
Mw 1,117-3,865

UV

[156]

MS (dimer-trimer
only)
UV

11

NS

CHN

[157]

IR
AMatrix-assisted

laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS)

21

Chapter 1

1.4.1

Properties of the [2π+2π]-polymers

As indicated previously, a common property of the polymers produced from four-centre polymerisations, is
their poor solubility in common laboratory solvents (Table 1.5, entry 1, 3, 7).[121, 141, 153] While some of the
materials have been solubilised by strong acids (eg. trifluoroacetic acid), thus permitting average molecular
weight measurements by VPO, there are few reports of polymers that can be directly analysed by GPC
(entry 8).[140] Aggressive solvents such as strong acids, are certainly not compatible with the gel columns
used for GPC measurements. Therefore, the molecular weight distributions of the “as-polymerised”
materials are usually not determined. Generally only oligomeric species have been identified by GPC upon
the direct analysis of soluble portions of the “as-polymerised” materials (entries 3 and 7).[141, 153] Often the
polymerisation reactions only produce oligomeric species (entries 2, 5-6, 9 and 10),[133, 142, 150, 152, 156] so it is
important to quantify the photo-product molecular weight and molecular weight distribution.
Due to the problems associated with poor material solubility, other solvent-free techniques such as
infrared (IR) spectroscopy, and powder X-ray diffraction (P-XRD) have also been used to characterize the
“as-polymerised” materials.[141, 156-157]

While these techniques can help confirm [2π+2π]-cycloaddition

reactions, the data obtained from these techniques does not provide important information about the
molecular weight and molecular weight distribution of the photo-products, nor the functional properties of
the materials.
Hasegawa performed fundamental X-ray diffraction and thermal property investigations on some of the
polymers obtained from his four-centre polymerisation reactions.[123,

127]

Hasegawa, found that the

theoretical melting points of the polymers generally exceeded 300˚C, which were higher than the thermal
cleavage temperature of the cyclobutane rings in the polymers.[146] Thus on heating during thermal studies
by P-XRD and DSC-TGA, topochemical thermal depolymerisation of the polymers was observed, instead of
the polymer crystal melting.[123, 127] In many instances, the monomer molecules liberated from thermaldepolymerisation[120] were obtained in high yield as sublimation products.[146] In other instances, where
polymers of asymmetrical diolefin monomers were used, the original monomer as well as other diolefin
monomers were obtained by the asymmetrical thermal cleavage of the cyclobutanes (eg. 4’-alkoxycarbonyl derivatives of DSP).[132] Hasegawa also observed that the thermal stability of the four-centre
polymers was inversely proportional to the molecular weight of the materials.[158] The unusual behavior
was later proposed to be a common characteristic of rigid rod shaped polymer chain structures.[159]
While P-XRD studies revealed that most of the “as-polymerised” four-centre type polymers were highly
crystalline, Hasegawa noted that polymer films cast from solution, were amorphous, and were comparable
in stiffness to polystyrene films. To date, the majority of work in the area forcuses on the synthesis of new
[2π+2π]-polymers, and there are few reports that describe other physical properties of the materials.[120-121]
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Certainly, the more recent reports of polymerisation by the [2π+2π]-cycloaddition do not examine the
properties of the resulting polymers.[140-141] Thus further material characterisation experiments would be
useful additions to the literature, particularly if novel thyminyl-based cyclobutane polymers were
synthesised in this project.

1.4.2

Photo-reversibility

It is interesting to note that many of the photo-products from the monomers listed in (Table 1.5) were not
tested for photo-depolymerisation. Hasegawa explained that the photo-reversible conversion between an
olefin and cyclobutane ring is not generally observed in crystals due to the crystal lattice favoring photopolymerisation, not photo-depolymerisation.[146]
reversible

photo-polymerisation

has

been

It is therefore encouraging, that at least one semireported.[138]

In

this

example,

methyl

4-[2-(4[138]

pyridyl)ethenyl]cinnamate crystals were photo-reversibly polymerised, as shown in Scheme 1.5.

Both

the irradiation wavelength and sample temperature were shown to influence the photo-reactivity of the
monomer and polymer (Scheme 1.5 shows the optimum irradiation conditions).[138] In another report,
Hasegawa also indicated that low molecular weight oligomers (n = 3-4) of other compounds, underwent
photo-chemical “de-polymerisation” to monomers.[125] However these conclusions were based solely on
the results obtained from UV-Vis spectroscopy experiments.[125]

Scheme 1.5 Partially reversible polymerisation of methyl 4-[2-(4-pyridyl)ethenyl]cinnamate.[138]

Although the following is not an example of a true photo-reversible polymerisation, it does provide further
supportive evidence that photo-depolymerisation is viable. Chen et al chemically synthesised polyesters,
polyethers, and polyurethanes which contained pre-formed coumarin dimers in the main chain.[160-162] In
these materials, coumarin dimer segments were exploited as sites for polymer photo-degradation (by
photo-chemical cleavage of the cyclobutanes) (Scheme 1.6). Chen demonstrated that exposure of the
polyurethanes to 254 nm UV light caused photo-cleavage of the coumarin cyclobutanes, and partial photodegradation of the materials (Scheme 1.6).[160] Chen also noted that some of the photo-cleavage products
re-dimerised, and a photo-cleavage/photo-dimerisation reaction equilibrium was reached within 50 min
irradiation (254 nm).[160] In a similar manner to Chen et al,[160] Moghaddam et al prepared polyurethanes
containing the thymine dimer as a site for photo-degradation (Table 1.3, p. 10, entry 23).[94] Again however,
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Moghaddam found that the photo-cleavage reactions (performed using 249 nm UV light) were
incomplete.[94]

Scheme 1.6 Chemical synthesis of a polyurethane containing a 4-hydroxy coumarin dimer as the diol for chain
extension; Polyurethane photo-cleavage products obtained from irradiation of the polyurethane with 254 nm UV-light,
reached a photo-cleavage/photo-dimerisation equilibrium.[160]

1.5 Aligning photoactive groups in crystals for [2π+2π]-cycloaddition
Since the [2π+2π]-photo-polymerisation relies on an appropriate alignment of monomers in the crystal (i.e.
with a slight molecular offset), the ability to control the arrangement of monomers in the crystal,
specifically the photo-reactive C=C bonds, is of paramount importance. This project therefore touches on
aspects of crystal engineering, or the control of crystal packing at the molecular level. However, crystal
engineering is still in its infancy, and the controlled crystallisation of molecules remains difficult to predict
and accomplish, with success often being the result of a hit-and-miss approach. Small changes in the
chemical structure of reactant molecules often lead to vast differences in the crystal packing of the
compounds, and thus the photo-reactivity of the crystalline compounds.
Nevertheless, various strategies have been used to align olefinic bonds within crystals, so that they are
suitably positioned for [2π+2π]-photo-cycloaddition. These strategies are far-reaching as described in
several recent review articles on the topic.[143,

155, 163-164]

Exploited interactions include non-covalent

hydrogen bonding,[144] halogen-bonding,[165] and π-π stacking;[141] metallic coordination atoms have also
been used,[166-169] as well as covalently linked spacers,[170] and inclusion compounds.[171-174] This section will
only briefly describe some of the crystal-engineering techniques that have been employed. As there are an
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insufficient number of examples to specifically focus on reactions involving thymine, this discussion is
broadened to include other molecules capable of [2π+2π]-photo-cycloaddition.

1.5.1

Molecular-templates for dimerisation

The use of molecular-templates for the alignment of molecules for [2π+2π]-cycloaddition has produced
several working examples.[144, 165, 175-183] Here, the topochemical alignment of photoactive bonds is imposed
through non-covalent interactions, such as hydrogen bonding.[184] The most elegant examples of molecular
templating for [2π+2π]-cycloadditions were reported by the MacGillivray group, and utilised aromatic dihydroxy templates, such as resorcinol[144] or catechol derivatives.[178, 180] These templates have, for example,
been used successfully to align 1,2-bis(4-pyridyl)ethylene (bpe, 14), a stilbazole analogue) for
[2π+2π]-cycloaddition through OH...N hydrogen bonding (Figure 1.11),[178, 180] The irradiation of either
resorcinol/bpe (14) or catechol/bpe (14) co-crystals resulted in higher bpe photo-dimer yields than the
yields obtained when only crystals of bpe were irradiated.[144, 178, 180]

Figure 1.11 OH...N Hydrogen bonding between catechol templates and photo-dimerisable bpe (14) molecules. This
type of reactant organisation enhanced the yield of the bpe photo-dimer [178, 180]

Other template molecules have also been used to align bpe (14) molecules for [2π+2π]-cycloaddition.[165, 176]
In these cases either hydrogen bonding interactions (COOH...Nbpe and CONH2...Nbpe)[176] or halogen bonding
(I...Nbpe) interactions were exploited.[165] In a related example, a silyl-tethered di-stilbazole compound was
templated using an aromatic dicarboxylic acid in order to promote intramolecular [2π+2π]-cycloaddition of
the stilbazole units and afford a cyclic photo-product.[179] COOH…Nstil Hydrogen bonding between the
template and reactant molecule was shown to increase the efficiency of the photo-reaction.[179]
Again by exploiting N…OH hydrogen bonding, the MacGillivray group used a 2-methoxy resorcinol template
to topochemically align trans-1,6-di(pyridin-4-yl)hexa-1,3,5-triene molecules for photo-dimerisation (Figure
1.12).[182] Subsequent irradiation of these crystals caused successive [2π+2π]-cycloadditions at the olefins,
yielding a complexly architectured ladder-type photo-dimer, rather than polymeric species.[182]
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Figure 1.12 OH…N Hydrogen bonding between 2-methoxy resorcinol template molecules and two photo-dimerisable
trans-bis(4-pyridyl)poly-triene molecules. Dimerisation resulted in the formation of a molecular ladder (ladderane)
compound [182]

It should be noted that this templating approach is not limited to stilbazole and bpe (14) derivatives. In fact,
cinnamic acid (9),[181] a coumarin derivative[177] and fumaric acid[175] were all successfully templated for
intermolecular photo-dimerisation using various template-reactant interactions (eg. COO-...NH3+, COOH...N,
C=O...HC and OH...N).[175, 177, 181]
From the above examples it is clear that molecular templating has been useful for increasing the efficiency
of photo-dimerisations. These examples also provide an insight into the types of non-covalent interactions
that can be exploited in the topochemical alignment of photo-active olefinic groups.

However, as

demonstrated in the previous examples, molecular templating is currently limited to dimerisation reactions,
with templates affording only a parallel alignment of the dimerisable molecules, rather than the continuous
staggered alignment necessary for photo-polymerisation (see Figure 1.9b).

1.5.2

Molecular design to promote pre-determined intermolecular associations

For photo-polymerisation, ideally the monomer itself should contain complementary interactive groups to
enable the self-assembly of monomers within the crystal. This would avoid the need to remove template
molecules, for example, in a supplementary step. However, there are comparatively fewer working
examples of this type of approach compared with molecular templating. Nevertheless, interactive groups
including: chloro,[185] fluoro,[186] alkoxyaryl,[187] electron donor/acceptor,[188] and hydrogen bond donoracceptor pairs,[189-190] have all been used to align molecules for “engineered” photo-dimerisations.
The photo-polymerisation of phenyl-perflourophenyl diolefins by Coates et al is arguably the most relevant
molecular design example to this project (Scheme 1.7).[141] Here, alternating intermolecular phenylperflourophenyl stacking permitted the alignment of diolefins with about a half-molecule offset.[141] This
arrangment afforded a continuous network of diolefins suitable for photo-polymerisation, and high
molecular weights were achieved upon irradiation (see Table 1.5). Coates et al described the phenylperfluorophenyl stack, as a general and useful supramolecular motif.[141] Indeed, many of the successful
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[2π+2π]-photo-polymerisations have involved (to some extent, whether intentional or not) the
topochemical alignment of monomers by means of π-π stacking interactions.[133, 138, 140-142, 150, 152-153]

Scheme 1.7 Photo-polymerisation of phenyl-perflurophenyl diolefin monomers; Staggered alignment of monomers in
the single crystal was achieved by phenyl-perflourophenyl stacking interactions [141]

Interestingly, the topochemical alignment of single molecules has not only been achieved by group
associations, but also by group segregations. A unique example, demonstrated the use of fluoroaliphatic
group segregations within CF3-substituted tetrathiafulvalene derivatives (Figure 1.13).[191]

Figure 1.13 Photo-dimerisation of CF3-substituted tetrathiafulvalene; molecules were aligned by means of
fluoroaliphatic group segregation [191]

Another team employed spacer groups to align ortho-substituted chalcones for photo-dimerisation (Figure
1.14).[170] In this example dimerisation was the result of geometric constraints (i.e. an enforced distance of
chalcone separation), rather than an actual intramolecular association.[170]

Figure 1.14 Oxopropenyl spacer for aligning ortho-substituted chalcones for photo-dimerisation

1.5.3

Coordination compounds (including coordination polymers) for photo-dimerisation

The alignment of photoactive double bonds for [2π+2π]-cycloaddition in the crystalline state continues to
be an ongoing challenge, and an area of intense research focus.[163, 192] Another interesting approach to
aligning photoactive molecules within crystals is through the use of metallic coordination atoms.
Coordination compounds (including coordination polymers) have not only provided a viable means of
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aligning photo-dimerisable groups, but have also allowed the preparation of novel, functionalsupramolecular polymers.
The most widely studied photo-active metal-chelating ligand is bpe (14), (Figure 1.15a). The formation of
coordination compounds using bpe (14) ligands and various zinc,[193-195] silver,[166] and lead salts,[196] have
afforded a range of binuclear metal complexes and coordination polymers that are oriented through metalpyridyl N bonds, and are topochemically suitable for photo-dimerisation by the [2π+2π]-cycloaddition.
Another photo-active ligand, fumaric acid (Figure 1.15b), has also been used to construct a photo-reactive
coordination polymer via metal-carboxylic interactions.[197] The bpe analogue, 1,4-bis((E)-2-(pyridin-4yl)vinyl)benzene(Figure 1.15c), has also been used to construct a number of coordination polymers that, on
irradiation, afford photo-dimers containing either a single-cyclobutane ring or two cyclobutane rings.[198]

(a)

(c)

(b)

Figure 1.15 Some photoactive ligands: (a) bpe, (b) fumaric acid, and (c) 1,4-bis((E)-2-(pyridin-4-yl)vinyl)benzene.

Like all solid-state [2π+2π]-cycloadditions, it is ultimately the requirement for adequate topochemistry of
the reacting solid, or polymer in this case, that governs the success or failure of the photo-dimerisation.
Vital and co-workers reported a photo-reactive 1D coordination polymer that was synthesized from bpe,
Zn(O2CCH3).2(H2O) and trifluoroacetic acid (Figure 1.16).[193] The bpe ligands formed a ladder-like structure
in this case, with the alkenes of the bpe units aligned parallel and separated by a distance of 3.75 Å.[193]
Irradiation of the crystalline solid gave a coordination polymer of the bpe photo-dimer via a single-crystal to
single-crystal transition.[193]

3.75 Å
bpe (14)

hv
bpe dimer

Figure 1.16 [(CF3CO2)(µ-O2CCH3)Zn}2(µ-bpe)2)n] Coordination polymer undergoes single-crystal to single-crystal
transformation by the [2π+2π]-cycloaddition to give a coordination polymer where the bpe photo-dimer acts as the
ligand. Crystal structure reproduced using literature crystallographic data.[193] For clarity, hydrogen atoms are water
molecules are not shown

Other factors, such as reaction conditions, have been demonstrated to influence the resulting
topochemistry of the crystal structure, and hence the photo-reactivity of the relevant coordination polymer.
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Using bpe (14), three different 1-D supramolecular polymers were constructed using Zn(O2CCH3)2.[167] The
influence of environmental factors on crystal structure was highlighted in this example since different
polymer architectures were obtained by varying the crystallisation solvent and method.[167] The photodimerisable architectures included a standard, linear polymer (Scheme 1.8a), a ladder-like polymer
(Scheme 1.8b) and a zig-zag type polymer (Scheme 1.8c).[167]

Scheme 1.8 The formation of different coordination polymers upon reaction of bpe (14) with Zn(O2CCH3)2 using
different reaction conditions. Adapted from [167]

Simply crystallizing AgBF4 and bpe (14) in the presence of daylight resulted in an unanticipated but
desirable outcome.[199] [2π+2π]-Cycloaddition of the bpe olefins afforded a 3-D polymer of the tetrapyridylsubstituted cyclobutane, instead of the usual Ag-Ag stabilised ladder structure.[199] Interestingly, the new
cationic polymer consisted of an unprecedented topology that included helical channels within a noninterpenetrating lattice.[199]
Molecular movements within the crystals due to certain physical changes have also been implicated in the
resultant outcome of photo-dimerisations. Solvation and desolvation processes, for example, can result in
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the reorientation of ligands in coordination polymers. These processes have recently been identified as
potential methods for tuning the photo-reactivity of crystals.[200] Crystallisation of Ag(O2CCF3).2H2O with
bpe produced a 1D coordination polymer that initially included a slight offset between adjacent polymer
chains.[201] This intermolecular offset rendered the crystals non-reactive due to adjacent olefinic groups
being misaligned for the photo-reaction.[201] However, desolvation of the crystals reportedly changed the
intermolecular chain alignment and eliminated the offset.[201] Desolvated crystals were shown to form
ladder-like structures which were topochemically suited for photo-dimerisation (with near-quantitative
conversion to the photo-dimer upon irradiation).[201] Conversely, however, solvated fumaric acid/CdII(NO3)
crystals were shown to be photo-active, whilst the desolvated crystals were photo-inactive.[197]
Further to this, a triple-stranded 1D ladder-like polymer was constructed upon reaction of bpe (14) with
Pb(O2CCH3)2 and Pb(O2CCF3)2.[196] Conversion to the photo-dimer was limited in this case to 67%, possibly
due to reorientation of the third strand to form stabilizing π-π contacts.[196] Photo-dimerisation also caused
changes to the stabilizing interactions in a ladder-like coordination polymer that was produced by direct
crystallisation of bpe (14) with Ag(O2CCF3).[166] The parallel alignment of the polymer chains was initially
stabilised through Ag-Ag interactions.[166] During photo-reaction, however, the pedal-like motion of bpe
broke the argentophilic associations between adjacent chains, and caused the formation of new Ag-C
interactions.[166]
The above examples provide an indication of the types of interactions that have been exploited to align
photo-active groups for the [2π+2π]-cycloaddition.

As shown, the majority of work has centred on

alignments for photo-dimerisation reactions rather than the more complex alignment of groups for photopolymerisation. In most cases, the alignment of reactive olefinic moieties for photo-polymerisation utilises
weak intermolecular interactions such as π-π stacking.

1.6 Summary
The development of photo-reversible materials could highlight a new, more energy efficient polymerrecycling strategy. Thymine (5), a nucleic acid in DNA, is well known to undergo a photo-reversible
[2π+2π]-cycloaddition reaction in response to different wavelengths of UV light, and thymine represents an
intereting choice for incorporation into a reversibly polymerisable system. The photo-dimerisation of
thymine has already been utitilised in a number of reversibly cross-linkable polymers; and the Inaki group
have also attempted to use bis-thyminyl monomers for linear photo-multimerisation reactions in solid-films.
However in the latter case, GPC analysis of the photo-products showed that only slight photo-chemical
conversion of the monomers to oligomers or polymers, occurred. While the crystal-phase irradiation of an
N1,N1-propyl-bridged bis-thymine may have afforded a cyclobutane polymer as a minor product (10%), a
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successful (high-yielding) [2π+2π]-polymerisation has not yet been described in the literature for a bisthyminyl system.
In order to achieve high yielding syntheses by the [2π+2π]-cycloaddition, it is important that the
topochemistry of the reactants is effectively controlled in the solid-state, such that each pair of reactive
olefins are aligned parallel to one another, and are separated by a short distance (i.e. 3.5-4.2 Å). Several
strategies have already been used to align photo-reactive double bonds for [2π+2π]-cycloaddition reactions.
These include the rational design of reactant molecules, and the use of non-covalent templates which
exploit known interactions such as Cl…Cl, van der Waals forces, electrostatic forces, π-π stacking, and
hydrogen bonding. Coordination polymers have also provided a viable means of aligning photo-dimerisable
groups.
The most successful [2π+2π]-polymerisations described in the literature, were performed by the irradiation
of diolefin monomer crystals. In these cases the monomer crystal structures revealed a continuous and
juxtaposed

arrangement

of

the

monomers,

which

facilitated

polymerisation

[2π+2π]-cycloaddition reactions, upon irradiation of the monomer crystals.

by

successive

Of the photo-polymers

synthesised by this technique, it is interesting to note that photo-depolymerisation reactions are rarely
investigated. This is somewhat understandable considering that the [2π+2π]-polymers often exhibit poor
solubility in common laboratory solvents, which limits the degree to which properties such as molecular
weight and molecular weight distribution can be studied. It is obvious that further characterisation of this
class of materials is required in order for future developments to be made in the area.

1.7 Aims of the thesis
The ultimate aim of this project is to synthesise a photo-reversibly polymerisable material, using thymine as
the photo-reversible segment. This primary objective can be deconstructed into three major research
components:
1.

Synthesis of a series of n-alkyl-linked bis-thyminyl acetates, and study of the optimum alkyl spacer length for
photo-polymerisation in solid monomer films.

2.

The design and synthesis of bis-thyminyl monomers that can undergo photo-polymerisation in single-crystals.

3.

Utilisation of metal coordination bonds to align thyminyl units in a coordination compound for photocrosslinking or photo-polymerisation

A secondary objective of this research is to examine other key properties of the resulting polymeric
materials, with particular focus on: spectroscopic features, photo-reversibility, polymer molecular weight
and molecular weight distribution, and also thermal stability.

31

Chapter 1

1.8 Thesis outline
This thesis has been divided into eight chapters. The current chapter (Chapter 1), introduces the concept
of photo-reversible polymers and describes previous research related to the solid-state photo-reactivity of
thyminyl derivatives. The mechanisms and geometrical criteria governing [2π+2π]-cycloadditions and
polymerisations are also presented, with reference to specific literature examples. A number of strategies
for the alignment of photo-reactive double bonds are also summarised.
Chapter 2 describes the synthesis of a series of n-alkyl-linked bis-thyminyl acetates, and the
characterisation of their solid-state photo-reactivity in thin films. The effect of alkyl spacer length to the
photo-reactivity of the monomers is examined and the usefulness of a templating polymer is also evaluated
for its propensity to align n-alkyl-linked bis-thyminyl acetates in the solid-state.
The series of experiments leading to the discovery of several photo-polymerisable bis-thyminyl monomer
crystals are then presented over several chapters (Chapters 3-5). In Chapter 3, six N1 thyminyl derivatives
are synthesised and subjected to crystal structure analyses in order to understand some of the factors
important to the crystal packing of thyminyl derivatives. The photo-reactivity of the N1-derivatives is
examined using a combination of empirical and quantum chemical techniques. Based on the results of
these studies, a number of more complex bis-thyminyl monomers are synthesised and crystallographically
examined in Chapter 4. The photo-reactivity of the prepared monomer crystals is then studied in Chapter 5,
and some key characterisations of the resulting photo-polymers are determined using NMR, IR, GPC,
MALDI-TOF MS, and thermoanalytical techniques including thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC).
Chapter 6 works toward the development of photo-polymerisable bis-thyminyl monomer systems that are
aligned using metal coordination bonds. To do so, a bis-pyridyl thymine derivative and a bis-thyminyl-bispyridyl monomer are synthesised. Where appropriate, the crystal structures of coordination complexes are
presented.
Chapter 7 contains full experimental details concerning the chemical syntheses and analytical protocols
used in the project. The final chapter, Chapter 8, draws the conclusions of the research and suggests
potential avenues for future research on the topic of photo-reversible polymerisation using thyminyl-based
monomers.
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Photo-reactivity of n-alkyl-bridged bis-thyminyl acetate monomers in thin-films

2.1 Introduction and research objectives
Several research teams have attempted to form reversible polymers by the photo-chemical multimerisation
of monomer moieties such as coumarin[1] or cinnamate.[2] In these cases, however, linear high molecular
weight polymers did not arise due to the low photo-chemical yields of the reactions.

Inaki et al. also

examined the photo-reactivity of various bis-thymine compounds for their suitability as monomers for
photo-reversible polymerisation.[3] GPC analysis of the photo-products, however, showed that only slight
photo-chemical conversion of the monomers to oligomers or polymers occurred, with the molecular
weights of the photo-products not determined.[3]
In this chapter first attempts at photo-reversible polymerisation using bis-thymine monomers, are
discussed. We include relevant synthetic strategies for the preparation of eight N1-derivatised n-alkyllinked bis-thyminyl acetates (Scheme 2.1), and systematically study the effects of spacer-length to
monomer (film) photo-reactivity.

Scheme 2.1 Photo-reversible polymerisation of n-alkyl-bridged bis-thyminyl acetate monomers 15a-15h
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A novel approach for photo-reversible polymerisation with bis-thymine monomers in the presence of a
templating polymer is also discussed. In this approach, the monomers were non-covalently embedded
within a poly(vinylpyrrolidone) (PVP) polymer matrix for the photo-polymerisation. To complete the photopolymerisation/photo-depolymerisation cycle, conditions to reverse the process were also examined.

2.2 Results and discussions

2.2.1

Synthesis of n-alkyl-bridged bis-thyminyl acetate monomers

Eight n-alkyl-bridged bis-thyminyl acetate monomers were prepared, that varied with respect to the size of
the incorporated polymethylene spacer. This set of monomers consisted of ethyl-(15a), n-propyl (15b), nbutyl-(15c), n-pentyl-(15d), n-hexyl-(15e), n-octyl-(15f), n-decyl-(15g) and n-dodecyl-linked (15h) bisthyminyl acetate derivatives, in order to ascertain the optimum spacer length for photo-polymerisation.
The n-alkyl-linked bis-thyminyl acetates were derivatised at the N1-position of thymine (5) since previous
studies had shown improved photo-reactivity from compounds derivatised at the N1-postition compared to
the N3-position.[4] As shown in Scheme 2.2, the n-alkyl-linked bis-thyminyl acetates were prepared using
the SN2 reaction between thyminyl acetic acid (17) and a relevant dibromoalkane. This strategy first
involved the formation of a DMF insoluble NEt3-17 salt. The salt acted to stabilize the carboxylate anion,
and also promote the transfer of electrons to the carboxylate ion for subsequent esterification.[5-6] When
the dibromoalkane was added, the precipitate gradually disappeared, qualitatively indicating its conversion
to the ester.

Scheme 2.2 n-Alkyl-linked bis-thymine synthesis by reaction of thyminyl acetic acid and a relevant dibromoalkane
Table 2.1 Isolated yields of the monomers (15a-15h)

R= (CH2)n

n=2

n=3

n=4

n=5

n=6

n=8

n = 10

n = 12

ID

15a

15b

15c

15d

15e

15f

15g

15h

Yield (%)

45

53

84

39

47

25

63

40

39
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Purification of the target compounds was achieved by precipitation using a CH2Cl2/MeOH mixture. As
shown in Table 2.1, the isolated yields of the monomers ranged between 25-84%. It is suspected that the
observed variability in monomer yields is partly due to the quality/age of the dibromoalkanes used in the
syntheses and potentially the time allowed for precipitation of the monomers from the reaction mixture.
Spectroscopic analyses performed on the purified monomer samples were consistent with formation of the
desired n-alkyl-linked bis-thyminyl acetates. Thyminyl N3H protons were observed between δ 11.37-11.40
ppm in 1H NMR spectra, which indicated that unwanted alkylation at the imide had not occurred. A single
band was observed at 1734-1759 cm-1 in the IR spectra, which corresponded to the ester carbonyl. The 1HNMR spectra also revealed doublets at δ 1.75 and 7.47 ppm, which was attributed to long-range coupling
between the thyminyl C5-CH3 and C6H protons, respectively.

2.2.2

Thin-film photo-reactivity

2.2.2.1 UV-Vis spectroscopic studies
To assess the solid-state photo-reactivity of the n-alkyl-bridged bis-thyminyl acetates, thin films of each
monomer were prepared on quartz substrates from anhydrous DMF solutions. All films were prepared at
elevated temperature (80˚C), and above a desiccant to avoid water adsorption on the film surface. To
achieve the [2π+2π]-cycloaddition of monomers, the thin films were irradiated using 302 nm UV light, with
energy levels up to 60 J.cm-2. All photo-reactions were performed in triplicate for each compound, and
photo-reactions were monitored by UV-Vis spectroscopy of the solid films.
The thyminyl moieties of n-alkyl-bridged bis-thyminyl acetates are highly conjugated, which results in their
strong UV-absorbance at 268 nm (Figure 2.1a). When thin films of the n-alkyl-bridged bis-thyminyl
acetates are irradiated with 302 nm UV, conjugation within the thyminyl moieties decreases as the olefinic
groups undergo [2π+2π]-cycloaddition to form the cyclobutane ring. The resulting loss of conjugation
results in a decrease to UV-absorbance at 268 nm (Figure 2.1a, 60 J.cm-2). By monitoring the changes to
UV-absorbance at 268 nm during irradiation, the photo-chemical conversion of the substituted bis-thymine
(%) can be estimated (Equation 2.1).
ℎ



  % = 1 −





 100

Equation 2.1 Calculation of percentage thyminyl conversion

Equation 2.1 states that thymine photo-conversion is proportional to the ratio of absorbances at 268 nm
for the sample at a given time during the irradiation (At268), and for the sample prior to irradiation (A0268).
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The progress of the reaction can be shown by a plot of irradiation time (or irradiation dose), versus thymine
photo-conversion. As an example, the reaction progress scheme obtained for for n-decyl-linked bisthyminyl acetate (15g) is shown in Figure 2.1b.
1.0

100

(a)

(b)

0 J.cm-2

0.6
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0.2
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Thyminyl Conversion (%)
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Figure 2.1 [2π+2π]-Cycloaddition of n-decyl-linked bis-thyminyl acetate, 15g: (a) Changes to UV-VIS spectra with
irradiation; (b) Reaction progress can be monitored using Equation 2.1 which follows the absorbance changes at 268
nm with 302 nm irradiation

Overall, the reaction progress curves for each monomer showed similar features to those seen in Figure
2.1b. A fast, initial increase to thymine photo-conversion occurred after an irradiation dose of 5 J.cm-2.
This behaviour is consistent with a large number of thymine-thymine pairs being available for photoreaction at the beginning of irradiation. The rate of conversion of the n-alkyl-linked bis-thyminyl acetates
progressively decreased at doses between 5-30 J.cm-2, which was consistent with fewer thymine-thymine
pairs being available for photo-reaction. With irradiation doses between 30-60 J.cm-2, thymine conversion
became very slow and began to plateau, which was attributed to the depletion of available thyminethymine pairs.
During the initial stages of irradiation, thymine photo-conversion occurred almost linearly (Figure 2.1b).
The gradients of linear regressions performed in this region were taken as the initial rates of thymine
photo-conversion, and are compared across the monomer series in Figure 2.2a.
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Figure 2.2 (a) Comparison of the initial rates of photo-reaction for the alkyl-linked bis-thyminyl acetates (15a-15h);
(b) Comparison of the total remaining thymine content after irradiation (60 J.cm-2, 302 nm).

As shown in Figure 2.2a, the initial rate of n-alkyl-linked bis-thyminyl acetate consumption increased as the
spacer length increased from ethyl to butyl, decreases between butyl and hexyl, then increases again from
hexyl to dodecyl. As spacer length increased, more flexible motion of the thymine head groups was likely
to occur. This greater monomer flexibility would allow molecular movement of the thymine moieties in the
films, increasing the likelihood of adjacent thyminyl groups interacting more frequently with one another to
permit photo-reaction. Although increased flexibility resulted in faster initial rates of thymine consumption,
it was not the only factor contributing to reaction rate, since there were two clearly distinct trends
observed in the initial reaction rate data (Figure 2.2a) for linkers between ethyl and butyl (15a-15c) and
linkers hexyl to dodecyl (15e-15h). From these results, it is suspected that monomers with shorter spacer
lengths (i.e. ethyl 15a, propyl 15b or butyl 15c) undergo predominantly thymine-thymine hydrogen bonding
interactions, while monomers with larger spacers (hexyl to dodecyl, 15e-15h) were subject to greater van
der Waal’s interactions between monomer molecules, limiting to some extent the thymine-thymine
hydrogen bonding interactions. In this context, the C2-C4 spacers may act as more rigid “picket fence”
structures, whilst the longer n-alkyl spacers have the capacity to undergo collapsed-extended
conformational changes, which will influence the degree of flexibility of the thymine head group. Similar
phenomena have been noted previously in other cases with n-alkyl bridging or immobilised spacers of
different spacer length, and have been exploited in various modes of chromatographic separation.[7-8] The
observed decrease in the initial reaction rates for the butyl to hexyl-linked monomers (15c-15e) might
therefore represent a transition point where predominant hydrogen bonding interactions switch to
predominant van der Waal’s interactions.

42

Chapter 2

Complete photo-reaction of monomers in the thin-films requires 100% of thyminyl olefinic groups to lie
within 4.2 Å of one another.[9] Since, however, the monomer films were amorphous environments, it was
unlikely that the necessary monomer orientations occurred to any great extent, or with any great
continuity. As expected, total thymine conversion was less than complete, with total observed thymine
conversion ranging between 74-83% at the end of irradiation (Figure 2.2b). Although no progressive trend
was apparent with the various n-alkyl-linked bis-thymines from the total conversion data, ethyl-linked bisthyminyl acetate (15a) showed the lowest conversion, while n-decyl-linked bis-thyminyl acetate (15g)
marginally showed the highest.
The [2π+2π]-cycloaddition of the monomer in a solid film was repeated in triplicate for each compound.
Generally the reproducibility of the results was adequate, with typical deviations in measurement of the
initial photo-reaction rate being less than 10%, though for propyl (15b) and dodecyl (15h) spacers,
deviation was closer to 15% (Figure 2.2a). In earlier experiments, films were prepared by solvent casting
from dilute DMF solutions. Here it was noted that even when film thicknesses varied, initial rates of photoconversion correlated well. However, it was noted that film quality (specifically transparency) affected
both the initial rate of monomer photo-conversion, and the total yield of photo-conversion. UV-absorption
in the films at 350 nm was used as an indicator of film transparency. Absorption above 0.02 AU at 350 nm
indicated poor film quality, and these films were excluded from further analysis. In these samples,
irradiation resulted in lower initial rates of thymine consumption and smaller degrees of thymine
conversion. Presumably this was due to regions of opacity caused by moisture adsorption, which both
minimised the efficiency of light absorption during irradiation and limited the degree of observed photoreactions. To obtain the high quality films used in these experiments, moisture adsorption was minimised
by making monomer solutions in anhydrous DMF, and preparing the films over a desiccant.
2.2.2.2

1H

NMR Spectroscopy

The conversion of thymine estimated by UV-Vis spectroscopy was confirmed by analysis of the
corresponding 1H NMR spectra.

Integration of the n-alkyl protons in the irradiated n-butyl-linked

bis-thyminyl acetate film (15c), for example, showed 72% conversion (Figure 2.3), which correlated closely
with the UV-VIS estimate of conversion for this film (77%).
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(b)
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Figure 2.3 The partial 1H-NMR spectra for n-butyl-linked bis-thyminyl acetate (15c) (a) before and (b) after 302 nm
UV irradiation (60 J.cm-2).

As neither monomer nor photo-products were soluble in CDCl3, 1H-NMR spectra were obtained from D6DMSO solution. The cyclobutane C-H resonances were not observed in any of the spectra. However,
according to previous reports the C-H resonances of thymine dimers shift upfield from δ ~7 ppm
(monomer), to somewhere between δ 3-4 ppm (for dimer, in CDCl3).[10] It is possible, therefore, that the
cyclobutane CH protons appeared under the broad water peak (δ 3.33 ppm) in the DMSO spectra.
Nevertheless, sample irradiation caused the appearance of several new peaks between δ 1.2-1.5 ppm. Five
new resonances were observed in the spectrum of irradiated n-butyl-bis-thyminyl acetate (Figure 2.3),
which were attributed to thyminyl-methyl protons of the various photo-isomers.[10] Although the number
of new resonances varied between the monomers, the chemical shifts corresponding to these resonances
remained consistent. The integration ratios for the new resonances observed in the 1H NMR spectra of the
irradiated samples are shown in Table 2.2.
According to Inaki et al the order of resonances for thyminyl CH3 protons can be used to differentiate
between the various photo-isomers of mono-substituted alkyl-thymines.[10] Inaki et al only reported
chemical shifts for four stereo-isomers: cis-anti (CA), cis-syn (CS) trans-anti (TA) and trans-syn (TS). In the
1

H-NMR spectrum of the irradiated butyl-bis-thymine film (Figure 2.3) however, five new resonances were

observed between δ 1.2-1.5 ppm, which indicated the presence of an additional photo-product not
previously described by Inaki. Cis-syn and trans-anti photo-dimers are each meso-isomers, while the transsyn and cis-anti isomers exist as two entantiomeric forms.[11] Different 1H-NMR characteristics of the
thyminyl-C5 methyl protons are reported for the cis-anti enantiomers, but not the trans-syn
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enantiomers.[12-13] Therefore, the fifth resonance observed in 1H-NMR spectra could indicate the presence
of both cis-anti enantiomers. Although no attempt was made to isolate the photoisomers produced from
irradiation of our n-alkyl-linked bis-thymines, previous reports indicate that resonances at δ 1.49, 1.35, 1.30,
1.28, and 1.24 ppm arise from the isomers: cis-anti (CAI), cis-syn, cis-anti (CAII), trans-anti and trans-syn,
respectively.[10, 13]
Table 2.2 Photo-product selectivities determined by the integration of new resonances in the 1H-NMR spectra of
irradiated monomers (302 nm, 60 J.cm-2). Possible assignments of the photo-products are also shown.

δ (ppm)

Not clear

Assignment
Ethyl
n-Propyl
n-Butyl
n-Pentyl
n-Hexyl
n-Octyl
n-Decyl
n-Dodecyl

1.49
CAI
25
25
25
20
60
50
70

1.35
CS
15
20
20
20
40
50
30

1.30
CAII
20*
20*
15*
20

1.28
TA
20*
20*
15*
20

1.24
TS
100
20
20
25
20

#

#

#

#

#

#

#

#

#

#New

resonances may have occurred at the referenced chemical shifts, but could not be conclusively
differentiated from the alkyl proton resonances. *Some resonances at 1.30 and 1.28 ppm were integrated as one
peak due to poor resolution. However, the two peaks appeared approximately equivalent.

Referring to the summary in Table 2.2, the 1H NMR spectrum of the irradiated ethyl-linked bis-thyminyl
acetate film (15a) showed only one new resonance at δ 1.24 ppm, which indicated that only one photoisomer was produced from the irradiation.

All other monomers (15b-15h) produced a mixture of

cyclobutane photo-isomers. Based on similar 1H NMR integration values at each new resonance (Table 2.2),
it does not appear that the isomers are selectively produced upon the irradiation of films of monomers
15b-15h. In higher molecular weight monomers (ie. octyl- to dodecyl-), the new resonances of the photoproducts coincided with the resonances from alkyl-spacers, making differentiation between the two
difficult (exemplified in Figure 2.4 which compares the spectra for n-decyl-bis-thyminyl acetate (15g) before
and after irradiation).

45

Chapter 2

(b)
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Figure 2.4 The partial 1H-NMR spectra for n-decyl-bis-thyminyl acetate (15g) (a) before and (b) after 302 nm UV
irradiation (60 J.cm-2). Note that the photo-product resonances occurring at 1.25 ppm cannot be differentiated from
the alkyl proton resonance.

2.2.2.3 GPC Study of photo-polymerisation
Photo-polymerisation of neat monomer films
Although UV-VIS and NMR studies had confirmed that photo-reactions occurred within the films, they did
not allow characterisation of the photo-products in terms of molecular weight (ie. dimers, oligomers, or
polymers). Therefore, to ascertain whether irradiation changed the molecular weight distribution within
the thin films, films used for photo-reactivity studies were subjected to GPC analysis after a total irradiation
dose of 60 J.cm-2. The quartz substrates were found to have no residual, adsorbed material after GPC
sample preparation (as confirmed by UV-VIS analysis of the cleaned substrate), indicating that solubilisation
of the photo-products was complete.
GPC analyses were initially conducted using a DMF (100%) mobile phase. Under these conditions, however,
the chromatograms showed false peaks at molecular weights corresponding to 4 x 106 g.mole-1 (Figure
2.5a). The false peaks were attributed to aggregates, possibly stabilised by hydrogen bonding between
thyminyl moieties. GPC analyses were repeated using a DMF mobile phase containing 10 mM LiBr, in order
to disrupt hydrogen bonding and destroy the aggregates. The chromatograms of samples treated with LiBr
were free of ‘false peaks’ which permitted analysis of photo-product molecular weights (Figure 2.5b).
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(b) DMF + 10 mM LiBr

(a) 100% DMF
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Figure 2.5 Effect to GPC chromatograms (UV-detection) of 10 mM LiBr in DMF mobile phase. (a) Mobile phase = 100%
DMF, false peaks are indicated; (b) Mobile phase = DMF + 10 mM LiBr, false peaks disappear showing only photoproducts.

As expected, the irradiation of monomer films caused increases to both the average molecular weight (Mw)
and sample polydispersity (Mw/Mn) using both UV and refractive index (RI) detection, again confirming that
photo-reactions had occurred. However in all cases, it was found that the average molecular weight and
polydispersity calculated from GPC-RI-detection data were higher than those calculated using GPC-UVdetection data. This phenomenon can be explained by the differences in extinction coefficients of photoreacted and monomeric thymine. Specifically, monomeric thymine possesses an extinction coefficient
some 25 times higher than dimerised thymine.[14] Therefore, the presence of non-reacted thymine is
detected more sensitively by UV, than by RI. As a result, Mw and polydispersity detected by UV were
shifted closer to values of the monomer, compared with RI detection. To illustrate this more clearly,
normalised UV and RI chromatograms are compared in Figure 2.6. The RI chromatogram in Figure 2.6
clearly shows a higher ratio of oligomeric photo-products to monomer, which ultimately results in greater
values of Mw and polydispersity by RI detection.
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Figure 2.6 GPC chromatograms obtained by (a) RI detection and (b) UV detection of n-decyl-linked bis-thyminyl
acetate photo-products (mobile phase: DMF with 10 mM LiBr), normalised to monomer peak. Monomer peak is
indicated by arrows.

Although RI detection was robust to the effect of residual thyminyl groups (which possessed a higher
extinction coefficient than the reacted thymine groups), the RI response was not as intense as the UV
response. Due to this effect and the poor resolution of the non-monomeric photo-products in the
chromatograms, the position of integrations were less reliable from the RI data than from the UV data.
Though likely to be an underestimate, future discussion concerning the Mw and polydispersity
characterisation of irradiated n-alkyl-linked bis-thyminyl acetate samples will focus on values determined
from the UV data sets.
Figure 2.7 shows the average molecular weights of non-monomeric photo-products in the irradiated films.
Monomer photo-conversion to non-monomeric species was determined by integration of the relative peak
areas occupied by each species. These conversion percentages are also compared in Figure 2.7.
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Figure 2.7 Non-monomeric peak area as a measure of conversion to higher molecular weight photo-products
(calculated from the UV chromatogram, dark colour), and GPC Mw’s determined for non-monomeric species in
irradiated samples (also calculated from UV detection data, light colour).

The GPC data showed that the n-decyl-linked bis-thyminyl acetate (15g) gave the highest monomer
conversion (Figure 2.7). Analysis of the peak areas corresponding to the monomeric and non-monomeric
species indicated that 50% of monomers were converted to non-monomeric photo-products (Figure 2.7).
The molecular weight of the non-monomeric photo-products of the n-decyl-linked bis-thyminyl acetate
(15g) was Mw = 5.6 x 103, Mw/Mn = 2.2 for non-monomeric species. The GPC chromatograms of n-decyllinked bis-thyminyl acetate (15g) before and after irradiation are included in Figure 2.8. n-Hexyl (15e) and
n-octyl-linked (15f) bis-thyminyl acetate also showed high molecular weight photo-products Mw = 6.9 x 103
(Mw/Mn = 4.3), Mw = 6.1 x 103 (Mw/Mn = 3.4), but the monomer conversion was low in these cases (i.e. 26%
and 14%, respectively, Figure 2.7).
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Figure 2.8 UV-GPC chromatograms of n-decyl-linked bis-thyminyl acetate before (initial, 15g) and after irradiation
(302 nm, 60 J.cm-2).

From Figure 2.7, it is evident that the molecular weight of the irradiated n-propyl-linked bis-thyminyl
acetate (15b) was Mw = 2.1 x 103 (Mw/Mn = 1.5), although the chromatogram indicated a very low
conversion of monomer to higher molecular weight species (3%). This finding contrasts with the UV-Vis
results that estimated 72% of the thyminyl moieties underwent photo-reaction. One explanation for this
outcome is that the photo-reactions within n-propyl-bis-thyminyl acetate (15b) films resulted almost
exclusively in intramolecular [2π+2π]-cycloaddition, to yield cyclic species of the same molecular weight as
the monomer.
n-Dodecyl-bis-thyminyl acetate (15h) showed a slightly higher conversion than n-propyl-bis-thyminyl
acetate (15b) to non-monomeric photo-products (6%), although (Figure 2.7) the average molecular weight
of the non-monomeric species was only slightly higher than the monomer (Mw = 930 and 820, respectively).
Again, intramolecular photo-reaction to yield mainly cyclic photo-products from the irradiation of ndodecyl-bis-thyminyl acetate (15h) would account for this behaviour. The non-monomeric species in the
irradiated ethyl-linked bis-thyminyl acetate (15a) sample had the molecular weight of Mw = 3.4 x 103
(Mw/Mn = 2.0) but 13% conversion. The non-monomeric photo-products of all other monomers showed
low levels of conversion (< 23%), and molecular weights for the non-monomeric photo-products in the
irradiated n-butyl (15c) and n-pentyl-linked bis-thyminyl acetate (15d) samples were, Mw = 3,500 (Mw/Mn =
2.3) and Mw = 2.9 x 103 (Mw/Mn = 2.0), respectively.
In summary, from the GPC analyses, the n-decyl-linked bis-thyminyl acetate monomer (15g) gave the
greatest conversion of monomer to higher molecular weight photo-products. The other monomers,
particularly n-propyl-linked bis-thyminyl acetate (15b), showed some conversion to higher molecular
weight photo-products, but predominantly underwent intramolecular photo-reactions. It can be proposed
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that the superior photo-reactivity of n-decyl-bis-thyminyl acetate (15g) is due to this molecule adopting
more open monomer conformations (Figure 2.9b) that were stabilised by weak lipophilic interactions
between adjacent monomers. Conversely, the poor reactivity of n-propyl-linked bis-thyminyl acetate (15b)
can be attributed to this molecule adopting a more constrained conformation (Figure 2.9a), which was
potentially stabilised by intramolecular hydrogen bonding between thyminyl moieties.
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Figure 2.9 Monomer conformation influences the obtained photo-products

Photo-polymerisation of poly(vinylpyrrolidone)-templated films
In order to better control monomer alignment within the films, the photo-polymerisation of the best
candidate, n-decyl-bis-thyminyl acetate (15g), and the worst candidate, n-propyl-bis-thyminyl acetate (15b),
associated with a poly(vinylpyrrolidone) (PVP) template was investigated. Our hypothesis was that the nalkyl-linked bis-thyminyl acetate monomers could supramolecularly associate with PVP, via non-covalent
hydrogen bonding (Figure 2.10), to promote open monomer conformations, and close proximity between
neighbouring monomers. It was expected that the close proximity of the monomers would favourably
assist in the alignment of the thyminyl olefins of neighbouring monomers.

Figure 2.10 Schematic showing the proposed hydrogen bonding network structure between bis-thyminyl acetate
monomers and a PVP template

Figure 2.11 shows the IR spectra of neat n-decyl-linked bis-thyminyl acetate (15g) and n-decyl-bis-thyminyl
acetate in the presence of PVP (15g/PVP). A slight shift was observed in the NH region of the PVP/decylbis-thyminyl acetate sample (3176 cm-1) compared with the neat decyl-bis-thyminyl acetate sample (3165
cm-1). This shift is attributed to the thyminyl imide NH undergoing hydrogen bonding with the PVP
template and is accompanied by slight shifts in the carbonyl regions as well. The n-decyl-bis-thyminyl
acetate/PVP (15g/PVP) sample showed a strong band at 1664 cm-1, while the neat n-decyl-bis-thymine
showed a strong band at 1672 cm-1.
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Figure 2.11 Comparison of IR spectra for n-decyl-linked bis-thyminyl acetate (solid, 15g),
), and n-decyl-linked bisthyminyl acetate in the presence of PVP (feint, 15g/PVP)

GPC chromatograms of the irradiated n-propyl-bis-thyminyl acetate (15b) and n-decyl--bis-thyminyl acetate
(15g) films (with and without PVP template) are shown in Figure 2.12 and in Figure 2..13, respectively. For
both monomers, films containing the PVP template demonstrated improvements in the GPC conversion to
higher molecular weight species, and the average molecular weight of the non-monomeric
non monomeric species.
species
The relative peak areas occupied by non-monomeric
non
photo-products
products in the templated films were higher
than in the non-templated
templated films. In the n-decyl-linked sample (15g),
), for example, monomer conversion
increased from 50% in the non-templated
templated sample, to 62% in
in the templated sample (Figure
(
2.13). This
indicated that more monomers were within suitably close distances to one another (i.e. thyminyl olefinic
groups of neighbouring monomers were separated by < 4.2 Å) in the PVP/n-alkyl
alkyl-linked bis-thymine
supramolecular matrix, to permit oligomerisation
oligomeri
and improve the overall conversion of monomer to
higher-order photo-products. PVP-templating
templating thus appeared to improve monomer conformation and
alignment in the film-state.
state. This was particularly
parti
apparent in the case of the n-propyl
propyl-linked bis-thyminyl
acetate samples (15b).

Without
ithout template, n-propyl-bis-thyminyl acetate (15b) demonstrated nearly

exclusive intramolecular photo-dimeris
dimerisation (Figure 2.12) and only produced photo-p
products of the same
molecular weight as the monomer. However, with the PVP template, conversion to non-monomeric
non
photoproducts increased to 32% (Figure 2.12
12). This result indicates that templating with PVP promotes (at least
to some extent) the open monomer conformation necessary for photo-polymerisation..

52

Chapter 2

With PVP
Mw 2.0 x 103, Mw /Mn 1.3

Without PVP

10

12

14

16

18

20

Retention time (min)
Figure 2.12 Comparison of GPC chromatograms for irradiated n-propyl-linked bis-thyminyl acetate films (302 nm, 60
J.cm-2), both with and without the PVP template polymer
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Figure 2.13 GPC chromatograms of irradiated (302 nm, 60 J.cm-2) n-decyl-linked bis-thyminyl acetate films with PVP
template and without PVP template

Although some higher molecular weight photo-products were achieved by irradiation of n-decyl-bisthymine without PVP template (15g), the templated sample (15g/PVP) showed relatively higher
proportions of non-monomeric photo-products (Figure 2.13). The alignment control by PVP was reflected
in the molecular weights of non-monomeric species.

With template, the molecular weight of non-

3

monomeric photo-products was Mw 7.2 x 10 (Mw/Mn = 1.7), while for the neat sample the molecular
weight was just Mw 5.6 x 103 (Mw/Mn = 2.2).
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2.2.3

Photo-reversion and depolymerisation

2.2.3.1 UV-Vis reversion studies of neat films
To study the retro-[2π+2π] photo-reactions of the compounds, thin films were first photo-polymerised (302
nm, 60 J.cm-2). When the polymerised films were exposed to short wavelength UV (<250 nm, 4 h), the
reverse photo-reaction occurred.

Photo-reversion was followed by UV-Vis spectroscopy, and using

Equation 2.2, the total reversions (% R) were determined for each compound (compared in Figure 2.14).

f
i
A268
− A268
%R = o
x 100
i
A268 − A268

f
Equation 2.2 Calculation of percentage reversion (% R). Where: A268
= UV absorbance at 268 nm, after irradiation
i
o
= UV absorbance at 268 nm, after irradiation 60 J.cm-2, 302 nm; A268
= UV absorbance at
for 4 h at <250 nm; A268

268 nm prior to irradiation (initial absorbance)
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Figure 2.14 Comparison of percentage reversion values determined using Equation 2.2

Referring to Figure 2.14, it can be seen that reversion followed a similar trend to the initial rates of thymine
photo-conversion (shown in Figure 2.2a). Reversion increased from the ethyl to the butyl spacers (15a-15c)
and from the octyl to the dodecyl spacers (15f-15h), but decreased between butyl and octyl spacers (15c15f). It is proposed that as monomer flexibility increased with spacer size, so too did the strain around the
cyclobutane rings of photo-products. This strain could have promoted cleavage of the photo-products and
increased the total observed reversion.
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However from Figure 2.14, it was evident that total reversion values were below 40% for all monomers,
with a maximum of just 36% achieved in the n-dodecyl-linked bis-thyminyl acetate films (15h). This was
disappointing considering that thymine was known to demonstrate a high efficiency of photo-reversion,[4]
and Inaki et al had achieved a reversion of 60% in their bis-thymine film.[3] It was believed that the UV-Vis
spectra of n-decyl-linked bis-thyminyl acetate in Figure 2.1a, provided an indication of the problem. Figure
2.1a showed differences in the molar absorptivities of non-reacted monomer (0 J.cm-2) and photo-products
(60 J.cm-2).

From these UV-Vis spectra, it was apparent that the monomer absorbed 250 nm UV

(wavelength for cycloreversion) more efficiently than the photo-products. Therefore upon irradiation of
the films with <250 nm UV, monomer and photo-products would simultaneously absorb the irradiated
energy and [2π+2π]-cycloaddition would occur competitively with photo-reversion.
To investigate this further, a thin-film of n-decyl-linked bis-thyminyl acetate (15g) was directly irradiated
with <250 nm UV (Figure 2.15). As expected, even the short-wavelength UV caused [2π+2π]-cycloaddition
of the monomers. A second film was prepared, and in the usual process, it was irradiated with 302 nm UV
for [2π+2π]-cycloadditon (20 J.cm-2), followed by irradiation with <250 nm to cause photo-reversion (Figure
2.15). As both [2π+2π]-cycloaddition and cycloreversion occurred in films irradiated with <250 nm UV, it
followed that both reactions occurred simultaneously within the films. This was particularly evident from
the quasi-equilibrium reached between the monomer and photo-product at close to 65% thymine, as seen
after 120 min irradiation in Figure 2.15 (using either 302 nm or 250 nm UV light).
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Figure 2.15 Monomer-dimer equilibrium in n-decyl-linked bis-thyminyl acetate films. (Open circles) Follows the
[2π+2π]-cycloaddition of a film irradiated using <250 nm UV-light; (Closed circles) 302 nm UV-light used for
[2π+2π]-cycloaddition. At 38% thymine (i.e 62% thyminyl conversion from Equation 2.1), the film was irradiated
with <250 nm UV-light, to cause cycloreversion.
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The UV absorption characteristics of the monomer and photo-product at 230 nm were very similar (Figure
2.1a). Therefore, cycloreversion of films using 220 nm UV light was likely to shift the monomer-photoproduct equilibrium in favour of the photo-cleavage reaction. Using the <250 nm light source, a total
reversion of 46% was achieved (Figure 2.16). Further irradiation of the film with monochromatic 220 nm
UV (from the UV-Vis spectrometer) increased this reversion value to 62% (Figure 2.16). Unlike the plateau
observed in the reversion curve using the <250 nm UV source, irradiation using the monochromatic source
caused reversion to continue at an approximately constant rate, with no sign of a plateau. It is proposed
that reversion can be further improved with longer irradiation times, using shorter-wavelength UV.
However, the 220 nm monochromatic UV source used in this study was obtained from the UV-Vis
monochromator, and as such, was of very low intensity which necessitated long irradiation periods (in
excess of 16 h) and rendered this approach unsuitable for routine analysis.
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Figure 2.16 Monomer-dimer equilibrium reached by irradiation with <250 nm UV can be broken by irradiation with
shorter wavelength UV (220 nm). Percentage thymine was calculated from Equation 2.1 by subtracting thyminyl
conversion from 100. Values for percentage reversion of cyclobutanes to thyminyl moieties (%R) after irradiation with
short wavelenth UV are indicated.

2.2.3.2 GPC Studies
Despite the low degree of photo-reversion, and the known equilibrium occurring between monomer and
photo-product in the films irradiated with <250 nm UV, it was still of interest to understand the effect of
cycloreversion on the photo-product distributions within the films. From the GPC results shown in Table
2.3, it was evident that for films made with and without PVP template, photo-reversion caused changes in
the average molecular weight and polydispersity of the samples. Integration of the non-monomeric
components of the depolymerised, templated n-decyl-linked bis-thyminyl acetate sample (15g/PVP),
revealed that average molecular weight decreased from Mw = 7.2 x 103 (Mw/Mn = 1.7) to Mw = 4.0 x 103
(Mw/Mn = 1.6). Similarly, for the non-templated film (15g), reversion caused a decrease to the molecular
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weight of the non-monomeric species (Mw = 5.6 x 103, Mw/Mn = 2.2 reduced to Mw = 3.6 x 103, Mw/Mn = 1.8
after reversion). From these results, it appeared that photo-reversion occurred primarily with the higher
molecular weight photo-products to produce a greater number of photo-product molecules with lower
average molecular weights. Based on conformational arguments, the higher molecular weight photoproducts would be more susceptible to photo-cleavage, due to larger torsional stresses and ring strains.
Table 2.3 Measured GPC values of non-monomeric Mw and Mw/Mn for the samples of n-decyl-linked bis-thyminyl
acetate (15g and 15g/PVP) that were polymerised with 302 nm UV and depolymerised with <250 nm UV

Sample

Mw (302 nm)

Mw/Mn (302 nm)

Mw (<250 nm)

Mw/Mn (<250 nm)

15g

5.6 x 103

2.2

3.6 x 103

1.8

1.7

3

1.6

15g/PVP

7.2 x 10

3

4.0 x 10

2.3 Conclusions
These studies demonstrate the importance of monomer alignment and conformation to photopolymerisation. The n-alkyl-linked bis-thyminyl acetate monomers (15a-15h) were successfully synthesised
and they showed varied photo-reactivity in the film-state, with compounds possessing larger n-alkyl spacer
lengths tending to have increased conversion reaction rates.

n-Dodecyl-bis-thyminyl acetate (15h)

possessed the highest initial rate of thyminyl conversion, while ethyl-bis-thyminyl acetate (15a)
demonstrated the lowest rate.

1

H NMR spectral methods provided a robust method to establish the

degree of thymine conversion and provide further evidence of the photo-reactions. Photo-polymerisation
of the n-alkyl-linked bis-thyminyl acetates was successfully achieved, with the molecular weight of the
photo-products increasing in the presence of a PVP polymer template for n-decyl (15g) and n-propyl (15b)
bis-thyminyl acetates. Photo-reversion appeared to occur in higher molecular weight photo-products,
possibly due to the higher ring-strains occurring in these species.

2.3.1

Future investigations

2.3.1.1 Other templating polymers
While the PVP template was successfully utilised to increase the total conversion of monomers to higher
molecular weight photo-products, and to increase the average molecular weight of the non-monomeric
species, other template polymers should be examined in the future. In particular, it would be useful to
design a templating polymer that forms specific supramolecular associations with the bis-thyminyl
monomers in order to impart the necessary extended alignment of monomers required for photo-
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polymerisation by the [2π+2π]-cycloaddition. This concept will be discussed later in the conluding chapter
of this thesis (Chapter 8).
2.3.1.2 Crystallisations
One of the main objectives of this research project was to examine photo-reactions (particularly photopolymerisations) within single crystals. Although, numerous attempts were made to obtain single-crystal
samples of the n-alkyl-linked bis-thyminyl acetate compounds, each was unsuccessful. The failure to obtain
single-crystal samples of these bis-thyminyl monomers was largely the result of poor compound solubility
in solvents other than DMF and DMSO. Future work may include further crystallisation attempts, or
modification of the compounds to increase their solubility.
2.3.1.3 Light-source for photo-reversion
The <250 nm light source used in these studies proved unsuitable for cycloreversion due to the
establishment of an equilibrium between monomer and photo-product at this wavelength of irradiation.
Since performing these studies, an optical filter that transmitted only 230-240 nm UV was purchased.
While future reversion experiments discussed in this thesis utilize the new optical filter, the reversibility of
the polymer systems described in this chapter was not studied using the filter. It is expected that the
shorter wavelengths transmitted by the new filter, will shift the current monomer-photo-product equilibria
more in favour of cycloreversion. An additional experiment, would therefore involve repeating the retro[2π+2π]-cycloaddition with the objective of obtaining improved values for total percentage reversion.
2.3.1.4 Surface viewed under polarised light
It would be of interest to obtain supplementary evidence concerning the superior photo-reactivity of ndecyl-linked bis-thyminyl acetate (15g). One proposed characterisation would involve visualisation of the
film surfaces using polarised optical light microscopy (POM), to identify any crystalline domains or
structures.
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3
3.

The photo-reactivity of N1-thyminyl
derivatives studied using a combination of
theoretical and crystallographic
techniques

The solid-state photo-reactivity of N1-thyminyl derivatives studied using a combination of theoretical and crystallographic
techniques

3.1 Introduction
The n-alkyl-linked bis-thyminyl monomers studied in Chapter 2 (15a-15h) were shown to be photo-reactive
in thin films, although the thyminyl photo-coversion and achievable photo-product molecular weights were
limited (even when a template polymer was utilised). It was evident from these studies that more
structural order was required to achieve better conversions and higher molecular weight photo-products.
For this reason, the research focus shifted to the study of photo-reactions carried out within crystals. In the
crystal-phase, molecules are already packed in a rigid and regularly repeating manner which means that
reactions can occur in a highly stereoselective fashion. However, the rational-design of molecules for
crystalline-phase [2π+2π]-cycloaddition reactions remains challenging due to the difficulty in predicting the
way a given compound will crystallise. Thus, imparting control over the alignment of reactive olefinic
groups can be an arduous process. Nevertheless, the field of crystal engineering has afforded a number of
examples in which the reactant molecules have been designed to have a high probability of packing in the
desired crystalline arrangement to favour the [2π+2π]-cycloaddition. Exploited interactions have included
non-covalent hydrogen bonding,[1] halogen-bonding,[2] and aromatic stacking.[3] Metallic coordination
atoms have also been used,[4-7] as well as molecular templates,[8-10] covalently linked spacers,[11] and
inclusion compounds.[12-15]
In contrast to other molecules capable of [2π+2π]-cycloaddition (such as derivatives of cinnamic acid,[16]
coumarins,[17] and stilbazoles[18]), comparatively fewer photo-active crystalline derivatives have been
reported for thymine.

In fact, much of the existing literature focuses on understanding thymine

dimerisations in DNA systems due to the biological implications of this reaction in cellular replication.[19-23]
In the literature to date, systematic studies concerning the photo-reactivity and crystal-packing behaviour
of crystalline N1-thyminyl derivatives are limited to investigations involving 1-alkylthymines (from C5H11 to
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C10H21)[24] and 1-alkylpropanoates (from C9H19 to C16H33)[25] which possessed long alkyl chains. Thus, it was
of interest to study the photo-reactivity and crystal packing behaviour of shorter-chain thyminyl derivatives,
bearing either a CH2COR or CH2CH2COR N1-spacer. Moreover, in the previous studies, the thyminyl
derivatives were decorated with only weakly interacting alkyl chains.[24-25] It is therefore important to
examine how varying the N1 functionality from methyl esters and carboxylic acids to amides can influence
the molecular crystal packing through hydrogen bonding and π-π stacking interactions between the olefinic
groups, and therefore the photo-reactivity of the crystalline derivatives.
As single crystals of the monomers studied in Chapter 2 (15a-15h) could not be obtained, the research
described in this chapter was undertaken so an understanding could be acquired concerning some of the
factors important in the crystal packing of thyminyl derivatives. The crystal structures and solid-state
photo-reactions of six simple N1 thyminyl derivatives were investigated: thyminyl acetic acid (17), thyminyl
methyl acetate (18), thyminyl acetamide (19), thyminyl methyl propanoate (20), thyminyl propanoic acid
(21) and thyminyl propanamide (22) (Scheme 3.1). Among the six monomers studied, only thyminyl
propanamide 22 was successfully photo-dimerised with UV radiation. As such, the photo-reactivity of the
compounds was also studied using standard transition state theory[26] coupled with a correlated
wavefunction-based method (MP2), which focused on the concerted mechanism of the photo-induced
[2π+2π]-cycloaddition. Quantum chemical calculations at the MP2 level of ab initio theory are also
performed to study the strength of typical intermolecular interactions observed in the crystal structures of
N1 thyminyl derivatives such as π-π stacking between the thyminyl rings, Watson and Crick style hydrogen
bonding and hydrogen bonding between functional groups of N1 substituents. The outcomes of the
quantum chemical study highlight a series of structural and energetic factors affecting the topochemistry of
the N1 thyminyl derivatives in the crystalline state and hence, their photo-reactivity towards photodimerisation.
Collaborative input:
Priscilla Johnston performed all synthetic and crystallographic experiments; as well as all the B3LYP
calculations pertaining to the monomers, dimers, transition states and crystal structure packing motifs; and
also the MP2 single point energy calculations of the monomers.
Dr Ekaterina Izgorodina performed the MP2 single point energy calculations for the B3LYP optimised dimers,
transition state models and crystal structure packing motifs; and also greatly assisted with the design and
interpretation of the computational experiments.
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3.2 Results and Discussion

3.2.1

Synthesis of the N1-thyminyl derivatives (17, 18-22)

To perform high yielding photo-chemical syntheses of thyminyl cyclobutane derivatives, the reactive olefins
must be appropriately positioned in the crystal lattice, such that the olefinic groups align with one another
and are separated by a distance of less than 4.2 Å.[27] To examine the crystal packing and solid state photoreactivity of N1-thyminyl derivatives bearing a range of carbonyl functionalities, thyminyl derivatives (17,
18-22) were synthesised according to Scheme 3.1. Briefly, thymine (5) was alkylated at the N1 position
using bromoacetic acid to form the acetic acid derivative, 17, in 94% yield. The corresponding methyl ester
18 was obtained in 58% yield by acid catalysed esterification of acid 17, in methanol. Ester 18 was
subjected to aminolysis using NH3 to obtain amide 19 in 82% yield. Methyl propanoate 20 was synthesised
in 86% yield by Michael addition of methyl acrylate to thymine (5).[28] The corresponding carboxylic acid
(21, 91% yield) and amide (22, 52% yield) derivatives were subsequently formed by the base hydrolysis or
aminolysis of ester 20, respectively. The spectroscopic analyses of each derivative were consistent with
previous literature reports or were in agreement with the proposed structures.

Scheme 3.1 Synthesis of the N1-thyminyl derivatives

3.2.2

Solid-state dimerisation and the influence of crystal packing

Crystalline samples of the synthesised N1-derivatives were obtained from either ethanol (esters 18 and 20)
or water (acid and amide derivatives), and these samples were used for both the X-ray crystallographic and
photo-chemical studies. Selected crystallographic data is given in Table 3.1 (p. 64), as well as the measured
distances for selected interactions. The unit cells found for crystals of 17 and 19 were consistent with
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previously reported crystal structures, and in these cases, references are made to the literature
structures.[29-30]
In order to examine the solid-state
state photo-reactivity
photo
of the thyminyl
yminyl derivatives, the crystalline samples
were each irradiated with 302 nm UV light. However, only propanamide 22 was found to undergo [2π+2π][2
cycloaddition
dition to form the corresponding cyclobutane dimer.
dimer Figure 3.1 shows a partial 1H NMR spectrum
of the irradiated propanamide 22 sample. In Figure 3.1 the C5-CH3 protons of the
t monomer are seen as a
doublet at δ 1.72 ppm, while the CH3 protons of the cyclobutane dimers are seen as singlets at higher field
(δ 1.43, 1.29, 1.21 and 1.19 ppm). Based on the work of the Inaki group,[31] and the order of resonances
observed for the thyminyl CH3 protons of the propanamide (22) cyclobutane products, the photo-product
isomers should correspond to cis-anti,
cis
cis-syn, trans-anti and trans-syn,, respectively.

Figure 3.1Partial 1H NMR spectrum of the irradiated sample of crystalline 22 showing peaks corresponding to the C5C5
CH3 protons of monomer (M, 22)) and cyclobutane dimers ((cis-anti CA, cis-syn CS, trans-anti
trans
TA, and the major
product, trans-syn TS).

Referring to Table 3.1 (p. 64),, the distances between the olefinic groups observed in the crystal structures
of compounds 17-21 are all more than 4.2 Å, which would account for their photo-stability.
photo
Only crystals of
propanamide 22,, whose olefinic moieties were separated by 3.67 and 3.76 Å, underwent [2π+2π][2
cycloaddition to form the corresponding cyclobutane dimers in a total yield of 56%.
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Table 3.1 Measured distances (given in Å) of the observed interactions (π-π stacking and hydrogen bonds [HB]) in
the crystal structures of 17, 18-22

Crystal
No.

system

Olefinic

Ring

separation

centroid

Type of

distance

a

distance(s)

pairing

space group

17

Monoclinic

(Å)

(Å)

5.04

5.04

CS

P21/n [30]
18

Monoclinic

5.07

5.07

CS

π-π

HB

stacking

(Å)

Slipped & 2.05

Inter-chain

Chain-ring

HB (Å)

(Å)

NA

COOH...O=C4
1.88

Slipped & 1.95

NA

displaced

Monoclinic

5.21

3.92

TA

P21/c [29]
20

WC

displaced

P21/n
19

Type of

Monoclinic

4.39

3.61

TA

4.91

4.91

CS

C2=Oδ-...δ+C=O
2.96

b

CONH2...O=CNH2

CONH2...O=C’2

sandwich

2.14

2.14

Sandwich 1.96

NA

NA

NA

COOH...O=C’2

Displaced 1.93

P21/c
21

Monoclinic
P21/n

22

Parallel

1.97

displaced

Monoclinic

3.67,

4.47,

P21/c

3.76

4.61

TS

Crisscross

1.78
NA

CONH2...O=CNH2

CONH2...O=C’2

2.06, 1.90

2.02

Watson and Crick type hydrogen bonding (WC HB), inter-chain hydrogen bonding (inter-chain HB), chain-ring
hydrogen bonding (chain-ring HB). a Alignment of proximity-related thyminyl pairs in the crystal structures of
the monomers, which are comparable to the CS, TA or TS dimer geometries. bAnti-Watson and Crick hydrogen
bonding was observed in the crystal structure of acetamide 19.

The crystal structure of propanamide 22 in Figure 3.2b revealed a trans-syn type alignment between pairs
of 22 molecules, prior to the irradiation. Therefore, according to the accepted topochemical arguments of
Schmidt et al.,[27] the main photo-dimer isomer should also possess the trans-syn stereochemistry. Indeed,
when the photo-dimerisation of 22 was followed throughout the irradiation (0-0.53 kJ.cm-2) using 1H NMR
spectroscopy, the trans-syn isomer was the major cyclobutane dimer formed (obtained in 44% yield)
(Figure 3.1 and Figure 3.2). Upon examination of the 1H NMR spectrum of irradiated 22 (Figure 3.1), some
small amounts of the cis-anti, cis-syn and trans-anti dimers were also detected; however, these species
were only formed as minor photo-products. The formation of the other dimer isomers could result from
either the destruction of the crystal lattice during photo-reaction or minor faults in the crystal packing of 22.
The accumulation of strain in the lattice as a result of small reorientations of the reacting molecules during
photo-dimerisation is evidenced by the micrograph in Figure 3.2, which reveals severe fractures in the
irradiated crystals of 22.
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60

Conversion to TS cyclobutane
dimer (%)

(a)

(b)

50
40
30
20
10
0
0

10

20

30

302 nm Irradiation (h)

(c)

(d)

Figure 3.2 (a) Follows the photo-dimerisation of propanamide 22 (crystalline-state) to the trans-syn (TS)
cyclobutane derivative with 302 nm UV irradiation (0.53 kJ.cm-2). (b) Crystal structure of propanamide 22 (H atoms
not shown). The carbons of the reactive olefinic groups are displayed as spheres. (c, d) The optical micrographs of
the propanamide crystals before (c) and after (d) irradiation (magnification x 400) are also compared. The irradiated
propanamide crystals (d) possess fracture lines.

To explain the success of photo-dimerisation in the case of the propanamide derivative (22), a thorough
analysis of the crystal structures of the six monomers was performed with the view of identifying the
factors contributing to this result. Examination of the crystal structures of 17-21 revealed several common
features that are summarised in Table 3.1 (p. 64). Overall, four typical intermolecular interactions were
observed in the crystal structures of the six monomers; 1) π-π stacking interaction between the thyminyl
rings, 2) Watson and Crick style hydrogen bonding (WC HB) between the thyminyl rings as shown in Figure
3.3, 3) hydrogen bonding between terminal functional groups on the N1 substituents (Inter-chain HB), and
4) interactions between the carbonyl group on the thyminyl ring and functional group on the N1
substituent (Chain-ring). The interaction distances measured from the crystal structures are shown in Table
3.1. Figure 3.3 (p. 66) shows examples of the molecular interactions observed in some of the crystal
structures, and Figure 3.4 (p. 66) shows the atoms involved in the Watson and Crick hydrogen bonding
interactions. Variations in the observed thyminyl ring arrangements are depicted 2-dimentionally in Figure
3.5 (p. 67).
The crystal structures of most of the monomers formed strong Watson and Crick style hydrogen bonds
between the N3H...O=C4 and C4=O...HN3 groups of two adjacent thyminyl rings (Figure 3.3, Figure 3.4b). An
anti-Watson and Crick hydrogen bond between N3H...O=C2 and C2=O...HN3 (Figure 3.4c) was observed in
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the crystal structure of acetamide (19), while the propanamide molecules (22) did not form this type of
intermolecular interaction at all. The lengths of the Watson and Crick style hydrogen bonds varied slightly
between the N1 derivatives, but ranged between 1.93 and 2.05 Å (Table 3.1). Compared to the adeninethymine base pair in DNA (Figure 3.4a), which possesses hydrogen bond distances of 2.82 and 2.94 Å,[32]
and the Watson and Crick type hydrogen bonds observed in the crystal structure of Inaki’s N1-octyl
thymine derivative (d = 2.77-2.88 Å),[33] the Watson and Crick type hydrogen bonding between thyminyl
rings in the crystal structures of the N1 derivatives is much stronger (as characterised by the shorter
hydrogen bond lengths).

WC HB

Inter-chain HB

Chain-ring HB

TA π-π stacking

Figure 3.3 Crystal structure examples of the: Watson and Crick hydrogen bond (WC HB) in propanoic acid 21; interchain HB in propanamide 22; chain-ring HB in propanoic acid 21; and TA π-π stacking in propanoate 20.

(a)

(b)

(c)

Figure 3.4 (a) Watson and Crick hydrogen bonding between a thymine-adenine pair, (b) Watson and Crick style
hydrogen bonding observed in the N1 thyminyl derivatives and (c) Anti-Watson and Crick hydrogen bond observed
between molecules of thyminyl acetamide 19.
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In the amide derivatives, 19 and 22, inter-chain hydrogen bonding between an amide hydrogen atom and
the amide carbonyl oxygen of a neighbouring molecule (H2NC=O...HN(H)C=O) appeared to be slightly
stronger in the propanamide crystal (22) as the measured hydrogen bond distance of 1.94 Å was shorter
than that of acetamide 19 (d = 2.14 Å, see Table 3.1).[29] The longer hydrogen bond distance in acetamide
19 may have been due to the reduced flexibility of the shorter N1-chain, or the effective competition with
π-π stacking interactions between the thyminyl rings, particularly since the TA-type sandwich arrangement
(Figure 3.5b) of the thyminyl rings in acetamide (19) was slightly displaced as a result of the inter-chain
hydrogen bond.
In each of the N1-derivatives that possessed a hydrogen bond donor atom (i.e. COOH and CONH2) in the
N1-chain, chain-ring hydrogen bonding interactions were also observed (see Table 3.1). In amides 19 and
22, a hydrogen bond occurred between an amide hydrogen atom and the C2 carbonyl oxygen of the
thyminyl ring in a neighbouring molecule. Similarly in propanoic acid 21, a hydrogen bond occurred
between the COOH hydrogen and the C2 carbonyl oxygen. However in acid 17, the chain-ring interaction
occurred between the COOH hydrogen and neighbouring C4 carbonyl oxygen. The hydrogen bond to the
C4 carbonyl oxygen in propanoic acid 21 was unusual, considering that the C4 carbonyl oxygen was also
involved in a partial Watson and Crick hydrogen bond to the N3 hydrogen of another thyminyl ring.

(a)

(c)

(b)

N3

N R

(d)
N3

N R

Figure 3.5 Variations of the observed ring arrangements in crystals of 17-22: (a) Slipped and displaced CS pair in
17 and 18, (b) sandwiching in the TA pairs of 19 and 20, and (c) Parallel displacement in the CS pair in 21, (d)
criss-cross observed in the TS pair of 22.

Another interesting chain-ring interaction was observed in the crystal structure of acetate 18. In this case,
the C2 carbonyl oxygen and the ester carbonyl carbon of another molecule were closely associated (d =
2.96 Å). This C=Oδ-...δ+C=O contact is a special type of interaction which is based on weak electrostatic
attractions between the polarised carbonyls, specifically the partially negative oxygen and partially positive
carbon.[34]
From the crystal structures, it appeared that the Watson and Crick pairing stabilised the position of ring
stacks, while the inter-chain and chain-ring interactions effected the arrangement of proximity related
thyminyl ring pairs, thereby influencing the type of π-π interactions observed in the crystal structures.
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Cooperative effects between hydrogen bonding environment and π-π stacking have also been proposed for
base-stacking in DNA systems.[35] This idea is further strengthened when one considers the crystal structure
of propanoate 20 (summary in Table 3.1), where the chain-chain and chain-ring interactions are absent, but
Watson and Crick pairing is still observed. In methyl propanoate 20, the proximity related thyminyl pairs
are generated by trans-anti sandwich stacking, whilst the position and separation between the stacked
pairs is dictated by the length of the Watson and Crick style hydrogen bonds. Although propanoate 20
crystallises in the preferable trans-anti thyminyl ring arrangement, the olefinic groups are separated by 4.4
Å, which is obviously larger than the <4.2 Å[27] distance required for [2π+2π]-cycloaddition to occur.
As indicated in Table 3.1, displacements in cis-syn pairs that were stabilised by chain-ring interactions were
the most commonly observed packing arrangements (Figure 3.5a,c).

In methyl acetate 18, the

carbonyl-carbonyl (C2=Oδ-...δ+C=O) interaction led to the slipped and displaced cis-syn packing. In propanoic
acid 21, COOH...O=C2 and C2=O...HOOC hydrogen bonds produced displaced cis-syn pairs; while a
combination of chain-ring hydrogen bonding (COOH...O=C4, C4=O...HOOC) and Watson and Crick style
hydrogen bonding contributed to the slipped and displaced cis-syn ring packing in the crystal structure of
acetic acid 17. It is also interesting to note that the photo-reactive propanamide 22 crystals included a
criss-cross orientation of the olefinic groups (Figure 3.5d). This ring orientation was stabilised by extensive
inter-chain and chain-ring hydrogen bonding, rather than a Watson and Crick style hydrogen bond.
Of the six monomers, only propanamide 22, which displayed π-π stacking between the trans-syn crisscrossed olefins, underwent photo-dimerisation (Table 3.1). The remaining derivatives, 17-21, were photostable. These observations prompted a computational investigation of two aspects of the photo-chemical
reactions. Firstly, it was of fundamental interest to determine whether the reaction barriers for the photoinduced [2π+2π] cycloadditions vary when the N1-functionality is changed, or when different π-π stacking
interactions (i.e. trans-anti, trans-syn, cis-anti and cis-syn) are adopted. Secondly, it was useful to examine
the energetic differences between the four types of intermolecular interactions identified in the crystal
structures described above, and also to investigate the roles that these interactions ultimately play in the
topochemistry of the thyminyl derivatives in the crystalline state.

3.2.3

Substituent effects on the reaction barriers (Ea) and reaction energies (∆H)

In order to study the reaction barriers, two energy values are required (Equation 3.1). One value relates to
the calculated energy of the optimised monomer structure (E0Mon) (Figure 3.6), and the second corresponds
to the calculated energy of the transition state structure (E0TSt). As shown recently, the excited-state photochemical [2π+2π]-cycloaddition of thymine occurs via a concerted (single-step) mechanism.[20] To obtain
the relevant monomer energies for Equation 3.1, four of the monomers (methyl acetate 18, propanoic acid
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21, methyl propanoate 20 and propanamide 22) were conformationally screened at the B3LYP/6-31G(d)
level of theory.[36-39] To ensure an accurate treatment of the concerted cycloaddition mechanism,[40] the
lowest energy conformation identified for each monomer in the B3LYP calculations was taken and
subjected to a single point energy calculation at the MP2/cc-pVTZ[41-42] level of theory to give an improved
energy value (  ! ).

Transition state
(E0TSt)

Potential Energy

E0TSt

Ea
Monomer
(E0Mon)

E0Mon
Dimer
(E0Dim)

∆H
E0Dim

Reaction Coordinate
Figure 3.6 Reaction profile diagram for the dimerisation of N1 thyminyl derivatives showing the definitions of E0Mon,
E0TSt, E0Dim, Ea and ∆H.

" =  #$% − 2 ×   ! 
Equation 3.1 Calculation of the reaction barrier (Ea), kJ.mol-1.
diagram (Figure 3.6).

All energy terms are defined in the reaction profile

The lowest energy monomer conformation was then used for the transition state search in order to
elucidate the transition state energy (  #$% ) value. As each monomer can give four dimer configurations
(trans-anti, trans-syn, cis-anti and cis-syn), the four possible configurations of the transition states were
determined for each of the monomers to enable supplementary evaluation of the influence of the various
π-π stacking arrangements on the reaction barriers. The transition state structures were identified at the
B3LYP/6-31G(d) level of theory and were verified by examination of the predicted vibrational spectra. As
expected, each transition state spectrum contained one imaginary frequency that corresponded with the
cyclobutane ring formation.[43]

In accordance with the established treatment of the concerted

mechanism,[40] energy values for the B3LYP optimised transition state structures were again improved by
perfoming single point energy calculations at the MP2/cc-pVTZ level of theory ( #$% ). The optimised
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transition state structures obtained for the four possible configurations of the propanamide 22 dimers are
shown in Figure 3.7.

2.474

TA

2.096

TS

2.185

2.185

1.966

CA

2.301

2.274

2.159

CS

Figure 3.7 Optimised structures of the transitions states for the concerted mechanism of photo-induced [2π+2π]
cycloaddition of propanamide 22 in four possible configurations: TA, CA, TS and CS. All distances are given in Å.

The MP2 improved reaction barriers (calculated from Equation 3.1) are presented in Table 3.2, and have
been corrected for zero-point vibrational energy (ZPE) from the B3LYP calculations.[44] It can be seen from
Table 3.2 that molecules adopting a given configuration (eg. trans-anti) possess similar reaction barrier
energies (Ea), regardless of the functionality of the N1-substitutent. However for all the examined N1susbtituents, the cis-anti and trans-anti transition state configurations resulted in lower reaction barrier
energies than the trans-syn and cis-syn configurations, with the cis-syn configuration giving the highest
barrier energy in each case.
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Table 3.2 MP2 Reaction barriers for the concerted mechanism of photo-induced [2π+2π] cycloaddition

Monomer

Configuration

Ea, kJ.mol-1

λ, nm

∆H, kJ.mol-1

Acetate

TA

207.7

574.2

-22.1

(18)

CA

204.9

582.0

-23.1

TS

258.6

461.2

-17.3

CS

285.0

418.5

-15.6

Propanoate

TA

211.9

562.8

+2.0

(20)

CA

214.4

556.3

-30.8

TS

282.0

422.9

+0.3

CS

318.7

374.2

-9.0

Propanoic Acid

TA

216.5

550.9

-18.5

(21)

CA

225.7

528.3

-20.3

TS

300.9

396.4

-10.5

CS

323.5

368.7

-4.5

Propanamide

TA

170.7

698.6

-10.2

(22)

CA

205.1

581.6

-20.1

TS

273.3

436.4

-23.9

CS

290.5

410.6

-19.1

( = ℎ * )
Equation 3.2 Calculation of wavelength (λ, m) using energy (E, eV). Where: h = Plank’s constant, 6.626068 x 10-34;
c = speed of light, 299792458 m.s-1.

Collectively, the barrier energies shown in Table 3.2 varied significantly; from Ea 170 kJ mol-1 for the transanti configuration in propanamide 22 to 323 kJ mol-1 for the cis-syn configuration in propanoic acid 21.
However, when the barrier energies were converted to wavelengths (λ) using Equation 3.2, it was found
that all of the barriers occurred within the energy of the 302 nm UV light used for the dimerisation
reactions. As such, these results indicate that all of the cyclobutane dimers should form when irradiated
with 302 nm UV, regardless of the N1-substituent and the transition state configuration (trans-anti, transsyn, cis-anti or cis-syn). Indeed, when the propanamide derivative (22), was irradiated with 302 nm UV light
in an aqueous solution (4-5 x 10-2M), the four isomers were obtained in low yield (ca. 7%) and with reduced
stereospecificity compared to the solid-phase irradiation (Table 3.3). Figure 3.8 shows the partial 1H NMR
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spectrum of the photo-products obtained from the solution-phase irradiation of propanamide 22. From
Figure 3.8 and Table 3.3, it can be seen that the trans-syn dimer of 22 was obtained with 8% specificity,
whereas it was obtained with 80% specificity from the solid-state irradiation.
Table 3.3 Photo-dimerisation and selectivity yields determined by analysis of the 1H NMR spectral data (in D6-DMSO)
of the products generated from solution-phase and solid-phase irradiations of 22. The 1H NMR spectra obtained for the
irradiated monomer samples were used to determine the percentage conversion of thyminyl units to cyclobutane units,
by comparing the integration values of (non-reacted) thyminyl C5-CH3 methyl protons (δ 1.72 ppm) and (reacted)
cyclobutane C5-CH3 methyl protons (δ 1.19, 1.21, 1.29, 1.43 ppm).

Chemical shift

Cyclobutane
Assignment

Mol. equiv.

Dimer specificity

δ (ppm)

yield (%)

Solution-phase irradiation
1.72

Monomer (22)

28.6

-

1.19

Dimer (TS)

0.19

8%

1.21

Dimer (TS)

0.52

23%

1.29

Dimer (TA)

0.59

26%

1.43

Dimer (CS)

1.0

43%

7.4%

Solid-phase irradiation
1.72

Monomer (22)

1.00

-

1.19

Dimer (TS)

1.02

80%

1.21

Dimer (TA)

0.09

7%

1.29

Dimer (CS)

0.04

3%

1.43

Dimer (CA)

0.12

10%

56%

M

85.8H

6.0H

3.5H

3.1H 1.2H

ppm

Figure 3.8 Partial 1H NMR spectrum of the crude photo-products generated from the solution-phase irradiation of 22.
M is residual monomer (22), while arrows indicate the positions of the cyclobutane C5-CH3 resonances of dimer 23.
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Structures of the photo-dimers were also optimised, which enabled the calculation of the heats of the
dimerisation reactions using Equation 3.3. In general, the heats of reaction in Table 3.2 showed that the
cyclobutane dimerisation was non-adiabatic and in most cases was slightly exothermic (ranging from ∆H
= -4.5 to -30.8 kJ.mol-1). However, there was no discernable relationship between the structure of the N1
susbstituent or the ring configuration on the calculated heats of reaction. In this sense, the transition state
structures are more informative.
∆, =  -./ − 2 ×   ! 
Equation 3.3 Calculation of the reaction energy (∆H), kJ.mol-1. All energy terms are defined in the reaction profile
diagram (Figure 3.6).

Table 3.4 (p. 74) summarises some of the key geometric parameters measured from the transition state
structural models. From the shaded regions in Table 3.4, which indicate the measured distances between
atoms forming the new bonds of the cyclobutane ring (i.e. C5 and C6), and by reference to the calculated
structures in Figure 3.7 (p. 70), it is clear that the transition state models show an asynchronous ring
closure that involves one of the forming cyclobutane C-C bonds being longer than the other. This
asynchronous approach may be facilitated by inter-chain or chain-ring hydrogen bonding interactions since
the CA configuration, with no apparent hydrogen bonding interactions appears to undergo a synchronous
mechanism of ring closure. The only cis-anti pair to undergo an asynchronous ring closure reaction is the
acetate 18 derivative, and in this case, a chain-ring interaction might facilitate the observed approach.
When considering the structural changes required for the dimerisation reaction, it is interesting to note
that to achieve the transition state, substantial changes in the ring conformation are required (see Figure
3.7). In fact all of the torsion angles shown in Table 3.4 (unshaded regions), reveal that the N1-C6=C5-C4
portions of the thyminyl rings in the transition state models deviate from the planarity (0˚) observed in the
ground state models of the monomers, owing to structural changes such as C=C bond lengthening and C6
pyramidalisation.[45] Moreover it can be seen from the distances presented in Table 3.4, that once the
transition state is reached, a perfect alignment of the C=C double bonds (with around a 2.0 Å separation) is
necessary for the ring closure reaction to occur. The reacting monomer molecules must also move closer
to one another for all of these processes to occur, and thus the reactive structure must possess the
necessary flexibility to permit each of these changes. When a thyminyl crystal is irradiated and the
molecules become electronically excited, the attractive forces are thought to increase and facilitate
stronger intermolecular interactions between the neighbouring molecules.[46]

In this situation, it is

foreseeable that the molecules will undergo movements to achieve a maximum overlap of the π-orbitals,
and in doing so promote the [2π +2π]-cycloaddition. Of course, such processes could be inhibited in some
types of crystal structures where strong interactions (such as hydrogen bonding) limit the orientational
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Table 3.4 Geometry parameters of the optimised transition states for the concerted mechanism. Shaded distances
show new bonds. Angles shown in unshaded regions indicate the degree of puckering occurring in the thyminyl rings
at the moment of cyclobutane bond formation.

Compound

Sequence

TA

Acetate

R(HC···C-CH3), Å

2.119

2.031

2.279

2.291

(18)

2.186

R(H3C-C···C-CH3), Å

2.309

2.225

R(HC···C-CH3), Å

18.3

7.0

12.3

9.2

5.7

0.1

0.8

2.082

2.157

2.332

2.157
2.104

2.150

R(H3C-C···C-CH3), Å

2.296

2.275

R(HC···C-CH3), Å

16.4

15.7

54.5

14.5

11.5

2.3

9.5

5.4

2.029

2.178

2.381

2.178

R(HC···C-H), Å

2.243

2.152

R(H3C-C···C-CH3), Å

2.222

2.275

α(N-C=C··C(=O)), °

Propanamide

17.4

R(HC···C-H), Å

α(N-C=C··C(=O)), °

(21)

CS

2.109

(20)

Propanoic acid

CA

R(HC···C-H), Å

α(N-C=C··C(=O)), °

Propanoate

TS

R(HC···C-CH3), Å

(22)

15.9

12.5

9.6

14.6

9.6

2.7

9.5

5.4

1.966

2.185

2.474

2.185

As shown in

R(HC···C-H), Å

2.096

2.159

Figure 3.7

R(H3C-C···C-CH3), Å

2.301

2.274

α(N-C=C··C(=O)), °

22.6

15.6

12.0

16.6

1.1

4.2

12.0

6.8

flexibility of the molecules. In the studied structures, only crystals of propanamide 22 underwent photoreactions in the crystal. Although the crystal structure of propanamide 22 displayed extensive hydrogen
bonding (Figure 3.3), the thyminyl olefins were positioned in a trans-syn criss-cross configuration (Figure
3.2b) which would require only slight movements to achieve the cyclobutane formation.

Thus, in

accordance with the known topochemical principles, monomer topochemistry plays the most significant
role on the outcome of a photo-dimerisation.[27] Since the intermolecular interactions in the crystal
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structures of the thyminyl derivatives give rise to the observed monomer topochemistry, the next phase of
the work focused on the effect that the various substituents played on the packing arrangements of the
N1-derivatives.

3.2.4

Substituent effects on strength of intermolecular interactions observed in the crystal
structures

To examine the strength of the various intermolecular interactions observed in the crystal structures of 1721, the specific intermolecular interactions were extracted from the crystal data and re-optimised at the
B3LYP level of theory. Improved energies for the non-covalently (NC) interacting molecules were then
obtained by single point energy calculations at the MP2 level of theory (E0NC) by Dr Ekaterina Izgorodina.
The energies of the interactions (∆Eint) were thereby determined from the MP2 improved energies obtained
for the interacting pair and the monomers, using Equation 3.4. The improved MP2 interaction energies of
the four types of intermolecular interactions (shown in Figure 3.9, p. 76) and the additional special cases
(shown in Figure 3.10, p. 77) are presented in Table 3.5 (p. 76).
∆.!% =  01 − 2 ×   ! 
Equation 3.4 Interaction energy calculation (∆Eint). Where: E0NC = Calculated energy of the optimised non-covalent
interaction, and E0Mon = Calculated energy of the optimised monomer structure.

The first column of Table 3.5 shows the strength of the π-π stacking interactions modelled with respect to
the preferable trans-anti arrangement of thyminyl rings identified in the methyl propanoate (20) crystal
structure. The geometry optimisations under these conditions gave the trans-anti ring arrangement for all
the derivatives except acetamide (19), which as shown in Figure 3.10, preferentially optimised to the
Watson and Crick-style hydrogen bond. The π-π stacking arrangements found in the crystal structures of
the N1-derivatives were also taken as the input geometries. Upon optimisation of these structures, three
of the monomers (acetic acid 17, propanoic acid 21 and propanamide 22) preferentially optimised to other
intermolecular interactions that are shown in the special cases 1 (SC1) column of Table 3.5. The fact that
other intermolecular interactions formed preferentially over the π-π stacking in these cases indicated that
the π-π stacking interactions observed in the crystal structures formed as a result of the interplay between
hydrogen bonding and π-π stacking interactions, and that the π-π stacking interactions alone were less
favoured.

The final column in Table 3.5, denoted as special cases 2 (SC2), comprises optimised

intermolecular interactions that were observed in the crystal structures of the carboxylic derivatives (17
and 21), but could not be categorised as any of the four traditional types of interactions depicted in Figure
3.9.
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Table 3.5 Summary of the interaction energies (∆Eint, kJ.mol-1) for intermolecular interactions calculated for models of
17 and 18-21.

π-π Stacking
TA

a

π-π Stacking

Inter-Chain

Chain-Ring

crystal

HB

HB

WC HB

17

-43.5

-54.1

SC1

-69.4

-58.5

18

-54.0

-53.8

N/A

N/A

-47.0

19

SC1

-59.7

-50.6

-53.7

-50.3

SC1b

SC2c

-47.5

-41.1

-76.1

-53.8 d
20

-53.9

-55.4

-53.9

N/A

N/A

21

-49.6

-50.7

SC1

N/A

-48.3

-36.4

22

-73.0

-75.6d

SC1

-55.6

-83.1

-71.3

-38.5

adapted to the TA configuration of the propanoate pair observed in the crystal structure of 20.
structures, for which the arrangement in the crystal produced a different configuration after
geometry optimisation. These structures are denoted here as special cases 1 (SC1), c Special cases of the
observed inter-molecular interactions between two thyminyl monomers that do not fit the description of the
other four groups. These structures are denoted here as special cases 2 (SC2), dAnti-Watson and Crick HB as
observed in the crystal structure.

aStructures
bOptimised

π -π
π stacking (TA)

Inter-chain HB

WC HB crystal

Chain-ring HB

Figure 3.9 Examples of B3LYP optimised structures for each type of the four specific interactions observed in the
crystal structures.
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!

2.186

1.729
1.881
2.451

1.880
SC1
SC1
inin
172

SC1
SC1inin19
4
1.876

SC2
inin172
SC2
1.791

1.788

2.359

SC1SC1
in 21
in 5

2.374

SC1
in in
227
SC1

2.420

SC2 in 5
SC2
in 21

! -!! stacking
(from
crystal)
in 4
π- π stacking
(from
crystal)
in 19
Figure 3.10 Optimised structures of the special cases (SC1, SC2) found in the crystal structures. All distances are
given in Å.

Referring to Table 3.5, it is apparent that the trans-anti π-π stacking (column 1) and the Watson and Crick
style hydrogen bonding (column 2) interaction energies differ by only a small amount (< 3.0 kJ.mol-1),
regardless of the nature of the N1-susbtituent. These energy differences are not considered to be
significant, and lie within the systematic error of the calculations. One exception, however, is the Watson
and Crick style hydrogen bond energy determined for acetic acid 17, which suggests that the Watson and
Crick style hydrogen bond is preferred over the π-π stacking by 11 kJ.mol-1 and may therefore prevent
thyminyl ring stacking from occurring. In fact, the crystal structure of acetic acid 17 reveals a cis-syn slipped
and displaced ring orientation that is unfavourable for the photo-dimerisation.
In Table 3.5, it can be seen that propanamide 22 produced the strongest π-π stacking and Watson and Crick
style hydrogen bonding interaction energies which exceeded the interaction energies of all other
monomers by more than 20 kJ.mol-1.

In comparison, acetamide 19 gave similar interaction energy

strengths as the other monomers due to the C=O...HHN-C=O interaction, which prevented the formation of
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stronger inter-ring interactions. In propanamide 22, however, the additional methylene group in the
N1-chain provided enough flexibility to prevent an intramolecular chain-ring interaction and hence
promoted a stronger Watson and Crick style hydrogen bond between the rings.
For all the examined cases of π-π stacking interactions (Table 3.5, columns 1 and 3), the optimised
structures showed that the rings were separated by about 3.7 Å, irrespective of the N1-substitutent. It is
acknowledged that gas phase modelling produces shorter intermolecular distances (by about 0.5 Å[47])
compared with those observed in crystal structures due to the absence of bulk interactions from the crystal.
The strengths of π-π stacking interactions are also known to decrease at larger distances (~R-6), and thus at
a separation distance of 5 Å (see Table 3.1), the contribution of the π-π stacking interaction energy would
probably be negligible.[48]
Moreover, it was noted that the thyminyl derivatives possessing N1-functionalities that permitted
additional hydrogen bonding, such as carboxylic acid (17 and 21) and amide (19 and 22), also led to
relatively strong inter-chain and chain-ring interactions. For propanoic acid 21, the chain-ring interaction
energy was -48 kJ.mol-1 and the chain-ring energy was -83 kJ.mol-1 for propanamide 22 (the strongest of all
the examined interactions). Meanwhile the acetic acid 17 inter-chain interaction (-69.4 kJ.mol-1) was the
strongest of its type in all the studied structures.
Thus, the interaction energy studies revealed that all four of the main intermolecular interactions occur in
competition with one another, since little difference exists between the strengths of the interations for
each compound. In this study, only individual interactions were considered, however, each monomer was
actually involved in several interactions simultaneously (Table 3.1) which can strengthen some interactions
but weaken the effects of others. Thus, the topochemical arrangement in the crystal should actually be
considered as a subtle interplay between individual interactions and other cooperative effects, eg.
hydrogen bonding which all contribute to stabilisation of the crystal lattice.
To examine this interplay of interactions, a thorough analysis of eight molecules in each of the crystal
structures was performed in order to determine the number of specific interactions (Table 3.6) occurring in
each case. Referring to Table 3.6, it can be seen that in acetic acid 17, methyl acetate 18, and propanoic
acid 21, an equal number of Watson and Crick style hydrogen bonds and and chain-ring interactions were
observed, which was double the amount of π-π stacking interactions (in agreement with the calculated
interaction energies for these compounds). In acetamide 19, Watson and Crick style hydrogen bonding,
inter-chain and chain-ring interactions equally contributed to the molecular packing, yet π-π stacking only
accounted for 14% of the total number of interactions. It therefore appears that in these four structures
where other interactions decreased the π-π stacking contribution, the olefinic separation distances were
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too great (>4.9 Å, Table 3.1, p. 64) to facilitate [2π+2π]-cycloaddition. In propanoate 20, Watson and Crick
style hydrogen bonding dominated the crystal structure as the ester group was unable to participate in
other interactions due to its orientation. It should be noted however that while trans-anti π-π stacking was
observed in the propanoate 20 structure, the separation distance between the olefins was too great for
cycloaddition to occur in this case (4.39 Å, Table 3.1). In agreement with the computational results, chainring and inter-chain interactions produced a network of propanamide 22 molecules. In this case, it is
proposed that cooperative effects contributed to the close trans-syn, criss-cross type π-π stacking (Table
3.1), which was also strengthened by the close proximity of the stacked monomer molecules.
Table 3.6 Calculated number of interactions occurring between eight molecules in the crystal structures.

Acetic

Acetate

Acetamide

Propanoate

Propanoic

Propanamide

(17)

(18)

(19)

(20)

(21)

(22)

WC HBs

8

8

0

8

8

0

Ring-ring

0

0

8

0

0

4

π-π stacking

4

4

4

4

4

4

Chain-chain

0

0

8

0

0

8

Chain-ring

8

8

8

0

8

12

Total interactions

20

20

28

12

20

28

Interactions

( per 8 molecules)

Thus in order to obtain strong π-π stacking in the trans-anti arrangement, the energetic competition
between inter-chain and chain-ring interactions should be eliminated. Three proposed strategies to
achieve this goal are as follows:
1. Block the N3 nitrogen of the thyminyl ring from forming the Watson and Crick style hydrogen bonding;
2. Employ functional groups on the N1-derivatives that are less susceptible to hydrogen bonding and
potentially disruptive intermolecular interactions (such as methyl propanoate 20); or,
3. Exclude the intramolecular interactions between the N1-chains and the ring by incorporating longer
alkyl linkers, which will permit greater flexibility of the chains.
These proposed strategies are considered in the next chapter where the structural properties of several bisthyminyl compounds are examined.
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3.3 Conclusions
For the N1-derivatives studied (17 and 18-22), the calculated reaction barriers for the concerted
mechanism of photo-induced [2π+2π] cycloaddition indicated energetic preference for the trans-anti and
cis-anti arrangements of thyminyl rings. Although the reaction barriers were quite high (> 170 kJ mol-1),
irradiation using 302 nm UV light provided a sufficient amount of energy for their photo-dimerisation to
occur for all four types of arrangements (trans-anti, cis-anti, trans-syn and cis-syn). The solution-phase
irradiation of 22 supported this notion since the photo-reactions yielded mixtures of the photo-dimers in
relatively low yields (<10%), and with reduced stereospecificity.
The transition state analyses indicate that for the [2π+2π]-cycloaddition to occur, an appropriate alignment
of the C=C bonds should be achieved. Out of the six monomers studied, irradiation of the crystalline sample
of propanamide 22 resulted in dimerisation and produced mostly the trans-syn cyclobutane dimer in ca. 44%
yield. The crystal structure of this particular derivative (22) showed suitable π-π stacking between the
thyminyl rings. Although the propanoate (20) displayed the preferred trans-anti arrangement for π-π
stacking, the separation between the rings was too large for the cycloaddition to take place.
The strengths of the four specific interactions observed in the crystal structures of the N1-derivatives (π-π
stacking, Watson and Crick and inter-chain hydrogen bonding, and chain-ring interactions) were subjected
to rigorous computational studies with the view of quantifying the strength of the individual interactions.
Surprisingly, only a slight variation in the strength of these interactions was found for each monomer. This
highlighted the fact that the packing arrangement in the crystal was due to the interplay between the
strength of the interactions and other cooperative effects. As a result, three strategies were proposed to
encourage the formation of preferable π-π stacking arrangement: 1) Blocking the N3 nitrogen of the
thyminyl ring, and thereby eliminating Watson and Crick style hydrogen bonding; 2) Inclusion of functional
groups on the N1-derivatives that are less susceptible to hydrogen bonding; and 3) Exclusion of
intramolecular interactions between the N1-chains and the ring by incorporating longer alkyl linkers.
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Structural investigations of bis-thyminyl monomers bearing motifs that were studied in the theoretical experiments: The
influence of monomer architecture on the crystal packing and crystal photo-reactivity

4.1 Introduction
Photo-polymerisation by [2π+2π]-cycloaddition is of particular interest since it represents a solvent-free
approach for the synthesis of polymeric materials with controlled stereochemistry. The first
[2π+2π]-photo-polymerisation reaction was reported by Hasegawa for 2,5-distyrylpyrazine (2,5-DSP)
diolefin crystals in 1967.[1] Since then, Hasegawa and others have reported various diolefin derivatives that
are capable of [2π+2π]-photo-polymerisation, although many of these molecules are structurally analogous
to 2,5-DSP [2-15] (see Table 1.5, p. 21). As described in the introductory chapter of this thesis (Section 1.4, p.
19), the typical diolefin structure is X-CH=CH-CH=CH-X, where X represents an aromatic or other conjugated
group (represented as an open circle in the centre of monomers in Figure 1.9, p. 19).[3-11, 16-23] Aside from
an isolated report employing an N1-N1 propyl-linked bis-thymine,[24] the photo-reactivity of bis-thyminyl
monomers has not been previously explored in single crystals.
In order to carry out topochemical polymerisations using bis-thyminyl derivatives, thyminyl
[2π+2π]-photo-dimerisation must be topochemically controlled (Figure 4.1). Unwanted cyclisations such as
intermolecular photo-dimerisations can occur when the monomers stack as discrete pairs in the crystal
lattice (Figure 4.1b), while intramolecular photo-dimerisation (Figure 4.1c) occurs when monomers form
closed conformations. Higher molecular weight photo-products should be obtained when the monomers
adopt open conformations and align continuously within the lattice (as in Figure 4.1a). Furthermore, the
topochemical postulates of Schmidt et al., state that [2π + 2π]-cycloaddition of photo-reactive olefin pairs
only occurs when they align parallel with one another in the lattice, and are separated by a distance of 3.54.2 Å.[25]
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Figure 4.1 Monomer topochemistry controls the photo-products of the irradiation.

In order to successfully design photo-reactive
photo
bis-thyminyl
thyminyl monomer crystals, it is first necessary to
understand the structural factors important to crystal packing and monomer photo-reactivity.
photo
In the
previous chapter (Chapter 3), the crystallisation behaviour of six simple N1-thyminyl
thyminyl derivatives was
studied in terms of the propensity of the derivatives to form intermolecular interactions including Watson
and Crick style hydrogen bonding, chain-ring
chain
and inter-chain interactions,
ractions, and most importantly π-π
π
stacking interactions between neighbouring thyminyl rings. In conjuction with the quantum chemical
studies performed in Chapter 3,, three strategies were proposed to produce photo-reactive
photo
thyminyl
crystals:
1.

Block the N3 nitrogen of the thyminyl ring from forming the Watson and Crick style hydrogen bonding

2.

Employ functional groups on the N1-substituted derivatives that are less susceptible to hydrogen
bonding and other potentially disruptive intermolecular interactions (such
(
as methyl propanoate);

3.

Exclude the intramolecular
lar interactions between the N1-chains and/or the ring by incorporating longer
N1-alkyl
alkyl linkers which will permit greater flexibility of the chains (i.e. CH2CH2COR rather than CH2COR).

In line with these suggestions, the aims of the current chapter were to synthesise and structurally
characterize a number of symmetrical bis-thyminyl
bis
derivatives formed by bridging two thyminyl units at the
N3 position. This approach was expected to serve two purposes. Firstly, N3-N3-bridging
bridging would effectively
block the Watson and Crick style hydrogen bonding interactions. Secondly,
y, the additional thyminyl unit
could potentially make the monomer system more rigid and hence, more susceptible to the preferred π-π
stacking interactions. In this chapter, a systematic structural investigation was undertaken in order to
investigate how some simple chemical modifications could influence the crystal packing and photophoto
reactivity of bis-thyminyl
thyminyl monomers possessing varied N1-functionality, N3-N3-polymethylene
polymethylene spacer sizes,
or rigid N3-N3-aryl spacers (see Figure 4.2).
NB: In this chapter, N3-N3
3 aryl spacers are defined as those monomers possessing a core CH2-(C6H4)-CH2
unit.
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4.2 Results and Discussion

4.2.1

Monomer synthesis and characterisation

(a) N1-Funtionality

(b) N3-Alkyl bridge

(c) N3-Aryl bridge

Figure 4.2 Structure of compounds in the three monomer series investigated in this chapter: (a) Modification of N1functionality (b) Modification of the N3-alkyl spacer size (c) Modification to rigid N3-aryl spacers.

In Chapter 2, the photo-chemical behaviour of thin-films of several N1-alkyl-linked bis-thyminyl derivatives
was investigated. Suitable single crystals of these monomers could not be obtained due to the poor
solubility of the compounds in solvents other than DMF and DMSO. In the current monomer series, both
thyminyl-nitrogens were derivatised in order to eliminate the hydrogen bonding sites and improve the
solubility of the monomers. Moreover, based on the computational studies described in Chapter 3,
elimination of the Watson and Crick style hydrogen bond donor atom (N3H) was proposed in order to
eliminate one of the competitive interactions acting against π-π stacking. The theoretical studies described
in the previous chapter also indicated that the propanoate chain length (3 carbons, CH2CH2COOCH3) could
be advantageous in the sense that potentially disruptive C2=Oδ-...δ+C=O interactions (as observed in the
methyl acetate crystal structure) could be eliminated. As such, many of the monomers discussed in this
chapter possess the N1 methyl propanoate functionality (Figure 4.2a, b and c), although an acetate
derivative (27) was examined for comparative purposes. It was also expected that the size of N3-N3 spacer
groups would effect the crystal packing environment of the monomers, and that the properties of the
photo-products would be influenced by type of spacer (flexible or rigid) used. Therefore, in order to
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systematically investigate the crystal packing behaviour and photo-chemical reactions of crystalline bisthyminyl monomers having an N1-propanoate functionality, ten novel monomers were synthesised, varying
with respect to the N1-functionality (Figure 4.2a), the size of the N3-N3-polymethylene spacer (b), or the
type of rigid N3-N3-aryl spacer (c).
Syntheses of the N1-derivatised thyminyl starting materials were described previously in Section 3.2.1 (p.
62) for the methyl acetate 18, the methyl propanoate 20, and the propanamide 22. The rigid 2,5dimethoxybenzene and 2,5-diethoxybenzene bridges required for monomers 32 and 33 were both
synthesised from hydroquinone (Scheme 4.1).

Hydroquinone was converted to the relevant

dialkoxybenzene using either CH3I (34) or CH3CH2I (35) in DMSO with KOH. The resulting alkoxybenzenes
were then subjected to bromoformylation using paraformaldehyde and HBr to give the 1,4bis(bromomethyl),2,5-dialkoxybenzene linkers (36 and 37).

Scheme 4.1 Synthesis of the 1,4-bis(bromomethyl) (36),2,5-dialkoxybenzene (37) linkers

Referring to Scheme 4.2, the monomers studied in this chapter were typically prepared by N3 bridging of
the pre-synthesised N1-derivatives using the relevant dibromo- or diiodo-bridging compound. K2CO3 was
used as a heterogeneous base to deprotonate the N3 imide hydrogen and neutralize the acidic HX
byproducts generated in the alkylation reactions. The dipropanoic acid monomer 25, was an exception in
that it was synthesised by base hydrolysis of the dipropanoate ester monomer (24) in order to avoid a
possible side reaction between 1,4-dibromobutane and the free carboxylic groups of 21 (similar to the
reaction utilised for the synthesis of 15a-15h in Chapter 2). In all cases, the monomer spectral data (1HNMR,

13

C NMR, ESI-MS, IR and CHN or HRMS) were consistent with those expected for the targeted

structures. Loss of the imide N3H proton and attainment of expected peak integration values in the 1HNMR spectra indicated successful N3-N3 bridging of the N1-thyminyl derivatives.

Scheme 4.2 General synthetic scheme for the monomers
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The reagents used for the synthesis of the monomers, as well as the isolated product yields are summarised
in Table 4.1. Referring to table entries 1-3, when the 1,4-diiodobutane bridge was used (monomers 26, 24,
and 27), the isolated product yields were good (73-75%). A yield of 80% was also obtained for the base
hydrolysis of ester 24 to give acid 25 (Scheme 4.3). When the dibromoalkyl spacers (entries 5-7) or
bis(bromomethyl)benzyl spacers (entries 8-10) were used, yields of 30-40% were typically obtained. The
differences in reaction yields can be reasonably attributed to the reduced reactivity of the dibromo bridges
compared with the 1,4-diiodobutane bridge.
Table 4.1 Reagents used for the preparation of monomers and their respective yields

Thyminyl starting material

a

Product

R

Cmpd. No.

N3-N3 Linker
X-R’-X

1

CH2CO2CH3

18

I-(CH2)4-I

27

75

2

CH2CH2CO2CH3

20

I-(CH2)4-I

24

75

3

CH2CH2CONH2

22

I-(CH2)4-I

26

73

4a

—

24

—

25a

80

5

CH2CH2CO2CH3

20

Br-(CH2)3-Br

28

29

6

CH2CH2CO2CH3

20

Br-(CH2)5-Br

29

39

7

CH2CH2CO2CH3

20

Br-(CH2)6-Br

30

33

8

CH2CH2CO2CH3

20

31

40

9

CH2CH2CO2CH3

20

32

31

10

CH2CH2CO2CH3

20

33

35

Entry

Cmpd. No.

Yield%

For product 25, R = CH2CH2COOH and N3-N3 linker is n-butyl; prepared by hydrolysis of ester 24

Scheme 4.3 Base hydrolysis of ester 24 to give acid 25

Common side-products in the reactions involving thyminyl propanoate (20) were thymine (5) and an N1,N3disubstituted thyminyl propanoate derivative (38, Scheme 4.4). The disubstituted compound (38) was
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noticed in many of the monomer reaction mixtures prepared using dibromo-bridges (where lower product
yields were obtained). Upon examination of the 1H NMR spectrum of thyminyl propanoate (20), it was
clear that the starting material was free of contaminants including the disubstituted product (38), thymine
(5) and unreacted methyl acrylate. Moreover, reaction of a sample of 20 with K2CO3 in refluxing MeCN also
gave the disubstituted compound, 38, which was isolated and characterised by 1H-NMR[26] and mass
spectroscopy, and SC-XRD. The formation of thymine (5) and the dipropanoate compound (38) were
attributed to a potential retro-Michael reaction.[26]

Scheme 4.4 Formation of the disubstituted thyminyl propanoate, dimethyl 3,3'-(5-methyl-2,4-dioxopyrimidine1,3(2H,4H)-diyl)dipropanoate (38)

4.2.2

Photo-reactivity screening

It is convenient at this point to indicate the photo-reactivity of the prepared monomer crystals (Table 4.2).
For the purposes of these initial screening experiments, monomer crystals (10-50 mg) were irradiated with
302 nm UV light for a period of 17 h. The irradiated samples were then subjected to 1H NMR analysis in
order to determine the percentage of thyminyl moieities that underwent photo-conversion to the
cyclobutane. Referring to Table 4.2, a total of 5 photo-reactive monomer crystals were identified in the 1H
NMR screening experiments.

Although the relationship between monomer crystal structure and

photo-reactivity will be examined later in this chapter, a detailed discussion of the spectroscopic and
chromatographic characterisation of the photo-products will be reserved for the following chapter
(Chapter 5).
Referring to Table 4.2, the observed photo-conversion of thyminyl moieties for the N3-N3 n-butyl-linked
bis-methyl propanoate (24) and bis-propanoic acid (25), the N3-N3 aryl-linked (31) monomer and the N3N3 n-hexyl-linked (30) monomer was greater than 50%, which indicated that the photo-products contained
either cyclic, or oligomeric/polymeric species, since thyminyl conversion would be limited to 50% if
exclusive linear dimerisation reactions had occurred. Interestingly the n-propyl-linked monomer (28)
showed 50% photo-conversion by 1H NMR spectroscopy, and the photo-product was suspected to be the
linear dimer.
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Table 4.2 Summary of monomer photo-activity determined by 1H-NMR of irradiated crystalline-samples

Monomer
number

N3-N3-Spacer

27

n-butyl

CH2COOMe

25

n-butyl

CH2 CH2COOH

H2O

81

26

n-butyl

CH2 CH2COONH2

MeOH

-

24

n-butyl

CH2 CH2COOMe

EtOHa, MeCN, or EtOAc

96*

28

n-propyl

CH2 CH2COOMe

Melt

50

29

n-pentyl

CH2 CH2COOMe

EtOH/H2O

-

30

n-hexyl

CH2 CH2COOMe

EtOH/H2O

84

31b

CH2(C6H4)CH2

CH2 CH2COOMe

EtOAc

95

32b

diMeO-CH2(C6H4)CH2

CH2 CH2COOMe

EtOAc

-

33b

diEtO-CH2(C6H4)CH2

CH2 CH2COOMe

EtOAc

-

N1-Functionality

Crystallisation
solvent

% Conversion
1

( H NMR)

-

Crystals of 24 obtained from EtOH underwent 96% conversion to cylocbutane rings; b Monomers possessing
the N3-N3 CH2(C6H4)CH2 spacer are referred to in the text as aryl (31), dimethoxyaryl (32) and diethoxyaryl
(33). All monomer chemical structures are shown in Appendix A1.
a

4.2.3

Structural analysis of the monomer crystals using SC-XRD

In order to examine the changes to crystal packing brought about by the chemical structure of the
monomer and to also identify suitable topochemical arrangements for photo-polymerisations, the
crystalline monomer samples were subjected to structural analysis using X-ray diffraction techniques.
Where possible, the crystal structures of monomers were obtained by SC-XRD. All the prepared monomer
crystals exhibited weak X-ray diffraction and were small in size, thereby necessitating structural studies at
the Australian Synchrotron using the microcrystallography beamlines. In some instances (monomers 27, 31
and 29), suitable quality single crystals were not obtained and P-XRD was instead used to fingerprint the
crystalline samples. In the cases where monomer crystal structures were obtained, the simulated powder
patterns compared well with the experimentally generated P-XRD spectra in terms of peak positions (2θ),
which enabled confirmation of the crystal homogeneity of the samples (Appendix A2).
The structural investigations presented in this chapter will begin with a specific description of each of the
monomer crystal structures obtained. These analyses will be followed by a discussion of the monomers as
a group, which will focus specifically on the influence to monomer packing brought about by modification
of the N1 functionality, N3-alkyl spacer size, and rigid N3-spacer type. The final part of the discussion will
examine the relationship between photo-reactivity and certain features observed in the crystal packing (as
summarised in Table 4.3).
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Table 4.3 Summary of the crystal structure data obtained for the bis-thyminyl monomers

Monomer
number

24

25

26

28

30

32

33

Space group

P21/c

P-1

P42/n

P-1

C2/c

P21/n

P-1

a (Å)

9.5800(19)

7.5950(15)

22.260(3)

9.6130(19)

22.471(5)

9.0600(18)

11.598(2)

b (Å)

16.550(3)

8.9000(18)

22.260(3)

10.826(2)

9.3600(19)

16.130(3)

13.027(3)

c (Å)

7.6900(15)

9.4540(19)

4.770(1)

12.485(3)

16.050(3)

9.920(2)

13.432(3)

α (˚)

90

96.93(3)

90

87.67(3)

90

90

75.17(3)

β (˚)

112.13(3)

111.13(3)

90

67.81(3)

131.96(3)

140.89(3)

72.07(3)

γ (˚)

90

101.53(3)

90

73.16(3)

90

90

69.32(3)

ρ (g.cm )

1.407

1.415

1.286

1.344

1.393

1.391

1.146

Extended

Row

Row

Square

Row

Row

Row

Row

Linear

Linear (β)

Bent (α)

Bent (α)

Bent (α)

(n/a)

Bent (α)

n/a

Type III

Type II

Type II

Type II

(displaced)

(displaced)

-3

structure
N1 conf.

Ring packing

column
Bent (α)

Type I

Bent (α)

Type I

of closest pair

Type II

N3 conf.

trans

trans

trans

cis

trans

trans

trans

Olefinic sep.

4.21

4.19

4.77

3.74

4.67

4.97

4.67

TA

TA

TA

(Å)
Ring pair
a

4.68
a

TA

TA

CS

TA

Proximity-related thyminyl pairs form trans-anti (TA) or cis-syn (CS) type arrangements; not applicable (n/a)

Discussion of the crystal structures will involve different N1-chain conformations (either bent “α” or linear
“β”, see Figure 4.6a for examples of both), different types of pairing between the proximity-related
thyminyl pairs (either trans-anti or cis-syn type arrangements), and different types of ring packing in the
trans-anti pairs (which in this thesis will be denoted as Type I, Type II and Type III, as per the schematic in
Figure 4.10). A discussion of each of these items will be presented in the following sections and will also be
expanded later in Section 4.2.3.4 (p. 102).
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4.2.3.1 Crystal structures of monomers with an N3-N3 n-butyl-bridge and various
N1- functionalities - 27, 24, 26 and 25
This section describes the crystal structures obtained for monomers that possess N3-N3 n-butyl bridged
architecture and either propanoic (25), propanoate (24) or propanamide (26) N1-functionality. A crystal
structure could not be obtained for the bis-thyminyl acetate monomer (27).
Crystal structure of n-butyl-linked bis-thyminyl methyl propanoate - 24:
Monoclinic plates of n-butyl-linked bis-thyminyl methyl propanoate were obtained by slow cooling of a hot
ethanolic solution. As shown in Figure 4.3, the bent (α-type) propanoate chains of each 24 molecule lie
approximately perpendicular to the thyminyl ring planes (bond angle for ester CH3-CH2(N1)-C4 =104.6˚)
(Figure 4.3a). The crystal structure in Figure 4.3 also reveals that molecules of n-butyl-linked bis-thyminyl
propanoate (24) form rows (Figure 4.3a) down the a-axis, and the rows pack into tight layers along the baxis.

Overall, the structure shown in Figure 4.3c is similar to the desirable structure for photo-

polymerisation that is depicted schematically in Figure 4.1a.
Proximity related thyminyl pairs (Figure 4.3b) are generated by stacking of the b-axis layers, and the
thyminyl rings are related by a glide plane along the c-axis. Although the closest contact between the
thyminyl olefins of adjacent layers is appropriate for photo-cyloaddition (C5...C6’ = 4.21 Å), the separation
distance is certainly at the upper limit of Schmidt’s specified distance constraints (i.e. 3.5 - 4.2 Å).[25]
Moreover, although the thyminyl rings stack parallel within the lattice, the olefinic pairs are actually offset
by nearly 2/3 the diameter of a thyminyl ring (Figure 4.3b). The unusual, yet photo-reactive, orientation of
the olefins could be stabilised by π-π stacking between the olefin (C5=C6) of one ring, and the highly
conjugated N1-C2-N3-C4 region of the other ring. This interaction may dominate over any potential π-πstacking between the olefins, themselves. This trans-anti type stacking is reminiscent of the trans-anti
sandwich packing observed in the crystal structure of the thyminyl methyl propanoate (20) starting
material (Figure 3.3, p. 66). In the bis-methyl propanoate (24) structure, the closest trans-anti thyminyl
pairs are generated by two thyminyl rings that possess bent (α-type) N1-propanoate chains which point in a
direction away from the thyminyl ring stack (Type I packing).
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α-α
Type I

(a)

TA, Type I
2 / ring offset
3
d = 4.21 Å

(b)

(d)

(c)

(e)

Figure 4.3 Crystal structure of n-butyl-linked bis-thyminyl methyl propanoate (24) obtained from EtOH: (a) shows
monomer alignment within the crystal, (b) shows olefinic alignment in the closest thyminyl pair (atoms involved the
C=C bonds are represented as spheres). For the sake of clarity, N-substituents and hydrogen atoms are not shown.
(c) Monomer packing diagram. (d,e) Optical micrographs (x 400) of 24 crystals (d) before and (e) after irradiation
with 302 nm UV light (17 h).

Crystal structure of n-butyl-linked bis-thyminyl propanoic acid - 25:
It was expected that hydrogen bond driven assembly of monomers would occur in the n-butyl-linked bisthyminyl propanoic acid crystals (25) due to the presence of the carboxylic acid moieties. However, instead
of the anticipated intermolecular hydrogen bonding between monomer molecules, the interactions instead
occurred between solvent and monomer molecules (Figure 4.4d). Water molecules present in the crystal
lattice from crystallisation, provided sufficient hydrogen bonding sites to entirely eliminate inter-monomer
hydrogen bonding, and subsequently permit similar trans-anti-type thyminyl ring-stacking to that observed
in the bis-propanoate monomer structure (24).
The crystal structure of triclinic 25 showed that the carboxylic monomers formed rows (Figure 4.4a) along
the c-axis, which then stacked into offset layers (Figure 4.4c) along the a-axis. The structure was stabilised
by three unique hydrogen bonds between the monomer molecules and lattice included water molecules
(Figure 4.4d). Each of the propanoic acid groups bonded to the oxygen atom of a water molecule
(COOH...O(W), 1.70 Å), while the hydrogen atoms of each water molecule participated in hydrogen bonds
with the thyminyl carbonyl oxygen atoms (H(W)...O=C4, 1.81 Å; and H(W)...O=C2, 1.93 Å). The different
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hydrogen bond lengths were accompanied by variations in the inter-row separation distances and the
nature of the observed thyminyl pairs. For example, in one monomer row the proximity related thyminyl
pairs formed between moieties that possessed N1-propanoic chains oriented away from the ring stack
(Type I stacking, Figure 4.4b) (as observed in the structure of 24 in Figure 4.3), while the alternate
monomer row consisted of proximity related thyminyl pairs whose N1 propanoate chains were oriented
inward toward the ring stack (Type II stacking, Figure 4.4d). These two packing motifs resulted in two
different olefinic separation distances of 4.52 Å for Type II stacks, and 4.19 Å for Type I. Based on the
topochemical postulate,[25] only the rows formed by Type I pairing (with short olefinic separation distances
of 4.19 Å), should be photoactive. Even in Type I pairs however, the olefins did not stack on top of one
another, and were instead related by an offset of approximately 1-thyminyl ring (Figure 4.4b).
α-α
Type I

(a)

(c)

(b)

1 ring offset
d = 4.19 Å

(d)
1

3
2

1. C4=O ...H(W), d = 1.81 Å
2. C2=O ...H(W), d = 1.93 Å
3. COOH...O(W), d = 1.70 Å

α-α
Type II
1 ring offset
d = 4.52 Å

Figure 4.4 Crystal structure of n-butyl-linked bis-thyminyl propanoic acid (25). (a) Monomer molecules pack in rows
along the c-axis (b) Olefinic alignment in the closest thyminyl pair to give a separation distance of 4.189 Å. (c)
Water molecules are involved in hydrogen bonds with the carbonyl oxygen atoms of the imides (C2=O and C4=O) and
the carboxylic acid group. (c) Monomer packing diagram. (d) Type II TA thyminyl ring stacks are generated in
alternate layers, although the olefinic separation distances in these pairs (4.521 Å) are outside of Schmidt’s distance
constraints required for [2π+2π]-cycloaddition.

Crystal structure of n-butyl-linked bis-thyminyl propanamide - 26:
Needle crystals of the n-butyl-linked bis-thyminyl propanamide monomer (26) were obtained by slow
cooling of a boiling methanolic solution. X-ray structural analysis showed that the bis-propanamide
monomer molecules adopted an entirely different molecular arrangement in the lattice compared with the
related ester (24) and carboxylic acid (25) derivatives. Four bis-propanamide monomer molecules (26)
packed into 2-D hydrogen bonded squares as shown in Figure 4.5a. The squares stacked to give hollow
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columns (Figure 4.5c) down the c-axis. Water molecules that were disordered about a 4-bar symmetry
element occupied the cavities of the hollow columns, and appear as a cross in Figure 4.5a. Stacks of the
monomer squares were stabilised by two strong hydrogen bonds between the amide NH of one layer and
the amide carbonyl of another layer (NH...O=C (amide), 1.96 Å) as well as the amide NH of one layer and the
C2 carbonyl of a second layer (NH...O=C2, 2.00 Å). These hydrogen bonded layers ultimately gave rise to the
proximity-related monomer pairs shown in Figure 4.5b. Unfortunately, the olefinic separation distance of
the pairs was outside the range for [2π+2π]-cycloaddition (d = 4.77 Å), and moreover the monomers were
stacked on top of one another - thereby only permitting dimeric photo-products rather than polymeric
ones (Figure 4.5b). Nevertheless, the photo-stable thyminyl pairs adopted a cis-syn type orientation with
respect to the thyminyl rings (Figure 4.5b).

H2 O
CS, displaced
d = 4.77 Å
(a)

(b)

(c)

Figure 4.5 Crystal structure of n-butyl-linked bis-thyminyl propanamide (26). (a) View down the c-axis shows that
2d squares form by hydrogen bonding between molecules. The central cavity of the squares is filled by disordered,
water molecules. (b) The stacked squares produce the closest contacts between thyminyl moieties. A separation
distance of 4.77 Å was measured between the olefins, which is outside of the distance restraints required for [2π+2π]cycloaddition. (c) Monomer packing diagram.

4.2.3.2 Crystal structures of bis-thyminyl methyl propanoate monomers possessing varied
N3-N3 n-alkyl bridges - 24, 28, 29 and 30
This section describes the crystal structures obtained for bis-thyminyl propanoate monomers that possess
N3-N3 n-alkyl bridges of various sizes between C3-C6. The crystal structure of the butyl-linked bis-methyl
propanoate monomer (24) was discussed above (Section 4.2.3.1, p. 91). Despite countless attempts to
obtain suitable quality single crystals of the n-pentyl-linked monomer (29), using various crystallisation
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solvents, solvent mixtures, melt procedures and scratch-seeding experiments, adequate crystals were not
obtained for SC-XRD analysis. The largest and best quality crystals of 29 were formed from an aqueous
ethanolic monomer solution (1:4, EtOH:H2O), although when these were subjected to SC-XRD analysis at
the Australian Synchrotron, the crystals appeared to be twinned along one axis. Nevertheless, a P-XRD
pattern was obtained for this sample which can be found in Appendix 2.
Crystal structure of n-propyl-linked bis-thyminyl methyl propanoate - 28:
Triclinic crystals that were suitable for structural analyses were difficult to obtain for the n-propyl-linked
bis-thyminyl methyl propanoate (28) monomer. After repeated attempts to produce adequate crystals and
data from the Synchrotron, the crystal structure of 28 was finally determined by merging two partial
datasets to give the structure shown in Figure 4.6. Referring to the structure of 28 in Figure 4.6,
incorporation of the odd numbered N3-N3 C3 alkyl spacer appeared to cause non-equivalence of the two
thyminyl propanoate moieties due to the alkyl spacer adopting a cisoidal conformation close to one of the
rings (α N3-C-C-C = -56.5˚) (Figure 4.6d). Subsequently, the orientation of the two thyminyl rings in the
monomer approached perpendicularity (αC6-αN3-βN3-βC6 = 74.1˚) (Figure 4.6d), whereas in the C4 24
(above, see p. 91) and C6-linked 30 (see below, p. 96) monomer structures, the thyminyl rings were
coplanar (C6-N3-N’3-C’6 = -180˚).
Non-equivalence of the thyminyl propanoate moieties in the n-propyl-linked 28 was also observed when
the conformations of the two intramolecular propanoate chains were compared. Figure 4.6a shows that at
one end of the monomer, the propanoate moiety adopts the usual bent α conformation observed in the C4
and C6 monomer structures (denoted α-configuration, Figure 4.6a), while the second propanoate moiety of
the C3 (28) monomer molecule, adopts a linear conformation (denoted β-configuration, Figure 4.6a). In the
28 structure, trans-anti type stacking occurs between thyminyl moieties of neighbouring monomer
molecules bearing propanoate chains with an equivalent conformation (i.e. two α-α thyminyl moieties to
give a Type II thyminyl pair, or two β-β thyminyl moieties to give a new Type III thyminyl pair) as shown in
Figure 4.6a. From the crystal structure, it appears that the α-α Type II pairs are stabilised by a weak
intermolecular C4=Oδ-...δ+C=O(ester) electrostatic interaction (d = 3.02 Å), while the β-β Type III pairs could
be stabilised by an intermolecular C6H...O=C(ester) interaction (d = 2.28 Å, torsion angle 65.2˚ for ester
C=O...HC6).
Overall, the trans-anti type thyminyl ring-stacking produces continous rows of monomer molecules (Figure
4.6a,c), which are considered to be favourable for topochemical polymerisation reactions. However, the
crystals of 28 gave a 50% cyclobutane yield when irradiated with 302 nm UV light (Table 4.2). When the
olefinic packing was examined, it was noted that the olefinic separation distance between the α-α pairs was
probably too great for photo-reaction (d = 4.68 Å, centroid-centroid). However, separation between the β95
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β pairs was d = 3.74 Å (centroid-centroid), which was within the distance constraints specified by Schmidt
for [2π+2π]-cycloaddition (Figure 4.6b).[25]
α-α
Type II

β-β
Type III

(a)

(b)

(c)

TA stacked
d = 3.74 Å
Cisoidal N3-N3 bridge

(d)

β-N1-chain conf.

α-N1-chain conf.

Figure 4.6 Crystal structure of n-propyl-linked bis-thyminyl methyl propanoate (28) monomer. (a) Monomer
alignment occurring along a row with the α and β N1-chain conformations indicated. In this structure, the N1 chains of
the α-α pairs bend inward toward the trans-anti TA ring stack (Type II), while the linear β-β pairs form Type III
trans-anti (TA) thyminyl ring stacks. (b) Closest thyminyl pairing is observed between Type III pairs to give an
olefinic separation distance of 3.74 Å. (c) Monomer packing diagram. (d) Monomer with α and β-N1 chains and a
cisoidal N3-N3 propyl bridge.

Crystal structure of n-hexyl-linked bis-thyminyl methyl propanoate - 30:
Monoclinic crystals of the n-hexyl-linked compound, 30, were grown by slow evaporation of an aqueous
EtOH solution. The crystal structure shown in Figure 4.7 revealed that monomers packed into rows (Figure
4.7a) down the a-axis, and the rows stacked (Figure 4.7c) along the b-axis to give the overall structure. A
lattice-included water molecule formed a weak hydrogen bond (d = 2.024 Å) with the thyminyl imide
oxygen (O=C2) (Figure 4.7d). In a similar manner to that seen in the crystal structure of the n-butyl-linked
bis-thyminyl methyl propanoate monomer (24), the thyminyl rings of proximity-related n-hexyl-linked
monomers (30), slip-stacked on top of one another (along the b-axis) to form trans-anti type pairs (Figure
4.7b). In the crystal structure of 24, the thyminyl rings stacked such that the olefins were offset from one
another by a distance approximately equivalent to ⅔ of the thyminyl ring diameter, whereas the olefins of
the n-hexyl-linked monomer, 30, were offset by a larger distance of approximately 1-ring (Figure 4.7b). The
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larger offset in the n-hexyl-linked monomer (30) structure arises from Type II ring stacking, and is probably
further stabilised by hydrogen bonding between the water molecule and the thyminyl C2=O oxygen (Figure
4.7d). In the crystal structure of 30 however, the average C=C separation distance between the proximityrelated thyminyl pairs was 4.67 Å, which was considered to be outside of the distance constraints required
for photo-reaction (Figure 4.7b). Nevertheless, from Table 4.2 it is evident that the thyminyl moieties of
n-hexyl-linked monomer (30) underwent 80% photo-conversion to the cyclobutane. A possible reason for
this reactivity will be discussed later in Section 4.2.3.8 (p. 106).
α-α
Type II

(a)

1 ring offset
d = 4.67 Å

(b)

(c)

(d)

Figure 4.7 Crystal structure of the n-hexyl-linked bis-thyminyl methyl propanoate (30) monomer. (a) Shows the
extended alignment of the closest related monomers. (b) Shows olefinic alignment in the closest thyminyl pair
(atoms involved the C=C bonds are represented as spheres). For the sake of clarity, N-substituents and hydrogen
atoms are not shown. (c) Monomer packing diagram. (d) Shows water molecules hydrogen bonding with the oxygen
atoms of the thyminyl imide C2=O.

4.2.3.3 Crystal structures of bis thyminyl propanoate monomers possessing rigid N3-N3 aryl
bridges - 31, 32 and 33
This section describes the crystal structures obtained for bis-thyminyl methyl propanoate monomers that
possessed rigid N3-N3 bridges. In the text, monomers possessing the N3-N3 CH2(C6H4)CH2 core spacer unit
are referred to in the text as aryl (31), dimethoxyaryl (32) and diethoxyaryl (33). As a reminder, all
monomer chemical structures are shown in Appendix 1. Since the photo-conversion was 95% for the aryllinked monomer (31), it is of great interest to analyse the packing and olefinic separation distances in a
crystal. Unfortunately, a crystal structure was not obtained for 31, although work is still ongoing to obtain
suitable crystals of this compound for analysis by SC-XRD.
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Crystal structure of dimethoxyaryl-linked bis-thyminyl methyl propanoate - 32:
Monoclinic crystals of the title compound (32) were obtained by crystallisation of the dimethoxyaryl-linked
monomer (32) from EtOAc. The crystal structure of 32 in Figure 4.8 reveals that the thyminyl rings are coplanar in each monomer molecule, while the core aryl ring lies along a plane roughly perpendicular to the
plane of the thyminyl rings (Figure 4.8a). The core aryl unit joins to the thyminyl ring at the N3 position
through a bond angle of 113.3˚ (N3-C16-C17). The N1 propanoate chains adopt the usual bent (α)
conformations (Figure 4.8ab), although there appears to be some unresolved disorder in the ester moieties
which leads to larger than normal thermal ellipsoids for the O15, O13 and C14 atoms of the ester moiety.
There is also some residual electron density near the carbonyl O13 (q = 0.68; q-O13 d = 1.009 Å) that can be
attributed to the unresolved disorder. These factors indicate that the ester carbonyl groups possess some
conformational variation that was unable to be sensibly modelled.
Referring to the crystal structure of dimethoxyaryl-linked bis-thyminyl methyl propanoate (32), it can be
seen that monomer molecules form rows (Figure 4.8a) in a direction perpendicular to the b-axis, and the
rows stack (Figure 4.8c) down the b-axis to give the overall structure. Proximity related thyminyl pairs are
generated along the c-axis, although the olefinic separation distance is too great for photo-reaction (d =
4.97 Å, Figure 4.8b). Proximity related thyminyl pairs are generated from thyminyl rings possessing bent (α)
propanoate chains that fold inwards into the ring stack Figure 4.8b (Type II). Close Type II stacking was
inhibited in the dimethoxyaryl-linked monomer structure due to the perpendicular orientation of the aryl
core (in relation to the thyminyl rings) and the protruding alkoxy chains which sterically blocked Type I
stack formation between neighbouring thyminyl rings. As can be seen in Figure 4.8a, the Type II stacking
was displaced which lead to the large olefinic separation distance of 4.97 Å. Close C2=O...H6C contacts
(2.35 Å, torsion angle -174˚) were also observed in the structure, which may have stabilised or at least
contributed to the displacement of the Type II stacks.
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(a)

(b)

1 ring offset
d = 4.97 Å
α-α
Type II
(displaced)

(c)

(d)

C6H...O=C2
(2.35 Å)

Figure 4.8 Crystal structure of the dimethoxyaryl-linked bis-thyminyl methyl propanoate monomer (32). (a) Shows
the extended alignment of the closest related monomers. (b) Shows olefinic alignment in the closest thyminyl pair
(atoms involved the C=C bonds are represented as spheres). (c) Monomer packing diagram. (d) Close C6H...O=C2
contacts (2.35 Å).

Crystal structure of diethoxyaryl-linked bis-thyminyl methyl propanoate - 33:
A photo-stable crystalline sample of the diethoxyaryl compound (33) was obtained by recrystallisation of
the monomer from EtOAc. It was difficult to find suitable analytical quality crystals in the sample, as the
mounted crystals generally produced twinned diffraction patterns. After several attempts, the structure in
Figure 4.9 was eventually obtained. However due to a combination of poor quality crystals and hardware
limitations at the Australian Synchrotron MX1 beamline (i.e. fixed detector angle, minimum detector
distance allowing a maximum obtainable resolution at the detector edge of approximately 0.81Å), the data
completeness of the solved structure was low (83.5%). Nevertheless the structure solution obtained, gave
a reasonable refinement (R = 0.0768) and molecules of the diethoxyaryl-linked monomer, 33, were found
to possess similar conformations to molecules of the dimethoxyaryl-linked monomer (32).
The crystal structure of the diethoxyaryl-linked compound (33) contains two crystallographically
independent monomer molecules (henceforth denoted A and B) in the asymmetric unit cell. In both cases,
the thyminyl rings are co-planar, while the core aryl rings lie along a plane roughly perpendicular to the
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thyminyl ring plane (Figure 4.9). However in molecule A (Figure 4.9a), the core aryl unit joins to the
thyminyl ring at the N3 position through a bond angle of 115.05˚ (N3-C16-C17), while in the second
molecule (B) the bond angle is slightly less (111.91˚, N25-C38-C39). The ethoxy chains branching from the
aryl moieties are also different between the molecules: for A the torsion angle of the ethoxy chain is 166.0˚ (C19-O20-C21-C22), and for B it is +175.1˚ (C40-O41-C42-C43). In both A and B, the N1 propanoate
chains adopt bent (α) conformations that are roughly perpendicular to the thyminyl ring (for A, C4-C10-C14
= 86.9˚; for B, C26-C32-C36 = 83.26˚), although there appears to be some conformational disorder in the
ester moieties of both molecules which causes larger than normal thermal ellipsoids for atoms O15, O13
and C14 in molecule A; and O37, O35 and C36 in B.
Upon examination of the extended monomer packing (Figure 4.9ac), it was noticed that the A-type
monomers formed continuous rows in a direction perpendicular to the c-axis. Proximity related thyminyl
pairs of type A are generated by stacking down the c-axis, although the olefinic separation distance was
outside of the photo-reactive range (d = 4.670 Å).[25] The B-type monomers formed rows in a direction
perpendicular to the b-axis, and proximity related thyminyl rings stacked down the b-axis. In the latter case,
the proximity related rings possessed a large olefinic separation distance of 4.94 Å. Rows of type A
molecules and type B molecules stacked in an alternating pattern to give the overall structure shown in
Figure 4.9c. Large solvent-accessibe channels run down the a-axis in the structure (Figure 4.9d), which are
proposed to contain disordered solvent molecules (not included in the refined structure).
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(a)

Type A monomer row

α-α
Type II
(displaced)
(b)

Type A monomer row
Type B monomer row
(c)

d = 4.67 Å

(e)

(d)

Large channels that are probably
filled with disordered solvent
molecules

Figure 4.9 Crystal structure of the diethoxyaryl-linked bis-thyminyl methyl propanoate monomer (33). (a) Shows
the extended alignment of the closest related type A monomers. (b) Shows the olefinic alignment in the closest
thyminyl pair (Type A monomers, atoms involved the C=C bonds are represented as spheres) (c) Monomer packing
diagram: A-type monomers are shown in red, and B-type monomers are shown in blue (viewed down the c-axis). (d)
View down the a-axis reveals the large channels that are proposed to contain disordered solvent molecules. (e) Partial
structure with some of the short C2=O...H6C contacts indicated.

In the rows of A-type and B-type monomer molecules, the proximity related thyminyl pairs were generated
from Type II ring packing arrangements. In both cases however, the Type II ring arrangements were
displaced, and the stabilising C=Oδ-...Cδ+=O interactions (as observed in the structures of 28 and 30) were
absent from the 33 structure. Close examination of the crystal structure of 33 revealed a number of factors
that could contribute to displacement of the thyminyl pairs. Part of the displacement in the rows of A-type
molecules was probably due to the orientation of the protruding ethoxy-substitutuent, which potentially
blocked the approach of the other thyminyl ring. An apparent network of close intermolecular C2=O...H6C
contacts was also observed throughout the crystal structure, between the C2=O of an A-type monomer and
a H6C of a B-type monomer (C2=O(A)...H6C(B), 2.23 Å, torsion -168.6˚), and also between the C2=O of a Btype monomer and the H6C of an A-type monomer (C2=O(B)...H6C(A), 2.25 Å, torsion -179.2˚, Figure 4.9e).
As suggested for the dimethoxyaryl (32) structure, these weak interactions could also have contributed to,
or even stabilised, the displacement of the Type II ring arrangements in the diethoxyaryl (33) structure.
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Type I ring arrangements were not observed in this structure due to the alternating layers of Type A and
Type B molecules forming along slightly different directions and not perfectly stacking.
4.2.3.4 Overall summary of the crystal structures and general structural observerations
Table 4.3 (p. 90) summarises the relevant data obtained from the monomer (SC-XRD) crystals structures.
As can be seen from Table 4.3, the cis-syn orientation of the thyminyl rings in amide 26 was unique
amongst the monomers investigated, and this orientation was stabilised by extensive hydrogen bonding at
the amide moieties. The other monomer structures obtained, all demonstrated trans-anti type packing
arrangements with respect to the thyminyl units. This demonstrates, to some degree, that the propanoate
moiety preferentially adopts trans-anti type arrangements in the lattice. The bis-propanoic acid monomer,
25, hydrogen bonded with lattice included water molecules which made it pack similarly to the n-butyllinked bis-methyl propanoate monomer (24), thereby facilitating the typical trans-anti type arrangements.
Referring to Table 4.3 (p. 90), among the trans-anti pairing observed in the crystal structures, two forms of
thyminyl ring stacking interactions were generally identified (although a third type of trans-anti packing
was also observed in the n-propyl-linked 28 structure, which involved two thyminyl units bearing
propanoate chains with linear conformations (β-β)) (Figure 4.10). Nevertheless, the two major motifs
(Types I and II) both involved bent propanoate chain conformations, but in one case the propanoate chains
bent inward toward the thyminyl ring stack (Type II); while in the second, the propanoate chains bent away
from the thyminyl ring stacks (Type I, Figure 4.10). Type II stacking appeared to be stabilised by weak
C4=Oδ-...δ+C=O(ester) interactions in the structures of the n-hexyl (30) and n-propyl-linked (28) monomers
(Section 4.2.3.2), but the motif was displaced in the dimethoxyaryl (32) and diethoxyaryl-linked (33)
monomer structures. There did not appear to be any obvious stabilising interactions that promoted Type I
stacking, and it is proposed that Type I stacks form as secondary motifs, that are directed by the formation
of Type II stacks (Figure 4.10). To explain this concept, one must consider that for every two stacked rows
of Type II monomers, a row of Type I monomers is generated at the interface (Figure 4.10). Interestingly,
Type I stacking was observed in the (photo-active) proximity-related thyminyl pairs of the propanoate (24)
and propanoic (25) monomer structures, although the olefinic separation distances were ca. 4.2 Å (i.e. at
the top end of the reported range for photo-dimerisation[25]). The proximity related thyminyl pairs in the
structures of 28, 30, 32 and 33 were generated from Type II stacking and were accompanied by larger
olefinic separation distances. While it is not shown in the figures of the crystal structures, thyminyl ring
pairing also occurs between two stacked rows of monomers to generate alternating Type I and Type II
layers. In this chapter, only the closest thyminyl pairing arrangements are considered. If interested, the
reader is referred to the electronic crystallographic appendix enclosed at the back of this Thesis.
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Thyminyl ring
Type III

Type II

Type I

Type II

Bent N1-chain

Figure 4.10 The three observed trans-anti ring stacking motifs. In Type II – propanoate chains bend inwards toward
the thyminyl stack – and this interaction is possibly stabilised by C4=Oδ-...δ+C=O(ester) interactions. Type I stacks
possess propanoate chains that bend away from the ring stack and are propsed to form consequentially from the Type
II stacks. Type III stacks form in the n-propyl-linked 28 structure and occur between two methyl propanoate
moieties that possess linear (β) N1-chain conformations.

4.2.3.5 Summary of the changes to crystal packing resulting from monomers possessing an
N3-N3 n-butyl-bridge but varied N1-functionalities
Variation of the N1 functionality within an N3 butyl-bridged architecture imparted the greatest influence to
extended monomer packing. As already discussed in Section 4.2.3.1, the incorporation of hydrogen bond
donor groups (CH2CH2CONH2) in the amide monomer 26, produced a 2-dimensional hydrogen bonded
structure comprised of hollow square columns containing disordered solvent molecules within the cavities
of the columns. Meanwhile, the propanoate ester monomer without hydrogen bond donor groups
(CH2CH2COOCH3), 24, produced rows of monomer molecules that were stabilised by weak intermolecular
interactions. It was expected that intermolecular hydrogen bond driven assembly of the carboxylic acid
monomer 25 would occur, due to the introduction of the hydrogen bond donor sites (CH2CH2COOH).
However, instead of the anticipated intermolecular hydrogen bonding between monomer molecules, the
hydrogen bond interactions instead occurred between solvent and monomer molecules. Water molecules
present in the crystal lattice of 25 actually provided sufficient hydrogen bonding sites to entirely eliminate
inter-monomer hydrogen bonding, and subsequently permitted formation of similar trans-anti thyminyl
ring-stacks to those observed in the bis-propanoate monomer structure. Hence the 25 crystals possessed a
similar extended structure of monomer rows as observed in the propanoate (24) monomer crystals.
Variation of the N1 functionality within the N3 butyl-bridged architecture also resulted in varied thyminyl
ring-packing arrangements. In the bis-amide monomer 26, cis-syn proximity related thyminyl pairs were
generated by slip-stacking of the monomers. However, in this case the olefinic separation distance was
large (d = 4.770 Å) and outside of the distance constraints required for [2π+2π]-cycloaddition. The crystal
structures of 24 and 25 revealed trans-anti packing arrangements, and close C=C separation distances
(4.213 and 4.189 Å, respectively) between Type I proximity related thyminyl pairs.
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Unfortunately a structure was not obtained for the bis-acetate monomer (27). However, it is interesting to
note that the acetate (27) crystals were photo-stable, even though all strong hydrogen bond-donor atoms
were eliminated by selection of the N1 ester functionality. This result indicated that obtaining photoreactive crystals was not merely the result of eliminating strong hydrogen bond donor atoms, and
reinforced the observation that the geometry of the N1 substituent is also important for obtaining
appropriate ring packing arrangements. Despite not having a crystal structure for this monomer, it is
tempting to speculate structural features of the bis-methyl acetate monomer (27) based on the crystal
structure of the starting material, methyl acetate 18. In the crystal structure of the starting acetate 18, an
intermolecular carbonyl-carbonyl C2=Oδ-...Cδ+=O(ester) interaction[27] (d = 2.96 Å, C2=O...C = 168˚), and an
intermolecular C=O(ester)...HC contact (d = 2.61 Å; C=O...H = 143˚) were observed. As occurred in the
starting acetate 18 crystal structure, these weak interactions are expected to effectively compete with the
π-π stacking interactions in crystal structure of the bis-methyl acetate monomer (27), thereby disrupting
the ideal ring packing required for photo-dimerisation.
4.2.3.6 Summary of the changes to crystal packing due to modification of the N3-N3 n-alkyl
spacer length
When a bis-propanoate structure was maintained, but the size of the N3-N3 alkyl bridge was varied from
three carbons (C3) –six carbons (C6) (monomers 28, 24, 30), trans-anti proximity-related thyminyl pairs were
generated and similar extended row structures were observed for all the monomers (crystals not obtained
for C5 bridged 29). However, an odd-even effect was also observed in the studied structures (C3, C4, C6),
with only the C4 (24) and C6 (30) monomers producing photo-active crystals (see Table 4.2, p.89). Referring
to Figure 4.11, the monomers with even spacers (C4 and C6/24 and 30) caused up-down orientation of the
thyminyl propanoate moieties within the monomer molecule, while the odd C3 (28) spacer caused both
propanoate groups to point in the same direction. In the case of monomers with an even spacer, the
monomer molecules packed in the same direction as one another and were related only by translational
elements. Conversely the C3 (28) structure showed that the molecular orientation of the monomers
alternated, and were related to one another by a 180˚ rotation and a translational element, in order to
achieve the trans-anti stacking of the thyminyl rings. As a consequence, the trans-anti pairs formed by
packing of the monomers were also different for the odd and even spacers.

Unfortunately, more

compounds and crystal structures are required in order to make firm conclusions concerning the effects of
spacer length on the photo-reactivity of the monomers.
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Packing

Even N3-N3 C-spacer
Propanoate groups point
in opposite directions within
the monomer

Packing

Odd N3-N3 C-spacer
Propanoate groups point
in same direction within
the monomer
Figure 4.11 Crude schematic showing the proposed odd-even effect induced by the N3-N3 spacer. The N3-N3 spacer
is shown as a red line linking two thyminyl rings (blue circles). The propanoate moieties are shown as short red lines
protruding from the thyminyl rings. The even spacers cause up-down orientation of the thyminyl moieties within the
monomer molecule, while the odd spacers cause both propanoate groups to point in the same direction (up-up in the
schematic). The trans-anti pairs formed by packing of the monomers are different for the odd and even spacers. In
the case of monomers with an even spacer, the monomers pack in the same direction as one another, while in
monomers with an odd-spacer, the molecular orientation must alternate in order to achieve the trans-anti stacking of
the thyminyl rings.

4.2.3.7 Summary of changes to crystal packing due to the incorporation of rigid N3-N3 spacers
Aromatic groups are often incorporated into polymers to increase the mechanical strength and thermal
stability of materials.[28] It was therefore interesting to investigate whether property changes could be
achieved when the flexible N3-N3 alkyl spacers were replaced by rigid aromatic spacers. In this monomer
series, three bis-thyminyl monomers that possessed rigid N3-N3 aryl bridges were synthesised and the
effect of these bridging-types on the monomer crystal packing was examined.
Notably, the crystals of monomers possessing 2,5-di-alkoxy substituent on the aryl core were found to be
photo-stable (i.e. 32, 33). Only the aryl-linked monomer (31) was found to be photo-active although a
crystal structure has not yet been obtained for this monomer. In any case, the photo-products of aryllinked 31 were found to be insoluble in common organic solvents, and only trifluoroacetic acid (TFA) and
TFA/CHCl3 were found to solubilise the photo-products. This feature certainly suggests a qualitative
difference in the properties of the photo-products of the alkyl- and aryl-bridged compounds.
Based on the two obtained crystal structures, the dimethoxy- (32) and diethoxy-substituted (33) aryl-linked
monomer crystals both possessed the desired extended structure comprising rows of monomer molecules,
although in the case of the diethoxyaryl-linked monomer (33) the rows did not perfectly stack (Figure 4.9).
Proximity related thyminyl rings formed displaced trans-anti-type pairs in both compounds, although the
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olefinic separation distances were large (d = 4.97 and 4.67 Å), and the crystals were photo-stable.
Interestingly, the thyminyl rings in the proximity related trans-anti pairs, were also displaced by larger
degrees than in any of the n-alkyl-linked monomers that underwent trans-anti thyminyl ring packing. It is
believed that close Type II stacking was inhibited in the dimethoxyaryl (32) and diethoxyaryl (33) monomer
structures, due to the perpendicular orientation of the aryl core (in relation to the thyminyl rings) and the
protruding alkoxy chains which sterically inhibited the formation of stacks between neighbouring thyminyl
rings (Figure 4.8). In addition, short C2=O...H6C contacts were observed in both the structures which may
also have contributed to the lateral displacement observed between neighbouring thyminyl rings,
particularly in the diethoxyaryl monomer structure (33). Close Type II stacks were not observed in the
diMeO and diEtO structures, either. The absence of this motif might be a consequence of the close
associations of propanoate chains with the aryl cores of surrounding molecules, which pull molecules
within a row away from one another. This might either be due to stablizing interactions or, this type of
packing might simply lead to more efficient filling of the lattice space.
Based on information obtained from the dimethoxyaryl (32) and diethoxyaryl (33) structures, the monomer
structure of the aryl-linked monomer (31) is also expected to comprise of rows of monomer molecules.
Considering that the crystals of aryl-linked 31 are photo-active and the analysis of the 1H-NMR spectrum of
the aryl-linked photo-products (discussed in the next chapter) revealed a single cyclobutane isomer, the
ring packing should be of the trans-anti type. This packing is not expected to include the large ring
displacements that were observed in the monomers with dimethoxy- and diethoxy-substituted aryl spacers.
Nevertheless, a crystal structure is highly desired for the aryl-linked monomer (31) in order to confirm
these predictions, and to elucidate the precise nature of the thyminyl ring packing arrangments.
4.2.3.8 Relationship between crystal packing and monomer photo-activity
The observed trans-anti type thyminyl ring-stacking in most of the studied structures, was accompanied by
extended structures comprised of continous rows of monomer molecules (for example, see Figure 4.6) – a
feature considered necessary for topochemical polymerisation reactions.

According to Schmidt, the

topochemical [2π+2π]-cycloaddition requires that photo-reactive olefin pairs align parallel with one
another in the lattice, and be separated by a distance of 3.5-4.2 Å.[25] However, from the monomer crystal
structures obtained, several photo-active crystals were identified that did not obey these classical
structural requirements, both in terms of olefinic stacking arrangements and the reactive olefinic
separation distances. As such, this section provides a more detailed analysis of the observed ring packing,
with particular attention paid to the relationship between ring packing and photo-reactivity.
One peculiarity in the bis-thyminyl trans-anti stacks was the formation of ring stacking interactions, rather
than olefin-olefin interactions. These ring stacking interactions caused displacement of the olefins, as
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represented by the schematics shown in Figure 4.12. In all cases, except the β-β pairs of the propyl linked
monomer (Figure 4.12), lateral or lateral and vertical olefinic displacements were observed. In several
cases (24, 25 and 30), these arrangements produced photo-active crystals. According to the topochemical
postulate, however, non-parallellism of the olefins results in crystal photo-stability and this is supported
experimentally based on studies involving α,ω-diphenyl-all-trans-polyene,[25] benzoquinonophane,[29] and
others.[25]

Figure 4.12 Schematic representation of the view down the thyminyl ring-stacks of some monomers. Two types of
ring displacements were observed, lateral and vertical. Bold denotes photo-active systems

Moreover, according to Schmidt, the olefinic separation distances should be within 3.5-4.2 Å for an olefinic
pair to be photo-reactive.[25] Indeed, several photo-reactive bis-thyminyl crystals were obtained when the
olefinic separation distances fell within this range: 3.74 Å for propyl 28, 4.19 Å for acid 25, and 4.21 Å for
butyl-linked propanoate 24. Of particular interest, however, is that the hexyl-linked monomer (30) is
photo-reactive despite a large olefinic separation distance (4.67 Å), while the diethoxyaryl-linked monomer
crystals (33) (with an equivalent olefinic separation distance) are photo-stable.
In order to explain these results, one is first drawn to literature precedents regarding thymine photodimerisations. A CCDC search for crystal structures of thyminyl cyclobutane dimers gave 23 hits (Table 4.4).
Of these, only 22% were trans-anti cyclobutanes (as observed in this chapter) and all possessed the
expected cyclobutane geometry, which does not contribute to the observations of this study. Also, every
cyclobutane dimer was synthesised by the irradiation of solutions (liquid, frozen or sensitised) and so the
geometry of the reacting molecules is unknown.
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Table 4.4 Summary of the thyminyl cyclobutane crystal structures obtained from the CCDC search

Cyclobutane

Number of

geometry

CCDC hits

CA

3

Irradiation of frozen solutions
of the starting compounds

[30-32]

CS

10

Solution-phase irradiation or
irradiation of frozen solutions
of the starting compounds

[32-36]

TA

5

Irradiation of frozen solutions
of the starting compounds

[31-32, 37-38]

TS

5

Irradiated and sensitised
solutions of the starting
compounds

Synthetic method

Ref.

[32, 39-40]

Among the available literature reports concerning the crystal-phase irradiation of thyminyl derivatives,
cyclobutane geometry was determined by NMR spectroscopy and there were no crystal structures
obtained by reanalysis of the ‘as-reacted’ crystals.[41-46] As such, a direct association is unable to be made
between the monomer structure and the precise photo-product structure. Nevertheless, according to
these previous reports, it is clear that Schmidt’s topochemical postulates do not adequately describe
photo-reactivity in some of these cases either.[41]
It is clear that there are exceptions to the topochemical postulates. To address these issues, one should
consider several factors including:
Undetectable packing defects
The obtained monomer crystal structures represent the average measured monomer structures in the
crystal. As such, it is possible that the average measured structures do not adequately reflect slight packing
defects, for example, that could bring the reactive olefins into the more typical regions postulated for
[2π+2π]-cycloaddition. However, the sample homogeneity was measured using powder X-ray diffraction in
order to discount any obvious polymorphic effects and to demonstrate that the measured structure is
representative of the bulk sample used in the photo-reactivity screening experiments. As such, the
following discussion will consider possible reasons for the observed photo-activity, based on the measured
(average) monomer structures.
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The nature of the double bonds
It is important to note that Schmidt devised the topochemical postulates from extensive X-ray studies using
trans-cinnamic acid derivatives.[25] An obvious difference in the cinnamic acid reactive olefin and thyminyl
reactive olefin is that in thymine, the C=C is located within the ring, whereas it is exocyclic in cinnamic acid
(Figure 4.13). This structural difference is likely to lead to varied reactivity behaviour in relation to the
topochemical postulate.[25] Like thymine, coumarin possesses a reactive double bond within a ring system,
and various coumarin derivatives (Figure 4.13) have also demonstrated photo-reactivity despite violation of
some Schmidt’s reaction criteria.[47]

Figure 4.13 Position of double bonds in photo-reactive compounds

The interaction of π-orbitals and geometry changes in the excited state and transition states
Electronic excitation of molecular crystals has been proposed to increase attractive forces so that excitedspecies interact more strongly with neighbouring molecules in the lattice.[47] In situations where the double
bonds are not stacked parallel in the lattice (24, 25 and 30), such attractive forces could bring the olefin of
an excited state species into close enough proximity with a ground state olefin to enable interaction of the
π-lobes and hence facilitate [2π+2π]-cycloaddition. In fact supportive evidence is presented in a published
theoretical study which indicates that, in DNA, the geometry of the excited thyminyl species undergoes
pyramidalisation of the C6 atom and C5-C6 bond lengthening in order to give the cis-syn cyclobutane dimer
via a concerted mechanism.[48] Indeed, in the modelling studies presented in Chapter 3, similar ring
deformations were observed in the calculated transition state structures. If these types of conformational
changes also occur to the bis-thyminyl monomers, they could facilitate more extensive interactions
between the π-orbitals of the reactive olefinic groups, despite large separation distances. These orbitals
could then be attracted to one another and hence decrease the separation distance between the reactive
centres. These changes could be particularly relevant in the case of the hexyl-linked monomer (30), which
was still found to be photo-reactive despite the olefinic separation distance of 4.67 Å, being 11% greater
than Schmidt’s postulated distance criteria (3.5-4.2 Å[25]).
In the case of the photo-stable diethoxyaryl linked monomer (33), with an olefinic separation distance
equivalent to the photoactive hexyl-linked monomer (30, 4.670 Å), the arrangement of the olefins is more
relevent. Referring to the schematic in Figure 4.12, the thyminyl ring stacking of the DiEtOAryl monomer
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(33) is laterally and vertically displaced. As such, C5-C6 bond lengthening and C6 pyramidalisation are
unlikely to facilitate π-orbital interactions in this case, and therefore these crystals remain photo-stable.
Structural flexibility
Obviously, structural changes must also occur in the lattice upon formation of the product. For example
the molecular separation distance must reduce in order to accomodate C-C bond formation in the
cyclobutane ring (C-C length 1.56 Å). Non-perfect stacking of the olefins (as observed in this chapter) would
also necessitate movements during the photo-reactions in order to bring the π-orbitals into close proximity
with one another for interactions to occur. Strain accumulation in the lattice due to molecular movements
required to form the cyclobutane products is evidenced by loss of the crystal integrity. In the monomers
studied in this chapter, re-analysis of the crystals by SC-XRD was impossible due to fractures formed in the
crystals (Figure 4.3d,e). Thus, to some degree, the molecular packing must be condusive to molecular
movements.
Strong hydrogen bonding and intermolecular interactions other than thyminyl ring stacking interactions
could interfere, or reduce, the structural flexibility and inhibit photo-reactions. It is interesting in these
cases to consider the hexyl-linked (30) and butyl-propanoic acid (25) structures which both contained
solvent molecules in the monomer lattice. Loss of these water molecules during photo-reactions or strong
binding with the water molecules could interfere with the molecular movements required to form the
cyclobutane linkages, and therefore reduce the prospective cyclobutane yield.

This is particularly

interesting considering that both the solvated monomer structures resulted in lower cyclobutane
conversions in the screening experiments compared with the non-solvated butyl-linked bis-methyl
propanoate monomer (24) (80% conversion as opposed to 96% conversion).

4.3 Conclusions
In this chapter ten new monomers were synthesised, that varied with respect to the N1-functionality, the
size of the N3-N3-polymethylene spacer, or the type of rigid N3-N3-aryl spacer. Analysis by 1H-NMR
spectroscopy of irradiated crystalline monomer samples revealed that five of the monomers underwent
photo-reactions within the crystals (24, 25, 28, 30 and 31), although the photo-product structures could not
be directly determined by SC-XRD due to poor crystal integrity after their irradiation. Thus, in order to
establish the necessary monomer structure—reactivity relationships, and to also study the general crystal
packing behaviour of the synthesised monomers, the monomer crystal structures were determined prior to
irradiation using SC-XRD. Unfortunately single crystals suitable for SC-XRD analysis were not obtained for
the butyl-linked acetate (27), the pentyl-linked propanoate (29), or the photo-reactive aryl-linked
propanoate (31).
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Of the studied monomer structures, most possessed the desired extended row structures believed to be
necessary for topochemical polymerisation. However, a 2-dimensional hydrogen bonded structure was
observed for the amide monomer (26), as a result of the hydrogen bond donor groups in the N1-chains of
the thyminyl units. A unique cis-syn orientation of the thyminyl rings in amide 26 was also observed. The
other monomers all demonstrated trans-anti type packing arrangements, with respect to the thyminyl
units, which indicated that the propanoate moiety preferentially adopts trans-anti arrangements in the
lattice. Although unexpected, the propanoic acid monomer, 25, hydrogen bonded with lattice included
water molecules (rather than forming intermonomer hydrogen bonds) which made it pack similarly to the
propanoate monomer 24, thereby facilitating the typical trans-anti arrangement in this case. Elimination of
hydrogen bond donor groups in the n-butyl-linked propanoate monomer 24, gave photo-reactive crystals.
However, this achievement was not merely the result of eliminating strong hydrogen bond donor atoms
since the acetate (27) crystals were photo-stable.

It is therefore apparent that both the N1 ester

functionality and the N1 chain length are important for the formation of appropriate thyminyl ring packing
arrangements.
In the trans-anti stacks, two major motifs (Types I and II) were observed, which both involved bent
propanoate chain conformations. In one case the propanoate chains bent inward toward the thyminyl ring
stack (Type II); while in the other case, the propanoate chains bent away from the thyminyl ring stacks
(Type I). The Type II stacking motif appeared to be stabilised by weak C4=Oδ-...δ+C=O(ester) interactions in
the hexyl (30) and propyl-linked (28) monomers.
An odd-even effect was observed when the size of the N3-alkyl bridge was varied from C3-C6. The odd C3
spacer forced trans-anti stack formation to occur by 180˚ monomer rotation and translation, whereas
monomers with an even spacer (C4 and C6), gave trans-anti stacks by monomer translation only.
When a rigid aryl-bridge (monomer 31) was used in place of the flexible butyl-bridge (24), photo-reactive
crystals were also obtained. A mixture of TFA/CHCl3 was required to solubilise the photo-products of 31,
whereas the photo-products of the alkyl-linked esters (24, 28, 30) were soluble in CHCl3 alone. Introducing
dialkoxy substitution from the aryl spacer in monomers 32 and 33 produced photostable crystals. It is
believed that close thyminyl stacking was inhibited in the dimethoxy- and diethoxy-substituted monomer
structures (32 and 33), due to the perpendicular orientation of the dialkoxyaryl core (in relation to the
thyminyl rings) and the protruding alkoxy chains which could sterically block close stack formation between
neighbouring thyminyl rings.
In several cases, photo-reactive monomer crystals were obtained despite the olefins being displaced
(monomers 24, 25, 30), or possessing large olefinic separation distances (30). In order to account for these
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peculiarities, suggestions regarding the nature of the double bonds, the interaction of π-orbitals and
geometry changes in the excited state and transition states, and the degree of structural flexibility were
considered.
Having identified five photo-reactive monomer crystals in this chapter, it becomes necessary to
characterize the photo-products and examine their formation. In the following chapter, Chapter 5, this will
be achieved using a combination of spectroscopic, chromatographic and thermoanalytical techniques.

4.3.1

Future Investigations

Future investigations should be targeted toward:
4.3.1.1 Crystal structure determinations for all monomers and photo-products:
For the sake of completeness, it would be of value to obtain crystal structures for all the synthesised
monomers. Attempts to obtain good quality single crystals are ongoing, for the monomers: butyl-linked
acetate (27) and pentyl-linked propanoate (29) monomers, and for the photo-reactive aryl-linked
propanoate (31).
Unfortunately, the photo-product crystal structures could not be determined by SC-XRD analyses due to
poor crystal integrity after the irradiations. Although very difficult, it might be possible to obtain photoproduct crystal structures from the experimentally generated P-XRD spectra. A structure solution of the
“as-reacted” photo-products would provide insight into the cyclobutane stereochemistry and perhaps even
enhance the fundamental understanding of the molecular movements necessary for photo-product
generation.
4.3.1.2 Further structural modifications within the propanoate architecture:
It would be of interest to establish the limits of the propanoate packing motif.

For example, in these

studies, only the methyl ester was examined. It would be useful to examine the changes to crystal packing
brought about by extending the size and type of the ester R group (e.g. longer linear esters, branched
esters, aromatic esters, etc).
Another useful study would be to examine the changes brought about by increasing the size of the N3-N3
alkyl bridge within the propanoate architecture (eg. N3-N3 octyl, decyl and dodecyl spacers, etc). Similarly,
exploration of other spacer modifications on the crystal packing and photo-reactivity could not only result
in a larger library of photo-active monomers, but could also give more varied photo-product properties.
It would also be interesting to increase the functionality of monomers (ie. from two thyminyl units, to three,
four, etc) as an extension of the focus of this thesis which is the formation of linear polymers by the
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[2π+2π]-cycloaddition of thyminyl-based monomers. In doing so, it may be possible to photo-chemically
construct cross-linked polymer networks which are more relevant to the area of self-healing materials.
4.3.1.3

Identification of other suitable packing motifs:

It is clear from these studies that structural modifications will be limited by the degree to which the N1 and
N3 spacers can be modified. In order to increase the prospective number of photo-reactive monomers, it
will become necessary to identify other suitable thyminyl modifications that produce the desired packing
motifs.
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5
5.

Photo-reactions of the N3-N3
bridged monomers and
characterisation of the photoproducts

Photo-reactions of the N3-N3 bridged monomers and characterisation of the photo-products

5.1 Introduction
As described in the introductory chapter (Section 1.4, p. 19), all of the diolefin monomers reported to
undergo photo-polymerisation by the [2π+2π]-cycloaddition reaction, possess rigid linear structures with
conjugated double bonds that are separated by an aromatic ring.[1-16]

Most of the photo-reactive

monomers examined in this thesis are therefore quite structurally dissimilar to those described in previous
literature reports. As such, it was also expected that the resulting thyminyl-based materials would possess
different properties to those of the previously reported [2π+2π]-polymers. The research objective of this
study was to therefore thoroughly characterise the physical properties of the new photo-products.
In comparison to other polymer classes however, there are relatively few published reports that extensively
investigate the properties of [2π+2π]-polymers. This situation is somewhat understandable considering the
synthetic difficulties and poor processability of many of the synthesised materials. Aside from Hasegawa’s
poly-DSP (whose structure is shown in Scheme 1.4, p. 19), many of the analyses performed on [2π+2π]polymers are restricted to IR and P-XRD spectral comparisons with the monomer due to the poor solubility
of the polymeric materials. Nevertheless, some soluble materials or soluble oligomeric components of the
polymerised materials have been successfully examined using solution-phase techniques such as UV-Vis
and NMR[1] spectroscopy, and GPC.[17]
Many of the reported polymers are only soluble in strong acids such as concentrated sulphuric or
trifluoroacetic (TFA) acid. Although this limited solubility has at times permitted the analysis of relative
molecular weights by reduced viscosity and vapour pressure osmometry experiments, these results
provided little information concerning the molecular weight distribution of the “as polymerised” materials,
and in many cases the measured molecular weights were not explicitly stated. It would therefore be of
interest to examine the molecular weight distribution of the thyminyl-photo-products whose synthesis is
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described in the previous chapter. Several of the products (i.e. photo-products from monomers 28, 24, 25
and 30) were found to be soluble in common laboratory solvents such as CHCl3, CH2Cl2, DMF, and DMSO.
Moreover, Hasegawa proposed a possible step-growth polymerisation mechanism for poly-DSP,[5] and it
would be of subsequent interest to utilize GPC techniques to examine the polymerisation mechanism for
any of the newly synthesised thyminyl-based materials.
Hasegawa also observed that many of his materials underwent thermally-induced depolymerisation.[18-19]
Thermal degradation of [2π+2π]-polymers has not been examined in the more recently published examples
of [2π+2π]-polymerisations by Sonoda[17] and Coates.[1] Thus an evaluation of the thermal stability of the
thyminyl materials compared with those reported by Hasegawa would also represent an interesting point
of comparison.
In order to examine some of the aforementioned aspects, the first part of this chapter will focus on the
identification of the photo-products obtained from the photo-active crystalline monomers (Figure 5.1)
using GPC and spectroscopic techniques (1H NMR, IR and MALDI-TOF MS). The second part of this chapter
will focus on studies of the photo-polymerisation reactions using 1H NMR spectroscopy and GPC in order to
gain insight into the nature of the photo-chemical reactions.
polymerisations will also be discussed.

Several issues encountered in the

The reverse reactions, i.e. photo-depolymerisation, will be

examined for the polymeric materials arising from the butyl-linked (24), hexyl-linked (30) and aryl-linked
(31) bis-methyl propanoate monomers. Finally, the thermal properties of the materials will be investigated
using a number of standard thermoanalytical techniques including DSC and TGA. Hot-stage polarised
optical microscopy (POM) and dynamic mechanical thermal analysis (DMTA) will also be used to study the
polymeric products of the butyl-linked bis-methyl propanoate monomer (24).

Figure 5.1 Photo-reactive monomers identified from the irradiation screening experiments in Chapter 4
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Collaborative input:
Mr Nan Bai (Monash Materials Engineering) performed the DMTA measurement on the photo-products of
24.

Dr Simon Harris (Monash University Centre for Green Chemistry) performed the MALDI-TOF

measurement of the photo-products of 25. Dr Carl Braybrook (CSIRO) provided training, the DCTB matrix,
as well as free access to the CSIRO MALDI-TOF facilities at Clayton. Priscilla Johnston performed all MALDITOF analyses on the photo-products of 24 and 31 at CSIRO. All other experiments were designed, executed
and interpreted by the author, Priscilla Johnston.

5.2 Results and Discussion

5.2.1

Identification of the photo-products generated using 302 nm UV light using GPC, 1H NMR
spectroscopy and MALDI-TOF MS

Considering the continuous and juxtaposed alignment of monomer molecules in the crystal structures of
the n-propyl (28), n-butyl (24), n-hexyl (30) and aryl-linked (31) bis-methyl propanoate monomers and the
bis-propanoic acid (25) monomer (see Chapter 4), as well as the high photo-chemical yields determined
from the 1H NMR spectra of the photo-products of 24, 25, 30 and 31 (see Table 4.2, p.89), it was expected
that linear oligomeric and polymeric species would arise from the irradiation of these monomer crystals.
As such, techniques including GPC, MALDI-TOF MS and 1H NMR spectroscopy were used to determine the
molecular weights of the photo-products (and hence facilitate their identification).

The measured

molecular weights from these techniques are shown in Table 5.1 (p. 119).
5.2.1.1 GPC
GPC was used to determine the average molecular weight (Mn) and the molecular weight distribution
(Mw/Mn) of the DMF soluble photo-products obtained from monomers 28, 24 and 30. In order to
conclusively identify residual monomer peaks in the chromatograms of the non-purified, photo-products,
the chromatographic retention time of each monomer was determined by separately analysing a nonirradiated monomer sample. The GPC chromatograms obtained for the irradiated samples of 28, 24 and 30
(performed using a DMF mobile phase containing 10 mM LiBr) are shown in Figure 5.2.
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Table 5.1 Summary of the molecular weights determined for irradiated samples of monomers 24, 25, 30, 28 and 31.
Based on the GPC, MALDI-TOF MS and/or 1H NMR measurements of molecular weight, the photo-products are
identified as either: D = dimer, O = oligomer or P = polymer. New compound numbers are given for the photoproducts in the far right column. All GPC calculations of photo-product Mn and Mw/Mn were peformed for nonmonomeric species only.

GPC (products only)
Entry

MALDI-TOF MS

1

H NMR
Product

Monomer
Mn (Da.)

Mw/Mn

m/z

Mn (Da.)

3

1.2

-

0.8 x 10

4

4.0

9,611

1.5 x 10

3

1.5 x 10

A

1.0 x 10

A

1.9 x 10

A

2.2 x 10

4.9

-

B

-

-

9,495

A

-

-

2,825

1

28

2

24

3

30

4

31

5

25

C

3

D (39)

4

P (40)

3

O (41)

4

P (42)

3

O (43)

C

2.0 x 10

Cx

4.1 x 10

A

Direct analysis of the “as-polymerised” products; B Sample purified by precipitation from TFA/CHCl3 solution
using MeOH; C Highest detected m/z in the MALDI-TOF mass spectrum. x The MALDI-TOF analysis of 25 photoproducts was conducted by Dr Simon Harris as a service sample. .

Referring to entry 1 in Table 5.1, the irradiated N3-N3 n-propyl-linked bis-methyl propanoate (28) sample
contained mostly dimeric photo-products (Mn 1.0 x 103), although examination of the corresponding GPC
chromatogram in Figure 5.2a revealed that a small amount of residual monomer was also present in the
sample (5% based on the monomer peak area). The 1H NMR analysis of this sample revealed a thyminyl
conversion of approximately 50% (Table 4.2, p. 89), which was consistent with the assignment of a linear
dimeric photo-product species (39).

In the case of the irradiated N3-N3 n-butyl-linked bis-methyl

propanoate monomer (24), polymeric photo-products were observed in the GPC chromatogram (Figure
5.2b), which possessed an average molecular weight of Mn 1.9 x 104 (Mw/Mn 4.0) (Table 5.1, entry 2). As
shown in Figure 5.2b, the irradiated sample of 24 also contained a small amount of residual monomer (3%
by comparison of the monomeric and non-monomeric peak areas). As shown in Figure 5.2c, a higher
monomer content was detected in the irradiated sample of the N3-N3 n-hexyl-linked bis-methyl
propanoate monomer (30) (24% based on the peak area of the monomer), while the non-monomeric
photo-products of hexyl-linked 30 possessed an average molecular weight of Mn 2.2 x 103 (Mw/Mn 4.9)
(Table 5.1, entry 3). From Table 5.1 (entries 2 and 3), it was also evident that the polymeric photo-products
of the n-butyl-linked ester monomer (24) and oligomeric photo-products of the n-hexyl-linked monomer
(30) each possessed broad molecular weight distributions by GPC (Mw/Mn 4.0 and 4.86 respectively).
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(c)

(b)

(a)

Figure 5.2 GPC chromatograms of the irradiated samples of (a) n-propyl-linked bis-methyl propanoate 28, (b) nbutyl-linked bis-methyl propanoate 24, (c) n-hexyl-linked bis-methyl propanoate 30 (arrows indicate residual
monomer present in the sample).

Although the photo-products of N3-N3 n-butyl-linked bis-propanoic acid 25 were soluble in the DMF mobile
phase used for GPC, the analysis was unsuccessful due to the interaction of the monomer and photoproducts with the GPC column, which resulted in a poor elution profile (entry 5, Table 5.1). Even when the
LiBr content of the DMF was increased to 50 mM, or the material was analysed from an aqueous mobile
phase, reliable chromatograms could not be obtained. Furthermore, the purified photo-products of N3-N3
aryl-linked bis-methyl propanoate 31, could not be analysed by GPC as they were insoluble in all the
common organic solvents tested (entry 4). Only trifluoroacetic acid (TFA) and mixtures of TFA/CHCl3 (25:75)
were found to be suitable for solubilisation of the photo-products of 31; however, these solvent systems
were not compatible with the gel columns used for GPC analysis. In these cases, it was obvious that
alternative molecular weight analyses were required.
5.2.1.2

1H

NMR Spectroscopy

Methods for the determination of average polymer molecular weight (Mn) by 1H NMR spectroscopy have
been described previously.[20-21] Briefly, these procedures involve determining the average number of
repeating monomer units in the polymer sample by integrating and comparing the peak signals that
correspond to a repeating unit and a terminal group. For the thyminyl-based materials, the N1 ester OCH3
and/or C5-CH3 proton signals of the cyclobutane (repeating unit) and non-reacted (terminal) thyminyl units
were suitable for this purpose. The average molecular weight was therefore calculated by multiplying the
molecular weight of the monomer by the number of repeating units determined from the 1H NMR
spectrum of the photo-product. The molecular weights calculated from the 1H NMR spectra of the photoproducts are summarised in Table 5.1.
Compared with the average molecular weights determined by GPC for the photo-products of propyl-linked
28, butyl-linked 24 and hexyl-linked 30 monomers, the 1H NMR molecular weights determined using the
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same samples were slightly lower (Table 5.1, entries 1-3). This can be attributed to the fact that GPC
calculations were performed only on the non-monomeric species in the sample, while the 1H NMR Mn
represents an average molecular weight of the bulk sample. Also, the presence of residual monomer in the
samples (which was confirmed by GPC in all three cases), was also likely to result in lower calculated 1H
NMR values of molecular weight, since terminal thyminyl moieties of the photo-products and non-reacted
thyminyl units from residual monomers could not be differentiated from one another in the 1H NMR
spectra. Nevertheless, the calculated 1H NMR molecular weights revealed that the photo-products of the
N3-N3 n-butyl-linked bis propanoic acid (25) contained oligomeric species (entry 5) with an average
molecular weight of Mn 4.1 x 103 Da (i.e. a 9-mer). Interestingly, the purified photo-products of the aryllinked monomer (31) were found to be polymeric and possessed a calculated average molecular weight of
Mn 2.0 x 104 Da (Table 5.1, entry 4). Although the true molecular weight distribution was unknown for the
aryl-linked material (as the sample could not be analysed by GPC), the calculated average molecular weight
was supportive of the presence of polymer molecules containing 38 repeat units (on average).
While the NMR estimates of average molecular weight gave reasonable values, 1H NMR spectroscopy was
unable to provide an indication of the molecular weight distribution of the polymerised samples. However,
based on the broad GPC molecular weight distributions measured for the photo-products of the butyllinked (24) and hexyl-linked (30) monomers, it was expected that the molecular weight distributions of the
photo-products of the bis-propanoic acid (25) and aryl-linked (31) monomers would also be broad.
5.2.1.3 MALDI-TOF MS
A third technique for molecular weight analysis, MALDI-TOF MS, was also utilised to study the polymeric
products derived from the butyl-linked (24) and aryl-linked (31) bis-methyl propanoate monomers, and the
oligomeric photo-products obtained from the butyl-linked bis-propanoic acid (25) monomer. For numerous
reasons, however, the MALDI-TOF MS analysis of synthetic polymers can be challenging. Firstly, the MALDI
analysis requires the selection of an appropriate matrix compound. Typically, the matrix should be able to
embed and isolate analytes (e.g., by co-crystallisation), absorb the laser wavelength used for the analysis,
cause co-desorption of the analyte upon laser irradiation, promote analyte ionisation, and it should also be
soluble in solvents compatible with the analyte (to enable sample preparation).[22]
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Figure 5.3 MALDI-TOF Mass spectra obtained for the photo-products. (a) Spectrum of polymer 40 (GPC Mn 1.9 x 104;
Mw/Mn 4.0) obtained using a DCTB matrix. (b) Spectrum of precipitated polymer 42 (1H NMR Mn 2.0 x 104) obtained
using a DCTB matrix. (c) Spectrum of oligomeric 43 (1H NMR Mn 4.1 x 103) obtained using an SA matrix by Dr Simon
Harris.
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In this work, numerous matrices were trialled for their suitability, including: α-cyano-4-hydroxycinnamic
acid, trans-3-indoleacrylic acid, 4-nitroaniline, dithranol, 2,6-dihydroxyacetophenone, 2,5-dihydroxybenzoic
acid, sinapinic acid (SA), and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2enylidene]malononitrile (DCTB).
Analyte ions were only observed using the DCTB matrix with the polymeric products derived from the
butyl-linked (24) and aryl-linked (31) bis-methyl propanoate monomers, and when an SA matrix was used
with the photo-products derived from butyl-linked bis-propanoic acid monomer (25). Figure 5.3 (p. 122)
shows the MALDI-TOF mass spectra obtained from these analyses. The main ion peaks in each spectrum
are separated (on average) by m/z values corresponding to the monoisotopic molecular weight of the
repeating monomer unit (M) or M+1, which confirms that the ions originate from the analyte samples.
A second challenge with the MALDI analysis is that it is very sensitive to the polymer (analyte) sample
purity. In polymer samples with polydispersity indices of more than 1.2, lower molecular weight species
appear to desorb readily, while higher molecular weight species are suppressed.[22] This causes a mass
discrimination at higher m/z ratios, and such results are not representative of the true sample molecular
weight distribution. The mass discrimination effect was clearly evident in the spectra shown in Figure 5.3.
The analyte sample used to obtain the spectrum in Figure 5.3a was the polymeric photo-products of butyllinked bis-methyl propanoate (24) which, from GPC analysis, possessed an Mn of 1.9 x 104 and an Mw/Mn of
4.0 (Figure 5.2a and Table 5.1, entry 2). In the corresponding MALDI-TOF mass spectrum, however, the
result is clearly skewed to lower m/z values (Figure 5.3a) and for this reason only the largest analyte ion
(m/z 9,611) is quoted in Table 5.1 (entry 2). Similarly skewed mass spectra were obtained using the
precipitated polymeric photo-products of the aryl-linked monomer (31) and the oligomeric products
prepared from butyl-linked bis-propanoic acid (25) (Figure 5.3b,c), which implies that both samples (while
unable to be analysed by GPC) possess broad molecular weight distributions with Mw/Mn greater than 1.2.
5.2.1.4 Summation of identified photo-products
In summary, the irradiation of five different crystalline photo-active monomer samples generated several
new products, as shown in Figure 5.4. To recapitulate, the n-propyl linked monomer (28) produced linear
dimeric molecules (39) upon irradiation, while both the n-hexyl-linked bis-methyl propanoate (30) and nbutyl-linked bis-propanoic acid (25) monomers gave oligomeric photo-products (41 Mn 2.2 x 103, Mw/Mn 4.9;
43 m/z 2,825, respectively). The butyl-linked (24) and aryl-linked (31) bis-methyl propanoate monomers
both afforded polymeric photo-products.
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Figure 5.4 Identified photo-products obtained from the irradiation of crystalline monomer samples.

5.2.2

Further characterisation of the photo-products

The following sections (5.2.2.1-5.2.2.3) present a general overview of the results obtained from further
characterisation of the photo-products using NMR and IR spectroscopy and P-XRD.
5.2.2.1 NMR Spectroscopy
The 1H NMR spectra of all of the photo-products exhibited more complex splitting patterns than seen in the
respective monomer spectra. As an example, the spectra for the butyl-linked bis-propanoate monomer (24)
and corresponding polymer 40 obtained at 400 MHz from CDCl3 solutions are shown in Figure 5.5 as a
stacked plot. The 1H-NMR spectrum of the monomer (a) revealed a doublet (J = 1.2 Hz) at δ 1.90 ppm for
the C5-CH3 protons and a second doublet (J = 1.2 Hz) at δ 7.14 ppm, which corresponds to the olefinic
protons, H6. In the spectrum of the photo-product (b), both of these peaks almost completely disappeared,
which supported extensive conversion of the olefins to a cyclobutane photo-product. In the polymer 40
spectrum, the C5-CH3 protons of the cyclobutane ring were shifted upfield to δ 1.36 ppm and a resonance
corresponding to the cyclobutane H6 protons appeared at δ 3.94 ppm. An interesting feature of the
polymer 40 spectrum was the appearance of four multiplets centred at δ 2.60, 2.77, 3.25 and 4.00 ppm.
Analysis of the HMQC (1H-13C correlation) and 13C JMOD spectra of the polymer revealed that multiplets at
δ 2.60 and 2.77 ppm were each associated with the CH2 methylene protons of CH2CO group, while the
multiplets at δ 3.25 and 4.00 ppm arose from the CH2 methylene protons of the N1-CH2 group. In the 400
MHz 1H NMR spectrum, the multiplet at δ 2.60 ppm appeared as an apparent doublet of triplets (dt) with
calculated coupling constants of J = 16.8 Hz, 7.3 Hz. The larger coupling constant was consistent with
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geminal coupling between the Ha and Hb protons of the CH2CO group. Subsequent COSY (1H-1H) analysis
confirmed that the Ha and Hb protons of CH2CO were indeed coupled to one another, and also to the N1CH2 protons – thereby giving rise to the observed dt signals. The multiplets at δ 2.77, 3.25 and 4.00 ppm
were not well resolved and the peaks were broad, presumably due to the polymeric nature of the sample.
Nevertheless, similar COSY correlations were observed for each of the multiplets and the approximate
values calculated for the coupling constants were consistant with the above postulations. Similar effects
were also observed in the 1H NMR spectra of the other photo-products synthesised from the propyl (28),
hexyl (30) and aryl-linked (31) bis-methyl propanoate monomers and the bis-propanoic acid (25) monomer.

OCH 3

(b) Photo-product
N1-CH 2

C5-CH 3

N3-CH 2
H6
CH 2CO

(a) Monomer

OCH 3
C5-CH 3
N1-CH 2
N3-CH 2

alk.
CH 2

CH 2CO

H6

x
ppm

7.0

6.0

5.0

4.0

3.0

x

2.0

Figure 5.5 1H-NMR Spectra of the (a) butyl-linked bis-methyl propanoate monomer (24) and (b) its corresponding
polymer (40) (both spectra were obtained at 400 MHz). The structural assignments are also shown.

5.2.2.2 IR Spectroscopy
Although there were generally only small differences between the IR spectra of monomers and their
corresponding “as-prepared” photo-products, IR spectroscopy did provide further supportive evidence for
the conversion of thyminyl moieities to cyclobutane photo-products. The most notable differences were
observed in the spectral regions near 1630-1636 cm-1, 1243 cm-1, 1147-1152 cm-1 and 768-772 cm-1, as
shown in Figure 5.6, for example, for the butyl-linked monomer 24 and its photo-products (polymer 40).
Referring to the IR spectra in Figure 5.6, the 1600-1800 cm-1 region of the monomer spectrum shows
several absorption bands that correspond to the C=O stretching modes of the thyminyl carbonyls at C2 and
C4 and the carbonyl of the N1 ester moiety (1730, 1695, 1667 cm-1). Another band was observed in the
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monomer spectrum on the lower wavenumber side of the carbonyl stretching bands (1638 cm-1), and has
been attributed to the C5=C6 stretching mode of the thyminyl olefins.[23] In the irradiated samples, this
C5=C6 stretching band was absent. Additionally, the bands at 1243 cm-1 (attributed to the C5=C6-H
bending mode) and the weak band at 1148 cm-1 (possibly corresponding to a CH3 rocking mode[23]) were
less well defined in the polymer 40 spectrum which may also be supportive evidence for the conversion of
thyminyl olefinic groups to cyclobutanes. The C5-CH3 stretching band,[23] which occurs at 768 cm-1, also
appeared to shift to a lower wavenumber (753 cm-1) in the polymer 40 spectrum. The IR spectra of the
other monomer/photo-product pairs are similar to this example.
Monomer
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Photo-products

1243
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1729
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1694
1638
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Figure 5.6 Infrared spectra for the butyl-linked monomer 24 and its photo-products (polymer 40). Peaks of interest
are labelled with relevant wavenumbers (cm-1).

5.2.2.3 P-XRD
As an example, the P-XRD spectra of the aryl-linked monomer (31) and its polymeric photo-products (42)
are shown in Figure 5.7. Considering the sharpness of the peaks in the two spectra, it can be concluded
that both the monomer (31) and corresponding photo-products (polymer 42) are highly crystalline.
However the number of peaks and the positions of peaks along the 2θ axis differ between the two samples,
which confirms that the monomer (31) and photo-product samples are different from one another. In fact,
the experimentally generated P-XRD spectra for all monomer/photo-product pairs lead to similar findings
(see Appendix 2).

In this research, P-XRD spectra were merely used to confirm monomer crystal

homogeneity and to obtain a finger-print spectrum of the “as-prepared” photo-products.

Although

extremely challenging, further studies are required to elucidate valuable information about the photo126
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product crystal structures which is likely to provide further insight into the molecular movements required
to form the cyclobutane rings.
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Figure 5.7 Examples of the P-XRD spectra obtained for the aryl-linked monomer (31) and its corresponding photopolymer (42). Peaks at 2θ values of 38.1˚ and 44.5˚ in the polymer (42) spectrum are due to diffraction from the
sample holder used for the analysis.

5.2.3

A study of the photo-oligomerisation/polymerisation reactions using 1H NMR
spectroscopy and GPC

From the previous characterisation experiments, it was clear that photo-oligomerisation/polymerisation
was achieved by the irradiation of crystalline monomer samples of the n-butyl-linked 24, n-hexyl-linked 30,
and aryl-linked 31 bis-methyl propanoates, and the n-butyl-linked bis-propanoic acid 25. In order to study
these oligomerisation/polymerisation reactions in more detail, fresh crystalline samples of the monomers
were spread into thin layers in pyrex dishes and irradiated with 302 nm UV light for a total period of 57 h.
The crude solids were sampled periodically, and the collected portions were subjected to 1H NMR
spectroscopic analysis. As the n-propyl-linked monomer (28) only produced dimeric cyclobutane photoproducts (39), its photo-conversion was not studied any further.
5.2.3.1

1H

NMR Spectroscopic study

1

The H NMR spectra obtained for the irradiated monomer samples were used to determine the percentage
conversion of two thyminyl units to one cyclobutane unit, by comparing the integration values of (nonreacted) thyminyl C5-CH3 methyl protons and (reacted) cyclobutane C5-CH3 methyl protons (as per
Equation 5.1).
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Equation 5.1 1H-NMR determination of percentage conversion to cyclobutane moieties. Where: H(thy.) is the
integration value of the C5-CH3 protons in non-reacted thyminyl moieties and H(cyclobut.) is the integration value of
C5-CH3 methyl protons in cyclobutane moieties.

Figure 5.8 follows the calculated percentage conversion to cyclobutane for the photo-chemical reactions of
24→40, 25→43, 30→41, and 31→42. Collectively, these results indicate that most of the conversion to
cyclobutane occurs during the first 10 h irradiation. In the first 10 h, both the butyl-linked bis-propanoic
acid (25→43) and aryl-linked bis-propanoate (31→42) systems underwent the greatest amounts of
conversion to cyclobutane (80 and 81%, respectively). The butyl-linked bis-propanoate sample, 24→40,
exhibited slightly lower reactivity during the first 10 h period as it underwent 70% cyclobutane conversion.
Beyond 10 h irradiation, however, additional conversion to cyclobutane occurred more gradually in all the
samples. The butyl-linked bis-propanoate system, 24→40, underwent the most change in the 10-57 h
irradiation period, with the cyclobutane conversion increasing by a further 28%. The aryl-linked system
(31→42) underwent 13% conversion during the latter stages of irradation, while both the butyl-linked bispropanoic acid (25→43) and the hexyl-linked bis-methyl propanoate (30→41) samples, each underwent
only 9% conversion between 10-57 h.

1
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Figure 5.8 1H-NMR Conversion of thyminyl methyl moieties to cyclobutane methyl moieties over a 57 h irradiation
period for: 24→40, 30→41, 31→42, 25→43. All spectra were obtained by the direct analysis of “as irradiated”
samples (no purification).
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5.2.3.2 A comment on the likely mechanism of polymerisation in the butyl-linked ester
polymer (40)
In a separate experiment, the polymerisation of the n-butyl-linked ester (24) to the corresponding polymer
(40) was followed using GPC (0-57 h, Figure 5.9). Samples of the irradiated material were periodically
collected and then directly subjected to GPC measurement without purification. The total sample Mn
(closed circles) was determined by the integration of all components in the GPC chromatogram (i.e.
monomer, dimer, oligomers and polymers).

Monomer conversion percentages were determined by

comparison of the monomeric and total photo-product peak areas. The molecular weight distribution of
the photo-products (Mw/Mn) was also followed as a function of GPC monomer conversion (using peak
areas). Figure 5.9 clearly shows the gradual build-up of high molecular weight polymer and the formation
of intermediate sized molecules, which both suggest that the polymerisation kinetics are consistent with a
step-growth mechanism. This finding is also consistent with that of Hasegawa.[5]
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Figure 5.9 (a) GPC traces show the build up over time of intermediate and higher molecular weight molecules of
polymer 40 with 302 nm UV irradiation. (b) Follows the changes to total sample Mn (dark circles) and total sample
polydispersity (Mw/Mn, open circles) as a function of monomer conversion (as determined by GPC analysis).

The broad polydispersity (Mw/Mn) of the samples was also shown to vary throughout the irradiation. The
polydispersity increased proportionally with the photo-product molecular weight – but as the monomer
conversion increased to values greater than 80%, the polydispersity of the photo-products decreased, and
in this particular case reached Mn 3.0 x 104 (Mw/Mn 6.2) at 100% monomer conversion.
Possible reasons for the broad polydispersity of the photo-products
[2π+2π]-Photo-polymerisation is considered to be a heterogeneous topochemical reaction, in which a
separate product (polymer) phase nucleates and grows during the photo-polymerisation.[24] Based on the
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electron microscopy experiments by Meyer et al., the growth of the polymer is controlled by nucleation
and the subsequent consumption of monomer molecules at the monomer-polymer interface.[24] As these
events continue throughout the parent (monomer) phase during the reaction, stresses accumulate within
the crystal, which upon release, cause fractures to form in the parent crystal (as observed in the
micrograph of irradiated 24 in Figure 4.3e (p. 92).[25] Interestingly, it has been proposed that the [2π+2π]cycloaddition reactions commence preferentially at defect sites such as these.[25] Ultimately, this may
mean that as the parent crystal fractures during the photo-polymerisation, more defect sites are generated,
which in turn produce more potential sites for the commencement of polymerisation reactions.[24-26] Thus,
the broad polydispersity observed in the GPC trace of polymer 40 could be associated with the
heterogeneous topochemical reaction, and the increasing number of crystal defect sites/polymer initiation
sites formed during the photo-reactions.
One possible way to minimise the number of crystal defect sites formed during the polymerisation would
be to achieve a single-crystal to single-crystal (SC-SC) photo-chemical transformation, where the monomer
undergoes polymerisation with minimal atomic movement and strain accumulation.[27] However, for this to
occur it may be necessary to redesign the monomers in order to attain ideal parallel stacking of the
thyminyl olefins, instead of the displaced olefinic arrangements encountered in this research. SC-SC
transformations have also been reported for [2π+2π]-dimerisation reactions that are conducted using
crystals of photo-reactive coordination compounds.[28-29]
Another possible way to minimise the number of crystal defect sites formed during the polymerisation may
be to control the temperature of the irradiated sample. Hasegawa showed in one study that some
monomer crystals possess an ideal polymerisation temperature below room temperature.[30] Hasegawa
attributed this phenomenon to the ground state molecules possessing a lower vibrational energy at
reduced temperature.[30] If, at lower temperature, the lattice is under less strain, then a transformation
resulting in the formation of a minimum number of crystal defect sites may be possible – potentially giving
rise to polymeric species with narrow polydispersity.

A limitation of the polymerisation reactions

performed in this Thesis is that the UV light source does not have temperature control capabilities, and the
atmospheric temperature within the reactor cabinet can reach as high as 40˚C after prolonged UV exposure.
Hence, more controlled polymerisation reactions may be possible in the future after the redesign of the
UV-reactor to enable low temperature[31] irradiation experiments and simultaneous 360˚ UV exposure of
the crystals.
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5.2.3.3 Obvious limitations of the topochemical polymerisation reactions of the bis-thyminyl
monomers
From the aforementioned polymerisation experiments, it was obvious that the number of
polymerisable/oligomerisable monomer samples was too small for firm conclusions to be made, especially
since the polymerisation reactions tended to result in photo-products that possessed broad molecular
weight distributions. The following sections (5.2.4-5.2.5) describe the results of some of the experiments
carried out in order to address these issues, and these will focus mainly on the butyl-linked ester system
(24→40), since high molecular weight polymers could be prepared and readily analysed by GPC.

5.2.4

Purification of polymer 40 by serial precipitation to obtain samples with low
polydispersity

It is desirable that polymers possess narrow molecular weight distributions since the properties of the
material are dependent on its molecular weight. In the butyl-linked polymer 40 samples, GPC analyses
consistently revealed that the molecular weight distributions were broad (typically Mw/Mn ≥ 4.0). This
feature could be problematic for the reproducibility of material properties at later times, and It was
therefore of interest to find a means of reducing the molecular weight distribution in the polymerised
materials.
The purification of 40 was successfully achieved by the serial precipitation of polymer samples. This
procedure involved dissolving 1-2 g of material in 15 mL CHCl3. The highest molecular weight portion of the
sample was precipitated upon addition of hexane (5 mL), and the suspension was centrifuged (10 min) to
give a pellet of polymer 40. The supernatant was collected and diluted with another 5 mL aliquot of hexane
in order to precipitate the next molecular weight fraction, and so on. The obtained polymer pellets from
each centrifugation step were washed and then dried under vacuum at ambient temperature (24 h) to give
the purified polymer samples. The average polymer molecular weight and sample polydispersity were
determined using GPC.

Figure 5.10 shows the GPC chromatograms obtained from several serial

precipitation experiments using polymer 40. From this study, it was clear that the serial precipitation
technique can be used to obtain polymer samples with narrow molecular weight distributions. In fact,
purification of 40 by the serial precipitation method afforded a number polymer samples with narrow
enough molecular weight distributions (Mw/Mn ≤1.2) for use as analytical samples for MALDI-TOF MS
analyses (as will be described below). Importantly, more than 90% (w/w) of the purified polymer samples
were comprised of polymeric species possessing an Mn of 2.0 x 104 or larger.
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Figure 5.10 Exemplary GPC chromatograms of purified polymer 40 samples obtained by serial precipitation

To demonstrate the narrow polydispersity of polymer 40 samples obtained from serial precipitation, four
purified samples with different average molecular weights, but narrow polydisperisty (GPC Mn 3.2 x 103,
Mw/Mn 1.1; Mn 4.7 x 103, Mw/Mn 1.1; 7.0 x 103, Mw/Mn 1.1; or 1.6 x 104, Mw/Mn 1.4) were subjected to
molecular weight analysis by MALDI-TOF MS. The resulting MALDI-TOF mass spectra are shown in Figure
5.11 and Figure 5.12 and were each obtained using the DCTB matrix compound. Table 5.2 summarises the
GPC and MALDI-TOF MS molecular weight analyses. A detailed view of the peak clusters is shown in Figure
5.11 for the Mn 4.7 x 103 (Mw/Mn 1.1) polymer sample.

Since clearly resolved molecular weight

distributions were observed in the MALDI-TOF mass spectra for the Mn 3.2 x 103 (Figure 5.12a) and Mn 4.7 x
103 (Figure 5.11) samples, the reported MALDI-TOF MS molecular weights in Table 5.2 quote the m/z of the
main analyte ion (middle of peak, entries 1-2). For the Mn 7.0 x 103 and Mn 1.6 x 104 samples (Figure
5.12b,c), skewed molecular weight distributions were observed, and in these cases the m/z of the highest
detected analyte ions were quoted in Table 5.2 (entries 3-4).
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Table 5.2 Summary of the molecular weights determined for purified polymer 40. Based on the GPC and MALDI-TOF
MS measurements of molecular weight, the photo-products are identified as either: O = oligomer or P = polymer.

GPC (products only)
Entry

MALDI-TOF MS

Monomer

Product
Mn (Da.)

Mw/Mn

m/z

3

1.1

2,931

3

1.1

4,860

3

1.1

7,723

4

1.4

10,584

A

3.2 x 10

A

4.7 x 10

A

7.0 x 10

A

1.6 x 10

1

24

2

24

3

24

4

24

B

O (40)

B

P (40)

C

P (40)

C

P (40)

A

Sample purified by serial precipitation; B m/z Value corresponding middle region of the main peak in the
MALDI-TOF mass spectrum; C Highest detected m/z in the MALDI-TOF mass spectrum.

O

O

N
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N
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N
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O
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Figure 5.11 MALDI-TOF mass spectrum obtained for a purified polymer 40 sample possessing a GPC Mn of 4.7 x 103
(Mw/Mn 1.2). Assignment of key ions in the spectrum.

Referring to Figure 5.11, the central peak cluster in the MALDI spectrum occurs at m/z 4860 which is 2.2%
higher than the average molecular weight measured by GPC (Mn 4.7 x 103; Mw/Mn 1.1). Weak signals for the
M·+ and (M+Na)+ ions were detected on the lower m/z side of the main peak clusters, although the more
intense signals appeared to arise from fragmentation of the polymer (particularly at the propanoate
moieties and N3-N3 n-butyl bridges). Nevertheless, the difference between the main peak clusters in the
spectrum corresponds to m/z 478±1, which is equal to the monoisotopic molecular weight of the monomer
(478.2). Within each peak cluster, the signals were separated by m/z 14-15 which supports ion generation
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by fragmentation of the propanoate and polymethylene regions of the polymer. Moreover, amongst the
spectra obtained for the purified low molecular weight polymers (ranging between Mn 3.0-5.0 x 103), a
strong correlation was observed between the GPC and MALDI-TOF measurements of molecular weight.
Unfortunately the analysis of purified polymer samples possessing GPC Mns of 7.0 x 103 and 1.6 x 104
resulted in poorer quality spectra (Figure 5.12b,c) and as such, routine molecular weight analyses were
henceforth performed using GPC.
(a)

(b)

(c)

Figure 5.12 MALDI-TOF MS Spectra of the three other purified polymer 40 samples (a, b and c). GPC sample details
(a) Mn 3.2 x 103, Mw/Mn 1.1, (b) Mn 7.0 x 103, Mw/Mn 1.1, (c) Mn 1.6 x 104, Mw/Mn 1.4. The uncorrected spectrum for
c shows a build-up of material near m/z 1.6 x 104, but after baseline correction (inset) it is lost to the baseline noise.
Only ions up to m/z 10,584 could be observed after the correction.

It is interesting to note, however, that the uncorrected spectrum for the sample possessing an Mn 1.6 x 104
in Figure 5.12c, shows a build-up of ions near m/z 1.6 x 104, but after the baseline correction (inset) it is lost
to the baseline noise. Only ions with m/z up to 10,584 could be observed after the correction. This
phenomenon is indicative of a mass discrimination effect, which might be caused by the larger molecular
weight distribution measured by GPC for this particular sample (Mw/Mn 1.4). However, poor quality spectra
were also obtained for the polymer sample with a GPC Mn of 7.0 x 103 (and other tested higher molecular
weight samples) but narrow molecular weight distribution. Potential reasons for the poor quality spectra
obtained for higher molecular weight samples could be associated with poor ionisation of the high
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molecular weight polymer species, fragmentation of the polymer molecules, and/or the analytical
conditions employed.

5.2.5

Attempts to increase the structural variability of the polymers

5.2.5.1 Monomer co-crystallisation attempt using monomers 24 and 31
From the structural studies presented in Chapter 4, it appeared that the propanoate moiety facilitated the
highest degree of desired TA ring-stacking interactions in the monomer crystals. However, retaining the
propanoate thyminyl functionality means that the number of possible polymer architectures is limited by
the degree to which the N3-N3 bridge can be varied (i.e. butyl, hexyl, aryl). Therefore it was of interest to
examine the potential to form more numerous polymeric materials with different chemical structures. One
way to achieve this is to form crystals containing two different monomers, that when irradiated, can
potentially yield new cyclobutane co-polymers or composites.[32]
Several attempts were made to generate co-crystals of n-butyl-linked bis-thyminyl propanoate (24) and
aryl-linked bis-thyminyl propanoate (31) from hot EtOH solutions (Section 7.16.9, p. 234). However, P-XRD
analysis of the recovered crystalline solids showed that the materials were simply solid mixtures of both
monomers, and there were no new crystal phases that were different from either of the starting materials.
5.2.5.2 Chemical modification of polymer 40
As the attempts to increase the structural diversity of the materials by monomer co-crystallisation were
unsuccessful, another strategy was sought. Although the n-butyl-linked bis-propanoic acid (25) monomer
crystals were photo-active, neither they (25), nor the butyl-linked bis-propanamide (26) monomers, formed
photo-polymers upon irradiation. However, the photo-chemically synthesised butyl-linked bis-methyl
propanoate polymer (40) was potentially susceptible to chemical modification of the ester moieties, as
shown in Scheme 5.1.

Scheme 5.1 Chemical modification of 40 to form 43hyd or 44am.
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The photo-polymer (40) was shown to be thermally sensitive (see discussion below in Section 5.2.7.5, p.
155), so mild derivatisation procedures were desired to hydrolyse the ester moieities to carboxylic acids
(43hyd), or aminolyse them to the corresponding amides (44am) (Scheme 5.1).
Hydrolysis of ester 40→43hyd
Referring to Scheme 5.1, a mild hydrolytic procedure mediated by LiBr was adapted and used for the
conversion of the butyl-linked ester polymer (40) to the acid polymer 43hyd.[33] This method involved
stirring the ester polymer (40) at ambient temperature in a mixture of MeCN, H2O, NEt3 and LiBr. Mattsson
et al. suggest that LiBr potentially facilitates the hydrolysis of the ester by coordinating to the ester
carbonyl oxygen and a heteroatom such as the thyminyl N1 or O2, thereby making the ester carbonyl more
susceptible to attack by the hydroxide ion.[33] After just 10 minutes, a sticky, rubbery solid precipitated
from the reaction mixture and adhered to the bottom of the flask, and this material was isolated simply by
decanting the liquid phase. The solid obtained was readily dissolved in H2O, which indicated a change in
the polymer properties. When the aqueous polymer solution was acidified using 10% aq. HCl, the acidfunctionalised polymer precipitated (44% mass recovery).

The degree of ester hydrolysis was then

examined using 1H NMR spectroscopy and acid number titrations.
The 1H NMR spectrum of the precipitated solid was of poor quality due to the polymeric nature of the
material, and its reduced solubility in DMSO compared with the starting polymer (40). Nevertheless, the
degree of ester hydrolysis in the recovered material (43hyd) could be estimated by comparison of the
integration values for the cyclobutane C5-CH3 and ester COOCH3 protons. In the starting polymer, 40, this
integration was 6H:6H. In the hydrolysed sample (43hyd), the integration changed to 6H:2H (C5-CH3:
COOCH3), thereby indicating 67% conversion to the carboxylic acid. Moreover, two peaks were observed at
δ 3.93 and 3.96 ppm in the 1H NMR spectrum of the derivatised polymer 43hyd, which were attributed to
the cyclobutane H6 protons associated with thymines bearing COOMe and COOH groups, respectively. The
assignments of the two H6 peaks were confirmed upon examination of the 1H NMR spectra obtained in
DMSO for the methyl propanoate starting polymer (40) and the photo-chemically synthesised propanoic
acid polymer (43hyd).
The carboxylic acid protons were not observed in the 1H-NMR spectrum of the hydrolysed polymer (43hyd).
As such, the degree of ester conversion was also estimated by acid number titration. In this procedure,
(modified from ASTM D974),[34] a standardised methanolic KOH solution (7.6 x 10-2 M) was titrated against a
DMF solution containing the carboxylic acid polymer in the presence of phenolphthalein as a colourimetric
indicator. When all of the carboxylic acid groups of the derivatised polymer 43hyd became neutralised by
the KOH titrant, the pH of the analyte solution increased (Scheme 5.2a). This increase in pH causes the
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phenolphthalein to undergo a conformational change and transform the solution to a pink colour (the
colourimetric endpoint, Scheme 5.2b).

Scheme 5.2 (a) Neutralisation of the carboxylic groups in the derivatised polymer sample with the KOH titrant (b)
Phenolphthalein indicator is colourless at neutral pH, and undergoes deprotonation and subsequent conformational
changes in basic conditions to give a pink colour

The acid number titration performed on the derivatised polymer sample (43hyd) gave a calculated acid
number (A.N.) of 159 mg.g-1. If all of the ester groups in the starting polymer (Mn 1.51 x 104) were
hydrolysed to carboxylic moieties, then the theoretical acid number of the 43hyd polymer would be 234
mg.g-1. Thus the acid number titration gave a percentage conversion of 68%, which was in agreement with
the estimate of percentage conversion made using 1H NMR spectroscopy (67%).
The infrared spectra of the starting polymer (40) and hydrolysed polymer 43hyd samples (as KBr discs)
showed considerable differences between one another (Figure 5.13). For example the intensity of the CH3
stretching band near 2940 cm-1 is lower in the spectrum of the hydrolysed polymer (43hyd), presumably due
to the conversion of the methyl ester moieties to carboxylic acid groups. The carbonyl stretching band in
the spectrum of the hydrolysed polymer 43hyd also appeared at a lower wavenumber (1640 cm-1) than it did
in the spectrum of the starting polymer 40 (1676 cm-1), and was probably due to the carboxylic groups in
the hydrolysed polymer sample (43hyd) forming salts with the KBr matrix. There were also notable
differences in the 1000-1500 cm-1 region of the spectra of the two polymer samples. In the spectrum of the
starting ester polymer (40), clear definition of the peaks associated with CH deformation (CH3-O) and C-O
stretching was observed; while the spectrum of the hydrolysed polymer sample (43hyd) contained only
broad, poorly resolved peaks in this region.

The thermal properties of the hydrolysed polymer sample

(43hyd) are examined later in this chapter (Section 5.2.7, p. 144).
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Figure 5.13 IR spectra of the starting polymer 40 and the partially hydrolysed material (43hyd)

Attempted aminolysis of ester 40→44am
Aminolysis of the ester groups was also attempted. In these procedures a suspension of the polymer was
stirred in one of several solvents (MeCN, CH2Cl2 or DMF), and a concentrated aqueous NH3 solution (28%)
was added. The suspension was capped, and the stirring was continued overnight. The solids were
collected by filtration, washed and finally dried under vacuum. The recovered material was analysed by 1H
NMR (in DMSO) and IR spectroscopy in order to determine the percentage conversion to the amide.
However the NMR and IR data were identical to those of the starting ester polymer, 40, and therefore were
not supportive of the conversion of ester moieities to amides by aminolysis. For this reason, only the
hydrolysed polymer sample (40→43hyd) is studied in the thermal characterisation experiments reported
later in Section 5.2.7 (p. 144).

5.2.6

Photo-depolymerisation using <240 nm UV

302 nm

<240 nm

n
n
Aligned monomers
in crystal

Polymers

Depolymerised monomers
and/or oligomers

Scheme 5.3 Photo-polymers formed by the irradiation of monomer crystals with 302 nm UV light are photodepolymerised to monomers and/or oligomers using short wavelength UV light (<240 nm).
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5.2.6.1 Solid-state photo-depolymerisation of 40
The chief interest in the cyclobutane class of materials was to examine their susceptibility to the retro[2π+2π]-cycloaddition reaction (i.e. photo-depolymerisation, see Scheme 5.3). To investigate the UVdepolymerisation reactions, butyl-linked ester polymer 40 (50 mg) was spread into a thin layer in a petri
dish and was covered with the optical filters. The solids were irradiated (< 240 nm UV) for a total
irradiation period of 82 h. Periodically the mixture was sampled, and subjected to GPC analysis (without
purification). Referring to Figure 5.14 the average molecular weight of the main polymeric peak decreased
gradually with exposure time. After 82 h, polymer molecular weight decreased by 65% to Mn 6.7 x 103
(Mw/Mn = 2.9), from Mn 19 x 103 (Mw/Mn = 4.0) (Figure 5.14a). There was little increase in the relative
content of monomer in the depolymerised samples, even after prolonged exposure to <240 nm UV light (82
h).

However, a buildup of low molecular weight polymers and oligomers was evident in the GPC

chromatograms (Figure 5.14b). It therefore appeared that depolymerisation in the solid-state occurred
primarily within higher molecular weight species to produce a greater number of polymer molecules with
lower average molecular weights. Based on conformational arguments, the higher molecular weight
polymer species are more susceptible to photo-cleavage, due to larger torsional stresses and ring strains.
(a)
(a)

(b)
20.0
33 h, <240 nm
66 h, <240 nm
82 h, <240 nm
Starting polymer
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GPC Mn (x 10 )

15.0
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0.0
0
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80

100

6

8

10

12

14

16

18
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Figure 5.14 (a) Follows the solid state depolymerisation of an “as polymerised” 40 sample over 82 h irradiation with
<240 nm UV-light, as measured by GPC. (b) GPC chromatograms of the starting polymer and three depolymerised
samples (33, 66 and 82 h exposure to <240 nm UV). Peaks corresponding to monomer (M), dimer (D) and tetramer
(T) are indicated. The chromatograms of samples depolymerised for 66 h and 82 h reveal little increase in the relative
content of monomer.

Depolymerisation in the solid state was found to be semi-reversible when a 50 mg sample of polymer 40
(P1) was depolymerised (<240 nm UV, 10 h) and repolymerised (302 nm, 10 h) over 3 irradiation cycles.
Figure 5.15 follows the changes to polymer molecular weight (Mn) determined by GPC after each irradiation
step. It shows that after the first depolymerisation step (D1), the polymer molecular weight was decreased
by 56% to Mn 1.7 x 104 (from original Mn 4.0 x 104). Good, but incomplete recovery (93%) to the initial
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polymer molecular weight was observed in the subsequent repolymerisation step (P2) to give an average
molecular weight of Mn 3.7 x 104. The second depolymerisation step (D2) resulted in a 62% decrease to
polymer molecular weight (Mn 1.4 x 104) compared with the molecular weight of the P2 sample. A poorer
recovery was observed after the final repolymerisation step (P3), which gave a polymer with an Mn of 3.1 x
104 (or 85% of P2). The degree of depolymerisation in the final irradiation step (D3) remained relatively
similar to that of the previous cycle (58%) and gave a polymer with Mn 1.3 x 104. The gradual decrease in
molecular weight recovery after repeated cycles of depolymerisation and repolymerisation could indicate a
breakdown in uniformity of the lattice structure. This would mean that fewer molecules can adopt the
appropriate topochemistry for the repolymerisation.

3
GPC Mn (x 10 )

40

30

20

10

0
P1

D1

P2

D2

P3

D3

Irradiation Stage
Figure 5.15 Follows the change to 40 Mn after repeated cycles of depolymerisation and repolymerisation (in the solidstate). The quoted molecular weights were determined by GPC. P1 is the starting polymer (40), D1 is after the first
depolymerisation, P2 is after repolymerisation, D2 is after the second depolymerisation, P3 is after the second
repolymerisation, and D3 is after the final depolymerisation.

5.2.6.2 Solution-phase photo-depolymerisation of the photo-oligomers/polymers (40, 41, 42)
Although depolymerisation of polymer 40 in the crystalline state resulted in a 65% decrease to average
polymer molecular weight over 82 h (Figure 5.14a), the depolymerisation was incomplete. For the
commercial viability of these types of materials, depolymerisation should be more efficient. As such, an
attempt was made to improve the photo-reversibility of the system by altering the conditions for the
depolymerisation. Partially polymerised samples (0.5 and 1 h, 302 nm) of polymer 40 were shown to
undergo further photo-polymerisation reactions when exposed to short-wavelength UV light for 10 h. This
indicated that the polymerisation and depolymerisation processes occurred simultaneously upon exposure
to < 240 nm UV light. Due to the highly conjugated thyminyl rings, the monomer absorbs UV light more
efficiently than the polymer whose conjugation is lost owing to the cyclobutane ring.[35]

As such,

monomeric and terminal thyminyl groups absorb the UV irradiation more efficiently than the cyclobutane-
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containing regions. Therefore, any cleaved photo-products are likely to absorb more strongly at <240 nm
and repolymerise, provided that they remain in suitable orientations to do so.

In the solid-state,

depolymerised photo-products would have limited mobility and the reactive moieties would remain within
close proximity of one another after bonds were cleaved. Therefore, when irradiated with <240 nm UV, the
generated photo-active groups would be susceptible to re-polymerisation. In a suitable solvent, however,
depolymerised products could dissociate away from the bulk material and the solvent could therefore
assist in driving the depolymerisation reactions.
(a)

(b)

(c)
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Figure 5.16 (a) A 5 mg piece of polymer 40 film was placed in 1 mL of MeCN and stored at ambient conditions. The
polymer film maintained its shape and structure in the solvent after > 1 year of storage. (b) A second 5 mg piece of
polymer 40 film was depolymerised for 20 h using <240 nm UV. After irradiation, the polymer 40 film had
disappeared, indicating that depolymerisation had occurred. (c) GPC of the depolymerisation products (grey) showed
near-quantitative depolymerisation of polymer 40 (black) to the monomer (24).

To demonstrate the enhancement of depolymerisation in solution, a 5 mg piece of polymer 40 was
depolymerised over a 20 h period (<240 nm) in MeCN (2 mL) (Figure 5.16a). MeCN was selected as the
solvent for solution-phase depolymerisation due to it partially solubilising the monomer at ambient
temperature, and because of its UV-transparency in the wavelength range used for depolymerisation.
After depolymerisation, polymer 40 had completely disappeared to give a clear solution (Figure 5.16b).
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The depolymerisation products were subjected to GPC analysis, and it was found that almost complete
conversion to the monomer (24) was achieved after 20 h (Figure 5.16).
Utilising the improved depolymerisation conditions, the aryl-linked (42) and hexyl-linked (41) materials
were subjected to <240 nm UV irradiation as polymer suspensions in MeCN. In a similar manner to the
butyl-linked bis-thyminyl propanoate material (40), depolymerisation of the hexyl-linked 41 material was
found to result in a clear solution at the end of the irradiation. Evaporation of the MeCN gave a solid that
was subjected to GPC analysis. GPC again confirmed near quantitative conversion to the monomeric
species.
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14

16

18

Retention Time (mins)
Figure 5.17 GPC of polymerised (41) and depolymerised (30) hexyl-linked sample. Polymerised sample is shown in
black, depolymerisation products are shown in grey.

The aryl-linked polymer 42, however, did not give a clear solution at the end of the depolymerisation
period (<240 nm UV light). Solids were still suspended in the MeCN even after prolonged irradiation (80 h).
Nevertheless, the crude depolymerisation products were isolated by quantitatively transferring the MeCN
suspension to a round bottom flask and evaporating the solvent to give a white solid. The fine solid
material was found to be insoluble in CDCl3, but was dissolved on addition of 25% TFAD. The sample was
subsequently subjected to analysis by 1H NMR spectroscopy in order to quantify the ratio of cyclobutane
moieties to thyminyl units. The 1H NMR spectrum revealed that the cyclobutane content had decreased
from 95% to just 50%. Incomplete depolymerisation in the case of the aryl-liked material 42 was suspected
to be associated with the poor solubility of the depolymerisation products of polymer 42, and a poor
efficiency of dissociation of the cleaved photo-products from the bulk material, in the MeCN medium.
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5.2.6.3 The chemical photo-recyclability of polymer 40
Of course, when discussing reversible polymers, it is desirable that the materials are capable of repeated
cycles of polymerisation and depolymerisation.

Using the aforementioned MeCN depolymerisation

protocol, several cycles of polymerisation and depolymerisation were performed on a sample of polymer
40 (Figure 5.18), since the photo-reactions of this material could be conveniently analysed by GPC. Use of
the optical filters for the depolymerisation reactions, which allowed the transmission of <240 nm UV,
resulted in illumination of an area of only 5 cm2. As such, the experiment was limited to a sample size of 30
mg (suspended in 10 mL MeCN).

Due to these complications, the experimental procedure for

polymerisation also had to be modified. Instead of using crystals obtained from EtOH, a solution of the
monomer in MeCN was instead evaporated to yield a largely crystalline solid, which was then used for
photo-polymerisation under 302 nm UV light. A small sample (approx. 5 mg) was taken for GPC analysis
after each period of polymerisation (50 h) and depolymerisation (50 h). The chromatograms and average
sample molecular weight determined by GPC are shown in Figure 5.18.
(a)

P3

(b)

D2
P2
D1
P1
Init.

Figure 5.18 Repeated polymerisation of 24 and depolymerisation (in MeCN) of polymer 40. (a) GPC chromatograms
obtained after each irradiation step. (b) Follows the change to average molecular weight (Mn) measured by GPC after
each irradiation step. Init is the starting monomer sample (24), P1 is after the first polymerisation to 40, D1 is after
the first depolymerisation, P2 is after repolymerisation, D2 is after the second depolymerisation, P3 is after the second
repolymerisation.

Referring to Figure 5.18a, the P2 chromatogram showed that the polymer sample contained a small
amount of residual monomer. The presence of monomer in the polymerised sample of 40 could be
attributed to the difficulties relating to recrystallisation of the small sample and the possible presence of
amorphous (hence non-reactive) monomer. Since the monomeric peak area corresponded to only 2% of
the polymeric peak area, and according to the typical procedure for quantification of polymer molecular
weight, the polymer peak in the P2 chromatogram was integrated as a single, unimodal peak to give the
reported value, Mn 1.9 x 104. Based on the results of the GPC analyses in Figure 5.18b, all the polymerised
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samples possessed average molecular weights ranging between Mn 1.8 - 1.9 x 104; while the monomer (24)
was recovered after each depolymerisation step.
The high reversibility of the polymer 40 system demonstrates, to some extent, the potential for tuning
polymer characteristics such as molecular weight, and highlights the potential recyclability of this material.
The only other known example of a photo-reversible polymer in the literature was the polymer prepared by
Chung and Hasegawa from methyl 4-[2-(4-pyridyl)ethenyl]cinnamate (Scheme 1.5, p. 23).[36] However this
report only briefly mentioned the photo-reversion, and indicated that the process was incomplete in the
solid state. Presumably, the cyclobutane polymer of methyl 4-[2-(4-pyridyl)ethenyl]cinnamate[36] could also
be photo-depolymerised in an appropriate solution, but the exocyclic double bonds of any photochemically cleaved monomers would be subject to unwanted side reactions such as E-Z photoisomerisation, thereby making the resulting monomers different to the initial starting monomer.
Although the solid-state depolymerisation of polymer 40 was incomplete in the solid state, the ester 24
monomer can be obtained in near-quantitative yield by photo-depolymerisation of 40 in MeCN. Unlike
other reported diolefins, the thyminyl moieties of this new material are not subject to E-Z photoisomerisation, which makes this a truely recyclable material.

5.2.7

Thermal analyses of the oligomers and polymers

The thermal properties of polymers are important parameters to measure, since these can provide valuable
information concerning the processibility and limitations of new materials. Previously, only planar and rigid
derivatives including DSP (12) and fluorinated distyrylbenzenes have been photo-polymerised in the
crystalline state using the [2π+2π]-cycloaddition reaction. Besides Hasegawa’s studies involving poly-DSP
(13) and a polymer derived from an alkoxycarbonyl DSP derivative,[12, 37] the thermal properties of the
literature [2π+2π]-polymers have not been intesively studied. This section describes the thermal properties
of the prepared thyminyl cyclobutane polymers (Figure 5.19) obtained from examination of the materials
using a combination of TGA and DSC. DMTA and hot-stage POM were also employed to further understand
some of the thermal transitions of the butyl-linked bis-methyl propanoate polymer (40). Finally, the the
butyl-linked (40) and aryl-linked (42) polymers are studied for their susceptibility to thermally-induced
depolymerisation using GPC and NMR spectroscopy, respectively.
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Figure 5.19 Chemical structures of the thyminyl cyclobutane materials studied in Section 5.2.7.using TGA and DSC

5.2.7.1 TGA analysis of the cyclobutane oligomers/polymers
TGA was first used to determine the mass loss profiles of the synthesised oligomers and polymers. All of
the TGA analyses were performed under an N2 atomosphere using analytical samples that had been stored
in a desicator under vacuum (13 mbar) for 2 days prior to use. The photo-chemically synthesised materials
(40, 43, 41 and 42) were each analysed in their “as polymerised” forms. A film sample of polymer 40 was
analysed for comparative purposes, and the partially hydrolysed polymer sample (i.e. 40→43) from Section
5.2.5.2 (p. 135) was also examined. The TGA thermograms obtained for each material are shown in Figure
5.20, while some relevant summary information is included in Table 5.3. For comparison, the calculated
literature values from the thermogravimetric analysis of poly-DSP (in a He atmosphere) are also included in
Table 5.3.[37]
As shown in Table 5.3, Hasegawa’s poly-DSP (13, entry 7) underwent a 90% mass loss in a single step
between 320-420˚C. This decomposition profile differed from those of the thyminyl materials, which all
exhibited similar two-stage mass loss profiles (Figure 5.20). An additional mass loss step was observed near
100˚C in the thermogram of the bis-propanoic acid material (43) due to the loss of water molecules present
in the sample from the monomer crystallisation process. Referring to Table 5.3, the first mass loss step
measured for the thyminyl materials occurred between 220-353˚C, and the percentage mass loss
associated with this stage corresponded closely (±1%) with the loss of the N1 substituents from the
materials (i.e. CH2CH2COOMe, CH2CH2COOH, Figure 5.20).
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Figure 5.20 TGA Thermograms obtained for the materials shows the typical two-stage mass loss profile observed in
each of the analysed materials (Mettler Toledo DSC/TGA 1 thermogravimetric analyser)

Table 5.3 Summary of the mass loss processes observed for all the polymer samples from TGA analyses conducted
under N2 flow from 25˚C – 500˚C (Mettler Toledo DSC/TGA 1 thermogravimetric analyser).

st

nd

1 Mass loss step

2 Mass loss step

Material
Entry
No.

Tinit-Tfin

Mass loss

Tmax1

Tinit-Tfin

Mass loss

Tmax2

(˚C)

(%)

(˚C)

(˚C)

(%)

(˚C)

TD10%

TD50%

(˚C)

(˚C)

1

40*

243-348

37

316

348-454

58

398

300

382

2

40

243-353

36

325

353-457

56

402

308

390

3

41

224-321

33

305

337-470

55

403

269

385

4

42

220-324

33

290

324-460

60

405

279

391

5

43

246-329

31

310

329-454

62

393

289

381

6

40→43hyd

263-343

32

324

347-461

57

403

309

391

320-420

90

n.s

NA

NA

NA

330

360

+[37]

7

Poly-DSP (13)

* Denotes polymer film sample. All other materials were tested in the “as polymerised” form
+ Results taken from literature analysis performed on an “as polymerised” poly-DSP sample, under He
atmosphere. Not stated (n.s.). Not applicable (NA).

The temperature at which the highest rate of mass loss occurred (i.e. Tmax) was determined from the
derivative curves of the TGA thermograms (i.e.

:/";;
:%./<

plotted as a function of temperature). As shown in

Table 5.3, the values of Tmax ranged between 290-325˚C for the first mass loss step of the materials. The
aryl segment in 42 was expected to impart greater thermal stability on the polymer compared with the
other alkyl-linked materials; yet from the TGA analyses (Table 5.3), the aryl-linked 42 material actually
underwent a maximum rate of mass loss at the lowest temperature (Tmax 290˚C) of all the tested materials
(entry 4).
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For all the thyminyl materials tested, the largest percentage of mass loss was observed during the second
mass loss stages which occurred between 329-470˚C. The degree of mass loss observed in the second
stage (52-62%) could not be attributed to the degradation or loss of any single structural component of the
materials.

However when equivalent TGA analyses were performed on the alternate Perkin Elmer

instrument, which utilised an open sample-pan configuration (see Section 7.12, p. 201), sample sublimation
was observed at the latter stages of the heating program.

Considering the similar sublimation

temperatures reported for other thyminyl compounds (eg. 378-428˚C for thymine, 373-423˚C for N1methyl thymine, and 313-363˚C for N1,N3-dimethyl thymine[38]), it is proposed that the second mass loss
stage in the thermograms of the thyminyl materials arises due to sublimation of the degradation products.
Moreover, in the second mass loss stage, the maximum rates of mass loss were observed over a narrow
12˚C temperature range (Tmax 393-405˚C) which could indicate the sublimation of closely related
decomposition products in all of the samples. Interestingly, Hasegawa also reported that the thermal
degradation products of poly-DSP underwent sublimation at 320˚C.[37]
The temperature corresponding to 10% mass loss (Td10%) was found to range between 269-311˚C in the
thyminyl materials. The oligomeric hexyl-linked photo-products (41) resulted in the lowest measured 10%
degradation temperature of Td10% 269˚C (Table 5.3, entry 3). Poly-DSP (13) therefore appears to be more
structurally stable than the thyminyl materials, since poly-DSP (13) exhibited a slightly higher 10% thermal
degradation temperature (Td10% 330˚C) than any of the studied thyminyl materials.

However the

temperature corresponding to 50% mass loss (Td50%) was found to be slightly lower for poly-DSP (Td50%
360˚C) than for the thyminyl materials (Td50% 381-390˚C).
5.2.7.2 DSC analysis of the cyclobutane oligomers/polymers
DSC analyses were performed in order to study the thermal transitions of the materials, such as possible
glass transition temperatures (Tg) and polymer melting temperatures (Tm). Unfortunately, the DSC curves
of some of the materials were more complex than initially anticipated, and these types of transitions were
difficult to identify from the DSC curves obtained (Figure 5.21 and Figure 5.22a). The calorimetric
measurements were only routinely performed at temperatures below 320˚C. Despite this, the most
prominent features of the DSC curves, were in fact the large endothermic deviations that occurred above
270˚C (eg. DSC curve for polymer 42 in Figure 5.21). Upon comparison with the corresponding TGA
thermograms, these endothermic deviations were able to be attributed to the degradation of the N1
substituents of the materials.
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Figure 5.21 DSC curves of the thyminyl materials. Hexyl-linked oligomeric products (41). Butyl-linked bis-propanoic
acid oligomeric photo-products (43). Polymeric products from the hydrolysis reaction (43hyd). Aryl-linked polymeric
products (42); inset shows the step transition observed on cooling of the aryl-linked (42) products, which may
represent a Tg at 94˚C.

Examination of the DSC curves in the 40-250˚C region (Figure 5.21 and Figure 5.22) revealed several
endothermic deviations that have been summarised in Table 5.4. A broad endotherm occurring at 104˚C in
the DSC curve of the bis-propanoic acid material (43) (Figure 5.21) was attributed to the liberation of water
molecules from the crystal lattice which were present as artifacts from the monomer crystallisation process
(the loss of water was also observed in the TGA thermogram, Figure 5.20). The measured heat capacity of
this endothermic condensation peak was 79 J.g-1 (Table 5.4, entry 5). Interestingly the hexyl-linked material
(41), whose monomer crystal structure (25) also contained H2O molecules, exhibited only a small
endothermic condensation peak (3.2 J.g-1) at 99˚C in the DSC curve (Figure 5.21a, Table 5.4 entry 3). This
indicated that either the water molecules were more easily lost during storage of the sample under vacuum
prior to analysis, or that water molecules were lost during the polymerisation process itself. The loss of
water from the hexyl-linked monomer (30) sample during irradiation could also potentially disrupt the
monomer crystal packing, and contribute to the lower degree of photo-polymerisation observed for this
sample.
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Table 5.4 Summary of the DSC endotherms occurring below 250˚C.

Entry

Material

Monomer
m.p.
T(˚C)

Endotherm 1
T(˚C)

Endotherm 2

Enthalpy of
-1
transition (J.g )

T(˚C)

Enthalpy of
-1
transition (J.g )

Endothermic
step, T (˚C)

Mn
(Da)

34

213

5.9

74 (on cooling)

a

2.0 x 10

189
140

148,
167
99

3.2

9.6
46

95 (broad)
-

3.6 x 10
3
2.2 x 10

179
238
NA

293
104
53

2.4 x 10
79
21

181
132,
139
-

-

(94 on cooling)
-

1.2 x 10
3c
4.1 x 10
4
1.5 x 10

1

40

189

2
3

40
41

b

4
5
6

42
c
43
40→43hyd

2

4

4

4c

a Observed

in the cooling cycle from 80-25˚C as an exothermic step. b Polymer film sample. c Molecular weight
obtained by 1H NMR spectroscopy.

The DSC curve for the hexyl-linked polymer sample (41) also showed two endothermic deviations at 132˚C
and 139˚C (Figure 5.21; Table 5.4, entry 3). These endotherms were unable to be resolved for this sample,
and as such, their individual enthalpies were unable to be calculated with reasonable certainty. However
as it can be seen from Table 5.4 (entry 3), the combined enthalpy of these two endotherms was 46 J.g-1.
According to the GPC chromatogram of the hexyl-linked photo-products (41) (Figure 5.2, p. 120), some
residual monomer (30) was present in the sample. As the hexyl-linked monomer (30) has a melting point of
140˚C, which is very close to the endothermic peaks observed in the DSC curve of the photo-products (41),
it is proposed that at least one of these endothermic peaks has arisen from residual monomer (30) present
in the sample.
The DSC curve of the aryl-linked 42 material was relatively featureless until 293˚C where a sharp
endothermic peak was observed, followed by subsequent endotherms arising from the degradation of the
N1 chains (Figure 5.21). It can be seen from Table 5.4 (entry 4) that the combined enthalpy of this series of
endotherms is 2.4 x 102 J.g-1. Notably, the DSC curve of the aryl-linked polymer (42) did not exhibit
endothermic deviations near the melting point of the monomer (31, m.p. 179˚C), which in turn supported
the 1H NMR evidence of extensive monomeric photo-conversion during the polymerisation (Figure 5.8, p.
128). However, a step transition of small magnitude (60 mW.g-1) was detected in the DSC curve at 94˚C
(during the cooling cycle) which potentially represents the glass transition temperature (Tg) (Figure 5.21,
inset). As shown in the P-XRD spectrum of the polymer 42 (Figure 5.7, p. 127), the material is highly
crystalline. This would account for the low magnitude glass transition observed by DSC, since a Tg could
only occur in the amorphous regions of the sample.
Figure 5.22a shows the full DSC traces obtained for the butyl-linked bis-methyl propanoate polymer (40)
using both a crystalline polymer sample (trace 4) and a film sample (trace 2). For the sake of clarity, the
TGA thermogram obtained for the crystalline polymer 40 sample is given in trace 1. An additional DSC
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trace for the monomer, 24, is also shown (trace 3) in order to clearly indicate the position of the monomer
melting endotherm at 190˚C.
The most obvious features of the three DSC traces for the butyl-linked ester system in Figure 5.22a (traces
2-4), are the series of endothermic deviations occurring between 250-380˚C. It was clear from the TGA
thermogram in trace 1, that the endotherms occurring over this temperature range were associated with
degradation and mass loss events (eg. loss of the N1-ester substituents, as already described). Below 250˚C,
however, a number of unusual endothermic peaks were observed at 148˚C (i), 167˚C (j) and 213˚C (k) in the
DSC trace of the crystalline polymer 40 sample (trace 4, Figure 5.22a; Table 5.4, entry 1). The endothermic
peaks at 148˚C (i) and 167˚C (j) could not be sufficiently resolved, and therefore it was not possible to
evaluate their individual enthalpies with reasonable certainty. However, it can be seen from entry 1 in
Table 5.4, that the combined enthalpy of these two endotherms is 34 J.g-1. Another small endothermic
peak at 213˚C (k in trace 4 of Figure 5.22a) possessed an enthalpy of 5.9 J.g-1.
As with the aryl-linked photo-products (42), the melting endotherm of the butyl-linked monomer (24, trace
3e) was absent from the DSC trace of polymer 40 (Figure 5.22a, trace 4), which supported extensive
monomer photo-conversion, but did not account for any of the endothermic peaks observed in the DSC
curve of the crystalline polymer 40 sample.
An apparent step transition was also observed at 74˚C (trace 4h) in the crystalline polymer 40 DSC curve,
although it was of low magnitude (35 mW.g-1) which made its assignment to the polymer glass transition,
difficult. A subsequent measurement (on a polymer film sample) by DMTA (measurement performed by
Mr Nan Bai), provided an approximate value of Tg = 77˚C (Figure 5.22b), which supported the classification
of the small endothermic DSC step at 74˚C (trace 4h), as the glass transition. Again, the low magnitude
glass transition observed in the DSC curve can be explained by the presence of only small amounts of
amorphous material being present in the crystalline polymer sample.[39]
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Figure 5.22 (a) TGA thermogram shows the mass loss profile of the crystalline 40 material
mater
in N2 (1, solid green).
Positions of thermal transitions are indicated in the differential scanning calorimetry (DSC) traces of the: polymer film
(2, dashed red - 1/3 scale, Mn 3.6 x 104), crystalline monomer (3, solid black, 1/3 scale), and “as polymerised”
polym
material (4, solid red). (b) DMTA analysis of a polymer film sample shows the glass transition temperature, Tg =
77˚C.

To aid the study of the remaining unclassified DSC transitions, a piece of polymer 40 film was subjected to
DSC analysis using the same temperature program (Figure
(
5.22a,, trace 2 and Table 5.4, entry 2). The
polymer film showed a more pronounced, broad endothermic
endothermi step-transition
transition between 88-97˚C
88
(80 mW.g-1)
(Figure 5.22a, trace 2a),
), which was likely to be the glass transition occurring at a slightly elevated
temperature
emperature due to the higher molecular weight molecules in the film sample (M
(Mn 3.6 x 104 Da), compared
with the crystalline “as polymerised” material (Mn 2.0 x 104 Da). However, unlike the multiple endotherms
observed at 142˚C (trace 4i),
), 167˚C
167 (trace 4j) and 213˚C (trace 4k)) in the DSC curve of the crystalline sample,
the polymer film displayed a small, single endothermic peak at 181˚C
181 (trace 2b).
). Reverse exotherms for 4i
4
and 4j were not observed on cooling the crystalline sample from 250˚C,
˚C, but were observed
ob
for both the 4k
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(crystalline) and 2b (film) endotherms. Therefore, it appeared that endotherms 4i and 4j in Figure 5.22a,
which were unique to the crystalline polymer 40 sample, were associated with a process involving the
polymer crystals/crystallites, while endotherms 4k and 2b (observed in both polymer 40 samples) were
associated with a process involving the polymer material itself (such as a polymer melting endotherm).
5.2.7.3 Hot-stage polarised optical microscopy (POM) experiments on a polymer film sample
of 40 between 25-300˚C
As the precise origin of the endothermic peaks between 148-213˚C in the DSC curves of polymer 40 were
still uncertain (Figure 5.22a, trace 2b and trace 4i, j, k), POM experiments were performed on pieces of
polymer film in order to study the textural changes to the samples over a similar range of temperatures to
those at which the DSC analyses were performed. Some key micrograph images are shown in Figure 5.23.

Film, 25 ˚C

Film, 140 ˚C (10 x)

Film, 220 ˚C

Film, 300 ˚C
(structures began
developing at 240 ˚C)

Film, 140 ˚C (50 x)

Blank
(glass slide only)

Figure 5.23 Hot-stage polarised optical micrographs compared for the polymer 40 film samples over several
temperatures.

Referring to Figure 5.23, the appearance of the polymer film at 25˚C did not show any macroscopic
structural order, presumably due to the film being cast from solvent. Under the polarised light, the film
appeared to be a similar colour to the empty glass slide. The appearance of the film did not change at 85˚C,
as would be expected for the glass transition. However at 140˚C, small crystallites were observed as white
flecks in the micrograph. At a higher magnification (50x), the spherulitic structure of the crystallites could
be more clearly resolved. The spherulitic structures melted between 217-220˚C, at which point only a dark
coloured molten state could be detected. When the heating was continued, coloured crystalline regions
appeared from 240˚C. By 300˚C, the bulk of the sample consisted of the brightly coloured crystalline
domains. Heating had to be terminated at 312˚C due to the odour released by the sample, however the
crystalline domains were stable at this temperature and were also persistant upon cooling to 25˚C. After
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the analysis, the recovered sample appeared as a black powdery solid/char which apparently gave rise to
the coloured crystalline regions viewed in the POM micrograph.
The POM experiments revealed that the polymer film completely melted between 210-220˚C, in agreeance
with the assignment of endotherms 4k and 2b as melt transitions in the DSC traces (Figure 5.22a). Another
crystalline phase developed after the melt, which coincided with the degradation of the N1 stubstituents in
the DSC curve and TGA thermogram. The formation of spherultic crystallites at 140˚C coincided with the
unknown endothermic transition 4i at 148˚C (Figure 5.22a) in the DSC curve. However it remained unclear
why the spherulitic structures formed at 140˚C in the POM experiment. Hasegawa reported that poly-DSP
not only underwent degradation at temperatures between 335-345˚C, but also thermally-induced
depolymerisation reactions.[37] The latter prompted an investigation of the thermally-induced reactions
occurring in the butyl-linked bis-thyminyl propanoate material (40).
5.2.7.4 Comparison of the 1H NMR spectra of the monomer 24 and the polymer 40 after being
heated in the DSC instrument to 380˚C
Samples of polymer 40 and monomer 24 heated to 380˚C in the DSC instrument (Section 5.2.7.2), were
recovered, and the residues from the thermally treated monomer (24) and polymer (film, 40) samples were
subjected to 1H-NMR spectroscopic analysis (in CDCl3). The recovered materials were both dark in colour,
which qualitatively indicated that some degree of decomposition had occurred during heating. The CDCl3
solutions used for the 1H-NMR analysis were also yellow, and the spectra of the thermally-treated samples
showed marked differences to those of the corresponding starting materials (Figure 5.24).
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Figure 5.24 Comparison of 1H-NMR Spectra (CDCl3) for the butyl-linked bis-methyl propanoate monomer (Mon, 24)
and corresponding polymer (Pol, 40) before and after heating at 380 ̊C

Treated monomer 24
Referring to Figure 5.24, the spectrum of the treated monomer showed a large triplet (δ 0.90 ppm, J = 6.8
Hz) and a partially resolved quartet (1.29 ppm, J = 6.8 – 7.2 Hz) that were consistent with the -CH3 and -CH2
protons of a simple alkane (eg. butane) - which could arise from cleavage of the N3-N3 n-butyl bridge.
Peaks for thyminyl C5-CH3 protons were observed at δ 1.93 and 1.94 ppm, and probably arise from at least
two different thyminyl compounds. A broad cluster of peaks were observed between δ 6.97-7.01 ppm,
with at least three of those belonging to the C6H protons of different thyminyl compounds. The new
singlet at δ 8.39 ppm could correspond to a free thyminyl imide NH. The N1 CH2CO protons were absent in
the treated monomer spectrum (δ 2.77 ppm) which may suggest the loss or partial degradation of
propanoate chains – particularly since peaks that closely coincided with the chemical shifts for N1- and N3CH2 protons (δ 3.96 ppm, t), and COOCH3 protons (δ 3.71 ppm, s) had become broad, poorly resolved, and
smaller after the thermal treatment. The new singlets at δ 7.54 and 3.39 ppm were not assigned.
Treated polymer 40
Referring to Figure 5.24, the 1H-NMR spectrum of the treated polymer showed a sharp singlet at δ 1.28
ppm which could be due to an upfield shift of the cyclobutane C5-CH3 protons (δ 1.36 ppm for the polymer).
As observed in the treated monomer spectrum, two multiplets were identified at δ 0.90 ppm and 1.29 ppm,
however these were very small for the treated polymer which suggested that only small amounts of the
alkyl products were present. As observed for the treated monomer, the treated polymer spectrum shows
two peaks at δ 1.93 ppm and δ 1.94 ppm which correspond to olefinic C5-CH3 protons of at least two
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thyminyl species. The origins of the new singlets at δ 5.07 ppm (unique to the treated polymer) and δ 3.38
ppm (also present in the treated monomer), were unknown. A cluster of peaks between δ 6.97-7.02 ppm,
indicating at least two new thyminyl species, were similar to those observed in the treated monomer
spectrum. Broad singlets at δ 7.73 and 7.98 ppm could indicate the presence of free imide protons.
The central alkyl -(CH2)2- protons of the N3-N3 bridge the polymer (δ 1.61 ppm) shifted downfield after the
thermal treatment (δ 1.72 ppm), and were more closely aligned with those of the free monomer (δ 1.68
ppm). Several other features in the treated polymer spectrum also indicated the presence of liberated
monomer or terminal thyminyl groups. The polymer spectrum, for example, shows four doublets of triplets
at δ 2.60, 2.77, 3.25 and 4.00 ppm that are associated with geminal coupling in the N1-CH2 and CH2CO
protons surrounding the cyclobutane ring. However, the treated polymer spectrum contains only two
triplets at δ 2.81 and 4.00 ppm, which are consistent with the N1-CH2, CH2CO and N3-CH2 protons of
cleaved monomer molecules or terminal thyminyl moieties. Moreover, there were also signs of partial
degradation of N1 propanoate chains as peaks corresponding to the CH2CO, N1-CH2 protons and COOCH3
protons were smaller after the thermal treatment. Olefinic C6H protons, associated with the monomer or
terminal thyminyl groups of the polymer were again observed in the spectrum after thermal treatment of
the polymer (δ 7.16 ppm). The presence of monomer or terminal groups in the treated polymer sample
indicates some degree of depolymerisation. This depolymerisation most likely occurs via cleavage of the
cyclobutane rings, as the cyclobutane C6H protons were not observed in the treated polymer spectrum (δ
3.94 ppm, s).

As mentioned previously, Hasegawa also reported that poly-DSP underwent

depolymerisation reactions at high temperature.[37]
5.2.7.5 Material changes after thermal treatment of polymer 40 at 140˚C in solution and the
solid-phase
1H

NMR Spectroscopy of thermally treated samples of polymer 40

Since depolymerisation had been detected in the 1H NMR spectrum of the polymer sample that had been
heated to 380˚C, it was proposed that depolymerisation reactions could potentially contribute to the
unusual endothermic peaks observed at lower temperatures (148˚C and 167˚C) in the DSC curves of
polymer 40 (Figure 5.22a, trace 4i, j).
Indeed the 1H NMR spectra of polymer samples heated to 140±3˚C for various periods of time - either in
DMF solution, or as solids with and without N2 flow also revealed signs of depolymerisation. The treatment
conditions and data from the 1H NMR spectra are summarised in Table 5.5. After 24 h at 140±3˚C, 1H-NMR
spectra of the thermally treated materials showed more prominent peaks at δ 7.15 ppm and δ 1.90 ppm,
which corresponded with the olefinic C6H and C5-CH3 protons of the monomer, respectively. This in turn
indicated that the thermal treatment caused depolymerisation which resulted in an increase to the relative
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content of monomer molecules or terminal thyminyl groups present. The ratio of cyclobutane C5-CH3
protons (δ 1.37 ppm) to thyminyl C5-CH3 protons (δ 1.90 ppm) is shown for each sample in Table 5.5.
Based on these values, thermal treatment of the polymer in DMF solution resulted in the greatest degree of
depolymerisation. The solid samples, whether heated in the presence or absence of N2 flow, underwent
very similar degrees of depolymerisation.
Table 5.5 Molar ratios of C5-CH3(cyclobutane):C5-CH3(thymine) and the chemical shifts of new peaks and their
respective integrations after thermal treatment of samples for 24 h.

CH3(cyclobutane):
CH3(thymine)

Cyclobutane
(%)

Polymer 40

41:1

98

NA

Monomer 24

0:1

0

NA

Polymer 40; 140 ±3˚C, N2

4:1

80

9.82 (1.5 H), 9.48 & 9.32 (3 H) = 4.5 H

Sample, conditions

Polymer 40; 140 ±3˚C, air
Polymer 40; 140 ±3˚C, DMF

New peak shift (integration) = total new
protons per monomer (δ >8.0 ppm)

4:1

80

br. 8.53 (3 H) = 3 H

1.5:1

60

9.35 (0.8 H), 9.21 (1.3 H), 8.90 (
0.25 H), 8.21 (0.25 H), 8.17 (0.12 H) = 2.7 H

In addition to depolymerisation, the 1H-NMR spectra of the treated samples also displayed new peaks in
the downfield regions, between δ 8.17-9.82 ppm (Table 5.5). However, the number of peaks, their
chemical shifts, and corresponding integration values varied between the three different treatment
conditions. The appearance of new peaks above δ 8.0 ppm could indicate some degree of thermal
decomposition to give NH or COOH moieties, or the new peaks could merely be the result of different
proton environments present in the oligomeric depolymerisation products.
GPC Analysis of thermally treated samples of polymer 40
The thermally-induced depolymerisation of samples of polymer 40 was also measured by GPC at various
points throughout a 24 h heating period (Figure 5.25).

From Figure 5.25, it was apparent that

depolymerisation occurred rapidly at 140˚C. After just 10 min, the average molecular weight of the starting
polymer decreased by 67% in open-air conditions, 73% when heated under a N2 stream, and 85% when
heated in DMF. Depolymerisation continued rapidly over the first hour, but slowed beyond that time. As
indicated by the 1H-NMR spectra, similar degrees of depolymerisation occurred when the polymers were
heated as solids (with or without N2), although the greatest degree of depolymerisation was observed for
the sample heated in DMF. Similarly, the GPC result showed that after 24 h the average molecular weight
had decreased from Mn 6.3 x 104, to 3.6 x 103 and 3.3 x 103 for the solids heated with and without N2
(respectively), and 1.3 x 103 for the solution-phase depolymerisation.
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Figure 5.25 Follows changes to the average molecular weight of polymer 40 samples that were heated at 140˚C for
various time periods in either DMF solution (solid triangle), or as solids in the presence (open circle) or absence
(closed circle) of N2 flow.

It was interesting that regardless of the thermal treatment method, the average molecular weight of
polymer 40 remained relatively constant between 8 h and 24 h (Figure 5.25). This might indicate an
enhanced stability among short-chain molecules, compared with higher molecular weight species. Similar
reports exist for poly- and oligomeric-DSP.[19] As such, the oligomeric species probably require higher
lattice temperatures to induce chain-scission (depolymerisation) processes.[40]
According to the Woodward-Hoffman rules, the thermal reversion of a cyclobutane ring to two olefin
groups is forbidden.[41]

However based on the

1

H-NMR and GPC evidence reported thus far,

depolymerisation of polymer 40 by the thermal reversion of cyclobutanes, occurs readily in both the solid
and solution phases - possibly via a recently proven bi-radical pathway.[41] Prior to the biradical study,
thermal depolymerisation of poly-DSP[37] was proposed to occur as a result of the rigid, rod-shaped
structure of the polymer molecules which underwent mid-chain scission at points where shearing forces
imparted the greatest stress.[19] Such stress-induced chain-scission could foreseeably give rise to the
proposed biradical species.[41]
5.2.7.6 Onset temperature for thermally-induced depolymerisation in polymer 40 and
polymer 42
It was pertinent that the temperature at which depolymerisation occurred (140˚C, Figure 5.25), closely
coincided with an endothermic deviation seen in the DSC trace of the crystalline sample (Figure 5.22a,
trace 4i).

It was therefore of interest to determine if depolymerisation could account for other

endothermic deviations occurring at low temperatures, and also at what temperature the polymer stability
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changed. As shown in Figure 5.25, the majority of depolymerisations had occurred within 4 h treatment at
140˚C. As such, the polymer molecular weight was next measured for triplicate samples that were heated
for 4 h, at set temperatures ranging between 25-140˚C (Figure 5.26).
50x103
Heated for 4 h
Heated for 8 h

40x103

Mn

30x103

20x103

10x103

0
40

60

80

100

120

140

Temperature (oC)

Figure 5.26 Follows changes to average molecular weight of polymer 40 samples that were heated for 4 h at various
temperatures (open to the air), in triplicate. In one case (red), the sample was heated for 8 h at 90˚C.

Referring to Figure 5.26, the average polymer molecular weight remained constant between 25-66˚C (Mn
3.7 x 104), but decreased between 66-90˚C by 30% (Mn 2.6 x 104). The molecular weight then remained
constant until 125˚C, before decreasing again sharply between 125-140˚C. Referring to the DSC trace of
crystalline polymer 40 (Figure 5.22a, trace 4), the first temperature range that caused depolymerisation
coincided with the glass transition (4h), while depolymerisation over the second temperature range
corresponded with the next DSC endotherm (4i) that was believed to be a transition associated with the
polymer crystal/crystallites.

Therefore, the depolymerisation events seemed to be associated with

endothermic events that increased polymer chain mobility.
Interestingly, when the thermal stability of the aryl-linked polymer 42 was studied over a similar range of
temperatures, the 1H NMR spectra of the thermally treated polymer samples showed no significant change
in the integration ratio of the thyminyl C5-CH3 and cyclobutane C5-CH3 protons (Figure 5.27). Therefore, it
appeared that the aryl-linked material (42) did not undergo depolymerisation over the studied temperature
range of 20-140˚C, and in this way 42 appeared to be more thermally stable than the butyl-linked material
(40). The enhanced stability of the aryl-linked 42 material was attributed to the rigidity of the aryl-linker.
The absence of obvious endothermic events below 250˚C in the DSC curve of 42 (Figure 5.21c), also
indicates that this material is more resistant to the thermally induced processes that result in increased
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chain mobility and shear forces that cause cyclobutane cleavage (or depolymerisation) in the butyl-linked
polymer, 40.
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Figure 5.27 Shows the mole percent of cyclobutanes in polymer 42 (determined by 1H NMR spectroscopy) after the
treatment of triplicate polymer samples at different temperatures for 4 h.

5.2.7.7 Summary
The aforementioned microscopic, spectroscopic and chromatographic studies enabled the assignment of
several of the unusual peaks observed in the DSC curves of the butyl-linked polymer 40 (Figure 5.22a,
traces 2 and 4), as summarised in Table 5.6.
Table 5.6 Assignment of the DSC transitions marked in Figure 5.22a (traces 2 and 4), based on experimental
evidence.

DSC transition
(Figure 5.22a)

Temperature
(˚C)

2a, 4h

74, 95

4i

148

Depolymerisation (GPC, NMR), coincides with spherulite formation (POM)

4j

167

Associated with the crystals/crystallites (DSC of crystalline versus DSC of film samples) and
POM experiment)

2b, 4k

181, 213

2c, 4l

273

Mass loss – decomposition or sublimation (TGA)

4m

291

Mass loss – decomposition or sublimation (TGA)

2d, 4n

356

Mass loss – decomposition or sublimation (TGA)

Process descriptions (Confirmatory technique)
Glass transition (DMTA, 77°C), depolymerisation (GPC)

Melt (POM)
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5.3 Conclusions
The n-propyl linked monomer (28) produced open dimeric molecules (39) upon irradiation, while both the
n-hexyl-linked bis-methyl propanoate (30) and n-butyl-linked bis-propanoic acid (25) monomers gave
oligomeric photo-products (41 Mn 2.2 x 103, Mw/Mn 4.9; 43 m/z 2,825, respectively). The n-butyl-linked bismethyl propanoate (24) gave polymeric photo-products (40) with variable molecular weights (typically Mn
1.9 x 104 and higher). Based on the 1H NMR and MALDI-TOF MS evidence, the aryl-linked monomer (31)
also produced polymeric photo-products (42) upon irradiation (ca. Mn 1.1 x 104). While all the photoproducts were characterised by NMR and IR spectroscopy and P-XRD, NMR and GPC provided the most
valuable information concerning cyclobutane conversion and photo-product molecular weight.
Several pieces of valuable information were obtained by studying the oligomerisation and polymerisation
reactions using 1H-NMR spectroscopy and GPC. The 1H NMR spectra revealed that most of the thyminyl
conversion to cyclobutane units occurred during the first 10 h irradiation. The butyl-linked (24) and aryllinked (31) bis-methyl propanoate monomers underwent the highest conversion to cyclobutanes over the
irradiation period examined. Unfortunately, GPC analyses of the polymerisation reactions were limited to
the photo-reactions of the hexyl-linked (41) and butyl-linked (40) materials due to analytical and solubility
issues with the propanoic acid (43) and aryl-linked (42) materials. Nevertheless, the GPC studies of the
polymerisation of the butyl-linked polymer (40) revealed a gradual build-up of high molecular weight
polymer molecules as well as the formation of intermediate sized molecules, both of which suggested that
the polymerisation kinetics were consistent with a step-growth mechanism.
However, these polymerisation/oligomerisation investigations also revealed several issues. Firstly, it was
apparent that number of polymerisable systems was low, whereas a good comparative study of polymer
properties should involve a larger number of materials. Although the ester groups of the butyl-linked
polymer (40) were able to be hydrolysed under mild conditions to give a material containing a mixture of
propanoic acid and methyl propanoate groups (43hyd), future studies of polymer properties would be
enhanced if a more varied range of thyminyl cyclobutane polymers could be made available by synthesis.
Chapter 6 describes attempts to increase the range of thyminyl polymers through an investigation of the
propensity for suitably designed thyminyl monomers to produce photo-reactive coordination compounds.
It was also apparent from the GPC chromatograms of the butyl-linked materials (40) that the
polymerisation reactions resulted in photo-products which had broad polydispersities.

A serial

precipitation method was, however, successfully used to purify the polymeric 40 material to give samples
with narrow molecular weight distributions.
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Depolymerisation of the butyl-linked polymer 40 and the hexyl-linked 41 oligomers to the corresponding
monomers using short-wavelength UV-light was possible when the depolymerisation reactions were
performed from the solution-phase. However, reversion of the aryl-linked polymer (42) to the monomer
(31) using the same conditions, was incomplete (based on the 1H NMR spectroscopic analysis) and this was
proposed to be a result of the poor solubility of the polymer and its depolymerisation products, and the
comparatively more rigid structure of polymer 42.

It was also demonstrated that the butyl-linked

monomer (24) could be repeatedly polymerised to 40, and depolymerised to 24 by alternating the
irradiation wavelength. Only three irradiation cycles were followed in this study due to limitations with
sample size and irradiation facilities. Nevertheless, to the author’s knowledge, this is the first known
complete photo-depolymerisation of a [2π+2π]-polymer and subsequent photo-repolymerisation of the
monomer.
From the TGA thermograms, it was found that the thyminyl materials underwent mass loss over two stages.
The first mass loss step was attributed to the loss of the N1 substituents, while the second mass loss stage
was proposed to be due to sublimation of the degradation products. The DSC curves of some of the
materials revealed a rather complicated set of endothermic transitions, and in the case of the butyl-linked
material (40) these were studied in further detail using DMTA, POM, 1H NMR and GPC. As observed from
the DSC measurements of polymer 40, the “as-polymerised” material underwent several endothermic
processes between 80-380˚C. A (reversible) polymer glass transition occurred around 77-82˚C, while
irreversible endothermic processes at 148˚C and 167˚C (in the “as-polymerised” 40 material) were believed
to be associated with depolymerisation and crystallite formation. Another reversible endothermic peak
was observed at 213˚C in the DSC trace of “as-polymerised” polymer 40 (181˚C in the film). Since this is a
reversible process, it is probably associated with a polymer melt, particularly since the POM experiments
revealed a molten (melt) phase at 210˚C.
Thermally-induced depolymerisation of polymer 40 was observed by GPC to occur between 66-90˚C and
125-140˚C. Interestingly, depolymerisations at these temperature ranges correspond to endothermic
deviations in the DSC trace of polymer 40.

Therefore, it was probable that thermally-induced

depolymerisation is triggered by the increased chain mobility and polymer shearing-forces which occur
during the endothermic processes.

Another reversible endothermic peak was observed at 213˚C in the

“as-polymerised” DSC (181˚C in the film). Since this was a reversible process, it was probably associated
with a polymer melt, particularly since the POM experiments revealed a molten (melt) phase at 210˚C. The
aryl-linked polymer (42), however, did not appear to undergo thermal depolymerisation between 25-140˚C.
This was attributed to the aryl segment providing greater rigidity and resistance to melting. In the DSC
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curve of the aryl-linked material (42), endothermic deviations were only observed at high temperature and
appeared to involve a melting endotherm, followed by degradation processes.

5.3.1

Future investigations

5.3.1.1 Full P-XRD Analysis
In this thesis, P-XRD spectra were merely used to demonstrate that the photo-product crystal structure was
different from the starting monomer crystal structure, and to confirm the crystallinity of the “aspolymerised” solids. However more intensive investigations should be made using this technique in the
future. In particular, it would valuable to determine the crystal structure of the polymeric materials from
the P-XRD spectra, which in turn would give insight into the types of molecular movements occurring in the
crystals during the polymerisation reactions.
5.3.1.2 Single crystal to single crystal polymerisation
As described in this chapter, the GPC analyses of polymerised samples often revealed broad photo-product
molecular weight distributions. It has been proposed that heterogeneous topochemical reactions, which
are characterised by fragmentation of the parent crystal (as observed in the micrograph of 40 in Figure 4.3c
on p. 92), commence preferentially at defect sites in the parent crystal.[25] As the crystal fractures during
the polymerisation, more defect sites form, which in turn produces more potential sites for
commencement of the reactions. The broad polydispersity of 40 may therefore be associated with the
heterogeneous topochemical reaction, and the increasing number of crystal defect sites (and potential
reactive sites) formed during the polymerisation. If so, the broad polydispersity could potentially be
minimised if future polymerisations occur via SC-SC transformations. Future research should therefore be
directed toward redesign of the monomers in order to attain ideal parallel stacking of the thyminyl olefins
instead of the displaced olefinic arrangements which were encountered in this research. It may also be
worthwhile to repeat the polymerisation reactions described for the N3-N3-bridged monomers using a
different UV-reactor with low temperature irradiation capabilities.
5.3.1.3 Modulation of the thermal stability and polymer properties
In this chapter, the propensity for the butyl-linked 40 material to undergo thermal depolymerisation at
temperatures corresponding with endothermic transitions was highlighted. Conversely, the aryl-linked
material (polymer 42) demonstrated greater thermal stability over an equivalent temperature range.
These two variable stabilities are proposed to result from the flexible versus rigid N3-N3 spacers.
Therefore, it appears likely that the thermal properties of cyclobutane materials can possibly be modulated
by making small changes to the spacer groups or by combining flexible and rigid spacers into one material
or blend. It would be of interest to examine this in more detail so that a range of polymer properties can
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be achieved and fitted to particular applications. Interestingly, these two materials (polymer 40 and 42)
which show different thermal stabilities, also have different solubility and processibility properties.
5.3.1.4 Application-specific evaluation of the polymers
Although it has been shown that the some of the thyminyl polymers described in this chapter can be
depolymerised to the starting monomer photo-chemically, thereby highlighting the potential recyclability
of the thyminyl polymeric materials, it would be beneficial to identify other applications where
depolymerisation on-demand features could be valuable for a commercial system.
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6
6.

The synthesis of dipyridyl thyminyl
derivatives and progress toward
photo-reactive coordination
polymers

The synthesis of dipyridyl thyminyl derivatives and progress toward photo-reactive coordination polymers

6.1 Introduction
Two limitations of the photo-polymerisation reactions described in Chapters 4 and 5 were that only a small
number of polymerisable monomer systems were prepared, and the polymer crystal structures could not
be determined by SC-XRD analysis due to the loss of the single-crystal integrity after irradiation. However,
Liu et al have performed several [2π+2π]-cycloaddition reactions using coordination crystals of the reactive
compounds, which has permitted the direct re-examination of the photo-product crystal structure after
irradiation.[1] For this reason, the current chapter examines two approaches to the formation of photoreactive coordination polymers using bis-pyridyl thyminyl derivatives as ligands.
Michaelides et al. were the first to report a photo-reactive coordination compound.[2] This material, was a
coordination polymer (CP) composed of Cd(II) cations that were connected to reactive fumarate ligands.[2]
The close proximity of the olefinic groups (3.37 Å) in the resulting pairs of proximity related fumarate
molecules, permitted the ligands to undergo a photo-chemical [2π+2π]-cycloaddition reaction on
irradiation to give the fumarate dimer (Scheme 6.1a.).[2] Since Michaelides’ initial report, subsequent
research on the topic of photo-reactive coordination compounds has largely focussed on the
bipyridylethylene ligand (bpe),[3-6] (an example is depicted in Scheme 6.1b). Although the bpe ligand is
known to undergo [2π+2π]-cycloaddition and produce covalent cross-links in some of the studied
coordination compounds, the mono-olefinic monomer system is limited to a single photo-reaction to form
the corresponding photo-dimer. Although photo-reactions using crystals of two different coordination
comounds of a diolefinic stilbazole derivative (Scheme 6.1c) have also been performed, the photo-products
generated in these cases were a mono-cyclobutane dimer or a paracyclophane, rather than a higher
molecular weight cyclobutane material such as an oligomer or polymer (Scheme 6.1c).[7]
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Scheme 6.1 Examples of reported [2π+2π]-cycloaddition reactions carried out using coordination crystals of different
ligands. (a) Dimerisation of fumarate,[2] (b) dimerisation of bpe 14,[3] (c) dimerisation of a diolefinic stilbazole
derivative to give a paracyclophane or a mono-cyclobutane dimer.[7]

It is interesting that the photo-chemical synthesis of higher molecular weight species by the [2π+2π]cycloaddition (such as photo-oligomers and photo-polymers) has not yet been reported in coordination
environments.

In addition, the use of multidentate cyclobutane ligands for the construction of

coordination complexes and polymers has not been widely studied, presumably due to the difficulties
associated with the photo-chemical synthesis of new ligands of this class. Nevertheless, photo-dimers of
stilbazole and bpe have been successfully used as chelating-ligands for the synthesis of coordination
compounds.[8-19] A selection of coordination compounds derived from these ligands is summarised in Table
6.1. Generally, coordination of Cu2+ with the bpe photo-dimer (entry 1) has yielded 2-D structures, while
Ag+, Zn2+ and Cd2+ have tended to produce 1-D coordination polymers.
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Table 6.1 Some literature examples of coordination compounds containing photo-chemically-synthesised cyclobutane
ligands.

Entry

1

2

Ligand

M+

Counterion

Topology

Ag(I)

BF4-

Ag(I)
Zn(II)

NO3ClO4-

Zn(II)
Cd(II)
Cu(II)
Cu(II)
Cu(II)

CH3COOCH3COOCH3COOClO4NO3-

Helical noninterpenetrating network
1D-CP
3-fold interpenetrating
network
1D-CP
1D-CP
2D-CP
2D-square
2D-square

Ag(I)

CO2CF3-

1D-CP

Ref.
[8]

[12]
[20]

[15]
[14]
[17]
[16]
[16]

[21]

In the first part of the current study, a bipyridyl thyminyl derivative (45) is synthesised and utilised as a
ligand for the formation of coordination polymers. The objective, in this case, was to align the olefinic
moieties of the thyminyl ligands so that the coordination polymers could be photo-crosslinked using the
[2π+2π]-cycloaddition reaction, as shown in Scheme 6.2. To the author’s knowledge, this type of system
has not been previously described for a thyminyl-based bipyridyl ligand.

Scheme 6.2 Diagram showing the proposed synthesis of a photo-crosslinkable coordination polymer, produced from a
di-pyridyl thymine derivative and relevant transition metal (Mn+).
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As illustrated in Scheme 6.3, the aim of the second part of these investigations was to design and photochemically synthesise di-thymine, di-pyridine functionalised monomers that possess a cyclobutane ring in
the core structure. The di-pyridine functionality in these systems could potentially be exploited for the
preparation of coordination materials or be used as supramolecular handles for the controlled alignment of
monomers in co-crystals; while the thyminyl moieties could be photo-reacted at a later time to produce
reversible covalent cross-links or polymer bonds. Thus referring to Scheme 6.3, in step 1, coordination of a
metal ion to the pyridyl groups of a suitably designed monomer forms a coordination polymer. In step 2,
the appropriately aligned thyminyl moieties undergo further photo-reactions at the thyminyl moieties to
produce a covalently linked cyclobutane polymer in the coordination matrix. Removal of the metal ions
(step 3) gives a new covalently linked thyminyl cyclobutane polymer. The use of coordination bonds to
align monomers with cyclobutane moieties for further [2π+2 π]-photo-reactions is a previously unreported
approach to achieving photo-reversible polymeric materials.

Scheme 6.3 Diagram showing the proposed synthesis of cyclobutane photo-polymers using a coordination polymer to
align dipyridine, dithymine monomers. A dithymine, dipyridine monomer containing a cyclobutane core is coordinated
to metal atoms to form a coordination polymer. Appropriately aligned thyminyl moieties undergo further photoreactions in the coordination polymer. Upon removal of the coordinated metal ions, the covalently linked cyclobutane
polymer remains.
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6.2 Results and discussion

6.2.1

Approach 1: Attempt to form a photo-crosslinkable coordination polymer using a 1,3dipyridyl thymine derivative

6.2.1.1 Synthesis of the 1,3-dipyridyl thymine ligand (45)
N1,N3-Dipyridyl-thymine (45) was obtained by an SN2 reaction between thymine (5) and 4(chloromethyl)pyridine, in the presence of K2CO3 as a heterogenous base (Scheme 6.4). The 1H NMR
spectrum of the purified reaction product was supportive of a di-substituted compound since signals
corresponding to the thyminyl NH protons were absent from the spectrum. Moreover, the observed
chemical shifts and peak integrations in the 1H NMR spectrum agreed well with those expected for the
target compound, 45.

Scheme 6.4 Synthesis of the dipyridyl thyminyl derivative (45) and formation of a coordination polymer using a
transition metal (Mn+).

6.2.1.2 Formation of a coordination polymer of 45 and photo-reactivity of the coordination
complexes
In order to examine the coordination structures of the new dipyridyl thyminyl derivative, 45 was dissolved
in MeOH, H2O or MeCN and the resulting solution was added to another solution containing the relevant
transition metal salt (usually in MeOH, MeCN or H2O) (Table 6.2). A small hole was punched through the
cap of the vial, and the solution was left to slowly evaporate in a dark cupboard. The reaction mixture was
examined periodically over the following 4 weeks in order to check for the formation of crystals. The
outcomes of some of the trialled reactions are summarised in Table 6.2.
Most of the reactions outlined in Table 6.2 resulted in either clear solutions or the precipitation of a solid
(presumably the ligand-metal complex) (entries 3-8). Only two crystalline samples were obtained from the
reaction of 45 with CuII(ClO4)2.6H2O and AgNO3 in MeOH and MeCN, respectively (entries 1 and 2). Crystals
from these two samples were suitable for SC-XRD structural analysis at the Australian Synchrotron.
However, a suitable structural solution was only obtained for the compound prepared from AgNO3 (entry 2).
The following section describes the crystal structure obtained for this material.
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Table 6.2 Summary of some of the coordination reactions attempted using the 45 ligand, which includes the
outcomes after a 4 week “crystallisation” period.

Entry

Transition
metal salt

Metal
solvent

Ligand
solvent

Outcomes

1

Cu(ClO4)2.6H2O

MeOH

MeOH

Crystals obtained after 3 weeks

2

AgNO3

MeCN

MeCN

Crystals obtained overnight

3

Mn(ClO4)2.H2O

MeOH

MeOH, MeCN

Precipitate within 1 week

4

Fe(ClO4)2.H2O

MeOH

MeOH, MeCN

Precipitate within 1 week

5

Co(ClO4)2.6H2O

MeOH

MeOH, MeCN

Clear solution after 4 weeks

6

Ni(ClO4)2.6H2O

MeOH

MeOH, MeCN

Precipitate within 1 week

7

Zn(ClO4)2.6H2O

MeOH

MeOH, MeCN

Clear solution after 4 weeks

8

AgNO3

MeOH, H2O

MeOH, H2O

Clear solution after 4 weeks,
precipitate within 2 weeks (respectively).

Ag(45)NO3.MeCN
Reaction of 45 with AgNO3 afforded a 1-D coordination polymer, whose crystal structure is shown in Figure
6.1. In this structure, the silver atoms adopt a linear geometry by binding with two pyridyl groups of two
different 45 ligands (Figure 6.1a). The resulting 1-D polymer chains are linked into sheets through weak
Ag...ONO2 contacts (2.8 Å), and the sheets stack to give the overall structure (Figure 6.1b). Acetonitrile
molecules lie in the cavities between the sheets (Figure 6.1a). In the refined structure, the C6H hydrogen
atom and the C4=O oxygen atom are disordered over two sites due to the alternating thyminyl ring
orientation. The modelled disorder at the position of the C4=O oxygen caused apparent C4=O...O=C4
contacts, however these were more likely to be C4=O...H6C contacts. Close contacts occur between
thyminyl rings of the stacked layers. The closest contact between the olefinic groups of neighbouring
thymines is 3.6 Å, which is within the distance constraints necessary for photo-reaction.[22] However, when
the crystals were irradiated (302 nm), crosslink formation (cyclobutane yield) was less than 15%. Referring
to Figure 6.1c, the low photo-conversion can be explained by the orientation of the reacting thyminyl
moieties. As indicated, the olefinic groups do not stack parallel to one another and are slightly misaligned.
This feature would potentially make formation of the photo-dimer difficult, as rotation of the thyminyl rings
would be required for the cyclobutane ring closure to occur. As movement of the thyminyl rings is
probably restricted in this coordination environment, a low cyclobutane yield would be expected.
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(a)

(b)

(c)

Figure 6.1 Crystal structure of Ag(45)NO3.MeCN. (a) Packing diagram, (b) Sheets held together through weak
Ag...ONO2 contacts (c) Closest thymine-thymine contacts. Shows the misalignment of olefinic groups.

To the author’s knowledge, a coordination polymer has not been constructed previously using a bipyridyl
thyminyl ligand; thus the 1D-coordination polymer that was synthesised from the 45 ligand demonstrated
that this strategy was feasible.

However, since the 45 ligand did not afford crystalline coordination

polymers that underwent high-yielding [2π+2π]-cycloadditions on irradiation, a new ligand design was
sought.

6.2.2

Approach 2: Synthesis of a di-pyridyl, di-thyminyl monomer for construction of a
coordination polymer and subsequent photo-polymerisation by the [2π+2π]cycloaddition reaction

6.2.2.1 Monomer design
As outlined in Table 6.1 (p. 168), photo-dimers of stilbazole and stilbazole-derivatives have been
successfully used as chelating-ligands in metal-organic structures.[8-19] Based on these literature precedents,
it was suggested that new monomer designs should incorporate the stilbazole moiety as a site for photochemically-constructing the bipyridyl core, since the stilbazole is known to coordinate with transition metal
ions. Di-thyminyl analogues possessing the stilbazole core would therefore have the necessary di-pyridyl,
di-thyminyl functionalities to satisfy the objectives of this aspect of the study.
A dithyminyl target analogue of the stilbazole photo-dimer is shown in Figure 6.2 (46). As indicated in the
retrosynthetic scheme, it could potentially be synthesised photo-chemically from the corresponding
monomeric olefin (47). Both the Heck and Wittig reactions would provide potential pathways to the
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monomeric olefin, 47 (Figure 6.2), but unlike the Wittig reaction, the Heck reaction is preferred since it
provides a catalytic and stereoselective pathway to a trans-olefin in reasonable yields.[23]

Figure 6.2 Proposed retrosynthetic route to the di-pyridine, di-thymine cyclobutane monomer (46, relative
stereochemistry shown).

6.2.2.2 Synthesis of vinylbenzyl-thymine-4-pyridine (VBT-4Pyr, 47)
Vinylbenzyl-thymine (VBT, 48) synthesis
Synthesis of the desired monomeric olefin via the Heck pathway requires reaction of 4-bromopyridine
hydrochloride with vinylbenzyl thymine (VBT, 48) (Scheme 6.5). VBT (48) has previously been used as a
monomer in radical polymerisations, and various preparation procedures have already been described.[24-27]
Using a modified literature procedure, VBT (48) was synthesised in alkaline aqueous media in 58% yield, by
substitution of the N1 thyminyl hydrogen with vinylbenzyl chloride.[28]

Scheme 6.5 Proposed synthetic route to VBT-4Pyr (47) using a Heck reaction of VBT (48) and 4-bromopyridine
hydrochloride

Heck coupling
The use of halo-pyridine substrates in Heck reactions can be challenging since they react slowly and often
give low yields.[23] A comparable literature reaction between 4-bromopyridine hydrochloride and styrene
gave the corresponding stilbazole in 41% yield after 10 days at 100˚C.[29] Thus, to minimize the expected
synthesis times for the analogous VBT-4Pyr (47), a microwave-irradiation procedure was developed.
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Based on previously published reports,[29-31] two catalyst systems (Pd(OAc)2, and Pd(allyl2Cl2), both with
added phosphine ligand (P(o-tol)3), and two bases (NaOAc and Na2CO3) were trialled in preliminary
optimisation experiments (Table 6.3). Overall, product yields from these preliminary experiments were low
(i.e. less than 20%). Referring to Table 6.3, base selection did not appear to influence the product yield
(see entries 2 vs. 3 and 4 vs. 5). Reactions performed using the Pd(allyl2Cl2)/P(o-tol)3 catalyst system
resulted in slightly higher product yields (~ 20%, entries 4 and 5) than the reactions using Pd(OAc)2/P(o-tol)3
(10%, entries 2 and 3). However, Pd(OAc)2 is a better choice in this case since it is less expensive and more
soluble in a wider range of organics than the Pd(allyl2Cl2).
In Heck reactions, it is common to use an excess of one of the reactants. Adding either a small excess of
VBT (48) (1.1 equivalents, entry 1), or a large excess of 4-bromopyridine (2.5 equivalents, entry 6) yielded
only trace amounts of the product. A halopyridine:VBT (48) ratio of 1:2.5 appeared to be the most suitable,
since these reactions yielded the desired product.
Table 6.3 Optimisation of reactions conditions for solvent and base

Entry

Catalyst/ligand
(ratio)

Base

Solvent

Pyr:VBT

Yield

1

Pd(OAc)2/P(o-tol)3 (1:2)

NaOAc

DMF

1:1.1

trace

2

Pd(OAc)2/P(o-tol)3 (1:2)

NaOAc

DMF

1:2.5

11%

3

Pd(OAc)2/P(o-tol)3 (1:2)

Na2CO3

DMF

1:2.5

10%

4

Pd(allyl2Cl2)/P(o-tol)3 (1:2)

NaOAc

Toluene/DMA

1:2.5

20%

5

Pd(allyl2Cl2)/P(o-tol)3 (1:2)

Na2CO3

Toluene/DMA

1:2.5

20-25%

6

Pd(allyl2Cl2)/P(o-tol)4 (1:2)

Na2CO3

Toluene/DMA

2.5:1

trace

7

Pd(OAc)2/P(o-tol)3 (1:3)

NaOAc

DMF

1:2.5

60-75%

*Conditions: 140 ˚C, 1 h
A palladium mirror was noticed to coat the walls of the microwave vessel after some of the reactions. This
indicated that the palladium did not efficiently reassociate with the phosphine ligand (either due to
oxidation of the phosphine, or by simply not reforming the complex). This phenomenon has been
commonly reported for Heck reactions, and can be minimised using a higher ratio of the phosphine ligand
to catalyst at the beginning of the reaction.[32]
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increased to three-equivalents (with respect to the palladium content). After this modification, product
yields of 60-75% were obtained after microwave irradiation for 1 h, at 140˚C.
The Heck product was obtained as a pale yellow solid that was spectroscopically consistent with the target
compound, VBT-4Pyr (47). For example, the mass spectrum revealed the [M+H]+ ion at the expected value
of m/z 320.1. The 1H-NMR spectrum showed only two doublets at δ 7.23 and 7.53 ppm, which confirmed
the absence of the terminal olefinic protons of the vinyl group due to substitution with the 4-pridyl group in
the Heck coupling reaction. Moreover, each of the olefinic resonances possessed a coupling constant of J =
16.4 Hz which was consistent with assignment to the desired trans alkene. The imide N3H proton was also
observed at δ 11.31 ppm as a broad singlet.
6.2.2.3 VBT-4Pyr (47) photo-activity and crystal structure
Photo-activity
Single crystals of VBT-4Pyr (47) were grown by slowly cooling a boiled MeCN solution. A portion of the
resulting crystals (pale yellow needles) were collected by filtration and irradiated with 302 nm UV to test
the solid-state photo-activity of the new compound. At the end of UV irradiation (17 h), the crystals had
changed from a pale yellow to a darker yellow colour. However, comparison of the 1H-NMR spectra of
irradiated and non-irradiated VBT-4Pyr (47) samples did not reveal any changes, thereby indicating that
photo-product formation had not occurred.
Crystal structure
To ascertain the topochemical reasons for photo-stability of the sample, a crystal of VBT-4Pyr (47) was
subjected to analysis by SC-XRD on the MX1 beamline at the Australian Synchrotron. The crystal structure
obtained is shown in Figure 6.3.

Referring to the crystal structure, the main driving force for crystal

packing was NH...N hydrogen bonding between the thyminyl N3H of one molecule and the pyridyl nitrogen
of another molecule (Figure 6.3b). These N3H...N hydrogen bonds were 1.93 Å in length, and continued
throughout the lattice to produce a 1-dimensional hydrogen bonded tape that weaved along the c-axis.
The hydrogen bonded tape structures then stacked on top of one another down the b-axis to give the
overall herringbone-like structure shown in Figure 6.3a. The tightly stacked tape strands meant that
parallel VBT-4Pyr (47) molecules were separated by short distances (closest contact, 3.29 Å). As shown in
Figure 6.3b, the tight packing of parallel VBT-4Pyr (47) molecules was potentially stabilised by π-π
interactions between the olefin and benzyl ring (3.54 Å), and the olefin and pyridyl ring (3.54 Å). Despite
such close molecular packing however, the separation distance between the photo-dimerisable stilbazole
olefins was 4.96 Å due to a molecular slip the length of the NH...N hydrogen bond (Figure 6.3b). This
distance was well outside the photo-activity constraints described by Schmidt,[22] and was probably the
reason for photo-stability of the crystals.
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(a)

1.93 Å
(b)

3.54 Å

d = 4.96 Å
Figure 6.3 Crystal structure of VBT-4Pyr (47) obtained using crystals prepared from MeCN. (a) Packing diagram
shows the herringbone-like pattern formed by stacking of the hydrogen bonded tape strands, (b) Shows the
N3H...N(pyr.) hydrogen bond and the relationship between proximity related pairs of VBT-4Pyr (47).

VBT-4Pyr (47) was poorly soluble in water and many organic solvents. Generally, heating was required to
obtain clear solutions of the compound. This was probably due to the extensive intermolecular hydrogen
bonding between the imide and pyridine moieties. It was apparent from the crystal structure that these
hydrogen bonds needed to be disrupted in order to obtain a photoactive form of the crystal.
6.2.2.4 Attempts to disrupt the imide...pyridine hydrogen bond in VBT-4Pyr (47) samples
Co-crystallisation of VBT-4Pyr (47) with linear template molecules
The MacGillivray research group have described various linear organic templating approaches to synthesise
the photo-dimers of bpe (14),[33] chlorostilbazole,[34] and other derivatives thereof[35] in quantitative yields.
MacGillivray’s approach involves the co-crystallisation of template molecules such as resorcinol,[33]
catechol,[36] and 1,8-naphthalenedicarboxylic acid[37] with the pyridyl monomers (Figure 6.4). In doing so,
the template molecules form hydrogen bonds with the pyridyl nitrogens of the monomers (Figure 6.4),
which subsequently enforce suitable monomer topochemistries for later photo-dimerisation reactions. It
was postulated that the strong imide...pyridyl hydrogen bonding observed in the VBT-4Pyr crystal, could be
disrupted using a similar linear templating approach. The results of some of these experiments are shown
in Table 6.4.
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Figure 6.4 Linear templating approach for the alignment of chlorostilbazole molecules using resorcinol.[34] Catechol[36]
and 1,8-napthalenedicarboxylic acid[37] are two templates utitlised by MacGillivray and co-workers for photodimerisation.

Referring to Table 6.4, several attempts were made to prepare VBT-4Pyr cocrystals from MeCN, EtOH, and
MeOH solutions using various dihydroxybenzenes (resorcinol, catechol and hydroquinone). However, on
each occasion VBT-4Pyr (47) crystallised out of the reaction mixture as a pure compound. Co-crystals were
not obtained, presumably due to the imide...pyridine hydrogen bond being more favourable than the
desired phenolic-pyridine OH...N hydrogen bonds. When the equivalent dicarboxylic acids were used as
template molecules (Table 6.4), crystalline solids of phthalic acid/VBT-4Pyr, isophthalic acid/VBT-4Pyr and
terephthalic acid/VBT-4Pyr were obtained. However, none of the aforementioned solids were found to be
photo-active, and were therefore not studied any further. While 1H NMR was used to determine the
stoichiometry of the crystallisation products, P-XRD analysis would be required to characterise the solids as
either solid mixtures of the template and VBT-4Pyr (47), or true co-crystals.
Table 6.4 Summary of attempts to disrupt hydrogen bonding in VBT-4Pyr (47) using non-covalent interactions.

Product stoichiometry
Template

47:template

Comments

1

( H NMR)
None (neat crystal)

-

Photo-stable

Resorcinol

1:0

Photo-stable

Catechol

1:0

Photo-stable

Hydroquinone

1:0

Photo-stable

Terephthalic acid

1:4

Crystalline product obtained from EtOH, photo-stable

Phthalic acid

1:2

Crystalline product obtained from EtOH, photo-stable

Isophthalic acid

1:3

Crystalline product obtained from EtOH, photo-stable

None (dilute MeCN solution)

-

E to Z photo-isomerisation

None, (conc. aqueous solution)

-

Precipitated, photo-stable

Solution-phase irradiations of VBT-4Pyr (47)
Since photo-dimers of the VBT-4Pyr (47) isomer were not obtained from solid-state irradiations, attempts
were made to irradiate solutions of the compound, in the hope that some photo-dimers would form which
177

Chapter 6

could be isolated from the irradiated mixture by column chromatography. However, when a dilute MeCN
solution of the monomer was irradiated, only E-Z photo-isomerisation of the stilbazole olefin was detected
by 1H-NMR spectroscopy. When the experiment was repeated using a more concentrated aqueous
solution, VBT-4Pyr (47) precipitated from the solution and remained photo-stable.
6.2.2.5 Summary of results for VBT-4Pyr (47)
The next logical progression in this investigation therefore, was to chemically modify the monomer to
disrupt the imide...pyridine bond. A proposed strategy to achieve this was to synthesise the isomeric
VBT-3- or 2-pyridyl Heck products. By altering the position of the pyridyl nitrogen, it was proposed that the
imide...pyridine hydrogen bond could be destabilised.

Unfortunately, Heck reactions involving 2-

halopyridines are notorious for having low product yields, irrespective of the solvent and catalyst:ligand
ratios employed.[29, 38-42] Low yields are usually the result of a pyridyl-bridged palladium dimer (Figure 6.5)
that forms after the oxidation step, which prevents further coupling reactions.[43] Subsequently, only the
VBT-3Pyr derivative (49) was synthesised.

Figure 6.5 Pyridyl-bridged palladium dimer formed in coupling reactions that use 2-halopyridine substrates

6.2.2.6 Vinylbenzyl-thymine-3-pyridine (VBT-3Pyr, 49) photo-activity and crystal structure
Synthesis and photo-reactivity of VBT-3Pyr (49)
VBT-3Pyr (49) was synthesised by reacting VBT (48) with 3-bromopyridine (Scheme 6.6), using the
optimised microwave conditions described previously for VBT-4Pyr (47). VBT-3Pyr (49) was obtained in 55%
yield. Crystals of VBT-3Pyr (49) were grown from a hot ethanolic solution to yield a yellow crystalline solid.
The crystals were screened for photo-activity by irradiating a sample with 302 nm UV light. Again, the
crystals were photo-stable, as no changes were identified in the 1H-NMR spectrum of the irradiated sample.

Scheme 6.6 Synthesis of VBT-3Pyr (49) by the Heck reaction of vinylbenzyl-thymine (48) and 3-bromopyridine.
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VBT-3Pyr Crystal structure (49)
To explain the photo-stability of VBT-3Pyr (49), its crystal structure was determined, and is represented in
Figure 6.6. As expected, changing the position of the pyridyl nitrogen from the 4- to 3-position did
destabilise the imide...pyridine hydrogen bond. However, two new Watson and Crick style hydrogen bonds
formed instead between the N3 hydrogens and the C4 carbonyls of adjacent thyminyl moieties (i.e
N3H...O=C4; C4=O...HN3), as shown in Figure 6.6. The length of the hydrogen bonds was 1.92 Å. Compared
with VBT-4Pyr (47), the Watson and Crick style hydrogen bonds in the VBT-3Pyr (49) crystal altered the
overall crystal structure substantially. Whereas infinite strands of hydrogen bonded molecules were
observed in the VBT-4Pyr (47) structure, the VBT-3Pyr (49) structure formed discrete molecular pairs that
were stabilised by the two hydrogen bonds between the thyminyl rings. Pairs of VBT-3Pyr (49) molecules
slip-stacked on top of one another to generate layers, but again the separation of the stilbazole olefins was
too far for photo-dimerisation to occur (4.87 Å).

1.92 Å
3.77 Å
3.73 Å
d = 4.87 Å

Figure 6.6 Crystal structure of VBT-3Pyr (49) obtained using crystals from EtOH.

6.2.2.7 Vinylbenzyl-methylthymine-4-pyridine (VBMT-4Pyr, 50) and
vinylbenzyl-methylthymine-3-pyridine (VBMT-3Pyr, 51) Heck products
From the structural analyses reported thus far, it was apparent that the imide hydrogen bonding site was
problematic for the solid-state pre-organisation of the VBT-4Pyr (50) and VBT-3Pyr (51) molecules. In order
to prevent hydrogen bond formation entirely, the imide nitrogen of VBT was methylated using
iodomethane, in order to produce the vinylbenzyl-methylthymine (VBMT, 52) derivative. VBMT was then
employed as the vinylic source in subsequent Heck reactions with 4-bromopyridine and 3-bromopyridine
(as described previously).
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Scheme 6.7 Synthesis of the methylated VBMT-3Pyr (51) and VBMT-4Pyr (50)
vinylbenzyl-methyl-thymine (VBMT, 52) and a relevant bromopyridine by the Heck reaction.

derivatives

from

Crystals of each of these compounds were grown by preparing boiling solutions of the each compound in a
few millilitres of CH2Cl2. Boiling hexane (25 mL) was then added to the solution to form a milky suspension,
which was heated and stirred for a further 5 minutes before slowly cooling. On cooling, crystals suitable for
analysis by SC-XRD were isolated by filtration. The crystal structures corresponding to VBMT-3Pyr (51) and
VBMT-4Pyr (50) are shown in Figure 6.7 and Figure 6.8, respectively.
Crystal structure of VBMT-3Pyr (51)
In the VBMT-3Pyr (51) crystal structure in Figure 6.7, the main driving force for crystal packing was π-π
interactions. Molecules of 51 stacked on top of one another to produce nearly parallel molecular pairs that
were closely associated by distances of around 3.0 Å. Again, molecules of 51 slip-stacked on top of one
another to produce displaced pairs, as shown in Figure 6.7. This arrangement appeared to be stabilised by
π-π stacking interactions between the olefin...aryl (3.01 Å) and the olefin...pyridine (2.97 Å) moieties. The
slipped molecular stacking meant that the stilbazole olefins were separated by too great a distance for
them to be photo-active toward [2π+2π]-cycloaddition (d = 4.40 Å). This finding was confirmed by
irradiation of the compound and subsequent spectroscopic analysis of the sample using 1H-NMR
spectroscopy which indicated unchanged monomer (51).
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d = 4.40 Å

3.01 Å

2.97 Å

Figure 6.7 Crystal structure of VBMT-3Pyr (51) obtained using a crystal prepared from CH2Cl2/hexane.

Crystal structure of VBMT-4Pyr (50)
As shown in Figure 6.8, and in contrast with the previous structures that packed in head-to-head
arrangements, VBMT-4Pyr (50) molecules packed in a head-to-tail fashion with respect to the stilbazole
moieity. This type of packing resulted in pairing of the stilbazole groups, and protrusion of the thyminyl
rings at either end of the pair. The thyminyl rings of one stilbazole pair then associated with the protruding
thyminyl rings of the next pair through trans-anti type π-π interactions (and so on) to give the impression of
molecular columns. These ‘columns’ grew in a direction that was roughly perpendicular to the b-axis, and
packed to give the overall structure as shown in Figure 6.8.
Head-to-tail molecular pairing was apparently stabilised by the two aryl...pyridine (3.69 Å) π-π interactions
and the olefin...olefin π-π interaction occurring at the stilbazole moieties. Collectively, these three weak
interactions imposed parallel pairing of the stilbazole olefins, such that the stilbazole olefinic bonds were
separated by a distance of 3.75 Å, which was suitable for photo-dimerisation of the stilbazoles using the
[2π+2π]-cycloaddition. As stated above, the protruding thyminyl rings of the stilbazole pairs associated
with those of the next pairs, which resulted in trans-anti type pairing and thus the reactive double bonds of
the thyminyl rings were separated by a distance of 4.03 Å, also suitable for photo-dimerisation by the
[2π+2π]-cycloaddition reaction.
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2.99 Å
3.69 Å

d = 3.76 Å

d = 4.03 Å
2.99 Å

Figure 6.8 Crystal structure of VBMT-4Pyr (50) using a crystal prepared from CH2Cl2/hexane.
representation of the molecules packing into “columns” that pack to give the overall structure.

Schematic

Characterisation of VBMT-4Pyr (50) photo-products
An irradiated sample of the VBMT-4Pyr (50) crystals (302 nm, 17 h) was subjected to UV-Vis and 1H NMR
spectroscopic analyses, which revealed that photo-dimerisation occurred exclusively at the stilbazole
moiety. The UV absorption spectra of VBMT-4Pyr and the corresponding photo-product (302 nm) are
shown in Figure 6.9. The UV absorption spectrum of VBMT-4Pyr (50) shows strong absorption at 302 nm
which arises from the stilbazole portion of the molecule,[44] while the UV-Vis absorption spectrum of the
photo-product shows absorption at 266 nm (attributable to the thyminyl portion of the molecule). In the
VBMT-4Pyr (50) spectrum, absorbance by the thyminyl moiety at 266 nm is saturated by the 302 nm
stilbazole absorption. The disappearance of the 302 nm absorption band in the photo-product UV-Vis
spectrum therefore indicates that the stilbazole olefin underwent photo-reaction upon irradiation, not the
thyminyl olefin. Moreover, the 1H NMR spectrum of the photo-product of 50 revealed a multiplet at δ 4.45
ppm (in D6-DMSO) arising from cyclobutane CH protons, while the doublet signal at δ 7.03 ppm (in CDCl3)
(from the stilbazole olefin in monomer 50) was absent in the spectrum of the photo-product. There was no
evidence of cyclobutane formation at the thyminyl moiety, since the signals for non-reacted thyminyl C5CH3 and C6H could still be identified in the 1H NMR spectrum of the photo-product of 50, while the typical
upfield shifts observed for the C5-CH3 protons of thyminyl cyclobutane derivatives were absent. GPC and
MS analyses on the photo-product sample confirmed that a dimeric species was the exclusive photoproduct. Considering the crystal structure of the starting material, VBMT-4Pyr (50), the photo-product was
expected to be the head-to-tail stilbazole dimer (53). A more detailed discussion of the structure of the 53
dimer is presented later in Section 6.2.2.9 (p.186).
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Figure 6.9 Normalised UV-Vis spectra obtained for CHCl3 solutions of VBMT-4Pyr (50) and the dimeric VBMT-4Pyr
photo-product (53). Photo-chemical synthesis of the dimeric species 53 from 50.

Effects of irradiation wavelength on the photo-products of VBMT-4Pyr crystals
As previously mentioned, the crystal structure of VBMT-4Pyr (50) in Figure 6.8 revealed that both the
stilbazole olefins and thyminyl olefins were suitably aligned for photo-dimerisation by the
[2π+2π]-cycloaddition reaction. It was therefore interesting to discover that only the stilbazole moiety
underwent dimerisation to give stilbazole dimer 53, and that none of the other possible products shown in
Figure 6.10 had formed. The thyminyl cyclobutane dimer (54) shown in Figure 6.10 would be the product
of exclusive photo-reaction of the thyminyl olefins, while the polymer (55) would result from photoreaction at both the stilbazole olefins and the thyminyl olefins.
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Figure 6.10 Other possible photo-products from the irradiation of VBMT-4Pyr 50 crystals

The UV-Vis spectrum of VBMT-4Pyr (50) showed strong absorbance at 302 nm from the stilbazole moiety
(which was also the wavelength used to synthesise the 53 dimer). Thus it was proposed that the 302 nm
irradiation wavelength more specifically targeted photo-reaction at the stilbazole moiety rather than the
thyminyl moiety. In order to determine whether changing the irradiation protocol could lead to a change in
the photo-products obtained (in particular, generation of the photo-polymer, 55, or the thyminyl dimer, 54),
two further experiments were conducted. Firstly, a sample of VBMT-4Pyr (50) was irradiated with 302 nm
UV light (17 h) to obtain the corresponding head-to-tail stilbazole cyclobutane photo-dimer (53), and then
this sample was irradiated with 254 nm UV in an attempt to achieve photo-conversion at the thyminyl rings.
Unfortunately, no further photo-reactions were observed upon comparison of the 1H-NMR spectra before
and after irradiation with 254 nm UV light. In a separate experiment, a fresh sample of crystalline VBMT4Pyr (50) was directly irradiated with 254 nm UV. Again, only photo-dimerisation of the stilbazole olefins
was observed (although it was incomplete after 17 h). From these two results, it did not appear that the
photo-stability of the thyminyl olefin could be attributed to the irradiation wavelength utilised for the
[2π+2π]-cycloaddition reaction. Instead, a number of structural factors were considered in order to explain
the photo-stability of the thyminyl olefins in samples of 50 and 53.
Firstly, it was possible that photo-reaction of the stilbazole olefins caused disruption of the “ideal” thyminyl
ring packing observed in the VBMT-4Pyr (50) crystal structure, such that the thyminyl moieties no longer
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adopted suitable conformations for the [2π+2π]-cycloaddition reaction to occur at the thyminyl olefins.
Only direct re-analysis of the irradiated VBMT-4Pyr (50) crystals by SC-XRD would provide definitive
structural evidence for photo-induced changes to the thyminyl ring packing arrangement and this was not
possible as the 50 crystals fractured during the photo-reactions. It should also be noted that for exclusive
formation of the 53 stilbazole photo-dimers to occur during irradiation (rather than a mixture of thyminyl
dimer 54 and stilbazole dimer 53), it is necessary that the stilbazole olefins react preferentially. Referring
to the crystal structure in Figure 6.8, the stilbazole olefins are separated by a shorter distance than the
thyminyl olefins (3.76 Å versus 4.04 Å, respectively), which may help account for the observed photostability of the thyminyl olefins. Another possible reason for the photo-stability could be associated with
the crowded packing around the thyminyl rings. As observed in the crystal structure of 50 in Figure 6.8, the
pyridyl nitrogen atoms are in close proximity with the thyminyl ring centroids (2.99 Å) and the two rings
produce an edge-to-face arrangement. Meanwhile, the thyminyl rings also form π-π stabilised trans-anti
(TA)-type pairs. For the thyminyl olefins to undergo a [2π+2π]-cycloaddition reaction, the thyminyl rings
would need to rotate slightly in order to achieve an overlap between the π-orbitals of the olefins. This type
of motion, however, could potentially be blocked by the pyridyl rings that are positioned in close proximity
behind each thyminyl ring (Figure 6.8).
6.2.2.8 Summary of the observed molecular interactions in crystal structures of the Heck
products
The main interactions observed in the crystal structures of the Heck products (47, 49, 50, 51) are shown in
Table 6.5. To summarise, the crystal structures of the VBT-based Heck compounds (47 and 49) both
showed the presence of an intermolecular hydrogen bond interaction which occurred at the free imide
N3H, and contributed to the slipped stacking of the stilbazole portions of the molecules. When the imide
was methylated (i.e. Heck products 50 and 51) the hydrogen bonding site was eliminated, and closer
packing of the stilbazole olefins occurred. Only the VBMT-4Pyr compound (50) was photo-reactive.
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Table 6.5 Summary of the observed interactions in neat crystals of the Heck products

VBT-4Pyr

VBT-3Pyr

VBMT-4Pyr

VBMT-3Pyr

47

49

50

51

H-bond

imide...pyr

imide...imide

-

-

π-π

aryl...olefin

aryl...olefin

aryl...pyr

aryl...olefin

olefin...pyr

olefin...pyr

thy...thy

olefin...pyr

C=C sep. (Å)

4.96

4.87

3.76

4.40

Photo-active?

No

No

Yes

No

Interaction

6.2.2.9 Crystal structure of VBMT-4Pyr photo-dimer 53
While it was not possible to directly analyse the “as-irradiated” 53 dimer sample by SC-XRD, the crystal
structure of 53 was eventually obtained by SC-XRD analysis of a recrystallised sample of the compound. As
shown in Figure 6.11, the crystal structure obtained for stilbazole dimer 53 supports the previous
spectroscopic identification of the photo-product as the head-to-tail stilbazole cyclobutane. For clarity, a
schematic showing the configuration of substitutents around the cyclobutane is included in Figure 6.12.
In the crystal structure, molecules of 53 pack into rows along the c-axis. The rows are potentially stabilised
by trans-anti (TA)-type thymine-thymine π-π stacking interactions (Figure 6.11a). The rows then stack in a
direction perpendicular to the a-axis to give the extended structure shown in Figure 6.11b.

Close

pyridine-thymine π-π stacking interactions appear to further stabilise the stacked structure (3.72 Å, see
Figure 6.11c,d). Interestingly the crystal structure of the 53 cyclobutane compound shows that the
distance between the olefins of proximity-related thyminyl units is only 3.57 Å, yet irradiation of the
recrystallised 53 sample (302 nm) did not afford any new photo-products. Photo-stability of the thyminyl
olefins was again attributed to crowded packing around the thyminyl rings (Figure 6.11d). For the thyminyl
olefins to undergo a [2π+2π]-cycloaddition reaction, the thyminyl rings would need to rotate slightly in
order for the π-orbitals of the olefins to interact. In the 53 structure, this type of motion would probably be
inhibited by the thymine-pyridine sandwiches.
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d = 3.57 Å

(a)

(b)
Pyridine-thymine
π-π stacking

(c)

(d)

Thymine-thymine
π-π stacking (TA)

d = 3.57 Å

3.72 Å

Figure 6.11 Crystal structure of VBMT-4Pyr stilbazole dimer (53). (a) Thyminyl alignment in a row of 53 molecules.
(b) Packing diagram showing a stack of rows of 53 molecules. (c) View down the c-axis and down the rows of 53
molecules. Thymine-thymine π-π stacking stabilises the rows of 53 molecules, while stacking of the rows is stabilised
by thymine-pyridine π-π interactions. (d) A closer view of the thymine-thymine and thymine-pyridine pairs.

Figure 6.12 Configuration of the cyclobutane substituents in the head-to-tail VBMT-4Pyr dimer (53), as determined
from the crystal structure.

6.2.2.10 Attempt to form a coordination polymer with the VBMT-4Pyr dimer (53) and proposed
future research directions
The second aspect of this research was to use the bis-thyminyl bis-pyridyl cyclobutane compound, 53, to
form a coordination polymer. Numerous attempts were made to form a coordination polymer using the
VBMT-4Pyr dimer (53) and metal salts including AgNO3, C2AgF3O2, Mn(ClO4)2.H2O, Fe(ClO4)2.H2O,
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Co(ClO4)2.6H2O, Ni(ClO4)2.6H2O, Zn(ClO4)2.6H2O, Cu(NO3)2.3H2O, Ni(NO3)2.6H2O, CoCl2 and CuCl2, etc.
Unfortunately, none of the reactions gave crystalline products, and only films or amorphous precipitates
were generated (details in Table 7.3 in Chapter 7, p. 243). The X-ray crystal structure of dimer 53 in Figure
6.11 indicated that the compound adopted an anti head-to-tail conformation in which the nitrogen atoms
of the pyridyl rings were covered by the C5-CH3 thyminyl moieties (Figure 6.11a). It was proposed that this
feature could sterically prevent metal ions from effectively forming coordination bonds with the pyridyl
nitrogen atoms. Nevertheless it was expected that coordination polymers could be more readily formed if
the corresponding head-to-head VBMT-4Pyr dimer (56, Figure 6.13) was used, since in this case the steric
effects exerted by the thyminyl C5-CH3 groups would be diminished.

Figure 6.13 Structure of the head-to-head monomers that should be targeted in future experiments

The above hypothesis triggered a year-long investigation by an undergraduate student, Miss Yuki Nishikami,
who focussed on the synthesis of a head-to-head VBMT-4Pyr cyclobutane dimer (56) for utilisation in
coordination polymerisations. Unfortunately, all attempts to obtain the head-to-head dimer 56 by linear
templating of the stilbazole moieties were unsuccessful using similar procedures to those which were
described in Section 6.2.2.4, and an alternate synthetic strategy was instead proposed (Scheme 6.8). Miss
Nishikami anticipated that cyclobutane monomers 46, 56 and 62 could be synthesized using: the templatecontrolled photodimerization of 4-(4-methyl)stilbazole 60, followed by bromination of the head-to-head
dimer to give 61, and then subsequent thymine modification to afford the target monomers (46, 56, 62)
(Scheme 6.8). While further investigation of this pathway is required, Miss Nishikami successfully utilised
the Heck reaction between 4-bromotoluene (57) and 4-vinylpyridine (using Pd(OAc)2/P(o-tol)3 as the
catalyst/ligand system and NEt3 as the base), to afford methyl stilbazole 59 in good yield (83%).
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Scheme 6.8 Alternative synthetic route proposed by Miss Yuki Nishikimi for the synthesis of the head-to-head VBMT4Pyr dimer (56) and other thymine modified stilbazole cylobutanes (61)

The inability to form the head-to-head dimers of VBT-Pyr and VBMT-Pyr derivatives by direct linear
templating of 47 and 49-51 with aromatic dihydroxy compounds, is proposed to be due to interference
from the thyminyl carbonyl groups. It is suggested that the thyminyl carbonyl groups could also interact
with the template molecule and act as hydrogen bond acceptors, hence disrupting the formation of the
desired hydrogen bonds between hydroxyl groups of template molecules and the nitrogen atoms of the
pyridyl groups.

In order to avoid such complications from the thyminyl carbonyl groups in future

templating experiments and to also avoid long multi-step syntheses (Scheme 6.8), it would be beneficial to
examine the application of alternative templating molecules which specifically target alignment of the
thyminyl moieties rather than the stilbazole moieties. The core structure of one potential thymine-specific
template (63) is shown in Figure 6.14. In this template structure (63), the amide hydrogen atoms of the
pyridine substituent could each hydrogen bond to the oxygen atoms of the C2 and C4 carbonyl moieties of
a thyminyl derivative, while the pyridyl nitrogen of the template could act as a hydrogen-bond acceptor for
the imide N3H of an N1-thyminyl derivative. Of course the structure of the R1-R3 groups in the template
molecule (63) would need to be modified in order to optimise the topochemistry of the thyminyl reactant
molecules. Importantly, however, utilising a thymine-specific template system may make it possible to
expand the library of thyminyl cyclobutane derivatives in the future.
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Figure 6.14 The proposed core structure of a thymine-specific template molecule (63)

6.3 Conclusions
A dipyridyl thyminyl derivative (45) was synthesised and successfully utilised as a ligand for the construction
of coordination polymers. A 1-D coordination polymer was produced from the reaction of 45 with AgNO3,
which primarily demonstrated that coordination polymerisation using a bipyridyl thyminyl derivative was
possible. Although the crystal structure of the Ag-based material showed that the thyminyl olefins were
closely packed, irradiation of the crystals afforded only small amounts of cyclobutane (<15%). Moreover,
the formation of cyclobutanes from the mono-thymine derivative could only lead to crosslinking of the
coordination polymer chains, whereas the objective of this thesis was to obtain photo-reversibly
polymerisable linear polymer systems. As such, a dipyridyl dithyminyl monomer structure was instead
targeted.
To synthesise the revised target compound, four mono-thyminyl, mono-pyridyl compounds were
synthesised using the Heck reaction and were each examined crystallographically. The crystal structures of
the VBT-based Heck compounds 47 and 49, each possessed a free imide N3H which underwent
intermolecular hydrogen bonding interactions and contributed to the slipped stacking of the stilbazole
portions of the molecules leading to large olefinic separation distances (4.99 and 4.87 Å, respectively).
When the imide was methylated (Heck products 50 and 51) this hydrogen bonding site was eliminated,
which facilitated closer packing of the stilbazole olefins (3.76 and 4.40 Å, respectively).
Only crystals of the VBMT-4Pyr (50) derivative underwent [2+2]-cycloaddition to give a cyclobutane dimer
(53). 1H NMR and UV-Vis spectroscopic analyses were used to classify the photo-product as the head-to-tail
stilbazole cyclobutane dimer (53). A number of structural factors were considered in order to explain the
photo-stability of the thyminyl olefins in the VBMT-4Pyr (50) and VBMT-4Pyr dimer (53) crystal structures.
A crystalline coordination polymer was not obtained from the bis-thyminyl, bis-pyridyl stilbazole
cyclobutane ligand (53). It was proposed that this could be due to the thyminyl C5 methyl group blocking
the access of metal ions to the pyridyl nitrogen. To reduce the potentially disruptive steric factors that may
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inhibit the construction of a coordination polymer using 53, it was proposed that future work should focus
on obtaining the head-to-head stilbazole dimer (46 or 56) or the thyminyl dimer (54). It may be possible to
form the latter if new thymine-specific templating molecules are utilised, such as a compound derived from
template 63.
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7
7.

Experimental Section

Experimental

7.1 General

7.1.1

Solvents and reagents

Common laboratory reagents and compounds were purchased from Sigma-Aldrich, Castle Hill, NSW,
Australia. Solvents were purchased from Merck, Kilsyth, Victoria, Australia.

7.1.2

Microwave syntheses

Microwave syntheses were carried out using a CEM-Discover instrument in either 10 mL or 35 mL vials. A
dynamic method was used in which the maximum pressure and power settings were 300 psi and 300 W,
respectively. All reaction mixtures were pre-stirred for 10 seconds prior to irradiation. The reactions were
conducted at temperatures and times as shown in the relevant Tables or described in the text of this thesis.

7.1.3

Separation

Analytical thin layer chromatography (TLC) was performed on Merck aluminum sheets coated with silica gel
60 F254. The components were visualised by fluorescence under 254 or 302 nm ultraviolet light. Column
chromatography was performed using Merck silica gel 60, 0.040-0.063 mm, (230 -400 mesh). Eluent
mixtures are expressed as volume percentages using solvents described in Section 7.16.

7.1.4

Physical measurements for characterisation

Melting points were determined using a Buchi B-545 melting point apparatus with a digital thermometer.
Quoted melting points are uncorrected.
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Infrared spectra were recorded on one of three instruments. A Perkin Elmer 1600 series Fourier Transform
infrared spectrometer was utilised for the analysis of solid samples as KBr disks, while ATR spectra were
collected using diamond as the background reference with either a Bruker Equinox 55 (denoted ATR in

text) or an Agilent Cary 630 (denoted ATR2 in text) instrument. The infrared data were recorded in
wavenumbers (cm-1) with the intensity of the absorption (νmax) specified as either strong (s), medium (m),
weak (w) and prefixed broad (b) where appropriate.
Proton Nuclear Magnetic Resonance (1H NMR) spectra were recorded at 300 MHz on a Bruker DPX-300
spectrometer or at 400 MHz with a Bruker DPX-400 spectrometer. The NMR spectra refer to solutions in
deuterated base-washed (Na2CO3) chloroform (CDCl3) or deutrated dimethyl sulfoxide (DMSO), where the
solvent signals were used as internal standards. Resonance peaks were assigned according to the following
convention: chemical shift measured in part per million (ppm) relative to the solvent, multiplicity, coupling
constants (J Hz), number of protons, and assignments. Multiplicities are denoted as s (singlet), d (doublet),
dd (doublet of doublets), t (triplet), dt (doublet of triplets), td (triplet of doublets), q (quartet) or m
(multiplet).
Carbon Nuclear Magnetic Resonance (13C NMR) spectra were recorded at 75 MHz on a Bruker DPX-300
spectrometer or at 100 MHz on a Bruker DPX-400 spectrometer or 150 MHz on a Bruker DPX-600
spectrometer, and the spectra refer to solutions in deuterated solvents as indicated. Each resonance was
assigned according to the following convention: chemical shift (δ) in ppm, measured relative to the solvent
peak and assignment. Where necessary, assignments were determined from J-modulated (JMOD) Spin
Echo experiments for X-nuclei coupled to 1H in order to determine the number of attached protons.
Low resolution electrospray ionisation mass spectra (ESI) were recorded on a Micromass platform II API
QMS Electrospray mass spectrometer with cone voltage 10 V, 25 V or 35 V as solutions in MeOH or CH2Cl2
containing formic acid and ammonium formate. Analyses were conducted in positive (ESI+) mode and
negative mode (ESI-). Principle ion peaks (m/z) are reported, while M denotes the molecular ion. If relevant,
principle ion peaks are reported with their intensities expressed as percentages of the base peak in
brackets. High resolution electrospray mass spectra (HRMS) were recorded on a Bruker BioApex 47e
Fourier Transform mass spectrometer as specified solutions.
Microanalyses were performed by The Campbell Microanalytical Laboratory, Department of Chemistry,
University of Otago, Dunedin, New Zealand.
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7.2 X-Ray diffraction (XRD)

7.2.1

Single crystals (SC-XRD)

A single crystal of the thyminyl propanamide derivative, 22, was coated in viscous oil and mounted on a
glass fibre. Data (2θmax 50–55°) were collected at 173(2) K using an Enraf Nonius KAPPA CCD and MoKα (λ
0.71073 Å) radiation. After integration and scaling, datasets were merged (Rint as quoted). Data were
corrected for absorption using SORTAV.[1]
All other structural analyses were performed on the MX1 micro-crystallography beam-line at the Australian
Synchrotron, Clayton, Victoria.

The end station comprised a ϕ goniostat with a Quantum 210r area

detector. Data were collected using the Blue Ice GUI[2] and processed using the XDS software.[3] Due to
hardware constraints (fixed detector angle, minimum detector distance) the maximum obtainable
resolution at the detector edge was approximately 0.81Å.
The structures were solved and refined using the programs SHELXS-97[4] and SHELXL-97,[5] respectively. The
program X-Seed[6] was used as an interface to the SHELX programs, and for preparation of the figures.
Plausible positions of hydrogen atoms in water molecules, amides, and carboxylic groups were located in
the difference Fourier map. All other hydrogen atoms were placed in calculated positions using a standard
riding model.

7.2.2

Powder (P-XRD)

The powder X-ray diffraction data were collected using a Bruker D8 Focus powder diffractometer with CuKα
radiation (1.5418 Å) at 40 kV and 30 mA. The powdered crystalline samples were analysed between 2θ
angles of 5˚- 60˚, and the samples were scanned at a rate of 1 deg.min-1 (step size 2θ = 0.02°).

7.3 UV Light sources

7.3.1

302 nm

Irradiations were performed using a CL1000M UV-crosslinker lamp (Ultraviolet Products) that provided
polychromatic light centred at 302 nm.

7.3.2

254 nm, <250 nm, <240 nm

Irradiations were performed using a CL1000S UV-crosslinker lamp (Ultraviolet Products) that provided
polychromatic light centred at 254 nm. The lamp, when coupled with a 250 nm shortpass optical filter
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(Asahi Spectra Co.), provided polychromatic light <250 nm. Use of a second 230 nm optical filter (eSource
Optics, 50230FBB) provided UV <240 nm. Due to the use of these filters, precise energy doses for the
depolymerisation reactions are unknown. Use of the optical filters resulted in illumination of an area of
only 5 cm2.

7.3.3

220 nm (monochromatic)

Monochromatic UV irradiation was obtained using the light source of a Hitachi U1800 spectrophotometer
set to 220 nm. In this case, the samples were irradiated within the analysis chamber of the instrument.

7.4 Thin-film photo-reactivity studies

7.4.1

Thin-film preparation

Thin films of the n-alkyl-linked bis-thyminyl acetates (15a-15h) were prepared on quartz substrates (1 cm2)
from dilute anhydrous DMF solutions (3.24 x 10-2 M). Films including the PVP template polymer (MW =
44,000) were prepared from mixed anhydrous DMF solutions containing monomer (3.24 x 10-2 M) and PVP
(1.65 x 10-7 M). All films were prepared at elevated temperature (80°C) and above a desiccant to avoid
water adsorption on the film surface. A small volume of the monomer solution (70 μL) was placed on the
quartz substrate, and the liquid film was rolled with a No.12 Production Rod (RDS Webster NY) to achieve
an even deposit across the substrate. DMF was evaporated at 80°C over several hours. Profilometry
measurements (on service samples) showed that film thicknesses were in the range of 240-250 nm, which
corresponded to UV absorbance values ranging between 0.95 - 1.20 AU at 268 nm.

7.4.2

Photo-reactions in thin-films

The films were irradiated using 302 nm UV light to achieve a total irradiation dose of 60 J.cm-2 over 141 min.
Cycloreversions were performed by irradiation of films or solutions using a CL1000S UV-crosslinker lamp
(Ultraviolet Products) coupled with a 250 nm shortpass optical filter (Asahi Spectra Co.) that provided
polychromatic light <250 nm. Cycloreversion was continued over a period of 4 h. All photo-reactions were
monitored by ultraviolet-visible spectrometry (UV-VIS).

7.5 Cyclo-reversion and photo-depolymerisation (<240 nm)
Depolymerisations and cycloreversions were performed by irradiation using a CL1000S UV-crosslinker lamp
(Ultraviolet Products), coupled with two optical filters. A 250 nm shortpass optical filter (Asahi Spectra Co.)
provided polychromatic light <250 nm, while the second 230 nm optical filter provided UV <240 nm
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(eSource Optics, 50230FBB). Due to the use of these filters, precise energy doses for the depolymerisation
reactions are unknown.

7.5.1

Solid-state

Polymer films or crystalline samples (spread in a thin layer in a crystallizing dish) were irradiated directly.
Corresponding irradiation times are stated.

7.5.2

Solution-phase

Suspensions of the solid polymer samples in MeCN (1 mg.mL-1) were prepared in a sealable quartz cuvette
(dim. l x w x h: 1 cm x 1cm x 5 cm or 1cm x 5 cm, x 5 cm). Corresponding irradiation times are stated.

7.6 UV-Visible Spectroscopy (UV-Vis)
UV-Vis spectra were recorded on a Hitachi U1800 spectrophotometer over a wavelength range of 1100-220
nm. Samples were measured either as a solutions in sealable quartz cuvettes (l = 1 cm), or as thin-films on
1 cm2 quartz plates.

7.7 Gel Permeation Chromatography (GPC)
The molecular weight of irradiated samples was determined by gel permeation chromatography performed
on a Tosoh Ecosec HLC-8320GPC equipped with both refractive index (RI) and ultraviolet (UV) detectors
(UV-detection, λ = 280 nm) using Tosoh alpha 4000 and 2000 columns. DMF containing 10 mM LiBr was
used as the solvent (unless otherwise stated).

Calibration curves were obtained using polystyrene

standards ranging between Mn 500 - 2.89 x 106 g.mol-1.

7.8 Computational Details

7.8.1

Monomer and cyclobutane dimer geometry optimisations

Standard methods of the orbital approximation were used within GAUSSIAN 09.[7] All six thyminyl
derivatives (thyminyl methyl acetate 18, thyminyl methyl propanoate 20, thyminyl acetic acid 17, thyminyl
propanoic acid 21, thyminyl acetamide 19 and thyminyl propanamide 22) were considered. The geometry
optimisations of the ground state of these thyminyl monomers and their cyclobutane dimers (CA, CS, TS
and TA) were performed at the B3LYP/6-31G(d) level of theory.[8-11] Improved electronic energies were
obtained at the MP2 level of theory[12] in conjunction with the cc-pVTZ basis set.[13] The geometries of the
monomers were conformationally screened to ensure the lowest energy structures.
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7.8.2

Transition states

Standard transition state theory[14] was used to locate transition states following the concerted mechanism
of [2π+2π] cycloaddition at the B3LYP/6-31G(d) level of theory for four thyminyl derivatives: thyminyl
methyl acetate 18, thyminyl methyl propanoate 20, thyminyl propanoic acid 21 and thyminyl propanamide
22. The monomers in their lowest energy structures were taken for the transition state search. Four
possible configurations of the transition state such as trans-syn (TS), trans-anti (TA), cis-syn (CS) and cis-anti
(CA) for each monomer were considered. Improved reaction barriers were calculated at the MP2/cc-pVTZ
level of theory by Dr Ekaterina Izgorodina. The calculated reaction barriers were also corrected for zeropoint vibration energy from B3LYP.

7.8.3

Binding energies

The dimers in this work were defined as two monomers non-covalently interacting through either π-π
stacking or hydrogen bonding. The binding energies of dimers were calculated as the difference between
the energy of the dimer and those of two monomers. All binding energies were corrected for zero-point
vibration energy taken out of the B3LYP frequency calculations. Due to the similar size of the thyminyl
derivatives studied the basis set superposition error (BSSE) was assumed to equally affect the binding
energies of the dimers and therefore, time-consuming BSSE calculations were excluded from this study.

7.9 Acid number determination

7.9.1

Preparation and standardisation of 0.1 M methanolic KOH solution

KOH (5.61 g, 100 mmol) was dissolved in methanol (1 L, ~0.1 M). Potassium hydrogen phthalate (KHP) was
dried at 80°C (2 h) before use. The following standardisation was conducted in triplicate: KHP (approx.
0.18 g) was accurately weighed and dissolved in CO2-free H2O (80 mL). Phenolphthalein indicator solution
(2 drops) was added, and the resulting solution was titrated against the prepared KOH solution. The
concentration of the prepared KOH solution was determined using Equation 7.1.

> ? 6 @ AB, =

A,C, g

g
204.23 *mole
5

@ 66

L

Equation 7.1 Molarity of KOH
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7.9.2

Acid Value Determination of Samples

The following was conducted in triplicate: Sample (approx. 0.1 g) was accurately weighed and dissolved in
DMF (10 mL). The solution was titrated against the standardized methanolic KOH solution (0.1 M) until the
colourimetric end point. A blank without polymer was also prepared and anlysed by this method. Acid
values were calculated for the polymer according to Equation 7.2.
O AB,
L M ?5 N
*O P 

Q=

AB,, M ∗ 66

mg
g
. L ∗ 1000 *g ∗ 56.1 *mol
P  , g

Equation 7.2 Acid value determination

7.10 Matrix-assisted laser desporption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS)

7.10.1 Serial precipitation of polymer 40
Polymer 40 (1-2 g) was dissolved in CHCl3 (15 mL). The highest molecular weight portion of the sample was
precipitated upon addition of hexane (5 mL), and the suspension was centrifuged (10 min) to give a pellet
of polymer 40. The supernatant was collected and diluted with another aliquot of hexane (5 mL) in order to
precipitate the next molecular weight fraction, and so on. The obtained polymer pellets from each
centrifugation step were washed and then dried under vacuum at ambient temperature (24 h) to give the
purified polymer samples.

The average polymer molecular weight and sample polydispersity were

determined using GPC.

7.10.2 Sample preparation
The purified polymer samples were dissolved in CHCl3 (40) or CHCl3/TFA (42) at a concentration of 1 mg.mL1

. A stock solution of the matrix was prepared by dissolving DCTB (10 mg) in 1 mL CHCl3. The polymer and

matrix solutions were combined in the ratio of 10 µL to 10 µL, respectively. A 0.5 µL aliquot of the mixture
was then applied to the stainless steel sample plate and air-dried at ambient temperature (20˚C).

7.10.3 Measurements
MALDI-TOF MS measurements were performed on a Bruker AutoflexIII MALDI-TOF mass spectrometer.
Measurements were performed in positive ion linear mode at an acceleration voltage of 19 kV. Suitable
values for laser power, gain and laser shots were determined for each sample set as below in Table 7.1.
Table 7.1 MALDI-TOF MS Analyte details and measurement parameters for the purified polymer samples (40 and
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Polymer sample

GPC Mn, Mw/Mn

Laser power (%)

Gain

Laser shots

40

Mn 3.2x10 , Mw/Mn 1.1

3

30%

x10

2,000

40

Mn 4.7x10 , Mw/Mn 1.1

3

40%

x10

3,000

3

50%

x20

4,000

50%

x20

11,000

50%

x20

11,000

40

Mn 7.0x10 , Mw/Mn 1.1

40

Mn 1.6x10 , Mw/Mn 1.4*

42

4

4

NMR Mn 2.0x10

*Further fractionation by GPC (100% DMF mobile phase) and subsequent MALDI-TOF analysis did not improve
the quality of the MALDI-TOF spectrum

7.11 Differential Scanning Calorimetry (DSC)
Analyses were conducted on a TA-Q100 DSC, using samples (1-10 mg) that were encapsulated in
lightweight aluminium pans (13 mg). The module was calibrated with the indium/zinc total method.

7.11.1 Initial screening
For initial thermal screening experiments, the samples were heated from 25 to 320˚C (at a rate of 10˚C.min1

). The positions of thermal transitions were noted, so that their reversibility could be examined in

susbsequent analyses.

7.11.2 Reversibility of thermal transitions
For reversibility studies, a sample was heated until the first endothermic deviation was completed (position
determined from previous initial screening study). Upon completion of the transition, the sample was
cooled to 25˚C at a rate of 10˚C.min-1. If the reverse process was observed on cooling, it was deemed
reversible. This procedure was followed with fresh samples for each subsequent deviation observed in the
screening run. Investigation of the samples in this manner meant that reversible processes could be
identified, and irreversible processes (possibly due to degradation/decomposition) could be examined
further.

7.12 Thermogravimetric Analysis (TGA)
Thermogravimetric analyses were performed using one of two instruments:
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7.12.1 Perkin Elmer TGA7 thermogravimetric analyser
Perkin Elmer TGA7 thermogravimetric analyser equipped with TAC 7/DX thermal analysis controller to
measure weight changes in sample materials as a function of temperature. The TGA curves were recorded
on Pyris software. The weight of the platinum sample pan was calibrated before each sample analysis. All
tests were performed at a constant heating rate of 40˚C.min-1 under argon (flow rate: 20 mL.min-1) over a
temperature range from room temperature to 600˚C (temperature accuracy: 1-2˚C), using an open sample
pan configuration.

7.12.2 Mettler Toledo TGA/DSC 1 thermogravimetric analyser
A Mettler Toledo TGA/DSC 1 thermogravimetric analyser and StarE software, were used measure the
weight changes in the materials as a function of temperature. Samples of the materials (1-5 mg) were
accurately weighed into aluminium pans that were then sealed and pierced. All of the analyses were
performed over a temperature range of 35˚C-500˚C (heating rate: 10˚C.min-1) in N2 (flow rate: 20 mL.min-1).
A ‘blank’ analysis was also performed under identical conditions using an empty (sealed and pierced)
aluminium sample pan. In order to eliminate the signals generated by the aluminium pan, the the ‘blank’
signals were subtracted from the sample signals.

7.13 Dynamic Mechanical Thermal Analysis (DMTA)

7.13.1 Formation of polymer film
Films of polymer 40 were prepared by solvent casting from a solution of polymer 40 in CH2Cl2 (0.67 g in 10
mL). The solvent was slowly evaporated at room temperature in a desicator to minimise water adsorption
and obtain a transparent film. Films prepared by this method ranged between 100-150 μm thick.

7.13.2 Measurement
Measurements were performed on a Rheometrics Mark IV DMTA instrument, operated in tensile-mode at
1 Hz by Mr Nan Bai. A strip of polymer 40 film (100 µm thick), measuring 10.00 x 10.02 mm was heated
from 20-120˚C, at a rate of 3˚C.min-1. Sample displacement gave the storage modulus (E’), the loss modulus
(E”) and tan δ (E”/E’). The peak in the tan δ curve was taken as the glass transition temperature.

7.14 Polarised optical microscopy (POM)
Time resolved in-situ polarised optical microscopy (POM) experiments were performed using a Nikon 80i
microscope in transmission mode. The microscope was equipped with a Linkam CSS450 shear cell and a
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Nikon DS-Fi1 CCD camera. Experiments were performed using a small amount of the crystalline or solventcast polymer, which was placed on a microscope slide beneath a cover slip. The sample was then heated
from room temperature to 310°C at a rate of 5°C.min-1 using the Linkam cell. A magnification of either 10×
or 50x was used to observe the texture of the material, and images were captured at 1 min intervals.

7.15 Thermal depolymerisation experiments

7.15.1 380˚C (using DSC)
Samples were heated from 25˚C to 320˚C in the DSC (see Section 7.11, p. 201). The cooled samples were
recovered from the aluminium sample pans and subjected to 1H NMR analysis.

7.15.2 140˚C (0-24 h)
Three 650 mg samples of the polymer (40) were heated to 140˚C (24 h). One sample was heated as a solid
in an open round bottom flask, one sample was heated as a solid under a constant stream of nitrogen, and
the other sample was heated as a solution in anhydrous DMF (20 mL), under a constant stream of nitrogen.
For the polymer heated in DMF, an aliquot of the solution (2 mL) was periodically taken throughout the
heating period. In these cases, the solvent was removed by rotary evaporator prior to analysis of the
sample by GPC and/or 1H NMR. Solid samples taken periodically throughout the heating experiment were
directly analysed by NMR and/or GPC.

7.15.3 25-140˚C (4 h)
Six sets of triplicate polymer samples (40 or 42) were weighed (10 mg) into individual glass vials (dim. 50 x
12 mm). One set of triplicate samples was stored at 25˚C (4 h), while the remaining sets of triplicate
samples were heated on one of five hotplates at 46, 66, 90, 125 or 137˚C (4 h). The precise temperature of
the sample was measured by thermometer. After cooling to room temperature, the samples were directly
analysed by GPC.
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7.16 Chemical synthesis

7.16.1 Synthesis of various N1-thyminyl derivatives
7.16.1.1 2-(5-Methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetic acid (17)

(17)
Thyminyl acetic acid (17) was synthesised according to a reported method.[15] Thymine 5 (37.8 g, 0.30 mol)
was dissolved in aqueous KOH (64.5 g, 1.15 mol in 200 mL) at 40°C. An aqueous bromoacetic acid solution
(62.5 g, 0.45 mol in 100 mL) was added drop-wise, and the mixture was stirred for 20 h at 40°C. The pH
was adjusted to pH 5.5 with concentrated HCl, and the solution was cooled (2°C, 2 h). Unreacted thymine
(5) was collected by filtration. The filtrate was adjusted to pH 2.0 with concentrated HCl and cooled (2°C,
overnight). The crystalline product was collected by filtration and dried at reduced pressure for 2 d.
Characterisation: Yield 52.0 g (94%). Mp. 270.3-271.9°C (lit.[16] 272-274°C). MS (ESI)+: Calcd for C7H8N2O4:
184.1; Found: 185.1 (M+H)+. 1H NMR (400 MHz, D6-DMSO): δH 1.75 (d, J = 0.9 Hz, 3H, C5-CH3), 4.36 (s, 2H,
N1-CH2), 7.49 (d, J = 0.9 Hz, 1H, H6), 11.32 (s, 1H, NH), 13.0 (br. s, 1H, COOH).

13

C NMR (100 MHz, D6-

DMSO): δC 12.63 (C5-CH3), 49.24 (N1-CH2), 100.11 (C5), 142.63 (C6), 151.78 (C2), 165.15 (C4), 170.40
(COOH). Selected IR bands (KBr, cm-1): 3172 bw, 3072 w, 2954 s, 2922 s, 2854 s, 1738 m, 1706 m, 1652 m,
1634 m, 1462 m, 1418 m, 1378 m, 1358 m, 1260 m, 1204 m. The NMR spectral data were consistent with
literature data.
Crystal structure: A crystal structure has already been reported for this compound.[17]
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7.16.1.2 Methyl 2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate (18)

(18)
Thyminyl acetic acid 17 (2.5 g, 13.6 mmol) was suspended in MeOH (100 mL) and conc. H2SO4 (500 µL, 9.4
mmol), and the mixture was heated at reflux for 1 h to give a clear solution. The reaction mixture was
cooled to ambient temperature and quenched with saturated NaHCO3 (150 mL) before thrice extracting
with EtOAc (3 x 100 mL). The EtOAc layers were washed with brine and dried over MgSO4. Evaporation of
EtOAc from the filtrate yielded 18 as a white crystalline solid.

Single crystals were obtained by

recrystallisation of the solids from hot EtOH. The NMR spectral data were consistent with literature data.
Characterisation: Yield 1.63 g (58%). Mp. 189.8-191.4°C (lit.[18] 189-190°C). MS (ESI)+: Calcd for C8H10N2O3:
198.1; Found: 199.1 (M+H)+, 221.1 (M+Na)+.

1

H NMR (400 MHz, D6-DMSO): δH 1.76 (d, J = 1.2 Hz, 3H,

C5-CH3), 3.69 (s, 3H, OCH3), 4.48 (s, 2H, N1-CH2), 7.49 (d, J = 1.2 Hz, 1H, H6), 11.38 (s, 1H, NH). 13C NMR (100
MHz, D6-DMSO): δC 11.88 (C5-CH3), 48.35 (N1-CH2), 52.27 (OCH3), 108.62 (C5), 141.83 (C6), 150.95 (C2),
164.33 (C4), 168.74 (ester C=O). Selected IR bands (KBr, cm-1): 3432 bm, 3178 m, 3104 w, 3048 m, 2960 w,
2824 w, 1738 s, 1696 s, 1652 m, 1466 m, 1442 w, 1418 w, 1378 m, 1354 m, 1236 s.
Crystal data (CCDC 888370): C8H10N2O4, M = 198.18, Colourless Needle, 0.30 × 0.01 × 0.01 mm3, monoclinic,
space group P21/n (No. 14), a = 5.0700(10), b = 22.070(4), c = 8.3100(17) Å, β = 100.85(3)°, V = 913.2(3) Å3,
Z = 4, Dc = 1.441 g/cm3, F000 = 416, goniostat with quantum 210r detector, synchrotron radiation, λ =
0.71068 Å, T = 100(2)K, 2θmax = 50.0°, 5903 reflections collected, 1526 unique (Rint = 0.0522). Final GooF =
1.050, R1 = 0.0469, wR2 = 0.1204, R indices based on 1349 reflections with I >2sigma(I) (refinement on F2),
133 parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.117 mm-1. The measured
completeness is low (0.956) due to the hardware limitations of the synchrotron beamline (i.e. fixed
detector angle, minimum detector distance). However, the amount of observed data is close to 100% and
yields a more than satisfactory refinement (R1 = 0.0469). A short intermolecular contact was also observed
between O7...C11 (2.96 Å), which was consistent with the Type I Oδ-...δ+C=O (carbonyl-carbonyl)
perpendicular interaction motif described by Allen et al.[19]
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7.16.1.3 2-(5-Methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetamide (19)

(19)
Acetamide 19 was obtained by aminolysis of the n-ethyl-linked bis-thyminyl acetate (15a).

In this

procedure, 15a (0.95 g, 2.4 mmol) was added to 15 equivalents of an aqueous NH4OH solution (28%). The
flask was capped and the contents were shaken until the solid had completely dissolved. The title
compound (19) crystallised overnight from the resulting solution. A pure crystalline sample of 19 was
obtained upon recrystallisation from H2O. The NMR spectral data were consistent with literature data.
Characterisation: Yield: 0.72 g (82%). Mp. 297.5-300.2°C (dec) (lit.[20] 299-302°C, dec). MS (ESI)-: Calcd for
C7H9N3O3: m/z 183.1; Found: m/z 182.2 (M-H)-. 1H NMR (400 MHz, D6-DMSO): δH 1.75 (d, J = 1.2 Hz, 3H, C5CH3), 4.23 (s, 2H, N1-CH2), 7.18 (s, 1H, amide NH), 7.41 (d, J = 1.2 Hz, 1H, H6), 7.56 (s, 1H, amide NH).

13

C

NMR (100 MHz, D6-DMSO): δC 11.90 (C5-CH3), 49.15 (N1-CH2), 107.87 (C5), 142.42 (C6), 151.05 (C2), 164.50
(C4), 168.83 (CONH2). Selected IR bands (KBr, cm-1): 3410 bs, 3296 bs, 3156 bs, 3076 w, 3026 bs, 2958 w,
2934 w, 2906 w, 2860 w, 2822 w, 2774 m, 1678 bs, 1476 s, 1418 m, 1408 m, 1396 m, 1354 m, 1230 s, 1150
m.
Crystal structure: A crystal structure has already been reported for this compound.[21]
7.16.1.4 Methyl 3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanoate (20)

(20)
The title compound was synthesised using a reported Michael addition reaction between methyl acrylate
and thymine (5).[22] Here, thymine 5 (1.2 g, 9.4 mmol) was dissolved in DMF (50 mL), and NEt3 (0.95 g, 9.4
mmol) was added. Methyl acrylate (1.6 g, 19 mmol) was added and the mixture was stirred for 24 h at
ambient temperature. The excess methyl acrylate and NEt3 and solvent were all removed under reduced
pressure to yield a white crystalline solid. The crude solid was dissolved in EtOH (50 mL) and precipitated
upon addition of an equivalent volume of hexane. The purified product was isolated by filtration and dried
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in vacuo. Single crystals of 20 were obtained by slow cooling and evaporation of a hot EtOH solution. The
NMR spectral data were consistent with literature data.
Characterisation: Yield: 1.73 g (86%). Mp 131.6-133.2°C (lit.[23] 134-136°C). MS (ESI)+: Calcd for C9H12N2O4:
m/z 212.1; Found: m/z 213.1 (M+H)+, 235.2 (M+Na)+. 1H NMR (400 MHz, D6-DMSO): δH 1.74 (d, J = 1.2 Hz
3H, C5-CH3), 2.68 (t, J = 6.8 Hz, 2H, CH2CO), 3.85 (t, J = 6.8 Hz 2H, N1-CH2), 7.49 (d, J = 1.2 Hz 1H, H6), 11.21
(s, 1H, NH).

13

C NMR (100 MHz, D6-DMSO): δC 11.93 (C5-CH3), 32.58 (CH2CO), 43.72 (N1-CH2), 51.54 (OCH3),

108.24 (C5), 141.80 (C6), 150.78 (C2), 164.29 (C4), 171.21 (COOCH3). Selected IR bands (ATR, cm-1): 3154m,
3097m, 3023m, 2997m, 2957m, 2885m, 2859w, 2829m, 2774w, 1753s, 1706s, 1655s, 1382s, 1358s,
1255m, 1230s, 1217s, 1198s.
Crystal data (CCDC 888371): C9H12N2O4, M = 212.21, Colourless Plate, 0.40 × 0.10 × 0.02 mm3, monoclinic,
space group P21/c (No. 14), a = 8.9270(18), b = 14.369(3), c = 7.7640(16) Å, β = 90.60(3)°, V = 995.8(4) Å3, Z
= 4, Dc = 1.415 g/cm3, F000 = 448, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.71253
Å, T = 100(2)K, 2θmax = 50.0°, 12566 reflections collected, 1702 unique (Rint = 0.2761). Final GooF = 1.059,
R1 = 0.0841, wR2 = 0.2074, R indices based on 1572 reflections with I >2sigma(I) (refinement on F2), 143
parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.113 mm-1. As only weakly diffracting
crystals were obtained for 20, a large proportion of essentially “unobserved” reflections were used in the
refinement which probably leads to the elevated value for Rint (0.276). Nevertheless, a satisfactory
refinement was obtained (R1 = 0.0841).
7.16.1.5 3-(5-Methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanoic acid (21)

(21)
The propanoic acid derivative 21, was prepared by the base hydrolysis of the methyl ester 20 (1.06 g, 5.0
mmol) in 10% aqueous NaOH (20 mL). The reaction mixture was refluxed for 3 h, and the solution was
cooled and acidified to pH 2.0 with 10% HCl. The title compound, 21, crystallised from the cooled solution
(2˚C), and was collected by filtration and washed and repeatedly with H2O. The NMR spectral data were
consistent with literature data.
Characterisation: Yield: 0.90 g (91%). Mp 181.7-182.9°C (lit.[24] 172-174°C). MS (ESI)+: Calcd for C8H10N2O4:
m/z 198.1; Found: m/z 199.2 (M+H)+, 221.2 (M+Na)+. 1H NMR (400 MHz, D6-DMSO): δH 1.73 (d, J = 1.2 Hz,
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3H, C5-CH3), 2.59 (t, J = 7.2 Hz, 2H, CH2CO), 3.81 (t, J = 7.2 Hz, 2H, N1-CH2), 7.49 (d, J = 1.2 Hz, 1H, H6), 11.21
(s, 1H, NH).

13

C NMR (100 MHz, D6-DMSO): δC 11.97 (C5-CH3), 32.90 (CH2CO), 43.94 (N1-CH2), 108.17 (C5),

141.88 (C6), 150.80 (C2), 164.35 (C4), 172.33 (COOH). Selected IR bands (KBr, cm-1): 3152 s, 3090 w, 3030 s,
2978 w, 2940 w, 2812 m, 1728 s, 1696 s, 1676 s, 1474 m, 1458 m, 1436 m, 1414 m, 1402 m, 1378 m, 1356
m, 1252 m, 1226 m, 1194 m, 1160 m, 1126 m, 1054 m.
Crystal data (CCDC 888372): C8H10N2O4, M = 198.18, Colourless Prism, 0.12 × 0.07 × 0.03 mm3, monoclinic,
space group P21/n (No. 14), a = 4.9130(10), b = 20.405(4), c = 8.5920(17) Å, β = 101.90(3)°, V = 842.8(3) Å3,
Z = 4, Dc = 1.562 g/cm3, F000 = 416, goniostat with quantum 210r detector, synchrotron radiation, λ =
0.71072 Å, T = 100(2)K, 2θmax = 50.0°, 8717 reflections collected, 1336 unique (Rint = 0.1273). Final GooF =
1.075, R1 = 0.0577, wR2 = 0.1552, R indices based on 1245 reflections with I >2sigma(I) (refinement on F2),
136 parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.127 mm-1. The measured
completeness is low (0.903) due to the hardware limitations of the synchrotron beamline (i.e. fixed
detector angle, minimum detector distance). However, the amount of observed data is close to 100% and
yields a more than satisfactory refinement (R1 = 0.0577). As only weakly diffracting crystals were obtained,
a large proportion of essentially “unobserved” reflections were used in the refinement which probably lead
to the elevated value for Rint (0.127).
7.16.1.6 3-(5-Methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanamide (22)

(22)
Thymine propanamide 22 was prepared by aminolysis of thymine propionoate (1 g, 4.7 mmol) using a
similar procedure to that used for the preparation of 19 (p. 205). After recrystallisation from H2O, pure 22
was isolated in 52% yield. A crystal structure had previously been reported for this compound[25]; however
the full characterisation details were not included in this publication.
Characterisation: Yield: 0.48 g (52%). Mp 233.9-235.8°C. MS (ESI)+: Calcd for C8H11N3O3: m/z 197.1; Found:
m/z 220.1 (M+Na)+. 1H NMR (400 MHz, D6-DMSO): δH 1.72 (d, J = 0.8 Hz, 3H, C5-CH3), 2.42 (t, J = 6.8 Hz, 2H,
CH2-C=O), 3.80 (t, J = 6.8 Hz, 2H, N1-CH2), 6.89 (s, 1H, amide NH), 7.40 (s, 1H, amide NH), 7.43 (d, J = 1.2 Hz,
1H, C6H), 11.19 (s, 1H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.96 (C5-CH3), 33.91 (CH2CO), 44.39

(N1-CH2), 107.92 (C5), 142.01 (C6), 150.75 (C2), 164.35 (C4), 171.69 (CONH2). IR (KBr, cm-1): 3410 m, 3364
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m, 3232 m, 3188 m, 3078 m, 3048 w, 2964 w, 2932 w, 2804 w, 1686 s, 1672 s, 1658 s, 1618 sh, 1472 m,
1464 m, 1448 w, 1434 w, 1386 m, 1362 m, 1242 m, 1218 m.
Crystal data (CCDC 888373): A crystal structure has been reported for this compound[25], but the data
presented below gave an improved refinement. C8H11N3O3, M = 197.20, Colourless Needle, 0.16 × 0.12 ×
0.10 mm3, monoclinic, space group P21/c (No. 14), a = 7.3571(15), b = 15.243(3), c = 15.854(3) Å, β =
90.18(3)°, V = 1777.9(6) Å3, Z = 8, Dc = 1.473 g/cm3, F000 = 832, Nonius Kappa CCD, MoKα radiation, λ =
0.71073 Å, T = 173(2)K, 2θmax = 50.0º, 10151 reflections collected, 2947 unique (Rint = 0.0408). Final GooF =
1.060, R1 = 0.0370, wR2 = 0.0814, R indices based on 2350 reflections with I >2sigma(I) (refinement on F2),
279 parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.115 mm-1. Although the
measured completeness is 0.941, the amount of observed data is close to 100% and yields a more than
satisfactory refinement (R1 = 0.0370).
7.16.1.7 5-Methyl-1-(4-vinylbenzyl)pyrimidine-2,4(1H,3H)-dione (VBT) (48)

(48)
KOH (67.3 g, 1.2 mol) and thymine 5 (50.0 g, 0.4 mol) were dissolved in H2O (250 mL). EtOH (250 mL) and
inhibitor 2,6-di-tert-butyl-4-methyl phenol (0.25 g) were added to the mixture which was heated to 65°C
until a homogeneous orange solution was obtained. 4-Vinylbenzyl chloride (60.0 g, 0.4 mol) was added to
the solution and the mixture was refluxed for 18 h. After 18 h, the EtOH was evaporated under reduced
pressure and hydrochloric acid was added to the remaining solution to achieve neutral pH. The resulting
white precipitate was collected by filtration and dissolved in chloroform. This solution was filtered and
hexane was added to precipitate the product (48) which was subsequently collected by filtration.

The

[26]

spectral data were consistent with the literature data.

Characterisation: Yield: 55.6 g, 58%. M.p.: 169.8-171.2°C (lit.[27] 162-165°C). MS (ESI)+: Calcd for C14H14N2O2:
m/z 242.1; Found: m/z 243.1 (M+H)+, 265.1 (M+Na)+.

1

H NMR : (400 MHz, D6-DMSO) δH 1.75 (d, J = 1.1 Hz,

3H, C5-CH3), 4.82 (s, 2H, N1-CH2), 5.28 (d, J = 10.8 Hz, 1H, alkene CH), 5.76 (d, J = 17.6 Hz, 1H, alkene CH),
6.71 (dd, J = 17.6, 10.8 Hz, 1H, alkene CH), 7.27 (d, J = 8.2 Hz, 2H, Ar CH), 7.45 (d, J = 8.2 Hz, 2H, Ar CH), 7.60
(d, J = 1.2 Hz, 1H, C6H), 11.31 (s, 1H, N3H).

13

C NMR (100 MHz, DMSO): δC 11.86 (C5-CH3), 49.75 (N1-CH2),
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108.98 (C5), 114.40 (alkene CH), 126.30 (Ar CH), 127.70 (Ar CH), 136.09 (Ar C), 136.57 (alkene CH), 141.14
(C6), 150.93 (C2), 164.17 (C4). Selected IR bands (ATR2, cm-1): 3160 bw, 3039 bw, 2927 w, 2823 w, 1668 s,
1511 w, 1466 m, 1376 w, 1345 m, 1297 w, 1220 m, 1131 w, 994 m, 916 m, 873 m, 822 m, 768 m, 712 m.
7.16.1.8 3,5-Dimethyl-1-(4-vinylbenzyl)pyrimidine-2,4(1H,3H)-dione (VBMT) (52)

(52)
NaOH (0.40 g, 10 mmol) and VBT (48) (2.42 g, 10 mmol) were dissolved in a 1:1 H2O:THF (50 mL) mixture.
Iodomethane (7.10 g, 50 mmol) was added to the solution and the mixture was stirred at ambient
temperature for 12 h. The volatiles were evaporated under reduced pressure and the residues were
extracted with CH2Cl2. Evaporation of the organic layer gave VBMT (52) as an off-white powder. The 1H
NMR spectral data were consistent with the literature data for the 4-vinylbenzyl isomer. [26] The difference
in the experimental and literature melting points is attributed to the reported product being composed of a
mixture of the 3- and 4-vinylbenzyl isomers.
Characterisation: Yield: 2.44 g, 95%. M.p.: 94.6-95.2°C (all para) (lit.[28] 87-88˚C for meta/para mixture).
MS (ESI)+: Calcd for C15H16N2O2: m/z 256.1; Found: m/z 257.1 (M+H)+, 279.1 (M+Na)+. 1H NMR : (400 MHz,
CDCl3) δ 1.92 (d, J = 1.2 Hz, 3H, C5-CH3), 3.38 (s, 3H, N3-CH3), 4.91 (s, 2H, N1-CH2), 5.29 (d, J = 10.9 Hz, 1H,
alkene CH), 5.76 (d, J = 17.6 Hz, 1H, alkene CH), 6.71 (dd, J = 17.6, 10.9 Hz, 1H, alkene CH), 7.00 (d, J = 1.2 Hz,
1H, C6H), 7.27 (t, J = 5.94 Hz, 2H, Ar CH), 7.42 (d, J = 8.16 Hz, 2H, Ar CH). 13C NMR (100 MHz, CDCl3): δC
13.07 (C5-CH3), 28.09 (N3-CH3), 51.73 (N1-CH2), 110.16 (C5), 114.61 (alkene CH), 126.77 (Ar CH), 128.16 (Ar
CH), 135.07 (Ar C), 136.03 (Ar C), 137.55 (alkene CH), 137.73 (C6), 151.84 (C2), 163.82 (C4). Selected IR
bands (ATR2, cm-1): 2934 w, 1804 w, 1696 m, 1637 s, 1511 w, 1467 m, 1424 m, 1351 m, 1260 m, 1212 m,
1116 w, 1049 w, 1015 m, 991 m, 938 w, 907 m, 842 m, 765 s, 664 m.
Crystal data: C15H16N2O2, M = 256.30, Colourless Plate, 0.20 × 0.20 × 0.01 mm3, monoclinic, space group
P21/c (No. 14), a = 13.006(3), b = 9.0570(18), c = 12.026(2) Å, β = 114.00(3)°, V = 1294.1(4) Å3, Z = 4, Dc =
1.315 g/cm3, F000 = 544, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.71071 Å, T =
100(2)K, 2θmax = 50.0˚, 15655 reflections collected, 2213 unique (Rint = 0.1117). Final GooF = 1.082, R1 =
0.0583, wR2 = 0.1523, R indices based on 1996 reflections with I >2sigma(I) (refinement on F2), 174
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Lp and absorption corrections applied, µ = 0.089 mm-1.

parameters, 0 restraints.

The measured

completeness is low (0.971) due to the hardware limitations of the synchrotron beamline (i.e. fixed
detector angle, minimum detector distance). However, the amount of observed data is close to 100% and
yields a more than satisfactory refinement (R1 = 0.0583).

7.16.2 Synthesis of the n-alkyl-bridged esters of thyminyl acetic acid 17 (15a-15h)
7.16.2.1 General synthetic procedure for 15a-15h
O
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Scheme 7.1 General method for the preparation of n-alkyl-bridged esters of thyminyl acetic acid (17)

The following general procedure was followed for the preparation of the n-alkyl-bridged esters of 17 (15a15h). Thyminyl acetic acid 17 (2 equiv., ca. 10 mmol) was dissolved in DMF (30 mL) at 50°C under a
constant stream of N2. NEt3 (2 equiv.) was added to the stirred solution, and within 1 h, precipitation of the
NEt3 salt of 17 was observed. The relevant dibromoalkane (1 equiv.) was added dropwise, and the reaction
temperature was increased to 110°C and maintained for a further 24 h at this temperature. The resulting
NEt3HBr salt crystallised as colourless needles upon cooling of the reaction mixture to ambient temperature.
NEt3-HBr was removed by filtration, and DMF was evaporated from the filtrate under reduced pressure.
The crude product was then precipitated using a 1:1 mixture of CH2Cl2:MeOH (25 mL). The solid was
collected by filtration and triturated twice with an equivalent volume of the same solvent mixture.
7.16.2.2 Ethane-1,2-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15a)

(15a)
Reaction of thyminyl acetic acid 17 (1.87 g, 10.2 mmol), NEt3 (1.03 g, 10.2 mmol) and 1,2-dibromoethane
(0.95 g, 5.1 mmol) as described in Section 7.16.2.1 gave 15a as a white solid.
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Characterisation: Yield: 0.89 g (45%). Mp. 245.3-245.7°C. MS (ESI)+: Calcd for C16H18N4O8: m/z 394.1;
Found: m/z 395.1 (M+H) +. 1H NMR (400 MHz, D6-DMSO): δH 1.76 (s, 6H, C5-CH3), 4.34 (s, 4H, OCH2), 4.50 (s,
4H, N1-CH2), 7.49 (s, 2H, C6H), 11.40 (s, 2H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.88 (C5-CH3), 48.23

(N1-CH2), 62.65 (OCH2), 108.57 (C5), 141.40 (C6H), 150.84 (C2), 164.18 (C4), 168.06 (COOR). Selected IR
bands (KBr, cm-1): 3474 bw, 3284 m, 3154 w, 3064 m, 3014 m, 2962 w, 2936 w, 2892 w, 2824 w, 1746 s,
1730 s, 1698 s, 1678 s, 1476 m, 1470 m, 1454 m, 1418 m, 1398 m, 1388 m, 1378 m, 1368 m, 1360 m, 1346
m, 1284 m, 1266 m, 1240 s, 1218 s, 1150 w.
7.16.2.3 Propane-1,3-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15b)

(15b)
Reaction of 17 (1.80 g, 9.8 mmol), NEt3 (0.99 g, 9.8 mmol) and 1,3-dibromopropane (0.99 g, 4.9 mmol) as
described in Section 7.16.2.1 gave 15b as a white solid.
Characterisation: Yield: 1.06 g (53%). Mp. 253.5-252.9°C. MS (ESI)+: Calcd for C17H20N4O8: m/z 408.2;
Found: m/z 409.2 (M+H)+. 1H NMR (400 MHz, D6-DMSO): δH 1.75 (d, J = 1.2 Hz, 6H, C5-CH3), 1.94 (p, J = 6.4
Hz, 2H, OCH2CH2), 4.18 (t, J = 6.4 Hz, 4H, OCH2), 4.49 (s, 4H, N1-CH2), 7.49 (d, J = 1.2 Hz, 2H, C6H), 11.39 (s,
2H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.87 (C5-CH3), 27.38 (OCH2CH2), 48.43 (N1-CH2), 61.82 (OCH2),

108.61 (C5), 141.53 (C6), 150.95 (C2), 164.29 (C4), 168.23 (COOR). Selected IR bands (KBr, cm-1): 3484 bw,
3280 m, 3160 w, 3072 m, 3024 m, 2960 w, 2934 w, 2902 w, 2822 w, 1740 s, 1726 s, 1698 s, 1678 s, 1476 m,
1470 m, 1454 m, 1418 m, 1398 m, 1388 m, 1378 m, 1368 m, 1360 m, 1346 m, 1266 m, 1236 s, 1206 s, 1152
w.
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7.16.2.4 Butane-1,4-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15c)

(15c)
Reaction of thyminyl acetic acid 17 (1.74 g, 9.5 mmol), NEt3 (1.02 g, 4.7 mmol) and 1,4-dibromobutane
(0.96 g, 9.5 mmol) as described in Section 7.16.2.1 gave 15c as a white solid.
Characterisation: Yield: 1.67 g (84%). Mp. 211.5-212.3°C. MS (ESI)+: Calcd for C18H22N4O8: m/z 422.3;
Found: 423.3 m/z (M+H)+. δH(400 MHz, D6-DMSO): 1.62-1.67 (m, 4H, OCH2CH2), 1.76 (d, J = 1.2 Hz, 6H, C5CH3), 4.12 (t, J = 4.9 Hz, 4H, OCH2), 4.47 (s, 4H, N1-CH2), 7.50 (d, J = 1.2 Hz, 2H, C6H), 11.38 (s, 2H, N3H).

13

C

NMR (100 MHz, D6-DMSO): δC 11.87 (C5-CH3), 24.56 (OCH2CH2), 48.43 (N1-CH2), 64.50 (OCH2), 108.58 (C5),
141.57 (C6), 150.95 (C2), 164.30 (C4), 168.24 (COOR). Selected IR bands (KBr, cm-1): 3462 bw, 3166 m, 3096
m, 3038 m, 2962 w, 2936 w, 2902 w, 2832 w, 1734 s, 1730 s, 1690 bs, 1654 s, 1464 m, 1434 m, 1418 m,
1396 m, 1388 m, 1378 m, 1364 m, 1354 m, 1240 m, 1218 mb, 1150 w.
7.16.2.5 Pentane-1,5-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15d)

(15d)
Reaction of thyminyl acetic acid 17 (1.69 g, 9.2 mmol), NEt3 (0.93 g, 9.2 mmol) and 1,5-dibromopentane
(1.05 g, 4.6 mmol) as described in Section 7.16.2.1 gave 15d as a white solid.
Characterisation: Yield: 0.77 g (39%). Mp. 206.5-206.9°C. MS (ESI)+: Calcd for C19H24N4O8: 436.2; Found
437.2 (M+H)+.

1

H NMR (400 MHz, D6-DMSO): δH 1.31-1.39 (m, 2H, OCH2CH2CH2), 1.57-1.64 (m, 4H,

OCH2CH2), 1.75 (d, J = 0.9 Hz, 6H, C5-CH3), 4.10 (t, J = 6.4 Hz, 4H, OCH2), 4.47 (s, 4H, N1-CH2), 7.50 (d, J = 0.9
Hz, 2H, C6H), 11.38 (s, 2H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.86 (C5-CH3), 21.64 (OCH2CH2CH2),

27.53 (OCH2CH2), 48.44 (N1-CH2), 64.80 (OCH2), 108.55 (C5), 141.57 (C6), 150.94 (C2), 164.29 (C4), 168.25
(COOR). Selected IR bands (KBr, cm-1): 3450 bw, 3166 m, 3096 w, 3038 m, 2962 w, 2902 w, 2832 w, 1734 s,
1690 s, 1654 s, 1464 m, 1434 m, 1418 m, 1396 m, 1388 m, 1378 m, 1364 m, 1354 m, 1346 m, 1240 s, 1218 s,
1150 w.
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7.16.2.6 Hexane-1,6-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15e)

(15e)
Reaction of thyminyl acetic acid 17 (1.64 g, 8.9 mmol), NEt3 (0.90 g, 8.9 mmol) and 1,6-dibromohexane
(1.08 g, 4.4 mmol) as described in Section 7.16.2.1 gave 15e as a white solid.
Characterisation: Yield: 0.93 g (47%). Mp. 206.1-206.9°C. MS (ESI)+: Calcd for C20H26N4O8: 450.2; Found:
451.2 (M+H)+.

1

H NMR (400 MHz, D6-DMSO): δH 1.28-1.36 (m, 4H, OCH2CH2CH2), 1.54-1.61 (m, 4H,

OCH2CH2), 1.75 (d, J = 1.2 Hz, 6H, C5-CH3), 4.10 (t, J = 6.4 Hz, 4H, OCH2), 4.47 (s, 4H, N1-CH2), 7.50 (d, J =
1.20 Hz, 2H, C6H), 11.37 (s, 2H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.87 (C5-CH3), 24.80

(OCH2CH2CH2), 27.88 (OCH2CH2), 48.52 (N1-CH2), 64.89 (OCH2), 108.54 (C5), 141.58 (C6H), 150.94 (C2),
164.30 (C4), 168.25 (COOR). Selected IR bands (KBr, cm-1): 3464 bw, 3162 w, 3106 m, 3036 m, 2962 w,
2902 w, 2868 w, 2832 w, 1738 s, 1708 s, 1696 s, 1684 s, 1478 m, 1438 m, 1420 m, 1400 m, 1386 m, 1374 m,
1354 s, 1264 m, 1244 s, 1224 s, 1154 w.
7.16.2.7 Octane-1,8-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15f)

(15f)
Reaction of thyminyl acetic acid 17 (1.54 g, 8.4 mmol), NEt3 (0.85 g, 8.36 mmol) and 1,8-dibromooctane
(1.14 g, 4.2 mmol) as described in Section 7.16.2.1 gave 15f as a white solid.
Characterisation: Yield: 0.40 g (25%). Mp. 204.3-205.1°C. MS (ESI)+: Calcd for C22H30N4O8: 478.1; Found:
479.1 (M+H)+. 1H NMR (400 MHz, D6-DMSO): δH 1.27 (br. s, 8H, alk. core CH2), 1.54-1.61 (m, 4H, OCH2CH2),
1.75 (d, J = 0.80 Hz, 6H, C5-CH3), 4.10 (t, J = 6.8 Hz, 4H, OCH2), 4.46 (s, 4H, N1-CH2), 7.50 (d, J = 1.20 Hz, 2H,
C6H), 11.37 (s, 2H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.86 (C5-CH3), 25.11 (alk. CH2), 27.97

(OCH2CH2CH2), 28.44 (OCH2CH2), 48.44 (N1-CH2), 64.97 (OCH2), 108.52 (C5), 141.57 (C6H), 150.93 (C2),
164.29 (C4), 168.23 (COOR). Selected IR bands (KBr, cm-1): 3474 bw, 3164 w, 3058 m, 3038 m, 2982 w,
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2954 w, 2930 w, 2902 w, 2854 w, 1760 s, 1706 s, 1682 s, 1468 m, 1432 w, 1416 w, 1388 w, 1352 m, 1236 m,
1210 s, 1154 w.
7.16.2.8 Decane-1,10-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15g)

(15g)
Reaction of thyminyl acetic acid 17 (1.45 g, 7.9 mmol), NEt3 (0.80 g, 7.9 mmol), 1,10-dibromodecane (1.18 g,
4.0 mmol) as described in Section 7.16.2.1 gave 15g as a white solid.
Characterisation: Yield: 1.26 g (63%). Mp. 128.6-129.4°C. MS (ESI)+: Calcd for C24H34N4O8: 506.2; Found:
507.2 (M+H)+. 1H NMR (400 MHz, D6-DMSO): δH 1.25 (br s, 12H, alk. core CH2), 1.54-1.61 (m, 4H, OCH2CH2),
1.75 (d, J = 0.8 Hz, 6H, C5-CH3), 4.08 (t, J = 6.8 Hz, 4H, OCH2), 4.46 (s, 4H, N1-CH2), 7.50 (d, J = 1.2 Hz, 2H,
C6H), 11.37 (s, 2H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.86 (C5-CH3), 25.19 (alk. core CH2), 28.00 (alk.

CH2), 28.55 (OCH2CH2CH2), 28.80 (OCH2CH2), 48.43 (N1-CH2), 64.99 (OCH2), 108.51 (C5), 141.57 (C6), 150.92
(C2), 164.26 (C4), 168.23 (COOR). Selected IR bands (KBr, cm-1): 3474 bw, 3170 w, 3060 m, 3042 m, 2976 w,
2928 w, 2858 w, 2678 w, 1758 s, 1710 s, 1682 s, 1468 m, 1434 w, 1416 w, 1388 w, 1354 m, 1238 w, 1210 m,
1154 w.
7.16.2.9 Dodecane-1,12-diyl bis(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate)
(15h)

(15h)
Reaction of thyminyl acetic acid 17 (1.38 g, 7.5 mmol), NEt3 (0.76 g, 7.5 mmol), 1,12-dibromododecane
(1.23 g, 3.7 mmol) as described in Section 7.16.2.1 gave 15h as a white solid.
Characterisation: Yield: 0.80 g (40%). Mp. 203.4-204.7°C. MS (ESI)+: Calcd for C26H38N4O8: 534.3; Found:
557.2 (M+Na)+. 1H NMR (400 MHz, D6-DMSO): δH 1.24 (br s, 16H, alk. core CH2), 1.54-1.61 (m, 4H, OCH2CH2),
1.75 (d, J = 1.2 Hz, 6H, C5-CH3), 4.09 (t, J = 6.8 Hz, 4H, OCH2), 4.46 (s, 4H, N1-CH2), 7.50 (d, 2H, C6H, J = 1.2
Hz), 11.37 (s, 2H, N3H).

13

C NMR (100 MHz, D6-DMSO): δC 11.86 (C5-CH3), 25.22 (alk. core CH2), 28.00 (alk.
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CH2), 28.58 (OCH2CH2CH2), 28.90 (OCH2CH2), 48.43 (N1-CH2), 64.99 (OCH2), 108.52 (C5), 141.57 (C6), 150.93
(C2), 164.20 (C4), 168.23 (COOR). Selected IR bands (KBr, cm-1): 3462 mb, 3176 w, 3064 m, 3030 w, 2936 w,
2910 w, 2850 w, 1754 s, 1698 s, 1672 s, 1478 m, 1428 m, 1416 m, 1390 m, 1376 m, 1356 m, 1234 m, 1216
m, 1156 w.

7.16.3 Synthesis of N3-N3-n-butyl-bridged monomers with varied N1-functionality

7.16.3.1 Dimethyl 3,3'-(3,3'-(butane-1,4-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine3,1(2H)-diyl))dipropanoate (24)

(24)
Thyminyl methyl propanoate 20 (3.00 g, 14.8 mmol) was dissolved in DMF (15 mL) under N2. K2CO3 (2.44 g,
17.8 mmol) was added, and the mixture was stirred for a short time before the addition of 1,4diiodobutane (1.84 g, 5.94 mmol). The reaction was maintained for 48 h at 80˚C under a constant stream
of N2. The reaction mixture was cooled to ambient temperature and decanted into H2O (50-75 mL) to
dissolve the salts and precipitate the crude product. The crude solid was collected by filtration and
recrystallised from EtOH to give 24 as small white prismatic crystals (overnight) that were suitable for
irradiation and structural analysis by SC-XRD.
Characterisation: Yield: 2.14 g (75%). M.p.: 189.7-191.9˚C. MS (ESI)+ calcd for C22H23N4O8: m/z 478.2;
found: m/z 479.1 (M+H)+, 501.1 (M+Na)+. 1H NMR (400 MHz, CDCl3): δH 1.68 (m, 4H, N3-CH2CH2), 1.90 (d, J
= 1.2 Hz, 6H, C5-CH3), 2.77 (t, J = 6.4 Hz, 4H, CH2CO), 3.70 (s, 6H, OCH3), 3.96 (t, J = 6.4 Hz, 8H, N3-CH2, N1CH2), 7.14 (d, J = 1.2 Hz 2H, C6H).

13

C NMR (100 MHz, CDCl3): δC 12.93 (C5-CH3), 25.19 (N3-CH2CH2), 32.89

(CH2CO), 41.00 (N3-CH2), 45.74 (N1-CH2), 51.94 (OCH3), 109.42 (C5), 139.32 (C6), 151.24 (C2), 163.69 (C4),
171.85 (COOR). Selected IR bands (KBr, cm-1): 3450 m, 2968 m, 2936 m, 1732 s, 1700 s, 1662 s, 1640 s,
1470 m, 1454 m, 1430 m, 1406 m, 1392 m, 1376 m, 1360 m, 1214 s, 1202 s. UV (CH2Cl2) λmax = 268 nm.
CHN Analysis (calcd, found for C22H23N4O8): C (55.22, 55.35), H (6.32, 6.28), N (11.71, 11.64).
Crystal data (CCDC 841955): C22H30N4O8, M = 478.50, Colourless Prism, 0.02 × 0.02 × 0.02 mm3, monoclinic,
space group P21/c (No. 14), a = 9.5800(19), b = 16.550(3), c = 7.6900(15) Å, β = 112.13(3)°, V = 1129.4(4) Å3,
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Z = 2, Dc = 1.407 g/cm3, F000 = 508, goniostat with quantum 210r detector, synchrotron radiation, λ =
0.71253 Å, T = 100(2)K, 2θmax = 54.4˚, 15282 reflections collected, 2341 unique (Rint = 0.0558). Final GooF =
1.051, R1 = 0.0446, wR2 = 0.1147, R indices based on 2190 reflections with I >2sigma(I) (refinement on F2),
156 parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.108 mm-1. The measured
completeness is low (0.93) due to the hardware limitations of the synchrotron beamline (i.e. fixed detector
angle, minimum detector distance). However, the amount of observed data is close to 100% and yields a
more than satisfactory refinement (R1 = 0.0446).
7.16.3.2 3,3'-(3,3'-(Butane-1,4-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine-3,1(2H)diyl))dipropanoic acid (25)

(25)
The bis-methyl propanoate monomer 24 (1.3 g, 2.8 mmol), was heated to reflux in aqueous KOH (3 M, 30
mL) for approximately 4 h or until the reaction mixture became a clear solution. Whilst still hot, the
reaction mixture was rapidly acidified with 10% aqueous HCl to yield single crystals of title compound, 25.
The crystals were collected by filtration and washed repeatedly with H2O.
Characterisation: Yield: 0.97 g, 80%. M.p.: 236.8-239.2°C. MS (ESI)+: Calcd for C20H26N4O8: m/z 450.18;
Found: m/z 473.0 (M+Na, 100%)+. 1H NMR : (400 MHz, D6-DMSO) δ 1.47 (br.s (t), 4H, core CH2), 1.78 (s, 3H,
C5-CH3), 2.61 (t, J = 6.8 Hz, 4H, CH2CO), 3.78 (br.s (t), 4H, N3-CH2), 3.87 (t, J = 6.8 Hz, 4H, N1-CH2), 7.56 (s, 1H,
C6H).

13

C NMR (100 MHz, D6-DMSO): δC 12.54 (C5-CH3), 24.60 (N3-CH2CH2), 32.70 (CH2CO), 40.10 (N3-CH2),

44.95 (N1-CH2), 107.27 (C5), 140.47 (C6), 150.64 (C2), 163.03 (C4), 172.22 (COOH). Selected IR bands (ATR,
cm-1): 3498 m, 3071 m, 2930 m, 1714 m, 1691 m, 1621 s, 1434 m, 1383 m, 1357 m, 1205 m. CHN Analysis
(calcd, found for C20H26N4O8.3/2H2O: C (50.31, 50.59), H (6.12, 6.04), N (11.73, 11.83).
Crystal data (CCDC 888374): C20H30N4O10, M = 486.48, Colourless Prism, 0.07 × 0.03 × 0.01 mm3, triclinic,
space group P-1 (No. 2), a = 7.6000(15), b = 8.9000(18), c = 9.4500(19) Å, α = 96.93(3), β = 111.13(3), γ =
101.53(3)°, V = 571.1(2) Å3, Z = 1, Dc = 1.415 g/cm3, F000 = 258, goniostat with quantum 210r detector,
synchrotron radiation, λ = 0.71073 Å, T = 173(2)K, 2θmax = 50.0°, 7078 reflections collected, 1856 unique
(Rint = 0.0760). Final GooF = 1.083, R1 = 0.0502, wR2 = 0.1319, R indices based on 1687 reflections with
I >2sigma(I) (refinement on F2), 167 parameters, 3 restraints. Lp and absorption corrections applied, µ =
0.114 mm-1. The water molecule was refined such that O-H distances were restrained to reasonable values
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(0.88-0.98Å).

The measured completeness was low (0.924) due to the hardware limitations of the

synchrotron beamline (i.e. fixed detector angle, minimum detector distance). However, the amount of
observed data was close to 100% and gave a satisfactory refinement (R1 = 0.0500).

7.16.3.3 3,3'-(3,3'-(Butane-1,4-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine-3,1(2H)diyl))dipropanamide (26)

(26)
Thyminyl propanamide 22 (1.35 g, 6.8 mmol) was dissolved in DMF (10 mL) at 70˚C. K2CO3 (1.13 g, 8.2
mmol) was added, and the mixture was stirred for 5 min before the addition of diiodobutane (0.84 g, 2.7
mmol). After 48 h at 70˚C, the insoluble white material was collected by filtration. The solid was
suspended in H2O to dissolve K2CO3, and precipitate the target product. The insoluble product 26 was
collected by filtration, washed with H2O, and recrystallised from hot MeOH.
Characterisation: Yield: 0.90 g (73%). M.p.: 241.9-243.6°C. MS (ESI)+: Calcd for C20H28N6O6: m/z 448.2;
Found: m/z 471.1 (M+Na)+ 1H NMR : (400 MHz, D6-DMSO) δ 1.48 (m, 4H, N3-CH2CH2), 1.78 (s, 6H, C5-CH3),
2.45 (t, J = 6.8 Hz, 4H, CH2CO), 3.79 (m, 4H, N3-CH2), 3.86 (t, J = 6.8 Hz, 4H, N1-CH2), 6.89 (s, 2H, CONH2),
7.39 (s, 2H, CONH2), 7.50 (s, 2H, C6H).

13

C NMR (100 MHz, D6-DMSO): δC 12.61 (C5-CH3), 24.71 (N3-CH2CH2),

33.77 (CH2CO), 45.53 (N1-CH2, N3-CH2 under DMSO), 107.15 (C5), 140.68 (C6), 150.66 (C2), 163.09 (C4),
171.65 (CONH2). Selected IR bands (KBr, cm-1): 3405 s, 3213 m, 2949 w, 2923 w, 1668 s, 1629 s, 1469 m,
1359 m, 1257 m, 1206 m, 1109 w, 913 w, 771 m, 641 m. CHN Analysis (calcd, found for C20H28N6O6): C
(53.56, 53.61), H (6.29, 6.15), N (18.74, 18.68).
Crystal data (CCDC 841957): C80H116N24O26, M = 1829.97, Colourless Needle, 0.025 × 0.005 × 0.005 mm3,
tetragonal, space group P42/n (No. 86), a = b = 22.260(3), c = 4.7700(10) Å, V = 2363.6(7) Å3, Z = 1, Dc =
1.286 g/cm3, F000 = 972, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.710702 Å, T =
100(2)K, 2θmax = 50.0˚, 28507 reflections collected, 2084 unique (Rint = 0.1751). Final GooF = 1.133, R1 =
0.0751, wR2 = 0.2148, R indices based on 1532 reflections with I >2sigma(I) (refinement on F2), 164
parameters, 9 restraints. Lp and absorption corrections applied, µ = 0.098 mm-1. Several attempts to
model the residual electron density located in the cavities of the molecular columns were attempted. The
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final refinement contained water molecules that were disordered about a 4-bar symmetry element, with
isotropic oxygen and fixed hydrogens. Two significant, additional electron density peaks (1.6 and 1.3)
remained at ¼, ¼, ¾ and ¼, ¼, ¼, respectively. These were attributed to further unresolved disorder in the
water molecules. Although the refined water molecules do not appear to be coordinated to the main
structure, it is possible that the atoms form hydrogen bonds with O14 and due to disorder, they were
simply not observed. Water molecules participating in unobserved hydrogen bonds could also account for
the larger atom displacement parameter of carbonyl O14. The displacement of O14 occurs in a direction
perpendicular to the C=O bond, which may again be indicative of unobserved hydrogen bonds with water
molecules. Alternatively, the general disorder of the water molecules could also produce a larger-thannormal atom displacement for O14, particularly if the amide carbonyl group had to slightly reorient to
accommodate the water molecules. As only very small, weakly diffracting crystals were obtained for 26, a
large proportion of essentially “unobserved” reflections were used in the refinement which probably lead
to the elevated value for Rint (0.175). Nevertheless, a satisfactory refinement was obtained (R1 = 0.0751).
7.16.3.4 Dimethyl 2,2'-(3,3'-(butane-1,4-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine3,1(2H)-diyl))diacetate (27)

(27)
Thyminyl methyl acetate (18) (1.15 g, 5.86 mmol) and K2CO3 (0.97 g, 7.03 mmol) were suspended in MeCN
(35 mL). 1,4-Diiodobutane (0.73 g, 2.34 mmol) was added and the mixture was refluxed for 24 h. The salts
were removed by filtration and MeCN was evaporated from the filtrate to give a crude oil. Addition of
EtOH resulted in precipitation of the bridged compound, 27, which was subsequently isolated by filtration.
Very fine needle crystals were obained upon recrystallisation of the isolated solids from EtOH or MeOH,
although they were not suitable for structural analysis by SC-XRD.
Characterisation: Yield: 0.78 g, 75%. M.p.: 186.8-187.3°C. MS (ESI)+: Calcd for C20H26N4O8: m/z 450.18;
Found: m/z 451.1 (M+H)+ (2%), 473.0 (M+Na)+ (100%).

1

H NMR: (400 MHz, CDCl3) δ 1.68 (m, 4H,

N3-CH2CH2), 1.92 (s, 6H, C5-CH3), 3.79 (s, 6H, OCH3), 3.97 (t, J = 6.4 Hz, 4H, N3-CH2), 4.42 (s, 4H, N1-CH2),
6.89 (d, J = 1.2 Hz, 2H, C6H).

13

C NMR (100 MHz, CDCl3): δC 13.06 (C5-CH3), 25.07 (N3-CH2CH2), 41.18

(N3-CH2), 49.58 (N1-CH2), 52.77 (OCH3), 110.53 (C5), 137.98 (C6), 151.39 (C2), 163.53 (C4), 168.16 (COOR).
Selected IR bands (ATR, cm-1): 3407 bm, 3085 w, 2956 m, 1733 m, 1696 m, 1663 s, 1639 s, 1509 m, 1459 m,
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1428 m, 1378 m, 1355 m, 1198 m. CHN Analysis (calcd, found for C20H26N4O8): C (53.33, 53.32), H (5.82,
5.87), N (12.44, 12.14).

7.16.4 Synthesis of N3-N3-n-alkyl-bridged monomers possessing N1-methyl propanoate
functionality
Synthesis of the n-butyl-bridged monomer, 24, was previously described in Section 7.16.3.1 (p. 216).
7.16.4.1 Dimethyl 3,3'-(3,3'-(propane-1,3-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine3,1(2H)-diyl))dipropanoate (28)

(28)
Thyminyl methyl propanoate 20 (4.57 g, 21.5 mmol) and K2CO3 (3.57 g, 25.8 mmol) were combined in
MeCN (20 mL). The 1,3-dibromopropane (1.74 g, 8.6 mmol) was added at room temperature, and the flask
was fitted with a condenser and nitrogen flow. The temperature was increased to 80˚C and the mixture
was stirred for 24 h. The reaction mixture was cooled and decanted into CH2Cl2 (50 mL) to precipitate the
salts and residual base. The solids were removed by filtration and the solvent was evaporated from the
filtrate to give a crude oil that was a mixture of four compounds (i.e. the product 28, starting material 20,
thymine 5, and a disubstituted derivative 38 as detailed in Section 7.16.4.4). The oil was purified by column
chromatography on silica using an EtOAc/hexane mixture (80:20) as the eluent. The title compound, 28, (Rf
= 0.23) was obtained as a viscous oil which crystallised upon scratching the side of the flask with a glass rod.
Characterisation: Yield: 1.17 g, 29%. M.p.: 122.3-123.4°C. MS (ESI)+: Calcd for C21H28N4O8: m/z 464.2; Found:
m/z 487.0 (M+Na)+. HRMS (ESI)+: m/z 465.1982 (M+H)+ (requires m/z 465.1907). 1H NMR : (400 MHz,
CDCl3) δ 1.89 (d, J = 1.2 Hz, 3H, C5-CH3), 1.98 (p, J = 7.2 Hz, 2H, N3-CH2CH2), 2.76 (t, J = 6.0 Hz, 4H, CH2CO),
3.69 (s, 6H, OCH3), 3.96 (t, J = 6.0 Hz, 4H, N1-CH2), 4.00 (t, J = 7.2 Hz, 4H, N3-CH2), 7.14 (d, J = 0.8 Hz, 2H,
C6H).

13

C NMR (100 MHz, CDCl3): δC 12.94 (C5-CH3), 26.20 (N3-CH2CH2), 32.86 (CH2CO), 39.13 (N3-CH2),

45.71 (N1-CH2), 51.92 (OCH3), 109.35 (C5), 139.35 (C6H), 151.19 (C2), 163.63 (C4), 171.83 (COOR). Selected
IR bands (ATR, cm-1): 3070 m, 2958 m, 1716 m, 1636 s, 1496 w, 1444 m, 1381 w, 1355 w, 1232 m, 1140 w,
1050 w, 938 w, 802 m, 766 m, 679 w.
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Crystal data: C21H28N4O8, M = 464.47, Colourless Needle, 0.03 × 0.002 × 0.002 mm3, triclinic, space group P1 (No. 2), a = 9.6130(19), b = 10.826(2), c = 12.485(3) Å, α = 87.67(3), β = 67.81(3), γ = 73.16(3)°, V =
1148.1(4) Å3, Z = 2, Dc = 1.344 g/cm3, F000 = 492, goniostat with quantum 210r detector, synchrotron
radiation, λ = 0.71070 Å, T = 100(2)K, 2θmax = 50.0˚, 27656 reflections collected, 4010 unique (Rint = 0.1109).
Final GooF = 1.091, R1 = 0.0768, wR2 = 0.2072, R indices based on 3301 reflections with I >2sigma(I)
(refinement on F2), 302 parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.104 mm-1.
Only very small, thin needle crystals were available. Despite using synchrotron radiation, the reflection
intensities were comparatively weak which probably lead to the low C-C bond precision (0.0048 Å, alert
level C). The final structural refinement, obtained from two merged data sets, contains some residual
electron density. The largest Qpeak height is 0.73, which is in close proximity with a thyminyl methyl group
(0.386 Å from H14A, and 1.265 Å from C14). Since the methyl hydrogen-atoms were placed in standard
positions using a riding model, any weak diffraction signals arising from the methyl hydrogen atoms remain
in the difference Fourier map. A second Qpeak (0.67), 0.917 Å away from ester O31, appears to be
associated with some unresolved disorder around the ester O(31)-CH3 group. Although several attempts
were made to model the disorder at this position, the disordered atoms were too close to one another to
obtain appropriate thermal parameters from refinement.
7.16.4.2 Dimethyl 3,3'-(3,3'-(pentane-1,5-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine3,1(2H)-diyl))dipropanoate (29)

(29)
Thyminyl methyl propanoate 20 (3.0 g, 15.2 mmol) was dissolved in MeCN (40 mL) at 80˚C. K2CO3 (2.53 g,
18.0 mmol) was added, and the mixture was stirred for 5 min before the addition of 1,6-dibromohexane
(1.40 g, 6.10 mmol). The mixture was heated for 48 h at 70˚C, cooled then decanted into CH2Cl2 (50 mL).
The solids were removed by filtration, and the solvents were evaporated from the filtrate to give a viscous
oil. The residues were dissolved in THF (15 mL) and the title compound, 29, was precipitated using hexane
(15 mL). The solid was collected by filtration and recrystallised from EtOH.
Characterisation: Yield: 1.17 g, 39%. M.p.: 111.9°C. MS (ESI)+: Calcd for C23H32N4O8: m/z 492.2; Found: m/z
515.1 (M+Na)+. 1H NMR (400 MHz, D6-DMSO): δH 1.22 (p, J = 7.4 Hz, 2H, N3-CH2CH2CH2), 1.50 (p, J = 7.4 Hz,
4H, N3-CH2CH2), 1.79 (d, J = 0.8 Hz, 6H, C5-CH3), 2.76 (t, J = 6.0 Hz, 4H, CH2CO), 3.59 (s, 3H, OCH3), 3.77 (t, J
= 7.2 Hz, 4H, N3-CH2), 3.90 (t, J = 6.0 Hz, 4H, N1-CH2), 7.55 (d, J = 1.2 Hz 2H, C6H).

13

C NMR (100 MHz,
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CDCl3): δC 13.01 (C5-CH3), 24.33 (N3-CH2CH2CH2), 27.29 (N3-CH2CH2), 32.94 (CH2CO), 41.18 (N3-CH2), 45.80
(N1-CH2), 52.01 (O-CH3), 109.52 (C5), 139.28 (C6H), 151.28 (C2), 163.70 (C4), 171.92 (COOR). Selected IR
bands (KBr, cm-1): 2956 m, 2945 m, 2931 m, 2866 w, 1736 m, 1699 m, 1664 s, 1643 s, 1464 m, 1442 m,
1408 m, 1385 m, 1352 m, 1248 m, 1200 m, 1174 m, 1151 m. CHN Analysis (calcd, found for C23H32N4O8): C
(56.09, 55.68), H (6.55, 6.52), N (11.38, 11.34).
7.16.4.3 Dimethyl 3,3'-(3,3'-(hexane-1,6-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine3,1(2H)-diyl))dipropanoate (30)

(30)
A procedure similar to that used for the synthesis of 29 (Section 7.16.4.2, p. 221) was used for the synthesis
of the n-hexyl-bridged compound 30, except the following amounts and reagents were used: 20 (2.99 g,
14.8 mmol), K2CO3 (2.46 g, 17.8 mmol) and 1,6-dibromohexane (1.44 g, 5.90 mmol). A crystalline sample of
the monomer suitable for structural analysis by SC-XRD was obtained by slow evaporation of an aqueous
solution containing 20% ethanol.
Characterisation: Yield: 0.98 g (33%). M.p.: 139.3-140.9°C. MS (ESI)+ calcd for C24H34N4O8: m/z 506.2;
found: m/z 529.1 (M+Na)+. 1H NMR (400 MHz, CDCl3): δH 1.37 (p, J = 7.2 Hz, 4H, N3-CH2CH2CH2), 1.60 (p, J =
7.2 Hz, 4H, N3-CH2CH2), 1.90 (d, J = 1.2 Hz, 6H, C5-CH3), 2.76 (t, J = 6.2 Hz, 4H, CH2CO), 3.69 (s, 6H, OCH3),
3.90 (t, J = 6.2 Hz, 4H, N1-CH2), 3.96 (t, J = 7.6 Hz, 4H, N3-CH2), 7.13 (d, J = 1.2 Hz, 2H, C6H).

13

C NMR (100

MHz, CDCl3): δC 12.96 (C5-CH3), 26.58 (N3-CH2CH2CH2), 27.41 (N3-CH2CH2), 32.91 (CH2CO), 41.29 (N3-CH2),
45.76 (N1-CH2), 51.96 (OCH3), 109.46 (C5), 139.23 (C6), 151.24 (C2), 163.67 (C4), 171.86 (COOR). Selected
IR bands (ATR, cm-1): 3409 bw, 3085 w, 2954 m, 1732 m, 1696 m, 1662 s, 1637 s, 1509 m, 1460 m, 1429 m,
1381 m, 1355 m, 1203 s. CHN Analysis (calcd, found for C24H34N4O8): C (56.91, 57.01), H (6.77, 6.53), N
(11.06, 10.92).
Crystal data (CCDC 841956): C24H36N4O9, M = 524.57, Colourless Prism, 0.02 × 0.02 × 0.02 mm3, monoclinic,
space group C2/c (No. 15), a = 22.4706(5), b = 9.3600(19), c = 16.0501(3) Å, β = 131.959(3)°, V = 2510.3(5)
Å3, Z = 4, Dc = 1.388 g/cm3, F000 = 1120, goniostat with quantum 210r detector, synchrotron radiation, λ =
0.710699 Å, T = 173(2)K, 2θmax = 50.0˚, 15754 reflections collected, 2179 unique (Rint = 0.0422). Final GooF
= 1.087, R1 = 0.0459, wR2 = 0.1191, R indices based on 1961 reflections with I >2sigma(I) (refinement on
F2), 174 parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.107 mm-1.
222

Chapter 7

7.16.4.4 Side product dimethyl 3,3'-(5-methyl-2,4-dioxopyrimidine-1,3(2H,4H)diyl)dipropanoate (38)

(38)
Thyminyl methyl propanoate 20 (0.50 g, 2.5 mmol) and K2CO3 (0.43 g, 3.0 mmol) were stirred in MeCN (40
mL) and the flask was fitted with a condenser and N2 flow. The mixture was heated to reflux and
maintained at this temperature for 24 h. The reaction mixture was cooled to ambient temperature and the
salts (and other insoluble material) were removed by filtration. The solvent was evaporated from the
filtrate at diminished pressure to give the title compound, 38, as a white solid (0.18 g).
The same di-substituted compound (38) was noticed to form as a side-product in several of the thyminyl
methyl propanoate 20-bridging reactions described in Sections 7.16.4 and 7.16.6, and was also isolated
from the 28 reaction mixture (as described in Section 7.16.4.1) by silica-gel column chromatography.
Characterisation: Yield: 0.18 g (49%). MS (ESI)+ calcd for C13H18N2O6: m/z 298.1; found: m/z 320.9 (M+Na)+.
1.92 (d, J = 1.2 Hz, 3H, C5-CH3), 3.68 (s, 3H, N1OCH3), 3.71 (s, 3H, N3OCH3), 2.78 (t, J = 6.1 Hz, 2H, N1CH2CO),
2.65 (t, J = 7.4 Hz, 2H, N3CH2CO), 3.98 (t, J = 6.1 Hz, 2H, N1-CH2), 4.26 (t, J = 7.4 Hz, 2H, N3-CH2), 7.17 (d, J =
1.2 Hz, 1H, C6H).
Crystal data: C13H18N2O6, M = 298.29, Colourless Needle, 0.05 × 0.005 × 0.005 mm3, monoclinic, space
group P21/c (No. 14), a = 11.200(2), b = 13.360(3), c = 9.5000(19) Å, β = 101.47(3)°, V = 1393.1(5) Å3, Z = 4,
Dc = 1.422 g/cm3, F000 = 632, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.70845 Å, T
= 173(2)K, 2θmax = 50.0˚, 17742 reflections collected, 2374 unique (Rint = 0.0820). Final GooF = 1.067, R1 =
0.0498, wR2 = 0.1280, R indices based on 1949 reflections with I >2sigma(I) (refinement on F2), 194
parameters, 0 restraints.

Lp and absorption corrections applied, µ = 0.113 mm-1.

The measured

completeness was low (0.958) due to the hardware limitations of the synchrotron beamline (i.e. fixed
detector angle, minimum detector distance). However, the amount of observed data was close to 100%
and gave a satisfactory refinement (R1 = 0.0498).
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7.16.5 Synthesis of the 1,4-bis(bromomethyl)-2,5-alkoxybenzene bridges
7.16.5.1 1,4-Dimethoxybenzene (34)

(34)
The title compound 34 was prepared using a modified literature procedure.[29] Ground KOH (4.99 g, 89.0
mmol) and iodomethane (12.6 g, 89.0 mmol) were added to a solution of hydroquinone (4.9 g, 44.5 mmol)
in DMSO (25 mL). The mixture was allowed to react under N2 at 85˚C for 2 h. The resulting solution was
decanted into H2O (150 mL) and thrice extracted with CH2Cl2. The organic layers were collected and dried
over MgSO4, filtered, and evaporated. The residue was dissolved in MeOH (5 mL) and decanted into H2O to
crystallize the product 34. The solid was collected by filtration and extensively washed with H2O before
drying in vacuo.
Characterisation: Yield: 3.20 g (52%). M.p.: 55.5-56.2°C (lit.[30] 54-56°C). 1H NMR (400 MHz, CDCl3): δH 3.77
(s, 6H, OCH3), 6.84 (s, 4H, ar. CH).

13

C NMR (100 MHz, CDCl3): δC 55.7 (s, OCH3), 114.8 (ar. CH), 153.6 (ar. C).

The spectral data were consistent with literature reports.[30]
7.16.5.2 1,4-Diethoxybenzene (35)

(35)
A similar procedure to that used for 34 was used to prepare the ethoxy compound, 35, from hydroquinone
(1.56 g, 14.2 mmol), DMSO (25 mL), ground KOH (1.59 g, 28.4 mmol), and iodoethane (4.43 g, 28.4 mmol).
Characterisation: Yield: 2.51 g (50%). M.p.: 70.0-71.2°C (lit.[31] 70-71°C). 1H NMR (400 MHz, D6-DMSO): δH
1.28 (t, J = 6.8 Hz, 6H, CH3), 3.93 (q, J = 6.8 Hz, 4H, CH2), 6.82 (s, 4H, ar. CH).

13

C NMR (150 MHz, D6-DMSO):

δC 14.70 (CH3), 63.27 (CH2), 115.19 (ar. CH), 152.40 (ar. C). The spectral data were consistent with literature
reports.[31]
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7.16.5.3 1,4-Bis(bromomethyl)-2,5-dimethoxybenzene (36)

(36)
A modified literature procedure was used to prepare the title compound (36).[29, 32] 1,4-Dimethoxybenzene
34 (3.2 g, 23.2 mmol) and ground paraformaldehyde (2 equiv., 1.39 g, 46.3 mmol) were suspended in glacial
CH3COOH (25 mL), under a N2 atmosphere. A solution of HBr in CH3COOH (45%) (2 equiv. HBr, 8.33 g, 46.3
mmol) was then added using a syringe. The resulting mixture was heated to 75˚C for 2 h, after which time
a suspension of white solids was visible. The mixture was cooled to room temperature, poured over icy
water (40 g) and mixed thoroughly to precipitate the crude product. The solid was collected by filtration
and then redissolved in hot CHCl3 (50 mL). An equivalent volume of MeOH was added, and the entire
mixture was cooled in an ice bath. The title compound 36 was isolated as a white crystalline solid by
filtration, washed with MeOH (2 x 10 mL portions), and then dried in vacuo (24 h).
Characterisation: Yield: 5.89 g (78%). M.p.: 201.7-202.6°C (dec) (lit.[33] 200-202°C). 1H NMR (400 MHz, D6DMSO): δH 3.87 (s, 6H, OCH3), 4.53 (s, 4H, CH2Br), 6.87 (s, 2H, ar. CH).

13

C NMR (100 MHz, CDCl3): δC 28.54

(CH2Br), 56.25 (OCH3), 113.85 (C3 and C6), 127.43 (C1 and C4), 151.27 (C2 and C5).
7.16.5.4 1,4-Bis(bromomethyl)-2,5-diethoxybenzene (37)

(37)
A similar procedure to that used for 36 was used to synthesise the ethoxy compound, 37, from
1,4-diethoxybenzene 35 (1.96 g, 11.8 mmol) and ground paraformaldehyde (2 equiv., 0.71 g, 23.6 mmol) in
glacial CH3COOH (25 mL). HBr in CH3COOH (45%) solution (4.24 g, [2 equiv HBr]) was then added using a
syringe, followed by workup as described in Section 7.16.5.3.
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Characterisation: Yield: 2.16 g (52%). M.p.: 175.1-177.1°C. 1H NMR (400 MHz, CDCl3): δH 1.46 (t, J = 6.8 Hz,
6H, CH3), 4.09 (q, J = 6.8 Hz, 4H, OCH2), 4.55 (s, 4H, CH2Br), 6.88 (s, 2H, ar. CH).

13

C NMR (100 MHz, CDCl3):

δC 15.07 (CH3), 28.86 (CH2Br), 64.90 (OCH2), 115.1 (C3 and C6), 127.84 (C1 and C4), 150.74 (C2 and C5).

7.16.6 Synthesis of N3-N3-aryl bridged monomers possessing N1-propanoate functionality
7.16.6.1 Dimethyl 3,3'-(3,3'-(1,4-phenylenebis(methylene))bis(5-methyl-2,4-dioxo-3,4dihydropyrimidine-3,1(2H)-diyl))dipropanoate (31)

(31)
Thyminyl methyl propanoate 20 (2.99 g, 14.8 mmol), K2CO3 (2.45 g, 17.8 mmol) and 1,4bis(bromomethyl)benzene 36 (1.56 g, 5.92 mmol) were combined in 50 mL MeCN, under N2. The mixture
was refluxed for 20 h, cooled to ambient temperature and decanted into CH2Cl2 (150 mL). The salts were
removed by filtration, and the solvent was evaporated from the filtrate to leave a solid which was twice
triturated in EtOAc:EtOH (90:10). The title compound 31 was isolated by filtration.
Characterisation: Yield: 1.2 g, 40%. M.p: 177.3-178.4°C. MS (ESI)+: Calcd for C26H30N4O8: m/z 526.2; Found:
m/z 549.0 (M+Na)+ (100%), 564.9 (M+K)+ (3%), 283.1 (M+H+K)2+ (7%). 1H NMR : (400 MHz, CDCl3) δ 1.91 (s,
6H, C5-CH3), 2.77 (t, J = 6.2 Hz, 4H, CH2CO), 3.69 (s, 6H, O-CH3), 3.96 (t, J = 6.2 Hz, 4H, N1-CH2), 5.08 (s, 4H,
N3-CH2), 7.16 (s, 2H, C6H), 7.40 (s, 4H, Ar CH).

13

C NMR (100 MHz, CDCl3): δC 13.11 (C5-CH3), 33.03 (CH2CO),

44.32 (N3-CH2), 45.96 (N1-CH2), 52.12 (OCH3), 109.72 (C5), 129.24 (ar. CH), 136.31 (C6H), 139.64 (Ar C),
151.53 (C2), 163.8 (C4), 171.97 (COOR). Selected IR bands (ATR, cm-1): 3069 w, 3010 w, 2963 w, 2932 w,
2856 w, 1804 s, 1737 s, 1691 s, 1658 s, 1631 s, 1465 m, 1449 m, 1432 m, 1412 w, 1377 m, 1356 m, 1342 w,
1328 w, 1292 w, 1246 m. CHN: (calcd, found for C26H30N4O8), C (59.31, 58.72), H (5.74, 5.67), N (10.64,
10.67).
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7.16.6.2 Dimethyl 3,3'-(3,3'-((2,5-dimethoxy-1,4-phenylene)bis(methylene))bis(5-methyl-2,4dioxo-3,4-dihydropyrimidine-3,1(2H)-diyl))dipropanoate (32)

(32)
A mixture of MeCN (80 mL) and K2CO3 were stirred at ambient temperature. Thymine propanoate (3.54 g,
17.5 mmol) and 1,4-bis(bromomethyl)-2,5-dimethoxybenzene (2.29 g, 7.01 mmol) were added, and the
mixture was refluxed overnight. The cooled reaction mixture was decanted into CH2Cl2 (50 mL) to
precipitate the salts. The solids were filtered off and the solvent was evaporated from the filtrate to yield a
crude oil. The target compound was precipitated using EtOAc and then recrystallised from hot EtOAc by
slow cooling.
Characterisation: Yield: 1.24 g (31%). M.p.: 178.5-179.9°C. MS (ESI)+ calcd for C28H34N4O10: m/z 586.2;
found: m/z 587.2 (M+H)+ (10%), 606.2 (2M+H+K)2+ (25%), 609.2 (M+Na)+ (100%), 1195.5 (2M+Na)+ (9%). 1H
NMR (400 MHz, CDCl3): δH 1.95 (d, J = 1.2 Hz, 6H, C5-CH3), 2.79 (t, J = 6.0 Hz, 4H, CH2CO), 3.70 (s, 6H, ester
O-CH3), 3.76 (Ar O-CH3), 3.99 (t, J = 6.2 Hz, 4H, N1-CH2), 5.15 (s, 4H, N3-CH2), 6.65 (s, 2H, Ar CH), 7.19 (s, 2H,
C6).

13

C NMR (100 MHz, CDCl3): δC 13.08 (C5-CH3), 32.93 (CH2CO), 39.34 (N3-CH2), 45.89 (N1-CH2), 51.98

(OCH3), 56.60 (Ar OCH3), 109.48 (C5), 111.86 (Ar CH), 124.87 (Ar C-CH2), 139.45 (C6H), 151.35 (Ar CO),
151.44 (C2), 163.76 (C4), 171.85 (COOR). Selected IR bands (ATR, cm-1): 3084 w, 3010 w, 2953 w, 2847 w,
1732 m, 1696 m, 1663 m, 1638 s, 1508 m, 1460 m, 1441 m, 1414 m, 1374 m, 1354 m, 1335 w, 1257 m,
1234 m, 1203 m, 1142 w, 1056 w, 1038 m, 1016 w, 1002 w, 976 w, 925 w, 909 w, 873 w, 845 w, 769 m, 655
w, 642 w. CHN Analysis (calcd, found for C28H36N4O11): C(55.62, 55.93), H(6.00, 5.67), N(9.27, 9.24).
Crystal data: C28H34N4O10, M = 586.59, Colourless Needle, 0.02 × 0.02 × 0.01 mm3, monoclinic, space group
P21/n (No. 14), a = 9.0600(18), b = 16.130(3), c = 9.920(2) Å, β = 104.89(3)°, V = 1401.0(5) Å3, Z = 2, Dc =
1.391 g/cm3, F000 = 620, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.71253 Å, T =
100(2)K, 2θmax = 50.0˚, 16446 reflections collected, 2272 unique (Rint = 0.0658). Final GooF = 1.074, R1 =
0.0821, wR2 = 0.2263, R indices based on 2028 reflections with I >2sigma(I) (refinement on F2), 193
parameters, 1 restraint. Lp and absorption corrections applied, µ = 0.107 mm-1. Only very thin needle
crystals were available. Despite using synchrotron radiation, the reflection intensities were comparatively
weak which probably lead to the low C-C bond precision (0.0052 Å, alert level C). The highest remaining
Qpeak (height 0.68) is in close proximity to O(13) from the propanoate chain (d = 1.009 Å), while the

227

Chapter 7

second highest (0.67) is situated 1.055 Å away from H14A. These areas of residual electron density appear
to be associated with some unresolved disorder around the ester propanoate chain. Although several
attempts were made to model the disorder, the disordered atoms were too close to one another to obtain
appropriate thermal parameters from the refinement.
7.16.6.3 Dimethyl 3,3'-(3,3'-((2,5-diethoxy-1,4-phenylene)bis(methylene))bis(5-methyl-2,4dioxo-3,4-dihydropyrimidine-3,1(2H)-diyl))dipropanoate (33)

(33)
A similar procedure to that used for 32 was followed for the synthesis of the ethoxy analogue 33, except
the following reagents and quantities were used: MeCN (80 mL), K2CO3 (1.66 g, 12.0 mmol), thyminyl
methyl propanoate 20 (2.02 g, 10.0 mmol), and 1,4-bis(bromomethyl)-2,5-diethoxybenzene (2.16 g, 4.0
mmol).
Characterisation: Yield: 0.83 g (35%). M.p.: 152.0-152.8°C. MS (ESI)+ calcd for C30H38N4O10: m/z 614.3;
found: m/z 634.2 (2M+H+K)2+ (100%), 615.3 (M+H)+ (47%), 653.2 (M+K)+ (31%), 1251.5 (2M+Na)+ (89%),
1267.5 (2M+K)+ (21%). HRMS (ESI)+: m/z 615.2661 (M+H)+ (requires m/z 615.2666). 1H NMR (400 MHz,
CDCl3): δH 1.35 (t, J = 6.8 Hz, 6H, CH3), 1.94 (d, J = 1.2 Hz, 6H, C5-CH3), 2.78 (t, J = 6.0 Hz, 4H, CH2CO), 3.70 (s,
6H, OCH3), 3.94 (q, J = 6.8 Hz, 4H, OCH2), 3.98 (t, J = 6.0 Hz, 4H, N1-CH2), 5.14 (s, 4H, N3-CH2), 6.61 (s, 2H, Ar.
CH), 7.18 (d, J = 1.2 Hz, 2H, C6H). 13C NMR (100 MHz, CDCl3): δC 13.10 (C5-CH3), 14.94 (CH3), 32.96 (CH2CO),
39.79 (N3-CH2), 45.82 (N1-CH2), 51.96 (OCH3), 64.86 (OCH2), 109.44 (C5), 112.96 (Ar CH), 124.90 (N3-CH2),
139.35 (C6H), 150.64 (Ar CO), 151.31 (C2), 163.71 (C4), 171.88 (COOR). IR (ATR, cm-1): 3084 w, 2955 m,
1733 s, 1696 s, 1642 s, 1509 m, 1458 m, 1428 m, 1378 m, 1355 m, 1260 m, 1197 s.
Crystal data: C30H38N4O10, M = 614.64, Colourless prism, 0.02 × 0.02 × 0.01 mm3, triclinic, space group P-1
(No. 2), a = 11.598(2), b = 13.027(3), c = 13.432(3) Å, α = 75.17(3), β = 72.07(3), γ = 69.32(3)°, V = 1781.6(6)
Å3, Z = 2, Dc = 1.146 g/cm3, F000 = 652, goniostat with quantum 210r detector, synchrotron radiation, λ =
0.71070 Å, T = 100(2)K, 2θmax = 50.0˚, 7508 reflections collected, 5234 unique (Rint = 0.0354). Final GooF =
1.064, R1 = 0.0956, wR2 = 0.2796, R indices based on 3474 reflections with I >2sigma(I) (refinement on F2),
405 parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.087 mm-1. Due to a combination
of poor quality, weakly diffracting crystals and the hardware limitations at the Australian Synchrotron, the
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amount of observed data was low (0.835) for the 33 structure. The final structural model contains solvent
accessible channels down the a-axis which possess a total accessible volume of 319 Å3. It was expected
that these voids contained highly disordered solvent molecules however none of the attempts to model the
disorder gave a sensible refinement. An extinction correction was thus applied (EXTI). Even without
modelling the disordered solvent molecules in the voids of the structure, an acceptable refinement was
obtained for the main monomer residues (R1 = 0.0956).

7.16.7 Photo-polymerisation of crystalline monomer samples to give 40, 43, 41 and 42; and the
photo-dimerisation of a crystalline sample of monomer 28 to give 39
7.16.7.1 General synthetic procedure
A crystalline sample of the monomer was spread into a thin layer in a pyrex petri dish. The uncovered
sample was irradiated with 302 nm for the time period specified in the relevant Results and Discussion
sections (generally between 0.5 h-120 h). The crystalline material was agitated periodically during the
irradiation to ensure that the crystals were evenly exposed to the UV light. Where appropriate, the photoreactions were monitored by 1H NMR spectroscopy and GPC.
7.16.7.2 Poly (dimethyl 3,3'-(3,3'-(butane-1,4-diyl)bis(5-methyl-2,4-dioxo-3,4dihydropyrimidine-3,1(2H)-diyl))dipropanoate)(40)

(40)
Irradiation of crystalline N3-N3 n-butyl-linked bis-thyminyl methyl propanoate 24 as described in Section
7.16.7.1, gave the corresponding polymer 40 as a white crystalline solid. Purified samples could be
obtained by precipitation from a CHCl3 solution using hexane.
Characterisation: Photochemical yield (1H NMR): 96%. GPC (DMF + 10 mM LiBr): Mn 19 x 103 (Mw/Mn = 4.0).
1

H NMR (400 MHz, CDCl3): δH 1.36 (s, 6H, C5-CH3), 1.61 (br. s, 4H, N3-CH2CH2), 2.60 (dt, ca. J = 16.8, 5.6 Hz,

2H, CH2CO), 2.77 (dt, ca. J = 16.8, 7.3 Hz, 2H, CH2CO), 3.25 (dt, ca. J = 13.7, 7.1 Hz, 2H, N1-CH2), 3.66 (s, 6H,
OCH3), 3.85 (br. t, 4H, N3-CH2), 3.94 (s, 2H, C6H), 4.00 (dt, ca. J = 14.3, 6.4 Hz, 2H, N1-CH2).

13

C NMR (100
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MHz, CDCl3): δC 18.37 (C5-CH3), 25.63 (N3-CH2CH2), 31.89 (CH2CO), 32.15 (C5), 40.74 (N3-CH2), 43.82 (N1CH2), 45.81 (N1-CH2), 51.84 (OCH3), 61.98 (C6), 151.36 (C2, C4), 171.90 (COOR). Selected IR bands in the
“as-polymerised” 40 (KBr, cm-1): 2970 m, 2936 m, 2869 w, 1733 s, 1700 s, 1667 s, 1641 s, 1564 w 1545 w,
1529 w, 1510 w, 1473 s, 1456 s, 1429 s, 1405 s, 1394 s, 1363 s, 1258 m, 1247 m, 1214 s, 1204 s, 1176 s,
1169 m, 1003 m, 980 m, 910 m, 842 m, 772 m, 653 w, 463 m .
7.16.7.3 Poly (dimethyl 3,3'-(3,3'-(hexane-1,6-diyl)bis(5-methyl-2,4-dioxo-3,4dihydropyrimidine-3,1(2H)-diyl))dipropanoate) (41)

(41)
Irradiation of crystalline N3-N3 n-hexyl-linked bis-thyminyl methyl propanoate 30 as described in Section
7.16.7.1, gave the corresponding polymer 41 as a white crystalline solid.
Characterisation: Photochemical yield (1H NMR): 84%. GPC (DMF + 10 mM LiBr): Mn 2.6 x 103 (Mw/Mn =
5.3). 1H NMR (400 MHz, CDCl3): δH 1.35-1.43 (br. m, 4H, N3-CH2CH2CH2), 1.37 (s, 6H, C5-CH3), 1.60 (br. s, 4H,
N3-CH2CH2), 2.58-2.65 (m, 2H, N1-CH2CH2), 2.76-2.84 (m, 2H, N1-CH2CH2), 3.24-3.31 (m, 2H, N1-CH2), 3.68 (s,
6H, OCH3), 3.82 (br. t, J = 7.4 Hz, 4H, N3-CH2), 3.92-4.05 (m, 2H, N1-CH2), 3.96 (s, 2H, C6H).

13

C NMR (100

MHz, CDCl3): δC 19.03 (C5-CH3), 26.74 (N3-CH2CH2CH2), 28.48 (N3-CH2CH2), 32.05 (CH2CO), 33.07 (C5), 41.32
(N3-CH2), 43.94 (N1-CH2), 45.94 (N1-CH2), 52.16 (OCH3), 62.13 (C6), 151.53 (C2, C4), 172.10 (COOR).
Selected IR bands in “as-polymerised” sample (ATR, cm-1): 2957 m, 1733 s, 1696 s, 1663 s, 1640 s, 1508 w,
1458 m, 1428 m, 1381 m, 1356 m, 1259 m, 1199 s, 1109 w, 1047 w, 947 w, 841 w, 768 w, 647 w.
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7.16.7.4 Poly (dimethyl 3,3'-(3,3'-(1,4-phenylenebis(methylene))bis(5-methyl-2,4-dioxo-3,4dihydropyrimidine-3,1(2H)-diyl))dipropanoate) (42)

(42)
Irradiation of crystalline N3-N3 aryl-linked bis-thyminyl methyl propanoate 31 as described in Section
7.16.7.1, gave the corresponding polymer 42 as a white crystalline solid. Purified samples could be
obtained by precipitation of the polymer from a CHCl3/TFA (75/25) solution using MeOH.
Characterisation: Photochemical yield (1H NMR): 95%. MALDI-TOF (DCTB) of the “as-polymerised” sample
showed photo-products up to m/z 1.0 x 104. 1H NMR (400 MHz, CDCl3:TFAD 75:25): δH 1.39 (s, 6H, C5-CH3),
2.68-2.83 (m, 4H, CH2CO), 3.30-3.37 (m, 2H, N1-CH2), 3.73 (s, 6H, OCH3), 4.08 (s, 2H, cyclobut. C6H), 4.054.15 (m, 2H, N1-CH2), 4.98 (s, 2H, N3-CH2), 7.24 (s, 4H, Ar CH). 13C NMR (100 MHz, CDCl3:TFAD 75:25): δC
18.17 (C5-CH3), 31.79 (C5), 44.33 (N3-CH2), 45.00 (N1-CH2), 46.32 (N1-CH2), 53.07 (OCH3), 61.75 (C6), 128.61
(Ar CH), 135.80 (Ar C), 152.70 (C2, C4), 175.04 (COOR). Selected IR bands in “as-polymerised sample” (ATR,
cm-1): 2953 w, 1722 s, 1680 s, 1510 m, 1471 w, 1456 w, 1439 w, 1377 m, 1290 w, 1274w, 1201 m, 1163 w,
1106 m, 985 w, 959 w, 917 w, 887 w, 842 w, 814 w, 787 m.
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7.16.7.5 Poly(3,3'-(3,3'-(butane-1,4-diyl)bis(5-methyl-2,4-dioxo-3,4-dihydropyrimidine3,1(2H)-diyl))dipropanoic acid) (43)

(43)
Irradiation of crystalline N3-N3 n-butyl-linked bis-thyminyl propanoic acid 25 as described in Section
7.16.7.1, gave the corresponding polymer 43 as a white crystalline solid.
Characterisation: Photo-chemical yield (1H NMR): 81%. MALDI-TOF (sinapinic acid) of the as-polymerised
sample shows oligomeric photo-products up to m/z 4.2 x 103. 1H NMR : (400 MHz, D6-DMSO) δ 1.24 (s, 6H,
C5-CH3), 1.46 (m, 4H, N3-CH2CH2), 2.57 (m, 4H, CH2CO), 3.07 (m, 2H, N1-CH2), 3.71 (br. m, 4H, N3-CH2), 3.80
(m, 2H, N1-CH2), 3.97 (s, 2H, C6H), 12.4 (br. s, 2H, COOH).

13

C NMR (100 MHz, CDCl3): δC 12.58 (thy. C5-CH3),

18.12 (C5-CH3), 25.10 (N3-CH2CH2), 31.40 (CH2CO), 32.73 (C5), 39.97 (N3-CH2), 43.40 (N1-CH2), 45.13 (N1CH2), 60.47 (C6), 150.81 (C2, C4), 171.65 (COOH), 172.68 (thy. COOH). Selected IR bands in the “aspolymerised” 43 (ATR, cm-1): 2963 m, 1696 s, 1647 s, 1457 s, 1401 s, 1345 s, 1283 w, 1203 m, 1040 w, 965
w, 890 w, 750 m.
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7.16.7.6 Dimethyl 3,3'-(3,7-bis(3-(3-(3-methoxy-3-oxopropyl)-5-methyl-2,6-dioxo-2,3dihydropyrimidin-1(6H)-yl)propyl)-4a,8a-dimethyl-2,4,6,8tetraoxooctahydrocyclobuta[1,2-d:3,4-d']dipyrimidine-1,5(4bH,8bH)diyl)dipropanoate (39)

(39)
Irradiation of crystalline N3-N3 n-propyl-linked bis-thyminyl methyl propanoate 28 as described in Section
7.16.7.1, gave the corresponding dimer 39 as a white crystalline solid.
Characterisation: Photochemical yield (1H NMR): 50%. GPC (DMF + 10 mM LiBr): Mn 620 (Mw/Mn = 1.2). 1H
NMR (400 MHz, CDCl3): δH 1.42 (s, 6H, cyclobut. C5-CH3), 1.90 (s, 6H, thy. C5-CH3), 1.88-2.03 (m, 4H, N3CH2CH2), 2.61-2.69 (m, 2H, cyclobut. CH2CO), 2.76-2.79 (m, 6H, 2 cyclobut. CH2CO + 4 thy. N1-CH2), 3.253.32 (m, 2H, N1-CH2), 3.65 (s, 6H, cyclobut. OCH3), 3.71 (s, 6H, thy. OCH3), 3.89-4.07 (m, 14H, 2 cyclobut.
N1-CH2 + 4 N3-CH2, and 4 thy. N1-CH2 + 4 N3-CH2), 4.11 (s, 2H, cyclobut. C6H), 7.15 (s, 2H, thy. C6H).
Selected IR bands in “as-irradiated” (ATR2, cm-1): 2951 w, 1734 m, 1696 m, 1655 s, 1467 m, 1437 m, 1402 m,
1372 m, 1346 m, 1284 w, 1202 m, 1147 m, 1042 m, 964 w, 925 w, 846 w, 753 m.

7.16.8 Chemical derivatisation of 40
7.16.8.1 Partial hydrolysis of 40 at ambient temperature (43hyd)

(43hyd)
The partial hydrolysis of 40 was achieved at ambient temperature using a modified literature procedure.[34]
40 (0.51 g, Mn 1.5 x 104) was stirred in a mixture of MeCN (19.89 mL) and H2O (0.51 mL). Whilst still stirring,
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NEt3 (0.62 g, mmol) and LiBr (1.78 g, 20.5 mmol) were added and the flask was sealed. After 10 min a
rubbery material had precipitated from the bulk phase and adhered to the bottom of the flask. After 20 h,
the liquid phase was decanted and the rubbery solids were readily dissolved in H2O (20 mL). The solution
was acidified using 10% aq. HCl to precipitate the derivatised polymer. The solids were fitered and washed
several times with methanol and acetone, before drying in vacuo (24 h). The extent of hydrolysis was
determined by 1H NMR and acid number titration.
Characterisation: Recovery: 0.23 g, 44% (w/w). Hydrolysed groups,%: 1H NMR (DMSO), 67%; Acid number
titration 159 mg.g-1 (68% conversion to COOH). 1H NMR : (400 MHz, DMSO) δ 1.24 (s, 6H, C5-CH3), 1.46
(apparent br. s, 4H, N3-CH2CH2), 2.54-2.73 (m, 4H, CH2CO), 3.00-3.16 (m, 2H, N1-CH2), 3.58 (s, 2H, OCH3),
3.71 (apparent br. s, N3-CH2, 4H), 3.76-3.90 (br. m, N1-CH2, 2H), 3.93 (s, C6HCOOMe, ca. 1H), 3.96 (s, C6HCOOH,
ca. 1H). Selected IR bands (KBr, cm-1): 3410 s, 3236 m, 2924 w, 2855 w, 2044 w, 1624 s, 1159 w, 624 m, 455
m.
7.16.8.2 Attempted aminolysis of 40 at ambient temperature (44)

(44am)
40 (0.1 g, Mn 1.5 x 104) was stirred in MeCN (4.0 mL), and a concentrated aqueous NH3 (28%, 12 mL)
solution was added. The flask was capped and shaken and left to stir overnight. The next day the solids
were isolated by filtration and washed repetitively with H2O. The solids were dried in vacuo overnight.
Characterisation: Recovery: 55 mg, 55% (w/w). The 1H NMR and IR spectra obtained for the recovered
material did not support the expected conversion of ester moieties to amides.

7.16.9 Attempts to form cocrystals of monomers 24 and 31
Two monomers were selected for the cocrystallisation experiments: 1) n-butyl-linked bis-thyminyl
propanoate (24) and 2) aryl-linked bis-thyminyl propanoate (31). The cocrystallisation reactions were
performed by preparing hot solutions of each monomer in EtOH. The monomer solutions were then
combined and heated for a further 5 minutes. Crystalline material formed on cooling of the binary
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solution, which was collected by filtration and dried under vacuum. The mass of recovered crystalline solid
was measured and the monomer stoichiometry of the solid was determined using 1H NMR spectroscopy.
To examine the effect of varied monomer stoichiometry on the cocrystallisation products, five reactions
were trialled using three different molar ratios of the two monomers (24:31; 2:1, 1:1 and 1:2).
Table 7.2 Stoichiometry and yields of the crystalline material recovered from cocrystallisation experiments of using 24
and 31 from hot EtOH

1

Entry

Target Stoichiometry 24:31

Mass 24 (mg)

Mass 31 (mg)

Mass recovered (mg)

H NMR Stoichiometry

1

2:1 (a)

43.7

23.4

45.9 (68%)

2:1

2

1:1 (a)

35.3

33.8

44.8 (66%)

1:1

3

1:2 (a)

23.0

45.8

27.1 (39%)

0:1

4

1:1 (b)

141.2

135.2

170.1 (62%)

1:1

5

2:1 (b)

174.8

93.6

133.6 (50%)

2:1

Referring to Table 7.2, the attempt to generate a 24:31 cocrystal with a monomer stoichiometry of 1:2 was
unsuccessful, and 1H NMR revealed that the aryl-linked monomer 31 (entry 3) was almost exclusively
recovered. For entries 1 and 2, where 24:31 cocrystals with targeted stoichiometries of 2:1 and 1:1 were
sought, analysis of the 1H NMR spectra of the recovered solids revealed close to the desired stoichiometric
monomer ratios. As such, these two reactions were repeated to observe the reproducibility of the
reactions (entries 4 and 5). Again similar stoichiometric monomer ratios were observed in the recovered
materials.

7.16.10

Synthesis of the Heck compounds

7.16.10.1

(E)-5-Methyl-1-(4-(2-(pyridin-4-yl)vinyl)benzyl)pyrimidine-2,4(1H,3H)-dione

(VBT-4Pyr, 47)

(47)
VBT (48) (1.30 g, 6.33 mmol), NaOAc (0.78 g, 9.51 mmol), tri(o-tolyl)phosphine (P(o-tol)3) (0.44 g, 1.43
mmol), Pd(OAc)2 (80 mg, 0.36 mmol), and 4-bromopyridine hydrochloride (0.62 g, 3.19 mmol) were
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suspended in 20 mL DMF in a 35 mL microwave vial. The vial was capped and flushed with dry N2 for 5
minutes, prior to microwave irradiation in the CEM Discover instrument. In order to minimize pressure
spikes in the microwave vessel, a temperature program was utilised. The reaction temperature was raised
from 70˚C to 140˚C, in increments of 10˚C.min-1 and the temperature was then maintained at 140˚C for 1 h.
The cooled reaction mixture was filtered through a Celite plug, and the plug was thrice washed with 15 mL
portions of DMF. The filtrate was evaporated to yield a yellow-orange gum. CH2Cl2 (6 -10 mL) was used to
precipitate the title compound, 47. The precipitate was collected by filtration, washed with further
portions of CH2Cl2, and finally recrystallised from MeCN.
Characterisation: Yield: 0.75 g, 75%. M.p.: 261-263.1°C. MS (ESI)+: Calcd for C19H17N3O2: m/z 319.13; Found:
m/z 320.1 (M+H)+. HRMS (ESI)+: m/z 320.1396 (M+H)+ (requires m/z 320.1399). 1H NMR: (400 MHz, D6DMSO) δ 1.76 (d, J = 0.8 Hz, 3H, C5-CH3), 4.85 (s, 2H, N1-CH2), 7.23 (d, J = 16.4 Hz, 1H, alkene CH), 7.33 (d, J
= 8.00 Hz, 2H, Ar CH), 7.53 (d, J = 16.4 Hz, 1H, alkene CH), 7.55 (dd, J = 4.4, 1.6 Hz, 2H, Pyr CH), 7.61-7.67 (m,
3H Ar CH, C6H), 8.54 (dd, J = 4.8, 1.6 Hz, 2H, Pyr CH), 11.31 (br. s, 1H, NH).

13

C NMR (100 MHz, D6-DMSO):

δC 11.78 (C5-CH3), 49.86 (N1-CH2), 109.07 (C5), 120.88 (Pyr CH), 126.13 (alkene CH), 127.48 (Ar CH), 128.00
(Ar CH), 132.49 (alkene CH), 135.56 (Ar C), 137.46 (Ar C), 141.26 (C6), 144.17 (Pyr C), 150.11 (Pyr CH),
151.03 (C2), 164.25 (C4). IR (ATR, cm-1): 2955 m, 1734 m, 1696 s, 1667 s, 1600 m, 1443 m, 1408 m, 1376 m,
1346 m, 1246 m, 1201 m, 1080 w, 1003 m, 967 m, 953 m, 890 m, 842 m, 820 m, 764 m.
Crystal data: C19H17N3O2, M = 319.36, Pale yellow needle, 0.20 × 0.05 × 0.01 mm3, monoclinic, space group
P21/n (No. 14), a = 16.482(3), b = 4.9600(10), c = 18.568(4) Å, β = 91.72(3)°, V = 1517.3(5) Å3, Z = 4, Dc =
1.398 g/cm3, F000 = 672, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.71082 Å, T =
100(2)K, 2θmax = 50.0˚, 9341 reflections collected, 2650 unique (Rint = 0.0555). Final GooF = 1.068, R1 =
0.0509, wR2 = 0.1252, R indices based on 2082 reflections with I >2sigma(I) (refinement on F2), 269
parameters, 14 restraints. Lp and absorption corrections applied, µ = 0.093 mm-1. The pyridyl ring and
ethylene group were disordered over two positions in the refined structure. This disorder was successfully
modelled and refined against the second free variable to give site occupancies of 50.95% and 49.05%. The
ethylene bonds were restrained to the same distances using SADI, and the bond distances of the pyridyl
rings were fixed to sensible values (1.386, 1.377 and 1.335 Å, respectively). Some further unresolved
disorder may be present in the phenyl ring, which gives rise to the slightly elevated atomic displacement
parameter (min/max ratio) for atom C14.
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7.16.10.2

(E)-5-Methyl-1-(4-(2-(pyridin-3-yl)vinyl)benzyl)pyrimidine-2,4(1H,3H)-dione

(VBT-3Pyr, 49)

(49)
The title 3-pyridinyl isomer (49) was prepared using a similar procedure to that used for the preparation of
the 4-pyridinyl compound 47 in Section 7.16.10.1 (p. 235), except the following reagents and quantities
were used: VBT (48) (1.3 g, 5.37 mmol), NaOAc (0.88 g, 10.7 mmol), P(o-tol)3 (0.44 g, 1.45 mmol), Pd(OAc)2
(80 mg, 0.36 mmol), and 3-bromopyridine (0.57 g, 3.58 mmol).
Characterisation: Yield: 0.62 g, 55%. M.p.: 245-247.3°C. MS (ESI)+: Calcd for C19H17N3O2: m/z 319.13; Found:
m/z 148.0 (Thy+Na)+, 320.1 (M+H)+. HRMS(ESI)+: m/z 320.1396 (M+H)+ (requires m/z 320.1399). 1H NMR :
(400 MHz, D6-DMSO) δ 1.76 (d, J = 1.2 Hz, 3H, C5-CH3), 4.85 (s, 2H, N1-CH2), 7.24-7.41 (m, 5H, 2 Ar CH, 1 Pyr
CH, 2 alkene CH), 7.61 (d, J = 8.0 Hz, 2H, Ar CH), 7.63 (d, J = 1.2 Hz, 1H, C6H), 8.04 (td, J = 8.0 Hz, 1H, Pyr CH),
8.45 (dd, J = 4.8, 1.4 Hz, 1H, Pyr CH), 8.76 (d, J = 2.0 Hz, 1H, Pyr CH), 11.32 (br. s, 1H, N3H).

13

C NMR (100

MHz, D6-DMSO): δC 11.84 (C5-CH3), 49.77 (N1-CH2), 108.98 (C5), 120.76 (Pyr CH), 126.03 (alkene CH),
127.22 (Ar CH), 127.84 (Ar CH), 132.39 (alkene CH), 135.50 (Pyr C), 137.35 (Ar C), 137.61 (Pyr CH), 141.16
(C6H), 144.07 (Ar C), 149.92 (Pyr CH), 150.92 (C2), 164.15 (C4). Selected IR bands (ATR, cm-1): 3404 m, 2955
m, 1733 m, 1696 s, 1663 s, 1637 s, 1509 m, 1459 m, 1427 m, 1382 m, 1352 m, 1197 s, 1046 m, 999 w, 947
w, 819 w, 766 m.
Crystal data: C19H17N3O2, M = 319.36, Colourless Needle, 0.02 × 0.02 × 0.00 mm3, triclinic, space group P-1
(No. 2), a = 4.8700(10), b = 10.620(2), c = 15.260(3) Å, α = 100.47(3), β = 94.59(3), γ = 93.98(3)°, V = 770.8(3)
Å3, Z = 2, Dc = 1.376 g/cm3, F000 = 336, goniostat with quantum 210r detector, synchrotron radiation, λ =
0.71070 Å, T = 100(2)K, 2θmax = 50.0˚, 9756 reflections collected, 2562 unique (Rint = 0.1189). Final GooF =
1.057, R1 = 0.0752, wR2 = 0.1919, R indices based on 1684 reflections with I >2sigma(I) (refinement on F2),
280 parameters, 3 restraints. Lp and absorption corrections applied, µ = 0.092 mm-1. The measured
diffraction is low (0.938) due to hardware limitations at the Australian Synchrotron (i.e. fixed detector angle,
minimum detector distance). Nevertheless the data completeness is close to 100%, and a reasonable
refinement (R1 = 0.0752) was obtained. The final structure contains disorder around the aryl and olefinic
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regions which was successfully modelled over two sites, and refined against the second free variable to give
site occupancies of 54.65% for part 1 and 45.35% for part 2.
7.16.10.3

(E)-3,5-Dimethyl-1-(4-(2-(pyridin-4-yl)vinyl)benzyl)pyrimidine-2,4(1H,3H)-

dione (VBMT-4Pyr, 50)
O
N
N

O

N

(50)
The VBMT(52)-based title compound, 50, was prepared using a similar procedure to that used for the
preparation of the 4-pyridinyl-VBT compound, 47 (p. 235), except a modified workup procedure was
employed, and the following reagents and quantities were used: VBMT (52) (1.17 g, 4.54 mmol),
2-tert-butyl-4-methylphenol (5 mg, 0.03 mmol), NaOAc (0.74 g, 9.1 mmol), P(o-tol)3 (0.23 g, 0.78 mmol),
Pd(OAc)2 (70 mg, 0.30 mmol), and 4-bromopyridine hydrochloride (0.59 g, 3.03 mmol). After filtration of
the reaction mixture through Celite as described previously, the DMF was evaporated to give a yelloworange oil which was taken up in 10% sodium hydroxide (25 mL) and extracted thrice with CH2Cl2 (50 mL
portions). The organic phase was dried over MgSO4 and the solvent was evaporated from the filtrate under
reduced pressure. The residue was taken up in CH2Cl2 (5 mL) and the product was precipitated upon
addition of hexane (100 mL). The whole sample was recrystallised by adding a boiling CH2Cl2 (3 mL)
solution of 50 to boiling hexane (25 mL). The resulting milky suspension was heated for a further 5 min.
Upon cooling and slow evaporation, single crystals of 50 were obtained and isolated by filtration.
Characterisation: Yield: 0.32 g, 32%. M.p.: 179.0-184.3°C. MS (ESI)+: Calcd for C20H19N3O2: m/z 333.15;
Found: m/z 334.1 (M+H)+. HRMS (ESI)+: m/z 334.1553 (M+H)+ (requires m/z 334.1556). 1H NMR: (400 MHz,
CDCl3) δ 1.94 (d, J = 1.2 Hz, 3H, C5-CH3), 3.41 (s, 3H, N3-CH3), 4.95 (s, 2H, N1-CH2), 7.02 (d, J = 0.8 Hz, 1H,
C6H), 7.03 (d, J = 16.4 Hz, 1H, alkene CH), 7.35 (m, 5H, 2 Ar CH, 2 Pyr CH, 1 alkene CH), 7.55 (d, J = 8.4 Hz,
2H, Ar CH), 8.60 (d, J = 5.6 Hz, 2H, 2 Pyr CH).

13

C NMR (100 MHz, CDCl3): δC 13.10 (C5-CH3), 28.13 (N3-CH3),

51.80 (N1-CH2), 110.35 (C5), 120.88 (Pyr CH), 126.71 (Ar CH), 127.58 (alkene CH), 128.40 (Ar CH), 132.32
(alkene CH), 136.19 (Ar C), 136.31 (Ar C), 137.54 (C6H), 144.41 (Pyr C), 150.11 (Pyr CH), 151.87 (C2), 163.82
(C4). Selected IR bands (ATR, cm-1): 3451 w, 3084 w, 2955 m, 1733 m, 1696 m, 1662 s, 1637 s, 1509 m,
1459 s, 1380 s, 1259 m, 1198 s, 1047 m, 999 w, 946 w, 843 w, 765 m.
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Crystal data (VBMT4Pyr): C20H19N3O2, M = 333.38, Colourless Plate, 0.05 × 0.04 × 0.01 mm3, monoclinic,
space group P21/c (No. 14), a = 13.101(3), b = 14.414(3), c = 8.9980(18) Å, β = 103.68(3)°, V = 1651.0(6) Å3, Z
= 4, Dc = 1.341 g/cm3, F000 = 704, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.71070
Å, T = 100(2)K, 2θmax = 50.0°, 20365 reflections collected, 2866 unique (Rint = 0.0414). Final GooF = 1.042,
R1 = 0.0482, wR2 = 0.1263, R indices based on 2536 reflections with I >2sigma(I) (refinement on F2), 273
parameters, 102 restraints. Lp and absorption corrections applied, µ = 0.089 mm-1. The pyridyl ring and
ethylene group were disordered over two positions in the refined structure. This disorder was successfully
modelled and refined against the second free variable to give site occupancies of 79.13% and 20.87%. The
ethylene bonds were restrained to the same distances using SADI, and the bond distances of the pyridyl
rings were fixed to sensible values (1.386, 1.377 and 1.335 Å).
7.16.10.4

(E)-3,5-Dimethyl-1-(4-(2-(pyridin-3-yl)vinyl)benzyl)pyrimidine-2,4(1H,3H)-

dione (VBMT-3Pyr, 51)

(51)
A similar procedure to that used for the preparation of the 4-pyridinyl isomer, 50 (p. 238), was used to
prepare the 3-pyridinyl title compound (51), except the following reagents and quantities were used: VBMT
(52) (1.17 g, 4.54 mmol), 2-tert-butyl-4-methylphenol (5 mg, 0.03 mmol), NaOAc (0.74 g, 9.1 mmol), P(otol)3 (0.37 g, 1.21 mmol), Pd(OAc)2 (70 mg, 0.30 mmol), and 3-bromopyridine (0.48 g, 3.03 mmol).
Characterisation: Yield: 0.07 g, 7%. M.p.: 182.8-185.2°C (dec.). MS (ESI)+: Calcd for C20H19N3O2: m/z 333.15;
Found: m/z 334.0 (M+H)+. HRMS (ESI): m/z 334.1553 (M+H)+ (requires m/z 334.1556). 1H NMR : (400 MHz,
CDCl3) δ 1.94 (d, J = 0.8 Hz, 3H, C5-CH3), 3.41 (s, 3H, N3-CH3), 4.95 (s, 2H, N1-CH2), 7.02 (d, J = 0.8 Hz, 1H,
C6H), 7.13 (dd, J = 16.4 Hz, 2H, alkene CH), 7.31-7.35 (m, 3H, 2 Ar CH, 1 Pyr CH), 7.55 (d, J = 8.2 Hz, 2H, Ar
CH), 7.87 (td, J = 8.0, 1.8 Hz, 1H, Pyr CH), 8.52 (dd, J = 4.4, 0.8 Hz, 1H, Pyr CH), 8.75 (d, J = 1.6 Hz, 1H, Pyr CH).
13

C NMR (100 MHz, CDCl3): δC 13.12 (C5-CH3), 28.15 (N3-CH3), 51.81 (N1-CH2), 110.34 (C5), 123.66 (Pyr CH),

125.55 (alkene CH), 127.27 (Ar CH), 128.42 (Ar CH), 130.11 (alkene CH), 133.00 (Pyr C), 133.01 (Pyr. CH),
135.64 (Ar C), 136.81 (Ar C), 137.56 (C6H), 148.26 (Pyr CH), 148.44 (Pyr CH), 151.87 (C2), 163.82 (C4).
Selected IR bands (ATR2, cm-1): 3029 w, 2985 w, 2954 w, 2926 w, 1665 s, 1640 s, 1510 w, 1471 m, 1360 m,
1334 m, 1258 w, 1201 m, 1111 w, 1023 w, 963 m, 952 m, 928 w, 829 m, 802 m, 761 s, 703 s.
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Crystal data: C20H19N3O2, M = 333.38, Colourless Needle, 0.20 × 0.02 × 0.00 mm3, monoclinic, space group
C2/c (No. 15), a = 30.165(6), b = 4.4000(9), c = 24.600(5) Å, β = 93.83(3)°, V = 3257.7(11) Å3, Z = 8, Dc = 1.359
g/cm3, F000 = 1408, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.71073 Å, T =
100(2)K, 2θmax = 50.0˚, 9932 reflections collected, 2833 unique (Rint = 0.0630). Final GooF = 1.023, R1 =
0.0485, wR2 = 0.1233, R indices based on 2268 reflections with I >2sigma(I) (refinement on F2), 228
parameters, 0 restraints. Lp and absorption corrections applied, µ = 0.090 mm-1.

7.16.11

Synthesis of bipyridyl thyminyl derivatives

7.16.11.1

5-Methyl-1,3-bis(pyridin-4-ylmethyl)pyrimidine-2,4(1H,3H)-dione (45)

(45)
4-(Chloromethyl)pyridine hydrochloride was neutralised in aqueous NaOH, and extracted with CH2Cl2. The
organic layers were dried over MgSO4, and CH2Cl2 was evaporated.

The neutralised 4-

(chloromethyl)pyridine (1.40 g, 11.0 mmol) was dissolved in anhydrous DMF (50 mL) at 80˚C, under a
constant stream of N2. Thymine (0.63 g, 4.99 mmol) and K2CO3 (3.17 g, 23 mmol) were also added, and
stirring was continued at 80˚C for a further 24 h. K2CO3 was removed by filtration and DMF was evaporated
from the filtrate.

The resulting black oil was purified by silica-gel column chromatography using

CH2Cl2/MeOH (90/10) as the eluant. Purification yielded a yellow, hygroscopic, waxy-solid in 52% yield
(0.80 g).
Characterisation: Yield: 0.80 g (52%). MS (ESI)+ calcd for C17H16N4O2: m/z 308.1; found: m/z 309.1 (M+H)+.
HRMS (ESI): m/z 309.1346 (M+H)+ (requires m/z 309.1352). 1H NMR (400 MHz, CDCl3): δH 1.97 (d, J = 1.2 Hz,
3H, C5-CH3), 4.93 (s, 2H, CH2), 5.15 (s, 2H, CH2), 7.03 (d, J = 1.2 Hz, 1H, C6H), 7.16 (d, J = 6.0 Hz, 2H, Pyr CH),
7.32 (d, J = 6.0 Hz, 2H, Pyr CH), 8.54 (d, J = 6.0 Hz, 2H, Pyr CH), 8.62 (d, J = 6.0 Hz, 2H, Pyr H).

13

C NMR (100

MHz, CDCl3): δC 13.04 (C5-CH3), 43.78 (N3-CH2), 51.22 (N1-CH2), 111.07 (C5), 122.05 (Pyr CH), 123.36 (Pyr
CH), 138.03 (C6), 144.31 (Pyr C), 145.33 (Pyr C), 149.94 (Pyr CH), 150.49 (Pyr CH), 151.50 (C2), 163.20 (C4).
Selected IR bands (ATR2, cm-1): 3055 w, 3026 w, 2994 w, 2955 w, 2930 w, 2893 w, 1699 s, 1644 s, 1599 s,
1561 m, 1449 s, 1411 s, 1358 s, 1262 w, 1220 m, 1145 w, 1066 w, 991 m, 910 m, 784 w, 765 s.
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7.16.11.2

1,1'-(((2,4-Di(pyridin-4-yl)cyclobutane-1,3-diyl)bis(4,1-

phenylene))bis(methylene))bis(3,5-dimethylpyrimidine-2,4(1H,3H)-dione)
(VBMT-4Pyr photo-dimer, 53)

(53)
Crystals of the VBMT-4Pyr Heck product, 50, were grown from CH2Cl2/hexane, as described previously in
Section 7.16.10.3. The crystals were spread in a thin layer in a petri-dish, and irradiated at 302 nm for a
period of 17 h. The title compound was obtained in near quantitative yield as a yellow solid. If required,
purification of the title compound was performed by recrystallisation from MeOH/Acetone.
Characterisation: 96-98%. M.p.: 245-246°C. MS (ESI)+: Calcd for C22H23N4O8: m/z 666.3; Found: m/z 667.3
(M+H)+; 334.2 (M+2H)2+. 1H NMR (400 MHz, CDCl3): δH 1.92 (d, J = 0.8 Hz, 6H, C5-CH3), 3.38 (s, 6H, N3-CH3),
4.45 (m, 4H, cyclobut. CH), 4.82 (s, 4H, N1-CH2), 6.90 (d, J = 1.2 Hz, 2H, C6H), 6.98 (dd, J = 4.8, 1.6 Hz, 4H,
Pyr CH), 7.10 (m, 8H, Ar CH), 8.38 (dd, J = 4.8, 1.6 Hz, 4H, Pyr CH). 1H NMR (DMSO-d6): δH 1.79 (d, J = 1.2 Hz,
6H, C5-CH3), 3.17 (s, 6H, N3-CH3), 4.55 (dd, J = 16.6 Hz, 6.8 Hz, 4H, cyclobut. CH), 4.79 (s, 4H, N1-CH2), 7.177.27 (m, 12H, Pyr CH, Ar CH), 7.58 (d, J = 1.2 Hz, 2H, C6H), 8.45 (dd, J = 4.8 Hz, 1.6 Hz, 4H, Pyr H). 13C NMR
(D6-DMSO): δC 12.81 (C5-CH3), 29.61 (N3-CH3), 47.98 (cyclobut. CH), 53.14 (N1-CH2), 110.26 (C5), 123.81
(Pyr C), 127.65 (Ar C), 129.13 (Ar C), 134.10 (Ar C), 135.23 (Ar C), 138.44 (C6H), 152.18 (Pyr C), 155.36 (Pyr
C), 155.64 (C2), 162.81 (C4). Selected IR bands (ATR, cm-1): 3405 m, 3085 w, 2956 m, 1733 m, 1696 m, 1662
s, 1638 s, 1509 m, 1458 m, 1428 m, 1380 m, 1354 m, 1260 m, 1197 s, 1047 m, 999 w, 946 w, 842 w, 766 m.
Crystal data: C40H38N6O4, M = 666.76, Colourless Plate, 0.01 × 0.01 × 0.00 mm3, monoclinic, space group
P21/n (No. 14), a = 8.1880(16), b = 12.063(2), c = 17.140(3) Å, β = 103.02(3)°, V = 1649.4(6) Å3, Z = 2, Dc =
1.343 g/cm3, F000 = 704, goniostat with quantum 210r detector, synchrotron radiation, λ = 0.71070 Å, T =
100(2)K, 2θmax = 50.0˚, 20998 reflections collected, 2915 unique (Rint = 0.2321). Final GooF = 1.048, R1 =
0.1105, wR2 = 0.2746, R indices based on 1663 reflections with I >2sigma(I) (refinement on F2), 237
parameters, 28 restraints. Lp and absorption corrections applied, µ = 0.089 mm-1. The cyclobutane
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hydrogen atoms (H14 and H21) were placed in calculated positions and the cyclobutane C-H bond lengths
were fixed at 0.96 Å. The residual electron density located 1.141 Å away from the cyclobutane C14 atom (q
= 1.54) is likely to be an artefact from the placement of the hydrogen atoms. ISOR was applied to the
cyclobutane C14 and C21 atoms and the pyridyl C21 and C13 atoms in order to obtain a sensible refinement
of the anisotropic displacement parameters for these atoms.

7.16.12

Synthesis of coordination complexes

7.16.12.1

Synthesis of coordination complexes of 45

Cu(MeCN)4(ClO4)
A 5.3 mg.mL-1 solution of Cu(MeCN)4(ClO4) in MeCN was prepared using a reported procedure.[35]
Di-pyridinyl thymine 45 (50 mg, 0.16 mmol) dissolved in MeCN (5 mL), was added to a 5 mL portion of
Cu(MeCN)4(ClO4) solution. The resulting mixture was left in a dark cupboard to slowly evaporate. Small
purple crystals developed after three weeks and were analysed by SC-XRD (crystal data below).
Crystal structure: The obtained structure was highly disordered and has not been included in this thesis.
45.AgNO3.MeCN
The bis-pyridinyl thymine compound 45 (50 mg, 0.16 mmol) in MeCN (5 mL), was added to 5 mL of an
MeCN solution of AgNO3 (14 mg, 8.3 x 10-2 mmol). Within 10 min, a precipitate formed which was
subsequently dissolved by the addition of 4 drops of NH4OH (28%). The resulting solution was stored in a
dark cupboard overnight and left to slowly evaporate. The following day brown needle crystals had formed
which were suitable for structural analysis by SC-XRD at the Australian Synchrotron (crystal data below).
Crystal data: C19H19AgN6O5, M = 519.27, Brown Needle, 0.025 × 0.005 × 0.005 mm3, triclinic, space group P1 (No. 2), a = 7.0380(14), b = 10.843(2), c = 14.409(3) Å, α = 105.99(3), β = 100.35(3), γ = 99.68(3)°, V =
1011.9(4) Å3, Z = 2, Dc = 1.704 g/cm3, F000 = 524, goniostat with quantum 210r detector, synchrotron
radiation, λ = 0.77369 Å, T = 100(2)K, 2θmax = 53.0˚, 11057 reflections collected, 2924 unique (Rint = 0.0378).
Final GooF = 1.067, R1 = 0.0543, wR2 = 0.1332, R indices based on 2630 reflections with I >2sigma(I)
(refinement on F2), 295 parameters, 1 restraint. Lp and absorption corrections applied, µ = 1.042 mm-1.
The measured data completeness is low (0.898) due to hardware limitations at the synchrotron beamline
(i.e. fixed detector angle, minimum detector distance). However, the amount of observed data was close
to 100% and gave a satisfactory refinement (R1 = 0.0543). The C6H hydrogen atom and the C4=O oxygen
atom are disordered over two sites due to the alternating thyminyl ring orientation. The disorder of these
atoms was modelled in two parts and refined against the second free variable to obtain site occupancies
49.4% and 50.6%, respectively. The modelled disorder at the position of the C4=O oxygen caused apparent
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C4=O...O=C4 contacts, however these were more likely to be C4=O...H6C contacts. The disorder also
resulted in a larger than normal value for the ADP max/min ratio at the C4=O oxygen.
7.16.12.2

Attempted synthesis of coordination complexes of 53

A general procedure
The VBMT-4Pyr cyclobutane dimer (53) (67 mg, 0.1 mmol) was dissolved in an appropriate solvent (4.00 ml).
A solution of the selected metal salt (0.1 mmol) in the relevant solvent (4.00 ml) was then slowly added.
The co-solvent was slowly evaporated at ambient temperature in a dark cupboard. The reaction mixture
was examined periodically over two weeks to check for the formation of crystalline products. Further
experimental details for some of the reactions are outlined in Table 7.3.
Table 7.3 Attempts to form a coordination compound from the head-to-tail VBMT-4Pyr cyclobutane dimer (53). The
observations made after 2 weeks are included.

Solvent system
(53/Metal salt)

Observation after 2 weeks

MeCN/MeOH (1:1)
CHCl3/MeOH (1:1)

Brown precipitate
Dark brown precipitate

MeCN/MeOH (1:1)
CHCl3/MeOH (1:1)
MeCN/MeOH (1:1)
CHCl3/MeOH (1:1)
MeNO2/MeOH (1:1)
MeOH/H2O (5:1)
THF
CH2Cl2/MeOH (1:1)

Pale green film
Pale yellow/green precipitate
Blue precipitate
Pale green solution
White film
Flocculent mass
Blue film
Flocculent mass

MeOH
MeNO2/MeOH(1:1)

Pale pink solution
Pale pink solution and pale pink precipitate

-

CH2Cl2/MeOH (1:1)
CH2Cl2/MeOH (1:1)

Pale green solution (clear)
Pale green solution (turbid)

-

CHCl3/MeOH (1:1)
MeNO2/MeOH (1:1)
MeCN+drops of NEt3
CHCl3/MeOH (1:1)
THF/MeOH(buffer)/MeOH (1:1:1)

Clear solution and some flocculent
Clear solution
White film
Clear solution
Clear solution

MeCN
MeCN/MeOH (1:1)
MeOH

Silver film
Black precipitate
Brown precipitate

Entry

Metal

Counter ion

1
2

Ag(I)

CF3CO2
NO3

3
4
5
6
7
8
9
10

Cu(II)

BF4
ClO4
NO3
NO3
NO3
NO3
NO3
2SO4

11
12

Co(II)

CH3CO2
ClO4

13
14

Ni(II)

Cl
NO3

Zn(II)

Cl
Cl
Cl
ClO4
CH3CO2

Ag(I)

NO3
NO3
NO3

15
16
17
18
19
20
21
22

-

-

-

-

a
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8
8.

Overall conclusions and
recommendations

Conclusions and recommendations

8.1 Overall conclusions
The research presented in this Thesis focused mainly on the design and synthesis of a photo-reversibly
polymerisable material, using thymine as the photo-reversible segment in the monomer/polymer system.

8.1.1

n-Alkyl-linked bis-thyminyl acetates (15a-15h)

In the first attempts at photo-reversible polymerisation presented in Chapter 2, eight N1-derivatised
n-alkyl-linked bis-thyminyl acetate monomers were synthesised (15a-15h) from thyminyl acetic acid (17),
which varied with respect to the length of the n-alkyl spacer that was positioned between the two
N1-thyminyl acetate units.

The UV-Vis studies performed using irradiated films of the compounds,

indicated that monomers possessing larger n-alkyl spacer lengths tended to undergo faster rates of
conversion of the thyminyl moieties to the corresponding cyclobutane compounds. However, the total
conversion of the thyminyl moieties to cyclobutanes was similar for all the compounds (74-83% after 60
J.cm-2, 302 nm). The 1H NMR spectra of the irradiated samples indicated that the photo-reactions were not
stereospecific and afforded a mixture of the cyclobutane isomers (CAI, CAII, TA, CS and TS). The n-ethyllinked bis-thyminyl acetate monomer (15a), however, appeared to form only trans-syn (TS) cyclobutane
photo-products. GPC analysis of the photo-products also revealed differences in the degree of conversion
of monomers to higher molecular weight species, and also to the average molecular weight of the nonmonomeric species. Of all the monomers, the n-decyl-linked bis-thyminyl acetate (15g) resulted in the
highest degree of conversion to non-monomeric species (50%) which possessed an average molecular
weight of Mw 5.6 x 103 (Mw/Mn = 2.2). Conversely, irradiation of the n-propyl-linked bis-thyminyl acetate
compound (15b) resulted in just 3% conversion to non-monomeric species. As both monomers underwent
a similar number of photo-reactions in the film (as determined by 1H NMR and UV-Vis sepctroscopic
analysis), the differences in the photo-product molecular weights were attributed to the general
246

Chapter 8

conformations adopted by the monomers.

It is suspected that n-decyl-bis-thyminyl acetate (15g)

molecules adopt more open monomer conformations in the films, so that irradiation results in
intermolecular photo-products (which possess a higher molecular weight than the monomer); while the npropyl-linked bis-thyminyl acetate (15b) adopts more constrained conformations in the film which give
predominantly intramolecular photo-products that share the same molecular weight as the monomer (15b).
When the propyl-linked (15b) and decyl-linked (15g) bis-thyminyl acetates were photo-polymerised in the
presence of PVP, the average molecular weight and conversion to non-monomeric photo-products
increased, which implies that PVP improved the conformation and alignment of the monomers in the filmstate.
The polymerised films only underwent between 24-36% cycloreversion using <250 nm light due to the
establishment of an equilibrium between the cyclobutane ring formation and cleavage reactions. It was
proposed that a greater degree of cycloreversion could be achieved if the depolymerisation reactions were
performed using a shorter wavelength UV light source (220 nm). Nevertheless, the GPC analyses of the
photo-depolymerised films (<250 nm) inferred that photo-reversion occurred primarily in the higher
molecular weight species to produce a greater number of molecules with lower average molecular weight.
It is exected that the higher molecular weight photo-products would be more susceptible to photocleavage reactions due to larger torsional stresses and ring strains.

8.1.2

The design and synthesis of bis-thyminyl monomers that can undergo photopolymerisation in single-crystals

8.1.2.1 Study of N1-thyminyl deriavtives
As single crystals of the monomers studied in Chapter 2 could not be obtained, the research described in
Chapter 3 focussed on the study of six N1-thyminyl derivatives in order to understand some of the factors
important to the crystal packing of thyminyl compounds. The crystallographic analysis of the six derivatives
revealed four intermolecular interactions: π-π stacking between the thyminyl rings, Watson and Crick style
hydrogen bonding between the thyminyl rings, hydrogen bonding between terminal functional groups on
the N1 substituents (inter-chain hydrogen bonding), and hydrogen bonding between the carbonyl group on
the thyminyl ring and functional group on the N1 substituent (chain-ring). The observed π-π stacking
interactions in the structures usually resulted in a displaced CS-type alignment of the olefinic double bonds
or a TA-type sandwich alignment of the double bonds. However, a TS-type criss-cross alignment of the
double bonds was observed in the case of thyminyl propanamide (22). In many of the structures of the
derivatives, it appeared that Watson and Crick style hydrogen bonding stabilised the position of thyminyl
ring stacks, while the inter-chain and chain-ring interactions effected the arrangement of the proximity
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related thyminyl pairs, thereby influencing the type of π-π stacking interactions observed in the crystal
structures. Only thyminyl propanamide crystals (22) were photo-active. This was attibuted to the close
packing of the olefins in the proximity-related thyminyl pairs of 22. The 1H NMR spectrum of irradiated 22
indicated that one cyclobutane isomer was formed as a major product. Based on the crystal structure of 22,
the photo-product was suspected to be the TS dimer.
In order to establish whether the type of N1 substituent, or the nature of the π-π stacking (i.e. TA, TS CA,
CS) interactions effected the reaction barriers and reaction energies of the dimerisations, computational
studies were undertaken. The results of these studies indicated that although there were energetic
differences between the transition state structures arising from different π-π stacking arrangments and
dfferent N1 substitutents, the energy supplied to the systems by irradiation of the derivatives with 302 nm
UV light, should provide sufficient energy to overcome the reaction barriers. Thus the major determining
factor in the dimerisation of the N1-derivatives is the topochemical alignment of the reactive double bonds.
Since the intermolecular interactions between the molecules in the crystal structures give rise to the
observed monomer topochemistry, investigating the strengths of the various interactions was more
pertinent.

Surprisingly, only slight energetic differences were found between the four classes of

intermolecular interactions observed in the crystal structures, which highlighted the fact that the
topochemistry of the monomers resulted from an interplay between the different interactions (and other
cooperative effects).
8.1.2.2 Crystal structures and photo-products of bis-thyminyl monomers with N3-N3-bridges
In Chapter 4 ten new monomers were synthesised, that varied with respect to the N1-functionality, the size
of the N3-N3-polymethylene spacer, or the type of rigid N3-N3-aryl spacer. Based on the results of the
crystallographic and computational studies in Chapter 3, all of the new bis-thyminyl monomers presented
in Chapter 4 were bridged by an N3-N3 linker in order to eliminate Watson and Crick style hydrogen
bonding interactions. In most cases, thyminyl methyl propanoate (20) moieties were incorporated into the
bis-thyminyl monomer structures because the crystal structure of this starting compound (20) was not
found to undergo any inter-chain or chain-ring interactions that could potentially disrupt the desirable
thyminyl π-π stacking interactions. To examine the effect that the various chemical modifications had on
the crystal packing of the monomers, single-crystals of the compounds were subjected to structural analysis
by SC-XRD. Unfortunately single crystals were not obtained for the butyl-linked methyl acetate (27),
pentyl-linked methyl propanoate (29), or the photo-reactive aryl-linked methyl propanoate (31).
Modification of the N1-functionality resulted in the greatest changes to the extended monomer structure.
In the bis-propanamide monomer (26) crystal, a 2-dimensional hydrogen bonded structure was observed
due to the presence of hydrogen bond-donor groups in the N1-chains of the thyminyl units. For photo248
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polymerisation, however, an extended row structure is desired. In all the other monomer structures
examined which incorporated either N1-methyl propanoate or N1-propanoic acid moieties, the desired
extended row structure was formed.
When the length of the N3-N3 alkyl spacer was changed between C3-C6 (in a constant bis-methyl
propanoate structure), an odd-even effect was noticed. In the odd C3 spacer, trans-anti type pairing of the
thyminy moieties occurred due to 180˚ monomer rotation and translation, whereas in structures of
monomers with an even spacer (C4 and C6), trans-anti stacks of thyminyl pairs formed by translation of the
monomer units only.
Unfortunately a crystal structure was not obtained for the photo-active aryl-linked monomer (31).
Introducing dialkoxy branching from the aryl spacer in monomers 32 and 33, however, produced
photostable crystals. It is believed that close thyminyl stacking was inhibited in the dimethoxy (32) and
diethoxy (33) monomer structures, due to the perpendicular orientation of the dialkoxyaryl core (in
relation to the thyminyl rings) and the protruding alkoxy chains which sterically block close stack formation
between neighbouring thyminyl rings.
1

H-NMR Spectroscopic analysis of irradiated samples of the crystalline monomers revealed that five of the

compounds underwent photo-reactions within the crystals (24, 25, 28, 30 and 31). To explain the
structure-reactivity relationships, the π-π stacking and olefinic alignment in the monomer crystal structures
was examined.
The photo-reactive monomers all participated in trans-anti type thyminyl packing arrangements. This
indicated that the elimination of intermolecular hydrogen bond donor sites in monomers bearing methyl
propanoate moieties, and the solvated bis-propanoic acid monomer (25) lead to thyminyl moiteites
preferentially adopting trans-anti type arrangements in the lattice. In the trans-anti type stacks, two major
motifs (Types I and II) were observed, which both involved bent N1-chain conformations. In one case the
propanoate chains bent inward toward the thyminyl ring stack (Type II); while in the second, the
propanoate chains bent away from the thyminyl ring stacks (Type I). The Type II stacking appeared to be
stabilised by weak C4=Oδ-...δ+C=O(ester) interactions, and resulted in larger olefinic separation distances. In
several cases, photo-reactive monomer crystals were obtained despite the olefins being displaced
(monomers 24, 25, 30), or possessing large olefinic separation distances (30). In order to account for these
peculiarities, considerations were made regarding the nature of the double bonds, the interaction of πorbitals and geometry changes in the excited state and transition states, and the degree of structural
flexibility.
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In Chapter 5, the photo-products generated from the irradiation of the photo-active monomers were
identified using a combination of NMR, IR, P-XRD, GPC and MALDI-TOF MS. The n-propyl-linked monomer
(28) produced dimeric photo-products (39), while both the n-hexyl-linked bis-methyl propanoate (30) and
n-butyl-linked bis-propanoic acid (25) gave oligomeric photo-products (41 Mn 2.2 x 103, Mw/Mn 4.86; 43 m/z
2,825, respectively). Meanwhile, the n-butyl-linked bis-methyl propanoate (24) gave polymeric photoproducts (40) with variable molecular weights (typically Mn 1.9 x 104 and higher). Based on the 1H NMR and
MALDI-TOF MS evidence, the aryl-linked monomer (31) also produced polymeric photo-products (42) upon
irradiation.
8.1.2.3 Investigation of polymerisation and depolymerisation reactions, and examination of
the thermal properties of materials derived from bis-thyminyl monomers with N3-N3
bridges.
Photo-polymerisation reactions
In Chapter 5, 1H NMR spectroscopy was used to study the the conversion of thyminyl moities to
cyclobutane moieties during the polymerisation reactions of monomers 24, 25, 30 and 31. The results of
these spectroscopic investigations revealed that the majority of cyclobutane conversion occurred during
the first 10 h irradiation with 302 nm UV light. Between 10-57 h irradiation, the conversion occurred more
slowly. Only the DMF soluble photo-products of the butyl-linked 24 and hexyl-linked 30 bis-methyl
propanoate monomers could be analysed by GPC. Nevertheless, based on the monomer conversion profile
and average sample molecular weights obtained by GPC for the polymerisation of the butyl-linked polymer
(40), a step-growth polymerisation mechanism was propsosed for the compounds.
Two obvious disadvantages of the polymer systems examined in Chapter 5 were that the number of
polymerisable monomers was low and that the polymerisation reactions tended to give polymers with
broad molecular weight distributions. It was demonstrated in Chapter 5 that the structural variability of
polymers bearing ester moieties could potentially be increased in the future by hydrolysis of the esters to
give the correponding acid polymer (as for 40→43hyd). However, the development of more polymerisable
monomer systems is still required to enhance future investigations.

While the photo-products of

polymerisation reaction tended to possessess broad molecular weight distributions, a purification method
for the serial precipitation of 40 was devised in order to obtain polymer samples with narrow polydispersity
(Mw/Mn 1.1-1.7).
Photo-depolymerisation reactions
Photo-depolymerisation of the butyl-linked 40 polymers and the hexyl-linked 41 oligomers to give the
corresponding monomers was possible using short-wavelength UV-light (<240 nm) if the reactions were
performed in MeCN. However, according to the 1H NMR spectroscopic analysis, reversion of the aryl-linked
250

Chapter 8

polymer (42) was incomplete under these conditions. It was proposed that the aryl-linked material (42) was
more resistant to photo-depolymerisation due to the poor solubility of the polymer and its
depolymerisation products, as well as the comparatively more rigid structure of this material. It was also
demonstrated that the butyl-linked monomer (24) could be repeatedly polymerised to 40, and
depolymerised by alternating the irradiation wavelengths (302 nm for polymerisation and <240 nm for
depolymerisation).
Thermal properties of the cyclobutane polymers
The thermal properties of the materials derived from the N3-N3-bridged bis-thyminyl monomers were also
investigated in Chapter 5. TGA analyses performed on the “as-polymerised” samples of 40, 42, 41, and 43
and the partially hydrolysed polymer (43hyd) revealed that the thyminyl-based materials underwent mass
loss in two steps. In the first stage (between 220-353°C), the N1 moieties were lost while the second stage
(between 329-470°C) was proposed to occur due to other degradation and sublimation events. The DSC
analyses of some of the “as-polymerised”, particularly the butyl-linked 40 polymer, revealed a number of
endothermic processes between 80-380˚C. These events were studied in more detail for the butyl-linked
material (40) using DMTA, POM, 1H NMR and GPC. The endothermic events in the DSC trace of the butyllinked 40 polymer were eventually attributed to a number of processes incuding: a glass transition in
amorphous regions of the material (ca. 80°C), thermally-induced depolymerisation (studied between 25140°C), polymer melting (around 180-210°C) and decomposition (above 240°C). Unlike the butyl-linked 40
material, the aryl-linked polymer (42) did not appear to undergo thermal depolymerisation between 25140˚C, and was more hence more thermally stable over this temperature range. This was attributed to the
aryl-linker providing greater rigidity and resistance to melting, etc. Interestingly, the DSC curve of the aryl
material (42) did not display any obvious endothermic events below 250°C.

8.1.3

Studies toward the utilisation of metal coordination bonds to align thyminyl units in
coordination polymers for later photo-crosslinking or photo-polymerisation

One of the limitations of the photo-polymerisation reactions described in Chapters 4 and 5 was that the
crystal-structures of the polymers could not be determined by repeated SC-XRD analysis due to the loss of
the single-crystal integrity after irradiation. On a number of occasions, however, [2+2]-cycloadditions
performed using crystals of a coordination compound have resulted in single-crystal to single-crystal phototransformations, and the crystal structures of the photo-products could therefore be directly determined
using the irradiated crystals. For this reason, two strategies were used in an attempt to prepare photoreactive coordination compounds of bis-pyridyl thyminyl derivatives. In the first attempt, a bis-pyridyl
mono-thyminyl derivative (45) was synthesised and successfully utilised as a ligand for the formation of a
coordination polymer. The resulting 1D coordination polymer, produced from a reaction between 45 and
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AgNO3, demonstrated that it was possible to construct a coordination polymer using a bis-pyridyl thyminyl
derivative. Unfortunately, irradiation of crystals of the coordination polymer afforded only small amounts
of cyclobutane products (<15%). The crystal structure of the obtained coordination polymer showed that
while the thyminyl olefins were closely packed, they were mis-oriented for the [2π+2π]-cycoaddition
reaction. Moreover, the formation of cyclobutanes from the mono-thymine derivative could only lead to
crosslinking of the coordination polymer chains, whereas the objective of this thesis was to obtain photoreversibly polymerisable linear polymer systems.
To synthesise the revised target compound, four mono-thyminyl, mono-pyridyl compounds were
synthesised using the Heck reaction and were each examined crystallographically. The crystal structures of
the VBT-based Heck compounds 47 and 49, each possessed a free imide N3H which underwent
intermolecular hydrogen bonding interactions and contributed to the slipped stacking of the stilbazole
portions of the molecules, which in turn lead to large olefinic separation distances (4.99 and 4.87 Å,
respectively). When the imide was methylated (Heck products 50 and 51), however, this hydrogen bonding
site was eliminated, which facilitated closer packing of the stilbazole olefins (3.76 and 4.40 Å, respectively).
Only crystals of the VBMT-4Pyr (50) derivative underwent [2+2]-cycloaddition to give the head-to-tail
cyclobutane dimer (53). However, a crystalline coordination polymer was not obtained using the bisthyminyl, bis-pyridyl 53 cyclobutane ligand. It was proposed that this could be due to the thyminyl C5
methyl group blocking access to the pyridyl nitrogen by the metal atoms. To reduce the potentially
disruptive steric factors that inhibit the construction of a coordination polymer of 53, it was proposed that
future work should focus on obtaining the head-to-head stilbazole dimer (46 or 56) or the thyminyl dimer
(54).

8.2 Recommended future investigations
In addition to the future investigations mentioned at the end of each of the Results and Discussion chapters,
general avenues for future research in the area of photo-reversible polymerisation of thyminyl-based
monomers are presented below.
Firstly, significantly more work is required to develop bis-thyminyl bis-pyridyl monomers for the
construction of photo-reactive coordination polymers. In future experiments, it will be important to have a
large number of thyminyl derivatives at hand for the synthesis of designer ligands.
A major limitation of the topochemical reactions studied in this Thesis, however, is that number of photoreactive systems is limited by the degree to which the thyminyl moiety can be modified without disrupting
the desired π-π stacking interactions. Thus more work is needed to construct a larger library of photo-
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reactive compounds (Figure 8.1). Taking inspiration from the the templating systems reported by the
MacGillivray group,[1-3] one possible way to increase the number of reactive thyminyl derivatives is through
the development of a thymine-specific template system. The core structure of one potential thyminespecific template structure (63) is shown in Figure 8.1a. In this case the substituents at the R1, R2 and R3
groups would need to be systematically modified in order to optimise the topochemistry of the templatereactant complexes. It may be necessary to even link two template molecules together in order to enforce
close packing between two reacting thyminyl olefinic groups (Figure 8.1b). Ideally, the template would be
insensitive to subtle changes in the molecular shape and substituent groups of different thyminyl
derivatives, as well as compete with other intermolecular interactions and interactions with solvent
molecules.
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Figure 8.1(a) The core structure of a thymine-specific template molecule (63). (b) A bridged version of the
template which may more readily enforce close packing of the thyminyl derivatives for photo-dimerisation.

Once a larger library of thyminyl cyclobutane derivatives had been synthesised, the cyclobutane
compounds could forseeably be used in a number of different ways. Firstly, the cyclobutane derivatives
could be used as monomers and polymerised by more traditional solvent-based techniques to afford new
photo-degradable polymers (Scheme 8.1a). This approach would also afford a number of new polymer
systems whose properties could be directly compared using a range of analytical techniques.
Secondly, the thyminyl cyclobutane compounds could be used as starting materials for the construction of
more complex monomer systems, such as those required for the construction of coordination polymers.
Formation of vinyl modified thyminyl cyclobutane derivatives might also be possible (Scheme 8.1b), and if
so, these could be useful for the construction of photo-reversible cross-linked polymer networks for
application in self-healing materials. Another interesting strategy would be to polymerise a thyminespecific template molecule, and use this material as a supramolecular template for the polymerisation of
bis-thyminyl monomers in solution or the solid-state by the [2π+2π]-cycloaddition reaction (Scheme 8.1c).
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(a)

(b)

(c)

Scheme 8.1(a) A cyclobutane library compound is polymerised with a dihalogenated alkane to give a linear polymer
with photo-sensitive cyclobutane units along the main-chain (b) A divinyl cylobutane derivative is polymerised with a
second vinyl monomer to give a crosslinked network that contains photo-reversible cyclobutane segments. (c) A vinyl
derivative of the thymine-specific template is polymerised. A bis-thyminyl monomer is mixed with the template
polymer and the template polymer is used to promote close packing between the thyminyl monomers and improve
their susceptibility to polymerisation by the [2π+2 π]-cycloaddition reaction.

In Chapter 5, it was noted that the aryl-linked polymer (42) was more thermally stable than the butyl-linked
polymer (40) between 25-140°C. However the butyl-linked polymer was soluble in a wider range of
solvents than the aryl-linked material (42). It is therefore apparent, that further research is required in
order to ascertain the optimum balance between thermal stability and processibility of these and future
materials. Moreover, significant research will be required in the future to understand the mechanical and
tensile properties of the new cyclobutane polymers. Another key aspect of this research would be to
identify potential applications for the thyminyl cycobutane polymers, and commence development of the
materials toward given commercial products.
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A1

Compound index

Appendices

Compound Index (in order of appearance)
No.

Name in text

Structure

Synthetic details

5

Thymine

N.A.

15a

Ethyl-linked bis-thyminyl acetate

p. 211

15b

n-Propyl-linked bis-thyminyl acetate

p. 212

15c

n-Butyl-linked bis-thyminyl acetate

p. 213

15d

n-Pentyl-linked bis-thyminyl acetate

p. 213

15e

n-Hexyl-linked bis-thyminyl acetate

p. 214

15f

n-Octyl-linked bis-thyminyl acetate

p. 214

15g

n-Decyl-linked bis-thyminyl acetate

p. 215

n-Dodecyl-linked bis-thyminyl
15h

p. 215
acetate

17

Thyminyl acetic acid

p. 204
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18

Thyminyl methyl acetate

p. 205

19

Thyminyl acetamide

p. 206

20

Thyminyl methyl propanoate

p. 206

21

Thyminyl propanoic acid

p. 207

22

Thyminyl propanamide

p. 208

N3-N3 n-Butyl-linked bis-thyminyl
24

p. 216
methyl propanoate

N3-N3 n-Butyl-linked bis-thyminyl
25

p. 217
propanoic acid

N3-N3 n-Butyl-linked bis-thyminyl
26

p. 218
propanamide

N3-N3 n-Butyl-linked bis-thyminyl
27

p. 219
methyl acetate
N3-N3 n-Propyl-linked bis-thyminyl

28

p. 220
methyl propanoate
N3-N3 n-Pentyl-linked bis-thyminyl

29

p. 221
methyl propanoate
N3-N3 n-Hexyl-linked bis-thyminyl

30

p. 222
methyl propanoate
N3-N3 Aryl-linked bis-thyminyl

31

p. 226
methyl propanoate
N3-N3 Dimethoxyaryl-linked bis-

32

p. 227
thyminyl methyl propanoate

II
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N3-N3 Diethoxyaryl-linked bis33

p. 228
thyminyl methyl propanoate

34

1,4-Dimethoxybenzene

p. 224

35

1,4-Diethoxybenzene

p. 224

1,4-Bis(bromomethyl)-2,536

p. 225
dimethoxybenzene

1,4-Bis(bromomethyl)-2,537

p. 225
diethoxybenzene

N1,N3 Disubstituted thyminyl methyl
38

p. 223
propanoate

N3-N3 n-Propyl-linked bis-thyminyl
39

methyl propanoate cyclobutane

p. 233

dimer

O

O

O

Butyl-linked bis-thyminyl methyl
40
propanoate polymer

N

N
O

O

p. 229

N

N

n
O

O

O

Hexyl-linked bis-thyminyl methyl
41

p. 230
propanoate polymer

Aryl-linked bis-thyminyl methyl
42

p. 231
propanoate polymer
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Butyl-linked bis-thyminyl propanoic
43

p. 232
acid polymer

Butyl-linked bis-thyminyl propanoic
43hyd

p. 233
acid polymer obtained by hydrolysis

Butyl-linked bis-thyminyl
44am

p. 234
propanamide polymer

45

N1,N3 Dipyridyl-thymine

p. 240

47

VBT-4Pyr

p. 235

48

VBT

p. 209

49

VBT-3Pyr

p. 237

50

VBMT-4Pyr

p. 238

51

VBMT-3Pyr

p. 239

IV
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52

VBMT

p. 210

53

VBMT-4Pyr Stilbazole dimer

p. 241

V

Appendix

A2

P-XRD Spectra of N3-N3bridged bis-thyminyl
monomers and
corresponding photoproducts

P-XRD Spectra of N3-N3-bridged bis-thyminyl monomers and corresponding photoproducts
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