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Abstract 

 Bulk supramolecular polymers offer an attractive strategy for the development of 

functional materials. The use of small molecule monomers is of particular interest, because 

they maximize the potential of a fully reversible polymer backbone. However, the use 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 interactions 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(CO)PPh3CO(CH2)5CH3 (FpC6) was selected as a candidate for use as a monomer to 

prepare a bulk supramolecular polymer. To elucidate the packing motif and potential 

intermolecular interactions, crystal engineering of FpC6 was performed. FpC6 forms 5 different 

crystal structures depending on recrystallization conditions. Crystal engineering revealed that 

FpC6 interacts through a variety of CðH---O interactions and aromatic embraces, which are 

influenced by the recrystallization conditions. Depending on recrystallization conditions, FpC6 

forms three unique one-dimensional chain structures in the crystalline material.  

When the crystalline solid-state structure was disrupted by melting, FpC6 displayed 

typical polymer behaviour, such as the ability to form free-standing films, and fibres could be 

drawn from the melt. Upon cooling, FpC6 did not immediately recrystallize and instead formed 

an amorphous solid which could be molded into a variety of shapes. Powder X-ray diffraction 

of the amorphous solid revealed a distinctive double peak pattern. The double peak pattern 

matched the inter-monomer distances for a ladder chain structure (identified via crystal 

engineering) formed by cooperative CðH---O hydrogen bond and aromatic embraces.  
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Differential scanning calorimetry indicated that no recrystallization occurred and that FpC6 

underwent a glass transition. These results demonstrated that the CðH---O hydrogen bonds 

and aromatic embraces are strong enough to stabilize the chain and prevent crystallization. 

However, FpC6 eventually crystallized over time, indicating that the chains were metastable. 

The mechanical behaviour of FpC6 was found to be very rich and complex, as it was sensitive 

to temperature, ageing and thermal/measurement history. Rheological experiments indicated 

that aged FpC6 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 FpC6 was investigated to establish a reproducible initial state. Differential 

scanning calorimetry experiments revealed that the glass transition temperature of FpC6 

decreased with increasing upper heating temperature and annealing time, suggesting that the 

network was not at equilibrium and changed over time. Based on temperature-dependent 

PXRD experiments of aged FpC6, the decrease in Tg was attributed to the de-polymerization 

of the supramolecular chains. Annealing FpC6 at temperatures above the Tm indicated that the 

chains disassembled faster at higher temperatures. Hysteresis experiments showed that no 

significant polymerization occurred during subsequent cooling or reheating cycles.  

FpCx (x = 5, 8 and 10) analogues with different alkyl chain lengths were prepared to 

investigate the effect of alkyl chain length. Preliminary investigation revealed that the FpCx 

analogues also formed bulk supramolecular polymers with the same chain structure as FpC6. 

Additionally, as the alkyl chain length increased, the glass transition temperature decreased 

FpC6 and its analogues are the first reported bulk supramolecular polymers formed 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 polymers (polymers formed by intermolecular 

interactions) has progressed considerably over the years.1-4 The initial advancement of this 

field occurred in 1997 with the development of a supramolecular polymer based on quadruple 

hydrogen bonds between monomers.5 This bonding motif allowed the monomers to achieve a 

significant degree of polymerization even in semi-dilute conditions. Following this 

breakthrough, a wide variety of intermolecular interactions have been used to prepare many 

functional supramolecular polymers. Furthermore, ñlivingò supramolecular polymerization 

(analogous to living polymerization) has been developed, allowing for the precise control of 

the degree of polymerization.6-8 However, the majority of this progress has involved solution 

based systems, which often lose their polymeric behaviour upon drying. Bulk supramolecular 

polymers, particularly those formed by small molecule monomers, are considerably less 

developed. Nevertheless, bulk supramolecular polymers are an attractive route to develop 

functional materials that can be processed using established techniques, such as spin coating, 

extrusion and thermo-forming. The key challenge associated with preparing bulk 

supramolecular polymers from small molecules is preventing crystallization. Consequently, 

monomer design is very difficult , because the mobility of the monomer as well as the strength 

and directionality of intermolecular interactions must be carefully balanced to prevent 

crystallization. To facilitate monomer design, an extensive understanding of the intermolecular 

interactions in the solid state is required. Crystal engineering has proven to be a successful tool 

to understand how intermolecular interactions direct the packing of molecules in the solid state. 
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While challenging, crystal engineering may help to provide the insight necessary to further 

develop bulk supramolecular polymers from small molecules.  

1.2 Introduction 

Main-chain supramolecular polymers (SP) are linear arrays of molecules associating 

through non covalent interactions, which can be prepared either in solution or in bulk (see 

Figure 1-1a).1, 3-4  

 

Analogous to covalent polymers, SP possess polymeric properties derived from the presence 

of chains, such as viscoelasticity and a glass transition.2 Like covalent polymers, SP can be 

described in terms of degree of polymerization (DP) and weight-average (Mw) or number-

average (Mn) molecular weight.2 The association of monomers through non-covalent 

interactions is a reversible process governed by the association constant and concentration.2, 9 

In order to obtain SP with a high DP, the equilibrium process must strongly favour the 

association between monomers, which requires strong intermolecular interactions.2, 9 

Figure 1-1 a) Schematic representation of supramolecular polymerization. Main chain SP are either linear (as seen 

in b) or network (as seen in c). Linear SP are formed by ditopic monomers. Ditopic monomers with self-

complementary end-groups form AB type SP. Conversely, ditopic monomers with complementary end-groups 

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

Ó 3). 
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Initial interest in SP arose from the study of supramolecular liquid crystals generated 

from the association between two non-mesogenic compounds.10-11 Early SP had 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 interactions.5 In 1997, Meijer et al. demonstrated the first 

supramolecular polymer with a high DP capable of forming even in semi-dilute solutions.5 

This supramolecular polymer utilized strong hydrogen bonding (Kdim = 6 × 107 in chloroform) 

between self-complementary ureido-4-pyrimidinone (UPy) end-groups, produced by four 

complementary hydrogen bonds.12-13  The resulting material displayed typical polymeric 

behaviour and its properties could be tuned by adjusting the temperature.5 Thanks to 

considerable progress in supramolecular chemistry, a wide variety of intermolecular 

interactions have been harnessed to form SP in solution such as hydrogen bonding,14-20 halogen 

bridging,21 metal-metal,22-25 metal-ligand,26-29 and aromatic interactions,30-33 and host guest 

motifs.34-37 It is commonly observed that different interactions work cooperatively to hold the 

chains together.38-39 Furthermore, a strong understanding of polymer kinetics and growth has 

been developed.18, 40-48 This has led to the discovery of living supramolecular polymerization 

(analogous to chain growth polymerization), allowing for the preparation of monodisperse SP 

and precise control of DP.6-8 Despite these impressive advances, most solution SP lose their 

polymeric behaviour upon drying. 

1.3 Bulk Supramolecular Polymers 

Bulk supramolecular polymers (BSP) refer to SP which can be formed by the 

association of monomers in the solid state. BSP are attractive as functional materials that can 

be processed using established techniques, such as spin coating, extrusion and thermo-forming.  
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In contrast to solution SP, BSP are much less developed, due to the difficulty in monomer 

design. Monomers 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 

assemble. In contrast, monomers for BSP are more challenging to develop because of the 

following restrictive monomer requirements:49 

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

(2) The intermolecular interactions must be sufficiently strong and directional to form 

and stabilize the chains.  

(3) The monomers or assemblies cannot crystallize.  

Developing a monomer which fulfills these requirements is challenging because by 

attempting to meet one requirement, another may be adversely affected.49 For example, 

increasing the strength of intermolecular interactions of a monomer, may also increase its 

tendency to crystallize and reduce its mobility.49 Two general approaches have been developed 

to design monomers for BSP.2 One approach is the use of macromonomers.2 Macromonomers 

are prepared by the functionalization of covalent oligomers with associating end-groups. The 

use of macromonomers first involved the functionalization of polydimethylsiloxane oligomers 

with self-complementary UPy end-groups.5  Following this approach, different oligomers and 

end groups have been combined, resulting in a plethora of BSP.50-60 This approach has proven 

very successful because the incorporation of the covalently bonded oligomer makes 

crystallization challenging and provides mobility to the monomer.2  

 The alternative approach is to use carefully designed small molecules. While 

challenging, the small-molecule approach to generating BSP is desirable, because it maximizes 

the potential of a fully reversible backbone. The ability to completely disassemble the main 
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chain into small molecules allows the processing of these materials to be easier compared to 

their covalent polymer counterparts.50  In addition, the self-healing of SP from small molecules 

tends to be more efficient, due to the higher mobility of low molecular weight monomers.49, 61 

Lastly, the use of small-molecule monomers introduces significant order in one dimension, 

which has been shown to be responsible for imparting unique optical and electronic properties 

into certain SP.1 There are two general categories of main chain BSP formed from small 

molecules, linear chains and 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 chain BSP from small molecules (Figure 1-1b) arose from the research 

into supramolecular mesogens or liquid crystals.2 Supramolecular mesogens were first 

prepared by mixing two different non-mesogenic monotopic molecules with complementary 

functional groups.10-11 Mixtures of these molecules exhibited thermally stable liquid crystalline 

phases, demonstrating that complexation had occurred.10-11 Following this work, the 

complexation of multitopic molecules was used to prepare supramolecular mesogens, which 

are considered to be the forerunners of BSP from small molecules.62-64  It was observed that 

the anisotropy in liquid crystals assisted the association of the monomers into the linear 

assemblies increasing the DP.65  

The first linear main chain BSP was reported by Lehn and coworkers.66-67 This AA BB 

type supramolecular polymer was based on the association of the complementary non-

mesogenic ditopic monomers 1 and 2 shown in Figure 1-2.66-67  
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The 1:1 mixtures of 1 and 2 were prepared by dissolving the compounds in 

tetrahydrofuran (THF), and then removing the solvent by evaporation. Upon melting the 

resulting crystalline material, stable mesophases formed between slightly below room 

temperature to above 200 °C. The formation of mesophases is a direct result of complexation 

of the monomers through hydrogen bonding which was confirmed through Fourier transform 

infrared spectroscopy (FTIR). These mixtures were described as highly viscous glues that 

formed fibres upon spreading, which is typical polymer-like behaviour. X-ray diffraction of 

the mixtures indicated that they formed hexagonal columnar mesophases. This work pioneered 

the use of low molecular weight or small molecules for the preparation of BSP.  While these 

mixtures were viscous and displayed liquid crystalline behaviour, the mixtures crystallized and 

did not undergo a glass transition.  

Mixtures of non-mesogenic bispyridyls and diacids were shown by Griffin et al. to 

form BSP.63, 68-74 Mixtures of these ditopic compounds resulted in AABB type SP.  

Figure 1-2 AABB type supramolecular polymer formed by compound 1 and 2. 
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For example, while individually neither compound 3 nor 6 displayed liquid crystalline 

behaviour, their resulting mixtures did.68 This behaviour was attributed to the formation of 

supramolecular chains as shown in Figure 1-3b. Below the clearing temperature (isotropization 

temperature) of the liquid crystals, FTIR spectroscopy confirmed the presence of hydrogen 

bonding between the pyridyl groups of compound 6 and carboxylic acid groups of 3.68 The 

proposed chain structure was supported by small angle X-ray scattering (SAXS) experiments 

that showed a peak corresponding to the length of the repeat unit.71 Mixtures of  3 and 6 (1:1 

ratio) were characterized by differential scanning calorimetry (DSC) and were found to 

crystallize upon cooling, indicating that SP were formed between the melting temperature (Tm) 

Figure 1-3 a) Ditopic diacids used as hydrogen bond donors (3-5) and ditopic bispyridyl used as hydrogen bond 

acceptors (6-7) b) Illustrative chain structure formed by hydrogen bonding between diacids and bispyridyl (3b 

and 6). 
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and the clearing temperature.68, 71 Further DSC experiments revealed that a mixture of 3b/6 

could exist as a metastable supramolecular polymer below its melting temperature; however 

the mixture still crystallized upon cooling.71 

The rheological behaviour of mixtures of 3b/6 in different ratios was investigated.68 It 

was found that as the mixtures were cooled below the isotropization temperature, there was 

significant increase in the storage modulus (Gô) (a measure of a sampleôs elasticity and 

reflective of structure).68 As the sample was cooled further, a plateau in Gô was observed. In 

theory, as the temperature decreases, the DP and Gô should increase; however this was not 

observed. It was suggested that the dynamics of the hydrogen bonds were too rapid to be able 

to measure the elastic nature of the chains, implying that that the chains were breaking and 

forming too rapidly to impart polymer-like mechanical behaviour.68 

These mixtures were prone to crystallization, because the hydrogen bonds were too 

weak to hold the chains together at the high temperatures, resulting in a low DP. To prevent 

crystallization, low temperatures were needed so that the hydrogen bonds would be strong 

enough to achieve a high DP and stabilize the chain.70 To delay crystallization long enough so 

that a high DP could be achieved, bulk substituents were added resulting in compounds 4 and 

5. 70 The chlorine substituents significantly depressed the recrystallization temperature and 

made crystallization ñsluggishò. When more chlorine substituents were added, the more 

apparent these effects became. BSP prepared from mixtures of 5 and 7 were the most successful 

at displaying polymeric behaviour. DSC demonstrated that 1:1 mixtures of 5 and 7 did not 

recrystallize during cooling and a glass transition was obtained; however, these mixtures 

underwent cold crystallization upon reheating (Figure 1-4a).70 
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Plots of the complex viscosity (ɖ*) vs. temperature showed a slow gradual increase in viscosity 

as the temperature was decreased (Figure 1-4b). This was attributed to the elongation of the 

supramolecular polymer chains. As the temperature was decreased the hydrogen bonds became 

more effective at holding the chain together.70 Furthermore, fibres could be drawn from this 

mixture between 65 °C and 105 °C, indicating that the intermolecular interactions were strong 

enough to hold the chains together at this temperature.  

Replacing the chlorine atoms in compound 5 with a methyl group also resulted in a 

supramolecular polymer when mixed with compound 7.72 Fibres were drawn from the resulting 

mixtures indicating the presence of supramolecular polymer chains. X-ray scattering revealed 

that these chains orientated during fibre formation, demonstrating the chains remained intact 

during shear orientation.72 Another approach to slow crystallization was to introduce a third 

non-mesogenic monomer with a kink conformation mixed in various ratios.75 While these 

systems displayed liquid crystalline behaviour and slow crystallization, no glass transitions 

were observed.75 Additionally, random supramolecular co-polymers were generated from 

Figure 1-4 a) DSC thermogram for a 1:1 mixture of compound 5 and 7. b) Complex viscosity as a function of 

temperature of a 1:1 mixture of compounds 5 and 7. Images reproduced with permission from reference 70.  
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mixtures of compound 3 with 3-methyladipic acid and compound 7.73 While the monomers 

were non-mesogenic, the mixtures exhibited liquid crystalline behaviour demonstrating the 

formation of supramolecular polymer chains. Despite being random co-polymers these 

systems crystallized upon cooling and no glass transition was obtained, demonstrating that they 

were not stable.73 

 The exploration of BSP formed by mixing diacids and bispyridyls formed the basis for 

the future development of BSP. In particular, this work highlighted the tendency of small 

molecules to crystallize and illustrated the use of bulky substituents and multiple monomers to 

make crystallization difficult. Furthermore, this work established the need for strong 

intermolecular interactions to prevent crystallization and increase the integrity of the chains. 

In these BSP only one hydrogen bond was used to link monomers, which was ultimately unable 

to prevent crystallization.  

A series of AA BB type SP were designed based on 1:1 mixtures between diacids (8-

9) and azopyridine derivatives (10-12) as shown in Figure 1-5.76 The BSP were prepared by 

melt mixing the diacids and azopyridine derivatives in a 1:1 ratio under an inert atmosphere. 

The resulting BSP often displayed monotropic liquid crystalline behaviour and in some cases 

vitrified upon cooling.76 In general, an 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 decreased.76  
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A BSP with excellent stability and mechanical properties was prepared from 13 by 

Meijer et al.  (Figure 1-6a).50 FTIR indicated the self-association of 13, through the 

characteristic absorptions of hydrogen bonded UPy end-groups, demonstrating that 13 formed 

a supramolecular polymer in bulk.50 DSC revealed that the thermal behaviour of 13 was 

atypical for small molecules (Figure 1-6b). During the first heating cycle compound 13 melted 

at 112 °C (large endotherm); however, no recrystallization was observed during cooling or 

reheating. After melting, compound 13 was difficult to recrystallize despite annealing at 100 

°C for 3 hours. Phenyl groups were added to the UPy group of 13 to disrupt hydrogen bond 

formation and subsequent supramolecular polymerization. The resulting compound displayed 

typical small-molecule behaviour and crystallized rapidly. This suggested that when first 

synthesized compound 13 was crystalline; however, upon melting, compound 13 associated to 

form a supramolecular polymer.50 Furthermore, the steric effect of the supramolecular chains 

and their integrity (monomers do not dissociate) suppressed crystallization.50 A glass transition 

was observed upon cooling and subsequent reheating at 25 °C (Figure 1-6b). Rheological 

investigation of compound 13 in the bulk revealed a rubbery plateau below 70 °C (Figure 1-6c). 

Figure 1-5 Ditopic diacids used as hydrogen bond donors (8-9) and azopyridine derivatives used as hydrogen 

bond acceptors (10-12) 
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Solid state nuclear magnetic resonance (NMR) spectra indicated that there were no 

microcrystalline domains present in the amorphous compound 13. In the absence of physical 

cross-links, the presence of a rubbery plateau indicated chain entanglement.50   

  

This work demonstrated that small molecules can form BSP with appreciable 

mechanical properties. Furthermore, this work demonstrated that monomers must be heated to 

provide mobility so that supramolecular polymerization can occur. Lastly, this work 

highlighted the critical importance of using sufficiently strong intermolecular interactions, so 

that once the chains were formed, the monomers were sequestered and unable to crystallize. 

The steric effect of the chains also assisted in suppressing crystallization.  

Figure 1-6 a) Supramolecular polymer formed by the self-association of compound 13 via UPy end-groups. b) 

DSC thermograms for compound 13. c) Storage moduli of 13 at different temperatures. Images b) and c) 

reproduced with permission from reference 50. Copyright 1999 American Chemical Society.  
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A detailed investigation of glasses formed by SP prepared from low molecular weight 

monomers was reported by Lacoudre et al. This work investigated the resulting glasses formed 

by mixtures of compound 14 with compounds 15 and 16 (Figure 1-7a).77 

 

Unlike pure compounds 14 and 15, their 1:1 mixture resulted in a transparent stable 

glass with glass transition at 9 °C (Figure 1-7b). Notably, the 1:1 mixtures did not undergo 

crystallization even when using very slow temperature ramp rates (1 °C/min) indicating that 

the resulting SP were stable.77 The formation of hydrogen bonds between compounds 14 and 

15 was confirmed by FTIR and the stability of the glass was attributed to the strength of these 

hydrogen bonds. To investigate the influence of the spacer on the glass transition, compounds 

16a-g were prepared. Increasing the length of the alkyl spacer lowered the Tg, because of the 

increased mobility of the alkyl spacer.77 Conversely, introducing a more rigid aromatic spacer 

resulted in a higher Tg. Lastly, mixtures prepared from the para isomer had a higher Tg than 

the ortho or meta isomers. The influence of the structure of the monomer on the Tg fit well 

with empirical relationships developed in the field of polymers.77 

An excellent example of a linear main chain BSP prepared from carefully designed 

monomers 17 and 18 (Figure 1-8) was reported by Rowan et al.78-79 This system harnessed the 

Figure 1-7 a) Structure of compounds 14-16 b) DSC thermogram for compounds 14 and 15 as well as their 

mixture (1:1 ratio). Image b) reproduced with permission from reference 77.  
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well-known complementary hydrogen bonding between thymine and adenine to prepare an 

AA BB type supramolecular polymer Figure 1-9a.  

 

The rigid spacer was chosen in order to impart liquid crystalline properties as well as 

fluorescence to the resulting supramolecular polymer.78-79  To prevent self-dimerization, the 

adenine moiety on compound 18 was modified with N6-anisoyl to increase the hydrogen 

bonding of the adenine moiety to the thymine moiety on compound 17.78-79 When compounds 

17 and 18 were mixed in a 1:1 ratio, the mixtures did not crystallize upon cooling and displayed 

glass transition temperatures, indicative of SP chains (Figure 1-9b, c).78-79  

 Furthermore, a viscous birefringent phase was obtained as the mixtures were cooled 

after an initial heating cycle (Figure 1-10a, b). Upon further cooling, the viscous birefringent 

phase vitrified. This behaviour was attributed to the supramolecular polymer chains formed by 

the hydrogen bonding between 17 and 18.78-79 WAXD analysis of the vitrified birefringent 

phase identified low angle peaks which corresponded to the proposed length of the 

supramolecular polymer repeat unit in a smectic c arrangement. The chain structure was further 

supported by FTIR experiments as well as nuclear Overhauser effect (NOE) experiments in 

solution. The viscous birefringent phase was never observed during the initial heating cycle of 

Figure 1-8 Chemical structure of compounds 17 and 18. 
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a 1:1 mixture (even if the mixture was obtained from a solution) and was only observed during 

subsequent heating and cooling cycles. This suggested that the birefringent phase only 

occurred after the thermal bulk supramolecular polymerization of the monomers.78-79   

 

Fluorescent fibres could be drawn from the melt (Figure 1-10c).  The authors proposed 

that the assembly of compounds 17 and 18 into supramolecular chains increased the aspect 

ratio of the assembly compared to the monomers. This stabilized the assemblies, since the rigid 

high aspect ratio chains would have difficulty packing into a crystal lattice.78-79   

Figure 1-9 a) Hydrogen bonding between compounds 17 and 18.  b) DSC thermograms for compound 17a, 18a 

and their 1:1 mixture. c) DSC thermograms for compounds 17b, 18b and their 1:1 mixture. Images b) and c) 

reproduced with permission from reference 79.  
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 This work demonstrated how the careful design of monomers can produce stable linear 

main chain SP that can form fibres and a glassy state. Furthermore, additional properties can 

be incorporated into the spacer (i.e. fluorescence). Lastly, this paper highlights that the steric 

effect of the chain structure can also be a factor in suppressing crystallization.  

All the examples discussed thus far incorporated spacers in between functional groups. 

These spacers imparted mobility to the monomers and assisted in suppressing crystallization. 

Linear BSPs from spacer-less monomers are quite rare. One such example, is compound 19a 

reported by Araki et al.80  

Figure 1-10 Polarized optical microscope images of the birefringent phase  formed by mixtures of a) compounds 

17a and 18a and b)  17b and 18b. Images reproduced with permission from reference 78. c) Image fibre drawn 

from a mixture of 17a and 18b. Image reproduced with permission from reference 79.  
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Compound 19a was able to form flexible fibres by melt spinning (Figure 1-11c). 

Crystal engineering was performed to determine the chain structure responsible for fibre 

formation. Unfortunately, single crystals suitable for X-ray diffraction could not be obtained 

from compound 19a. Consequently, compound 19b was prepared and successfully 

recrystallized. As shown in Figure 1-11b, compound 19a formed tape-like chains in the a 

crystallographic direction induced by hydrogen bonding between molecules.80 Compound 19a 

and 19b had the same IR spectral pattern for the amino stretching and deformation modes. 

Consequently, the authors attributed the fibre formation of compound 19a to the same chain 

structure formed by compound 19b.80 X-ray diffraction of the resulting fibres revealed a peak 

corresponding to a repeat unit in the proposed chain structure. Tensile testing of the fibres 

Figure 1-11 a) Chemical structure of compound 19. b) Proposed chain structure formed by compound 19. c) 

Fibre of 19a formed by melt spinning. d) Chemical structure of compound 20. e) Chain structure of compound 

20 with an inter-monomer spacing of 0.47 nm. f) Chain structure of copolymer formed by 20a and b. Images 

reproduced with permission from references 80 and 81. 
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revealed they had a tensile strength of 1.91 ± 0.41 MPa at ambient temperature. DSC analysis 

suggested these fibres undergo crystallization and no glass transition was observed.80 

 Another interesting spacer-less system based on 20 is shown in Figure 1-11d.81 

Compound 20 was able to form a fibre via melt spinning.82  Mixtures of compounds 20a and 

20b were prepared by first dissolving the monomers in chloroform and then evaporating the 

solvent. The mixtures were heated to 150 °C and extruded.81  The tensile strength of the 

resulting fibres was found to decrease with increasing mole fraction of compound 20b.  When 

the mole fraction of 20b was increased past 50%, fibres could not be obtained. This was 

attributed to a lower degree of polymerization, since 20b could not form hydrogen bonds with 

itself.  X-ray diffraction of the fibres revealed peaks at 2ɗ = 18.8Á (d = 0.47 nm) along the long 

axis of the fibre which corresponded to the proposed chain structure shown in Figure 1-11e,f.81  

The IR spectra of mixtures of 20a and b showed that both monomers were incorporated into 

the chain. While no glass transition was observed for the mixtures, fibres could be obtained 

which had a measurable tensile strength.81 Both of the spacer-less systems described above 

used long flexible substituents to provide mobility to the monomers and delay crystallization. 

While these systems could form fibres, no other polymer-like behaviour was observed, such 

as viscoelasticity 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 address the poor mechanical properties of linear 

main chain BSP and their tendency to crystallize. Griffin et al. expanded on previous work by 

increasing the number of hydrogen bonds between components to increase the polymer-like 
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behaviour. Consequently, compounds 20 and 21 (Figure 1-12a)  were mixed with compound 

3a to create supramolecular polymer networks.69 

 

 These systems were prepared by melt mixing compounds 20 and 3a or 21 and 3a. As 

the temperature was decreased, FTIR confirmed complexation between the pyridyl and 

Figure 1-12 a) Chemical structure of monomers 20-22. DSC thermograms for 1:1 mixtures of 20 and 3a b) and 

1:1 mixtures of 21 and 3a c). Traces ñaò and ñbò represent normal heating and cooling cycles respectively. Traces 

ñcò and ñdò represent heating and cooling cycles after annealing at 200 °C. Photographs of fibres formed by 1:1 

mixtures of 20 and 3a d) and 1:1 mixtures of 21 and 3a e). Images b-e reproduced with permission from reference 

69. Copyright 1995 American Chemical Society. 
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carboxylic acid groups and a concomitant decrease in the adsorption of the carboxylic acid 

dimer was observed. This behaviour indicated that as temperature decreased, the dissociation 

of the hydrogen bonds was slowed and complexation between monomers increased.69 

Excitingly, fibres could be drawn from the melt as the temperature was lowered, which could 

not be done with mixtures prepared from 3 and 6.69 

 Heating from room temperature, 20/3a showed a broad melting endotherm suggesting 

that the sample became liquid-like over a broad temperature range (Figure 1-12b). While the 

samples would crystallize during cooling, crystallization could be suppressed by cooling 

rapidly. Interestingly, when the sample was cooled after heating at 200 °C, crystallization was 

suppressed. Upon reheating, a glass transition was observed and followed by cold 

crystallization (Figure 1-12b). Mixtures of 21 and 3a did not recrystallize on cooling but 

underwent cold crystallization upon heating. While these mixtures did not display viscoelastic 

behaviour, fibres could be drawn from the melt and the mixtures could form glassy states. This 

demonstrated that the use of more hydrogen bonds and the formation of a network improved 

mechanical properties and helped to suppress crystallization.69  

Further investigations revealed that the thermal behaviour of networks formed by  

mixing 21 or 22  with 3, were affected by the number of heat-cool cycles and the length of 

time the monomers spent in the isotropic melt.74 As the number of heat-cool cycles increased, 

the crystallization during cooling was gradually suppressed and cold crystallization increased 

during heating. When a mixture of 21 and 3a was kept in the isotropic melt for longer periods 

of time (1 h, 3 h and 21 h), it behaved more like a system which had undergone multiple heat-

cool cycles. Since ageing at room temperature had no effect on the thermal behaviour, a certain 

amount of energy must have been required for the reorganization of the network.74 Once given 
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enough thermal energy the monomers rearranged into a more stable network structure that 

suppressed recrystallization. Therefore, the longer the time spent in the isotropic melt, the more 

time the monomers had to rearrange into the most stable structure.74 Also, networks produced 

from diacids with shorter spacers and parapyridyls resulted in more crystallinity and required 

more time in the isotropic state to suppress crystallization.74 This work highlighted the 

importance of spacer length and geometrical arrangement of the interactions on the suppression 

of crystallization. Also, this work demonstrated that supramolecular polymer networks require 

significant time in the isotropic melt to achieve a stable state.  

Kihara et al. prepared a series of network main chain SP based on the combination of 

a non-mesogenic ditopic H-bond donor with a series of non-mesogenic tritopic H-bond 

acceptors (Figure 1-13).83 These mixtures were prepared by mixing stoichiometric amounts of 

the H-bond donor and acceptors in pyridine. The solution was evaporated under reduced 

pressure and the resulting solid was dried in a vacuum for 24 hours. Upon drying, the mixtures 

displayed liquid crystalline behaviour indicating that the material maintained its 

supramolecular polymer nature. FTIR of the bulk samples confirmed the presence of 

intermolecular hydrogen bonds.83 The thermal behaviour of the dried mixtures revealed that 

the mixtures underwent a glass transition during cooling and reheating, with the exception of 

a mixture of 23 and 28.83 All samples exhibited some crystallization during cooling and 

reheating, limiting their use as potential SP. The authors attributed the lack of a glass transition 

and crystallization with a mixture of 23 and 28, to the symmetry of 28, which facilitates 

crystallization.83 Only one hydrogen bond was used to connect monomers, which likely 

contributed to the tendency of the mixture to undergo crystallization. It is important to note 
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that this work demonstrated that monomer asymmetry is an important factor to suppress 

crystallization. 

 

After using crystal engineering to establish the hydrogen bonding motifs of 

aminotriazine,84-86 Wuest et al. prepared a series of monomers shown in Figure 1-14a.87 Each 

monomer had four aminotriazine functional groups each with two binding sites capable of 

forming two complementary hydrogen bonds (Figure 1-14b).  After an initial cycle of melting 

and solidification, the monomers formed an amorphous material which was in the glassy state 

and underwent a glass transition. The use of longer alkyl chains resulted in lower Tg and 

melting temperatures. When the amorphous melts were characterized under steady shear stress, 

Newtonian behaviour was observed across all temperatures and stresses. It was found that 

increasing the length of the alkyl chain reduced the viscosity, possibly due to the disruption of 

Figure 1-13 a) Chemical structure of compounds 23-28 b) DSC thermographs for 1:1 mixtures of monomer 23 

with monomers 24-28. Image b) reproduced with permission from reference 83. 
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hydrogen bonding due to the steric effect of the alkyl chains.87 These results demonstrated an 

improvement in the mechanical properties upon the addition of multiple hydrogen bonds.  

 

An excellent example of functional network BSP was reported by Leibler et al.49 This 

network BSP was composed of a mixture of complementary ditopic and tritopic monomers 

(Figure 1-15a), which resulted in a thermoreversible supramolecular polymer which displayed 

rubber behaviour and self-healing properties.49 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 interactions and the entropy of mixing 

helped to stabilize the chain structure and prevent phase separation of the monomers.49 The 

resulting mixture of compounds was shown to be comprised of oligomers through a 

combination of NMR, size exclusion chromatography, and intrinsic viscosity measurements. 

FTIR spectroscopy confirmed the presence of multiple hydrogen bonds between NðH and 

C=O moieties.49 DSC and X-ray scattering confirmed that the material was amorphous. This 

network BSP displayed a glass transition (Tg = 28 °C) and at 90 °C the material behaved like 

Figure 1-14.  a) Chemical structure of monomer 29. b) Intermolecular interactions between the aminotriazine 

functional groups. 
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a soft rubber. The material was able to return to its original dimensions after 100% strain 

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

temperature, the plasticized material exhibited rubber behaviour as it could achieve high strains 

(Figure 1-15a). The material could almost completely recover the strain during creep recovery 

experiments (Figure 1-15b).  

 

Figure 1-15 a) Network supramolecular polymer based on a mixture of tritopic and ditopic monomers.  b) Stress 

strain curve for the plasticized network.  c) Creep experiment for plasticized network with an applied stress of 

5000 Pa (green) and 20000 Pa (purple). d) Stress strain curve after healing. Vertical lines represent strain at break 

after the designated healing time. Images reproduced with permission from reference 49.  
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The material was able to elongate to a maximum strain of 500% at break. Furthermore, 

the network BSP was able to return to its original dimension even after a strain of 300 %. The 

plasticized BSP was able to self-heal by holding the pieces together at 20 °C. As shown in 

Figure 1-15c, even after holding the pieces together for only fifteen minutes the sample could 

be deformed almost 200 %. After 180 minutes of contact time, the material healed to its original 

strength. The self-healing was attributed to the dissociated end-groups that could easily re-

associate when the pieces were brought back into contact.49 This was achieved thanks to the 

dynamics of the non-covalent interactions as well as the small size of the oligomers forming 

the network since they had better mobility than traditional polymers.49 

A network main chain BSP with excellent functionality was reported by Weder et al.61 

This network BSP was based on a tritopic monomer which was functionalized with three UPy 

end-groups (Figure 1-16a). The monomers could be trapped in the amorphous network glass 

due to the high concentration of UPy end-groups and cross-linked nature of the network, which 

locked the monomers in the bound state.61  These characteristics hindered molecular mobility 

thereby significantly reducing the tendency of the monomer to crystallize.61  During the first 

heating cycle, this material displayed an endotherm attributed to the melting of crystalline 

regions (Figure 1-16b). After melting, powder X-ray diffraction (PXRD) showed only diffuse 

diffraction and subsequent heating and cooling cycles showed no recrystallization or cold 

crystallization. In addition, a glass transition was observed at approximately 100 °C.  
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 The material could be melt processed in a mould by heating to 200 °C and then cooling 

to room temperature. Compression moulding at 145 °C (5 tons, 5 s) resulted in self-supporting 

films which could be tested by dynamic mechanical analysis (DMA). DMA demonstrated that 

the material displayed a glassy state with a modulus of 3.6 GPa, up to 125 °C. Rheology 

experiments at 150 °C, showed that Gô and Gôô had a frequency dependence inferring polymer 

viscoelastic behaviour (Figure 1-16c). Gô and Gôô decreased upon heating suggesting that as 

Figure 1-16 a) Complementary hydrogen bonding between UPy groups of compound 30. b) Dynamic oscillatory 

experiments for compound 30 at 150 °C. c) DSC thermograms for compound 30. Images b and c reproduced with 

permission from reference 61.  
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temperature increased the equilibrium was shifted to the unassociated state. As the sample was 

heated through the glass transition, the dynamic moduli (Gô and Gôô) decreased. However, the 

network adhesion increased above Tg, which revealed that the UPy associations did not ñswitch 

offò above Tg.
61  Instead, the equilibrium between bound and unbound states shifted towards 

the unbound state.61 The material displayed interesting stimuli-responsive behaviour. When 

exposed to UV light, the UPy groups generated heat locally, causing the monomers to shift to 

unbound states.61  This caused de-bonding (in the event the material was used as a glue) and 

self-healing. The novelty of this material was that it was stiffer than any previously reported 

supramolecular polymer and was able to heal extremely fast. The triptopic UPy design proved 

extremely successful in preventing crystallization and imparting polymeric properties such as 

a glass transition, ability to form self-supporting films and frequency dependent Gô and Gôô. 

The material displayed 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 potential as functional materials. BSP from small molecules typically require a 

cycle of heating to provide the monomers with the mobility to associate into the chain. 

Consequently, the key challenge associated with BSP from small molecules is preventing 

crystallization during cooling and subsequent reheating. Crystallization can be prevented by 

using strong cooperative intermolecular interactions to sequester the monomers into the chains. 

Another approach is to incorporate bulky substituents in the monomers. Furthermore, the 

overall symmetry of the monomer has been shown to have a significant role in preventing 

crystallization. The steric effect (i.e. bulkiness) and cross-linked nature of network main chain 

BSP significantly increases the stability of the resulting material. Consequently, network main 
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chain BSP often display superior mechanical behaviour as compared to linear main chain BSP. 

Successful monomer design requires special attention not only to the intermolecular 

interactions and mobility of the monomer, but geometry as well. Due to the complexities of 

monomer design, monomers have been typically developed from previously well-established 

intermolecular binding motifs (such as UPy, thymine and adenine). Consequently, innovation 

of new monomers based on novel binding motifs is almost non-existent, because of the lack of 

understanding of how intermolecular interactions in bulk work to create packing motifs. To 

overcome this barrier, techniques which provide direct insight into the solid-state packing 

motifs of molecules, such as crystal engineering, need to be employed 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 self-assembly or self-organization of molecules into larger arrays or 

structures through self-recognition.88 Crystallization of organic compounds is a self-assembly 

process, which involves the self-organization of molecules through non-covalent interactions 

into large extended arrays.89 The resulting molecular crystals are considered to be perfect 

ñsupermoleculesò since they are the product of the self-recognition of many molecules 

organized by their intermolecular interactions.90-91  Analysis of the single crystal structures can 

then provide valuable information about how the intermolecular interactions between 

molecules direct their self-assembly into the final solid-state structure.92 This is accomplished 

by careful consideration of intermolecular distances and angles between adjacent molecules or 

by computational methods.93 Thus crystal engineering is described as the study and 

understanding of intermolecular interactions for the purpose of bottom-up assembly of solid 
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state structures by the selection of the appropriate molecular building blocks.94-95 Therefore, a 

chief goal of crystal engineering is to identify the intermolecular interaction(s) or 

ñsupramolecular synthonò, which links the molecules in the single crystal structure together, 

so that suitable molecular building blocks can be selected.92, 95  

Spectroscopic techniques are effective at identifying a variety of intermolecular 

interactions in solution and the solid state. As highlighted in the previous section, a variety of 

spectroscopic techniques such as FTIR, NMR and UV-Vis are routinely used to identify 

intermolecular interactions in solution and the solid state. However, spectroscopic techniques 

often struggle to detect ñweakò interactions, such as CðH---O hydrogen bonding, especially 

in the solid state.96 X-ray diffraction is one of the most reliable methods to obtain direct 

information about the intermolecular interactions in the solid state and is commonly used to 

confirm the intermolecular bonding motifs of molecules.97 The chief difficulty of crystal 

engineering is obtaining suitable single crystals for X-ray diffraction.97 Nevertheless,  crystal 

engineering has elucidated how intermolecular interactions direct the organization of 

molecules in the solid state.98  

1.4.1 Weak Hydrogen Bonding 

Hydrogen bonding has been recognized as perhaps the most important and useful 

intermolecular interaction, since it plays a critical role in almost every biological process.96 

Thanks to the strength and directionality of the hydrogen bond, it is a useful synthon to direct 

supramolecular assemblies.96 As shown in Figure 1-17a, the hydrogen bond consists of a donor 

referred to as XðH and an acceptor AðY.96 As defined by Steiner and Saenger, the hydrogen 

bond is ñany cohesive interaction XðH---A where hydrogen carries a positive and A carries 

a negative (partial or full) charge and the charge on X is more negative than on H.ò99 Due to 
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the long range nature of electrostatic interactions, it is possible for hydrogen bonding to be 

bifurcated or trifurcated as shown in Figure 1-17b.   

 

 

The hydrogen bond can be described in terms of the distance between hydrogen and 

acceptor d (bond distance), the donor hydrogen bond length r, the donor angle ɗ, and the 

distance between acceptor and donor D.96, 100 Thanks to crystal engineering, ñweakò hydrogen 

bonding, such as CðH---O, began to gain widespread acceptance.101-105 The use of distance 

cut offs is generally discouraged;100-101 however, the length of CðH---O hydrogen bonds 

generally lies within 2.0 < d < 3.0 Å or 3.0 < D < 4.0 Å.96, 100, 106-109 In CðH---O hydrogen 

bonds, the donor acidity strongly influences linearity. The more acidic the donor CðH is, the 

more the hydrogen bond angle tends to approach 180°.107-109 However, weaker CðH---O 

hydrogen bonds are easily distorted and have bond angles within 110° < ɗ < 180°.96, 104-105, 110 

Like other hydrogen bonds, CðH---O hydrogen bonds are cooperative, meaning the energy 

Figure 1-17 a) Structure of hydrogen bonding between a proton donor (X--H) and an acceptor (A--Y). The 

hydrogen bond is described in terms of the distance between hydrogen and acceptor d (bond distance), the donor 

hydrogen bond length r, ɗ the donor angle, and D the distance between acceptor and donor. b) Two structures of 

bifurcated hydrogen bonding.  
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of an array of hydrogen bonds is greater than the sum of the individual bonds.96 Recently it 

was demonstrated that the square-planar amphiphilic Pd(II) compound 31 (Figure 1-18a) is 

able to self-assemble into supramolecular polymer chains via CðH---O in solution, which 

could form hydrogels in water after ageing for two weeks (Figure 1-18b).111-112 

 

Single crystal X-ray crystallography of 31 revealed that the packing of the palladium 

complex was driven by multiple CðH---O interactions (Figure 1-18c, d).111-112  Consequently, 

compound 31 packs in a slipped fashion along the long axis of the molecule,  resulting in a one 

dimensional chain structure formed by ñhand-shakeò embraces induced by CðH---O 

interactions and assisted by both aromatic interactions and CðH---Cl interactions (Figure 

1-18c,d).111-112 This progress highlights the ability of cooperative CðH---O hydrogen bonds 

Figure 1-18 a) Square planar palladium compound 31. b) Hydrogel formed after ageing for two weeks. c) Structure 

of compound 31 in the solid-state. Analysis of short contacts (drawn in light blue) reveals that the monomers form 

a ñhand-shakeò embrace driven by CðH---O interactions. d) Chain structure formed by compound 31 generated 

by repeating hand-shake embraces.  Images reproduced with permission from reference 111. 
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to form and stabilize chain structures in solutions. Despite this important step forward, the use 

of CðH---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 interactions that depend on the geometry of 

the interactions: offset face-to-face (OFF) interactions (Figure 1-19a) where the dihedral angle, 

Ŭ, between ring planes is 0Á and edge-to-face (EF) interactions (Figure 1-19b) where Ŭ = 

90°.113-116 In addition, there are a variety of intermediate geometries, which arise from different 

ring tilts (0° < Ŭ < 90Á) or offset between rings (Figure 1-19c).113-116 

 

EF interactions can be considered a kind of weak hydrogen bond between the partially positive 

hydrogens of one aromatic ring and the electron rich  ́cloud of another ring.114 The nature of 

the OFF interactions remains a matter of debate. One model proposed by Sanders and Hunter 

suggests that OFF interactions can be regarded as the attraction between an electron rich  ́

cloud and the positively charged ů skeleton of another ring.114, 116 Other work suggests that 

Figure 1-19 a) Geometry of offset face-to-face interaction (Ŭ = 0°) b) Geometry of edge-to-face interaction (Ŭ = 

90°) c) Geometry of intermediate edge-to-face geometry where dihedral angle between rings is not perpendicular.  

(0Á < Ŭ < 90Á).  
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London dispersion forces may play a more important role than the electrostatic nature of the 

interactions.117 Nevertheless, these interactions can be identified in solid-state structures by 

calculating the distance between ring centroids and the dihedral angle between ring planes.118  

Aromatic interactions play an important role in the organization of molecules in the 

solid state.119 In particular, when molecules have multiple aryl groups, multiple OFF and EF 

interactions can work concertedly to organize two or more molecules into embracing motifs.120-

121 The term ñembraceò refers to three primary attributes of these interactions: the involvement 

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

cooperativity, and the strong mutual attraction.121 Of particular interest are the embracing 

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

metal complexes of triphenylphosphine (PPh3) or compounds containing the Ph4P
+ cations.120-

121 In these systems, there are three common embracing motifs, which are described according 

to the type and number of aromatic interactions involved (see Figure 1-20).120-121 The six-fold 

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

six EF interactions (EF6).
122-123 The parallel four-fold phenyl embrace P4PE involves two 

phenyl rings from each molecule interacting through one OFF interaction and two EF 

interactions OFF(EF2).
124 In contrast, the orthogonal four-fold phenyl embrace O4PE involves 

two phenyl rings from each molecule interacting through 4 EF interactions (EF4).
124 



34 

 

 

These embraces are quite strong; for example the 6PE embrace (EF6) between two 

uncharged XPh3 molecules (X = i.e. P) has an attractive energy of 13 kcal/mol.125 In addition,  

O4PE and P4PE embraces can have attractive energies  up to  8 kcal/mol.120 The interaction 

energy of these embraces are comparable to some hydrogen bonds.96 These systems are of 

interest to the field of SP because it has been shown that these bimolecular embracing motifs 

can interact with each other and generate linear chains of repeating embraces in crystalline 

solids.120-121 In particular, a single compound can form chains which adopt a variety of 

morphologies.  For example, Ph4P
+ cations can form many chain morphologies, which include 

single columnar chains (Figure 1-21a,b) and ladder chains (Figure 1-21c,d).120 In ladder chains, 

Figure 1-20 a) Spacefill representation of a six-fold phenyl embrace formed by six EF interactions between 2 

XPPh3 complexes. Three EF interactions are obscured. b) Spacefill representation of a parallel four-fold phenyl 

embrace formed by one OFF interaction and 2 EF interactions. c) Spacefill representation of an orthogonal four-

fold phenyl embrace formed by 4 EF interactions. One EF interaction obscured. d) Top down view of a six-fold 

phenyl embrace e) Side view of a parallel four-fold phenyl embrace. f) Side view of a parallel four-fold phenyl 

embrace. Hydrogens have been omitted for clarity.  
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the rails or edges of the ladder are comprised of O4PEs and the rungs are comprised of P4PE 

(Figure 1-21c, d) which are approximately orthogonal to the edges of the ladder.120, 126 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 motifs is considered to be more 

important than a local embracing motif.120 These embracing motifs are not unique to Ph4P
+ and 

columnar chains have also been observed in various tris(bipryidyl)metal  complexes.127 While 

these motifs are able to form chains in crystalline materials, their application to SP in solution 

is hindered by the difficulty in characterizing aryl embraces in solution.121 Furthermore, the 

use of embracing motifs to form BSP has not been realized. 
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1.5 Thesis Outline 

The primary goal of this thesis was to investigate the bulk supramolecular polymerization of 

an organometallic monomer CpFe(CO)PPh3CO(CH2)5CH3 (FpC6). Chapter 1 provides a 

literature review on both linear and network BSP prepared from small molecule monomers. In 

addition, Chapter 1 introduces several thesis related topics such as SP, crystal engineering and 

weak intermolecular interactions such as CðH---O hydrogen bonding and aromatic 

interactions. Chapter 2 discusses the synthesis and crystal engineering of FpC6 and reports in 

Figure 1-21 a) Columnar chain formed by repeating embraces O4PE. b) Spacefill representation of columnar 

chain structures by repeating embraces O4PE. c) Ladder chain formed by two antiparallel columnar chains 

(repeating O4PE embraces) connected at their edges by P4PE embraces. Rungs and rails of the ladder are outlined 

by a dotted black line between phosphorus atoms. d) Spacefill representation of the ladder chain structure. Yellow 

arrows represent chain long axis. Single headed arrows represent EF interactions and double headed arrows 

represent OFF interactions. Hydrogen atoms have been removed for clarity. Images were generated using the 

supramolecular structure (Cambridge Structural Database identifier: BITXUX) from reference 126. 
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detail the intermolecular interactions and packing motifs of FpC6 under different conditions. 

In Chapter 3, the bulk supramolecular polymerization of FpC6 is investigated in detail. The 

identification of the chain structure in the amorphous material is discussed in detail. In 

addition, the thermal and mechanical behaviour are explored. Chapter 4 explores the effect of 

ageing and the influence of preparation conditions on the BSPs formed by FpC6. Furthermore, 

Chapter 4 discusses a preliminary investigation into the bulk supramolecular polymerization 

of FpC6 analogues (FpCx, x = 5, 8 and 10). Finally, Chapter 5 provides a summary of the thesis 

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

2.1 Overview 

The first step in this thesis was to synthesize the organometallic small molecule 

CpFe(CO)PPh3CO(CH2)5CH3 (FpC6). Once FpC6 was successfully prepared, it was necessary 

to probe the capacity of FpC6 to form chain structures in bulk. In order to do so, crystal 

engineering was performed by recrystallizing FpC6 under different conditions. Five unique 

structural morphologies were obtained and thoroughly analyzed to understand intermolecular 

interactions and packing motifs of FpC6.  

In all solid-state structures, FpC6 interacts through various synergistic combinations of 

embracing motifs (cooperative aromatic interactions) and CðH---O bonding. These 

interactions resulted in markedly different packing motifs between polymorphs that can be 

correlated to the influence of the recrystallization conditions (i.e. polarity of solvent, rate of 

solvent evaporation). In four out of five polymorphs, it was discovered that FpC6 forms chain 

structures created by integrated repeating aromatic embrace motifs, demonstrating that FpC6 

has a propensity to form chain structures in the bulk. The structure of the chains was found to 

depend on the recrystallization conditions. Analysis reveals that the packing motifs and 

resulting chain structures were governed by the competition between the formation of aromatic 

embraces and the formation of CðH---O hydrogen bonding. When hydrogen bonding was 

disrupted, chains were obtained which did not contain any hydrogen bonds and were formed 

entirely of integrated aromatic embracing motifs. Furthermore, the FpC6 molecules were 

organized to maximize aromatic interactions. Using non-polar recrystallization conditions, 

chains were obtained that contained both hydrogen bonding and integrated aromatic motifs. In 

addition, the packing of the FpC6 molecules was influenced by considering both hydrogen 
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bonding and aromatic embraces whose balance was affected by the solvent evaporation rate. 

If the solvent evaporation rate was fast, the FpC6 molecules tended to maximize aromatic 

interactions; however, if the evaporation rate was slow, the FpC6 molecules packed to optimize 

the CðH---O hydrogen bonding. This work provided the fundamental knowledge required for 

the bulk supramolecular polymerization of FpC6 discussed in later chapters.  

2.2 Introduction 

A unique feature of BSPs is that their dynamic backbone can reversibly lengthen or 

shorten.1 To enhance this dynamic behaviour, it is desirable to construct the backbone using 

small molecules and weak intermolecular interactions. However, incorporating weak 

intermolecular interactions reduces chain stability, which can lead to crystallization.69, 77, 83 The 

general strategy to improve chain stability is to use multiple strong non-covalent interactions,2 

but this is not always successful. While strong interactions may hold the chain together, they 

can also increase the tendency of small molecules to crystallize.49 Successfully balancing the 

strength of intermolecular interactions against the tendency to crystallize is difficult.  This is 

one of the key reasons why BSPs of small molecules, capable of forming glassy states and 

displaying viscoelasticity, are rare.49-50, 61, 69, 77, 87, 128  

Despite the challenges, weak interactions have been incorporated into SPs and 

functional materials. Cooperative weak hydrogen bonding, such as CðH---O or CðH---ˊ, 

along with aromatic interactions can generate SP in solution and preserve the chain structure 

in crystals.35, 111-112 This discovery goes against the conventional intuition that weak hydrogen 

bonds, with low binding energy (< 4 kcal/mol) and limited bonding directionality,96 are not 

useful for the synthesis of SPs. It is also surprising that even structural water can function as a 

co-monomer for a BSP with excellent adhesive properties.129 However, in bulk, it is 
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challenging to elucidate the bonding motifs and chain structures. Consequently, crystal 

engineering is often carried out to establish the intermolecular interactions and packing motifs 

of monomers. Currently, there are no examples of BSPs formed via weak intermolecular 

interaction, due to the tendency of such systems to crystallize.35, 111  

 Previous research into BSPs from small molecules has focussed on the development of 

organic monomers and the use of metal-containing monomers remains unexplored. The 

incorporation of metal-containing monomers into solution SP has resulted in a wide variety of 

functional materials with useful properties such as self-healing, fluorescence, stimuli-

responsive behaviour, and electro- and thermochromism. Therefore, it is worthwhile to 

investigate the incorporation of metal-containing monomers into BSP. Furthermore, the use of 

metal-containing monomers has great potential because of the unique metal coordination 

geometry, which can provide high functionality and different intermolecular interactions to a 

monomer resulting in novel complex chain structures.130 Lastly, functional properties may be 

derived from the metal elements themselves (such as redox properties) and could impart 

additional functionality to the resulting materials. The organometallic monomer 

CpFe(CO)PPh3CO(CH2)5CH3 (FpC6) was selected as a potential candidate for use as a 

monomer for BSP. Following successful synthesis, crystal engineering was required to 

elucidate the intermolecular interactions and packing motifs of FpC6 to determine its 

propensity to form chains in bulk. The synthesis and crystal engineering of FpC6 are discussed 

hereafter.  

2.3 Materials 

Potassium rod (99.5%, stored in mineral oil), sodium rod (99.9%), 1-bromohexane 

(98%), cyclopentadienyl iron (II)  dicarbonyl dimer (99%), benzophenone (99%) and 
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potassium bromide (KBr) (Ó 99%) were purchased from Sigma-Aldrich. Triphenylphosphine 

(> 95%) was purchased from Tokyo Chemical Industries. Deuterated benzene (C6D6) (99.5 %) 

was obtained from Cambridge Isotope Laboratories Inc. All chemicals were used as received. 

Tetrahydrofuran (THF) was distilled over benzophenone and sodium under nitrogen to remove 

water. 

2.4 Instrumentation 

A Bruker-300 (300 MHz) spectrometer was used to record 1H and 31P NMR spectra at 

ambient temperature. 1H NMR chemical shifts were reported relative to the residual C6H6 

signal and 31P NMR chemical shifts were referenced to an external standard sample of 85% 

H3PO4. 
 FTIR spectra were acquired using a Bruker Tensor 27 spectrophotometer with a 

resolution of 1 cmī1. Sample pellets were prepared by first mixing FpC6 (2% by weight) with 

anhydrous KBr and compressing the mixture in a hydraulic sample press. X-ray data of single 

crystals was collected using Mo KŬ radiation on a Bruker Kappa APEX II System with a CCD 

detector equipped with an OXFORD Cryosystems Cryostream 700 and an AD51 Dry air unit.  

Positive ion electrospray (ESI) experiments were performed with a ThermoFisher Scientific 

Q-Exactive hybrid quadrupole-orbitrap mass spectrometer. 

2.5 Synthesis of Cyclopentadienyl Dicarbonyliron Potassium (FpK)  

The synthesis of FpK was performed according to literature.131 A 250 mL Schlenk flask 

was heated with a heat gun under vacuum to remove adsorbed water. Potassium benzophenone 

ketyl was prepared by stirring potassium (0.76 g, 19 mmol) and benzophenone (3.92 g, 22 

mmol) in 50 mL of dry THF (see Scheme 1). The resulting dark blue solution was placed under 

a static nitrogen atmosphere and left to stir at room temperature for 12 h. Subsequently 
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cyclopentadienyl dicarbonyl iron dimer (4 g, 11 mmol) was added to the solution. The solution 

was stirred for 2 hours at room temperature under a nitrogen atmosphere. An orange/red 

precipitate formed and was allowed to settle. The supernatant was removed via cannula and 

the remaining THF was removed under vacuum. The resulting dark brown solid was washed 

with degassed toluene until the supernatant became clear.  After removing the supernatant via 

cannula, the product was dried under vacuum yielding a bright orange powder (3.34 g, 87 %).  

 

2.6 Synthesis of CpFe(CO)PPh3CO(CH2)5CH3 (FpC6) 

FpK (3.34 g, 15 mmol) was re-dissolved by adding dry THF (25 mL). 1-Bromohexane 

(2.33 mL, 17 mmol) was added dropwise to the FpK solution (see Scheme 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 static nitrogen atmosphere. Subsequently, 

triphenylphosphine (PPh3) (4.8 g, 18 mmol) was added to the solution and refluxed at 75 °C 

for 72 hours (see Scheme 2).  

Scheme 1. Reaction scheme for the synthesis of FpK. 
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THF was removed via rotary evaporation and a red-brown solid was obtained. The 

crude product was re-dissolved in a minimum of hexane yielding a turbid red/brown solution. 

This solution was then chromatographed on a silica gel column wet-packed using hexane. Once 

the crude product 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 collected and the 

solvent was removed using rotary evaporation. The red solid was placed under vacuum 

overnight (4.5g, 52%). The red solid was dissolved in deuterated benzene and characterized 

using 1H and 31P NMR with proton decoupling (see Figure 2-1).  1H NMR (C6D6): 7.71 ppm 

(t, 6 H, meta ïC6H5), 6.95-7.09 ppm (b, 9H, ortho, para -C6H5), 4.26 ppm (s, C5H5), 3.00-3.15 

ppm (m, 1H ,-COCH2), 2.84-2.97 ppm (m, 1H, -COCH2), 1.45-1.63 ppm (b, 1H, -

COCH2CH2), 1.30-1.43 ppm (b, 1H, -COCH2CH2), 1.05-1.27 ppm (b, 6H, -

COCH2CH2(CH2)3CH3, 0.86 ppm (t, 3H, -COCH2CH2(CH2)3CH3. 
31P NMR with proton 

decoupling (C6D6): 76.4 ppm. ESI-MS: 525.1653 m/z, which corresponds to [M + H]+ with an 

elemental composition of C31H33Fe O2P (ȹm/z = 0.51 mmu). 

Scheme 2. Reaction scheme for the synthesis of FpC6 
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2.7 Crystal Engineering of FpC6 

To investigate the intermolecular interactions of FpC6 molecules, single crystals were 

prepared under various recrystallization conditions. The resulting structures were analyzed to 

probe the effect of external conditions on the balance between intermolecular interactions and 

the resulting changes in the packing motifs of FpC6. 

2.7.1 Recrystallization Conditions 

Recrystallization conditions for supramolecular structure 1: A solution of FpC6 in hexane (5 

mg/mL) was prepared in a 20 mL scintillation vial and then transferred to a 12 x 75 mm culture 

tube. The culture tube was sealed using a plastic push cap lid and was then sealed with parafilm. 

The sample, after being sonicated for 90 minutes, was stored at room temperature and allowed 

to sit undisturbed in the dark. After a period of 31 days needle-like crystals were observed.  

Figure 2-1 a) 1H NMR and b) 31P NMR spectra for FpC6 
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Recrystallization conditions for supramolecular structure 2: A solution of FpC6 in hexane (20 

mg/mL) was prepared in a 20 mL scintillation vial and then transferred to a 12 x 75 mm culture 

tube. The culture tube was sealed using a plastic push cap lid and was then sealed with a Teflon 

film. This sample was placed in a fridge for 1 year. Alternatively, a solution of FpC6 in pentane 

(10 mg/mL) was prepared in a 20 mL scintillation vial and transferred to a 10 mL push cap 

vial. The vial was sealed with a push cap lid and the sample was stored in the fridge. After 2 

months crystals were observed.  

Recrystallization conditions for supramolecular structure 3:  A solution of FpC6 in hexane (5 

mg/mL) was prepared in a 20 mL scintillation vial and then transferred to a 12 x 75 mm culture 

tube. The culture tube was sealed using a plastic push cap lid. A needle was inserted into the 

push cap lid to increase the evaporation rate of the solvent. This sample was stored at room 

temperature. Crystals were observed within 2 weeks. The same supramolecular structure was 

obtained when a solution of FpC6 in hexane (20 mg/mL) was prepared in a 20 mL scintillation 

vial and transferred to a NMR tube. The tube was seal with a push cap and stored at room 

temperature. Crystals were observed within 2 weeks.  

Recrystallization conditions for supramolecular structure 4: A solution of FpC6 in methanol 

(10 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. Plate-like crystals were observed in 4 days. This 

supramolecular structure was also obtained by recrystallization of a solution of FpC6 (10 

mg/mL) in a mixed solvent system (15 % water / 85 % ethanol) in a 10 mL push cap vial. The 

vial was sealed with a push cap and a needle was inserted into the cap. The crystals were 

obtained overnight.  
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Recrystallization conditions for supramolecular structure 5: A solution of FpC6 (10 mg/mL) 

in mixed solvents (20% water / 80% ethanol) was prepared in a 20 mL scintillation vial and 

transferred to a 5 ml screw cap vial. This sample was stored in a drawer at room temperature. 

The crystals were observed after 1 month.   

2.7.2 Supramolecular Structures of FpC6 

X-ray diffraction (XRD) of the resulting crystals revealed 5 unique supramolecular 

structures (see Table 2-1). While the crystal systems and space groups of the polymorphs are 

different, the structure of FpC6 is similar in all polymorphs (see Figure 2-2). As shown in 

Figure 2-2, FpC6 adopts a typical three-legged piano stool geometry. In addition, considerable 

disorder is observed in the alkyl chains due to the thermal displacement of the carbons in the 

chain.  

Supramolecular structures 1 and 5 are missing a carbon from the alkyl chain giving the 

empirical formula C30H31FeO2P. The missing CH2 group is attributed to the poor quality of the 

single crystals and the flexibility of the alkyl chain. The crystals used to obtain crystal 

structures 1 and 5 were very thin (resulting in weak scattering) and had a significant amount 

of twinning. Furthermore, the thermal energy at room temperature generates considerable 

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 the alkyl.  The 

ESI mass spectrum of the FpC6 used reveals a [M + H]+ of 525.1653 consistent with the formula 

of C31H33FeO2P. Consequently, supramolecular structures 1 and 5 were used to investigate the 

intermolecular interactions and packing motifs of FpC6. 
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Figure 2-2 Supramolecular structure of FpC6 (from supramolecular structure 4) shown as thermal ellipsoids at a 50% 

probability level. Hydrogen atoms have been omitted for clarity.   
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Table 2-1 Summary of crystallographic data for supramolecular structures 1-5 

Supramolecular 

Structure 
1 2 3 4 5 

Empirical Formula C30H31FeO2P C31H33FeO2P C31H33FeO2P C31H33FeO2P C30H31FeO2P 

Formula Weight 

(g/mol) 
510.37 524.39 524.39 524.39 510.37 

Temperature (K) 296(2) 296 200 200(2) 296 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 

Crystal System Orthorhombic Monoclinic Monoclinic Triclinic Monoclinic 

Space Group Fdd2 C2/c P21/c Pρ P21/c 

a (Å) 41.3534(6) 46.1568(17) 11.5608(6) 9.2693(2) 9.3232(1) 

b (Å) 64.6397(9) 8.1296(3) 22.2637(13) 9.4061(2) 33.6851(5) 

c (Å) 8.13090(10) 31.9663(12) 22.6922(13) 15.4687(3) 16.8867(3) 

Ŭ (°) 90 90 90 88.6025(8) 90 

ɓ (°) 90 109.024(2) 111.166(3) 87.6725(8) 91.5077(9) 

ɔ (°) 90 90 90 80.3371(9) 90 

Volume (Å3) 21734.5(5) 11339.8(7) 5446.6(5) 1328.24(5) 5301.48(14) 

Z 32 16 8 2 8 

Calc. Density 

(g/cm3) 
1.248 1.229 1.279 1.311 1.279 

Absorption 

Coefficient (mm-1) 
0.637 0.613 0.638 0.654 0.653 

F(000) 8576 4416 2208 552 2144 

ɗ range for data 

collection 
3.3 to 26.4° 3.0° to 26° 1.3° to 28° 1.3 to 26.4° 2.3° to 24.1° 

Index Ranges h;k;l 
ī51,51;ī80, 

80; ī10,10 

ī57,57;ī10, 

10; ī39,39 

ī13,15;ī29, 

29; ī26,29 

ī11,11; ī11, 

11; ī19, 19 

ī10,10; ī38, 

38; ī19,19 

Reflections 

Collected 
53776 11104 45195 39281 134597 

Independent 

Reflections 
10846 11104 13103 5430 8424 

Completeness to ɗ 

= 25.242 
0.994 0.998 0.998 0.999 0.944 

Refinement method 

Full-matrix 

least-squares 

on F
2
 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F2 

Full-matrix 

least-squares 

on F
2
 

Full-matrix 

least-squares 

on F2 

Data / restraints / 

parameters 

10846 / 205 / 

613 

11104 / 225 / 

601 

13103 / 0 / 

634 

5430 / 104 / 

316 

8424 / 204 / 

615 

Goodness-of-fit on 

F
2
 

1.314 1.468 1.377 1.133 1.394 

Final R indices 

[I>2ů(I)] 

R1 = 0.0466, 

wR2 =0.0755 

R1 = 0.0683 

wR2 = 0.0961 

R1 = 0.0585 

wR2 = 0.1087 

R1 = 0.0558, 

wR2 = 0.1123 

R1 =  0.0533 

wR2 = 0.1041 

R indices (all data) 
R1 = 0.0813 

wR2 =0.0790 

R1 = 0.1436 

wR2 = 0.1034 

R1 = 0.1331 

wR2 = 0.1358 

R1 = 0.0588 

wR2 =0.1162 

R1 =  0.0811 

wR2 = 0.1119 

Largest diff. peak 

and hole  (e Å-3) 
0.556, ī0.211 0.468, ī0.324 1.14, ī0.615 1.637, ī1.410 0.648, ī0.551 
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2.7.3 Identification of Intermolecular Interactions and Packing Motifs of FpC6 

Potential interactions were identified by performing short contact analysis using both 

Platon132 and Mercury133-134 software packages. Subsequently, intermolecular interactions 

were identified based on the joint consideration of the bond distances and bond angles of 

potential interactions identified by short contact analysis. In the case of weak hydrogen 

bonding, short contacts were considered only if d < 3.0 Å and 120° Ò  ɗ  Ò 180.96  Aromatic 

interactions were considered using similar criteria. In the case of offset face-to-face (OFF) ́ð

 ́interactions, close ring interactions were only considered if 0° Ò  Ŭ  Ò 5° and  the centroid-

to-centroid distance (Cd) Ò 4.2 Å. Edge-to-face (EF) interactions between rings were 

considered if 55° Ò  Ŭ  Ò 90° and Cd  Ò 5.5 Å.115, 135 

2.7.3.1 Supramolecular Structures 1 and 2 

In supramolecular structures 1 and 2, short contact analysis indicates that FpC6 

molecules interact through the same packing motifs and intermolecular interactions with only 

slightly different distances. In both structures, FpC6 molecules are involved in a unique tetra-

molecular embracing motif involving aromatic interactions from both Ph and Cp rings from 

four different FpC6. This motif can be described as follows: (1) A bimolecular embrace 

between two FpC6 molecules is formed via three EF interactions involving Cp and Ph rings as 

shown in Figure 2-3 a and b. The average distance between phosphorus atoms is 8.13 Å. (2) 

Two adjacent anti-parallel EF3 bimolecular embraces are connected at their edges by an OFF 

interaction formed between Cp rings and two EF interactions between Cp and Ph rings 

(OFF(EF2)) as shown in Figure 2-3 c and d.  
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Figure 2-3 a) Bimolecular embrace formed by three EF interactions from aromatic groups from two different FpC6 

molecules (aromatic C atoms coloured green or blue). Hydrogen atoms have been omitted for clarity.  b) Spacefill 

representation of FpC6 bimolecular EF3 embrace (aromatic C atoms coloured green or blue). Hydrogen atoms not 

involved in the aromatic embrace have been omitted for clarity. c) Final embracing motif OFF(EF8) involving four 

different FpC6 molecules (aromatic C atoms coloured green, blue, red and purple). The embrace involves two EF3 

embraces linked at their edges via an OFF interaction and two EF interactions. Hydrogen atoms have been omitted 

for clarity. d) Spacefill representation of OFF(EF8) embrace between four different FpC6 molecules (aromatic C 

atoms coloured green, blue, red and purple). Three EF interactions are obscured. Hydrogen atoms not involved in 

aromatic embrace have been omitted for clarity. 
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Consequently, the embracing motif involving four FpC6 molecules (shown in Figure 

2-3a) is described as OFF(EF8) and the interactions are summarized in Table 2-2. This 

embracing motif repeats by translation as shown in Figure 2-4a and b. Consequently, the 

repeating unit consists of four FpC6 molecules in an OFF(EF8) linked to another OFF(EF8) via 

an OFF(EF8) embrace as shown in Figure 2-4c and d.  

Within the OFF(EF8) embrace CðH---O hydrogen bonding is observed involving both 

the terminal carbonyl (t-CO) and the acyl carbonyl (a-CO) acting as acceptors for protons 

donated from Cp and Ph rings (Figure 2-5a). In total there are six CðH---O hydrogen bonds 

within the OFF(EF8) embrace (Figure 2-5a). As shown in Figure 2-4 and Figure 2-5, ñladderò 

chains are formed by the repetition of both the embracing OFF(EF8) motif and hydrogens 

bonds via translation of the repeat unit (Figure 2-16a).  

 Viewing supramolecular structure 1 in the (b a) plane, reveals that the unit cell consists 

of sixteen chain cross-sections (Figure 2-6a) and chains extend in the c crystallographic 

directions (Figure 2-5c). Conversely, viewing supramolecular structure 2 in the (a c) plane, 

reveals that the unit cell consists of eight chain cross-sections (Figure 2-6b) and the chains 

extend in the b crystallographic direction (Figure 2-5d). In both crystal structures 1 and 2, the 

chains are aligned parallel to one another along their long axis. Adjacent chains are linked by 

two CðH---O hydrogen bonds per repeat unit and one EF interaction. It is noteworthy that the 

chains pack in the unit cell such that they are separated by regions or pockets of alkyl chains. 
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Figure 2-4 a) FpC6 OFF(EF8) embrace represented as a repeating unit of four FpC6 molecules. b) Dimer formed 

by repeating unit. c) Representation of the OFF(EF8) within each repeating unit in the dimer. d) Representation 

of the OFF(EF8) embrace linking the repeating units.  
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Ladder chains are typically observed for chains formed by phenyl embraces and are 

characterized according to the inter phosphorus distance between the rungs and rails of the 

ladder. In supramolecular structure 1, the average P---P distance is 8.13 Å between rungs and 

9.64 Å between rails. In supramolecular structure 2, the average P---P distance is 8.13 Å 

between rungs and 9.54 Å between rails.  

 

 

 

Figure 2-5 a) Hydrogen bonding with the repeating OFF(EF8) embrace represented as red dashed lines. b) 

Extension of hydrogen bonding via translation of the repeat unit forming a duplex chain. c) Extension of the chain 

in the c direction in supramolecular structure 1 via translation of the OFF(EF8) embrace. Unit cell edges shown 

by black lines. d) Extension of the chain in the b direction in supramolecular structure 2 via translation of the 

OFF(EF8) embrace. Unit cell edges shown by black lines.  Hydrogens not involved in hydrogen bonding have 

been omitted for clarity. 
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Table 2-2 Summary of aromatic interactions in supramolecular structures 1 and 2. 

Interaction Average Cd (Å) Average Ŭ (º) 

1 2 1 2 

OFF (CpðCp) 4 3.9 3 0 

EF(CpðPh)  5.2 5.2 54 53 

EF(PhðPh) 5.3 5.2 70 69 

 

 

 

2.7.3.2 Supramolecular Structure 3 

Analysis of the short contacts in supramolecular structure 3 reveals that the FpC6 

molecules interact through a combination of hydrogen bonding and phenyl embrace motifs. In 

particular, the FpC6 molecules are involved in a bimolecular embrace formed by three EF 

interactions (EF3) (see Figure 2-7). The bimolecular embraces are connected at their edges to 

another bimolecular embrace via EF3 interactions (Figure 2-8a). The bimolecular embraces 

form chains through a translational repetition of the molecules (Figure 2-8a) extending in the 

Figure 2-6 a) Projection of supramolecular structure 1 in the (b a) plane. Sixteen chain cross-sections can be 

observed. One chain cross-section circled in red. b)  Projection of supramolecular structure 2 in the (a c) plane. 

Eight chain cross-sections can be observed. One chain cross-section circled in red. All hydrogens have been 



55 

 

a crystallographic direction (see Figure 2-9). The phosphorus atoms adopt a zig-zag 

arrangement (Figure 2-16b) and the average P---P distance is 7.7 Å. Within the chains, 

bifurcated CðH---O hydrogen bonding is observed occurring between a-CO and t-CO and 

protons donated from both Ph and Cp rings (Figure 2-8b and Table 2-6). Four hydrogens bonds 

are observed between the FpC6 molecules involved in the chain (Figure 2-8a). The chains lie 

parallel to one another in the supramolecular structure and four chains are encompassed by the 

unit cell (see Figure 2-10a and b).  

 

Figure 2-7 a) Phenyl embrace formed by three EF interactions between two PPh3 groups from two different FpC6 

molecules (C atoms colour green, purple). Hydrogens removed for clarity. b) Spacefill representation of the 

phenyl embrace formed by three EF interactions between two PPh3 groups from two different FpC6 molecules (C 

atoms colour green, purple). Non-aromatic hydrogens removed for clarity. 
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Figure 2-8 a) Extension of the bimolecular EF3 embrace by translation.  b) Hydrogen bonding within the chain 

formed by translating the EF3 embrace. Hydrogen bonding is represented as dashed red lines.  
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Figure 2-9 Extension of the chain in the a crystallographic direction 

Figure 2-10 a) Projection of unit cell in the (b c) plane. Four chain cross-sections can be observed circled in red. 

b) Projection of unit cell in the (b a) plane. Two parallel chains can be observed outlined in orange. Non phenyl 

hydrogens have been omitted for clarity.  
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Table 2-3 Summary of aromatic interactions in supramolecular structure 3.  

Interaction Average Cd (Å) Average Ŭ (º) 

EF1 (PhðPh) 5.0 67 

 

2.7.3.3 Supramolecular Structure 4 

Analysis of supramolecular structure 4 reveals FpC6 molecules interacting primarily 

through aromatic interactions. The unit cell consists of two FpC6 molecules involved in a 

bimolecular embrace (see Figure 2-11) created through four EF interactions between both Ph 

and Cp (see  

Table 2-4).  The distance between phosphorus atoms in the bimolecular embrace is 7.14 Å. Extending the 

supramolecular structure in the a direction reveals that the bimolecular embrace is connected at its edges to 

another bimolecular embrace through one OFF interaction between Cp rings and two EF interactions between Cp 

and Ph rings ( 

Table 2-4 and Figure 2-12a). These interactions link the bimolecular embraces together 

and this pattern repeats in the a direction creating a chain of repeating embraces (Figure 2-12). 

Consequently, each FpC6 molecule is involved in six EF interactions and one OFF interaction. 

The resulting chain structure forms a ñfirecracker ladderò and is formed by repeating 

bimolecular embraces connected by OFF(EF2) (Figure 2-16c). The chains are then packed 

parallel to one another in the supramolecular structure. Despite being crystallized from a 

methanol solution (methanol is known to disrupt hydrogen bonding), a complementary CðH-

--O hydrogen bond involving aðCO group acceptor and hydrogen donated from a phenyl ring 

is observed in the c crystallographic direction (see Table 2-6). These hydrogen bonds extend 

between the chains and are located in a pocket consisting of alkyl and aryl substituents, 

suggesting that these hydrogen bonds arise due to the parallel packing of the chains.  
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Figure 2-11 a) Bimolecular embrace formed by four EF interactions from aromatic groups from two different FpC6 

molecules (aromatic C atoms coloured green or blue).  b) Spacefill representation of FpC6 EF4 bimolecular embrace. 

Two EF interactions are obscured (aromatic C atoms coloured green or blue). Non-aromatic hydrogens have been 

removed for clarity. 

Figure 2-12 a) Extension of the FpC6 EF4 embraces through translation in the a crystallographic direction. Each 

embrace is connected to another via an OFF(EF2) embrace (one EF interaction is obscured). Non-aromatic hydrogens 

have been removed for clarity. b) Hydrogen bonding within supramolecular structure 4. No hydrogen bonds are 

observed within the embrace chain; however, hydrogen bonding extending between chains is observed. Hydrogens 

not involved in hydrogen bonding have been omitted for clarity. 


