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Abstract

Bulk supramolecular polymers offer an attractive strategy for the development of
functional materials. The use of small molecodenomers is of particular interest, because
they maximize the potential of a fully reversible polymer backbone. Howtiearse of small
molecules to generate bulk supramolecular polymers has been hindered by the difficulties
associated with monomer design. In particular, the tendency of small molecules to crystallize
and the lack of understanding of how intermolecular intenas direct the packing of
molecules in bulk, make the rational design of novel monomers challenging.

To explore the potential of metal coordination geometry, the organometallic molecule
CpFe(COPPhCO(CH)sCHs (FpGs) was selected as a candidate for use as a monomer to
prepare a bulk supramolecular polymer. To elucidate the packing motif and potential
intermolecular interactionsrystal engineering of Fp@vas performed. Fpgdorms 5 different
crystal structuredepenling on recrystallization conditions. Crystal engineering rexcthit
FpGs interacts through a variety ofdCH---O interactions and aromatic embraces, which are
influenced by the recrystallization conditions. Depending on recrystallization conditions, FpC
forms three unique orgimensional chain structures in the crystalline material.

When thecrystalline solidstatestructure wa disrupted by melting, FpQlisplayed
typical polymer behaviourugh as the ability to form fregtanding films and filres could be
drawn from the melt. Upon cooling, Fp@ld not immediately recrystallize and instead fedn
an amorphous solid which cout@ molded into a variety of shapes. Powdea}( diffractin
of the amorphous solid revealaddistinctive double peak patte The double peak patter
matchedthe intermonomer distances for a ladder chain structure (identifiadcrystal

engineering) formed by cooperatived G---O hydrogen bond and aromatic embraces.



Differential scanning calorimetry indicatehat no recrysllization occured and that Fpe
underventa glass transition. These results demongtrédtat the @ H---O hydrogen bonds

and aromatic embraces are strong enough to stabilize the chain and prevent crystallization.
However, FpG eventually crystallize@ver time, indicating that the chainvgere metastable.

The mechanical behaviour BpGCs was found to be very rich and complex, as it was sensitive

to temperature, ageing and thermal/measurement hifbgologicalexperiments indicate

that aged Fp&demonstrates viscoelastic behaviour, potentially due to the presence of chain
entanglements.

In order to improve the reproducibility of the mechanical behaviour, the influence of
thermal history on Fpg&was investigated testablish a reproducible initiatate. Differential
scanning calorimetry experiments rewhthat the glass transition temperature of EpC
decreaseavith increasing upper heating temperature and annealing time, suggesting that the
network was not at equilibrium and chamfj@ver time.Based on temperatudependent
PXRD experiments of aged FpGhe decrease ingWwas attributed to the dpolymerization
of the supramolecular chains. Annealing EpCtemperatures above thg ihdicated that the
chains disassemluefaster at higher tempatures. Hysteresis experiments skdwhat no
significant polymerization occted during subsequent cooling or reheating cycles.

FpG (x =5, 8 and 10) analogues with different alkyl chain lengths were prepared to
investigate the effect of alkyl chainnigth. Reliminary investigation revealdtiat the Fp&
analogues also fored bulk supramolecular polymers with the same chain structure as FpC
Additionally, asthe alkyl chain length increasethe glass transition temperature decréase

FpGs and its analgues ee the first reported bulk supramolecular polyméysned via
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aromatic embraces and weak hydrogen bonding and represent an opportunity for novel

monomer design.
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Chapter 1. Introduction

1.1 Overview

The field of supramolecular polymergpolymers formed by intermolecular
interactions) hasprogressed considerabbyer the year$* The initial advancement of this
field occurredn 1997 with the development of a supramolecular polymer basgqdamtruple
hydrogen bonsl between monomersThis bonding motif allowed the monomersaochievea
significant degree of polymiation even in semidilute conditions. Following this
breakthrougha wide variety of intermoleculanteractions have been used to prepassny
functional supramolecular potpers Furthermore, Al i vingo supr
(analogous to living polymerization) has been develppkowing for the precise control of
the degree of polymerizati$if.However, the majority of this progress has involved solution
based systas, which often lose their polymeric behaviour upon drying. Bulk supramolecular
polymers, particularly those formed tsymall molecule monomers, are considerably less
developed Nevertheless, bulk supramolecular polymars an attractiveroute to develop
functional materials that can be processed using established techniques, such as spin coating,
extrusion and thermforming. The Kkey challenge associated witireparing bulk
supramolecular polymers from small molecules is preventing crystallization. qLemgky,
monomer design is vedifficult, because theobility of the monomeas well aghe strength
and directionalityof intermolecular interactions must kmarefully balancedto prevent
crystallization To facilitate monomer desigan extensive undstianding of te intermolecular
interactions irthesolid state is require€rystal engineering has proven to b&uacessfulool

to understand dw intermolecular interactiortrect the packing of moleculestimesolid state.



While challenging, crystaéngineering mayelp toprovide theinsight necessary to further

developbulk supramolecular polymers from small molecules.
1.2 Introduction

Main-chain sipramolecular polymers (SP) are linear arrays of molecules associating
through non covalent interactis, which can be prepared either in solution or in lfsdée

Figurel-1a). >4

a)

Linear Main Chain Supramolecular Polymer C) Network Main Chain Supramolecular Polymer

45%5% A
4 'Z_K _S—J@’Z_K &

Figurel-1a) Schematic representation of supramolecular polymerization. Main chain SP are either linea

in b) or network (as seen in c). Linear SP are formed by ditopic monomers. Ditopic monomers v
complementary endroups form AB type SP. Convelgeditopic monomers with complementary egabup:

form AA BB type SP. Network SP are formed by monomers with more than two associating functional

o 3).

Analogous to covalent polymers, SP possess polymeric properties derived from the presence
of chains, such as viscoelasticity and a glass trangitidgke covalent polymersSP can be
described in terms of degree pbdlymerization (DP) and weiglaverage(Mw) or number

average (Mn) molecular weight The aseciation of monomer through norcovalen
interactions is a reversible procegs/erned by the association constant and concentration.

In order to obtain SP witla high DP, the equilibrium process must strongly favthe

association between monomesgich requiresstrong intermolecular ietactions’ °

2



Initial interest inSParose from the study of supramolecular liquid crystals generated
from the association between two amesogenic compound$!! Early SPhad low molecular
weights and did not display polymeric behaviour such as viscoelasticity and shear thinning.
These early problems were caused by weak association between monomers due to
insufficiently strong intermolecular interaction# 1997 Meijer et al demonstrated the first
supramolecular polymer with a high DP capable of forming even in-didubé solutions.

This supramolecular polymaetilized stronghydrogen bondingKgim = 6 x 107 in chloroform)
betweenself-complkementary ureido4-pyrimidinone (UPy) endgrougs, produced byfour
compkmentary hydrogen bond$®* The resulting material displayed typical polymeric
behaviour and its properties could be tuned by adjudiiegtemperaturé. Thanks to
considerable progress in supramolecutdremistry, a wide variety of intermolecular
interactions have been harnedg® formSP in solutiorsuch & hydrogen bondint?° halogen
bridging?! metatmetal?*?® metatligand?%2° and aromatic interaction®33 and host guest
motifs.3+% It is cammonly observed thatifferentinteractions work cooperatively to hold the
chains togethet®>® Furthermore, a strong understanding of polymer kinetincs growthhas
been developetf: 4°48 This has éd to thediscoveryof living supramolecular polymeration
(analogous to chain growth polymerizatioallpwing for the preparation of monodispeiSE
and precise control of D Despite these impressive advances, most solution SP lose their

polymeric behaviour upodrying.
1.3 Bulk Supramolecular Polymes

Bulk supramolecular polymers (BSP) refer to SP which can be formetheby
association of monomers the solid state. BSP are attractive as functional materials that can

be processed using established techniques, such as spin coating, extrusion aritthmengro
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In contras to solution SP,BSP aremuchless developeddue to the difficulty in monomer
desgn. Monomes for solution SP are easier to design because solvents can be used to
moderate the intermolecular interactions and provide the mobility for the monomers to
assembleln contrast, monomers for BSP are more challenging to develop becatise of
following restrictive monomer requiremerfs

(1) The monomers must have sufficient mobility to assemble in bulk.

(2) The intermolecwdr interactionsnust besufficiently strongand directional to form

and stabilize the chains

(3) The monomersr assembliesannot cystallize.

Developing a monomer which fulfills these requirements is challenging because by
attempting to meet one requirement, another may be adversely affe@ed.example,
increasing the strength of intermolecular interactions of a monameey alsoincreaseits
tendeng to crystallize andeducdts mobility.*® Two general approaches have been developed
to desigrmonomes for BSP? Oneapproach is the use of macromononfdviacromonomers
are prepared by thenctionalizaion of covalent oligomersvith associatinggndgroups. The
use of macromonomers first involved the functionalization of polydimethyksile oligomers
with seltcomplenentaryUPyendgroups® Following this approach, different oligomers and
end groups have been combined, resulting plethora oBSP.>*¢° This approach has proven
very successful because the incorporation of the cowaldunded oligomer makes
crystallization challenging and provides mobility to the monofmer.

The alternativeapproachis to use carefully desigdesmall moleculs. While
challenging, the smatholecule approach to generating BSP is desirable, because it maximize

the potential of a fully reversible backbone. The ability to completely disassemble the main



chain into small molecules allows tpeocessing of these matesab be easier compared to

their covalent polymer counterpartsin addition, the selhealing ofSPfrom small molecules

tends to be more efficient, due to the higher mobilitioaf molecular weightmonomerg?: 61

Lastly, he useof smaltmolecule monomers introdugsignificant order in one dimension,
which has been shown to be responsible for imparting unique optical and electronic properties
into certainSP! There are two general categories of main chain B&fned from small
moleculeslinear chainsand network. The progress to date of both linear and network main

chain BSP from small molecules is summarized below.
1.3.1 Linear Main Chain Bulk Supramolecular Polymers

Linear main chairBSP from small molecule@=igure 1-1b) arose from the research
into supramoleculammesogensor liquid crystals® Supramolecular mesogens were first
prepared bymixing two different non-mesogenic monotopic rfexules withcompkementary
functional group.2®*! Mixtures of these molecules exhéal thermally stabldiquid crystalline
phass, demonstrating thatcomplexation had occurred®!! Following this work, the
complexation of muitopic molecules was used to prepare supramolecular mesaganh
are considered to be the forerunners of B®R small molecule$?®* It was observed that
the anisotropy in liquid crystals assdtthe association of the monomers into the linear
assemblies increasing the BP.

The first linear main chain BSP was reported by Lehn and cesf®’ ThisAA BB
type supramolecular polymer was based on the association otdimplenentary non

mesogenidlitopic monomes 1 and2 shown inFigure1-2.6667
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Figure1-2 AABB type supramolecular polymer formed by compoudrahd?.

The 1:1 mixturesof 1 and 2 were prepared by dissolving the compounds in
tetrahydrofuran (THF), and themmovingthe solvent by evaporatiotdpon meltingthe
resulting crystalline materialstable mesophasefermed betweenslightly below room
temperature to above 20CQ. The formation of mesophases is a direct resutbofplexation
of the monomerghrough hydrogen bonding which was confirmed through Fourier transform
infrared spectroscopy THR). These mixtures were describesl laighly viscous glues that
formed fibres upon sprdang, which is typical polymelike behaviourX-ray diffraction of
the mixtures indicatithat they fornedhexagonal columnar mesophaskss work pioneered
the useof low molecular weight or small molecules for the preparatioBS®P. While these
mixtures were viscous and displayed liquid crystalline behaviour, the mixtures crystallized and
did not undergo a glass transition.

Mixtures of noamesogenic bispyridylsnal diacids were shown b@riffin et al. to

form BSP®2 %874 Mixtures of these ditopic compounds resulted in AABB tgfe
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Figure1-3 a) Ditopic diacids used as hydrogen bond don®+s) @nd ditopicbispyridyl used as hydrogen bc

b)

acceptors&-7) b) lllustrative chain structure formed by hydrogen bonding between diacids and bispgbidy! (

ande6).

For example, whilendividually neither compoun8 nor 6 displayediquid crystalline
behaviouy their resulting mixtures di& This behaviour was attributed to the formation of
supramolecular chains as showirigurel-3b. Below the clearing temperature (isotropization
temperature) of the liquid crystalSTIR spectroscopgonfirmed the presence of hydesy
bonding between the pyridgroups of compouné and carboxylic acid groupsf 3.5 The
proposedhain structure was supported by small angl@yxscattering (SAXS) experiments
thatshoweda peakcorresponding to the length of the repeat Uniiflixturesof 3 and6 (1:1
ratio) were characterized by differential scanning calorimetry (DSC) and were found to

crystallize upon cooling, indicating th&Pwereformed between the melting temperaturg)(T



and the clearing temperatuffe/t Further DSCexperiments reveetl that a mixture of 3b/6
could exist as a metastable supramolecular polymer below its melting temperature; however
the mixture still crystallized upon coolifg

The rheological behaviour of mixtures2i#/6 in different ratis was invetigated®® It
was found that as the mixtures were cooled below the isotropization tempetestueenas
significant increase in the storage modul us
reflecive of structuref® As the sample was cooled furthar p | at evaswbsdrvedInG 0
theory, as the temperature decreasesPP@a nd GO  selasg bolweler thismas not
observed. It was suggested ttieg dynamis of the tydrogenbonds weretoo rapidto be able
to measuretie elastic nature of the dha, implying thatthat the chainsvere breaking and
forming too rapidly to impart polymdike mechanical behavio(?.

These mixtures were prone to crystallization, because the hydrogen bonds were too
weak to hall thechairs together at thihigh temperattes, resulting in a loMdP. To prevent
crystallization, low temperatures were needed so that the hydrogen bonds would be strong
enough to achieve a high DP and stabilize the clidin.delay crystallization long enough so
that a high DP could be achievéxuilk substituents were added resultingampoundg and
5. 2 The chlorine substituents significantly depressed the recrystallization temperature and
made cryst al | iWhant moeeaohlorine duhstifugntssere caddedthe more
apparent these effediecameBSPprepared from mixtures &fand7 were the most successful
at displaying polymeric behaviour. DSC demtratedthat 1:1 mixtures o6 and7 did not
recrystallize during cooling and a glass transition was ol#taihewever, these mixtures

underwent cold crystallization upon reheat{figure1-4a).”
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Figure1-4 a) DSC thermogram for a 1:1 mixture of compodnand7. b) Complex viscosity as a function

temperature of a 1:1 mixture of compouldsnd?. Images reproduced with permission from referefe

Plots of the complex viscositygX) vs. temperature shada slow gradual increase in viscosity
as the tempetare was decrease@Figure 1-4b). Thiswas attributed to the elongation of the
supramolecular polymer chairss the temperature salecreasetthe hydrogen bonds beoa
more effective at holding the chain togetfeFurthermore, fibes could be drawn frorthis
mixture between 6%C and 105C, indicatingthatthe intermdecular interactions we strong
enough to hold the chains together at this temperature.

Replacing the chlorine atoms in compoundith a methyl group also resulted in a
supramolecular polymer when mixed with compouriéFibresweredrawn from the resulting
mixturesindicating the presence of supramolecular polymer ch&iray scattering revealed
that thesechains orientatkduring fibre formation demonstrating the chamemaired intact
during shear orientatioff. Another approach to slow crystallization was to introduce a third
norrmesogenic monomer with a kink confeation mixed in various ratioS.While these
systems displayed ligdicrystalline behaviour and slow crystallization, no glass transitions

were observed® Additionally, random supramolecular @mlymers weregenerated from



mixtures of compoun@ with 3-methylalipic acid andcompound?.”® While the monomers
were noAmesogenicthe mixtures exhibitediquid crystalline behaviour demonstrating the
formation of supramolecular polymer chains. Despite being randoypolgmers these
systems crystallized up@oolingand no glass transition walstained demonstrating that they
were not stablg®

The exploration oBSP formed by mixing diacids and bispyridyls formed the basis for
the futuredevelopmenif BSP. In particular, this work highligid the tendency of small
molecules to crystallize ankdustrated the use of bulky substituents and multiple monomers to
make crystallization difficult. Furthermore, this work establisiitbe need forstrong
intermolecular interactions gorevent crystallization and increase the integrity of the chains.
In theseBSPonly one hydrogen bond was usedibk monomers, whiclvas ultimatelyunable
to prevent crystallization.

A series of AA BBtype SPwere designethased on 1:1 mixtures betwediacids 8-
9) and azopyridine derivativg40-12) as shown irFigure 1-5.”® The BSP were prepared by
melt mixing the diacids and azopyridine derivatives in a 1:1 ratio under an inert atmosphere
The resultingBSPoften displayed monotropic liquid crystallinelmviour and in soe cases
vitrified upon cooling’® In general, a increase in the length of a mesogen resulted in a
concomitant increase in phase transition temperature. As the flexibility of the spacer was

increased, the phase transition temperatures decréased.
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Figure 1-5 Ditopic diacids used as hydrogen bond don88)(and azopyridine derivatives used as hydri

bond acceptorsl(-12)

A BSP with excellent stability and mechaniqabpertieswas prepared from3 by
Meijer et al (Figure 1-6a)>° FTIR indicated theselfassociationof 13, through the
characteristic absorptions of hydrogen bonded UPygeadps, demonstrating thhB formed
a supramolecular polymer in bulR.DSC reveaéd that the thermal behaviour df3 was
atypicalfor small molecule (Figurel-6b). During thefirst heating cycle compournt3 melted
at 112 °C (large endotherm); however, no recrystallizaties observed during cooling or
reheating After melting, compound.3 was difficult to recrystallize despite anneaiat 100
°C for 3 hours. Phenyl groups were added to the UPy groag taf disrupt hydrogen bond
formation and subsequent supramolecular polymerizatiomrd$uling compound displayed
typical smalmolecule behaviour and crystallized rapidly. This ss@gkthat when first
synthesized compouridB was crystalline; however, upon melting, compoli3dssociatd to
form a supramolecular polymefFurthermore, the steric effect of the supramolecular chains
and their integrity (monomers do not dissociatepsegedcrystallization®® A glass transition
was observed upon cooling and subsequent reheating at 2big@e 1-6b). Rheological

investigatiorof compoundL3in the bulk reveada rubbery plateau below 70 {Eigurel-6c).
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Solid state nuclear magnetipesonance NMR) spectra indicate that there were no
microcrystalline domains present in the amorphous compd8unith the absence of physical

crosslinks, the presence of a rubbery platéadicated chain entanglemen.
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Figure 1-6 a) Supramolecular polymer formed by the se$ociation of compountB3 via UPy endgroups. b
DSC thermograms for compouriB. ¢) Storage moduli o3 at different temperatures. Images b) an

reproduced with permissiondim reference 50. Copyright 1999 American Chemical Society.

This work demonstrate that small moleculesan form BSP with appreciable
mechanical properties. Furthermailes work demonstratethatmonomers must be heated to
provide mobility so thatsupamolecular polymerizatiorcan ocaur. Lastly, this work
highlightedthe critical importance of using sufficiently stromgermolecular interactions, so
that oncethe chains wee formed the monomers we sequesterednd unable to crystallize.

The steric #ect of the chains also assist@dsuppressing crystallization.
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A detailed investigation of glasses formed3Rprepared from low molecular weight
monomers was reported by Lacoudtel. This work investigated the resulting glasses formed

by mixturesof compoundl4 with compoundd5and16 (Figure1-7a).”’

N

a) b)
o] (o]
OO by L
14 ‘ - ’ -

16 a,R=(CH,),

b, R =(CH,)3
¢, R=(CHy)y .
d, R = {CHa)ro 14/15 (1:1)
NF # SN -~ ——
Ny ‘ S | e,R= f!R:‘< >7 g,R=
15 15
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40 80
temperature / °C

Figure 1-7 a) Structure of compoundst-16 b) DSC thermogram for compoundg and 15 as well as the

mixture (1:1 ratio). Image b) reproduced with permission from reference 77.

Unlike pure compourgil4 and 15, their 1:1 mixture resultesh a transparent stable
glasswith glass transition at 9 °Qrigure 1-7b). Notably, the 1:1 mixturedid not undergo
crystallization even when using very slow temperature ramp rates (1 °C/min) indicating that
the resultingSPwere stable” The formation of hydrogen bonds between compsuddnd
15was confirmed by FTIRnd the stability of the glass wattributed to the strength of these
hydrogen bonds. To investigate the influence of the spacer on the glass tracsitipaund
16ag werepreparedincreasinghe length of the alkyl spackwered theTy, because of the
increased mobility of the alkgpacer.’ Conversely, introducing @more rigid aromatic spacer
resulted in a highergl'Lastly, mixtures prepared from thgaraisomer had a highergthan
the ortho or metaisomers.The influence of the structure of the monomer on thé&twell
with empirical relationships deloped in the field of polymers.

An excellent example ad linea main chain BSP prepared frocarefully designed
monomersl7 and18 (Figure1-8) was reported by Rowaet al.’®"® This system harnesséhe
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well-known complenentary hydrogendmding between thymine and adenine to prepare an

AA BB type supramolecular polymé&igurel-9a.

oﬁn{w,}f (= )= QO{CH&:&O

Figure1-8 Chemical structure of compountig and18.

The rigid spacer washosen in order to impart liquid crystalline properties as well as
fluorescence to the resulting supramolecular polyth€r.To prevent selflimerization, he
adenine moiety on compouriB was modified with R-anisoyl to increase theydrogen
bonding ofthe adenine moietip the thymine moiety on compound.’®”® When compounds
17and18were mixed in a 1:1 ratio, the mixtures did not crystallize upon cooling and displayed
glass transition temperatures, indicative of SP ché&iigsi(e1-9b, c).”®"°

Furthermorea viscous birefringa® phase was obtainexd the mixtures were cooled
after aninitial heatingcycle (Figure1-10a, b). Upon further coolingthe viscous birefringent
phase vitrifiedThis behaviouwas attributed to the supramolecular polyrakains formed by
the hydrogen bonding betwedid and 18.”%7® WAXD analysis of the vitrified birefringent
phase identified low angle peaks which correspdntb the proposed length of the
supramolecular polymer repeat unit in a smectic ¢ arrangemerghaimestructure was further
supported by FTIR experiments as well as nuclear Overhauser effect (NOE) experiments in

solution.The viscous birefringent phase suaever observed during the initial heating cycle of
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a 1:1 mixturgeven if the mixture waobtaned from a solutiongand wa only observed during

subsequent heating and cooling cycl&his suggestedthat tre birefringent phase only

occurredafter thethermalbulk supramolecular polymerizatiofi the monomerg®’®
a)

== {CHZ}J«>_\_210
b) )

f\ M {
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Figure1-9 a) Hydrogen bonding between compoudsaind18. b) DSC thermograms for compouhda, 18¢

and their 1:1 mixture. c) DSC thermograms for compouritts 18b and their 1:1 mixture. Images b) anc
reproduced with permissiondim reference 79.

Fluorescent fibes could be drawn from the méRigure1-10c). The authors propode

that the assembly of compowntl7 and 18 into supramolecular chains increasthe@ aspect

ratio of the assemblyompared to the monomers. Thiabilized the assemblies, sinteerigid

high aspect ratio chaingould have difficulty packing into a crystal latti¢&’®
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Figure1-10 Polarized optical microscope images of the birefringent pliasaed bymixtures of acompound
17aandl18aandb) 17band18h. Images reproduced with permission from reference 78. c) Image fibre

from a mixture ofL7aand18b. Image reproduced with permission from reference 79.

This work demonstratehow the careful design of monomers can produce stable linear
main chainSPthat can fornfibres and a glassy state. Furthermore, additional properties can
be incorporated into the spacer (i.e. fluorescence). Lastly, this pgbdightsthat the steric
effect of the chain structure can also be a fart@uppresimg crystallization.

All the examples discussed thus far incorpatrafgacers in between functional groups.
These spacers impadmobility to the monomers and asedin suppressing crystalkion.
Linear BSPs fronspacefless monomerare quite rare. One such example, is compdi®ad

reported by Araket al®®
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Figure1-11 a) Chemical structure of compoudd. b) Proposed chain structure formed by compol@dc)
Fibre of19aformed by melt spinning. d) Chemical structure of compd2mae) Chain structure of compot
20 with an intermonomer spacing of 0.47 nm. f) Chain structure of copolymer forme&tDagprd b. Image

reproduced with permission from references 80 and 81.

Compound19a was able to fornflexible fibres by melt spinningFigure 1-11c).
Crystal engineering was performed to determine thench@iucture responsible for fib
formation. Unfortunatly, single crystals suitable for-day diffraction could not be obtained
from compound 19a Consequently, compound9b was prepared and successfully
recrystallized. As shown ifrigure 1-11b, compoundl9a formed tapelike chains in thea
crystallographic tlectioninduced by hydrogen bonding between molecife&Sompoundl9a
and 19b had the same IR spectral pattern for the amino stretching and deformation modes.
Consequently, the authors attribditbe fibre formation of compound9ato the same chain
structure formed by compouri®b.® X-ray dffraction of the resulting fites reveatda peak

corresponding to a repeat unit in the proposed chain strudtensile testing of the files
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reveaedthey hal a tensile strength of 1.910.41 MPa at ambient temperatuBC analysis
suggestdthese filbes undergo crystallization and no glass transitias observeé

Another interesting spacégss systenbased on20 is shown in Figure 1-11d.8?
Compound20 was able to fornafibre via melt spinning®?> Mixtures of @mpound 20aand
20b were prepared bfjrst dissolving the monomers in chloroformdithenevaporating the
solvent. The mixtures were heated to 150 °C and extrifde@he tensile strengtof the
resulting fitres was foundd decrease with increasingplefraction of compoun@0b. When
the moek fraction of 20b was increased past &) fibres could not be obtained his was

attributed to a lower degree of polymerizatisimce20b couldnot form hydrogen bonds with

itself. X-ray diffraction ofthefibes r eveal ed peaks at 2d = 18.

axis of the filse which correspondetb the proposed chain structure showFigurel-11e,f8?
The IR spectra of mixtures @aandb showedthat both monomers werincorporated into
the chainWhile no glass transition was obseser the mixtures, fibes could be obtained
which had a measurable tensile strerfgtBoth of the spaceless systemslescribed above
usal long flexible substituents to provide mobility the moomers and delay crystallization
While these systems coufdrm fibres, no other polymetike behaviour wasbsened, such

asviscoelastigty or a glass transition.
1.3.2 Network Main Chain Bulk Supramolecular Polymers

Network main chain BSP were developed concurrently with linear main chain BSP.
The research was driven in part by the need to addrepedhenechanical propertieslinear
main chain BSP and their tendency to crystallizetfin et al.expanded on présus workby

increasing the number of hydrogbandsbetween components to incredbe polymesike

18
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behaviour. Consequentlgpmpound20 and21 (Figure1-12a) were mixedwith compound

3ato create spramolecular polymer networks.
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Figure1-12 a) Chemical structure of monomeét8-22. DSC thermograms for 1:1 mixtures 2 and3ab) anc
1:1 mixturesoRland3ac) . Traces fAad and fAibo represent no
Afco and Ado represent heat i ng°CaRhatographsof fibrasgornteg ly

mixtures of20and3ad) and 1:1 mixtures &1 and3ae). Images ke reproduced with permission from refere

69. Copyright 1995 American Chemical Society.

These systeswere prepared by melt mixing compouritsand3a or 21 and3a. As

the temperature was decreased, FTIR confirmed complexation betweelyrithd pnd
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carboxylic acid groups and a concomitant decrease in the adsorption of the carboxylic acid
dimer was observed. This behaviour indiddteat as temperature decreddhe dissociation

of the hydrogen bondsvas slowed and complexation between mmers increask®
Excitingly, fibres could be drawn from the melt as the temperature wasédwethich could

not be done with mixtures prepared fr8rand6.%°

Heating from room temperatyr2d/3a showeda broad melting endothersuggesting
that the sample becarniquid-like over a broad temperature rar{§eure 1-12b). While the
samples would crystallize during coolingcrystallization could be suppressed by cooling
rapidly. Interestingly, when the sample sveooled after heatgnat 200 °C, crystallizatiowas
suppressed. Uponeheating, a glass transition sveobserved and followed by cold
crystallization (Figure 1-12b). Mixtures of21 and 3a did not recrysallize on cooling but
undewentcold crystallization upon heating. Whileese mixtures did not diksy viscoelastic
behaviour, filbes could be drawn from the melt and the mixtures could form glassy.stais
demonstrate that the use of more hydrogen bonds and the formation of a network idprove
mechanical properties and hetfio suppress crystallizatid.

Further investigationsevealed that the thermal behaviaeir networks formed by
mixing 21 or 22 with 3, wereaffected by the number of heatbol cycles and the length of
time the monomerspent in he isotropic melf? As the number ofieatcool cycles increased
the crystallization during cooling was gradually suppressed cold crystallization increased
during heating. When a mixture 81 and3awas kept in the isotropic melt for longeeriods
of time (1h, 3h and 21h), it behaved more like a system it had undergone multiple heat
cool cyclesSince ageing at roo temperature haab effect on the thermal behavioarcertain

amount of energgusthavebeenrequired for the reorgaration of the network? Once given
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enough thermal energy the monomers rearrdmg® a more stable network structuteat
suppressdrecrystallization. Therefore, the longer the time spent in the isotropictheethore
time the monomers kido rearrange into the most stable structémiso, networks produced
from diacids with shorter spacers and parapyridyls resulted in more crystallinity and required
more time in the isotropic state to suppress crystallizafidrhis work highlightedthe
importance of spacer length and geometrical arrangement of the interactions on the suppression
of crystallizaton. Also, this work demonstratéltat supramolecular polymer networks require
significant time in the isotropic melt to achieve a stable state.

Kiharaet al prepared a series of network main ch@ibased on the combination of
a nonmesogenic ditopidH-bond dono with a series of nemesogenic tritopicH-bond
acceptorgFigure1-13).83 These mixtures were prepared by mixatgichiometric amous of
the Hbond donor and acceptons pyridine. The solution was evaporated under reduced
pressure and the resulting solid was drieavacuum for 24 hours. Upon dryintpe mixtures
displayed liquid crystalline behaviour indicay that the material eintained its
supramolecular polymer natureTIR of the bulk samples confirmethe presenceof
intermolecular hydrogen bon&$The thermal behavio of the dried mixtures revealddat
the mixtures underenta glass transition during cooling and reheatinigh the exception of
a mixture of 23 and 2822 All samples exhibited some crystallization during cooling and
reheating, limiting their use as potents® Theauthors attributéthelack of a glas trangion
and crystallizatiorwith a mixture of 23 and 28, to the symmetry o8, which facilitates
crystallization®® Only one hydrogen bond was used to connect monomers, which likely

contibutedto the tendency of the mixture to undergo crystallization. ilnjgortant to note
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that this work demonstratedhat monomer asymmetig an important factor to suppress

crystallization.
a) W 7\>ﬁ\ : O::T:{Hro - b) 23i24
23 \< />
HG/G@\ Ho” Kj/o\t O/Q\o 23125
J/ ° J/ J/ 25 Q\OVQ . /r ) 26 DIQ 23126
[e]

23/27

5O
5O

[SRY Y

T/°C

-
SO

.

é L

§_

28

Figure1-13 a) Chemical structure of compoung3-28 b) DSC thermographf®r 1:1 mixtures of monome23

with monomer24-28. Image b) reproduced with permission from reference 83.

After using crystal engineering to establish thgdrogen bonding motifs of
aminotriazing?*8® Wuestet al prepared a series of monomsh®wn inFigure 1-14a.8” Each
monomerhad fouraminotriazinefunctional groups each with two binding sites capable of
forming two complementary hydrogen bondBigurel-14b). After an initial cycle of melting
andsolidification, the monomers fored an amorphoumaterial which was in thglassy state
and underwent a glass transition. The use of longer alkyl chains resulted inTipaed
melting temperatures. When the amorphous melts were characterized under steady shear stress
Newtonian behaviour was observettass all temperatures and stresses. It was found that

increasing the length of the alkyl chain reducedvibeosity, possiblydue to the disruption of
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hydrogen bonding due to the sterfteet of the alkyl chaing’ Theseresults demonstradean

improvenentin the mechanicgbropertiesupon theaddition of multiple hydrogen bonds.
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Figure1-14. a) Chemical structure of mononi&®. b) Intermolecular interactions between the aminotri:

functional groups

An excellent example of functional network BSP was reporteldeiifyler et al*® This
network BSP was composed a mixture of complmentaryditopic and tritopic monomser
(Figurel-15a), which resulteth a thernoreversible supramolecular polymer whitisplayed
rubber behaviour andelf-healing propertie®’ The tendency of small molecules to crystallize
was overcome by using a mixture of small molecules with different associating end groups.
Furthermore, the strong directional intermolecular interastiand the entropy of mixing
helped to stabilize the chain structaned prevent phase separation of the monorfieThe
resulting mixture of compounds was shown to be comprised of oligomers through a
combination of NMR, size exclusion chromatography, @mdnsic viscosity measuresnts.

FTIR spectroscopy confirmetthe presence of multiple hydrogen bonds betwe&nHNand
C=0 moietied® DSC and Xray scattering confired that thematerial wa amorphous. This

network BSP displayed a glass transitiog €128 °C) and at 90 °C the material behaved like
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a soft rubber. The material was ablerébdurn toits original dimensiors after 100% strain

deformation. To lower thegl'the mixture was plasticized with dodecane (11% w/w). At room

temperature Jte plasticizednaterial exhibitedubber behaviour as ibald achieve high strains

(Figurel-15a). The material auld almostcompletelyrecover the straiduringcreep recovery

experimentgFigure1-15Db).
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Figure1-15a) Network supramolecular polymer based on a mixture of tritopic and ditopic mondm&ses

strain curve for the plasticized network. c) Creep experiment for plasticized network with an applied
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The material was able to elongatatmaximumstrain of 500% at breakurthermore,
the netvork BSP was able teeturn toits original dimension even afterstrainof 300 %. The
plasticizedBSPwas able to setheal by holding the pieces together at°’20 As shown in
Figurel-15c, even after holdinthe pieces together for only fifteemnutesthe sample could
be deformed almost 200.%fter 180 minutes of contact timihe material headto its original
strength. The seliealingwas attributed to the dissociated egiupsthat could easiy re-
associate when the piecesraidrought back inteontact?® This wa achieved thanks to the
dynamics of the nowgovalent interactions as well as the small size of the oligomers forming
the network since tlyehad better mobility than traditional polymetS.

A network main chain BSP with excellent functadity was reported by Wedet al®*
This network BSP was based on a tritopic monomer which was functionalized with three UPy
endgroups(Figure1-16a). The monomers could be trapped in the amorphous network glass
due to the high concentration of UPy egrdups and crosinked nature of the network, which
lockedthe monomer#n the bound stat®. These characteristics hindered molecular mobility
thereby significantly reducing the tendency of the monomer to cryst3iliparing the first
heatng cycle this material displagd an endotherm attributed to the melting of crystalline
regions Figurel-16b). After melting,powder Xray diffraction PXRD) showedonly diffuse
diffraction and sibsequent heating and cooling cycles stwwo recrystallization or dd

crystallization. h addition, a glass transition wabserved at approximately 1%0.
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Figure1-16 a) Complementary hydrogen bonding between UPy groups of comB@ubylDynamic oscillator

experiments for compourgDat 150°C. c) DSC thermograms for compoud@ Images b and ¢ reproduced v

permission from reference 61.

The material coulthe melt processad a mouldby heating to 200C and hen cooling

to roam temperatureCompression moulding at 148& (5 tons, 5) resulédin selfsupporting

films which could be tested lynamic mechanical analysiSfIA). DMA demonstrated that

the material disiayed a glassy statevith a modulus of 3.65Pg up to 125°C. Rheology

experiments at50°C, shovedt h a t
viscoelastic behaviouiFigure 1-16c). G6 and
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temperature increased the equilibriunswgaifed to thaunassociated statAs the sample wa
heated through the glass transition, the dynanaiduli( GO a rdecre&sédfdoyeverthe
network adhesion increasedbove T, whichrevealedhatthe UPyassociationdidn ot A s wi t ¢ h
of f 0 % stemadthE equilibrium betweerbound and unbound statelsiftedtowards
the unbound staf. The materihdisplayed interesting stimutesponsive behaviouwWhen
exposed to UV lighttheUPy groupggeneratd heatlocally, causing the mnomergo shift to
unbound state¥ This cause de-bonding (in the event the materiabs used as a glue) and
selthealing. The novelty of this materiafas that it was stiffethan any previously reptad
supramolecular polymer and svable to heal extremelgst. The triptopic UPy design proved
extremely successful in preventing crystallization and imparting polymeric properties such as
a glass transitigmability to formsefs uppor ting fil ms and frequen
The material displasd optical stimuli-responsiveness due to the generation of heat by UPy
end groups when exposed to UV light.

In summary, BSP from small molecules are challenging to research, but have
considerable potentiasfunctional materialsBSP from small molecules typicalhgquire a
cycle of heating to provide the monomevgh the mobility to associate into the chain.
Consequently,hte key challenge associated wBISP from small molecules is preventing
crystallization during cooling and subsequent reheating. Crystatlizatin be prevented by
using strong cooperative intermolecular interactiorsetpuestethe monomers into the chains
Another approach is to incorporate bulky substituents in the monofmathermore, the
overall symmetry of the monomer has been showhatee a significant role in preventing
crystallization. The steric effe¢ite. bulkinesspnd crosdinked nature of network main chain

BSP significantly increases the stability of the resulting material. Consequently, network main
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chain BSP often displasuperiormechanical behavio@scompared to linear main chain BSP
Successful monomer design requirsgecial attention not only tahe intermolecular
interactions and mobility of the monomer, but getnypas well. Due to the coplexities of
monomer degn, monomerdave beetypicaly developed from previously wedistablished
intermolecular bindingnotifs (such as UPy, thymine and adenine). Consequently, atioov
of new monomers based oavel binding motifs is almost neaxistent becaus®f thelack of
understanding oliow intermolecular interactions in bulkork to create packing motif3o
overcome this barrier, techniquesich provide direct insight into the sohgtate packing

motifs of moleculessuch as crystal engineerimggedio be empdyed in monomer design.
1.4 Crystal Engineering

Supramolecular chemistry involves the study of molecular assemblies and the
intermolecular interactions which hold them together. The field of supramolecular chemistry
has grown to involve the sedissemblyor selforganization of molecusanto larger arrays or
structures through setecognition®® Crystallization of organic compounds is a sessembly
processwhich involves the selbrganization of molecules through roavalent interactions
into large &tended array®’ The resulting molecular crystals are considered to be perfect
fisupermoleculds since they are the product of the selfognition of many molecules
organized by their intermolecular interactiGfg! Analysis of thesinglecrystal strutures can
then provide valuable information about how the intermolecular interactions between
molecules direct theselfassembly into the final sokstatestructure’® This is accomplished
by careful consideration of intermolecular distances and abgtesen adjacent molecules or
by computational methodd. Thus crystal engineering is described as the study and

understanding of intermolecular interactions for the purpose of batfoassembly of solid
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state structures by the selection of the appraprialecular building bloc®+% Therefore, a
chief goal of crystal engineering is to identify the intermolecular interaction(s) or
Asupr amol e c,which linksshg malelsutes io th@nglecrystal structure together
so that suitable molecular itding blocks can be select@8 ®®

Spectroscopic techniques are effective at identifying a variety of intermolecular
interactions in solution arntthe solid stateAs highlighted in the previous section, a variety of
spectroscopic techniques such as FINRIR and U\-Vis are routinely used to identify
intermolecular interactions solution andhe solid stateHowever,spectroscopic techniques
often struggletodetec iweak o i nt ed H-eQ hydrageshondisgespbciallys C
in the solid staté® X-ray diffractionis one of the mosteliable method to obtain direct
information about the intermolecular interactions in the solid stadiegs commonly usedo
confirm the intermolecularbonding motifsof molecules’ The chief difficulty of crystal
engineerings obtaining suitable single crystals fofrXy diffraction?” Neverthelesscrystal
engineering has elucidated hoiwtermolecular interactions direct theorganization of

molecules irthesolid state’®
1.4.1 Weak Hydrogen Bonding

Hydrogen bonding has been recognized as perhaps the most important fahd use
intermolecular interactignsinceit plays a critical role in almost every biologiqalocess®
Tharks to the strength and directionality of the hydrogend it is a usefulsynthonto direct
supramolecular assembli¥sAs shown irFigure1-17a, he hydrogen bond consists of a donor
referred to as & H and an acceptord\ Y .% As defined by Steiner ar®henger, the hydrogen

bond is fAany ¢ dHe-#A where hydrogerecaraes & positine aXd A carries

anegative (partial or full) charge®pueth t he
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the long range nature of electrostatic interagidnis possible forhydrogen bondingo be

bifurcated or trifurcateds shown irFigure1-17b.

a) b)
Bifurcated Acceptor
/ H—X
Y—A<]
Y— A\\D TSH—X
d~ g s Bifurcated Donor

HE e

X— H<_ .
TA—Y

Figure 1-17 a) Structure of hydrogen bonding between a proton doneHjXand an acceptor €AY). The
hydrogen bond is described in terms of the distance between hydrogen and at@spidrdistance), the dor
hydrogen bond length dthe donor angle, ard the distance between acceptor and donor. b) Two structt

bifurcated hydrogen bonding.

The hydrogen bond can be described in seoimthe distance between hydrogen and
acceptord (bond distance), the donor hydrogen bond lengtihe donor anglal, and the
distance between acceptor and ddddf 1°°Thanks to crystal engineerin,w e @ydigen
bonding suchas @ H---O, began to gain widg@read acceptané®:1% The use of distance
cut offs is generally discouragé®'°* however, the length o€d H---O hydrogen bonds
generallylies within 2.0 <d < 3.0A or 3.0 <D < 4.0A .96 100, 10809 |n c3 H---O hydrogen
bonds, the donor acidity strongly influesd@earity. The more acidic the donodCH is, the
more the hydrogen bond angle tends to approach 8. However, weaker & H---O
hydrogen bonds are easily distorted and have bond angles witlir #k0 18P, %6 104105, 110

Like other hydrogen bonds,dCH---O hydrogen bonds are cooperative, nieg the energy
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of an array of hydrogen bonds is greater than the sum of the individual SdReisently it
was demonstrated that the squpl@nar amphiphilic Pd(llcompound31 (Figure 1-18a) is
able to seHassemble into supramolecular polymer chaiasCd H---O in solution which

could form hydrogels in water after ageing for two wedkg(re1-18p).11+112

Figurel-18a) Square planar palladium compowdidb) Hydrogel formed after ageing for two weeks. c) Stru

of compound31in the solidstate. Analysis of short contacts (drawn in light blue) reveals that the monome

a fibksahnadk e 0 e mb r adcHe--Odnteractians d) Clyain Structure fordnby compound®1 generate

by repeating hangdhake embraces. Images reproduced with permission from reference 111.

Single crystalX-ray crystallography 081 revealed that the packing tife palladium
complexwas driven by multiple & H---O interactiongFigure1-18c, d).}**12 Consequently,
compund31packs in a slipped fashion along the long axis of the molecesdeilting in a one
di mensi onal chain s t-srhuackt eudr e d@ndidmmd doge&isH--HOy
interactions and assisted by ba@tomatic interactions anddCH---Cl interactions(Figure

1-18c,d).***112 This progress highlights the ability of cooperativé B---O hydrogen bonds
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to form and stabilize chain structures in solutions. Despite this important step forward, the use

of Cd H---O hydrogen bonding to form a bulk supramolecular polymer remains unexplored.

1.4.2 Aromatic Interactions and Embraces

There are two general types of aromatic interacttbas depend othe geometry of
the interactionsoffset faceto-face (OFF)nteractiors (Figurel-19a) where the dihedral angle,
U, between r and gdgdo-face (B} interastion§Fiure 1-19%) whereU =
90°.1131181n addition, there are a variety of intermediate geometnibich arise frondifferent

ring tilts (0° <U <) 08 dfffet between ringsigure1-19c) 113116

=3 )
{ N

/!
‘I
i H

D RED

Offset face-to-face Edge-to-face Intermediate
Edge-to-face

Figure1-19 a) Geometry of offset fac®-face interactionly= 0°) b) Geometry of edgto-face interactiony=
90°) c) Geometry of intermediate edgeface geometry where dihedral angle between rings is not perpent

OA < U < 90A).

EF interactions can be considered a kind of weak hydrogen bond betwepartitil positive
hydrogens of one aromatic ring and the electron ricloud of another rig1'* The nature of
the OFFinteractiongemains a matter afebate One model proposed by Sanders and Hunter
suggests that OFF interact®oan be regarded as the attraction between an electron rich

cloud andthe positivelycharged( skeleton of another ring* 1®Other work suggestthat
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London dispersion forces may play a more important role than the electrostatic nature of the

interactionst!’ Nevertheless, thedateractionscan beidentified in solid-statestructures by

calcuhting the distance between ring centroids and the dihedral angle between ring*flanes.
Aromatic interactions play an important role in the organization of molecules in the

solid staté'!® In particular, vinen molecules have multiple aryl groups, multipleF and EF

interactions can work concertedly to organize two or more molecules into embracing ffiotifs.

22The term fiembraceo refers to three primary

of two or more phenyl groups from each molecule imedlin the interactions, the geometric

cooperativity, and the strong mutual attractténOf particular interestre the embracing

motifs created by molecules containing a propeller arrangement of three phenyl rings such

metal complexes of triphemthasphine (PP$) or compounds containing the 4Ph cationst?®

1211n these systems, there anegecommonembrading motifs which are described according

to thetype and number of aromatic interactions involy@eeFigure1-20).12%12 The sixfold

phenyl embrace (6PE) consists of three phengsfrom each molecule interacting through

six EF interactions (Ef.1?%12 The parallel foufold phenyl embrace P4PE involves two

phenyl rings from each molecule interacting through one Qftéraction and two EF

interactions OFF(EF.1?*In contrast, the orthogonal fotwld phenyl embrace O4PE involves

two phenyl rings from each molecule interacting through 4 EF interactionl*&F
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Figure 1-20 a) Spacefill representation of a $0dd phenyl embrace formed by six EF interactions betwe
XPPh complexes. Three EF interactions are obscured. b) Spacefill representation of a pardibdd folueny
embrace formed by one OFF interaction @riglF interactions. c¥pacefill representation of an orthogonal f
fold phenyl embrace formed by 4 EF interactions. One EF interaction obscured. d) Top down viewfofd
phenyl embrace e) Side view of a parallel #éald phenyl embrace. f) Sidaéew of a parallel fowfold pheny

embrace. Hydrogens have been omitted for clarity.

These embraces are quite strofay; example the 6PE embrace geBetween two
uncharged XPhs molecules (X 5.e. P) has an attractive energy 13 kcal/mol2® In addition,
O4PE and P4PE embraces can have attractive eneangiés 8 kcal/mol*?° The interaction
energy of these embraces are comparable to some hydrogen*b@hdse systems are of
interest to the field oBPbecause it has been shown that ¢éhlgisnolecular embracing motifs
can interact with each other and generate linear chains of repeating enibraigesaline
solids?®12! |n particular, a single compound can form chains which adopt a variety of
morphologies.For examplePhP" cationscan form many chain morphologieghich include

single columarchains(Figure1-21a,b) andadder chaingFigure1-21c,d).*?°In ladderchains,
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the rails or edges of ¢hladder are comprised of O4PEs and the rungs are compfiBdéE
(Figure1-21c, d) which are approximately orthogonal to #aiges of the laddéf® 12°In some
instances, the rails of the ladders can be formed by embraces consisting of 3 EF interactions,
because the overall cooperative integration of embracing snstifonsidered tde more
important than a local embracing mdfif These embracing motifs are not unique teFPand
columnar chains have also been observed in various tris(bipryidyl)metal comisleisie

these motifs arableto form chains in crystalline matersaltheir application t&Pin solution

is hindered by the difficulty in characterizing aryl embraces in soldffoRurthermore, the

use of embracing motifs to forBSPhas not beerealized.
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Figure 1-21 a) Columnar chain formed by repeating embraces O4PE. b) Spacefill representation of «
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chain structures by repeating embraces O4P)H.adder chain formed by two antiparallel columnar ct
(repeating O4PE embraces) connected at their edges bye#i?&ces. Rungs and rails of the ladder are ou
by a dotted black line between phosphorus atoms. d) Spacefill representation of the ladder chain structt
arrows represent chain long axis. Single headed arrows represent EF interactionshdedhetmled arrov
represent OFF interactions. Hydrogen atoms have been removed for clarity. Images were generate(

supramolecular structure (Cambridge Structural Database identifier: BITXUX) from reference 126.

1.5 Thesis Outline

The primary goal of thishesiswas to investigate the bulk supramolecular polymerization of
an organometallic monomer CpFe(GBJsCO(CH)sCHs (FpGs). Chapter lprovides a
literature review on both linear and netw®&&Pprepared from small atecule monomes. In
addition, Ghapter 1 introduces several thesis related topics sUsR asystal engineering and
weak intermolecular interactions such a$ B---O hydrogen bonding and aromatic

interactions. Chapter 2 discusses the synthesis and crystal enginéénpt@ and reports in

36



detail the intermolecular interactions and packing motifs ofskpt@er different conditions.

In Chapter 3, the bulk supramolecular polymerization of FgGnvestigated in detailThe
identification of the chain structuren the ameophous material is discussed in detail. In
addition, the thermal and mechanical behavareexplored.Chapter 4 explores the effect of
ageingand the influence of preparation conditions on the BSPs formed hy Fpghermore,
Chapter 4 discusses a pmeinary investigation into the bulk supramolecular polymerization
of FpGs analogues (Fp&¢x =5 8and 10). Finally, Gapter 5 provides a summary of the thesis

and outlines suggested future work.
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Chapter 2. Synthesis and Crystal Engineering

2.10verview

The first step in thisthesiswas to synthege the organometallic small molecule
CpFe(COPPhRCO(CH)sCHs (FpGs). OnceFpCs wassuccessfullypreparedit was necessary
to probe thecapacityof FpGs to form chain structures in bullkn order to do so, crystal
engineering was performed by recrystallizing Bp@derdifferent conditions. Five unique
structural morphologiewere obtained anthoroughlyanalyzed tainderstand intermolecular
interactions and packing motifs of FpC

In all solid-state structure$pGs interacs throughvarious synergistic combinations of
embracing motifs (cooperativaromatic interactios and & H---O bonding. These
interactions resulted in markedly different packing motifs betwmsymorphsthat can be
correlated to the influence ttie recrystallization conditions (i.e. polarity of solvent, rate of
solvent evaporation)n four out of fivepolymorphs it was discovered that Fp@rms chain
structures created by integrated repepiromaticembrace motifs, demonstrating that EpC
hasa propensity tdorm chain structurein the bulk. Thestructure of the chainsas found to
dependon the recrystallization conditionsAnalysis reveals thathe packing motifs and
resulting chain structuregere governed by the competition betweenftitenation of aromatic
embraces and the formation 06 Gi---O hydrogen bonding. When hydrogen bonding was
disrupted, chains were obtained which did not contain any hydrogers aoddvere formed
entirely of integrated aromatic embracing motifs. Furthermtire, FpG molecules were
organized to maximize aromatic interactiotssing non-polar recrystallization conditions,
chains were obtaingtlatcontained both hydrogen bonding and integrated aromatic motifs. In

addition, the packing of the Fp@nolecules wasnfluencedby consideringooth hydrogen
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bonding andaromatic embraceshose balance wasfected bythe solvent evaporation rate.
If the solvent evaporation rate was fast, the &ptolecules tended to maximize aromatic
interactions; however, if the evaptioa rate was slow, the Fg@olecules packed to optimize
the @ H---O hydrogen bonding his work provide the fundamental knowledge required for

the bulk supramolecular polymerization of Fmiiscussed in later chapters.
2.2 Introduction

A unique featureof BSFs is that their dynamic backbone can reversibly lengthen or
shortent To enhance this dynamic behaviour, it is desirable to construct the backbone using
small molecules and weak intermolecular interactions. However, incorporating weak
intermoleculainteractions reduces chain stabilityhich can leado crystallizatiorf® /" 83The
general strategy to improve chain stability is to use multiple strongowaient interaction$,
but this is not always successful. While strong interactions maytheldhain together, they
can also increase the tendency of small molecules to crystdlzezcessfully balancing the
strength of intermolecular interactions against the tendency to crystallize is difficultis This
one of the key reasons why BS#f small molecules, capable of forming glassy states and
displaying viscoelasticity, are raf&> 61,69, 77,87, 128

Despite the challenges, weak interactions have been incorporated intoaBe
functional materials. Cooperative weak hydrogen bonding, asd® H---O or G H---"
along witharomatic interactionsan generate SP in solution and preserve the chain structure
in crystals®® 11*112 This discovery goes against the conventional intuition that weak hydrogen
bonds, with low binding energy (< 4 kéalol) and limited bonding directionalif§,are not
useful for the synthesis of SRt is also surprising thavenstructural water can function as a

co-monomer for a BSP with excellent adhesive propetfieddowever, in bulk, it is
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challenging to eludate the bondg motifs and chain structures. Consequently, crystal
engineering is often carried out to establish the intermolecular interactions and packing motifs
of monomersCurrently, there are no examples of BSBrmed via weak intermolecular
interaction, due to the tendency of such systems to crystdmize.

Previous research into BSPs from small molecules hassedwn the development of
organc monomers and the use of metahtaining monomers remains unexplored. The
incorporationof metalcontaining monomers into solution SP has resulted in a wide variety of
functional materials with useful properties such as-lsedfing, fluorescence, stimuli
responsie behaviour,and electrc and thermohromism. Therefore, its worthwhile to
invedigate the incorporation of metabntaining monomers into BSPurthermore, the use of
metalcontaining monomers has great potential because of the unique metal coordination
geometrywhich can provide high functionality and different intermolecular adtons to a
monomer resulting in novebmplexchain structure$® Lastly, functional properties may be
derived from the metal elements themselves (such as redox properties) and could impart
additional functioality to the resulting materials. The organmetallic monomer
CpFe(COPPhCO(CH)sCHs (FpCs) was selected as a potential candidate for use as a
monomer for BSPFollowing successful synthesisrystal engineering vearequired to
elucidate the intermolecular interactions and packing motifs ofs RpCdetermine its
propensity to form chains in bulk. The synthesis and crystal engineering oaFgpdiscussed

hereafter.
2.3 Materials

Potassiunrod (99.5%, stored in mineral qilsodiumrod (99.9%) 1-bromohexane
(98%), cyclopentadienyl iron(ll) dicarbonyl dimer (99%), benzophenone (99%) and
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potassium bromide (KBr)J99%)were purchased from Siga#ddrich. Triphenylphosphine

(> 95%)was purchased from Tokyo Chemical Industries. Deuterated benzéh (9.5 %)

was obtained from Cambridge IsptoLaboratories Inc. All chemicals were used as received.
TetrahydrofuraffTHF) was distillecdbver benzophenone and sodiunder nitrogen to remove

water.
2.4 Instrumentation

A Bruker-300 (300 MHz) spectrometer was usedeoord*H and3P NMR spectra at
ambient temperaturéH NMR chemical shifts were reported relative to the residwlsC
signal and®'P NMR chemical shifts were referenced to an external standard sample of 85%
HsPQs. FTIR spectra wereacquiredusing a Bruker Tensor 27 spectrophotometéh a
resolution of 1 ci'. Sample pellets were prepared by first mixing Ff6 by weight) with
anhydrous KBr and compressing the mixture in a hydraulic sample Kreag.data of single
crystals wagollected using Mo Kradiation on a Bruker Kappa APEX Il Systevith a CCD
detectorequipped with a®XFORD Cryosystems Cryostream 700 and an AD51 Dry air unit
Positive ion electrospray (ESI) experiments were performed with a ThermoFisher Scientific

Q-Exactive hybrid quadpole-orbitrap mass spectrometer.
2.5 Synthesis of CyclopentadienyDicarbonyliron Potassium(FpK)

The synthesis of FpK was performed according to literafire 250 mL Shlenk flask
was heatewith a heat guminder vacuum to remove adsorbed wa&etassum benzophenone
ketyl was prepared by stirring potassi@én76 g 19 mmol) and benzophenone (3.9228
mmol) in50 mL ofdry THF (seeSchemeél). The resulting dark blue solution was placed under

a static nitrogen atmosphere andt l® stir at room temperature for 12 Subsequently
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cyclopentadienyl dicarbonyl iron dimer (41d. mmol) was added to the solutidine solution

was stirred for 2 hours at room temperature under a nitrogen atmosphere. An orange/red
precipitate formed ahwas allowed to settle. The supernatant was remenxechnnula and

the remaining THF was removeider vacuum. The resultirgirk brown solid was washed

with degassed toluene until the supernatant became clear. After removing the supaenatant
cannulathe product was dried under vacuum yielding a bright orange powder (3.34 g, 87 %).

OK®
25°C,12 hrs ?

SO ot

OK® o)
oK @\ S F° 2sec.2hrs @ ?
2 g + Fe Fe —> 2 FIE®K® + 2 c
s & ) THF /\
5 c6 co

Schemel. Reaction scheme for the synthesis of FpK.

2.6 Synthesis of CpFe(C@PhsCO(CH2)sCH3 (FpCe)

FpK (3.34 g, 15 mmol) was+dissolvel byadding dry THF (25 mL).-Bromohexane
(2.33 mL, 17 mmol) was added dropwise to the FpK solution $sbeme?2). The solution
became olive green and a white precipitate was observed. The solution was left to stir for 1
hour at room temperature under a istatnitrogen atmephere. Subsequently,
triphenyphosphine (PP (4.8 g, 18 mmol) was added to the solution and refluxed at 75 °C

for 72 hours (se8cheme).
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co’ | THF
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Scheme. Reaction scheme for the synthesis of FpC

THF was removedia rotary evaporation and a redown solid was obtained. The
crude product was +dissolved in a minimum of hexane yielding a turbid red/brown solution.
This solution was then chromatogheed on a silica gel column wpacked using hexane. Once
the crudeproduct had been loaded onto the column using a syringe, the column was flushed
with hexane and an orange band was observed during the flushing. This band was then eluted
using a 1:1(v:v) mixture of hexane and dichloromethane. The band was collectdieand t
solvent was removed using rotary evaporation. Téw ®lid was placed under vacuum
overnight (4.5g, 5%). The red solid was dissolved in deuterated benzene and characterized
usingH and®P NMR with proton decouplingseeFigure2-1). *H NMR (CsDe): 7.71 ppm
(t, 6 H, metd CsHs), 6.957.09 ppm (b, 9H, orth@ara-CsHs), 4.26 ppm (s, §Hs), 3.003.15
ppm (m, 1H -COCH)), 2.842.97 ppm (m, 1H,-COCH7), 1.451.63 ppm (b, 1H,-
COCHCH2), 1.361.43 ppm (b, 1H, -COCHCH2), 1.051.27 ppm (b, 6H, -
COCH.CH2(CH2)3CHs, 0.86 ppm (t, 3H-COCHCH,(CH2)sCHs. 3P NMR with proton
decoupling(CsDs): 76.4 ppm ESFMS: 525.1653 m/zwhich corresponds to [M + Hyith an

elemental composition of&gHssFe QP ( gom/ z = 0. 51 mmu) .
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Figure2-1 a)'H NMR and b)*'P NMR spectradr FpGs

2.7 Crystal Engineering of FpG

To investigate the intermolecular interactions of p®lecules, single crystals were
prepared under various recrystallization conditidrtge resulting structures weaealyzed to
probe theeffect of external conditions dhe balance betweentermolecular interactiornsnd

the resulting changes in the packing motifs of &pC

2.7.1 Recrystallization Conditions

Recrystallization conditionfor supramoleculastructure 1 A solution of FpG in hexang(5

mg/mL) was prepared in20 mL scintillation vial and then transferred to a&IZ5 mm culture
tube. The culture tube was sealed using a plastic push cap lid and was then sealed with parafilm.
The sampleafter beingsonicaedfor 90 minuteswas stored at room temperature and allowed

to sit undisturbed ithedark. After a period of 31 days needilke crystals were observed.
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Recrystallization conditions for supramolecusdructure 2A solution of FpC6 in hexang0

mg/mL) was prepared in20 mL scintillation vial and then transferred to aIZ5 mm culture
tube. The culture tube was sealed using a plastic push cap lid and was then seal&efioith
film. This sample was placed in a fridder 1 year Alternatively, asolution ofFpGs in pentane
(10 mg/mL was prepareth a 20 mL scintillation vial antransferredo a 10 mL push cap
vial. The vial was sealed with a push cap lid and the sample was storedrniddbe After 2
months crystawere observed.

Recrystallization conditions faupramoleculastructure 3: A solution of FpG in hexang5

mg/mL) was prepared in a 20 mL scintillation veald theriransferred to a 12 75mm culture

tube. The culture tie was sealed using a plastic push cap lid. A needle was inserted into the
push cap lid to increase the evaporation rathesolvent.This sample was stored at room
temperature. Crystals were observed within 2 weeks. The sapnemoleculastructure wa
obtained when a solution of Fp@ hexang20 mg/mLl) was prepared in a 20 mL scintillation

vial andtransferred to a NMR tube. The tube was seal with a push cap and stored at room
temperature. Crystals were observed within 2 weeks.

Recrystallization coditions forsupramoleculastructure 4A solution of Fp& in methanol

(20 mg/mL was prepared in a 20 mL scintillation vial. The vial was stored at room temperature
and allowed to sit undisturbed in the dark. Rldée crystals were observed in 4 days. This
supramoleculastructure was also obtained by recrystallization of a solutioRpGCs (10
mg/mL) in amixed solvent system (15 % wate85 % ethanol) in a 10 mL push cap vial. The
vial was sealed with a push cap and a needle was inserted into thEheapystak were

obtained overnight.
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Recrystallization conditions faupramoécularstructure 5:A solution of FpG (10 mg/mL)

in mixed solverd (20% water’ 80% ethanol) was preparedar20 mL scintillationvial and
transferred to a 5 ml screw cap vighis sample was stored iadrawer at room temperature.

Thecrystak wereobserved after 1 month.

2.7.2Supramolecular Structures of FpCes

X-ray diffraction (XRD) of the resultingrystalsreveaéd 5 unique supramolecular
structuregseeTable2-1). While thecrystal systems and space groups of the polymorphs are
different, thestructure of Fpgis similar in all polymorphs (seEigure 2-2). As shown in
Figure2-2, FpG adopts a typical threkegged piano stool geometiy. addition, considerable
disorder isobserved in the alkyl chairBieto the thermal displacement of the aamb in the
chain.

Supramolecularteuctures 1 and5 are missing a carbon from the alkyl chain giving the
empirical formula GoHz1FeQP. The missing CkHgroup is attributed to the poor quality of the
single crystals and the flexibility of the alkyl chain. The crystals used to obtain crystal
structuresl and5 were very thin (resulting in weak scattering) and had a significant amount
of twinning. Furthermee, the thermal energy at room temperature gersecatgsiderable
disorder in the alkyl chain which could not be resolved even by cooling to 200 K (see Figure
2-2). These two factors could obscure the electron density of the last carbon in th@ lhékyl.
ESI mass spectrum of the Fp@ed reveals [ + H] " of 525.1653 consistemtith the formula
of Cz1H33FeO-P. Consequentlysupramoleculastructurs 1 and5 were used to investigate the

intermolecular interactiorsnd packing motifef FpGs.
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Figure2-2 Supramolecular structure of Fp@rom supramolecular structu#® shown as thermal ellipsoids at a £

probability level. Hydrogen atoms have been omitted for clarity.
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Table2-1 Summary of crystallographic data fempramoleculastructuresl-5

Supramolecular

Structure 1 2 3 4 >
Empirical Formula CsoHz1FeGP CsiHs3sFeGQP CsiHzsFeGP CsiHs3sFeGP CsoHz1FeGQP
'(:g‘;:rrgll‘)'a Weight 510.37 524.39 524.39 524.39 510.37
Temperature (K) 296(2) 296 200 200(2) 296
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal System Orthorhombic  Monoclinic Monoclinic Triclinic Monoclinic
Space Group Fdd2 C2lc P2:/c Pp P2i/c
a(A) 41.3534(6) 46.1568(17) 11.5608(6) 9.2693(2) 9.3232(1)
b (A) 64.6397(9) 8.1296(3)  22.2637(13)  9.4061(2) 33.6851(5)
c(A) 8.13090(10) 31.9663(12) 22.6922(13) 15.4687(3)  16.8867(3)
U(®) 90 90 90 88.6025(8) 90
b (°) 90 109.024(2)  111.166(3)  87.6725(8)  91.5077(9)
2(°) 90 90 90 80.3371(9) 90
Volume (A3) 21734.5(5)  11339.8(7) 5446.6(5) 1328.24(5)  5301.48(14)
Z 32 16 8 2 8
Calc. Density
(g/cn?) 1.248 1.229 1.279 1.311 1.279
Absorption
Coefficient (mm) 0.637 0.613 0.638 0.654 0.653
F(000) 8576 4416 2208 552 2144
d range f o o 0 o 0 0
. 3.31026.4 3.0°to 26 1.3 t0 28 1.3t026.4 2.3°t024.1
collection
Index Ranaes:kl 151, 51; 157, 807 ; 113,15]29, M1t1,11; 110, 10;
geskt  80;110,10  10;739,39 29; 12 11; 11 38; 11!
Reflections 53776 11104 45195 39281 134597
Collected
Independent 10846 11104 13103 5430 8424
Reflections
Compl et en
— 25 9492 0.994 0.998 0.998 0.999 0.944
Full-matrix Full-matrix Full-matrix Full-matrix Full-matrix
Refinement methoc leastsquares |eastsquares leastsquares leastsquares |eastsquares
onF on P on P on F on P
Data / restraints / 10846 / 205/ 11104/225/ 13103/0/ 5430/104/ 8424204/
parameters 613 601 634 316 615
f-fi
SZOOdneS& ton 1.314 1.468 1.377 1.133 1.394
Final R indices R1=0.0466, R;=0.0683 R;=0.0685 R;=0.0558, R;= 0.0533
[ I >2038(1 )] wR:=0.0755 wR,=0.0961 wR;=0.1087 wR,=0.1123 wR,=0.1041
R indices (all data) R;=0.0813 R1=0.1436 R;=0.1331 R1 =0.0588 R; = 0.0811
wR2=0.0790 wR;=0.1034 wR;=0.1358 wR;=0.1162 wR»,=0.1119
Largesuliff. peak o 556 o 468, 1.14, 1.637, 0.648,

and hole (e &)
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2.7.3 ldentification of Intermolecular Interactions and Packing Motifs of FpCs

Potential interactions were identified by performimgi$ contact analysigsingboth
Platort®? and Mercury®*3* software packages. Subsequently, intermolecular interactions
were identified based on theint consideration othe bond distanceand bond angke of
potential interactions identified by short contact analybisthe case of weak hydrogen
bonding, short contacts were considered onty<f3.0A and 120 O f80% Aromatic
interactions were considered using similar criteria. In the case of offsebféaee (OFF) o
" interactions, close ring interactions wenly considered if 0O & and @e centroid
to-centroid distance(Cq) O 4.2 A. Edgeto-face (EF) interactions between rings were

considered if 550  @0° andGq O5.5A.115 135

2.7.3.1Supramolecular Structures 1 and 2

In supramoleculastructuresl and 2, short contact analysis indicates that FpC
molecules interact tbugh the same packing motifs and intermolecular interactions with only
slightly differentdistancesin both structures, Fp@nolecules arevolved in aunique tetra
molecularembracing motif involving aromatic interactions from both Ph and Cp fiogs
four different FpG. This motif can be described as follows: (A)bimolecular embrace
between two FpE£molecules is formedia threeEF interactions involving Cp and Fings as
shown inFigure2-3 aandb. The average distance between phosphorus atoms i£8(23
Two adjacent antparallelERs bimolecularembraces are connected at their edges by an OFF
interaction formed between Cp rings atvdo EF interactions between Cp and Ph rings

(OFF(ER)) as shown irFigure2-3 c andd.
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Figure2-3 a) Bimolecular embradermed by three EF interactions from aromatic groups from two differerd
molecules (aromatic C atoms coloured green or blue). Hydrogen atoms have been omitted fob cBypidyefil
representation of Fpg®imolecular EE embracgaromatic C atoms coloured green or bli®)drogen atoms n
involved in the aromatic embrace have been omitted for clajifinal embracing motif OFF(EJnvolving foul
differentFpGCs molecules (aromatic C atoms coloured green, blue, red and purple). The emh@stwo ER;
embraces lingd at theiedgesvia an OF- interaction and two EF interactions. Hydrogen atoms have been ¢
for clarity. d) Spacefill representation of OFF(EEmbrace betweefour differentFpC6émolecules (aromatic
atoms coloured green, blue, red and purpleje& EF interactions are obscurklgdrogen atoms not involved

aromatic embrace have been omitted for clarity.
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Consequently, the embracing motif involving four Bpfiolecules (shown ifrigure
2-3a) is described as OFF(EFand the interactions araimmarized inTable 2-2. This
embracing motif repeats by translation as showirigure 2-4a and b. Consequently, the
repeating unit consists of fokpCs molecules in an OFF(EJFinked to another OFF(EJvia
an OFF(Ek) embrace as shown Fgure2-4c and d.

Within the OFF(EE) embrace @ H---O hydrogen bonding is observed involving both
the terminal carbonylt{CO) andthe acyl carbonyld-CO) acting as acceptors for protons
donated from Cp anBh rings Figure2-5a). In total there are six & H---O hydrogen bonds
within the OFF(ER) embracgFigure2-5a). As shown inFigure2-4 andFigure2-5,i 1l adder 0O
chains are formed by the repetition lmith the embracing OFF(BFmotif and hydrogens
bondsvia translationof the repeat unifFigure2-16a).

Viewing supramoleculastructurel in the @ &) plane, reveals that the unit cell consists
of sixteenchain crosssectiors (Figure 2-6a) and chains extend in the crystallographic
directions Figure 2-5¢). Conversely, viewing supramoleculstructure2 in the @ ¢ plane,
reveals that the unit cell consists of eight chain esessions(Figure 2-6b) and the chains
extend in the crystallographic directionFjgure2-5d). In both crystal structussl and2, the
chains are aligned parallel to one another along their longAdjicent chains are linked by
two Cd H---O hydrogen bonds per repeat unit and one EF interatitismoteworhy that the

chains pack in the unit cedlich that they are separatedrégions or pockets of alkyl chains.
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Repeat Unit Repeat Unit
1 1

Es
Embrace Embrace mbrace

Figure2-4 a) FpG OFF(EF) embrace represented as a repeating unit of foug Facules. b) Dimer forme
by repeating unit. ¢) Representation of the OFFE)E#thin each repeating unit in the dimer. d) Represent

of the OFF(EE) embrace linking the repeating units.
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Chain axis

Figure 2-5 a) Hydrogen bonding with the repeating OFR{)EEmbrace represented as red dashed lio)
Extension of hydrogen bondimia translation of the repeat unit forming a duplex chain. ¢) Extension of the
in the c¢ direction in supramolecular structdreia translation of the OFF(Efrembrace. Unit cell edges shc
by black lines. d) Extension of the chain in the b direction in supramolecular str@otizéranslation of th
OFF(EFR) embraceUnit cell edges shown by black lineslydrogens not involved in hydrogen bonding t

beenomitted for clarity

Ladder chains argypically observed for chains formed by phenyl embraces and are
characterizediccording to the inter phosphorus distance between the rungs and rails of the
ladder.In supramoleculastructurel, the averageP---P dstanceis 8.13A between rungs and
9.64 A between railsin supramoleculastructure2, the average P distance i$8.13 A

between rungs and 9.54bktween rails.
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Table2-2 Summary of aromatic interactionssnpramoleculastructuresl and2.

Interaction Average G (A) Aver aye U
1 2 1 2
OFF (Cp Cp) 4 3.9 3 0
EF(C® Ph) 5.2 5.2 54 53
EF(PIS Ph) 5.3 5.2 70 69

Figure 2-6 a) Projection osupramoleculastructurel in the p a plane.Sixteenchain crosssections can t
observed. One chain cressction circled in red. b) Projectionsipramoleculastructure2 in the @ ¢) plane

Eight chain crosssections can be observed. One chain esestion circled in red. All hydrogens haveek

2.7.3.2Supramolecular Structure 3

Analysis of the short contacts supramoleculastructure3 reveals that the FpC
molecules interact through a combination of hydrogen bonding and phenyl emiar#s. In
particular, the FpE€molecules are involved in leimolecularembraceformed bythree EF
interactions (EF) (seeFigure2-7). The bimolecular embraces are connected at their edges to
another bimolecular embrasga EFR interactions Figure 2-8a). The bimolecular embraces
form chains through a translational repetition of the moleclegi(e2-8a) extending in the
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a crystallographic direction (se€igure 2-9). The phosphorus atoms adopt a-zay
arrangemeniFigure 2-16b) and the average-RP distance is 7.A. Within the chans,
bifurcated @ H---O hydrogen bonding is observed occurring betwa€0O andt-CO and
protons donated from both Ph and Cp ri(fggure2-8b andTable2-6). Four hydrogens bonds
are observed between the kBp@olecules involved in thehain(Figure2-8a). The chains lie
parallel to one anothém thesupramoleculastructureand four chains are encompassed by the

unit cell (seerigure2-10aandb).

|:> = EF interaction

Figure2-7 a) Phenyl embrace formed by three EF interactions between twaRRps from two different Fpd
molecules (C atoms colour green, purple). Hydrogens removed for clarity. b) Spacefill representati
phenyl embrace formed by three EF interactiontg/ben two PPhgroups from two different Fpnolecules (¢

atoms colour green, purple). Nanomatic hydrogens removed for clarity.
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a) |:> = EF interaction

Repeat unit
Bimolecular (EF;) Embrace

Figure2-8 a) Extension of the bimolecular EEmbrace by translationb) Hydrogen bonding within the chi

formed by translating the Eembrace. Hydrogen bonding is represented as dashed red lines.

56



Repeat unit

"- ¢

’\ £y "‘\_"l
< b“

a
Figure2-9 Extension of the chain in theecrystallographic direction
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Figure2-10a) Projection of unit cell in thév(c) plane. Four chain crosections can be observed circled in

b) Projection of unit cell in théb(a) plane. Two parallel chains can be observed outlimedange. Non phen

hydrogens have been omitted for clarity.
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Table2-3 Summary ofaromaticinteractions irsupramoleculastructures.

Interaction Average G (A) AverageU (°)
EF (Pho Ph) 5.0 67

2.7.3.3Supramolecular Structure 4

Analysis ofsupramoleculastructure4 reveals Fpemolecules interacting primarily
through aromatic interactions. The unit cell consists of twosRpGleculesinvolved in a
bimolecular embrace (séegure2-11) created througfour EF interactionsbetween both Ph

andCp (see

Table 2-4). The distance between phosphorus atoms in the bimolecular embrace &. Extendingthe
supramoleculastructure in thea direction revealghat the bimoledar embrace is connected at édges to
another bimolecular embrace through @fe~interaction between Cp rings and two EF interactions between Cp

and Ph ringg

Table2-4 andFigure 2124). Thesdnteractions link the Imnolecular embraces together
and this pattern repeats in thdirection creating a chain of repeating embrdEagure2-12).
Consequently, each Fp@olecule is involvd in six EF interactions and on®@FF interaction.
The resulting chain struct uis®rmdddy rageatimmy AHf i r e
bimolecularembracesconnected by OFF(EF (Figure 2-16¢). The chainsare then packed
parallel to one anothdn the supramoleculastructure.Despitebeing crystallized from a
methanol solutionnfethanol is kown to disrupt hydrogen bondijyg complenentary @ H-
--O hydrogen bond involvingd CO group acceptor and hydrogen donated from a phenyl ring
is observed in the crystallographic direction (sékable2-6). These hydrogen bonds extend
between the chains and dwoeated in a pocket consisting ofkgl and aryl substituents

suggestinghat these hydigen bonds ariséue to the parallel packing of the chains.
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a) b) I:> = EF interaction

Figure2-11 a) Bimolecular embracérmed by four EF interactions from aromatic grotisn two different FpG
molecules (aromatic C atoms coloured green or blbgBpacefill representation of FpEF, bimolecular embrac
Two EF interactions are obscured (aromatic C atoms coloured green or bluedrdwoatic hydrogens have b

removedfor clarity.

Figure 2-12 a) Extension of the FpCEF: embraces through translation in taerystallographic direction. Ea
embrace is connected to anothieran OFF(EE) embrace (one EF interactionabscured). Noraromatic hydroget
have been removed for clarity. b) Hydrogen bonding within supramolecular strdctdi@ hydrogen bonds ¢
observed within the embrace chain; however, hydrogen bonding extending between chains is observed.

not involved in hydrogen bonding have been omitted for clarity.
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