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Abstract

A new series of dendronised monomers of different generations possessing
different chemical structures has been designed, synthesised and characterised.
Dendrons were initially synthesised in a stepwise manner from t-butanol, CDI and 1-
[N, N-bis(2-hydroxyethyl)amino]-2-propanol (HEAP) and were then coupled to
norbornene derivatives for the provision of dendronised monomers. In particular,
mono- and di-substituted first generation and di-substituted second generation
polycarbonate dendronised monomers containing t-butyl terminal groups have been
synthesised. Two di-substituted second generation polyurethane dendronised
monomers containing t-butyl and 4-heptyl terminal groups were also successfully
synthesised.

Dendronised polymers have been synthesised from the NMR scale ring
opening metathesis polymerisations of mono- and di-substituted first generation
polycarbonate dendronised monomers along with a di-substituted second generation
polycarbonate dendronised monomer, using varying ratios of monomer to initiator. It
was found that the polymerisations were well-defined and that di-block copolymer
products could be obtained due to the living nature of the systems.

Molecular modelling studies have been performed using the CAChe® 3.2
program on the di-substituted second generation polycarbonate dendronised monomer
and on a dendronised polymer up to a degree of polymerisation of 16. It was found
that low DP oligomers of the second generation polycarbonate dendronised monomer
had an approximately spherical shape, which tended towards cylindrical as the DP
increased. The polymer at a DP of 16 had dimensions of approximately 10 nm
diameter by 4 nm thickness. AFM images were also obtained using a scanning probe
microscope MultiMode™ Nanoscope IV. The structures were found to be pancake
shaped with dimensions of between 30-50 nm diameter and 3-6 nm thickness, which
was approximately a factor of 3 greater than the dimensions calculated by molecular
modelling. This discrepancy in size between the modelling studies and the AFM
results is thought to arise from the effect that structure-solvent and structure-substrate
interactions have on the overall conformation of the dendronised polymer when

imaging by AFM.
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amine functions. The repetition of this sequence of reactions yielded a structure of
the second generation, however, low yields in the reduction step hindered further
development of the series. In subsequent work carried out by other researchers, the
problems with the reduction have been solved and structures, termed poly(propylene
imine) (PPI) dendrimers, are now commercially available up to the fifth generation.>”
Another well-known series of dendrimers, which are commercially available and

synthesised divergently, are the polyamidoamine dendrimers (PAMAMs).'°

R
R
= Co(Il)/NaBH,/
R CN N CH,OH
S -
s j I
NC CN NH, NH,
N
R R

Co(II)/NaBH,/
~ CH,0H
NH, NH, NH, NH, (N CN N ON

Figure 1.3 First example in the synthesis of a dendritic molecule via the divergent

approach

By following the divergent synthetic strategy, dendrimers of high generations
have been prepared. For example, the synthesis of the PAMAM series has reportedly

been successful up to the tenth generation dendrimer.'' However, due to the fact that



the number of reactions required on each molecule increases exponentially for
successive generations, incomplete formation of branches becomes a problem at
higher generations. The result is imperfect macromolecules and impurities from side
reactions such as cyclisation. Therefore, dendrimers of high generations are likely to
contain defects and have some degree of polydispersity.

The convergent route to dendrimer synthesis varies in that the macromolecule
is assembled by starting at the periphery of the structure and then moving inwards
towards the core. This is achieved by the construction of dendrons or dendritic
wedges, which can be coupled to a multifunctional core molecule to produce
dendrimers of differing generations. The convergent procedure is outlined

schematically for the synthesis of a second generation dendrimer in Figure 1.4.

chprotcction

Second generation dendrimer

Figure 1.4 Schematic of the convergent route

The apex of a dendron is often referred to as the 'focal point' and the function
at this position can be either protected (Fp) or reactive (F) depending on the stage in
the synthesis. The first step in the scheme represents the addition of the branched

monomer, which contains a protected focal point (Fp) to the first generation dendron



with a reactive focal point (F). This yields a second generation structure with a
protected focal point and after deprotection, the dendron can be coupled to a
multifunctional core to produce a second generation dendrimer.

Hawker and Fréchet first introduced the convergent synthetic route,
synthesising a series of poly(benzyl ether) dendrimers. The synthesis of the first
generation dendrimer is outlined in Figure 1.5.'>" 3,5-Dihydroxybenzyl alcohol, 1,
was used as an AB; monomer in the synthesis of the dendrons. The first step consists
of a Williamson ether synthesis between benzyl bromide and the phenolic hydroxyl
groups. The primary alcohol function at the focal point was then activated by
conversion to a benzylic bromide function. These two steps were repeated to prepare
higher generation dendrons (up to G = 6). Alternatively, the dendron can be coupled

to a multifunctional core resulting in the formation of a first generation dendrimer.

HG CBr,/ PPh,
O ! —
Br Br

S OH

0]

First Generation

; @ Dendron
0 O

i ;
OH
v oﬂoﬂ )
Q O

K,CO,
o

d q

Figure 1.5 Synthesis of a first generation poly(benzyl ether) dendrimer'

First Generation Dendrimer



A similar series of poly(benzyl ester) dendrimers was also synthesised using
the convergent route and the dendrimers were isolated up to the fifth generation.’
The major drawback of this method has been the difficulty in synthesising higher
generation structures due to the steric demands involved in coupling two (or more)
large molecules to functions in close proximity on the same branching unit or core.
However, the small number of reactions required for each generational increase and
the ability to remove any impurities by chromatographic techniques has enabled the
isolation of dendrimers that are more precisely monodisperse than those isolated via
the divergent route.

As has been described, the main problems associated with
dendrimers/dendrons are their time-consuming and often difficult preparation. The
protection/deprotection strategies required only add to the synthetic burden. In order
to reduce the number of steps required in dendrimer synthesis, Rannard and Davies
have used the selectivity of 1,1'-carbonyl diimidazole (CDI) chemistry. With CDI,
the protection/deprotection step is circumvented providing a shorter route to dendritic

architectures. The chemistry of CDI is highlighted in section 1.3.
1.2.3 Properties of Dendrimers

1.2.3.1 Intrinsic Viscosity

Although the dendrons synthesised in this work were coupled to a monomer
with the aim of producing dendronised polymers, rather than to a core, it seems
appropriate to highlight the special properties that dendrimers can possess. Intrinsic
viscosity () is the solution viscosity at infinite dilution and is proportional to the
volume of the polymer divided by its mass.'* In the plot of log 7 vs log M, linear and
branched polymers show an increase in intrinsic viscosity with molecular weight, see
Figure 1.6. However, this is not the case for several series of dendrimers where it has
been observed that the graph of log 7 vs log M passes through a maximum and
intrinsic viscosity decreases with increasing molecular weight past the maximum, see
Figure 1.6. The reason for this may be explained by considering the volume and
mass change with increasing generation of spherical dendrimers. The volume of the
dendrimer is proportional to the cube of its radius and grows with each additional
generation whereas the mass doubles for each generational increase; consequently, at

high generations, the mass term dominates resulting in a decrease in the intrinsic



viscosity. With the poly(benzyl ether) dendrimer series it was found that the intrinsic

viscosity maximum occurred at the third generation.*

J Linear Polymer

e

;/ Branched Falyrmer
/x\ Dendrimer

log(M,,)

Figure 1.6 Graph of log (intrinsic viscosity) versus molecular weight

log[n]

1.2.3.2 Solubility

In a study of branched and linear polyesters with comparable structures, the
solubility of the dendrimer in tetrahydrofuran (1.05 g mol') was found to be
significantly greater than that of its linear analogue (0.05 g mol')."” A hyperbranched
polymer constructed using the same aromatic building block also had an enhanced
solubility (0.70 g mol') compared with the linear polyester but was less soluble than
the dendrimer. The highly branched and spherical topology of a dendrimer and the
large number of chain ends per molecule were believed to be the factors that caused

this difference in solubility.
1.3 1,1'-Carbonyl Diimidazole (CDI)

1.3.1 Introduction

1,1'-Carbonyl diimidazole (CDI) has been used for a large number of coupling
reactions both in small molecule synthesis and in the formation of peptides and the
preparation of polymers.'®'” CDI is an analogue of phosgene, but has characteristics
that make it more favourable to use; for example, CDI is a white crystalline solid,
which enhances ease of handling, whereas phosgene is a toxic gas. Also, the by-
product of CDI reactions is imidazole, a crystalline solid, which can be removed
casily by filtration and/or aqueous work-up. In the equivalent phosgene reactions

hydrogen chloride gas is generated.



CDI is versatile in that it has the ability to react with a combination of various

acids, alcohols and amines in a two-stage reaction to create five different functional

groups, namely, ester, amide, carbonate, urethane and urea groups, Figure 1.7.

Acid

R "N
N

Imidazolides

Alcohol

Amine

/N N/\\N
N\) ~
CDI
Amine
Alcohol R-NH,
R—OH
0O o) \
N H N
Ny

Sy

Imidazole carboxylic esters  [midazole carboxamides

0
Ao

esters

O

By

H
amides

Alcohol Amine Alcohol Amine
. — ‘ :
A
\OJ\O/ O E \N)J\N/
H H
carbonates urethanes (carbamates) ureas

Figure 1.7 The potential reactions of CDI with acids, alcohols and amines

As shown, monosubstituted intermediates are formed when only one of the

imidazole rings is displaced. In such a way, imidazolides, imidazole carboxylic esters

and imidazole carboxamides are prepared from CDI reactions with acids, alcohols and

amines, respectively. In this thesis, these intermediates will often be referred to as

'CDI adducts' or 'adducts'. Staab recognised that it was unnecessary to separate these

intermediates from the imidazole produced and used them in situ.'® However, he did

not provide any evidence that the intermediates reacted selectively with alcohols and

amines. Recent investigations by Rannard et. al have shown that the success of the

reaction between the intermediates and acids, alcohols or amines depends on whether

the functional group is primary (1°), secondary (2°) or tertiary (3°) in nature.'®



1.3.2 Selectivity of CDI in Carbonates

The synthesis of dendrons containing both carbonate and urethane functional

groups will be described in this thesis. There are certain rules that govern reactions of

CDI and CDI adducts, Figure 1.8. The rules are listed below for the formation of

carbonates case.

a)

b)

d)

2° alcohol 0
O/MN/\\
>< LN Carbonates
da 3

3" alcohol Adducts | ——— | NoReaction

Under certain reaction conditions a primary alcohol undergoes a disubstitution
reaction with CDI, resulting in the formation of a symmetrical carbonate 4.
However, if an excess of CDI is used, at room temperature with no base
present, the intermediate adduct 1 can be isolated in a yield of 94%.

Secondary and tertiary alcohols react with CDI in a 1:1 ratio to give the
corresponding adducts, 2 and 3 respectively. Even if the alcohols are used as
the reaction solvent, no second addition is observed.

Adducts of primary, secondary and tertiary alcohols, 1, 2 and 3, react
selectively with primary alcohols, under base catalysis and at a reaction
temperature of 60°C, to give 4, 5, and 6 respectively.*’

No reaction is observed between all three adducts and secondary and tertiary

alcohols.

0]
/\/\O )]\\’ A /\/\OJJ\O/\/\
K/N
1

1° alcohol OJ]\O/\/\

0
OJ\N/\\
k/N

10) |

oH —1—> 2

2°/3° alcohol

Figure 1.8 Selective reactions of CDI and CDI adducts with alcohols
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It has been found, however, that there are exceptions to the rules.?’ The
secondary alcohol adduct, 2, was found to react as predicted with the primary site of
1,4-pentanediol to form predominantly (80%) carbonate 7, Figure 1.9. However,
there was evidence of a reaction occurring at the secondary site (20%), to form
carbonate 8. Despite this, the selection rules applied in the reaction of tertiary alcohol
adduct 3, Figure 1.8, with 1,4-pentanediol and no evidence was found of a reaction at

the secondary site in this case.

OJI\O/\/Y 80%
7 OH
ey D

OH

0O N/\\N 3
I\/ HO/\/Y
0 20%
2 >=0 °

o]

O

8
Figure 1.9 Carbonate formation not following the selection rules

Bertolini et al. have studied the selectivity of such reactions during the
preparation of asymmetric carbonates, Figure 1.10.*' The experiments involved the
addition of CDI to an equimolar mixture of a primary and a secondary alcohol, 9 and

10, followed by the addition of a different primary alcohol 13, under base catalysis.

g @l N w @ ©/L12

Molar Ratio

Molar Ratio
1 : 1

«QQA@JN@

Molar Ratio
11.7 : 1

o,

Figure 1.10 Synthesis of asymmetric carbonates by Bertolini et al.
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In the first stage, the primary alcohol adduct 11 was formed preferentially in a
ratio of 12:1, over the secondary alcohol adduct 12. Subsequent addition of a
different primary alcohol 13 and base to the mixture produced predominantly
carbonate 14, rather than carbonate 15. The overall yield of the reaction was
moderate (46%) due to residual alcohols 9 and 10 reacting with the adducts formed in
the first step producing carbonates 16 and 17, Figure 1.11. However, the yield was

significantly improved when intermediates 11 and 12 were isolated.

O 0]
‘ o/U\o OJ\O —
Yield =18 % Yield =10 %
16 17

Figure 1.11 Side products isolated in the one-pot reaction

1.3.3 Selectivity of CDI in Urethane Synthesis

One strategy for synthesising a urethane link is by the reaction of an alcohol
with CDI, followed by the reaction of the intermediate with an amine. Urethane
formation follows selection rules similar to those for carb011ates;22’23 for example,
primary amines will react with the adducts of primary, secondary and tertiary
alcohols. However, secondary or tertiary amines will not react with any of the
adducts formed, whereas in carbonate synthesis the secondary alcohol will sometimes
react. This regioselective urethane formation can be demonstrated by the reaction of
triamine 18 with adducts 2 or 3, as a reaction only occurs at the primary sites, to give
19 and 20, respectively. There is no evidence of a reaction occurring at the secondary

site, Figure 1.12.

0
OJJ\N/\\ j\ 1131 H
|§/N H o H/\/ \/\N\H/O
2 HNT NN 19 o
18 .
O 0

<

XOJLT‘E/\\N ><OJ\N/\/§\/\§ O><

3

Figure 1.12 Regioselective reactions of CDI adducts with a multifunctional amine
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1.3.4 Uses of CDI in Dendrimer Synthesis

Polycarbonate dendrimers have been synthesised by exploiting the selective
reactions of CDL* The commercially available branching unit 1-[N, N-bis(2-
hydroxyethyl)amino]-2-propanol (HEAP) was used in the synthesis of the second
generation dendron 21, Figure 1.13. Tt was found that when toluene was used as the
reaction solvent, the imidazole by-product and CDI were only partially soluble in the
solvent when cold, enabling easy removal via filtration. Also, these workers were able

to prepare polyamide dendrimers, the largest being a third generation structure with a

HO\_\N }OH
/__/

molecular weight of 3999 Da.

0
CDI HO 0
OH ——> = ~_HEAP g }OH
o) o
0
0
Q 1
2 HO
— OH
/_/N
O/\/N O HO
)0
o ™ )OH
N

Figure 1.13 Synthesis of a second generation polycarbonate dendron
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1.3.5 Summary of CDI Reactions

The regioselective reactions of CDI have been shown to be effective in the
synthesis of small molecules and macromolecules, circumventing the need for the use
of protecting groups. This attribute, together with the relatively high yielding nature
of the reactions, makes CDI an attractive choice of coupling agent in the synthesis of

dendrimers.
1.4 Ring Opening Metathesis Polymerisation

1.4.1 Definition and Historical Background

Olefin metathesis is a catalytically induced bond reorganisation process and
involves exchange of carbon-carbon double bonds. For an acyclic olefin, this leads to
exchange of alkylidene units. The reaction was first reported by Banks and Bailey in
1964 and termed ‘olefin disproportionation’, Figure 1.14.**

R,CH=—CHR, Molybdenum hexacarbonyl CHR CH
+ - alumina catalyst H ! +

R,CH==CHR, CHR, CHR,

Rq

Figure 1.14 General reaction scheme for the metathesis of an acyclic olefin
For cyclic or polycyclic olefins, which are the type dealt with in this thesis, the

metathesis reaction leads to ring scission and the formation of an unsaturated linear

polymer, Figure 1.15.

ROMP

X X

Figure 1.15 General reaction scheme for the metathesis of a bicyclic olefin

The first example of olefin metathesis involving a bicyclic olefin (in fact only

recognised as such some years later) was reported by Anderson and Merkling in a

14



DuPont patent in 1955.%° They successfully polymerised norbornene using a mixture
of titanium tetrachloride and ethylmagnesium bromide to initiate the process.
Calderon et al. recognised that disproportionation of acyclic olefins and ring opening
polymerisations of cyclic olefins are examples of one and the same chemical reaction.

They gave these types of reactions the name ‘Olefin Metathesis’.**>°

1.4.2 The Mechanism of Olefin Metathesis and Ring Opening Metathesis
Polymerisation

According to the ‘pair-wise’ mechanism postulated by Bradshaw, it was
thought that two double bonds came together in the vicinity of the transition metal site
and that the orbitals of the transition metal overlapped with those of the double bonds
in such a way as to allow exchange to occur via a weakly held cyclobutane type
complex.’® This pair wise mechanism has now been abandoned in favour of one
proposed by Herrison and Chauvin in which the propagating species alternates

between a metal-carbene complex and a metallocyclobutane, Figure 1.16.”'

[M|=—=CHR [M]—CHR M] CHR
¥ — | | = |+

R,HC==CHR, R,HC—CHR, R,HC CHR,
Figure 1.16 Herrison and Chauvin's mechanism of olefin metathesis
The process involves reversible [2+2] cycloaddition of the olefinic carbon-
carbon double bond to a metal carbene species to form a metallocyclobutane, which

then opens either non-productively (degeneratively) to regenerate the original reaction

mixture or productively to form a new olefin and a new metal carbene, Figure 1.17.

Mo it o O
: = U —_— U [MFgl]:CHR

’,
',

i

n

Figure 1.17 Mechanistic pathway for ring opening metathesis polymerisation
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All of the above steps are reversible, so the outcome of the metathesis of
acyclic alkenes and ring opening polymerisation depends on reaction conditions, such
as temperature, concentration, reaction duration, the nature of the olefin and the

nature of the propagating polymer chain end.

1.4.3 Living Polymerisation

A living polymerisation is a chain polymerisation that proceeds in the absence
of the kinetic steps of termination or chain transfer. Thus once total conversion of the
monomer has been attained, the growing polymer chain end still remains active.
Some of the important features of living polymerisation are that the polymerisation
proceeds until all of the monomer has been consumed and further addition of
monomer results in continued polymerisation. The number average molecular weight
(M,) is a linear function of conversion and thus the molecular weight can be
controlled by the stoichiometry of the reaction. The polymers produced have narrow
molecular weight distributions and block co-polymers can be prepared by sequential
monomer addition. The initiation, propagation and termination steps for the ring

opening metathesis polymerisation of a substituted norbornene are shown in Figure
1.18.

Initiation

PC
| \\\ E :— [Rul= —CHPh
R
a* |
PCy R = Dendron
3
R R

Propagation

[Rul= ——CHPh
+ el R e [Ru] CHPh
R n

R R
Termination
[Ru] CHPh Ethyl vinyl ether R’ CHPh
n - [Ru]=X "
X= CH-0-C,H; R'=CH,
R R or = CH, or=CH-O-C,H; R R

Figure 1.18 Initiation, propagation and termination steps in ring opening

metathesis polymerisation
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In the first step, the initiating species is formed via a [2 + 2] cycloaddition
reaction between the ruthenium carbene and the olefin followed by ring opening to
generate a chain end ruthenium carbene. In the propagation step, n equivalents of
monomer are inserted into the reactive chain end by repetition of the same steps.
Finally, the polymerisation may be terminated by the addition of ethyl vinyl ether,
which undergoes cross metathesis with the chain end ruthenium carbene,

predominantly capping the chain with a CH; unit.

1.4.4 Metathesis Initiators

In general the catalysts for olefin metathesis and ring-opening metathesis
polymerisation are based on transition metals of groups IV to IX of the Periodic
Table. However, Mo, W, Re and Ru compounds have been shown to be the most
effective catalysts. Metathesis catalysts can be divided into two major categories;
namely, the ill-defined dual component systems, known as ‘classical initiators’, and
single component ‘well-defined initiators’. The well-defined initiators include
transition metal carbenes and metallocyclobutanes, both of which were predicted by
Chauvin. For the sake of completeness, this section includes a brief description of
classical initiators but the bulk of the section is devoted to well-defined initiators. In
particular, the well-defined ruthenium carbene initiators will be discussed, since they

are of specific interest to the work in this report.

1.4.4.1 Classical Initiators

Catalysts for a classical initiating system can be either homogeneous or
heterogeneous and always contain a transition metal compound. Many of the
commonly used catalyst systems are based on the chlorides, oxides or oxychlorides of
Mo, W or Re. Although these compounds are sometimes effective by themselves,
more commonly they require activation by a co-catalyst, which is usually an
organometallic compound or a Lewis acid. In some cases a third component called a
promoter, is used as well. These promoters often contain oxygen; examples include
0,, EtOH and PhOH. Some typical homogeneous catalyst systems are
WCI¢/EtAICI,/EtOH, WOCL/MesSn and ReCls/Et;Al/O,. Examples of
heterogeneous supported catalyst systems include MoO3/Al,03, WOs/SiO; and
Re;07/A1,03. Due to their low cost and simple preparation, these systems have an

important place in commercial applications of olefin metathesis.
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Some of the disadvantages of classical initiators are that the precise nature of
the active site at the metal centre is not known, nor are the number of metal centres
that are active in the reaction or the number of types of active centre, the system is ill
defined. There is a lack of control of molecular weight and molecular weight
distribution due to the occurrence of intra- and/or intermolecular reactions. The
utility of the catalysts is also limited by the harsh conditions that are required,

rendering them incompatible with most functional groups.

1.4.4.2 Well-Defined Initiators

Greater control over the reactivity of ROMP initiators became possible with
the use of well-defined alkylidene complexes. These well-defined initiators allow, in
favourable cases, the synthesis of polymers with narrow molecular weight
distributions (My/M, <1.01) and control over tacticity. The first isolated metal
carbene species, the Fischer carbene, was described in 1964, Figure 1.1 93 Tt wasa
heteroatom stabilised complex and was shown to be reactive in olefin metathesis. It
was found to react with highly strained olefins such as cyclobutene and norbornene
derivatives. The diphenyl complex, first synthesised by Casey and Burkhardt in 1973,
was not stabilised by a heteroatom (Figure 1.19) and was much more reactive,

3

initiating the polymerisation of less strained olefins.”® Although they were active

well-defined initiators, they did not give living polymerisations.

CeHs N CeHs N o
/C:W(CO)S /C—W(CO)5
CH,0 CoHs
Fischer carbene Casey carbene

Figure 1.19 Metal carbenes used to initiate metathesis

Grubbs and co-workers were the first to isolate well-defined
metallacyclobutane complexes that were active as metathesis catalysts. The reaction
of Tebbe reagent with various olefins in the presence of nitrogen bases resulted in the
formation of titanacyclobutane complexes. It has been shown that these titanacycles
readily exchange with olefins via a rate determining loss of olefin from the

titanacyclobutane ring to generate the transition metal methylidene species
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34,35

Cp,Ti=CH, which is active in metathesis. These titanacyclobutane complexes,

Figure 1.20, provided the first example of a living polymerisation of a cycloolefin

when Gilliom and Grubbs reported their use to initiate the polymerisation of

% b
>@b CC /5(

Figure 1.20 Grubbs’ well-defined titanacyclobutane initiators

norbornene.*®

In this case, the polymerisation proceeds without termination or chain transfer
to give polynorbornene with a narrow molecular weight distribution. However, there
are some drawbacks associated with this initiator system in that titanacyclobutanes
require a temperature of 50°C in order to ring-open even norbornenes and they are
very reactive toward functionalities owing to the highly electrophilic nature of the
metal centre. This high reactivity makes them difficult to prepare and handle.

Schrock and co-workers introduced well-defined tungsten and molybdenum

initiators with bulky alkoxide and arylimido ligands of the type M(CHR)(NAr)(OR’);,

Figure 1.2].37-42

M= W or Mo
R= CMe, or CMe,Ph

I R R=CMe, CMe,CF; or CMe(CFy),

Figure 1.21 Well-defined Schrock initiators

The four co-ordination of these complexes allows a relatively small substrate
to attack the metal to give a five co-ordinate intermediate metallocyclobutane
complex. The bulky alkoxide groups and the imido ligand prevent intermolecular
reactions, which could result in inactive complexes or decomposition of the catalyst.

Substitution of the methyl groups on the alkoxides with the more electronegative
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trifluoromethyl groups makes the complex more active since the trifluoro groups draw
electron density away from the metal centre. This makes the metal centre of the
complex more electrophilic and a better acceptor for the incoming olefin.** This
effect is demonstrated by the observation that when OR is O(C(CH3)(CF3);) the
tungsten complex will readily metathesise acyclic olefins, whereas when OR is OBu'
it does not react with acyclic olefins.

The Mo catalyst reacts rapidly with both terminal and internal olefins and
performs ROMP of low-strain monomers, as well as ring-closing of sterically
demanding and electron-poor substrates. However, this catalyst and others based on
the early transition metals are limited by the high oxophilicity of the metal centres,
which renders them extremely sensitive to oxygen and moisture. As a result of this,
they are limited by moderate to poor functional group tolerance reducing the number

of potential substrates.*’

1.4.4.3 Ruthenium Carbene Initiators

It was realised from the results of the molybdenum catalyst that the key to
improved functional group tolerance was in the development of a catalyst that reacts
preferentially with olefins in the presence of heteroatom functionalities. Due to the
advent of single-component catalysts, the relationships between structure and
reactivity were more clearly defined. This led to the observation that selectivity of
catalysts towards olefins increases with the use of late transition metals.** This trend
is illustrated for titanium, tungsten, molybdenum, and ruthenium in the table shown in
Figure 1.22 where the groups appearing below olefins in each column are tolerated by

well defined catalysts based on the metal at the top of the column.

Titanium Tungsten Molybdenum | Ruthenium

Acids Acids Acids Olefins
Alcohols, Water|Alcohols, Water|Alcohols, Water Acids
Aldehydes Aldehydes Aldehydes |Alcohols, Water|
Ketones Ketones Olefins Aldehydes
Esters, Amides Qlefins Ketones Ketones
Olefins Esters, Amides | Esters, Amides | Esters, Amides

Figure 1.22 Functional group tolerance of early and late olefin metathesis catalysts
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Titanium is more strongly disposed to olefinate ketones and esters, which has
been shown to be useful in organic synthesis. Molybdenum catalysts on the other
hand are more reactive toward olefins, although they also react with aldehydes and
other polar or protic groups. Farthest to the right, ruthenium reacts preferentially with
carbon-carbon double bonds over most other species, which makes these catalysts
unusually stable toward alcohols, amides, aldehydes, and carboxylic acids. It is
therefore possible to increase the functional group tolerance of an olefin metathesis
catalyst by focusing on a later transition metal, such as ruthenium.

Despite this selectivity, ruthenium was not initially considered as a suitable
candidate for metathesis reactions. The main reason for this was the low metathesis
activity of ruthenium salts coupled with a limited understanding of how to achieve
functional group tolerance. In the early 1980’s when ruthenium catalysts were re-
examined, it was found that RuCls(hydrate) had very long initiation periods under
strictly anhydrous conditions. However, water was found to be not only compatible
with the catalyst system, but also beneficial to the initiation process; indeed, the
polymerisation could be conducted in aqueous solution.*>*®

After testing other ruthenium complexes, such as Ru(H;O)e(tos) (tos = p-
toluenesulfonate), it was found that the initiation rates could be further reduced to a
few minutes.*’” This catalyst was able to ROMP functionalised norbornene derivatives
obtaining polymers in greater yields, higher molecular weights and lower
polydispersities than most other catalysts at that time. However, the initiation process
remained unclear, but observations had led to the belief that ruthenium alkylidene was
the active species. Although no ruthenium alkylidene species at that time could
perform olefin metathesis, the success of other alkylidene catalysts led to attempts
being made to find a ruthenium equivalent.

A major breakthrough occurred when the methodology for the synthesis of
tungsten alkylidenes, in which 3,3-disubstituted cyclopropenes were used as the
carbene preéursors, was applied to the synthesis of a ruthenium catalyst. Reaction of
3,3-diphenylcyclopropene with either RuCly(PPh;); or RuCly(PPhs); produces the
vinylalkylidene complex (Cl);Ru(=CHCH=CPh,)(PPh;), (22), which was synthesised
by Grubbs and co-worker in 1992, Figure 1.23.** Norbornene, in the presence or
absence of water or ethanol, and other highly strained cyclic olefins such as

cyclobutene and cyclooctene were readily polymerised by this initiator in a living
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fashion. More significantly, during the ROMP of norbornene a propagating
alkylidene species could be observed using 'H NMR spectroscopy.
However, it is inactive for the polymerisation of less-strained cyclic olefins

and for acyclic metathesis.*"*°

In an attempt to overcome this problem, the ligand
environment was modified in a systematic way in order to extend the activity to low-
strain monomers. It was found that the exchange of triphenylphosphine (PPh;)
ligands with tricyclohexylphosphines (PCy;) resulted in a much more active catalyst,
compound 23, Figure 1.23.°' In particular, the larger and more basic the phosphine,
the higher the metathesis activity. It was found that this catalyst was air stable as a
solid and retained its activity even when exposed to water, alcohol or acids.  The
PCy; derivative catalyses the ROMP of both high and low strained cyclic olefins as

well as the metathesis of acyclic olefins at room temperature. However, the

polydispersities of the low strained systems were high (~2.5).

PPh PCy.
| =P [ e
h ITu"—' h
u .

CI/T CI/
PPh, PCy,
22 23

Figure 1.23 Well-defined vinylalkylidene ruthenium initiators

In 1995, Grubbs and co-workers reported the use of diazoalkanes as an
alternative carbene source to provide air-stable ruthenium benzylidene complexes, 24
and 25, in high yield, Figure 1.24.°'°% Diazoalkanes were utilised due to their
stability and ease of synthesis.”> These catalysts display greater metathesis activity,
compared to the vinylalkylidene complex, due to faster initiation. Catalyst 25 is able
to perform the ROMP of highly strained monomers including functionalised

norbornenes in a living fashion giving narrow molecular weight distributions.
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PPh

3

N, CH,CI, / -78°C |¢&@ Ph
RuCL(PPhy), + — /T” H
-PPh, Cl
Ph H N PPh,
2 24
CH,N(C,H,),Cl +2PCy
3
hexane / toluene
15% NaOH solution -2 PPh,
O
I PCy,
Qoo [on,
u:
CF’/T H
benzaldehyde tosylhydrazone PCy,
25

Figure 1.24 Synthesis of air-stable ruthenium benzylidene complexes

Recently, Grubbs ef al. in an attempt to increase the utility of the ruthenium
family of complexes by increasing their activity, prepared ruthenium-based
complexes coordinated with 1,3-dimesitylimidazol-2-ylidene ligands (IMes), 26a and
26b, Figure 1.25 >* These complexes exhibited a high ring-closing metathesis activity
similar to that of Schrock’s molybdenum complex and displayed dramatically
improved thermal stability and inertness towards oxygen and moisture when

compared to 25.

Ru=—
01/ |

PCy,

26a: R =ProrCy
26b: R = mesityl (Mes)

Figure 1.25 Ruthenium complex bearing the unsaturated

IMes ligand

They also prepared the related ligands, 27a-27¢, containing a saturated ring,

which they believed might be more basic than the unsaturated analogues, Figure 1.26.

23



They postulated that this higher basicity should in turn translate into an increased

activity of the desired catalysts.

27a: R=Ph, R'=Cy
27b: R=CH(CH,),, R=C,
27¢: R=CH(CH,),, R'=Cp

Figure 1.26 Ruthenium complex bearing the saturated

IMes ligand

Indeed, it was found that these saturated complexes display catalytic activity
in ring closing metathesis (RCM) and cross-metathesis (CM) that not only exceeds
that of the unsaturated complexes, but also begins to rival that of Schrock’s
molybdenum complex, while maintaining the functional group compatibility of 25.%>
> More interestingly, it was found that both the saturated and unsaturated ruthenium
complexes bearing the IMes ligands were more active than the molybdenum complex
in ROMP.”® 1t is believed that the role of the IMes ligand is twofold: being a better
donor than PCys, catalyst performance is enhanced, and its more sterically demanding
presence helps prevent (or slow) bimolecular carbene decomposition.

The relative activities of the various catalysts in the ROMP of the low-strain
cyclic olefin cis, cis-cycloocta-1,5-diene (COD) was determined. It was found that at
20°C, the polymerisation rate of COD when initiated with 27a was significantly
higher than when initiated with the molybdenum complex at 20°C. In addition, the
saturated N-heterocyclic carbene ligand displayed increased activity in ROMP
relative to its unsaturated analogue 26b.

However, close examination of the ROMP of various low-strain cyclic olefins
revealed that complex 27a does not form well-defined polymeric structures. For
example, it was found that the polydispersity indices (PDIs) of the resulting polymers
were high and that secondary metathesis isomerisations were occurring. In addition,

'H NMR spectroscopy indicated that less than 5% of the complex initiated before the
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ROMP of the monomer was complete. Therefore, with complex 27a, the rate of
propagation is a lot greater than the rate of initiation resulting in polymers possessing
high molecular weights and PDI’s.

It is also important to note that the widespread use of 27a has been limited due
to its relatively difficult preparation. The initial syntheses utilised free carbenes as
shown in Figure 1.27.° However, these are extremely air and moisture sensitive,
which is inconvenient for large scale preparations. The free carbenes once generated,
can be directly trapped by the parent ruthenium benzylidene complex 25, but the
isolation of the new catalyst requires air-free, anhydrous conditions and multiple
purifications to remove the free phosphine generated in the synthesis. The
purifications are required due to the fact that an excess of free phosphine inhibits
productive metathesis using such complexes, since the first step in the process is loss

of the phosphane ligand.

Figure 1.27 The free carbenes used in the synthesis of the ruthenium complexes

containing the IMes ligand

In order to solve this problem, Grubbs et al. synthesised complexes as

protected forms of the free carbenes.”’

These complexes contain alkoxide or
trichloromethyl groups which can eliminate alcohol or chloroform to unmask the
carbene to coordinate to the metal centre. The desirable properties of the complexes
are that they are easy to synthesise, are air stable which makes them easier to handle
and the latent carbene is readily released in solution.

In this project, the aim is to synthesise well-defined polymeric structures. It
would seem from the literature that such structures are not possible via the saturated
ruthenium complex containing the IMes ligand, 27a. As a consequence of this, it was

decided that the Grubbs benzylidene initiator, 25, would be an ideal candidate for the

ROMP reactions carried out in this work.
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1.4.5 Detailed Mechanistic Studies

Initially, two limiting mechanisms were proposed for the ligand substitution of
phosphine with olefinic substrate, Figure 1.28.°" It was postulated that substitution
could take place in an associative or dissociative fashion. The associative pathway,
[A], involves initial binding of olefin to form a coordinatively saturated 18- electron
intermediate, while the dissociative substitution pathway, [B], proceeds by initial loss

of PCys to generate a 14-electron intermediate, 28.%

'/
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K, {_ cl k, L a

Cl,, l' SR 4 olefin ]

N -PCy3
CI Ru

Rr\ - oll(eﬁn M +PCy3
Cl X /—|—_

PCy, PCy, R

[A]

Cl " R K r R 5 TR
7 T, C 1//, ', l ":S
ok — /PGy, ol —/ + olefin c1—Ru———/ [B]
[\Cl +PCy, ‘\ - olefin

k. Cl k ——
PCy, : 28 2 g

Figure 1.28 Proposed mechanisms for the ligand substitution of phosphine

with olefinic substrate

Initially, the associative mechanism was proposed as it was thought that the
18-clectron intermediate would be preferred over the 14-electron intermediate.
However, early studies could not distinguish between the two pathways as it was
difficult to investigate the ligand displacement directly in solution due to the fact that
the ruthenium-olefin adduct could not be observed by spectroscopic methods. As a
result of this, it was decided to study the exchange of free and bound phosphine as a

potential model system in various catalysts using *'P NMR spectroscopy, Figure 1.29.

L L
C 1//,%, ‘ R k C 1 7, ", ' R
*PCy3 + N RU\?/ ‘—B—”* - RQ‘—/ + PCy3
‘ Cl | Cl
Cy,P Cy,P*

Figure 1.29°' P NMR spectroscopy study on the exchange rates of free and bound
phosphine
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It was found, for X,(PR;);Ru=CHR’ type catalysts, that the rate of phosphine
exchange is much faster (~10") than the rate of reaction with olefin. However, with
the IMes ligand in place, a decrease in the phosphine exchange rate of over 2 orders
of magnitude was found. These results were surprising as they showed an inverse
relationship between phosphine exchange rate and olefin metathesis activity. This
was compounded by the fact that the sterically bulky and highly basic IMes ligand
was originally designed to accelerate the phosphine dissociation event.

It was found from thermodynamic data and the exchange rate constant as a
function of phosphine concentration that the reaction follows a dissociative
mechanism. The intermediate, 28 (Figure 1.28), has never been observed by NMR
spectroscopy suggesting that the equilibrium for phosphine dissociation lies very
much towards the 16 electron starting material. From the results, it was realised that
the activity of catalysts 25 and 27a is not only related to the rate-determining
phosphine dissociation step, but also to the ratio of k_; to k; which determines whether
the catalyst binds olefin or returns to its original resting state.

The kinetic data showed that although the IMes carbene initiator does not lose
phosphine efficiently, a small amount of initiated 14-electron species is capable of
cycling through multiple olefin metathesis reactions before it is deactivated by the
rebinding of PCys. On the other hand, initiator 25, containing two
tricyclohexylphosphine ligands loses phosphine relatively rapidly, but the rebinding
of phosphine is competitive with olefin coordination and as such, the highly active 14-
electron intermediate undergoes relatively few turnovers before being trapped by free
PCy;. Therefore the reason for the high activity of the IMes initiator, which had
previously been attributed to its ability to promote phosphine dissociation, instead
appears to be due. to its improved selectivity for binding n—olefinic substrates in the

presence of c—donating free phosphine.

1.4.6 Thermodynamic Aspects of Ring Opening Metathesis Polymerisation
For any reaction to occur the change in Gibbs Free Energy (AG) must be <0.
This change is expressed as a function of the enthalpy change (AH), the entropy

change (AS) and the absolute temperature (T, Kelvin scale), equation 1.
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AG = AH - TAS (1)

For polymerisations the entropy is always negative since the monomers are
combined with each other into macromolecules resulting in a reduction of their
freedom. This makes the entropy term (-TAS) positive, and for a favourable reaction,
the change in enthalpy has to be larger than the TAS component. The temperature
where AG=0, namely T=AH/AS, is called the ceiling temperature, and above this
temperature, the polymerisation reaction cannot take place.

In general the most favourable conditions for ring opening metathesis
polymerisation of cycloalkenes are high monomer concentration, low temperature and
high pressure. The enthalpy change is dependent on the ring strain. Therefore, for
three and four membered rings, which are strained due to the deformation of the
normal bond angles, and rings containing eight or more carbon atoms which are
strained due to torsional or transannular effects, the enthalpy change is high (i.e.
negative) and polymerisations go to completion at normal temperatures and monomer
concentrations. For monomers with low ring strain, that is 5, 6 and 7 membered
rings, the reaction entropy is a major determining factor, since the reaction enthalpy is
low. However, in the case of the norbornene ring system, despite being composed of
only five and six membered rings, the strain energy (100 kJ/mol) is comparable to that
of cyclopropane (115 kJ/mol). The main reasons for this high strain energy are
distortions of the bond angles around the bridging CH; group and the alkene unit, and
eclipsing of the ring hydrogens due to the six-membered ring being confined to a boat

conformation as shown in Figure 1.30:

Bond Angle
93-96°
Bond Angle
0
- 107 q
H H
H H
H Eclipsed H
Hydrogens

Figure 1.30 The distorted bond angles and eclipsing of the ring hydrogens that leads

to the high strain energy of norbornene
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If any of the carbon-carbon bonds within a norbornene unit is broken, most of
the strain energy is released, and one way in which this can be achieved is by ring-
opening metathesis polymerisation (ROMP) using a suitable initiator. Also, another
significant advantage of norbornene derivatives as monomers for ROMP is that they
have a greatly reduced tendency to undergo secondary metathesis (back biting) with
the vinylene units in the polymer backbone due to the steric hindrance of approach to
the olefinic moiety resulting from the branching at the alpha carbons.

The AG of polymerisation may also be sensitive to structural factors such as
the nature of substituents and their position on the ring. Specifically, in ROMP,
substituents on a given carbon usually have an unfavourable effect on AG, either

making AG less negative or changing the sign from negative to positive.

1.4.7 Microstructure of Polymer Chains
The way that the monomer unit is incorporated into the polymer chain
determines the microstructure, that is the frequency and distribution of the isomeric

63-66

repeat units, of the resulting polymer. The three main factors that define the

microstructure of polymers obtained by ring opening metathesis polymerisation are: -

1. Cis/trans vinylene ratios and distribution,
2. Tacticity effects, and
3. Head/head, head/tail and tail/tail frequency and distribution.

1.4.7.1. Cis/Trans Vinylene Ratios and Distribution

The backbone of polymers prepared by ROMP contain unsaturated bonds that
can be cis or trans, the ratio of which can be determined by high resolution NMR,
Figure 1.31. The catalyst system, concentration, solvent and temperature primarily
determine the proportion of cis and trans in a particular polymer. The nature of the
monomer may also affect the outcome. In practise it has proved possible, through the
use of a specific catalyst, to prepare polymers with cis/trans distributions varying

form all cis to all trans.
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Figure 1.31 Cis/Trans double bonds in polynorbornene

1.4.7.2. Tacticity Effects

Monomers such as symmetrically substituted norbornenes do not have chiral
centres but can be polymerised to give polymers with repeat units containing chiral
centres. There is the possibility of two centres adjacent to the double bond having the
same chiralities resulting in a meso dyad or different chiralities, giving a racemic
dyad. Sequences of racemic dyads produce syndiotactic polymers and sequences of
meso dyads give isotactic polymers. Polymers with a random distribution of meso
and racemic dyads are known as atactic. Due to the possibility of cis or trans

geometry, four regular microstructural arrangements are possible as shown in Figure
1.32.

M P
— — (cis vinylenes and repetition

of meso dyads)

w g\ @ Cis-syndiotactic
— — (cis vinylenes and repetition
of racemic dyads)

Trans-syndiotactic
(trans vinylenes and repetition
of meso dyads)

Trans-isotactic
(trans vinylenes and repetition
of racemic dyads)

Figure 1.32 Tacticity effects in polynorbornene

1.4.7.3. Head/Head, Head/Tail and Tail/Tail Frequency and Distribution
In the case of unsymmetrically substituted monomers such as 5-substituted
norbornene, polymers can form with head-head (HH), head-tail (HT) or tail-tail (TT)

structures, Figure 1.33. A combination of all the microstructural possibilities leads to
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16 ways in which a substituted norbornene can be incorporated into the polymer

backbone.

T 77 HH HH TH TH

Figure 1.33 Head/tail effects in a polymer synthesised from an unsymmetrically

substituted monomer

1.4.8 Summary of Ring Opening Metathesis Polymerisation

From an accumulation of years of research activity, the possibility to use well-
defined initiators in the ROMP of both high and low strain substituted monomers now
exists. The initiators are not only stable in numerous hostile conditions, but can
produce polymers of high molecular weight having narrow molecular weight
distributions. Due to the ease of use and advantages of such systems, it was decided
to use ring opening as the polymerisation method in the synthesis of dendronised

polymers, which is the topic of discussion in the next section.

1.5 Survey of Novel Topologies

1.5.1. Dendronised Polymers — Definition and Role

Dendronised polymers are formally like comb polymers, but are so unique that
they are normally not referred to as such. Their uniqueness stems from the effects of
factors such as dendron size, the distance between the dendrons, the backbone
flexibility or rigidity, together with several interactions (e.g. dendron/dendron,
dendron/backbone, solvent/dendron).®”®® The term dendron designates a dendrimer
segment. In this work, the dendrons were not attached to a central core unit to form a
dendrimer, but were attached to a monomer unit forming a dendronised monomer.
The aforementioned factors result in a slower decrease in density in going from the
interior to the exterior than in comb polymers where the linkages are linear chains.

This density profile in turn leads to new and interesting properties.
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One critical issue is the influence on the shape of the polymer depending on
the substitution of dendrons. It has been demonstrated that factors such as the
dendron’s structure, size and attachment density along the polymer backbone can alter
the conformation in polystyrene and polyacrylate from random coil to fully stretched
linear. Hence, a flexible polymer can be converted to a rigid rod via substitution with
large dendrons. This stiffening of the polymer backbone is due to the steric repulsion
between adjacent dendrons and hence the shape is being controlled by the
implementation of steric strain. The effect is so profound that a macromolecule can
turn into a molecular cylinder with defined dimensions as a result of the densely
packed dendritic layer around the polymer backbone, Figure 1.34. The length of the
cylinder is determined by the degree of polymerisation and the diameter is generally

two times the dendron extension.
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Figure 1.34 Representation of a denronised polymer with an extended

backbone due to the effects of the densely packed dendrons

These cylindrical objects are of importance due to their pronounced rigidity
and surface characteristics. The diameter of such objects is in the scale of a few
nanometers rather than a few angstroms for that of conventional polymers and as
such, the rigidity is so high that the persistence length is not on the order of 10nm, but
may exceed 50nm. Thus, despite the polymers still being single stranded, they can
possess an exceptionally high bending modulus. This leads to the potential use of
dendritic rods as constructions on the nanometer scale.

In order for potential uses to be realised, it is necessary to isolate and
manipulate individual rods to determine their dimensions. It has been possible thus
far to adsorb individual molecules onto atomically flat surfaces. The effects of high
modulus are to align these rods in large, ordered, two dimensional arrays where the
individual rods are packed parallel to each other. However, the rods synthesised so far

have had a length distribution. These large, parallel ordered, nanometer-scale objects
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on surfaces are potentially interesting for a number of applications, namely as
polarisers, polarised emitters, or orientating surfaces in liquid crystal displays.
Dendrons can also be designed to provide an attractive interaction between
each other, leading to shape control. In order for an attractive interaction to take place
the dendrons must possess mesogenic properties and be loosely attached to the
backbone enabling optimum packing to be determined. Supramolecular
organisation/self-assembly of dendrons can lead to columnar or spherical
superstructures, the structure formed depending on directional and attractive
interactions between such wedge shaped molecules and the size and shape of the

dendrons.

1.5.2. Synthesis of Dendronised Polymers

There are two distinct synthetic routes currently used to synthesise
dendronised polymers, Figure 1.35. In the first route, route A, a sequence of
dendrons is attached either divergently or convergently to the anchor groups of a
particular polymer. In route B, monomers with dendronised units already attached are
subjected to polymerisation. Both routes have associated problems that become more
critical with increasing steric demand of the dendrons. The main problem with route
A is that it is difficult to achieve complete coverage of dendrons onto the polymer
backbone anchor groups. This is due to steric hindrance, especially when large
dendrons are to be attached, as existing dendrons may block other unchanged anchor
groups on the backbone. A large excess of dendron is often used to try and resolve
this problem, however, the purification of the product becomes more difficult as a
result.

Steric hindrance also plays a major part in the problems associated with route
B. If during the polymerisation process, the steric hindrance of the incoming
monomer to the chain end is too high, the process may slow or stop altogether. This
has the effect of limiting the molecular weight of the dendronised polymer and is most

6970 it can be

pronounced with increasing generation of dendron. From the literature,
deduced that route A to dendronised polymers is inferior due to the fact that no group
has been able to achieve complete coverage of the polymer backbone using dendrons
with a generation greater than two. In addition to this, the polymeric backbones used

did not have very high molecular weights. Due to the mechanism of route B, it is
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guaranteed that the polymers will have total coverage of dendrons attached to the
anchor groups. As a result of this, the route has proven more successful as one
example of both a generation three and four substituted polymer have been
synthesised. To date, most dendrons have consisted of the benzyl ether type where
the terminal phenyl rings are either unsubstituted or have between one and three long

alkoxy or flouroalkoxy chains.

|

= anchor groups
Attachment of dendrons

=) T
799
566

Route B
Polymerisation of
dendronised monomer

7

Figure 1.35 The two main synthetic routes to dendronised polymers

!
Route A l

1.5.3 Dendronised Polymers via Living ROMP
Percec et al. have synthesised a variety of dendronised monomers and

polymerised them via ROMP, using Grubbs benzylidene initiator, to form
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dendronised oligomers and polymers having a narrow molecular weight distribution.
Specifically, the polybenzylether monomer 29, Figure 1.36, was synthesised and it
was found that both the monomer and polymers self-assembled into disklike and
cylindrical supramolecular structures forming columnar hexagonal liquid crystalline
phases.”!  These phases were characterised by Differential Scanning Calorimetry
(DSC) and thermal optical polarised microscopy and the shape of the supramolecular

architectures was determined via X-ray diffraction experiments.
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H(CH,),,0
29

Figure 1.36 Exo, exo substituted norbornene derivative containing polybenzylether

7
dendrons’!

The DSC data indicated the existence of various regimes depending on the
degree of polymerisation. In the liquid crystalline phase, two monomer units self-
assemble into disklike supramolecular dimers, which represent the stratum of the
column, Figure 1.37. As the degree of polymerisation increases, rigid three-
dimensional cylindrical shapes are formed and finally, once a DP in the region of 26
to 64 is reached, the polymer becomes rod-like. It was also noted that when smaller
dendrons were attached to the monomer unit, it required three monomer units to

produce a disklike supramolecular architecture.
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Figure 1.37 Formation of supramolecular columns

From this example, it can be deduced there is a distinct correlation between the
polymer architecture and the DP and that the overall structure of the resultant polymer
is dependent on the nature of the dendrons attached to the polymer backbone.

In another study by Percec et al. it was found that monomer 30, when
polymerised by radical polymerisation, produced a polymer that self-assembled into a
tubular supramolecular structure which exhibited hexagonal phases, Figure 1.38.”
However, when a second-generation dendron was used, it was found by scanning
force microscopy, that the dendronised polymer’s shape changed from spherical to
cylindrical as the degree of polymerisation increased. This was accompanied by the
backbone conformation going from random-coil to extended. This correlation
between polymer conformation and DP is opposite to that seen in most synthetic and
natural macromolecules, which usually switch from extended to random coil with
increasing DP. As a result of this relationship, there exists the possibility for
molecular engineering of polymer shapes and properties and it also demonstrates the

impact that the dendron has on the overall shape of the dendronised polymer.
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Figure 1.38 Monomer 30 which formed polymers with liquid crystalline phases

1.6 Summary of Novel Topologies

High molecular weight dendronised polymers are synthetically possible. It
has been shown that a correlation exists between the dendron structure and the overall
polymer architecture providing researchers with the possibility of synthesising novel

architectures with predetermined properties and dimensions.

1.7 Objectives of the Project Reported in this Thesis

The objectives of this work were to synthesise various dendronised monomers,
containing dendrons of differing ishape and chemical structure, and to then polymerise
the monomers using ROMP for the preparation of dendronised polymers. These
polymers would then be characterised by a number of methods to deduce the

correlation between the dendron structure and the overall polymer architecture.
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Chapter 2

Synthesis amd Characterisation of Monomers,
Dendrons and Novel Dendronised Monomers

2.1 Introduction

The aim of the project was to synthesise dendronised monomers containing
various dendritic structures and to polymerise them via ROMP for the provision of
dendronised polymers. Analysis of the polymers by a number of characterisation
methods, including AFM to determine their shape and size, would then reveal the
effect of the dendron structure on the overall polymer architecture and organisation.

The first task in the synthesis of dendronised monomers was to prepare a
series of monomer derivatives using the Diels-Alder reaction. Functional group
conversion reactions were then performed on the monomer derivatives to obtain the
desired functionalities to be used as attachment points for the dendrons. Dendrons
containing different chemical structures and generations were then synthesised using
the selectivity of 1,1'-carbonyl diimidazole (CDI). The dendrons were then coupled
to the monomer derivatives, resulting in the synthesis of dendronised monomers.

The design, synthesis and characterisation of monomers, dendrons and a novel
series of dendronised monomers will be described in this chapter. A code by which
the dendrons and dendronised monomers are to be identified will also be explained.
The use of ROMP in the preparation of dendronised polymers will be discussed in
chapter 3, with molecular modelling and AFM studies being addressed in chapter 4.

2.2 The Diels-Alder Cycloaddition Reaction

A typical Diels-Alder reaction involves 1,4-addition of a dienophile to a 1,3-

diene to give a six membered ring, as shown in Figure 2.1."**

(o — O

Figure 2.1 The Diels-Alder reaction between a conjugated diene and dienophile,

X

where X denotes an electron withdrawing group
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The reaction mechanism involves a pericyclic process, which takes place in a
single step by a cyclic redistribution of bonding electrons. The two reactants join
together in a concerted fashion through a cyclic transition state in which two new -
bonds form at the expense of two m-bonds in the starting material. So when X
represents an electron-withdrawing group, as in Figure 2.1, the rate of reaction
increases with respect to that of a simple alkene and it decreases when X represents an
electron-donating group. The diene must adopt a cis conformation in order that
carbons 1 and 4 of the diene are close enough to react through a cyclic transition state;
five membered ring dienes are particularly favoured due to the fact that they are
rigidly fixed in the correct cis geometry.

One of the most useful features of a Diels-Alder reaction is that the
stereochemistry of the starting dienophile is maintained during the reaction and a
single product isomer, sometimes a racemate, results. However, when dealing with
bicyclic structures, there are two possible ways in which addition can take place. The
larger side of the dienophile may be under the ring (endo addition), or the reverse (exo

addition) depending on the reaction conditions, Figure 2.2.

> 98.5%, s o
25°C 2 3
/0
O
Endo product
7
O <1.5%
—_—
25°C O
O O
O Exo product

Figure 2.2 Representation of the orientation of the reactants in the approach
fo the transition state and the products of the Diels-Alder cycloaddition reaction

between cyclopentadiene and maleic anhydride
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When the reaction is under moderate temperature conditions, the addition is
predominantly endo, the kinetically favoured product. This is usually attributed to the
fact that in this case the dienophile is added so as to give a maximum of ‘secondary
overlap’ of m-molecular orbitals in the transition state. Higher reaction temperatures
and longer reaction times favour the thermodynamic product, the exo isomer.
However, the endo product is invariably the kinetic product whether or not there is the
possibility of secondary overlap of nm-molecular orbitals, for example, cyclopentene

gives the endo isomer as the kinetic product in reactions with cyclopentadiene.

2.3 Synthesis and Characterisation of Norbornene Derivatives
Norbornene derivatives have been successfully synthesised and characterised
through the use of the Diels-Alder reaction. Subsequent functional group conversion

has led to the acquisition of monomers to which dendrons can be attached.

2.3.1 Synthesis and Characterisation of Norbornene-5-exo-methanol

Three separate reactions were required in order to synthesise norbornene-5-
exo-methanol, Figure 2.3. Norbornene-5-carboxylic acid was obtained as a mixture
of exo and endo isomers from the reaction of dicyclopentadiene with acrylic acid,
using a small amount of hydroquinone to prevent the radical induced polymerisation
or oligomerisation of the acid, at 160°C.* The crude product was distilled to remove
excess acrylic acid and a ratio of approximately 50/50 endo/exo norbornene-5-

carboxylic acid was determined by analysis of the 'H NMR spectrum.
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norbornene-5-exo-methanol

Figure 2.3 The synthetic stages involved in the synthesis of norbornene-5-exo-

methanol

The vinylic hydrogens have different chemical shifts depending on whether
the isomer of the acid is endo or exo. The vinylic hydrogens of the exo isomer have
very similar chemical shifts of 6.14 and 6.10 ppm, whereas in the endo isomer, the
chemical shifts occur at 6.19 and 5.98 ppm, Figure 2.4. This can be explained by the

fact that in the endo isomer, the vinylic hydrogens are in closer proximity to the

carboxylic acid and experience a shielding effect.’

Ende Enda

M

6.24 622 620 618 6.16 614 6142 6.10 6.08 6.06 604 602 6.00 598 ppm

Figure 2.4 Region of the 'H NMR spectrum of exo/endo S-norbornene-2-carboxylic

acid showing the vinylic hydrogen signals for the endo and exo isomers
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Both molecules give pseudo AB quartets for the vinylic hydrogens, with each
limb split by further coupling. The structure gives rise to a complex AA’BB’X non-
first order splitting pattern in which the vinylic bridgehead and 7-anti hydrogens all
interact and the apparent simplification into AB quartets is fortuitous and can be
misleading.

Pure norbornene-5-exo-carboxylic acid was obtained through the removal of

the endo isomer as the iodolactone, Figure 2.5.

Ay A

““COOH
Exo acid Endo acid

1. NaOH (aq) / NaHCO,
2.1,/ Kl (aq)

I
Aﬂ%z;c00H +

Exo acid O\CO

Iodolactone complex

Figure 2.5 Conversion of the endo isomer to the iodolactone complex

The iodolactone was formed from the endo isomer when iodine was added to
an aqueous solution of the mixed sodium salts, precipitated as a dark oil and was
separated. The aqueous layer was then acidified, extracted with ether and washed
with a solution of sodium thiosulphate to remove excess iodine.  Several
recrystallisations gave the exo isomer as a pale yellow solid. Analysis of the 'H NMR
spectfum showed that only the exo isomer remained, as the two signals corresponding
to the endo isomer had totally disappeared. It was found that there was a poor
correlation between the expected and found carbon elemental analysis values for the
product. This was also found to be the case with the di-substituted acid derivative
(section 2.3.2) and the mono-substituted alcohol derivative, discussed in this section.
The poor correlations are thought to be due to the hygroscopic nature of these

compounds, which made them difficult to dry. The calculated elemental analysis
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value for carbon was always found to be higher than the experimental result obtained,
which also indicated that there was water present in the sample. The elemental
analysis results from the other norbornene monomer derivatives were found to have a
good correlation with the expected values. The purity and structure of all the
intermediates was, nevertheless, unambiguously established by 'H and ”C NMR
spectroscopy and mass spectrometry, see Experimental section 5.2.1, pp 128. Further,
the dendronised monomers required for this project, which were derived from these
intermediates, were shown to be single compounds of the correct structure by
spectroscopic and chromatographic analyses.

Norbornene-5-exo-methanol, Figure 2.6, was synthesised via the

reduction of norbornene-5-exo-carboxylic acid using LiAlHy in dry diethyl ether.

7
1
7 6
374N\ OH
5

Figure 2.6 Structure of 5-norbornene-2-exo-methanol

After work-up, the alcohol was obtained as a colourless liquid. Analysis of
the 'H NMR spectrum of norbornene-S-exo-methanol shows that the vinylic
hydrogens appear as two pseudo ABqs with further splittings analogous to the
spectrum of the acid starting material. Norbornene-5-exo-methanol is chiral and, as a
consequence, the hydrogens on Cg, C4 and C; are not equivalent. As a result of this,
the '"H NMR spectrum shows two signals for Hg, and Hgp, at 3.67 ppm and 3.51 ppm,
Figure 2.7. Each hydrogen on Cg couples to the other (Jga,3, ~ 10.6Hz) and, have
different coupling constants to Hs (Jgb s ~ 8.7Hz and Jg, s ~ 6.3Hz). Therefore, Hg, and
Hjgy, are both represented by a doublet of doublets.

The signals for the hydrogens attached to Cs appear at chemical shifts of 1.10
and 1.06 ppm. The hydrogens couple with each other (Jgexo,6endo ~ 11.5Hz) and each
hydrogen couples differently with Hs and H,; If the hydrogen is in the exo position,
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(J6exoss ~ Joexos1 ~ 4HZ), the signal is seen as a doublet of triplets. The hydrogens on C;

were difficult to interpret due to the fact they were superimposed on other signals.®

|
., UJ\WM,J A

n 368 364 150 356 352 34 ppm

Figure 2.7 Region of the ' H NMR spectrum of norbornene-5-exo-methanol showing

diastereotopic protons Hg, and Hg,

2.3.2 Synthesis and Characterisation of Norbornene-5-exo, 6-exo-dimethanol
Three separate reactions were also required to synthesise norbornene-5-exo, 6-
exo-dimethanol, Figure 2.8. The synthesis of norbornene-5, 6-dicarboxylic anhydride
as a mixture of both exo and endo isomers (50/50 ratio), was performed by a Diels-
Alder reaction between maleic anhydride and dicyclopentadiene at high temperature.
A reaction temperature above 180°C was necessary in order to crack
dicyclopentadiene into cyclopentadiene and to obtain as high as possible ratio of the
thermodynamically favoured exo isomer. It was also found that, as expected, a longer
reaction time resulted in increased formation of the exo isomer, the thermodynamic
product. Despite these harsh conditions, multiple recrystallisations using acetone

were required in order to produce pure exo isomer as a transparent, crystalline solid.
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Figure 2.8 The synthetic stages involved in the synthesis of norbornene-5-exo, 6-exo

dimethanol

The purity of the exo isomer was confirmed by analysis of the 'H NMR
spectrum, which showed that the signal corresponding to the endo-adduct at 6.29 ppm
had totally disappeared, leaving only the exo-adduct signal at 6.38 ppm. Norbornene-
exo-5, 6-dicarboxylic anhydride was hydrolysed to afford norbornene-5-exo, 6-exo-
dicarboxylic acid. Evidence that the hydrolysis had taken place was obtained from
analysis of the '"H NMR spectra of both compounds. It can be seen from the
spectrum, Figure 2.9, that the difference in chemical shifts for the AB quartet signals
arising from H; and H is greater in the dicarboxylic acid than in the corresponding
anhydride. The reason for this difference in chemical shifts is that the carbonyl
groups of the acid have less restriction to their movement than in the corresponding
anhydride, due to the rigid ring structure of the anhydride. This comparatively greater
freedom of movement results in the carbonyl groups being in closer proximity to Hz 7,

leading to a larger interaction. Another feature of the spectrum that led to the belief
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that norbornene-5-exo, 6-exo-dicarboxylic acid had formed is that the vinylic signal

had shifted from 6.38 ppm for the anhydride to 6.24 ppm for the acid.
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Figure 2.9 'H NMR spectra for norbornene-exo-3, 6-dicarboxylic anhydride, top, and

norbornene-5-exo, 6-exo-dicarboxylic acid, bottom.

Norbornene-5-exo, 6-exo-dimethanol was prepared via the reduction of
norbornene-5-exo, 6-exo-dicarboxylic acid using LiAlH, in dry diethyl ether. In the
'H NMR spectrum of the product, a signal appeared at 3.51 ppm corresponding to the
two hydrogens of the hydroxyl groups. This assignment was confirmed by
performing a deuterium exchange reaction, which produced a new signal for HOD at
around 4.6 ppm whilst removing the previous _OH signal. There was also a marked
difference in the chemical shifts of H; and Hy- for the diol as opposed to the diacid.
The signals for these two hydrogens on the alcohol were closer together (1.33 and
1.26 ppm) than that of the equivalent hydrogens on the acid (2.15 and 1.34 ppm). The

reason for this pronounced difference is thought to be due to the increased interaction
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and shielding effect that the carbonyl groups are having on one of the bridging C,;
hydrogens.

2.3.3 Synthesis and Characterisation of Norbornene-5-exo, 6-exo-dicarbonyl
chloride

Norbornene-5-exo, 6-exo-dicarbonyl chloride was synthesised from the
reaction of norbornene-5-exo, 6-exo-dicarboxylic acid with oxalyl chloride. Analysis
of the "H NMR spectrum of the product showed that the vinylic hydrogens of the acid
(6.24 ppm) had totally disappeared and that a new signal corresponding to the vinylic
hydrogens of the acid chloride was present at 6.37 ppm. Elemental analysis values
also indicated that the acid chloride had formed, as the chlorine percentage of the

product (32.04) found, was close to the expected value (32.37).

2.4 Synthesis and Characterisation of Dendrons

A series of dendrons of different generations possessing different chemical
structures has been synthesised. Polycarbonate dendrons of the first and second
generation, containing t-butyl terminal groups, have been synthesised in a stepwise
manner from t-butanol, CDI and 1-[N, N-bis(2-hydroxyethyl)amino]-2-propanol
(HEAP). Using precursors obtained in previous studies,” second generation
polyurethane dendrons containing both t-butyl and 4-heptyl terminal groups have
been synthesised. The synthesis of a second generation polyurethane dendron
containing a benzhydryl terminal group was also attempted. Finally, a first generation

polyamide dendron was synthesised with phenyl rings as terminal groups.

2.4.1 Nomenclature of Dendrons

The code used in this thesis to identify the polycarbonate and polyurethane
dendrons is based on three parts. The first part describes the nature of the terminal
groups, the second part indicates the number of generations and the third signifies the
functionality at the focal point of the dendron, see table in Figure 2.10. Firstly, the
three terminal groups are represented by letters; -Butyl (B), 4-Heptyl (H) and
BenzHydryl (BH). The second part indicates the generation of the structure with the
term Gx, where x is the generation number. Finally, the functionalities at the focal

points of the dendrons are represented by letters; secondary alcOHol, (OH), and
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IMidazole carboxylic ester group, (IM). Note, that polyurethane dendrons are

denoted with the symbol (U) at the end of the code.

Dendron Code

Terminal Groups

Generation

Focal Point Functionality

-—o— t-Butyl

o— 4-Heptyl

O0— BenzHydryl BH

B

H Gx

x=0,1,2,3..

}70‘* OH

= A
AT v IM

Figure 2.10 Identification code for polycarbonate and polyurethane dendrons

A first and second generation polycarbonate and polyurethane dendron,

respectively, containing two different functionalities at the focal point, are shown with

their corresponding codes in Figure 2.11.
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Figure 2.11 Identification codes for a first generation polycarbonate (left) and a
second generation polyurethane dendron (right) containing different functionalities at

the focal points

2.4.2 Synthesis of First Generation Polycarbonate Dendrons

The three synthetic steps required in the synthesis of the first generation
polycarbonate dendron, BG1IM, containing an imidazole carboxylic ester group at
the focal point are shown in Figure 2.12.

In the first step, despite the presence of the alcohol in excess, t-butanol reacted
in an equimolar ratio with CDI, to give adduct BGOIM. An excess of the alcohol was
necessary to ensure that no leftover CDI could react with HEAP in the subsequent
step, producing unwanted side reactions. Toluene was used as the reaction solvent
throughout as the imidazole by-product produced in each synthetic step has low
solubility in this solvent. This resulted in the imidazole precipitating as the reaction
mixture cooled, allowing easy removal. In the second step, 0.5 equivalents of HEAP,
the branching unit containing two primary alcohol functions and one secondary
alcohol function, was added to a solution of BGOIM under basic conditions (KOH).
A reaction temperature of 85°C and a time of 3 days were required in order for the
reaction to reach completion. Such harsh conditions were necessary due to the
relatively low nucleophilicity and hence reduced reactivity of the primary alcohols.

The addition of base was essential for the success of the reaction and the
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concentration of the mixture was found to have an effect on the rate of the reaction.
However, the optimum conditions were difficult to determine due to problems with
the reproducibility of the reaction. The crude material formed was purified using
silica gel chromatography, eluting with ethyl acetate and hexane in a ratio of 1:1, to
give BG1OH as colourless o1l in a yield of 46%. The calculated elemental analysis
values for all the polycarbonate dendrons were found to be in good agreement with
the expected values.
d
N

’_1 o
OH ><oo
+0H+//\ s V. okmN HEAP

X i

-,

BGIIM

Figure 2.12 Synthetic steps involved in the synthesis of the first generation
polycarbonate dendron BG1IM

'H NMR spectroscopy was found to be useful in the assignment of BG1OH,

however, the presence of diastereotopic hydrogens in the molecule complicated the
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spectrum. For example, H, and Hgof the methylene group adjacent to the chiral
centre have chemical shifts that differ by 0.3 ppm and are seen as two doublets of
doublets, Figure 2.13.

The hydrogens H,, and Hg of BG1OH appear as an AB quartet with a coupling
constant of 13Hz, but each limb of the ABq couple to the hydrogen at the chiral centre
with vastly different coupling constants of 10.4Hz and 2.8Hz. In BG10OH, there are
three sets of diastereotopic hydrogens in total, with two pairs being present between
the carbonate group and the tertiary amine function. However, the coupling pattern of
these two pairs was complex, probably as a result of a non-first order interaction of all

four hydrogens. The ’C NMR spectrum of BG1OH contained eight signals, as

expected.
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Figure 2.13 Region of 'H NMR spectrum showing the diastereotopic hydrogens
adjacent to the chiral centre of BG1OH

Purification of BG1OH was challenging as several side products were
generated probably resulting from the high temperature, base catalysis and high
concentration of the reagents. One of the side products, 1 (Figure 2.14), which was
formed contrary to the selection rules for CDI reactions, was obtained in variable
yields (~10%). This product was formed by reaction of the CDI adduct, BGOIM, at
the secondary alcohol group of HEAP as well as at primary alcohol functions. The
presence of 1 shows that the selectivity for reaction at primary sites in the presence of

a secondary alcohol is not 100%, which is in agreement with work reported by
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Rannard and Davis.® It is thought that the reason for the reduced selectivity is a result
of the basic conditions and high temperature used in the reaction.

0O

L
<h 4
A T

g

0]

1
Figure 2.14 Side product, 1, isolated during the purification of BG10H

Evidence of formation of 1 was provided from the analysis of both 'H NMR
and >C NMR spectra. In particular, an extra signal in the '’C NMR spectrum
appeared which was assigned as the carbonyl formed from the reaction of the
secondary alcohol group of HEAP with the CDI adduct, BGOIM. Also, the
diastereotopic hydrogens in the 'H NMR spectrum of 1 were different to those seen in
BG1OH, as the two observed doublet of doublets now had identical *J couplings of
6.4Hz, Figure 2.15.
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Figure 2.15 Region of 'H NMR spectrum showing the diastereotopic

hydrogens adjacent to the chiral centre of 1
The reason that the coupling constants of the two diastereotopic hydrogens in

BG1OH and 1 differ is thought to be due to the fact that the hydroxyl group at the
focal point of BG10OH is hydrogen bonded to another part of the molecule. Such an
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interaction would lead to the structure having a dominant conformation on the NMR
timescale. One possible preferred conformation is that of a pseudo five membered
ring formed by the hydrogen bonding of the hydroxyl group to the tertiary amine
function, Figure 2.16. The existence of a dominant conformation results in different
dihedral angles between each of the diastereotopic hydrogens and the hydrogen of the
chiral centre. Since *J or vicinal coupling is dependent on the dihedral angle, the
coupling constants for the two hydrogens are different. For the side product 1,
hydrogen bonding cannot occur and rotation around the carbon-carbon bonds in the

molecule is less restricted, resulting in similar time-averaged vicinal coupling
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Figure 2.16 Region of 'H NMR spectrum showing the diastereotopic hydrogens

adjacent to the chiral centre of BG1OH and a possible preferred conformer

The third step in the synthesis of BG1IM involved the reaction of BG1OH
with CDI, in which CDI was used in excess to ensure complete conversion of
BG1OH to BGIIM. Analysis of the 'H NMR spectrum provided evidence that the
product had formed as the signal corresponding to the OH focal point of BGI1OH
totally disappeared and three new signals corresponding to the imidazole carboxylic
ester functionality in BG1IM appeared in the product spectrum in the appropriate

intensities.
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2.4.3 Synthesis of Second Generation Polycarboenate Dendrons

The synthesis of BG2IM, a second generation dendron containing an
imidazole carboxylic ester group as the focal point, was achieved in two steps from
BG1IM, Figure 2.17. In the first reaction, a toluene solution of BG1IM and HEAP
were stirred at a temperature of 75°C for 3 days in order for the reaction to reach

completion.

X0
BG2IM

Figure 2.17 The synthetic steps involved in the formation of BG2IM
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Purification of BG2OH proved problematic, due to the formation of a mixture
of side products. In particular, the mono-substituted product, 2, Figure 2.18, proved
difficult to separate as it eluted very close to BG20OH when using silica gel
chromatography. However, due to the fact that the molecular weight of BG2OH was
approximately 400 Da greater than that of the mono-substituted product, 2, it was
decided to separate the two compounds using a Biobeads S-X column with toluene as
the eluent. The beads used were neutral, porous styrene divinylbenzene copolymer

beads with exclusion limits ranging from 400 to 14,000 Da.
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Figure 2.18 The mono-substituted compound formed as a by-product in the reaction

of BG1IM with HEAP

The mechanism of separation involves gel permeation in which large
compounds pass through the column relatively unhindered, whereas small compounds
permeate the pores of the beads and hence take longer to pass through the column.
Using the Biobeads method, it was possible to isolate pure BG2OH. However, there
were drawbacks associated with the method, including low overall yield of product
and low throughput as only 1 g of crude material could be purified per column,
resulting in purification being very time-consuming.

'H NMR spectroscopy was a useful technique in the characterisation of
BG2OH. Two doublets at 1.2 and 1.04 ppm corresponding to the methyl group
hydrogens Hg and H, respectively, were present in a ratio of 2:1 as expected, Figure
2.19. From this it could be deduced that the product had formed and no mono-
substituted material was present. Another interesting feature of the spectrum was a

large singlet at 1.41 ppm corresponding to the tertiary butyl hydrogens. Integration of
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this signal with respect to the other two doublets gave a ratio of 12:2:1, which was in
agreement with the expected ratio of t-butyl hydrogens:Hp:H,, in BG2OH. The Bc
NMR spectrum of BG2OH showed 14 resonances corresponding to the 14 different

carbon environments in the molecule.
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Figure 2.19 Region of 'H NMR spectrum of BG20H showing (from left to right)
signals corresponding to the t-butyl hydrogens, Hgand H,

The GPC trace of BG2OH was obtained by conventional calibration against
linear polystyrene standards, see Figure 2.20. The experimental molecular weight
value (1250 Da) was found to be reasbnably close to the calculated value (941 Da).
The reason for the slight discrepancy between the experimental and calculated
molecular weights is probably explained by the fact that the second generation
dendron, BG20OH, is adopting a conformation dissimilar to that of a random coil
polymer, making the calibration inappropriate. Despite this, it can be seen from the
trace that BG2OH is pure as one single symmetrical peak with a computed PDI of
1.00 is present.

60






corresponding signal in BG2OH (3.63 ppm), had disappeared, suggesting that all of

BG2OH had been converted to the imidazole carboxylic ester functionality.

Figure 2.22 Structure of BG2IM

The electro spray mass spectrum of BG2IM was obtained, see Figure 2.23.
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Figure 2.23 Electro spray mass spectrum of BG2IM
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In the spectrum, there are two main signals present at 1036.6 and 1058.6 Da, which
correspond to [M+H]" and [M+Na]", respectively.

2.4.4 Synthesis of Second Generation Polyurethane Dendrons

Two second generation polyurethane dendrons, BG2IM (U) and HGZIM (U),
have been synthesised, which contain t-butyl and 4-heptyl terminal groups,
respectively, see page 53 for the branching structure. The polyurethane dendrons
were synthesised using starting materials obtained from previous studies.” BG2IM
(U) was synthesised from the reaction of BG20OH (U), provided by Dr Stoddart, and
CDI at a reaction temperature of 70°C for S hours. As with most reactions involving
CDI, the overall yield was high (~80%) and after work-up, the material was obtained
in high purity. The electro spray mass spectrum of BG2IM (U) showed two main
signals present at 1031 and 1053 Da, corresponding to [M+H]" and [M+Na]’,
respectively, see Figure 2.24.
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Figure 2.24 Electro spray mass spectrum of BG2IM (U)

The 'H NMR spectrum of BG2IM (U) in chloroform-d gave broad signals that
were difficult to assign. The reason for this broadening of resonances is probably due
to hydrogen bonding within the dendron reducing the mobility of the molecules. It
was found that protic NMR solvents (e.g. methanol) could break up the hydrogen
bonding to some degree, enabling sharper signals to be obtained. In the *C NMR
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molecular weight fractions were isolated and then in low yield, one of which was
thought to be the mono-substituted product. The reason why this reaction failed is
still unknown, but the large bulk and stiff nature of the terminal groups may have
played a part.

2.4.5 Synthesis of First Generation Polyamide Dendrons

The code used to identify the polyamide dendrons was based on two parts.
The first part consists of the number of phenyl rings in the dendron and the second
part, either [NO,] or [NH,], refers to the functionality at the focal point of the
dendron.

The synthetic steps involved in the synthesis of the first generation polyamide
dendron, [7]-NH,, are outlined in Figure 2.28. In the first step, S-nitroisophthalic
acid was reacted with phosphorus pentachloride to form 5-nitroisophthaloyl
dichloride in moderate yield after recrystallisation. The elemental analysis values
indicated that the material was pure as the experimental chlorine percentage value
(28.7) was very close to that expected (28.6). Analysis of the 'H NMR spectrum
showed the presence of two signals each with a coupling constant of 1.5Hz and the
3C NMR spectrum showed 5 distinct signals, as expected.

[3]-NO; was synthesised from the reaction of 5-nitroisophthaloyl dichloride
with aniline in the presence of dry pyridine. Five signals were present in the 'H NMR
spectrum of [3]-NO,, Figure 2.29. Ha and Hg both appeared as triplets, with a
coupling constant of approximately 7.6Hz. The signal for Hc appeared as a doublet,
again with a coupling constant of approximately 7.6Hz. The signals for Hp and Hg
came very close together and could not be distinguished, although integration
indicated that three hydrogens were present. Finally, the signal for the two -NH
hydrogens was present at 10.75ppm.

66



NO

NH, 2
N02 Noz © @
/@ +  PCl, —>
HCO; CO,H cloc coCl 5 @
S-nitroisophthaloyl dichloride

[3]-NO,
NH, SnCl,.2H,0
Q NaBH,
NO, NH
01oc©\coc1 [3]-NH,
NO NH

2 2
A el

O Ty, ey "bco
g a) ‘NbO dm il ”‘@

[7]-NO, [7]-NH,

Figure 2.28 The synthetic steps involved in the synthesis of |7]-NH;
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Figure 2.29 The 'H NMR spectrum and structural assignment of [3]-NO;
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the ions are produced by catonisation, usually by addition of H', Na* or K, in this
case the parent ion is detected at 807 Da, which is close to the expected value at 808

Da for [M+H]" and within the accuracy of the instrument calibration.
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Figure 2.33 Electro spray mass spectrum of [7]-NH,

2.5 Synthesis and Characterisation of Dendronised Monomers

A series of dendronised monomers, containing both mono- and di-substituted
dendrons of different generation possessing different chemical structure, has been
synthesised. In particular, a mono- and di-substituted first generation polycarbonate
dendronised monomer was synthesised, along with a di-substituted second generation
polycarbonate dendronised monomer. The polycarbonate dendronised monomers all
contained t-butyl groups at the periphery. Using the dendrons described in section
2.4.4, di-substituted second generation polyurethane dendronised monomers,
containing both t-butyl and 4-heptyl terminal groups, have also been synthesised.
Finally, an attempt was made to synthesise the first generation di-substituted

polyamide dendronised monomer with phenyl groups at the periphery.

2.5.1 Nomenclature of Dendronised Monomers

The code used in this thesis to identify dendronised monomers is based on five
parts. The first part highlights that a dendronised monomer is the compound being
discussed, the second part indicates the chemical structure of the dendron, the third
part describes the nature of the terminal groups of the dendron, the fourth signifies the
generation of the dendron and the fifth describes whether the norbornene is mono- or

di-substituted. Firstly, letters DM represent dendronised monomers. Secondly, the
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three chemical structures of the dendrons are represented by letters; PolyCarbonate
(PC), PolyUrethane (PU) and PolyAmide (PA). Thirdly, the three terminal groups
are represented by letters; t-Butyl (B), 4-Heptyl (H) and Phenyl (P). The fourth part is
represented by number 1 or 2, indicating a first or second generation structure,
respectively. Finally, the substitution of the norbornene unit is represented by letters;

-Mono (M) and -Di (D), see table in Figure 2.34.

Dendronised Monomer Code

Dendronised Chemical Terminal Generation

monomer Structure Groups Number Substitution

carbonate
PC —,— — B
O/ﬁ\o links © t-Butyl B

Mono (M)
DM urethane - 1,2
OJ\NH links DU >° +Hepy! H Di (D)

O

amide
)]\ links PA Phenyl P

NH

Figure 2.34 Identification code for dendronised monomers

2.5.2 Synthesis of a Mono-Substituted First Generation Polycarbonate
Dendronised Monomer (DMPCB1M)

LT "
HNYANQN ; \;6 . %?Oj L p
4

BG1IM DMPCB1M

Figure 2.35 Coupling reaction used in the synthesis of DMPCBIM
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DMPCBIM was synthesised from the coupling reaction of BGIIM with
norbornene-5-exo-methanol in toluene solution at 95°C for three days, Figure 2.35.
Analysis of the '"H NMR spectrum of the mixture showed whether the reaction had
reached completion, by monitoring the disappearance of the three hydrogens from the
imidazole functionality of BG1IM. Signals corresponding to the hydrogens adjacent
to the —OH functionality on norbornene-5-exo-methanol were also monitored, as their
chemical shift changed when DMPCBIM formed. When all of BG1IM had reacted,
and the aqueous work-up had been performed, the crude material was purified by
silica gel chromatography, eluting with hexane and ethyl acetate (ratio 4:1), producing
pure DMPCBIM in 66% yield. Analysis of the 'H NMR and 2D COSY spectrum
was useful in the determination of the structure of DMPCBIM. It was found by
integration, that the ratio of vinylic protons to t-butyl hydrogens (2:18) was as
expected, indicating the formation of the mono-substituted dendronised monomer.
Analysis of the °C NMR spectrum showed the presence of 17 signals and the DEPT
spectrum indicated the presence of 6 —CH; signals and a total of 8 -CH and CH;
signals, as expected. @ The product was characterised by electro spray mass
spectroscopy, which showed a signal at 513 Da, close to the expected value at 514 for

[M+H]" and within the accuracy of the instrument calibration, Figure 2.36.
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Figure 2.36 Electro spray mass spectrum of DMPCB1IM

72



2.5.3 Synthesis of a Di-Substituted First Generation Polycarbonate Dendronised
Monomer (DMPCB1D)

DMPCBI1D was synthesised from the reaction of norbornene-5-exo, 6-exo-
dimethanol with BG1IM in toluene solution at a reaction temperature of 90°C for five

days, Figure 2.37.
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Figure 2.37 Coupling reaction used in the synthesis of DMPCBI1D

The hydrogens from the imidazole functionality of BG1IM were monitored by 'H
NMR spectroscopy. When the reaction had gone to completion, the work-up was
performed and the crude material was then purified by silica gel chromatography,
eluting with hexane and ethyl acetate (ratio 1.5:1), to give pure DMPCBID in 44%
yield. Analysis of the GPC trace showed that the computed PDI of the sample was
low (1.01) and the experimental molecular weight of 1,070 Da was in close agreement

to the expected value of 933 Da, see Figure 2.38.
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probably due to the size of the dendronised monomer and overlapping of signals.
Also, the number of observed resonances in the '°C NMR spectrum was lower than
that expected, probably as a result of overlapping of signals corresponding to carbons
in equivalent positions in successive layers of the structure. The GPC trace of
DMPCB2D, Figure 2.40a, showed a single peak at 1,770 Da with a PDI of 1.01,
which correlates reasonably with the expected molecular weight of 2090 Da. The
MALDI-TOF spectrum, Figure 2.40b, showed signals at 2091.4 Da and 2113 Da,
which correspond to [M+H]" and [M+Na]’, respectively.
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Figure 2.39 Structure of DMPCB2D
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Figure 2.40 a) GPC trace of DMIPCB2D (left) b) Maldi-TOF spectrum of
DMPCB2D (right)

2.5.5 Synthesis of a Di-Substituted Second Generation Polyurethane
Dendronised Monomer containing t-Butyl Terminal Groups (DMPUB2D)
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Figure 2.41 Structure of DMPUB2D

DMPUB2D, Figure 2.41, was synthesised from the reaction of BG2IM (U)

with norbornene-5-exo, 6-exo-dimethanol in toluene solution at a reaction temperature
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chromatography on silica, eluting with hexane and ethyl acetate at a ratio of 1:1, and
then further purified using a Biobeads S-X column to produce DMPUH2D in low
yield (10%). Again, the '"H NMR spectrum of DMPUH2D contained signals that
were broad due to hydrogen bonding within the dendron structure and the number of

observed resonances in the ?C NMR spectrum was lower than expected.
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Figure 2.43 Structure of DMPUH2D

The GPC trace of DMPUH2D is shown in Figure 2.44a. The trace shows the
presence of one signal with a molecular weight of 2,550 Da and a computed PDI of
1.00. The MALDI-TOF mass spectrum shows the presence of signals at 2415 and
2437 Da, corresponding to [M+H]" and [M+Na]", respectively, within the error of the
measurement (Figure 2.44b). The inaccuracy in molecular weight is probably due to

the instrument’s calibration being slightly out.
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Figure 2.45 Formation of an intramolecular condensation product, 3, via the

reaction between [T]-NH; and norbornene-5-exo, 6-exo-dicarbonyl chloride

By analysis of the 'H NMR spectrum, it could be deduced that the first

fraction was not the di-substituted dendronised monomer, see Figure 2.46. In

particular, two signals were present in the region between 10 and 11 ppm, which

could be integrated with respect to the well resolved olefinic hydrogens and were

found to correspond to a total of six amide groups. This number of amide groups is in

good agreement with the intramolecular condensation product, 3. On the other hand,

the 'H NMR spectrum of the di-substituted dendronised monomer would have

contained three different resonances in this region corresponding to a total of fourteen

amide groups. The formation of the mono-substituted product was also ruled out, as

there would have been three distinct signals present in the 'H NMR spectrum in the

region between 10 and 11ppm, corresponding to a total of seven amide groups.
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From the characterisation of the reaction products, it can be unambiguously stated that
the intramolecular condensation product, 3, formed during the attempted synthesis of
DMPAPID.

Analysis of the '"H NMR spectrum of the second fraction showed that there
was no signal present corresponding to the olefin hydrogens of the norbornene
derivative. As a result of this, it was thought that this fraction was an impurity of no
relevance to the objective of the work and the material was discarded. All in all, this
synthesis proved very demanding and in the end, not enough of the purified

compound 3 was obtained for ROMP studies.

2.6 Conclusions

A series of dendronised monomers of different generations possessing different
chemical structures has been synthesised. In particular, mono- and di-substituted first
generation polycarbonate dendronised monomers have been synthesised and fully
characterised, along with a di-substituted second generation polycarbonate
dendronised monomer. Two di-substituted second generation polyurethane
dendronised monomers containing t-butyl and 4-heptyl terminal groups were also
successfully synthesised. Despite these successes, the attempted synthesis of a di-
substituted first generation polyamide dendronised monomer was unsuccessful.
Nonetheless, the range of dendronised monomers obtained was polymerised via
ROMP to prepare dendronised polymers, the synthesis of which is described in
chapter 3.
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Chapter 3
Symnthesis of Dendronised Polymers via ROMP

3.1 Introduction

This chapter describes the synthesis of dendronised polymers of varying
molecular weight via ring opening metathesis polymerisation (ROMP), using the
well-defined ruthenium benzylidene initiator, Cl,Ru(=CHPh)(PCy3),. In particular,
the NMR scale ROMP reactions of a mono-substituted and di-substituted first
generation polycarbonate dendronised monomer using varying ratios of monomer to
initiator will be discussed. A different monomer was subsequently added to these
systems in order to deduce whether the reactions had remained living. A 1g scale
ROMP reaction using a mono-substituted first generation polycarbonate dendronised
monomer was also performed and the product characterisation results obtained will be
described. The NMR scale ROMP reactions of a di-substituted second generation
polycarbonate dendronised monomer using varying ratios of monomer to initiator
were performed and a different monomer was subsequently added to test the living
nature of these systems. The attempted ROMP of two di-substituted second
generation polyurethane dendronised monomers, containing both t-butyl and 4-heptyl

terminal groups, will also be described.

3.2 The NMR Scale Monitoring of ROMP reactions

NMR tubes were loaded with initiator, monomer and solvent and sealed under
nitrogen in a glove box before rapid transfer (ca. 10 minutes) to the spectrometer.
The initiation and propagation steps were probed directly by 'H NMR spectroscopy,
as the carbene signals for the initiating and propagating species were clearly
distinguishable and well separated from all of the other hydrogen signals in the
spectrum.  Specifically, the disappearance of the signal corresponding to the
alkylidene hydrogen (Ha, 19.98 ppm) of the ruthenium initiator and the appearance of
signals corresponding to the propagating alkylidene hydrogen (H,, ~19 ppm) can be
monitored, see Figure 3.1. The signal corresponding to the vinylic hydrogens from
the dendronised monomer (H,, 6.2 ppm) can also be monitored and when this signal

has disappeared, it can be deduced that all of the monomer has reacted to form a
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dendronised polymer. A different monomer can then be added to the polymerisation
mixture to show whether the system has remained living. "H NMR spectroscopy can
confirm the living nature of the system as the chemical shift of the signal representing
H,, shifts, due to a change in its chemical environment when the second monomer is
added. The addition of ethyl vinyl ether terminates the polymerisations, which
predominantly leads to the capping of polymer chains with a CH; unit. All the

polymers were precipitated using methanol.

Initiation

H
PC p
| e H, R [Ru] — CHPh
M Ph R —=
Ru:<
< | H
cl a H
PCy, v
R = Dendron
R R

Propagation

H,
[Ru] —— CHPh
R r-
e o'W R —= [RuT
Hv
R R
Termination
[Ru] CHPh Ethyl vinyl ether R CHPh
o n
" - [Ru]=R
R R R = CH-O-C,H; R'=CH, R R
or=CH, or = CH-O-C,H;

Figure 3.1 Initiating (H,) and propagating (H,,) alkylidene hydrogens and the vinylic
hydrogens (Hy) that can be monitored by 'H NMR spectroscopy
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3.3 The NMR Scale Polymerisations of a Mono-Substituted First Generation
Polycarbonate Dendronised Monomer (DMPCB1M)

Note: For the key to the name codes of the dendronised monomers, see chapter
2, section 2.5.1 and the bookmark card. The NMR scale polymerisations of
DMPCBI1M, at varying monomer to initiator molar ratios, have been investigated. In
particular, ROMP reactions at a molar ratio of 10, 20 and 50 to 1 (monomer to
initiator) were performed. For the 10:1 molar ratio system, the 'H NMR spectra of
both the ruthenium benzylidene initiator (Spectrum A) and DMPCB1M (Spectrum B)
are shown in Figure 3.2. The alkylidene hydrogen of the ruthenium initiator H, in
dichloromethane-d can be seen at around 20.02 ppm (inset of Spectrum A). The
disappearance of this signal during the polymerisation indicates that all of the initiator
has been consumed. The signal corresponding to the vinylic hydrogens H, of
DMPCBIM (Spectrum B) in chloroform-d can be seen at approximately 6.02 ppm.
Once this signal has disappeared, it can be deduced that all of the monomer has
reacted and that the reaction has gone to completion. The 'H NMR spectrum of the
polymerisation mixture containing 10 molar equivalents of DMPCBIM in
chloroform-d after one day is shown in Spectrum C of Figure 3.2. It can be seen that
not all of the initiator has been consumed due to the presence of the signal
corresponding to the alkylidene hydrogen of the ruthenium initiator H, at 19.98 ppm.
However, it can be deduced from the spectrum that all of the dendronised monomer
has reacted due to the disappearance of the vinylic signal H, at approximately
6.02 ppm. This suggests that in the case of the mono-substituted first generation
polycarbonate dendronised monomer, the rate of propagation is significantly greater
than the rate of initiation. This finding agrees with work reported, where systems
involving both norbornene and mono-substituted norbornenes were found to have a

greater rate of propagation than initiation.'
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Figure 3.2 '"H NMR spectra of the ruthenium benzylidene initiator in
dichloromethane-d (Spectrum A), DMPCBIM in chloroform-d (Spectrum B) and the
polymerisation mixture in chloroform-d after one day containing 10 molar

equivalents of DMPCBI1M (Spectrum C)

As can be seen from Spectrum C, there are two signals present at
approximately 18.94 and 18.77 ppm, which correspond to the propagating alkylidene
hydrogen, H,. The reason for the two signals being broad and unsymmetrical is
probably due to the fact that the dendronised monomer, DMPCBIM, is mono-
substituted and hence unsymmetrical. As a result of this, there exists the possibility of
the dendronised monomer inserting in a head or tail fashion to the active site, leading
to head-tail, tail-tail or head-head placements of repeat units in the polymer chain,

Figure 3.3." Another reason for the broad and unsymmetrical nature of the signals
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could be due to the cis/trans effect, which is frequently seen in polymers synthesised
by ROMP.' The presence of polymer could be detected by a broad signal at around
5.2 ppm, which corresponds to the unsaturated hydrogens of the polymer backbone,
again the signal appears as a broad multiplet indicative of many vinyl hydrogen
environments.

For the polymerisation reaction containing 20 molar equivalents of
DMPCBIM, it was again found that initiator was present in the system after one day
and that all of the dendronised monomer had reacted. The presence of the alkylidene
hydrogen of the propagating species, Hp, could be detected at 18.95 and 18.77 ppm.
Due to the fact there was insufficient dendronised monomer to react with all of the
initiator in both the 10 and 20 molar equivalent polymerisations of DMPCBIM, it
was decided to increase the molar ratio of dendronised monomer to 50.

The 'H NMR spectrum corresponding to the polymerisation of 50 molar
equivalents of DMPCBIM is shown in Figure 3.4. It can be deduced from the
expanded inset of the alkylidene region of the spectrum that the signal corresponding
to the alkylidene hydrogen of the ruthenium initiator H, at approximately 20 ppm has
disappeared after 1 day. The spectrum shows two broad signals at 18.88 ppm and
18.70 ppm corresponding to the hydrogens of the several propagating alkylidenes H,,.
Also, the region at approximately 6.2 ppm indicates that all of the 50 molar
equivalents of DMPCBIM have reacted. The broad signal at around 5.25 ppm

corresponds to the unsaturated hydrogens of the polymer backbone.

88



%z
o o~ “’éf
7 o 4

PCy,
| ~c

DMPCB1M

Figure 3.3 The products of the first insertions of DMPCBIM into the ruthenium

alkylidene initiator showing a) ruthenium tail insertion and b) ruthenium head

insertion
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Figure 3.4 The ' H NMR spectrum of the polymerisation of 50 molar equivalents of
DMPCBIM in chloroform-d after one day
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The '*C NMR spectrum was also obtained for the 50 molar equivalents
polymerisation of DMPCBI1M, Figure 3.5. The spectrum shows a complex series of
signals arising from vinylic carbons in the region between 130 and 135 ppm, which
are probably due to a combination of cis/trans and head/tail sequence effects. The
signals due to the cyclopentylene units between 30 and 50 ppm are similarly weak,
broad and overlapping. The poor spectral resolution and signal to noise ratio for these
sets of signals made it impossible to calculate the cis/trans vinylene ratio of the
polymer or any of the details of microstructure. However, it has been reported that
the well-defined ruthenium initiator used in these polymerisations gives a typical
vinylene ratio close to 80/20 (trans/cis) and an essentially atactic statistical
incorporation of monomer units, and the complexity of these spectra are consistent

with such microstructures.’

Hvﬂ'%ﬁmwwwmw

134 ppm .
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Figure 3.5 The >C NMR spectrum of the polymerisation of 50 molar equivalents of
DMPCBIM in chloroform-d

3.3.1 The NMR Scale Synthesis of a Di-Block Copolymer containing DMPCB1IM
and Norbornene

Due to the fact that both the initiator and the monomer were completely
consumed in the polymerisation of 50 molar equivalents of DMPCB1M, 50 molar
equivalents of norbornene were added to the mixture in order to determine whether
the system had remained living. It was found that when norbornene was added to the
mixture, the signals corresponding to the hydrogen of the propagating alkylidene, H,,
shifted from 18.88 and 18.70 ppm to 18.75 and 18.73 ppm, see Figure 3.6. The

reason for this observed chemical shift in the propagating alkylidene, Hj, is that when
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norbornene is added to the system, H, becomes adjacent to a cyclopentane ring
containing no substituents, Figure 3.7. As a result of this observed chemical shift
change, it can be deduced that the system is indeed living. Another observation from
this reaction is that the two main peaks for the propagating alkylidene signals for the
living DMPCB1IM chains have different intensities, whereas for the propagating
norbornene chains, the two signals are in roughly equal intensity. The propagating
DMPCBIM is unsymmetrical and this observation implies a preference for head and

tail insertion, although the data does not allow a decision on which is preferred.

358
18.7¢

F
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Figure 3.6 The 'H NMR spectra of the polymerisation of 50 molar equivalents of
DMPCBIM (top spectrum) and the subsequent addition of 50 molar equivalents of

norbornene (bottom spectrum) (both in chloroform-d)
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Figure 3.7 Addition of 50 molar equivalents of norbornene to the polymerisation
mixture containing 50 molar equivalents of DMPCBIM in chloroform-d to produce a

diblock copolymer (only head insertion of monomer is shown)

3.3.2 The Preparative Scale Polymerisation of DMPCBIM (50 molar
equivalents)

A lg-scale polymerisation using 50 molar equivalents of DMPCBIM was
performed. The dendronised monomer and initiator were stirred overnight in
dichloromethane and the reaction was terminated by addition of ethyl vinyl ether.
The mixture was precipitated using methanol and dried in the oven resulting in a

brown glass-like solid polymer.

3.3.3 The Characterisation of Polymers obtained from the Polymerisation of
DMPCBIM

The GPC characterisation results are shown in 7able 3.1. For the 20 and 50
the calculated and found molecular weight values. The polydispersity index of both
systems is low, which indicates that a well-defined living polymerisation has
occurred. In the diblock copolymer system, it can be seen that there is a poor
correlation between the calculated and found molecular weight values and that the
PDI of the system is high. The reason for this poor correlation is due to the fact that
in the polymerisation of norbornene, the rate of propagation is much greater than the
rate of initiation, not every living DMPCB1M chain will initiate a norbornene, which

leads to high molecular weight systems having a broad PDI.
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Table 3.1 GPC characterisation vesults for the three varying polymer systems
obtained from the polymerisation of DMPCB1M

Molar ratio of Polydispersity Index
dendronised monomer : initiator | M, calculated M, found (PDI)
20to 1 10,773 10,400 1.15
50 to 1 25,650 18,500 1.12
50 : 50 norbornene : to 1 30,350 65,000 1.96

The glass transition temperature (T,) of the polymers synthesised from both
the 50 molar equivalents of DMPCBIM and the diblock copolymer systems were
measured using differential scanning calorimetry (DSC). The samples were heated
from —180°C to 180°C at a rate of 10°C per minute, cooled at a rate of 50°C per
minute and heated a second time through the same temperature range at 10°C per
minute. The value of T, was taken as the midpoint of the inflection from the second
heating run. It was found that the T, of the 50 molar equivalent product (3°C) was
essentially the same as that of the diblock copolymer product (5°C). The T, of
polynorbornene is 35°C and there is no transition at this point in the block copolymer.
This indicates that the glass transition process in these materials is dominated by the
side chain, an observation consistent with earlier studies of polynorbornene-g-
polystyrene copolymers,” and probably indicates that there is no phase segregation in

the diblock copolymer.

3.4 The NMR Scale Polymerisations of a Di-Substituted First Generation
Polycarbonate Dendronised Monomer (DMPCBI1D)

The NMR scale polymerisations of DMPCB1D at varying monomer to
initiator molar ratios have been investigated. In particular, ROMP reactions at a
molar ratio of 10, 20 and 60 to 1 (monomer to initiator) were performed. Analysis of
the '"H NMR spectrum of the 10:1 molar ratio system in chloroform-d after 1 hour
showed that all of the initiator had reacted as there was no signal present at
approximately 20 ppm and a small amount of the monomer remained as there was a
small signal present at approximately 6.01 ppm arising from the monomer’s vinylic
hydrogens. However, analysis of the '"H NMR spectrum of the polymerisation
mixture after 1 day revealed that all of the monomer had reacted, as there was no

signal remaining.
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For both the 20:1 and 60:1 molar ratio systems, it was again found that all of
the initiator had reacted after 1 hour and that approximately 1 day was required for all
of the monomer to react. From these reactions, it could therefore be deduced that in
the case of the polymerisation of a first generation di-substituted polycarbonate
dendronised monomer, the rate of propagation is slower than the rate of initiation and
hence the former is the rate determining step. We can speculate that the reason for the
decrease in the rate of propagation in going from the mono-substituted dendronised
monomer system to the di-substituted system is due to increased steric constraint. In
the polymerisation of the di-substituted dendronised monomer, the increased
occurrence of dendrons along the polymer backbone makes it more difficult for the
incoming monomer to bind to the propagating ruthenium alkylidene species. Due to
the pathway of the incoming di-substituted monomer being more hindered, the
monomer preferentially reacts with the less hindered ruthenium alkylidene of the
initiator. This observation leads to the speculation that in the polymerisation of the
mono-substituted monomer the smaller of the propagating alkylidene signals is due to
insertion of monomer with the dendron close to the metal centre (head insertion) and

the larger peak arises from the species with the dendron further away (tail insertion).

3.4.1 The NMR Scale Synthesis of a Di-Block Copolymer containing DMPCB1D
and Norbornene

In the case of the 20:1 molar ratio system containing DMPCB1D, 20
equivalents of norbornene were added to the polymerisation mixture in order to
determine whether the system had remained living. When norbornene was added to
the polymerisation mixture, the signals corresponding to the hydrogen of the
propagating alkylidene, Hj, shifted from a broad signal at 18.98 ppm to two sharp
signals at 18.76 and 18.74 ppm, which are indicative of living polynorbornene.

3.4.2 The Characterisation of Polymers obtained from the Polymerisation of
DMPCBID

The GPC results for the polymers obtained from the polymerisation of
DMPCBI1D at varying molar ratios are shown in Table 3.2. For the 10:1 molar ratio
system, it can be seen that there is a good correlation between the calculated and
found molecular weight values and that the PDI of the system (1.09) is low, which is

indicative of a well-defined living system. For the diblock copolymer system
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(~1°C) and it was also found that the addition of 20 molar equivalents of norbornene
to the polymerisation system did not affect the Ty value. The T, of the first generation
di-substituted monomer was found to be —12°C. These observations suggest that, as
in the case of poly(DMPCBIM), the glass transition process is dominated by the
dendritic side chain and no evidence for the polynorbornene backbone relaxation
could be observed. Since the monomer T, is 13°C lower than that of the polymer, it
appears that polymerisation crowds the side chains resulting in a reduction of freedom

of movement and a consequent increase in Tj.

3.5 The NMR Scale Polymerisations of a Di-Substituted Second Generation
Polycarbonate Dendronised Monomer (DMPCB2D)

Two NMR scale polymerisations using DMPCB2D have been investigated at
a molar ratio of 20 and 25 to 1 (monomer to initiator), using 0.254 g and 0.318 g of
dendronised monomer respectively. The first polymerisation was performed using a
25:1 molar ratio of monomer and it was found from analysis of the '"H NMR spectrum
that the rate of initiation was greater than the rate of propagation. In particular, it was
found that the initiator had fully reacted after approximately one day, but the di-
substituted dendronised monomer took approximately one week to react fully. The
slower rate of propagation results from the increased steric bulk of the di-substituted
second generation dendrons, which makes it much more difficult for the incoming
dendronised monomer to react with the propagating ruthenium alkylidene species.
Therefore, the dendronised monomer preferentially reacts with the ruthenium
alkylidene of the initiator and hence the rate of initiation is greater than the rate of
propagation.

Due to the large number of synthetic steps required to synthesise DMPCB2D
and the overall low yield of the final product, it was difficult to obtain sufficient
quantities of material in order to polymerise the dendronised monomer at high molar
ratios to initiator. As a result of this, when a second batch of DMPCB2D was
synthesised, it was found that there was only enough material to perform a
polymerisation reaction at a molar ratio of 20:1. One of the aims of the project was to
perform polymerisations at a high monomer to initiator molar ratio using successive
generations of dendronised monomers in order to examine the impact of the steric
demands of the substituent on the polymerisation. It was anticipated that at a certain

polymer chain length, the polymerisation would stop because the incoming monomer
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would be unable to react with the propagating ruthenium alkylidene species, which
would be buried in the polymer conformation. Unfortunately, this proved impossible
to determine, as an insufficient amount of dendronised monomer was synthesised.
However, it can be postulated that the molar ratio of monomer to initiator would not
have to be increased greatly from the previously studied 25:1 molar ratio system, as
the rate of propagation was aiready very slow in this instance.

The polymerisation of the 20:1 molar ratio system agreed with the findings
from the 25:1 system in that the rate of initiation was greater than the rate of
propagation and approximately 1 week was required for all of the second generation

dendronised monomer to react.

3.5.1 The NMR Scale Synthesis of a Di-Block Copolymer containing DMPCB2D
and a Norbornene Derivative

In the case of the 25:1 molar ratio system containing DMPCB2D, 10
equivalents of dimethylnorbornene-5-exo, 6-exo-dicarboxylate were added to the
polymerisation mixture in order to determine whether the system had remained living.
When the substituted norbornene derivative was added to the polymerisation mixture,
the signals corresponding to the hydrogen of the propagating alkylidene, Hp, shifted
from 18.99 and 18.69 ppm to 18.59 and 18.37 ppm, see Figure 3.9. This observed
shift in the chemical shift of the propagating signals proved that the system was
indeed living and that a diblock copolymer had been synthesised.
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Figure 3.9 'H NMR spectra of DMPCB2D in chloroform-d (Spectrum A), the living
ROMP of DMPCB2D at a molar ratio of 25:1 in chloroform-d after 5 days (Spectrum
B) and the formation of a diblock copolymer via the addition of 10 molar equivalents

of dimethylnorbornene-5-exo, 6-exo-dicarboxylate (Spectrum C)

3.5.2 The Characterisation of Polymers obtained from the Polymerisation of
DMPCB2D

The GPC trace for the product of the polymerisation of 20 molar equivalents
of DMPCB2D is shown in Figure 3.10. As can be seen, a well-defined
polymerisation has occurred, as the peak is symmetrical. It was found that the PDI of
the polymer was 1.09. The molecular weight of the polymer was found to be
17,300 Da, which was not in good agreement with the expected value of 41,800 Da.
This poor correlation is thought to be due to the fact that the mass per unit length of
the dendronised polymer obtained from the polymerisation of a second generation
dendronised monomer is much larger than the calibration standard polystyrene.’
Therefore, the true molar mass should indeed be higher than the molar mass indicated

by GPC. However, a stiffening of the polymer chain due to the sterically demanding
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The T, of the polymer obtained from the polymerisation of 20 molar equivalents of
DMPCB2D was found to be —15°C, which is the same value found for the T of the
monomer, clearly the side chain is dominating the glass transition process, as in
earlier examples. In this case, there is no increase in T, in going from monomer to a
polymer of DP 20, which is surprising and contrasts with the situation for monomers
bearing first generation dendrons where an increase in Ty of 13°C was observed on
going from monomer to polymer. This suggests that the extent of dendron crowding
is the same in the monomer as in the polymer in this case, which is surprising if true.
Clearly, the factors controlling T, are subtle.

The GPC trace for the di-block copolymer synthesised from the
polymerisation of DMPCB2D, at a 25:1 molar ratio system, and 10 equivalents of
dimethylnorbornene-5-exo, 6-exo-dicarboxylate is shown in Figure 3.12. The large,
unsymmetrical peak (peak A) has a molecular weight of approximately 25,000 Da.
This peak is thought to represent the diblock copolymer product, as the high
molecular shoulder present is indicative of the fast rate of norbornene propagation.
The next signal at approximately 2,500 Da (peak B), which represents about 10% of
the overall sample, was initially thought to represent unreacted second generation
dendronised monomer. However, this seems unlikely, as '"H NMR spectroscopy
clearly showed that all of the monomer had reacted. The two remaining low
molecular weight signals (peak C and peak D) have to be ascribed to some
degradative side reaction or to the presence of impurities. As the second generation
dendronised monomer was found to be pure by a number of characterisation methods
prior to polymerisation and there were no low molecular weight signals seen in the
polymerisation of 20 molar equivalents of DMPCB2D, Figure 3.10, the author can
only speculate that the three lower molecular weight signals in the GPC trace are a
result of degradative side reactions occurring after the addition of the norbornene

derivative to the polymerisation system.
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disappeared after approximately one day and there were never any propagating
signals present in the spectrum.

A series of experiments was then performed in order to determine the reason
why the polymerisations failed. A '"H NMR spectrum of the chloroform-d used in the
experiments was obtained prior to the reactions and from the spectrum, it could be
deduced that the chloroform was pure. The 'H NMR spectrum of the initiator
indicated that there were no impurities present and several other colleagues in the
laboratory had also successfully used this batch of initiator.

In order to deduce whether the polyurethane dendrons of DMPUB2D or
DMPUH2D had any effect on the decomposition of the initiator, a third generation
polyurethane dendron, provided by Dr Stoddart,” was added to the same batch of
initiator in chloroform-d and the mixture was monitored by '"H NMR spectroscopy.
After several days, it was found that the initiator signal was still present and no
significant decomposition had occurred. This suggests that polyurethane linkages are
compatible with the ruthenium benzylidene initiator used in this study, which is in
agreement with work reported in the literature that suggests the initiator is stable in
the presence of this type of functional group.®

Due to extensive H-bonding within the polyurethane dendron structure, it was
postulated that by-products and solvents might be tightly held within the structure. In
particular, it was thought that imidazole, which is a by-product of CDI reactions used
in the synthesis of the dendronised monomers, could strongly H-bond to the dendrons
within the structure, making it extremely difficult to separate. In order to determine
whether the presence of imidazole would cause the initiator to decompose, 10 molar
equivalents of imidazole were added to initiator in chloroform-d and the reaction was
monitored by 'H NMR spectroscopy. After 1 hour, it could be seen that the initiator
signal had totally disappeared and that a doublet at approximately 20.47 ppm was
present. *'P NMR spectroscopy was used to determine whether the new signal
represented a new initiator or propagating species. If a new initiator had formed from
the ligand exchange reaction of imidazole with the ruthenium benzylidene initiator,
tricyclohexylphosphine would be liberated, the presence of which could be
determined by *'P NMR spectroscopy. However, the signals from the *'P NMR
spectrum of the reaction mixture in chloroform-d did not coincide with the signals
from the free phosphine *'P NMR spectrum, hence the presence of a new initiator

species was not confirmed using this method. A small substituted norbornene
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monomer, dimethylnorbornene-5-exo, 6-exo-dicarboxylate, was then added to the
reaction mixture, in order to deduce whether the new doublet at 20.47 ppm shifted or
disappeared, which would give an indication as to the type of species the signal
represented. By analysis of the 'H NMR spectrum, it was found that the doublet at
approximately 20.47 ppm did not shift after the addition of the small monomer and no
new signals appeared. On this evidence, it could be deduced that there were no new
initiator or propagating species formed from the reaction of imidazole with the
ruthenium benzylidene initiator as the polymerisation of the small substituted
norbornene monomer would have resulted in the disappearance or chemical shift
change of the doublet at 20.47 ppm. Therefore, as the addition of imidazole caused a
new doublet to form, which was not observed in the 'H NMR spectrum of the
attempted polymerisations of DMPUH2D and DMPUB2D, it could be concluded that
imidazole was not to blame for the decomposition of the initiator. The species
represented by the doublet at 20.47 ppm could not be explained.

Another possible explanation for the failed polymerisations was that an
impurity existed in both the dendronised monomers, which had the effect of
destroying the initiator within 1 day. When DMPUB2D was synthesised, the purity
of the monomer was analysed by a number of methods, see section 2.5.5. The GPC
trace indicated that two low molecular weight species were pfesent in the sample at
low concentration. Also, both electro spray and MALDI-TOF mass spectrometry
were unable to detect the molecular ion. The decomposition of the initiator as a result
of the impurities detected by GPC is a possibility, but this cannot be proven as the
small amount of DMPUB2D synthesised was all consumed in the attempted
polymerisation. In the case of DMPUH2D, there were no apparent impurities by
GPC and the MALDI-TOF mass spectrum showed the presence of signals at 2415 and
2437 Da, corresponding to [M]" and [M+Na]", respectively. There was a slight
inaccuracy in molecular weight as determined by electro spray mass spectrometry, but
this could have been due to the instrument’s calibration being slightly out. It is
therefore difficult to suggest that impurities in DMPUH2D resulted in the failure of
the attempted polymerisation of the dendronised monomer. Urethane substituted
monomers were expected to undergo polymerisation with this most tolerant of
available ROMP initiators. Consequently, the author is unable to account for the
surprising failure of attempts to effect the ROMP of DMPUB2D and DMPUH2D

using the Grubbs initiator.
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3.7 Conclusions

The NMR scale ROMP reactions of a mono- and di-substituted first
generation polycarbonate dendronised monomer along with a di-substituted second
generation polycarbonate dendronised monomer, using varying ratios of monomer to
initiator, have been performed successfully. It was found that the polymerisations
were well-defined and that di-block copolymer products could be obtained due to the
living nature of the systems. The attempted ROMP of polyurethane di-substituted
second generation dendronised monomers containing two different terminal groups
was unsuccessful. The polymers obtained from the ROMP of the polycarbonate
dendronised monomers were analysed by Atomic Force Microscopy (AFM), the
details of which are described in chapter 4 along with molecular modelling studies

carried out on the polycarbonate systems.
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Chapter 4

Molecular modeiling and AFM studies

4.1 Introduction
This chapter describes the results of molecular modelling studies performed

using the CAChe® 3.2 program, designed by Oxford Molecular, together with results
of Atomic Force Microscopy (AFM) studies performed using a scanning probe
microscope MultiMode Nanoscope Illa (Digital Instruments, Santa Barbara, CA). In
particular, molecular modelling studies were carried out on the di-substituted second
generation  polycarbonate  dendronised monomer, DMPCB2D, and on
poly(DMPCB2D) up to a degree of polymerisation of 16. AFM measurements were
carried out on a polymer sample synthesised from the polymerisation of 20 molar
equivalents of DMPCB2D and the images obtained will be presented and discussed in
the light of the modelling studies.

4.2 Background to Molecular Modelling using CAChe

CAChe for Windows is a computer-aided molecular design (CAMD)
modelling tool for Microsoft Windows operating systems. It enables the user to draw
and model molecules and perform calculations on a molecule to discover molecular
properties and energy values. These calculations, or experiments, are performed by
carrying out computations, which apply equations from classical mechanics and
quantum mechanics to a molecule. The molecular mechanics calculation calculates
the total steric energy of the molecule by combining the strain energies of bonds,
angles, dihedrals and non-bonded interactions such as van der Waals and electrostatic
interactions. The results of these calculations can be displayed in a variety of ways,
one of which involves a three-dimensional energy graph viewed simultaneously
alongside a series of low-energy conformations of the structure, this procedure will be
illustrated later in this chapter. |

As an example of the steps in the optimisation experiment, consider the case
of propane shown overleaf, Figure 4.1. In the example, the C-C-C bond angle was

varied and the computed steric energy dropped from 13.3 kcal/mol in the initial
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geometry. In effect, the operator draws the molecular structure using conventional
bond connectivities and multiplicities, and the computer program is then operated to
optimise the geometry of the molecule by minimising the energy as a function of the
structure.

Once the experiments have finished, a series of low-energy conformations of
the molecule and the corresponding point on a potential energy graph can be viewed
simultaneously. When the point in the energy graph is moved to a region of higher or
lower potential energy, the geometry of the molecule changes and its conformation at

that particular energy can be viewed.

4.3 Obtaining the Minimum Energy Conformations of DMPCB2D

In order to obtain minimum energy conformations of DMPCB2D, calculations
using the MM3 force field first introduced by Allinger' were performed on the
dendronised monomer in which sections of the molecule were considered to maintain
their minimised geometry while single bond sequences were allowed to vary their
dihedral angles so as to minimise the total energy. The first step of the procedure was
to highlight the bonds whose dihedral angles were being energy minimised in the
dendronised monomer, Figure 4.2 a). As can be seen, the dihedral angle between the
(-CH-CH-CH,-0)- bonds of the norbornene monomer and the dendron was
highlighted, (*1), as was the dihedral angle between the (-CH,-N-CH,-CH)- bonds of
the dendron itself, (*2), Figure 4.2 b). Calculations were performed on these dihedral
angles, all symmetry equivalent structures being included in the calculation, as it is
thought that they would be important in determining the overall minimum energy
conformations of DMPCB2D. In the CAChe program, the Define Geometry Label
option was selected, which performed a search between the various limits for the
selected dihedral angles. In particular, a sequence of molecular mechanics
minimisation calculations was performed for each of the dihedral angles, which
involved calculations between pre-determined angle ranges. The Optimised
Conformation Map experiment was then selected, which generates a potential energy
map of conformations determined by the geometry search labels for each dihedral
angle highlighted in the sample. Therefore, each point on the potential energy map
corresponds to a particular conformer of DMPCB2D, the structure of which has been

optimised.
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As can be seen, one arm of a dendron is interfering with the other dendron leading to
a high repulsion energy, which has the effect of increasing the overall potential energy
of the conformer.

When a calculation was performed, which included a third dihedral angle near
to the periphery of the dendrons, Figure 4.7, a total of approximately seven minimum
energy conformations of DMPCB2D were established from the lowest values on the

potential energy curve.
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Figure 4.7 Structure of DMPCB2D showing the three dihedral angles (*1, *2, *3)

used in the dihedral angle effect calculations
Two of the lowest energy conformers of DMPCB2D, which had potential energies of

141.8 kcal/mol and 144.5 kcal/mol, respectively, are shown in Figure 4.8. Both the

ball and stick and space filling structures are shown for each conformer.
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dendrons, the repulsion energy should be very low. In the case of the conformer with
the potential energy of 144.5 kcal/mol, it can be seen that the dendrons are far apart
from each other and hence, there should be no repulsion energy between the two
dendrons, which gives the overall low potential energy of the structure. In both
structures, the positions of the atoms within the dendrons themselves have been

optimised to reduce the net force acting on each atom.

4.4 Constructing Polymers using CAChe

By performing the dihedral angle calculations on DMPCB2D, an indication of
the approximate minimum energy conformation of the molecule was established.
However, the conformation of the polymer at various degrees of polymerisation was
required in order to deduce, by approximation, the shape of the structure when the
monomer units combine. The reason why the polymer structures are only an
approximation is due to the fact that it would have been too time consuming to take
into consideration the effects of cis/trans double bond isomerisation along the
polymer backbone, which is typically 20/80, in polymerisations using Grubbs’
ruthenium benzylidene initiator. Also, when combining the monomers, it was
assumed that the conformation of each dendronised unit was identical, which in
reality is unlikely to be the case as the dendrons will be in constant motion.
Nonetheless, it was thought that approximations in the size and shape of the polymer
structures might aid in the visualisation of the polymers via AFM imaging.

Using the seven minimum energy conformations of DMPCB2D approximated
by the dihedral angle effect calculations, two, four and eight repeat units of each
conformer were built using the CAChe program. A calculation was then performed
on each of the structures at every repeat unit length to determine the optimised
structures and hence the overall potential energy of the structures, the results of which

can be seen in Table 4.1.
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Table 4.1 The potential energy of various repeat units of DMPCB2D

Conformer number | Potential energy of 16 DP 8DP 4DP 2DP
of DMPCB2D |conformer (kcal/mol) (kcal/mol) (kcal/mol) |(kcal/mol)| (kcal/mol)
1 141.8 6,707 2,536 240.4
2 152.5 5,343 1,474 268.6
3 148.8 1,661 503 264.1
4 144.5 5,205 1,280 436 2349
5 145.1 4,535 708 247.1
6 147.6 12,957 2,372 242.6
7 148.3 10,099 2,243 479 251.2

As can be seen, the potential energies of the structures containing two repeat units are
roughly the same for each of the seven conformers. It is only after combining the
dendronised monomer four times that marked differences appear in the overall
potential energies of the structures, e.g. conformer 4 when combined to a DP of 4 has
the lowest potential energy of 436 kcal/mol, whereas conformer 1, which had the
lowest potential energy of all the conformers, has the highest potential energy for all
the tetramers of 2,536 kcal/mol. The reason for this marked difference between the
two structures is due to the packing efficiency of the dendrons when the monomer
units combine. It appears that when the dendrons are far apart from each other as in
the case of conformer 4, a more efficient packing of the dendrons takes place when
the monomer units combine, Figure 4.9 (left). This can be seen from the structure, as
the dendron arms do not seem to be too entangled with each other. This is obviously
not the case for the tetramer derived from conformer 1, where the result of the
dendrons being close together in the original conformer results in a poor packing of
monomer units, which leads to the structure having a high potential energy, Figure
4.9 (right). 1t can be noted from this structure that the dendron arms appear to be
highly entangled with each other, which has the effect of increasing the overall

potential energy of the structure.
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When the tip is scanning a flat portion of the sample surface left-to-right, the
laser beam stays at the centre of the photodiode array, as in A of Figure 4.13.
However, if the tip encounters a raised feature of the sample, the cantilever is pushed
up and the laser beam is deflected onto the A portion of the photodiode array, which
causes its voltage to increase while portion B’s decreases, as seen in B. This voltage
difference is sensed by the feedback electronics, which drops the voltage to the Z
piezo crystal. As a result of this, the Z piezo retracts and the tip is pushed up until the
laser recentres on the photodiode array, see C. The opposite is true when the tip
encounters a dip in the sample topology; portion B’s voltage increases, the piezo
crystal extends to counter this and the tip is pushed down so that the laser beam

recentres on the photodiode array, see D and E, Figure 4.13.

A-B (Vertical Defiection) _Reflected
Voltage ) Laser Beam
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Figure 4.13 Use of a feedback loop to adjust the laser spot to its original position
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In order to control tip-sample interactions and obtain images, the feedback
system must be optimised for each new sample. This can be accomplished by
adjusting various gains in the SPM’s feedback circuit. The type and intensity of the
tips responses to the sample can be modelled in terms of three types of feedback:
proportional, integral and LookAhead gain. The object is to assign a setpoint value
corresponding to a certain amount of tip-sample force, and then adjust the gains to
track the surface as closely as possible while maintaining the setpoint. In
TappingMode, the amplitude of the oscillating tip determines the setpoint — as the
setpoint decreases, the amplitude decreases and the tip-sample forces increase.
Proportional gain means that something is done proportionally in response to
something else, e.g., if the tip becomes too close or too far away from the sample, the
voltage of the crystal is altered in order to compensate. When the proportional gain is
high, the voltage of the crystal needs to be changed more frequently to keep the tip at
a suitable distance from the sample. Integral gain feedback is used to reduce total
error by addressing error over a longer time period. This tends to smooth out the
short term, fluctuating effects of proportional gain while narrowing the error closer to
the setpoint value. LookAhead gain keeps the tip within the proper height from the
sample and takes advantage of regular surface features by using previous lines to
anticipate future lines and hence, it is extremely useful on regular surfaces and less so

on random surfaces.

4.6 Sample Preparation and Laser Alignment

Two-sided adhesive tape was initially placed on a 15 mm diameter steel
sample disk. A small wafer thin section of either silicon or highly ordered pyrolytic
graphite (HOPG) substrate was then placed very carefully on top of the adhesive
using tweezers, making sure that no damage was done to the substrate surface. The
desired concentration of the polymer sample in dichloromethane was then prepared.
A drop of the solution was either added directly onto the substrate and allowed to
evaporate, or spin-coated onto the substrate. The steel disk containing the polymer
sample was placed on top of the scanner tube in the SPM, which contained an internal
magnet to hold the sample in place. A single crystal silicon probe tip was very
carefully slotted into the tipholder’s groove and the tipholder was placed inside the
SPM head and clamped into position making sure that it did not touch the sample.

The laser was aligned by removing the head of the SPM and then by observing light
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From the AFM image of poly(DMPCB2D) at a concentration in DCM of 0.01
mg/mL, Figure 4.16 (left), it can be seen that there are discrete yellow structures
present with dimensions of approximately 30-50 nm diameter by 5-8 nm thickness.
The dark brown background represents the HOPG and the ridges that run along the
image are due to layers of the graphite stacked on top of each other. It can be seen
that the clusters are predominantly found along the lines of the graphite where two
layers meet and that there are only a few clusters present on the flat graphite surface.
In spin coating, a droplet of the polymer solution travels very quickly from the centre
of the HOPG to the edge of the disk. By viewing the images, it is thought that the
interaction between the sample and the substrate is weak, as it appears that the
graphite ridges are the only barrier stopping the sample from travelling directly off the
disk, as may have been the case with the molecularly smooth silicon substrate.
However, it was surprisingly found that no AFM images could be obtained when a
droplet of the sample solution at various concentrations was placed onto the graphite,
with the solvent being allowed to evaporate.

From the image of poly(DMPCB2D) at a concentration in DCM of 0.0025
mg/mL, it can again be seen that there are discrete structures present with dimensions
of approximately 30-50 nm diameter by 5-8 nm thickness, Figure 4.16 (right). The
structures are mostly found along the ridges of the graphite, but there is one large
cluster present on the flat graphite surface. The sizes of the structures in the two
AFM images are at least a factor of three greater than that predicted by the computer
modelling studies, where the dimensions of the polymer at 16 DP were calculated to
be approximately 10 nm diameter by 4 nm thickness and the shape was close to being
cylindrical in nature. The reason for this observed discrepancy in size is due to the
fact that when performing calculations, the computer modelling package could not be
programmed to take into consideration structure-solvent or structure-substrate
interactions and hence the dimensions of the polymer calculated correspond to an
isolated molecule in the vacuum. However, when attempting to obtain AFM images
of the sample, the sample is initially dissolved at high dilution in a solvent and then
placed on top of a substrate and hence such interactions are very important in
determining the final conformation of the polymer when the images are being
obtained. It is believed that when dichloromethane, which is a good solvent for
poly(DMPCB2D), is added to the polymer sample, the polymer chains adopt a

random coil configuration and as such, the dendrons are not as tightly packed as the
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varied in the ranges 39 + 8 nm and 38 £ 5 nm for Figure 4.18 left and right,
respectively.

Thermal annealing of the samples was also performed at 120°C for several
hours as it had been reported in the literature that annealing leads to more efficient
packing of samples on the graphite.® However, it was found that only poor images of
the samples were obtained after they had been annealed and hence the procedure was
not continued. |

In conclusion, AFM images of poly(DMPCB2D) produced in a reaction using
a 20:1 monomer: initiator ratio were obtained and it was found that discrete structures
with approximate dimensions of 30-50 nm diameter by 3-6 nm thickness were present
on the substrate. It is thought that each individual structure represents one
dendronised polymer chain that is spread across the graphite substrate, as there is a
fairly narrow distribution of sizes and the thickness corresponds approximately to the
cross section of the polymer chain, suggesting that a random coil in solution has

flattened into a pancake on the surface.

4.8 Conclusions

Molecular modelling studies have been performed using the CAChe program,
which estimates the conformation of the monomers/polymers in the vacuum. It was
found that low DP oligomers of DMPCB2D had an approximately spherical shape,
which tended towards cylindrical as the DP increased. One particular conformation
of monomer combined to form lower potential energy polymer structures than the
combination of any of the other conformers. The polymer at a DP of 16 was found to
have a roughly cylindrical shape with dimensions of approximately 10 nm diameter
by 4 nm thickness. AFM images were also obtained using a scanning probe
microscope MultiMode™ Nanoscope IV. Optimising the imaging conditions proved
vital and experimentally tricky and time-consuming; it was found that a very dilute
polymer solution using the spin coating technique and the use of highly ordered
pyrolytic graphite as substrate were required to obtain images. The structures were
found to be pancake shaped with dimensions of between 30-50 nm diameter and 3-6
nm thickness, which was approximately a factor of 3 greater than the dimensions
calculated by molecular modelling. This discrepancy in size is thought to arise from
the effect that structure-solvent and structure-substrate interactions have on the overall

shape of the dendronised polymer when imaging by AFM. It is therefore apparent
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that the two sets of data from the molecular modelling and AFM studies cannot be
directly compared due to the conditions under which the molecules are examined

being very different.
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Chapter 5

Experimental

5.1 General Information

5.1.1 Chemicals

Starting materials were purchased from Aldrich, Lancaster and Raylo
Chemicals, Canada (CDI) and used without further purification. The toluene used as
solvent for the reactions was analytical grade and was used as received. All reactions
were performed under an atmosphere of nitrogen, unless stated otherwise. Silica gel
used for column chromatography was supplied from Aldrich (70-270 mesh, 60A) or
Fluorochem (40-63u, 60A). For preparative gel permeation chromatography,
BioBeads ®, S-X1 Beads purchased from Bio-Rad were used.

5.1.2 Characterisation

Elemental Analysis
Elemental analysis data was obtained from an Exeter Analyser CE-440,

through the Chemistry Departmental Service.

NMR Spectroscopy

NMR spectra were recorded using either a Varian Mercury-200 (‘H at 200
MHz and '*C at 50.2 MHz), a Bruker AM-250 (‘H at 250.1 MHz and "C at 62.9
MHz), a Varian Unity-300 (‘H at 299.9 MHz and "°C at 75.4 MHz), a Varian
Mercury-400 (‘H at 400 MHz and "°C at 100 MHz) or a Varian Inova-500 ("H at 500
MHz and °C at 125 MHz). Deuterated solvents were used as supplied from Aldrich
(CDCl3) and Cambridge Isotope Laboratories (CD;OD, (CD3),CO, (CD3),SO).
Chemical shifts (8) are reported in parts per million (ppm) with respect to an internal
reference of tetramethylsilane (TMS) using residual solvent signals as secondary

references.

129



Mass Spectrometry

For gas chromatography, an electro spray Micromass Autospec instrument
was used.

The MALDI-TOF mass spectrometer used was an Applied Biosystems
Voyager-DE STR MALDI-TOF. The sample preparation and other details were as
follows: the matrix used was trans-3-indole acrylic acid and the concentration of the
matrix solution (in THF) was 10 mg/mL. The concentrations of the dendritic
solutions (in THF) varied in the range of 1 mg/mL to 3 mg/mL. Initially, the matrix
solution was deposited on the slide, followed by the dendritic solution. The MALDI-
TOF (Voyager) mass spectra were obtained in reflection mode using polyethylene
oxide (Polymer Labs) as external calibrants. Some spectra were obtained in linear

mode for comparison.

Gel Permeation Chromatography (GPC)

Analysis by GPC was achieved using tetrahydrofuran (THF) as eluent using a
flow rate of 1 mL/min at 30°C. Columns comprised of 2 x 'mixed B' columns
containing PL-gel beads. The columns were calibrated with polystyrene standards
(Polymer Labs) and samples analysed using conventional calibration with all data

collected from a refractive index detector.

Glove Box
The type of Glove Box used was an MBraun MB150B-G model containing a
PLC-controlled Combi-Analyser. Polymerisation samples were prepared and sealed

in an NMR tube inside the box, which operates under a nitrogen atmosphere.
5.2 Procedures for the Synthesis of Norbornene Monomer Derivatives
5.2.1 Synthesis of Norbornene-5-exo/endo-carboxylic acid

Norbornene-5-exo/endo-carboxylic acid was prepared following the published
route.'” Dicyclopentadiene (198 g, 1.5 mol) and acrylic acid (324 g, 4.5 mol) and two
spatulas of hydroquinone (ca. 3g) were placed in a 2 L stainless steel autoclave
equipped with an overhead stirrer and a thermocouple to measure the internal

temperature. The temperature was set at 160°C and this temperature was reached
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after 110 minutes. The reaction proceeded for two hours during which the
exothermicity of the reaction raised the temperature to 200°C. The mixture was then
allowed to cool to room temperature overnight. The crude product was obtained as a
yellowish viscous liquid with some white solid and gel also present around the stirrer
and base of the autoclave. The crude product was distilled under vacuum to remove
excess acrylic acid and the product fraction was obtained as a mixture of exo and endo
norbornene-5-carboxylic acids (ratio 52/48 exo/endo as determined by 'H NMR
spectroscopy), bp=87°C/0.07 mbar (187 g, 35.8%), Lit' bp 132-134°C/7 Torr. The
spectroscopic parameters were in full agreement with the literature values.” >C NMR
(50MHz, CDCl3) & 183.09 (exo Cs), 181.58 (endo Cs), 138.35 (exo Ci13), 138.14 (exo
Ca13), 135.94 (endo C,13), 132.66 (endo Cy1), 49.95 (endo C7), 46.91 (exo Cy4), 46.60
(exo Cq), 45.92 (endo Cy1), 43.52 (endo Cs), 43.37 (exo Cs), 42.77 (exo Cy4), 41.88
(endo Ci1), 30.54 (exo Cg), 29.33 (endo Cg). 'H NMR (200MHz, CDCl3) § 11.25
(broad s, 2H, exo and endo —COOH), 6.2, 6.02 (dd, J=5.6Hz, J=3Hz, 2H, endo H;x),
6.13 (m, 2H, exo Hj3), 3.22 (broad s, 1H, endo H,/4), 3.1 (broad s, 1H, exo Hyu), 2.99
(m, 1H, endo Hs), 2.92 (broad s, 2H, endo Hy., exo Hy4), 2.24 (m, 1H, exo Hs), 1.98
(m, 1H, exo Hegexo), 1.92 (dd, 1H, endo Heexo), 1.5 (broad d, 1H, exe Hyp0), 1.44-1.20
(m, 5H, exo H77(1), endo Hy7(2), exo Heenao (1) and endo Hgepao(1)). m/z (ES MS)
138 [M].

6ex0
'—: 5
’ + 2 Heendo
COOH,
Exo isomer Endo isomer
Assignment of hydrogen atoms
7
7
1 2,11
2 6 4
3
5 C,O0H
Exo isomer Endo isomer

Assignment of carbon atoms
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5.2.2 Isolation of Norbornene-5-exo-carboxylic acid
Norbornene-5-exo-carboxylic acid was prepared following the published route.>>"*
Crude norbornene-5-exo/endo-carboxylic acid (85 g, 0.621 mol) was placed in a
separating funnel (2 L) and neutralised with a 26% sodium hydroxide solution (52 g
in 200 mL of water). Sodium bicarbonate (500 mL, 90 g in 1 L) was added in two
equal batches. The mixture was shaken thoroughly and aqueous I,/KI solution (430
mL, prepared by dissolving 254 g of I; in 1 L of water containing 508 g of KI) was
added in portions with shaking until the resulting mixture remained the colour of the
[,/KI solution, i.e. purple. The solution was shaken every ten minutes for 1 hour. The
iodolactone of the endo acid precipitated as a dark viscous oil and was separated using
a glass wool plug in a funnel, the oil remained on and above the plug. The remaining
clear brown aqueous layer was acidified with sulphuric acid (170 mL, prepared by
adding 40 mL 1.8M H,SO4 to 200 mL of water) resulting in the monomer
precipitating as a pale brown oil. Ether (200 mL) was added to extract the monomer
and the aqueous layer was further extracted with ether (3 x 250 mL). The combined
ether extracts were washed with a solution of Na;S,0; (400 mL, prepared by adding
2232 gto 1 L of water) and dried over MgSO,. After filtration, the solvent was
removed and the resultant solid was recrystallised from hexane four times to give
norbornene-5-exo-carboxylic acid as a yellowish solid (34 g, 77% recovery of exo
from the original endo/exo mixture). Found C, 66.43; H, 6.98%. CgH,¢0; requires C,
69.54; H, 7.30%, the low carbon analysis result was attributed to the hygroscopic
nature of the acid, which was very difficult to dry. The spectroscopic parameters
were in full agreement with the literature values.” '*C NMR (75MHz, CDCl;) &
183.22 (Cy), 138.46 (C,), 136.05 (Cs), 47.04 (Cyu), 46.73 (Cq), 43.52 (Cs), 42.01
(Ci), 30.67 (Cs). "H NMR (300MHz, CDCl3) & 11.42 (s, 1H, COOH), 6.17 (m, 1H,
H3), 6.15 (m, 1H, H,3), 3.14 (broad s, 1H, H, 4), 2.96 (broad s, 1H, H, 4), 2.29 (m,
1H, Hs), 1.96 (m, 1H, Hgevo), 1.56 (m, 1H, Hy/7:), 1.41 (m, 1H, Hy°), 1.43-1.40 (m,
1H, Hgendo). m/z (ES MS) 138 [M"].
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5.2.3 Synthesis of Norbornene-5-exo-methanol

Norbornene-5-exo-methanol was prepared following the published route.’
Norbornene-5-exo-carboxylic acid (20 g) was dissolved in 100 mL of sodium-dried
ether and added drop wise over a period of two hours to a two-neck 1 L flask cooled
in ice and containing 15.1 g of lithium aluminium hydride in 200 mL of sodium dried
ether. The mixture was stirred overnight at room temperature and then refluxed for
1.5 hours. The residual hydride in the reaction flask was destroyed by slow addition
of 65 mL of water to the ice cold mixture. The white-grey precipitate of Al(OH);
formed, was dissolved by addition of 200 mL (20%) HCI solution and 40 mL (36%)
HCI solution. The residual undissolved white-grey precipitate was finally dissolved
by addition of 37 mL of concentrated hydrochloric acid in three portions. Stirring
was continued for 30 minutes. This gave a clear two-phase system; an ether layer and
an aqueous layer with some dispersed precipitates. The ether layer was separated
using a separating funnel, and the aqueous layer together with the dispersants were
extracted with ether (4 x 100 mL). The ether extracts were combined and washed
with a 10% aqueous NaOH solution and water. The ether extract was then dried over
magnesium sulphate. After filtration, ether was removed under reduced pressure and
the residue was distilled at 44°C, 0.3Torr (Lit’ bp:101-101.5/7Torr), to yield
norbornene-5-exo-methanol as a clear liquid (14.8 g, 74%). Found C, 75.06; H,
9.60%. CgH;,0 requires C, 77.38; H, 9.74%, the low carbon analysis result was
attributed to the hydroscopic nature of the compound, which was very difficult to dry.
The spectroscopic parameters were in full agreement with the literature values.” °C

NMR (75 MHz, CDCls) § 137.05 (Cs), 136.74 (C3), 67.72 (Cs), 45.23 (C-), 43.54
(Ci), 42.11 (Cs), 41.79 (Cyss), 29.81 (Cs). 'H NMR (300 MHz, CDCl;) § 6.06 (dd,
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J=5.6Hz, J=2.7Hz, 2H, exo H,x), 3.67 (dd, J=10.5Hz, J=6.3Hz, 1H, Hgusy), 3.51 (dd,
J=10.5Hz, J=8.7Hz, 1H, Hgusp), 2.8 (broad s, 1H, H,.4), 2.74 (broad s, 1H, Hy4), 1.92
(broad s, 1H, -OH), 1.6 (m, 1H, Hs), 1.31-1.2 (m, 3H, H7» and Heenao), 1.1 (pseudo dt,
J=11.4Hz, J=3.8Hz, 1H, Heexo). m/z (ES MS) 124 [M"].
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5.2.4 Synthesis of Norbornene-exo-5, 6-dicarboxylic anhydride

Norbornene-exo-5, 6-dicarboxylic anhydride was prepared following the published
route.® Maleic anhydride (91.67 g, 0.93 mol) and 1,2-dichlorobenzene (100 mL) were
placed in a 3-neck, round bottom flask (500 mL) fitted with a condenser, thermometer
and dropping funnel. The colour of the clear solution at this stage was brown. The
mixture was stirred and heated to 178°C. Dicyclopentadiene (75 mL, 73.65 g, 0.56
mol) was added to the flask via the dropping funnel over a period of 90 minutes,
which turned the solution a dirty dark brown colour. The mixture was heated to
reflux for 6 hours (maximum temperature due to exotherm 195°C). The solution was
then cooled overnight. The resultant brown solid was recovered by filtration and
recrystallised eight times from acetone to give norbornene-exo-5, 6-dicarboxylic
anhydride as transparent lath like crystals (12.07 g, 7.2%). Found C, 65.65; H,
4.86%. CoHgOs requires C, 65.85; H, 4.91%. The spectroscopic parameters were in
full agreement with the literature values.>” >C NMR (63MHz, C:D¢0) & 173.26 (s,
Cso), 138.97 (s, Cy3), 50.03 (s, Csg), 47.65 (s, C14), 44.86 (s, C;). 'H NMR
(250MHz, C3D6O) 6 6.38 (m, 2H, H,3), 3.35 (m, 2H, H, 4), 3.13 (m, 2H, Hsg), ABq
8a 1.6,8p1.4, Jap =10.25Hz, 2H, Hyp. m/z (ES MS) 164 [M'].
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5.2.5 Synthesis of Norbornene-5-exo, 6-exo-dicarboxylic acid

Norbornene-5-exo, 6-exo-dicarboxylic acid was prepared following the published
route.® Norbornene-exo-5, 6-dicarboxylic anhydride (12.07 g, 72 mmol) and distilled
water (160 mL) were placed in a one neck round bottom flask (250 mL) fitted with a
condenser and a stirrer bar. The mixture was heated to reflux for 2 hours to give a
clear, colourless solution, which was allowed to cool overnight. The solid formed
was recovered by filtration from the solution and dried in vacuo to give norbornene-5-
exo, 6-exo-dicarboxylic acid as colourless crystals (8.58 g, 71%). Found C, 57.08; H,
5.65%. CoH9O4 requires C, 59.34; H, 5.53%, the low carbon analysis result was
attributed to the hydroscopic nature of the compound, which was very difficult to dry.
The spectroscopic parameters were in full agreement with the literature values.® "°C
NMR (63MHz, C3D¢0) 6 174.47 (Cs ), 138.23 (C;3), 47.06 (C; 4), 45.92 (Csp), 45.26
(C7). 'H NMR (250MHz, C;D¢0) & 6.24 (m, 2H, H, 1), 3.01 (m, 2H, H, 4), 2.59 (m,
2H, Hs ), ABq 84 2.18, 83 1.37, Jap =8.6Hz, 2H, Hy/»». m/z (ES MS) 182 [M'].
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5.2.6 Synthesis of Norbornene-5-exo, 6-exo-dimethanol

Norbornene-5-exo, 6-exo-dimethanol was prepared by following an amended version
of the procedure used in the reduction of norbornene-5-exo-carboxylic acid.’
Norbornene-5-exo, 6-exo-dicarboxylic acid (8.4 g) was dissolved in 100 mL of
sodium-dried ether and this solution was added drop wise over a period of two hours
to a two-neck 1 L flask containing 12 g of lithium aluminium hydride in 200 mL of
sodium dried ether. The flask was cooled in ice. The mixture was then stirred
overnight at room temperature and refluxed for 1.5 hours. The flask was cooled in ice
and the residual hydride in the reaction flask was destroyed by slow addition of 65
mL of water. The white-grey precipitate of AI(OH); formed, was dissolved by
addition of 200 mL (20%) HCI solution and 40 mL (36%) HCIl solution. The residual
undissolved white-grey precipitate was finally dissolved by addition of 37 mL of
concentrated hydrochloric acid in three portions. Stirring was continued for 30
minutes. This gave a clear two-phase system; an ether layer and an aqueous layer
containing some dispersed precipitates. The ether layer was separated and the
aqueous layer together with the dispersants was extracted with ether (4 x 100 mL).
The ether extracts were combined and washed with a 10% aqueous NaOH solution
and water. The ether extract was then dried over magnesium sulphate. After filtration,
ether was removed under reduced pressure and the residue was distilled (105°C,
0.25Torr) to give norbornene-5-exo, 6-exo-dimethanol as a clear liquid (2.79 g,
32.5%). Found C, 69.54; H, 9.18%. Calculated for CoH;4,0, C, 70.10; H, 9.15%. Be
NMR (75MHz, C3D60) & 137.82 (C,3), 65.32 (Cy), 46.14 (Cy), 44.24 (C,4), 43.82
(Cs6). 'HNMR (300MHz, C3D40) & 6.18 (m, 2H, H; 3), 3.76 (m, 4H, Hg, ), 3.51 (bs,
2H, -OH), 2.53 (bs, 2H, H, 4), 1.85 (m, 2H, Hsg), ABq 84 1.39, 65 1.09, Jag =9Hz,
2H, Hy/»». m/z (ES MS) 66 [CsHg, M - C4H30,].
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5.2.7 Synthesis of Norbornene-5-exo, 6-exo-dicarbonyl chloride

Norbornene-5-exo, 6-exo-dicarbonyl chloride was prepared following the published
route.® Norbornene-5-exo, 6-exo-dicarboxylic acid (28.7 g, 0.158 mol) and oxalyl
chloride (100 g, 0.788 mol) were placed in a 500 mL round bottom flask fitted with a
reflux condenser and a drying tube. The evolution of gas started immediately and
once it had subsided, the mixture was refluxed (85°C) for 3 hours from an oil bath.
The excess oxalyl chloride was removed in vacuo (in fumehood) and the residue
distilled to give pure norbornene-5-exo, 6-exo-dicarbonyl chloride as a white solid
(23.3 g, 68%). Found C, 48.87; H, 3.10; Cl, 32.04%. CoHsCl1,0, requires C, 49.34; H,
3.68; Cl, 32.37%. The spectroscopic parameters were in full agreement with the
literature values.® 'C NMR (75MHz, C;D60) & 172.21 (Cs,), 138.37 (Ca.3), 49.21
(C7), 47.28 (C1.4), 44.54 (Cs6). 'H NMR (300MHz, C3D60) 6 6.37 (m, 2H, H; 3), 3.35
(m, 2H, Hy 4), 3.13 (m, 2H, Hs), 1.62, 1.42 (m, 2H, Hy 7).

Assignment of hydrogen atoms Assignment of carbon atoms
5.3 Procedures for the Synthesis of the First and Second Generation
Polycarbonate Dendrons
5.3.1 Compounds of the Zeroth and First Generation

Note: For the key to the name codes of the polycarbonate dendrons, see chapter 2,

section 2.4.1 and the bookmark card.
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5.3.1.1 Synthesis of BGOIM
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BGOIM was prepared following the published route.” r-Butanol (52.92 g, 0.714 mol)
and toluene (200 mL) were stirred in a round bottom flask fitted with a reflux
condenser. CDI (57.88 g, 0.357 mol) was added and the reaction mixture was heated
at 60°C for 4 hours. The solvent was removed in vacuo and the oil obtained was
redissolved in CH,Cl, (250 mL). The organic phase was washed with water (3 x 250
mL), dried over MgSO, and, after filtration, the solvent was removed in vacuo. The
product was vacuum dried to give BGOIM as a white crystalline solid (54.39 g, 90%).
Found C, 56.70; H, 7.08; N, 16.34%. CgH;;N,O; requires C, 57.13; H, 7.19; N,
16.66%. The spectroscopic parameters were in full agreement with the literature
values.” >C NMR (62.9 MHz, CDCls) & 147.1, 137.04, 130.23, 117.06, 85.32, 27.85.
'H NMR (250 MHz, CDCls) & 8.08 (s, 1H), 7.38 (s, 1H), 7.04 (s, 1H), 1.63 (s, 9H).
m/z (ES MS) 168 [M]".

5.3.1.2 Synthesis of BG1OH
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BG1OH was prepared following the published route.” HEAP (11.47 g, 0.07 mol)
was added to a solution of BGOIM (24.864 g, 0.148 mol) in toluene (80 mL)

containing approximately 50 mg of KOH. The mixture was stirred and heated at
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80°C for 3 days. The reaction mixture was analysed by '"H NMR spectroscopy, which
indicated that there was no BGOIM remaining. The reaction mixture was
concentrated in vacuo and redissolved in CH,Cl, (250 mL). The organic phase was
subsequently washed with water (3 x 250 mL), dried over MgSQ, and, after filtration,
the solvent was removed in vacuo. The yellow oil was purified by column
chromatography (silica gel, eluting with EtOAc:C¢H14 1:1) and dried under vacuum to
give BG10OH as a colourless oil (11.71 g, 46%). Found C, 55.62; H, 9.14; N, 3.65%.
Ci17H33NO; requires C, 56.18; H, 9.15; N, 3.85%. The spectroscopic parameters were
in full agreement with the literature values.” *C NMR (62.9 MHz, CDCl;) & 153.5,
82.2, 64.4, 63.7, 63.1, 53.3, 27.7, 19.6. 'H NMR (250 MHz, CDCL3) & 4.12 (m, 4H),
3.70 (m, 1H), 3.30 (s, br, CH;CH(OH)CH3), 2.91 (dt, J=14.25Hz, J=6.25Hz, 2H),
2.81 (dt, J=14.1Hz, J=5.4Hz, 2H), 2.62 (dd, J=13Hz, J=2.8Hz, 1H), 2.32 (dd, J=13Hz,
J=10.4Hz, 1H), 1.47 (s, 18H), 1.10 (d, J=6Hz, 3H). m/z (ES MS) 364 [M+H]".

5.3.1.3 Synthesis of BG1IM
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BGI1IM was prepared following the published route.” CDI (4.15 g, 25.6 mmol) and
BG10H (4.65 g, 12.8 mmol) were stirred together at 65°C for 4 hours in a 2-neck 250
mL flask containing 100 mL of dry toluene and some KOH (approximately 50 mg).
After which, analysis of the 'H NMR spectrum of the reaction mixture showed that
the reaction had gone to completion, as there was no evidence of BG1OH. The
toluene was removed in vacuo and dichloromethane (250 mL) was added to the
mixture. The organic layer was washed with water (3 x 250 mL), dried over MgSO,
and, after filtration, concentrated in vacuo. The product was dried under vacuum for
1 day, to give BG1IM as a colourless oil (5.67 g, 97%). Found C, 54.5; H, 7.7; N,
9.91%. C;H3sN3Og requires C, 55.13; H, 7.71; N, 9.18%. The spectroscopic
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parameters were in full agreement with the literature values.” *C NMR (63MHz,
CDCl;) 6 153.39, 148.5, 138.98, 130.51, 117.08, 82.09, 74.27, 64.69, 59.56, 53.5,
27.69, 17.77. 'H NMR (250MHz, CDCl;) & 8.12 (s, 1H), 7.41 (s, 1H), 7.04 (s, 1H),
5.15 (m, 1H), 4.07 (m, 4H), 2.86 (m, 4H), 2.78, 2.76 (dd, J=14.1Hz, J=5.1Hz, 2H),
1.45 (s, br, 18H), 1.38 (d, J=6.5Hz, 3H). m/z (ES MS) 457 [M"].

5.3.2 Compounds of the Second Generation

5.3.2.1 Synthesis of BG2OH
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BG20OH was prepared following the published route.” HEAP (2.38 g, 14.6 mmol)
was added to a stirred solution of BG1IM (13.36 g, 29.23 mmol) in toluene (75 mL).
A catalytic amount of KOH was added and the mixture was stirred at 75°C for 5 days.
Analysis of the 'H NMR spectrum of the reaction mixture showed that the reaction
had gone to completion. The reaction mixture was concentrated in vacuo and
redissolved in CH,Cl, (250 mL). The organic phase was subsequently washed with
water (3 x 250 mL), dried over MgSQy4 and, after filtration, the solvent was removed
in vacuo. The yellow oil was purified initially by column chromatography (silica gel,
eluting with EtOAc:CgH;s 1:1) and then by several Biobeads columns eluting with
toluene to form BG2ZOH as a colourless oil (4.5 g, 33%). Found C, 54.59; H, 8.72; N,
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4.53%. Ca43H79N3019 requires, C, 54.82; H, 8.45; N, 4.46%. The spectroscopic
parameters were in full agreement with the literature values.” >C NMR (100 MHz,
CDCls) 8 156.3, 155.0, 82.6, 74.8, 66.9, 66.3, 66.1, 64.1, 61.0, 54.9, 54.8, 28.1, 20.8,
18.3. 'H NMR (400 MHz, CDCl;) 8 4.72 (m, 2H), 4.02 (m, 8H), 4.14 (m, 4H), 3.63
(m, 1H), 2.92 (m, 4H), 2.85 (m, 10H), 2.75, 2.64 (dd, J=13.6Hz, 6.0Hz, 2H), 2.33 (m,
2H), 1.41 (s, 36H), 1.19 (d, J=6.4Hz, 6H), 1.04 (d, J=6.4Hz, 3H). m/z (ES MS) 942.5
[M+H]", 964.4 [M+Na]’. GPC; M,, = 1,250 PDI 1.00.

5.3.2.2 Synthesis of BG2IM
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BG2IM was prepared following the published route.” CDI (3.72 g, 22.8 mmol) was
added to a round bottom flask containing BG2OH (10.754 g, 11.40 mmol) and a
catalytic amount of KOH in 200 mL of toluene. The mixture was heated at 70°C for 4
hours. Subsequently, the reaction mixture was analysed by '"H NMR spectroscopy,
which indicated that there was no BG2OH remaining. The reaction mixture was
concentrated in vacuo and redissolved in CH,Cl, (250 mL). The organic phase was
subsequently washed with water (3 x 250 mL), dried over MgSO, and, after filtration,
the solvent was removed in vacuo. This resulted in BG2IM as a yellowy product
(11.5 g, 97%). Found C, 53.97; H, 7.80; N, 6.94%. C47Hg1NsO,g requires C, 54.48;
H, 7.88; N, 6.76%. The spectroscopic parameters were in full agreement with the
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literature values.” '*C NMR (125 MHz, CDCls) § 154.67, 153.45, 148.29, 137.13,
130.59, 117.15, 81.93, 74.19, 73.55, 65.53, 64.88, 59.88, 59.67, 59.58, 53.57, 27.76,
17.92, 17.81. 'H NMR (500 MHz, CDCl;) & 8.16 (s, 1H), 7.42 (s, 1H), 7.08 (s, 1H),
5.18 (m, 1H), 4.79 (m, 2H), 4.09 (m, 8H), 4.09 (m, 4H), 2.86 (m, 8H), 2.86 (m, 4H),
2.79 (m, 4H), 2.61 (m, 2H), 1.48 (s, 36H), 1.38 (d, J=6.5Hz, 3H), 1.24 (m, 6H). m/z
(ES MS) 1036.6 [M]", 1059.6 [M+Na]".

5.4 Procedures for the Synthesis of Polycarbonate Dendronised Monomers
Note: For the key to the name codes of all the dendronised monomers, see chapter 2,

section 2.5.1 and the bookmark card.

5.4.1 Synthesis of DMPCB1M
0
0
+04(|)_‘ o 7ZOd(/o
! J
rjl‘\(o E\\/N + How 71(%/0/\/ \——é_%
0
o
: o

Norbornene-5-exo-methanol (1.46 g, 11.7 mmol) and BG1IM (5.39 g, 11.7 mmol)

BG1IM DMPCB1M

were placed in a 2-neck 250 mL flask containing 100 mL of dry toluene and
approximately 50 mg of KOH. The mixture was purged with nitrogen and stirred at
95°C for three days. Analysis of the 'H NMR spectrum of the reaction mixture
showed that the reaction had gone to completion as there was no BG1IM remaining.
The toluene was removed in vacuo and dichloromethane (250 mL) was added to the
mixture. The organic layer was then washed with water (3 x 250 mL), dried over
MgSO, and, after filtration, concentrated in vacuo. Purification by column
chromatography (silica gel, eluting with EtOAc:C¢H;4 1:4) gave DMPCBIM as a
colourless oil (4 g, 66%). Found C, 60.41; H, 8.13; N, 2.21%. Calculated for
C2H43NOy C, 60.80; H, 8.44; N, 2.73%. "“C NMR (63 MHz, CDCl;) & 154.84,
153.42, 136.85, 136.2, 81.95, 73.21, 71.83, 64.85, 59.70, 53.48, 44.89, 43.48, 41.54,
37.95, 29.40, 27.74, 17.98. 'H NMR (500 MHz, CDCl3) & 6.01 (m, 2H), 4.75 (m,
1H), 4.15-3.96 (m, 2H), 4.04 (m, 4H), 2.79 (broad s, 4H), 2.78-2.64 (m, 2H), 2.72-
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2.59 (m, 2H), 1.72 (broad s, 1H), 1.58- 1.32 (broad s, 2H), 1.40 (broad s, 18H), 1.3-
1.11 (m, 2H), 1.21 (dd, 3H). m/z (ES MS) 513 [ M+H]".

5.4.2 Synthesis of DMPCBI1D
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Norbornene-5-exo, 6-exo-dimethanol (3.3 g, 21.6 mmol) and BG1IM (20.14 g, 21.6
mmol) were placed in a 2-neck 250 mL flask containing 80 mL of dry toluene and
approximately 50 mg of KOH. The mixture was stirred at 90°C for five days.
Analysis of the '"H NMR spectrum of the reaction mixture showed that the reaction
had gone to completion, as there was no BG1IM remaining. The toluene was
removed in vacuo and dichloromethane (250 mL) was added to the mixture. The
organic layer was then washed with water (3 x 250 mL), dried over MgSO, and, after
filtration, concentrated in vacuo. Purification by column chromatography (silica gel,
eluting with EtOAc:C¢H4 1:1.5) gave DMPCBI1D as a colourless oil (8.79 g, 44%).
Found C, 57.53; H, 8.15; N, 2.66%. Calculated for C4sH-sN,O;5 C, 57.92; H, 8.21; N,
3.00%. "*C NMR (125 MHz, CDCl;) & 154.91, 153.69, 137.48, 82.22, 73.72, 68.90,
65.11, 59.94, 53.78, 44.81, 42.64, 40.01, 28.01, 18.25. 'H NMR (500 MHz, CDCl;)
d 6.15 (s, 2H), 4.78 (m, 2H), 4.28 (m, 2H), 4.11 (m, 8H), 4.01 (m, 2H), 2.86 (m, 8H),
2.84,2.62 (m, 4H), 1.92, 1.4 (m, 4H), 1.47 (s, 36H), 1.26 (m, 6H), 1.1 (d, J=6Hz, 2H).
m/z (ES MS) 933.6 [M']. m/z (MALDI-TOF (Kratos) MS 934 [M+H]*, 956
[M+Na]®. GPC; M,, = 1,070 PDI 1.01.
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5.4.3 Synthesis of DMPCB2D
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BG2IM (2 g, 1.93 mmol) was added to a stirred solution of norbornene-5-exo, 6-exo-
dimethanol (0.149 g, 0.965 mmol) in toluene (30 mL). A catalytic amount of KOH
was added (approximately 50 mg) and the mixture was stirred at 75°C for 7 days.
Analysis of the "H NMR spectrum of the reaction mixture showed that the reaction
had gone to completion, as there was no BG2IM remaining. The reaction mixture
was concentrated in vacuo and redissolved in CH,Cl; (250 mL). The organic phase
was subsequently washed with water (3 x 250 mL), dried over MgSQO,4 and, after
filtration, the solvent was removed in vacuo. The viscous yellow oil was purified
initially by column chromatography (silica gel, eluting with EtOAc:CgH,4 1:1) and
then by several Biobeads columns eluting with toluene to form DMPCB2D as a
colourless oil (0.489 g, 24%). Found C, 55.75; H, 8.10; N, 3.86%. Calculated for
Co7H16sN¢Oaz C, 55.73; H, 8.10; N, 4.02%. "*C NMR (125 MHz, CDCL3) § 154.93,
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153.69, 137.43, 82.19, 73.66, 65.94, 65.88, 65.10, 59.85, 53.77, 44.81, 43.91, 40.01,
28.01, 18.23, 1.27. 'H NMR (500 MHz, CDCly) & 6.19 (s, 2H), 4.79 (m, 4H), 4.29
(m, 2H), 4.09 (m, 16H), 4.09 (m, 8H), 2.86 (m, 16H), 2.83 (m, 8H), 2.80 (m, 8H),
2.61 (m, 4H), 1.92 (s, 2H), 1.64 (m, 2H), 1.56 (s, 4H), 1.47 (m, 72H), 1.38 (m, 6H),
1.3 (m, 2H), 1.27 (m, 12H). m/z (MALDI-TOF (Kratos) MS 2090.5 [M']. GPC; M,,
=2,150 PDI 1.14.

5.5 Procedures for the Synthesis of Second Generation Polyurethane Dendrons

and Dendronised Monomers

5.5.1 Synthesis of HG2IM (U)
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HG20H (U) HG2IM (U)

CDI (0.89 g, 5.43 mmol) was added to a round bottom flask containing HG2OH (U)
(2.75 g, 2.49 mmol) and a catalytic amount of KOH (approximately 50 mg) in
150 mL of toluene. The mixture was heated at 70°C for 5 hours. Analysis of the 'H
NMR spectrum of the reaction mixture showed that the reaction had gone to
completion, as there was no HG20H (U) remaining. The reaction mixture was
concentrated in vacuo and redissolved in CH;Cl, (250 mL). The organic phase was
subsequently washed with water (3 x 250 mL), dried over MgSO, and, after filtration,
the solvent was removed in vacuo. This resulted in HG2IM (U) as a clear viscous

product (2.13 g, 71%). Found C, 57.64; H, 9.12; N, 12.13%. Calculated for
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CsoH;11N11014 C, 59.12; H, 9.33; N, 12.85%, the low carbon analysis result was
attributed to the hygroscopic nature of the compound, which was very difficult to dry.
'H NMR (400 MHz, CDCl3) & 8.16 (s, 1H), 7.42 (s, 1H), 7.07 (s, 1H), 5.30 (s, br,
4NH), 5.21 (m, 2H), 4.87 (s, br, 2NH), 4.75 (m, 4H), 3.28 (m, 1H), 3.28-3.09 (m,
12H), 2.68-2.42 (m, 18H),1.54-1.47 (m, 16H), 1.30-1.41 (m, 16H), 1.29 (m, 3H), 1.19
(d, J=6.4Hz, 6H), 0.92 (t, I=7.2Hz, 24H). m/z (ES MS) 1221.8 [M+Na]".

5.5.2 Synthesis of DMPUH2D
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HG2IM (U) (2.1 g, 1.752 mmol) was added to a stirred solution of norbornene-5-exo,
6-exo-dimethanol (0.135 g, 0.876 mmol) in toluene (150 mL). A catalytic amount of
KOH (approximately 50 mg) was added and the mixture was stirred at 80°C for 7
days. Analysis of the 'H NMR spectrum of the reaction mixture showed that the
reaction had gone to completion as there was no HG2IM (U) remaining. The
reaction mixture was concentrated in vacuo and redissolved in CH;Cl; (250 mL). The
organic phase was subsequently washed with water (3 x 250 mL), dried over MgSQOy
and, after filtration, the solvent was removed in vacuo. The viscous yellow oil was
purified initially by flash chromatography (silica gel, eluting with EtOAc:CgH 4 1:1)
and then via a Biobeads column eluting with toluene, to form DMPUH2D as a
colourless viscous oil (0.214 g, 10.1%). Found C, 59.09; H, 9.37; N, 10.87%.
Calculated for C;21H,28N 15030 C, 60.17; H, 9.52; N, 10.44%, the low carbon analysis

146



result was attributed to the hygroscopic nature of the compound, which was very
difficult to dry. >C NMR (75 MHz, CD;0D) & 159.89, 159.53, 150.78, 137.28,
135.07, 129.77, 76.58, 76.00, 73.82, 71.55, 61.82, 56.46, 52.44, 40.89, 38.78, 20.51,
19.9, 19.47, 15.37. '"H NMR (400 MHz, C3D40) 8 6.42, 6.21, 4.9-4.7, 3.78, 3.3-3.1,
2.75-2.45, 2.08, 1.6-1.3, 1.1, 0.92-0.88. m/z (MALDI TOF (Kratos) MS 2415 [M]",
2437 [M+Na]". GPC; M, =2,550 PDI 1.00.

5.5.3 Synthesis of BG2IM (U)
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CDI (0.97 g, 5.94 mmol) was added to a round bottom flask containing BG2ZOH (U)
(2.78 g, 2.97 mmol) and a catalytic amount of KOH (approximately 50 mg) in
100 mL of toluene. The mixture was heated at 70°C for 5 hours. Analysis of the 'H
NMR spectrum of the reaction mixture showed that the reaction had gone to
completion, as there was no BG20OH (U) remaining. The reaction mixture was
concentrated in vacuo and redissolved in CH,Cl, (250 mL). The organic phase was
subsequently washed with water (3 x 250 mL), dried over MgSQ, and, after filtration,
the solvent was removed in vacuo. This resulted in BG2IM (U) as a yellowy viscous
product (2.37 g, 78%). Found C, 55.06; H, 8.56; N, 13.78%. Calculated for
C47HgN| 044 C, 54.79; H, 8.51; N, 14.95%. °C NMR (75 MHz, C;D¢0) & 156.92,
156.44, 137.51, 130.74, 117.71, 78.09, 75.00, 69.29, 60.31, 59.98, 55.16, 54.85,
50.11, 39.24, 39.07, 34.61, 18.49, 17.79. "H NMR (400 MHz, C3D¢0) & 8.19 (s, 1H),
7.58 (s, 1H), 7.02 (s, 1H), 6.24 (s, br, 2H, O(CO)NHCH;), 6.02 (s, br, 4H
C(CH3)30(CO)NHCHy), 5.21(m, 1H), 4.82 (m, 2H), 3.09-3.2 (m, 12H), 2.82 (m, 4H),
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2.55-2.62 (m, 12H), 2.49 (m, 2H), 1.42 (s, 36H), 1.38 (3H), 1.19 (d, J=6.5Hz, 6H).
m/z (ES MS) 1030.8 [M]", 1053.7 [M+Na]".

5.5.4 Synthesis of DMPUB2D
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BG2IM (U) (2.1 g, 1.752 mmol) was added to a stirred solution of norbornene-5-exo,
6-exo-dimethanol (0.135 g, 0.876 mmol) in toluene (150 mL). A catalytic amount of
KOH was added and the mixture was stirred at 80°C for 7 days. Analysis of the 'H
NMR spectrum of the reaction mixture showed that the reaction had gone to
completion, as there was no BG2IM (U) remaining. The reaction mixture was
concentrated in vacuo and redissolved in CH,Cl, (250 mL). The organic phase was
subsequently washed with water (3 x 250 mL), dried over MgSQO, and, after filtration,
the solvent was removed in vacuo. The viscous yellow oil was purified initially by
flash chromatography (silica gel, eluting with EtOAc:C¢H;4 1:1) and then via a
Biobeads column, eluting with toluene to form DMPUB2D as a colourless viscous oil
(0.19 g, 8.4%). Found C, 55.52; H, 8.75; N, 12.70%. Calculated for Co7H;30N ;5030
C, 56.05; H, 8.73; N, 12.13%. 'H NMR (400 MHz, CDCl3) 8 6.70 (m, 4 NH), 6.4 (s,
br, 8 NH), 6.2 (s, br, 2H), 4.85 (s), 3.72 (m), 3.25-3.05, 2.7-2.44, 2.32, 2.21, 1.84,
1.56-1.36, 1.24-1.16. GPC; M, = 1,960 PDI 1.00.
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5.5.5 Synthesis of BHG1IM (U)
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CDI (6.88 g, 42.15 mmol) was added to a stirred solution of BHG10H (U) (12.26 g,
21.08 mmol) in toluene (75 mL). A catalytic amount of KOH (approximately 50 mg)
was added and the mixture was heated at 75°C for 5 hours. Analysis of the "H NMR
spectrum of the reaction mixture showed that the reaction had gone to completion, as
there was no BHG10OH (U) remaining. The reaction mixture was concentrated in
vacuo and redissolved in CH,Cl; (250 mL). The organic phase was subsequently
washed with water (3 x 250 mL), dried over MgSQO, and, after filtration, the solvent
was removed in vacuo. The solid material was purified by column chromatography
(silica gel, eluting with EtOAc:C¢H ;4 5:1) to form BHGI1IM (U) as a yellow glassy
product (6.74 g, 47%). Found C, 68.46; H, 5.94; N, 11.80%. Calculated for
C39H41O6Ns C, 69.32; H, 6.12; N, 10.36%, the low carbon analysis result was
attributed to the hygroscopic nature of the compound, which was very difficult to dry.
C NMR (75 MHz, CDCl;) & 156.28, 148.83, 140.91, 137.31, 131.04, 128.72,
128.06, 127.24, 117.34, 75.01, 74.28, 59.81, 54.62, 39.24, 18.21. 'H NMR (300
MHz, CDCl3) 6 8.04 (s, 1H), 7.36 (s, 1H), 7.26 (m, 20H), 6.95 (s, 1H), 6.74 (s, 2H),
5.41 (s, br, 2H, O(CO)NHCH3), 5.11 (m, 1H), 3.09-3.21 (m, 4H), 2.64-2.73 (m, 2H),
2.57 (m, 4H), 1.23 (d, J=6.6Hz, 3H). m/z (ES MS) 698.2 [M+Na] *. GPC; M, = 590
PDI 1.00.
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5.6 Procedures for the Synthesis of First Generation Polyamide Dendrons and a

Dendronised Monomer

5.6.1 Synthesis of S-nitroisophthaloyl dichloride

NO, NO,

HCO CioC COClI

3 CO,H
5-nitroisophthaloyl dichloride

5-Nitroisophthaloyl dichloride was prepared following the published route.' A21L,3
neck flask was fitted with a reflux condenser attached to a scrubbing tower in which
dilute sodium hydroxide solution was circulated, 5-nitroisophthalic acid (100 g, 0.47
mol) and phosphorus pentachloride (200 g, 0.96 mol) were then added. The mixture
was gently warmed on a water bath resulting in a homogeneous yellow solution
forming with the, at times, vigorous evolution of a gas. The mixture was heated to
90°C for 5 hours. The mixture was cooled overnight and the phosphorus oxychloride
formed was removed in vacuo. An off white residue was obtained which was
recrystallised from petroleum ether (40-60°C) to give 5-nitroisophthaloyl dichloride
as white needles, m.pt 66-68°C (74.2 g, 63.12%), Lit"' m.pt 67-68°C. Found C,
38.78; H, 1.21; N, 5.56; Cl, 28.70%. CgH3CI,NO4 requires C, 38.74; H, 1.22; N, 5.65;
Cl, 28.59%. The spectroscopic parameters were in full agreement with the literature
values.'” C NMR (100 MHz, CDCl;) & 165.88, 149.11, 137.69, 136.26, 131.14. 'H
NMR (300 MHz, CDCl3) 6 9.23 (d, J=1.5Hz, 2H), 9.12 (t, J=1.5Hz,1H). m/z (ES
MS) 272.1 [M+Na]®. GPC; M, = 200 PDI 1.05.
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5.6.2 Synthesis of [3]-NO;
Note: For the key to the name codes of the polyamide dendrons, see chapter 2, section
2.4.5 and the bookmark card.

NO,
NO

2 NH,
Q ' © o l 0
CIOC COCI NH Er\g
[3]-NO,

[3]-NO; was prepared following the published route.' A 500 mL 2 neck round
bottom flask fitted with a reflux condenser was charged with aniline (30.66 g, 0.33
mol) and dry pyridine (150 mL). The contents of the flask were stirred and the flask
was cooled in ice. S-Nitroisophthaloyl dichloride (40.88 g, 0.17 mol) was added in
small portions over 30 minutes and stirred for 2 hours. The mixture was slowly
heated to reflux and maintained at reflux for 5 hours, then cooled. Most of the excess
pyridine was removed in vacuo, and the resulting yellow solid was poured into 1 L of
water. The yellow solid formed was filtered off and dissolved in approximately 1.5 L
of acetone. The clear yellow solution was then added dropwise to several litres of
water. A white fluffy solid precipitated which was filtered off and dried (52.9 g,
89%) and identified as [3]-NO;. Found C, 66.26; H, 4.10; N, 11.60%. C;0H;sN;0,
requires C, 66.48; H, 4.18; N, 11.63%. The spectroscopic parameters were in full
agreement with the literature values.'® '*C NMR (75 MHz, d-DMSO) & 162.89,
147.89, 138.60, 136.61, 133.11, 128.82, 125.09, 124.36, 120.63. 'H NMR (300 MHz,
d-DMSO) 6 10.75 (s, 2H), 8.96 (m, 3H), 7.82 (d, J=7.6Hz, 4H), 7.41 (t, J=7.6Hz, 4H),
7.16 (t, J=7.6Hz, 2H). GPC; M,, =290 PDI 1.03.
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5.6.3 Synthesis of [3]-NH;

NO, NH,

Q oo,
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[3]-NO, [3]-NH,

[3]-NH; was prepared following the published route.'® A 2 L 3 neck round bottom
flask fitted with a reflux condenser was charged with [3]-NO; (52.9 g, 0.15 mol), tin
chloride dihydrate (167.7 g, 0.74 mol) and ethanol (1 L). The suspension formed was
heated to reflux with stirring. A suspension of sodium borohydride (3.18 g, 0.084
mol) in ethanol (300 mL) was added dropwise via a pressure equalising dropping
funnel over approximately 30 minutes. The mixture was stirred at reflux for a further
5 hours during which time a yellow solution formed. The solution was cooled and
ethanolic potassium hydroxide was added to the solution until the mixture became
alkaline. A fine white precipitate of tin salts were formed which was removed by
filtration and the ethanol was removed in vacuo. The resultant solid was dissolved in
DMF and the precipitates that formed were removed by filtration. Evaporation of the
solvent produced a dark orange solid (13.74 g, 28%), which was identified as [3]-
NH,. Found C, 72.20; H, 5.34; N, 12.10%. C0H,7N30; requires C, -72.49; H, 5.17;
N, 12.68%. The spectroscopic parameters were in full agreement with the literature
values.'” °C NMR (50 MHz, d-DMSO) & 165.97, 148.95, 139.25, 136.17, 128.62,
123.60, 120.28, 115.71, 113.93. 'H NMR (300 MHz, d-DMSO) & 10.24 (s, 2H), 7.78
(d, J=7.7Hz, 4H), 7.61 (s, 1H), 7.35 (t, J=7.7Hz, 4H), 7.26 (s, 2H), 7.09 (t, J=7.7Hz,
2H), 5.61 (s, 2H). GPC; M,, =220 PDI 1.05.
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5.6.4 Synthesis of [7]-NO;
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[71-NO; was prepared following the published route.'® A 250 mL 2-neck round
bottom flask fitted with a condenser was charged with [3]-NH; (13.28 g, 40.08 mmol)
and freshly dried pyridine (100 mL) and stirred to give a brown solution, which was
cooled to 5°C. 5-Nitroisophthaloyl dichloride (4.73 g, 19.08 mmol) was added in
three portions over 15 minutes. The mixture was stirred with cooling for 2 hours,
warmed to room temperature and stirred for a further two hours, and then slowly
heated to reflux for 6 hours. The mixture was cooled, and a small amount of
pyridinium hydrochloride was removed by filtration. The pyridine was removed in
vacuo and the resultant syrup was precipitated into water to yield a light brown solid,
which was dried. Impurities were then dissolved in methanol, leaving pure [7]-NO-,
which was recovered by filtration. This process was repeated several times to yield
[7]-NO; as a dark brown solid (3.43 g, 21.5%). Found C, 66.60; H, 4.40; N, 10.75%.
CasH35N-Os requires C, 68.81; H, 11.70; N, 4.21%, the low carbon analysis result was
attributed to the hydroscopic nature of the compound, which was very difficult to dry.
The spectroscopic parameters were in full agreement with the literature values.'® Be
NMR (125 MHz, d-DMSO) & 165.02, 163.08, 148.05, 139.10, 139.03, 136.13,
135.95, 133.42, 128.75, 125.46, 123.92, 122.78, 122.26, 120.38. 'H NMR (400 MHz,
d-DMSO0) 6 11.17 (s, 2H), 10.52 (s, 4H), 9.15 (s, 1H), 9.13 (s, 2H), 8.61 (s, 4H), 8.37
(s, 2H), 7.82 (d, J=7.8Hz, 8H), 7.39 (t, J=7.8Hz, 8H), 7.14 (t, J=7.8Hz, 4H). m/z (ES
MS) 835.7 [M']. GPC; M, = 720 PDI 1.06.
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5.6.5 Synthesis of [7]-NH,

[71-NG, [71NH,

[7]-NH; was prepared following the published route.' A 1 L 3-neck round bottom
flask fitted with a condenser was charged with [7]-NO; (3.43 g, 4.09 mmol), tin
chloride dihydrate (4.67 g, 20.72 mmol) and ethanol (400 mL). The éuspension that
formed was heated to reflux with stirring. A suspension of sodium borohydride (0.07
g, 1.88 mmol) in ethanol (20 mL) was added dropwise via a pressure equalising
dropping funnel over approximately 5 minutes. The mixture was refluxed for a
further 5 hours. The mixture was cooled and the precipitate that formed was
recovered by filtration and dried. The solid was added to a dilute sodium hydroxide
solution to obtain [7]-NH; (2.62 g, 79%). Found C, 67.4; H, 4.67; N, 10.63%.
CagH37N;O¢ requires C, 71.36; H, 4.62; N, 12.14%, the low carbon and nitrogen
analyses results were attributed to the hygroscopic nature of the compound, which
was very difficult to dry. The spectroscopic parameters were in full agreement with
the literature values.'”. °C NMR (125 MHz, d-DMSO) & 166.18, 165.20, 149.17,
139.67, 139.07, 135.87, 135.68, 128.74, 123.86, 122.48, 121.62, 120.35, 116.01,
114.03. 'H NMR (500 MHz, d-DMSO) & 10.69 (s, 2H), 10.49 (s, 4H), 8.57 (s, 4H),
8.27 (s, 2H), 7.81 (d, J=7.5Hz, 8H), 7.38 (t, J=7.5Hz, 8H), 7.13 (t, ]=7.5Hz, 4H), 5.71
(2H). m/z (ES MS) 807.2 [M+H]". GPC; M,, =730 PDI 1.05.
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5.6.6 Attempted synthesis of DMPAP1D
Note: For the key to the name code of the polyamide dendronised monomer, see

chapter 2, section 2.5.1 and the bookmark card.
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[7]-NH; (1.93 g, 2.39 mmol) was added to a stirred solution of norbornene-5-exo, 6-
exo-dicarbonyl chloride (0.26 g, 1.19 mmol) in tetrahydrofuran (50 mL). Pyridine
(0.2 g, 2.39 mmol) was added and the mixture was stirred at 60°C for 2 days.
Analysis of the 'H NMR spectrum showed that there was still a small amount of [7]-
NH; remaining. The crude reaction mixture was washed with 10% HCI solution
several times and subsequently dried. The remaining material was purified by
successive flash chromatography columns, eluting with tetrahydrofuran/hexane at a
2:1 ratio, producing mainly an intramolecular condensation product (0.19 g, 9%),
rather than the anticipated product (see chapter 2, section 5.7). Found C, 67.92; H,
5.44; N, 8.95%. Calculated for Cs7H43N-Og C, 71.76; H, 4.54; N, 10.28%, the low
carbon and nitrogen analyses results were attributed to the hygroscopic nature of the
compound, which was very difficult to dry. The 'H NMR spectroscopic parameters,

coupled with 2D COSY, were in agreement with the formation of the intramolecular
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condensation product, see diagram below. 'H NMR (400 MHz, DMSO) 5 10.92 (s,
2H), 10.47 (s, 4H), 8.79 (s, 1H), 8.55 (s, 4H), 8.3 (s, 2H), 8.16 (s, 2H), 7.8 (d,
J=7.2Hz, 8H), 7.37 (t, J=7.6Hz, 8H), 7.11 (t, J=7.6Hz, 4H), 6.39 (1, J=1.8Hz, 2H),
3.30 (s, 2H), 2.95 (s, 2H), 1.55 (s, 2H). m/z (MALDI TOF (Kratos) MS 977.25
[M+Na]*, 993.21 [M+K]" corresponding to the intramolecular product below.

C\H
~oc
:\H
~
co N—QC
H

Intramolecular condensation product formed in the attempted synthesis of

DMPAPID

5.7 Synthesis of Ruthenium Benzylidene Initiator

PCy,
WGl

| .
u
Cl - T Ph
PCy,
Ruthenium benzylidene initiator

Ruthenium benzylidene initiator was prepared following the published route.'
Benzaldehyde tosylhydrazone (10 g, 0.012 mol) and benzyltriethylammonium
chloride (1.5 g, 6.6 mmol) were added to a 1 L flask containing hexane (75 mL),
toluene (15 mL), a stirrer bar and a reflux condenser. An aqueous 15-weight %
NaOH solution (300 mL) was added to the mixture, which was heated at 70°C for 2
hours. After this time, the aqueous phase was clear and colourless and the organic
phase was dark red. The mixture was then poured into a 1 L separating funnel, half

filled with ice, and shaken until all of the ice had melted. The aqueous phase was
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discarded and the ice-water wash was repeated. The organic phase was then dried
over sodium sulphate and degassed with nitrogen. The resultant phenyldiazomethane
solution was stored overnight at —50°C.,

Dichloromethane (500 mL) was added to a 1 L 3-neck flask equipped with a
stirrer bar and inlet adapter for nitrogen. (PPh;); RuCl, (14 g) was added under
nitrogen. The brown solid was dissolved with stirring and the solution was cooled to
~50°C. The cooled (0°C) phenyldiazomethane solution was then added via
polyethylene cannula to the solution of (PPhs);RuCl, over a period of 10 to 15
minutes. Once the addition was complete, the solution was warmed to —20°C and
tricyclohexylphosphine was added via solid addition funnel over 5 to 10 minutes. The
mixture was warmed to room temperature. Most of the solvent was then removed
under vacuum to leave a thick dark slurry. To this mixture, dégassed methanol was
added (the flask was filled) to precipitate the catalyst. The solids were recovered by
filtration on a medium fritted funnel in air and washed with methanol (3 x 300 mL)
followed by acetone (3 x 200 mL). The solid residue was dried under vacuum. The
final solid was purple in colour and was relatively pure >90%. The catalyst was
further purified by dissolution in degassed methylene chloride followed by filtration
through celite. Most of the solvent was removed under vacuum and the catalyst was
precipitated by addition of methanol. The precipitated catalyst was isolated by
filtration in air and washed with methanol. 'H NMR (400 MHz, CD,Cl,) 6 20.02 (s,
Ru=CH), 8.44 (d, o-H of C¢Hs), 7.59 (t, p-H of C¢Hs), 7.37 (t, m-H of CgHs), 2.62-
2.58, 1.77-1.67, 1.46-1.39, 1.25-1.16 (all m, P(CsHy1)5). °C NMR (125 MHz,
CD,Cl,) 6 294.03, 153.02, 131.14, 129.49, 129.27, 32.41, 29.98, 28.21, 26.89.

5.8 A Typical NMR Scale Polymerisation

Ruthenium benzylidene initiator (10 mg, 0.012 mmol) and DMPCB1IM (0.312 g, 50
molar equivalents) were dissolved in d-chloroform (500 pl and 300 ul, respectively)
in separate sample vials in the Glove Box. The dendronised monomer solution was
then transferred drop-wise to the initiator solution and the mixture was stirred for 5
minutes. The solution was transferred into a screw cap NMR tube, taken out of the
Glove Box and analysed by 'H NMR spectroscopy.  After analysis, the

polymerisation mixture was reacted with ether vinyl ether to terminate the
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polymerisation and left to stand for 5 minutes with periodic shaking. The
polymerisation mixture was then added drop wise to methanol (10 fold excess) to
precipitate the polymer. A cycle of decanting and washing with methanol was
repeated several times and the polymer was finally recovered by filtration or using a

centrifuge prior to drying in a vacuum oven at 30°C overnight.
5.9 Preparative Scale Polymerisation

Ruthenium benzylidene initiator (32.05 mg, 0.039 mmol) was dissolved in
dichloromethane (2 mL) in a sample vial and placed in a 50 mL single neck round
bottom flask. DMPCBIM (1 g, 50 molar equivalents) was dissolved in
dichloromethane (3 mL) and added to the initiator solution in three equal portions at
5-10 minute intervals under vigorous stirring. After the addition was complete, the
mixture was stirred overnight. The reaction was terminated by adding an excess of
ethyl vinyl ether. The mixture was precipitated by pouring into methanol (10 fold
excess). The methanol was then decanted; the precipitate was washed with excess
methanol, and dried in a vacuum oven at 30°C. Finally, the polymer was
reprecipitated from dichloromethane into methanol and dried in a vacuum oven at

30°C for 3 days to give polymer as a brown glass-like gel.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

A series of dendronised monomers of different generations possessing
different chemical structures has been synthesised using the selectivity of the coupling
agent 1,1’-carbonyl diimidazole (CDI). In particular, mono- and di-substituted first
generation polycarbonate dendronised monomers have been synthesised and fully
characterised, along with a di-substituted second generation polycarbonate
dendronised monomer. Two di-substituted second generation polyurethane
dendronised monomers containing t-butyl and 4-heptyl terminal groups were also
successfully synthesised. However, the synthesis of a first generation polyamide
dendronised monomer containing phenyl terminal groups was unsuccessful, due to the
formation of a stable five membered cyclic diimide intramolecular condensation
product.

The NMR scale ROMP reactions of the mono- and di-substituted first
generation polycarbonate dendronised monomers along with the di-substituted second
generation polycarbonate dendronised monomer, using varying ratios of monomer to
initiator, have been performed successfully. It was found that the polymerisations
were well-defined and that di-block copolymer products could be obtained due to the
living nature of the systems. The attempted ROMP of the polyurethane di-substituted
second generation dendronised monomers containing two different terminal groups
was unsuccessful, for reasons that are unknown to the author.

Molecular modelling studies have been performed using the CAChe program.
In particular, modelling was carried out on the di-substituted second generation
polycarbonate dendronised monomer, DMPCB2D, and on poly(DMPCB2D) up to a
degree of polymerisation of 16. It was found that low DP oligomers of DMPCB2D
had an approximately spherical shape, which tended towards cylindrical -as the DP
increased. The polymer at a DP of 16 had dimensions of approximately 10 nm by 4
nm. AFM images of poly(DMPCB2D) produced in a reaction using a 20:1 monomer:
initiator ratio were obtained using a scanning probe microscope MultiMode™

Nanoscope IV. The spin-coating technique and highly ordered pyrolytic graphite as
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the substrate were required to obtain images. The structures were found to be
pancake shaped with dimensions between 30-50 nm diameter and 3-6 nm thickness.
The difference in the shape and size of the structures calculated by the modelling
predictions on isolated molecules and that found experimentally by AFM probably
arises from the addition of solvent to the sample, which results in the polymer
backbone adopting a random coil configuration as compared to the tightly packed
structure predicted by modelling and the presence of structure/substrate interactions
that could have an effect on the overall configuration of the structure at the HOPG

surface.

6.2 Future Work

It is thought that the addition of dichloromethane, which is a relatively good
solvent for these systems, resulted in the dendronised polymer adopting a random coil
configuration rather than the tightly packed cylindrical shape that the modelling
predicted. It may therefore be interesting to vary the type of solvent added to the
polymer previous to AFM imaging, in order to see the effects that the solvent has on
the overall shape of the polymer. In particular, the addition of a relatively poor
solvent to the polymer may result in the polymer retaining more of its tightly packed
structure when viewed by AFM. It would then be interesting to compare the
dimensions of the polymer when it is in a random-coil configuration as opposed to
when the dendrons are tightly packed together resulting in an approximate cylindrical
polymer shape.

It may also be interesting to chemically alter the dendron units along the
polymer backbone. By attaching long alkyl chains throughout the periphery of the
dendrons, it may be possible to obtain a better interaction between the sample and the
AFM substrate, which may enhance the resolution of the images.

More detailed computer modelling studies could also be performed on these
systems in order to take into consideration the effects of both structure/solvent and
structure/sample interactions, which would lead to a better understanding of the

influence such interactions have on the overall polymer shape.
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