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V Abstract 

 

In this thesis we look at the use of urea and carbamate functionalities for applications in self-

assembled systems. The specific focus of the work is the application of these functional groups 

in self-assembled, reversible drag reducers for oil based solvents, namely n-alkanes, but additional 

applications have been found or discussed.  

Firstly, bis-carbamate and bis-urea compounds were synthesised to be used as organogelators, 

using a selection of hydrocarbon end groups that cover n-alkyl, cyclic alkanes and aromatic 

functionalities. These compounds were tested as gelators in a range of polar, neutral and apolar 

solvents, the nature of their interactions is studied and the relative gelation efficiency in equivalent 

carbamate and urea molecules were compared. The aim here was to identify end groups choices 

for use in telechelic drag reducers. Secondly, one of these bis-carbamates, cyclohexyl-

biscarbamate, was applied as a droplet stabiliser due to the observed needle shape of its crystals 

induced by the one dimensional ladder of its crystal structure. Hydrogen bonding driven super 

saturation was used to form capsules with a crystal jammed shell, which allowed for size control 

and a thermally reversible shape control. Thirdly, self-associating end groups from the bis-urea 

compounds were incorporated, as functional monoisocyanates, to form telechelic, dynamically 

self-associative polymers with enhanced shear thinning and yield stresses, which could be 

enhanced further through adding a low percentage of tri-star branched units. These polymers 

were investigated as low molecular weight polymer drag reducers in dilute regimes in hydrocarbon 

solvents.   

Following this, a series of functional acrylamide monomers were synthesised, using the same 

functional groups used in the bis-carbamate molecules. An octadecyl carbamate, phenyl 

carbamate and cyclohexyl carbamate acrylamide were synthesised and the nature of their 

interactions was explored by crystallography and NMR titration, revealing that the monomers 

were self-associative in apolar solvent. The kinetics of the monomer homopolymerisations were 

also explored. Finally, these functional acrylamides were copolymerised with a commercial oil 

soluble acrylamide with the aim of creating low molecular weight polymer units with pendent 

hydrogen bonding units. Monomer reactivity ratios and resulting copolymer composition were 

identified. These polymers were assessed as self-associative drag reduces in non-aqueous solvent 

and also tested for their thermal properties, indicating self-association in the bulk due to sizeable 

Tg increases with increased functional monomer content.  
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1 Introduction 

 

 

1.1 Oil Industry 

 

From the historic1 harvesting of natural seepages of “slimy bitumen”2, to large scale modern day 

drilling and refinement, the birth of the oil industry can be in large part attributed to A. Gesner, 

whose patent3,4 for distillation and uses of kerosene provided a cheap alternative to the use of 

whale oil. An increasing demand for kerosene and similar crude derived products prompted a 

more active approach to oil harvesting, leading to the first successful oil well drillings in 18595 (E. 

L. Drake, Titusville, Pennsylvania), with as many as 33 active6 refineries founded that same year. 

Since then, the global crude oil industry has exponentially grown and is now reported to be worth 

an estimated $1.9 trillion USD7, a market larger than the combined value of all raw metals 

combined. With daily extraction of crudes estimated at 82.2 billion barrels per day5 (in 2004) and 

with an ever increasing demand for crude oil and oil derived products, such as fuels and plastics, 

there is a continuous need for improving the efficiency of oil production, from source through 

to consumer.  

 

1.1.1 Crude oil 

 

Crude oil itself is a complex blend of many hydrocarbon compounds. These blends can range 

from compounds of carbon composition C1 to those of greater than C3008. The individual types 

of compounds we would expect to see include linear or branched alkanes, paraffins, alkenes, 

naphenes and aromatics such as asphaltenes. The exact combination of these hydrocarbons are 

what give the varying properties of crudes found, ranging from low viscosity shale oil to ultra-

high viscosity heavy bitumens9, a famous example of which is seen in Parnell’s pitch drop 

experiment10. As a result of the unlimited possible crude blends, oils are categorised relative to 

their specific gravity, as an API (American petroleum institute) number. An API of 40-60 refers 

to a wet gas or condensate, >60 volatile oil and <40 heavy oil or black oil11. Low viscosity oils are 

primarily made up of shorter chain hydrocarbons, whereas heavy crudes contain higher content 

of waxing long chain12 hydrocarbons and asphaltenes13,14 which can agglomerate into large 
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micellar stacks which greatly increase viscosity. The nature of the crude greatly influences the way 

it is handled from start to end product.  

 

1.1.2 Crude oil transportation 

 

The life span of crude oil can be considered in three main stages, extraction, transport and refinement. 

These three classifications are self-explanatory but a key area of concern in the industry is 

transport. Transport of crudes is costly and can occur via 4 main routes, rail, truck, ship or pipeline. 

Pipeline is considered the cheapest and lowest impact method of oil transport. Pipelines can 

extend for thousands of miles, and as a result of fundamental physical laws, require many 

compressor/pumping stations and injection stations. A summary of the stages of oil transport is 

illustrated in Fig. 1.1. Following compression at pumping stations, additives in the crudes designed 

to improve flow properties can often be damaged15–20, resulting in a need for re-injection of 

additive to the crude. Each injection station is a costly addition to oil transport and the 

circumvention of these stations would be of great financial advantage to the industry. To address 

this, firstly the physical laws that necessitate pumping stations must be understood.  

 

1.2 Physics of transport 

 

Transport phenomena deal with the transport of three fundamental properties linked by the 

energy-momentum relationship, momentum, mass and energy21. From an engineering standpoint 

mass and energy are dealt with by mass and heat transfer respectively, whereas fluid dynamics is 

concerned with momentum transport.  

 

Figure 1.1¦ Crude oil transport from extraction to distribution showing injection and breakdown 

of rheological additives.  
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1.2.1 Macroscopic, microscopic, molecular fluid dynamics 

 

As with all systems, the length scale on which we study fluid dynamics will allow us to study 

different properties of a fluid in flow. Typically we define fluid dynamics in three length scales, 

macroscopic, microscopic and molecular, and each of these scales is concerned with different 

kinds of interactions. On a molecular scale, we study the fundamental intermolecular interactions 

which influence the way a material behaves on the macroscale. For example, in water 

intermolecular hydrogen bonding giving the dynamic tetrahedral “flickering cluster”22 structure 

which gives water it’s unique rheological behaviour23. An additional example is Debye dielectric 

relaxation24 where the viscosity of polar molecules is influenced by molecular rotation in a 

dampening environment, due to Coulombic effects.  

Microscopic fluid dynamics concerns emergent processes, such as fluid flow. Emergent processes 

are uniform and work on a timescale to infinity. This could for example be studied through such 

methods as particle image velocimetry to see the emergence of a fluid velocity profile25.   

Finally, in macroscopic fluid dynamics we are assessing a broader set of properties describing 

fluid behaviour. For example, the results we observe in a rheometer, torque measurements, 

pressure measurements etc. This is typically the initial concern in an engineering problem, as it 

gives a general overview of what is occurring and is essentially what determines whether a system 

is appropriate for an application. 

 

1.2.2 Fluid transport in a cylinder 

 

Fluid dynamics concepts are what govern the workings of a pipeline and thus crude oil transport. 

The need for frequent pumping stations in long distance pipelines is as a result of pressure loss 

with distance. In the simplest form a pipeline is a cylinder, and the fluid dynamics in cylindrical 

channels have been comprehensively defined. Poiseuille’s Law26 [1], derived principally from the 

Navier-Stokes equations of motion, is the fundamental equation by which we calculate pressure 

drop, ΔP, in a pipe of radius, R, and length, L, as a function of the volumetric flow rate, Q, of a 

liquid of viscosity, η. Equation 1 holds true for incompressible Newtonian fluids, in which the 

shear stress develops linearly with shear rate. Macroscopically, a pressure is applied to one end of 

a tube, inducing fluid motion at a volumetric flow rate. The greater the length of the pipe the 

greater the pressure drop. The breakdown of the model occurs when flow in no longer laminar, 

either due to very low viscosities or large cylinder diameters, at which point pressure losses are 

greater than calculated from this equation.  
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∆𝑃 =
8𝜂𝐿𝑄

𝜋𝑅4
   [1] 

Pipe diameters in oil transport are large and as a result flow is non-laminar. Therefore, Poiseuille’s 

law cannot describe the pressure loss accurately. An analytically equivalent equation, developed 

by Darcy27 and Weisbach28 accounts for the additional pressure drop with a friction factor, fD [2]. 

As before ΔP and L account for change in pressure and length respectively, ρ is fluid density, D 

is pipe diameter and ν is fluid velocity. The friction factor accounts for frictional losses which are 

brought about by the pipe wall, which in turn bring about turbulence and resulting in the increased 

pressure drop with distance.  

∆𝑃

𝐿
= 𝑓𝐷 ∙

𝜌

2
∙

〈𝜐〉2

𝐷
   [2] 

 

1.2.3 Laminar versus turbulent flow 

 

The value of fD itself varies between laminar and turbulent regimes. The terms laminar and turbulent 

respectively refer to flow conditions in which fluid is moving uniformly and chaotically. In laminar 

flow, in a cylinder with parallel sides, it is assumed that there is a no slip boundary condition29. 

This means that particle adhesion to the wall is strong, and they have zero momentum. At each 

infinitesimal pipe radius fluid layers move uniformly past each other, with the velocity of each 

increment towards the pipe centre increasing in velocity21. A parabolic velocity profile will arise 

from this, the magnitude of which is dependent on the pressure bias at the inlet.   

On the other hand, turbulent flow is chaotic in nature and as a result its velocity profile and 

momentum flux are typically estimated using models which show general agreement with 

experimental observations21. As motion is initiated in a cylinder in laminar flow, frictional factors 

at the wall induce momentum imbalances, which in turn introduce eddy currents which amplify 

with distance until full turbulence is reached. Fig. 1.2 demonstrates the difference between laminar 

and turbulent flow profiles and the evolution of turbulence from the onset of a pressure bias.  

Osborne Reynolds in 1883, defined a dimensionless quantity, the Reynolds30 number (Re), which 

can be used to predict the type of flow a fluid will experience under specific conditions. Re [3] is 

the relationship between the product of density, ρ, velocity, υ, and a dimensional unit, L, against 

dynamic viscosity, µ. Note, a kinematic viscosity, ν, equivalent is also valid. What a Reynolds 

number tells us is the balance between inertial and viscous forces. If inertial forces are strong 

enough, particles are able to move out of their laminar “stream”. Where viscous forces would 
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usually provide a restorative force, therefore maintaining laminar flow31, the strong non-linear 

inertia initiates turbulence. Thus the higher Re the greater the momentum. In a uniform cylinder 

with no vibration the transition between ideal laminar and turbulent flow occurs at approximately 

Re > 2100-230032, but in reality this occurs over a range of values.  

 

𝑅𝑒 =
𝜌𝜐𝐿

µ
=  

𝜐𝐿

𝜈
    [3] 

𝑓𝐷 =
64

𝑅𝑒
   [4] 

 

In laminar flow, the friction factor fD is a simple reciprocal of Re. Conversely, in turbulent flow 

the value is more complex and relies on a pipe’s surface roughness. A comprehensive model of 

the relationship between Re and surface roughness was produced by Moody33 but the likes of 

Haaland34 have also derived empirical solutions to finding fD at high Re. The need for 

approximations and empirical methods is the sole means of studying turbulence, due to the 

chaotic nature of the event.  

 

Figure 1.2¦ (a) Schematic of the evolution of a laminar velocity profile over time, across the full 

width of a cylinder (b) evolution of turbulent flow from laminar flow, through transitional period 

and onto full turbulence (c) qualitative velocity profiles of laminar (▬) and time-smoothed 

turbulent (●●●) flow. Relevant scaling relationship of velocity for and radial position of pipe 

radius r.  
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1.2.4 Turbulent drag  

 

A friction factor is essentially an internal flow equivalent of Rayleigh’s drag equations, which 

concerns drag forces experienced externally by objects in fluid. In the case of both the Darcy-

Weisbach and Rayleigh equations the drag is proportional to the inverse square of velocity, as is 

expected for turbulent flow and so we see that friction factors and drag coefficients are essentially 

analogues. In the context of crude transport, it is the turbulent drag that is responsible for 

additional pressure drop in pipelines, and the use of polymeric additives is standard procedure for 

the reduction of drag.  

 

1.2.5 Polymeric drag reduction 

 

One of the earliest attempts to find drag reducing agent for gasoline was a patent filed by Mysels 

in 1947. It was found that the addition of a blend of an aluminium soap of coconut oil acid and 

aluminium naphthenate35 had a drag reducing effect as a result of thixotropic properties. Although 

the resistance to flow in the thixotropic gasoline was higher, the onset of the turbulent regime 

occurred at a higher flow rate, meaning frictional losses were reduced overall.   

 

Sometimes called Toms’ phenomenon36,37, after he first reported the behaviour for polymethyl 

methacrylate in chlorobenzene; the mechanism of drag reduction by polymers is not fully 

Figure 1.3¦ (a) Schematic of network theory showing temporary junctions (○) between polymer 

chains (▬) (b) schematic of single-molecule theory in dilute conditions (c) Single-molecule theory 

in concentrated polymer solution with permanent linkages (○) 
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understood. Toms reported as much as a 50 % reduction in drag losses with as little as 0.25 wt.% 

of PMMA. Savins38 expressed drag reduction as a ratio of pressures in a turbulent pipeline [5]. 

 

𝐷𝑅 =
∆𝑝

∆𝑝𝑥
   →     𝐷𝑅% = 100 · (1 − 𝐷𝑅)  [5] 

 

Experimental analysis of the phenomenon dwindled with sparing additional insights38–40, but an 

early credible mechanism of action was proposed by Sever and Metzner41. Additionally a 

comprehensive qualitative mechanism was put forward by Tabor and de Gennes42. They 

proposed that the extensional rheology of long chain polymers was the property responsible for 

the drag reduction. Eddy currents that develop from wall friction were proposed to be dampened 

by the polymer43–46. These ideas were expanded to fit 2 main theories, the network theory47 

concerning temporary overlap between polymer chains in solution, and the single-molecule theory48–

50, describing polymer chains as strings of beads connected by spring tensors (Fig. 1.3). When 

each is combined with continuity and motion equations, an estimate of complex flow can be 

found giving insight into the mechanism of polymeric drag reduction. 

An excellent example of the use of drag reduction in oil transport was the addition of polymer to 

the Trans Alaskan pipeline51,52. Injection of polymer following pumping stations improved total 

flow volume by 1.3·106 L·hr-1 (increasing daily output from 1.45 – 2.1 million barrels per day) and 

was also found to have heat transfer benefits53.  

High molecular weight polymer is the most common choice for a polymeric drag reducing agent 

(DRA). Examples of such polymers include, long chain polyacrylates54, polymethacrylates, 

poly(ethylene oxides), polyacrylamides55 and polyolefins56 etc. The success of high molecular 

weight polymer in drag reduction is attributed to the long timescale of their elongation57. Polymers 

of over 106 g·mol-1 can have a rate of elongation up to an entire order of magnitude slower than 

those of 103 g·mol-1.  

More recently surfactant blends and fibre suspensions have become more widespread58 though 

the main advantage here is for application in aqueous systems. For example, it was found that 

high concentrations of fibrous compounds59,60, such as nylon, rayon and cotton, were effective 

DRAs with greater than 90 % reduction in drag losses61. Unfortunately, fibrous suspension lead 

to a higher risk of pipeline/ pump blockages.  

Nonionic, cationic and anionic62 surfactants were also explored as DRAs. Compounds such as 

CTAB63 and alkyl capped PEOs64 etc. were all found to be effective DRAs when adopting a large 

rod-like micelle structure. Conveniently it was found that these surfactant systems were 
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degradation resistant, reforming micelles in lower shear regimes with no loss of performance after 

extended use65,66.  

In general, the overlapping trend in DRA design is the formation of long length scale structures, 

whether they be high molecular weight polymer or micellar structures. For this reason it is a 

reasonable proposal that supramolecular polymer structures could also serve as drag reducers 

providing intermolecular interactions are strong enough to withstand some of the stresses 

involved in turbulent flow.  

 

1.3 Supramolecular chemistry 

 

Supramolecular chemistry refers to a branch of chemistry concerned with the systems that occur 

from intermolecular interactions between molecules, i.e. non-covalent interactions. This field was 

first established by Fischer with his model of enzymatic interactions67, and became a well-

established field in the 1990s following the famous Stoddart molecular machines68 and the 1987 

Nobel prize.  

Intermolecular interactions are governed by pair potentials which tell us the potential energy 

between two objects, atoms/molecules/particles, with changing inter-object distance. Following 

van der Waals69 developments with the ideal gas law, using corrections for molecular volumes 

and interactions, Mie70, in 1903, proposed a simple pair potential using absolute distance between 

particles [6] consisting of attractive (A/r6) and repulsive (B/r12) components. 

  

𝐹(𝑟) =  −
𝑑𝑉

𝑑𝑟
  →  𝑉(𝑟) =  −

𝐴

𝑟6
+

𝐵

𝑟12
   [6] 

Here A and B govern the strength of interaction, and the power of each component describes the 

range of interaction. This later lead to the Lennard-Jones71 potential [7] which gave a more 

accurate estimate of potential energy between isolated atoms/molecules compared to the 

generalised interatomic forces approach of Mie. Fig. 1.4 shows a simple pair potential curve with 

no repulsive force at r > rVmin. 

𝑉(𝑟) = 4𝜀 [(
𝜎

𝑟
)

6

− (
𝜎

𝑟
)

12

]   [7] 

We can generally consider intermolecular interactions to be either Coulombic72,73 or Van der 

Waals forces. Coulombic forces cover interactions between ions and are governed by an inverse 

square power law, scaling r-1, and thus occur over a very long range. These interactions are also 

very strong comparatively to van der Waals based forces. Van der Waals forces on the other hand 
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cover, dipole, hydrogen bonding, π-π interactions and simple van der Waals interactions (non-

polar- non-polar)74 and generally scale r-6. The relative strengths of these interactions are covered 

in Table 1.1, referenced from Steed75 and Nishio76, these exclude halogen, coordinate, reversible 

covalent and mechanical bonds. 

Interaction Type Strength / kJ·mol-1 Scaling Namesake 

    

charge - charge 100-350 r Coulomb72 

charge - dipolefixed 50-200 r2  

charge – dipolefree 50 -200 r4  

dipolefixed - dipolefixed 5-50 r3  

dipolefree-dipolefree - r6 Keesom77 

charge - non-polar - r4  

dipolefixed - non-polar - r6  

dipolefree – non-polar - r6 Debye78 

non-polar - non-polar < 5 r6 London79 

hydrogen bonding 4-120 r2  

pi-pi 0-50 r2-r6  

pi-CH 4-12 -  

        

Table 1.1¦ Table of interaction types and their associated energy ranges and interaction 

distances. 

Figure 1.4¦ non-quantitative representation of a standard pair potential in a system with no 

repulsive forces for r > r at Vmin. 
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Examples involving π systems or the so called hydrophobic effect are not so clear cut and are in 

fact complex systems which are influenced by a number of addition factors. Hydrophobic effects 

which can induce self-assembly80–83, are greatly influenced by solvation/hydration and are thus a 

predominately enthalpically driven process. All the above interaction types are exploited in 

supramolecular chemistry with a wealth of examples exploiting Coulombic forces84–86 and charge-

ion/metal-ligand87 systems. In addition to this, an area of particular focus in the field has been 

hydrogen bonding, initially described by Latimer88, the initial interest being its wide spread 

presence in nature.  

 

1.3.1 Hydrogen bonding systems 

 

Although there is debate as to whether hydrogen bonding is truly distinct from dipole type 

interactions, the energies and driving forces for the interactions are well explored and as a result 

designing applications for the interaction type has been widely pursued. Uses have been seen in 

small molecule science, such as organogels89–93 or donor acceptor systems94, colloidal95–99 

materials, controlled self-assembly of biologically inspired systems100–104. Frequently, hydrogen 

bonding supramolecular systems have been applied to polymer materials science. In the fields 

infancy it was found on that the inclusion of hydrogen bonds had a profound effect on material 

properties, such as rheology105, tensile strength106 and thermal properties107 etc.  

Some of the more prominent examples include, Hamilton wedges108,109, donor acceptor 

arrays110,111 and infinite 2-D arrays112–114. Following the earliest examples of supramolecular 

polymers from difunctional monomer units107,115,116, Meijers work with the quadruple hydrogen 

bonding ugroup (UPy) (Fig. 1.5), and subsequently Sijbesmas work, prompted an efflux of 

publications from the early 2000s onwards looking at multiple hydrogen bonded systems. Some 

notable examples include the first use of the Upy end group in telechelic poylmers117, DNA 

inspired self-assembling polymers with Upy in the backbone118 and oligocaprolactone-Upy 

Figure 1.5¦ Schematic of two ureidopyrimidone groups mutually interacting 

via a quadruple hydrogen bond. 
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biological scaffolds119, amongst other developments. Similarly, the same concepts have been 

introduced to the fledgling field of vitrimers, first developed by Leibler120–122. Though strictly not 

supramolecular, hydrogen bonding reversible interaction incorporated within a crosslinked 

polymer network allow self-healing and reversible, fixable shape deformations. 

 

1.3.2 Supramolecular polymer characterisation 

 

Supramolecular polymer systems can be analysed using a wide range of techniques depending on 

the nature and application of the material. From a molecular point of view, techniques such as 

nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC) and X-Ray 

techniques allow us to quantitatively assess the mechanisms involved in supramolecular polymers. 

For example, hydrogen bonding between chains may significantly influence the Tg and/or Tm of 

a polymer, and NMR can quantify the strength of associations. However most commonly, given 

the application driven nature of most polymer science, macroscopic analysis methods, namely the 

wide variety of rheological tests available are the most frequently used characterisation methods. 

From rotational rheology, the bulk and dilute behaviour of polymers can be assessed in terms of 

viscosity and shear rate, and the yield stress of materials can be measured. Oscillatory rheology 

and dynamic mechanical analysis (DMA) can be used to assess the solid/liquid like properties of 

a material as a function of frequency and temperature. Through capillary rheology we can assess 

the flow properties of materials at different concentrations under laminar flow. This can also help 

us estimate a curvilinear length of assembled polymers due to the linear relationship between 

viscosity and chain length of linear polymer. These methods allow us to see whether a material is 

fit for application, before the fundamental mechanism of the behaviour on a molecular level is 

understood.  

 

1.3.3 Supramolecular drag reduction 

 

In terms of combining the two areas of supramolecular chemistry and drag reducing agents, the 

subject is very much unexplored. A majority of the developments in supramolecular polymers are 

focused on behaviour in bulk conditions, as described above. In addition, the materials that have 

been studied in dilute conditions are often focused on aqueous systems, mostly due to the higher 

solubility of moieties such as hydrogen bonding groups in polar solvents123.  

The area of supramolecular drag reduction was explored briefly in the 1980s124 and early 90s, with 
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Malik developing a drag reducing effect using polymers with site specific hydrogen bonding in 

the side chains125.  

From a more preliminary standpoint, Bouteiller explored the use of self-assembling small 

molecules centred on a bis-urea group to form supramolecular polymers in apolar126–129 mediums. 

Initial studies focused on the mechanism of assembly and morphological properties of assembled 

structures, however it was found that an ethyl hexyl bis-urea toluene (EHUT) formed long worm 

like structures which acted as drag reducing agents130 in octane and toluene. The assemble 

structure was seen to change between two assembled regimes, F and T, based on temperature. At 

low temperature (20 oC) in toluene, the T form was found to have a curvilinear length of 106 

g·mol-1, whereas above 40 oC a switch to the F form was observed, giving a shorter curvilinear 

length of 103 g·mol-1 and no drag reduction.  

More recently, similar hydrogen bonding based moieties were employed in very high molecular 

weight ring-opening metathesis polymerisation (ROMP) polymers as telechelic end groups. These 

polymers were employed as anti-misting agents for jet fuel to prevent spread of burning fuel and 

control explosion size in aerospace accidents131,132. Poly(cyclooctadiene) PCOD of 500 kg·mol-1 

with acid derived end groups was seen to assemble into megasupramolecular polymers of >5 

Mg·mol-1 which were found to induce drag reduction, due to their slow elongation rate whilst 

also withstanding degradation due to the sacrificial breakage points. With this recent success in 

mind, the application of polymers with similar properties should be applied to DRAs for the 

transportation of crude oil in pipelines.  

 

1.4 Scope and outline of this thesis 

 

This thesis focuses on the design of supramolecular drag reducers for crude oils of a similar 

viscosity to shale oil. This thesis can be considered in 2 parts, linked by the concept of hydrogen 

bonding interactions.  

The first section, consisting of Chapters 2 and 4, concerns the design of hydrophobic telechelic 

polymers, which assemble in solution at lower Reynolds numbers and disassemble in high shear 

environments reversibly.  

The second section, consisting of Chapters 5 and 6 focuses on the synthesis and application of 

self-associative carbamate monomers and the changes in material properties induced when 

copolymerised with an oil soluble monomer. Functionalities incorporated in acrylamides are taken 

from those explored in the first section. 
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Additionally, Chapter 3 looks at the use of associative molecules from chapter 2 for preparing 

spikey capsules and Chapter 7 outlines the design, construction and calibration of a capillary 

rheometer for the study of dilute solutions of associative polymers synthesised in Sections 1 and 

2.  

In Chapter 2, a series of bis-urea and bis-carbamates with equivalent functional groups are 

synthesised from isocyanates. These compounds are assessed as organogelators by oscillatory 

rheological measurements at different wt% and by light microscopy to maintain the natural 

structure of the gel, which would otherwise be lost through conventional electron microscopy 

methods.  

In Chapter 3, a bis-carbamate molecule from Chapter 2 is used as crystalline stabiliser for 

microfluidically generated droplets of dodecane. Initially solubilised in a DCM:dodecane solvent 

mix, the crystals nucleate at the droplet surface at supersaturation due to evaporative loss of DCM. 

 

In Chapter 4, monoisocyanate equivalents of the bis-ureas formed in Chapter 2 are coupled with 

hydroxyl-telechelic polymers. The resulting polymers tested rheologically for their bulk and dilute 

properties, with the aim to use them as drag reducers. The incorporation of low mol% of tri-star 

polymer is used as a means to counteract sample pollution by mono-functionalised polymer unit 

which would lower maximum supramolecular length.  

In Chapter 5, 3 carbamate function acrylamides are synthesised and their self-associative 

properties assessed by 1H-NMR using the isodesmic model and X-Ray crystallography. The 

monomer activity is tested via RAFT polymerisation and is found to polymerise efficiently.  

 

In Chapter 6 monomers synthesised in Chapter 5 are polymerised, by RAFT polymerisation, into 

an oil soluble acrylamide polymer at various wt.%. The thermal and rheological characteristics of 

the resulting polymers are measured to assess their effectiveness as drag reducers in organic 

solvent. 

 

Chapter 7 concerns the design of a capillary rheometer from low cost HPLC parts and differential 

pressure transducers. The mV response of the sensors is calibrated as a function of flow rate and 

modelled to Poiseuille’s Law which governs the fluid dynamic behaviour of Newtonian fluids at 

low Reynolds numbers.  
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2 Synthesis and characterisation of associative 

biscarbamates and bisureas 

 

Abstract 

 

A set of hydrophobic bisureas and biscarbamates with varying functional groups were prepared. 

Compounds are characterised via 1H and 13C NMR, infrared (IR), high resolution mass 

spectrometry and X-Ray crystallography. Organogels were also prepared from the compounds to 

assess the associative properties of the compounds in various organic solvents. These gels were 

examined through SEM and light microscopy as well as quantitative assessment by oscillatory 

rheological tests. 

  

2.1 Introduction 

 

2.1.1 Organogels 

 

Organogels1 are a category of gel wherein a liquid organic phase is trapped within a crosslinked 

secondary phase. These materials when subject to inversion retain their shape2 and do not flow 

under the influence of gravity. Through nothing more than transient intermolecular interactions 

the rheological nature of a solvent is greatly changed and proves the potential for identifying 

organogelling end groups which could be incorporated in polymers. 

Principally there are two types of organogel to consider. Firstly there are covalently crosslinked 

organogels. In this case a polymerisation has occurred increasing the viscosity of the solution until 

the polymer solution behaves as a gel, as a result of chain entanglement3–5. Secondly there are 

organogels made from small organic molecules which self-assemble6–9 in organic solvent and 

producing a self-supporting structure. The governing intermolecular interactions are often 

hydrogen bonding10, van der Waals or pi-pi stacking and in more advanced cases are a 

combination of multiple mechanism, which have led to the plethora of modern, complex 

organogels systems12–16. Although this area of interest concerns all types of organic gels, an area 

of continued interest is the use of small organic gelators.  
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In most cases involving small organic molecules, the solute is partially or mostly insoluble in the 

organic solvent at room temperature, often as a direct result of the intermolecular interactions 

which make the compounds assemble. The mechanism in these situations is based on super 

saturation17, where fibrils or other mesostructures form as the solute crashes out. This can occur 

thermally or based on concentration. As a result the mechanism of forming the gel often involves 

preparing a fully soluble solution at elevated temperature, to nullify secondary18 interactions, and 

subsequently cooling slowly to form the gel as assembled structures begin to trap solvent (Fig. 

2.1). 

 

The aforementioned gel types fall under the umbrella of supramolecular chemistry with the most 

numerous examples working via hydrogen bonding.  The small organic compounds utilised 

include carboxylic acids19,20, amines21, amides22,23, carbamates24,25, ureas26,27 amongst others28–32. 

The dynamic nature of these bond types means that such materials have a temperature 

dependence and subsequently are reversible33.   Being based on small organic molecules results in 

a broad range of properties in organogels and as a result the temperature dependence, association 

constants and macroscopic properties of the gels will all differ greatly.  

Solvent effects are an important influence on organogelation. Gel dissolution temperature was 

found to be closely influenced by concentration and solvent polarity34,35. Additionally the critical 

gel point, in terms of gelator concentration, was heavily influenced by the solvent polarity and 

hydrogen bonding strength36. Bouteiller37 et al demonstrated that a symmetric urea-based gelator 

was significantly affected by slight changes in solvent structures. A selection of simple aromatics 

were used as a continuous phase, the only difference being the length and number of alkyl side 

substituents on the aromatic solvent. Gel stability was found to vary based on solvent geometric 

complementarity with the 1D fibrils that formed in solution. 

Figure 2.1¦ Schematic of organogel formation showing trapping of solvent (●) by self-

associating units (■) (a) at elevated temperature (b) at room temperature.  
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Some of the simplest organo gelators were explored by Weiss38, who investigated organogelation 

by alkanes with single hetero atoms. This early work helped to identify the importance of a 

hydrogen bonding component. Single nitrogen atoms which were mono, di or trisubstituted with 

octadecyl groups of C-18 length were investigated. When intermolecular hydrogen bonding was 

reduced, by increasing solubility or trisubstituting, the gelling efficiency was greatly reduced. In 

the same investigation it was found that increasing solvent chain length also reduced gelation 

efficiency and gel Tg as a result of increased solubility.  

In a second study by Weiss21, the importance of alkyl chain length on organogelator efficiency 

was also explored. It was found that amine salts of increased n-alkyl chain length proved to be 

more efficient gelators. It was reported that large London dispersive forces with increased chain 

length lead to improved interaction in the polar, self-associative groups. From these initial studies, 

much more complex small molecule organogelators have been developed39,40. 

 

2.1.2 Morphology 

 

With more complex molecular design, impressive morphological control can be achieved in 

organogels. When cooperative mechanisms of interaction are incorporated in a small molecule 

gelator, the molecular self-assembly is driven in stages. Firstly, hydrogen bonding promotes self-

assembly into 1D fibrils, the secondary assembly of these fibrils into larger mesoscopic structures 

are driven in turn by van der Waals interaction and solvophilicity of the groups surrounding 

hydrogen bonding moieties, such as alkyl chains31. The morphology of the 1D fibrils can be 

influenced by asymmetric41 or stereochemistry in the gelator42, or stereochemistry in the solvent43. 

For example, chirality in the assembled 1D fibrils and larger mesoscopic fibrils can be switched 

from D to L or S to R by switching the chirality of the solvent. Similarly, mixing an imbalance of 

two stereoisomers can either promote or impede assembly and fibril morphology, depending on 

the geometric compatibility of the monomers. Bouteiller44 also demonstrated that a bis-urea 

compound (ethylhexylureido toluene, EHUT) can have multiple temperature dependent 

morphologies in the molecular fibrils. This symmetric bis-urea shows a thermal transition 

between a 1D filament and a 2D tube at 40 ºC.  

 

2.1.3 Analysis  

 

Due to the nature of organogels, specifically those with an element of phase separation, they are 

interesting to study from the molecular to microscopic and on to meso and macroscopic. 
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Molecularly we are concerned with the nature of the interaction between monomer units. The 

study of interactions is often covered with spectroscopic methods, such as NMR. From a 

microscopic scale, techniques such as dichroism can identify the short range shape of the 

individual fibrils that the gels assemble into. Mesoscopically, SEM and TEM can reveal the 

entanglement of the fibres leading to the macroscale rheological character which is observed.  

 

2.1.4 Organogel Rheology 

 

Unlike a traditional fully covalently crosslinked gel, such as a hydrogel45, the general rheological 

properties of a supramolecular organogel do not follow the typical gel behaviour (Fig. 2.2.A). For 

a Hookian elastic material, with perfect shape retention, we would expect elastic and loss moduli 

(G’ and G’’ respectively) to run parallel across a full range of frequencies and a stable 0o phase 

angle (δ), within the materials linear viscoelastic region (LVER). Instead, organogels typically 

display the behaviour of a viscoelastic solid46. In other words, a predominantly elastic material 

with some liquid like property (Fig. 2.2.B). In this case the value G’ remains higher than G’’ across 

a majority of the frequency range, especially at low frequencies (long time scales), and we see a δ 

< 45o. The best analogy for the material behaviour would be hand cream, a self-supporting solid-

like structure which can be stirred as if it were a liquid.   

 

The nature of the interactions which form the organogels are also responsible for the viscous 

properties of the gel in a destructive regime, such as rotational force. Hydrogen bonds or 

entanglements can break down under rotational force, such as those in rotational rheology, 

leading to shear thinning47. These rheological properties are synonymous with organogels 

independent of the functional moieties providing the secondary interactions for assembly.  

Frequency 

Figure 2.2¦ Theoretical graphs of rheological behaviour of (a) viscoelastic solids (b) Gels (c) 

viscoelastic liquids. (▬) G’ / elastic modulus (▬) G’’ / loss modulus (▬) δ / phase angle.  

Frequency Frequency 

G
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G
’’ 



25 
 

 

2.1.5 Urea gelators 

 

Of the types of functional groups used in organogels, ureas are perhaps the most widely used, 

firstly due to the ease with which they can be synthesised and secondly because the interaction is 

widely understood. Boutellier48–51 et al and van Esch52,53 have repeatedly explored the use of 

symmetrical and unsymmetrical ureas to understand their associations and the structures they 

form in bulk and dilute systems.  

An initial study of a comparison between simple N,N-dialkyurea and equivalent bis-ureas revealed 

the benefit of an additional urea group on the maximum theoretical assembly Degree of 

polymerisation (DP) i.e. the number of organogel units assembled into a single fibre. The change 

in reduced viscosity with concentration in heptane, dichloromethane and carbon tetrachloride 

was studied showing increase DP with concentration. As could be expected, viscosity is much 

lower in solutions in halogenated solvent due to the increased solubility reducing the degree of 

assembly. Secondly, the reduced viscosity was an order of magnitude higher with an additional 

urea groups.  

The rheological properties of these bis-urea aggregates were studied to identify the behaviour of 

the assemblies in solution. The power law relationships of the viscoelastic relaxation indicated 

that the ureas were assembled into long worm-like micelles with lengths of up to 500 nm. The 

relationship to concentration revealed longer assemblies up to 6.0 g·L-1. Above this concentration, 

assembly curvilinear length deviated from the power law relationship, indicating the presence of 

chain cappers, as a result of impurity from the synthesis of the ureas. 

Following the use of EHUT in apolar solvents54,55, and the determination of its theoretical 

molecular weight in dilute conditions (106 g·mol-1), the potential for urea-based drag reducers56 

was shown. Assemblies which in bulk conditions would form an organogel, instead act similarly 

to polymer drag reducers by influencing the onset of turbulence in liquid flow.  

With this specific example in mind, and in the context of this chapter, a design was developed 

based on the synthesis of carbamate and urea-based molecules which could later be adapted to 

form functional groups for telechelic or block/statistical polymers. Notably this principle is 

evidenced by the works of Meijer57 or Sijbesma. Providing the molecules synthesised interact 

similarly to other ureas, then functional polymers of those molecules could also in theory work 

as drag reducers in dilute conditions.  
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2.2 Results and Discussion  

 

2.2.1 Synthesis of compounds 

 

For bifunctional compound synthesis, reactions were based on standard nucleophilic addition to 

isocyanates58 (Appendix B) via either hydroxyl or amine groups to form carbamates59 and ureas60 

respectively. In total six bis-functional compounds were synthesised, 3 carbamates and 3 ureas, 

and the chosen functional groups were repeated for each of the sets. The synthetic route was 

inversed depending on whether the desired product was a carbamate or a urea. For example, for 

the synthesis of carbamate groups, 1 part of decanediol was reacted with 2 parts functional 

isocyanate: octadecyl, phenyl and cyclohexyl isocyanate for compounds 2.1, 2.2 and 2.3 

respectively. Alternatively, for the synthesis of urea groups 1 part of hexamethylene diisocyanate 

was reacted with 2 parts of functional amine: octadecyl amine, aniline and cyclohexyl amine for 

compounds 2.4, 2.5 and 2.6 respectively. A detailed reaction scheme for each reaction is shown 

in Fig. 2.3. 

For optimised conversion to carbamates and ureas, hydrolysis of the isocyanates must be 

minimised. Firstly, all glassware must be dried via a schlenk line and reaction mixtures degassed 

with nitrogen gas. Secondly, all liquid starting materials (phenyl and cyclohexyl isocyanate, aniline 

and cyclohexyl amine and chloroform) must be dry. This was achieved by drying over molecular 

sieves for 24 h prior to reaction in vacuum dried, sealable ampules. Finally, dibutyltin dilaurate 

(DBTDL) was utilised to catalyse the reaction, lowering the reaction temperature of the 

nucleophilic addition as a way to minimise the hydrolysis reactions. This hydrolysis reaction is 

only really a concern when synthesising carbamate compounds as the time scale of the alcohol-

isocyanate reaction is orders of magnitude slower than the amine-isocyanate process (which 

happens instantaneously in a highly exothermic reaction).  

Conveniently all six products precipitated from chloroform due to the low solubility of the 

hydrogen bonding structures formed. As a result, simply filtering and washing the product with 

chloroform was sufficient to produce the product in high purity, as indicated by NMR and IR 

(See experimental).  
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2.2.2 X-Ray Crystallography 

 

To assess the interactions of the bis-carbamates and ureas, and whether intermolecular hydrogen 

bonding is present, X-ray crystallography was used. Although it is well documented that these  

types of functional materials interact, as seen in the introduction, the specific sterics of each 

individual compound greatly affect the type of interaction taking place whether that be ionic, π-π 

interactions, van der Waals or hydrogen bonding. Compounds 2.2, 2.3 and 2.5 were assessed as 

they could be successfully crystallised with a large enough crystal size for XRD. Details of the 

experimental preparations and analysis are listed in the experimental.  

Figure 2.3¦ Schematic of compound formations using dibutyltin dilaurate (DBTDL) as catalyst 

(top) formation of biscarbamates 2.1-2.3 from 1,10-decandiol and various R group functional 

isocyanates (bottom) formation of bisureas 2.4-2.6 from 1,6-hexamethylene diisocyanate and R 

group functional amines. 
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In Fig. 2.4 each compound is presented from a perspective showing the whole unit cell and also 

a zoomed in image of the key interaction influencing the molecular organisation. We see from the 

crystal structure of compound 2.2 (Fig. 2.4 A/B) that the short contact between the hydrogen 

bonding groups is not made. The distance between these hydrogen bonding groups is too great 

and instead we observe a domination by perpendicular π-π interactions, where the δ- hydrogens 

of the phenyl ring interact with the δ+ centre of the aromatic group on an adjacent molecule. This 

is also known as a T-stacking π-π interaction.  

From Fig. 2.4 C/D we see the interactions of compound 2.3.  Compounds 2.2 and 2.3 are almost 

identical in their molecular structure, with compound 2.3 being the aliphatic equivalent of 

compound 2.2. This implies that any change in the key intermolecular interaction is influence 

solely by the terminal hydrocarbon group. It was observed that in compound 2.3 the short contact 

between the carbamate N-H and C=O are close enough to form hydrogen bonds (2.970 Å). This 

results in a ladder like arrangement of adjacent molecules where the equivalent carbamate groups 

are aligned. Without the competition with π-π interactions from aromatic groups, the hydrogen 

bonding through the carbamates is able to prevail.  

Lastly, Fig. 2.4 E/F shows the interactions in compound 2.5. Compound 2.5 is again very similar 

in its basic structure to that of 2.2 and 2.3 and is a urea equivalent of 2.2 (with a shorter alkane 

backbone). Similarly, to compound 2.2, we could expect the aromatic groups to have a strong 

influence on the crystal structure, but unlike 2.2 a short contact of 2.104-2.151 Å allows for the 

formation of hydrogen bonds and thus 2.5 adopts a ladder structure similar to that of compound 

2.3. In compound 2.2 the hydrogen bonds observed are in a N-H∙∙∙∙O=C arrangement, whereas 

in 2.5 we observe (N-H)2∙∙∙O=C alignment. The “shared” hydrogen bond can explain the switch 

to dominant hydrogen bonding over the alternative π-π stacking. Statistically there is a higher 

likelihood of forming a hydrogen bond, with twice the N-H bonds and a lower likelihood of the 

bond dissociating. This is also semi-quantitatively complimented by the short N-H∙∙∙∙O=C bond 

length (2.970 Å - carbamate 2.2 vs 2.104-2.151 Å - urea 2.5), indicating a stronger hydrogen bond.  

As would be expected, qualitatively we can say that compounds containing a urea group appear 

to be more likely to form hydrogen bonds, and the bonds formed are likely to be stronger. 

Importantly, it must be noted that the use of crystal structures does not represent the solution 

behaviour of these materials, but does indicate a possible minimum energy structure and thus a 

statistically more likely solution arrangement.  
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2.2.3 Organogelation 

 

As discussed in the introduction, bis-urea compounds are effective organogelators, forming 

assemblies/arrays which trap solvent giving gel like properties. Testing for organogelation 

properties provides insight into whether specific compounds will show self-assembly behaviour 

in organic solvents and as a result it is important to assess these properties for carbamate 

compounds 2.1-2.3 and ureas 2.4-2.6.  

Figure #.#¦ X-Ray crystallography of compounds 2, 3, 5. (a) unit cell structure of compound 

2 (b) enlarged section of perpendicular intermolecular π-π interactions of compound 2 (c) unit 

cell structure of compound 3 (d) enlarged section of intermolecular hydrogen bonded 

carbamate ladder of compound 3 (e) unit cell structure of compound 5 (f) enlarged section of 

urea-urea intermolecular hydrogen bonded ladder in compound 5  

Figure 2.4¦ (a) X-ray crystallography showing unit cell structure of compound 2.2 (b) Enhanced 

image of perpendicular π-π interactions (c) X-ray crystallography showing unit cell structure of 

compound 2.3 (d) Enhanced view of intermolecular hydrogen bonds between carbamate groups 

(e) X-ray crystallography showing unit cell structure of compound 2.5 (f) Enhanced view of 

intermolecular hydrogen bonds between urea groups.  
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A detailed description of the solvent : compound blends used and their preparations are listed in 

the experimental section but to summarise, compounds 2.1-2.6 were all dissolved in solvents in 

which they were only soluble at elevated temperatures. The solvents used were octanol-1, decanol-

Figure 2.5¦ (a) 20x light microscope image of 5 wt.% 2.1 in dioctyl phthalate (b) inversion test 

of 2.1 in dioctyl phthalate in increase wt.% 1/3/5 left-right (c) 60x light microscope image of 3 

wt.% 2.2 in octanol-1 (d) inversion test of 2.2 in octanol-1 in increasing wt.% 1/2/3 left-right 

(e) 20x light microscope image of 2 wt.% 2.3 in dioctyl phthalate (f) inversion test of 2.3 in 

dioctyl phthalate in increasing wt.% 1/2 left-right 
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1, n-decane, n-dodecane, cyclohexanol, dioctyl phthalate and chlorobenzene. Upon cooling, 

following dissolution, the mixture would either be self-supporting and able to invert, or an opaque 

flowing slurry/separated solution. The results of all the mixtures are detailed in Table 2.2 in the 

experimental and in Appendix C. The most successful solvent : compound blend of each 

compound are displayed in Fig. 2.5 and Fig. 2.6.  

As evidenced in the Appendix C and Fig. 2.5, a majority of the gels involving carbamate gelators 

2.1, 2.2 and 2.3 have a more crystalline appearance. Here gels are made of clusters of small spikey 

crystals or long thin single crystals which interlock (a good analogy would be Mikado). 

Additionally, in general a higher wt.% of compound is required to produce a self-supporting gel 

from carbamate starting material. One exception to the crystalline structures is observed for a gel 

of 2.3 in dioctyl phthalate (Fig. 2.5 E). In this case the solid phase of the gel forms long amorphous 

tendrils with feathering/branching which extend and overlap with adjacent “trees”.  

Conversely, for the gels of urea compounds (Fig. 2.6) we observed a greater number of gels with 

a more continuous, amorphous, fractal structure. These gels also on average occur at a lower wt. 

% compared to their carbamate counterparts. It should also be noted that the number of solvents 

in which the materials are soluble, at any temperature, is also reduced. The lower solubility is an 

indication of greater association between molecules involving ureas as the molecular structures 

of the pairs are essentially carbamate/urea analogues. This is logical as we have a higher number 

of active hydrogens which can be involved in the hydrogen bonding. 

Hydrogen bonded structures are dynamic in nature and based on the Ka materials will dimerise 

etc. dependent on concentration. With a higher Ka assembly will happen at a lower concentration 

and thus we see assembled structures at a lower concentration in the urea analogues. Another 

potential reason for growth as branched, mesh-like structures is corroborated by the crystal 

structures (Section 2.2.2). We see that the greater the influence from hydrogen bonding groups, 

the more likely we are to see molecules arrange in a ladder, thus promoting growth in one 

dimension, resulting in “stringy” structures.  For example in Fig. 2.6 A and Fig. 2.6 E, we see 

more extensive structures which entangle in more directions leading to a greater gel-like character 

on the macroscale. In terms of a final application these larger, lower crystallinity structures would 

be more favourable, as crystallisation of additives from oil would be inefficient and problematic.   

A closer look a compound 2.4 in dioctyl phthalate demonstrates the macro structures which can 

be formed from strongly associating urea groups. This is shown in Fig. 2.8 and Fig. 2.9. 
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Figure 2.6¦ (a) 60x light microscope image of 1 wt.% 2.4 in dioctyl phthalate (b) inversion test 

of 2.4 in dioctyl phthalate in increase wt.% 0.5/1 left-right (c) 60x light microscope image of 5 

wt.% 2.5 in cyclohexanol (d) inversion test of 2.5 in cyclohexanol in increasing wt.% 1/3/5 left-

right (e) 100x light microscope image of 1 wt.% 2.6 in octanol-1 (f) inversion test of 2.6 in 

octanol-1 in increasing wt.% 0.25/0.5/1 left-right 
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Figure 2.7¦ Microscopy images of sample 2.4 at 1 wt.% in dioctyl phthalate (a) 20x light 

microscope image. Scale bar = 100 µm (b) 100x cross polarised microscope image. Scale bar = 

25 µm (c) SEM image of sample washed with pentane. Scale bar = 14 µm (d) magnified SEM 

image. Scale bar = 5 µm 

Figure 2.8¦ SICM (Scanning Ion Conductance Microscopy) topographical map 

of one helical arm of compound 4 following deposition on glass and washing 
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From the scanning electron microscopy (SEM) and light microscope images we can see that the 

structure of 4 is highly branched and up to 200 µm in diameter, point-to-point. Small angle X-ray 

(SAX) and X-ray diffraction (XRD) were unable to elucidate any additional structural information. 

Scanning Ion Conductance Microscopy (SICM), a technique which maps surfaces based on 

conductance in a nanopipette with respect to its proximity to a surface. The structure takes on an 

unusual racemic helical shape for each of the arms and SICM topography mapping confirms the 

arms are approximately uniform and not flat (diameter 2 µm). This obvious order in the structure 

indicates some crystallinity as we observe a repeating continuous structure. A closer look at the 

structure with cross polarising filters (Fig. 2.7 B) reveals micro regions of crystallinity interspersed 

with amorphous regions.  

This pseudo-crystalline structure is ideal for incorporation in self-assembling polymer. As 

referenced previously from the work of Boutellier61, a pseudo-crystalline structure can associate 

in solution and influence dilution rheology. Similarly, if functional groups were separated by 

polymer chains of high solubility in organic solvent, then the groups would be able to associate 

in microscopic pseudo-crystalline regions without growth into large crystals and avoiding 

subsequent precipitating from the solvent. This would be terminal for an additive.  

 

2.2.4 Rheological properties 

 

A more quantitative measure of the gelation of the compounds is through oscillatory rheology. 

The organogel blends can be tested along a range of solids contents to reveal the gel properties 

and comparisons can be drawn between carbamate and urea equivalents. For testing pairs of 

compounds based on their functional groups, urea/carbamate analogues were dissolved in the 

same solvent so that a direct comparison could be drawn. For example compounds 2.1 and 2.4 

were both prepared as gels in dioctyl phthalate and gels of compounds 2.3 and 2.6 were prepared 

in octanol-1. Gels of compound 2.2 and 2.5 are not examined due to no solvent pair possibilities.  

Firstly, the gel preparation with the lowest wt.% of each of the compounds was tested with an 

amplitude sweep. The purpose of this is to reveal the LVER of the gel so that oscillatory analysis 

could be done non-destructively. Following this, frequency sweeps were performed in accordance 

with experimental section 2.4.12 to measure the elastic/viscous response. Oscillation 

measurements allow materials to be analysed in terms of an elastic component, G’, and a viscous 

component, G’’, the ratio between these two values describes whether a material has the 

behaviour of a solid or a liquid. A simpler way to assess the relationship between the two is 

through the tangent of the phase angle, δ, which as seen in equation [1] is a fractional relationship 

of the viscous/elastic moduli. In other words, a value greater than unity indicates G’’ > G’ (a 

viscoelastic liquid) and a value lower than unity indicates G’ > G’’ (viscoelastic solid). 
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tan(𝛿) =  
𝐺′′

𝐺′
   [1] 

Fig. 2.9 shows tan(δ) vs wt.% plots of organogels of 2.1 and 2.4 in dioctyl phthalate (A) and 2.3 

and 2.6 in octanol-1 (B). On these plots a straight line at y = 1 represents the cross over between 

liquid and solid-like properties, with below the line being solid or gel-like. In the cases of plot A 

and B, we see that the urea based compounds (▬) have more gel-like properties than the 

carbamates (▬) at all solids contents. This data complements the observations from the 

crystallography and the inversion tests, showing that the urea groups do indeed interact at a lower 

concentration, and thus a higher Ka can be inferred, though solubility problems have made testing 

this through isothermal calorimetry (ITC) or 1H-NMR titrations too difficult. Solid-state NMR 

(SS-NMR) and 2D mass spec were also attempted. Notably, at low solids content, the carbamate 

blend in octanol-1 is observed to have significant liquid-like behaviour and requires a much higher 

solids content to have solid-like/elastic properties compared to the equivalent urea in the same 

solvent (5 wt.% and 1 wt.% respectively).  

 

The considerable difference seen between the gels in different solvents, showing much higher 

liquid-like behaviour in octanol-1, can be explained when we look at the solvent structure. 

Although dioctyl phthalate has ester groups, they are very much hindered and would most likely 

not interrupt the structure of the assembled molecules. Conversely, octanol-1 has an unhindered 

active hydrogen which could partially disrupt the intermolecular hydrogen bonding resulting in a 

weakened gel.   

Figure 2.9¦ tan(δ) vs wt.% of organogel solvent blends measured at 1.00 Hz. Grey regions 

indicate when G’’ > G’, where blends behave as a viscoelastic liquid. White regions represent 

when G’ > G’’, where blends behave as viscoelastic solids (a) Compounds 2.1 (▬) and 2.4 (▬) 

at various wt.% in dioctyl phthalate (b) Compounds 2.3 (▬) and 2.6 (▬) at various wt.% in 

octanol-1.  



36 
 

The phase angle data from Fig. 2.9 is also corroborated by the observed changes in the moduli 

across the whole tested frequency range (Fig. 2.10). 

 

In agreement with the tanδ plots, compound 2.3 transitions from viscoelastic liquid to viscoelastic 

solid between 4 and 5 wt.% in octanol-1, whereas compound 2.6 is a viscoelastic solid across the 

full wt. range. Similarly, in plots (c) and (d) both plots are more gel-like across the full wt.% range 

except we see a greater difference in values of G’ and G’’ in compound 2.4 compared to 

compound 2.1. This backs up that between carbamate and urea equivalents, the urea is a more 

active gelator at lower wt.%.  

 

2.3 Conclusions 

 

In conclusion, 6 compounds have been synthesised, 3 carbamates and 3 ureas with equivalent 

functional groups. Compounds were compared by X-ray crystallography revealing competitions 

Figure 2.10¦ Frequency sweeps against elastic (G’) and viscous (G’’) moduli of (a) carbamate 

2.3 (b) urea 2.6 (c) carbamate 2.1 (d) urea 2.4. G’ is represented with solid symbols (■, ●, ▲, 

▼, ♦) and G’’ is represented by symbols (□, ○, ∆, ▽, ♢). Gel composition is 1 wt.% (■, □), 

2 wt.% (●, ○), 3 wt.% (▲, ∆), 4 wt.% (▼, ▽ ), 5 wt.% (♦, ♢).  
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between different interaction types. The compounds were prepared as gels in a multitude of 

solvents which were assessed qualitatively through microscopy techniques and these results were 

compared with quantitative rheological results. It was shown that the urea groups interacted more 

strongly and showed more gel–like characteristics at lower concentrations. Firstly, this is 

important as when utilised as polymer end groups 1) the groups have a higher chance of 

interacting at dilution and 2) a lower concentration of polymer additive can be used. As a result 

we can consider using equivalents of these urea groups in polymers designed to assemble in 

organic solvents. 

 

2.4  Experimental methods 

 

2.4.1 Materials 

 

Dibutyltin dilaurate (95 %), cyclohexyl isocyanate (98 %), octadecyl isocyanate (90 %), phenyl 

isocyanate (≥98 %), octadecyl amine (97 %), cyclohexyl amine (99 %), cyclohexanol (99 %), 

dioctyl phthalate (99 %), octanol-1 (99 %), decanol-1 (98+ %) and silica gel (60 Å pore, 230-400 

mesh, 40-63 µm particle size) were purchased from Sigma-Aldrich. Chloroform (99.9 %, Extra 

dry, stabilised) was bought from ACROS Organics. Hexamethylene diisocyanate (≥98 %), aniline 

(98.5 %), n-dodecane (99 %), n-decane (≥99 %) and chlorobenzene (≥99 %) were purchased from 

VWR.  

 

2.4.2 Equipment  

 

Crystallography was performed on a Xcalibur Gemini diffractometer with Ruby CCD area 

detector. Carbon and Hydrogen NMRs were collected on a Bruker Ascend™-400. Infrared 

spectroscopy was performed using a Bruker Alpha FTIR. High resolution mass spectrometry was 

collected on a Bruker maXis™ plus with ESI source. Differential scanning calorimetry was 

collected using a Mettler-Toledo DSC I STARe System. Light microscopy of organogels was 

performed using an Olympus IX73 inverted microscope with Andor Zyla 4.4 plus sCMOS. 

Scanning Electron Microscopy was acquired with Zeiss Gemini SEM 500 at 0.5 kV with carbon 

coating. Topographical surface charge mapping was performed by custom BM-SICM set-up 

developed by the Unwin group. Rheological measurements were performed on Malvern kinexus 

Ultra+ rotational/oscillatory rheometer fitted with parallel plates (25 mm upper plate diameter).  
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2.4.3 Synthesis decane-1,10-diyl bis(octadecylcarbamate) (2.1) 

 

 

Decanediol (2.000 g, 11.48 mmol, 1.0 eq.) was dissolved in chloroform 50 ml at 45 oC. To this, 

octadecyl isocyanate (6.952 g, 23.53 mmol, 2.05 eq.) dissolved in 50 ml chloroform was added, 

followed by 35 mg of dibutyltin dilaurate. The solution was stirred for 3 h during which a white 

precipitate formed. The precipitate was filtered, washed with chloroform and dried under 

vacuum. A white crystalline powder was given (8.464 g, 11.06 mmol, 96.3 %). 

1H NMR (400MHz, CDCl3): δ (ppm) = 4.48 (s, 2 H, (CH3-(CH2)17-NH-(C=O)-O-CH2-)), 3.97 

(t, 3J = 6.6 Hz, 4 H, (-O-CH2-CH2-)), 3.07 (q, 3J = 6.5 Hz, 4 H, (-NH-CH2-CH2-)), 1.53 (quin, 3J 

= 6.7 Hz, 4 H, (CH2-CH2-CH2-O-)), 1.41 (quin, 3J = 6.6 Hz, 4 H, (-CH2-CH2-CH2-NH-)), 1.19 

(m, 3J = 6.8 Hz, 72 H, (alkyl-CH2), 0.81 (t, 3J = 6.7 Hz, 6 H, (CH3-(CH2)17-NH-(C=O)-O-CH2-

)). 13C NMR (400 MHz, CDCl3): δ (ppm) = 157.59 (-NH-(C=O)-O-), 64.86 (-O-CH2-CH2-), 

31.93 (CH3-CH2-CH2-CH2-), 30.04 (-NH-CH2-CH2-), 29.70-29.25 ((CH3-(CH2)2-(CH2)12-NH-) + 

(-O-CH2-CH2-CH2-(CH2)2-)), 29.07 (-O-CH2-CH2-CH2-), 26.70-26.4 (-NH-CH2-CH2-CH2-CH2-

), 25.86 (-O-CH2-CH2-CH2-CH2-), 22.70 (CH3-CH2-CH2-), 14.12 (CH3-CH2-). IR(cm-1): 3351 

ν(N-H), 2920 νas(C-H), 2849 νs(C-H), 1682 ν(C=O), 1523 ρ(N-H), 1468 ρ(C-H), 1242 ν(C-N), 720 

ρ(C-H).  

 

Figure 2.11¦ Skeletal structure of decane-1,10-diyl bis(octadecylcarbamate) (2.1) 
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δ / ppm 

δ / ppm 

Figure 2.12¦ CDCl3 1H NMR of decane-1,10-diyl bis(octadecylcarbamate) (2.1)  

Figure 2.13¦ CDCl3 1H NMR of decane-1,10-diyl bis(octadecylcarbamate)  (2.1)  
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2.4.4 Synthesis decane-1,10-diyl bis(phenylcarbamate) (2.2) 

 

 

Decanediol (2.000 g, 11.47 mmol, 1.0 eq.) was dissolved in 100 ml of dry chloroform and 

subsequently bubbled with N2(g). To this, phenyl isocyanate (2.802 g, 23.52 mmol, 2.05 eq.) and 

5 drops of dibutyltin dilaurate, were added. The solution was stirred at 45 oC for 3 h. A white 

precipitate was observed. The precipitate was separated via Buchner filtration and wash x 3 with 

chloroform. The solid was dried under vacuum giving a solid white powder (4.524 g, 10.96 mmol, 

95.5 %).  

Figure 2.15¦ Skeletal structure of decane-1,10-diyl bis(phenylbarbamate) (2.2) 

Figure 2.14¦ IR of decane-1,10-diyl bis(octadecylcarbamate) (2.1)  
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1H NMR (400 MHz, DMSO-D6): δ (ppm) = 9.57 (s, 2 H, (Ph-NH-(C=O)-O-CH2-)), 7.47 (d, 3J 

= 7.9 Hz, 4 H, (ortho-Ph)), 7.27 (t, 3J = 7.9 Hz, 4 H, (meta-Ph)), 6.98 (t, 3J = 7.3 Hz 2 H, (para-

Ph)), 4.06 (t, 3J = 6.7 Hz, 4 H, (-O-CH2-CH2-)), 1.59 (quin, 3J = 7.2 Hz, 4 H, (-O-CH2-CH2-)), 

1.29 (m, 3J = 5.4 Hz, 12 H, (-O-CH2-CH2-(CH2)3-CH2-CH2-O-)). 13C NMR (400 MHz, DMSO-

D6): δ (ppm) = 154.10 (-O-(C=O)-NH-), 139.70 (-O-CH2-CH2-), 129.16 (meta-Ph), 122.72 (para-

Ph), 118.60 (ortho-Ph), 64.56 (-NH-C-(C5H5)), 29.38 (-O-(CH2)3-CH2-CH2-), 29.14 (-O-CH2-

CH2-), 29.01 (-O-(CH2)4-CH2-), 25.84 (-O-(CH2)2-CH2-CH2-). HR ESI-MS: m/z [M+Na]+
theo = 

435.2259 m/z [M+Na]+
exp = 435.2249. IR (cm-1): 3298 ν(N-H), 2920 νas(C-H), 2851 νs(C-H), 1697 

ν(C=O), 1544 ρ(N-H), 1441 ρ(C-H), 1232 ν(C-N), 1054 ν(C-O), 746 ν(C-H), 699 aromatic(C-H). 

 

 

 

Figure 2.16¦ X-Ray crystallography of decane-1,10-diyl bis(phenylcarbamate) (2.2)  

δ / ppm 

Figure 2.17¦ DMSO 1H NMR of decane-1,10-diyl bis(phenylcarbamate) (2.2)  
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δ / ppm 

Figure 2.18¦ DMSO 13C NMR of decane-1,10-diyl bis(phenylcarbamate) (2.2)   

Figure 2.19¦ IR of decane-1,10-diyl bis(phenylcarbamate) (2.2)  
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2.4.5 Synthesis decane-1,10-diyl bis(cyclohexylcarbamate) (2.3) 

 

 

Decanediol (2.000g, 11.48 mmol, 1.0 eq.) was dissolved in dry chloroform at 45 oC under N2(g). 

To this, cyclohexyl isocyanate (2.945 g, 23.53 mmol, 2.05 eq.) was added followed by 5 drops 

dibutyltin dilaurate. The reaction was stirred for 3 h during which a white precipitate formed. The 

precipitate was filtered and washed x 3 with chloroform and dried under vacuum yielding a white 

crystalline powder (4.778 g, 11.25 mmol, 97.9 %).  

1H NMR (400 MHz, CDCl3): δ (ppm) = 4.47 (s, 2 H, (-NH-(C=O)-O-)), 3.95 (t, 3J = 5.8 Hz, 4 

H, (-(C=O)-O-CH2-CH2-)), 3.40 (s, 2 H, (cy(C5H10)CH-NH-(C=O)-), 1.87-1.06 (m, 1J = 3.4 Hz, 

3J = 7.9 Hz, 36 H, (cy(C5H10) + (-O-CH2-(CH2)8-)). 13C NMR (400 MHz, CDCl3): δ (ppm) = 

158.01 (-NH-(C=O)-O-), 64.74 (-O-CH2-CH2-), 49.69 (cy(C5H10)CH-NH-), 33.49 (ortho(C5H10)), 

29.42 (-O-CH2-CH2-CH2-CH2-CH2-), 29.25 (-O-CH2-CH2-CH2-CH2-CH2-), 29.06 (-O-CH2-

CH2-CH2-CH2-CH2-), 25.87 (para(C5H10)), 25.52 (-O-CH2-CH2-CH2-CH2-CH2-), 24.81 

(meta(C5H10)). HR ESI-MS: m/z [M+Na]+
theo = 447.3198 m/z [M+Na]+

exp = 447.3193. IR(cm-

1): 3337 ν(N-H), 2918 νas(C-H), 2851 νs(C-H), 1678 ν(C=O), 1527 ρ(N-H), 1225 ρ(C-N), 1042 

ν(C-O). 

Figure 2.20¦ Skeletal structure of decane-1,10-diyl bis(cyclohexylcarbamate) (2.3) 

Figure 2.21¦ X-Ray crystallography of decane-1,10-diyl bis(cyclohexylcarbamate) (2.3)  
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δ / ppm 

δ / ppm 

Figure 2.23¦ CDCl3 
13C NMR of decane-1,10-diyl bis(cyclohexylcarbamate) 

(2.3)   

Figure 2.22¦ CDCl3 
1H NMR of decane-1,10-diyl bis(cyclohexylcarbamate) (2.3)  
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2.4.6 Synthesis hexane-1,6-diyl bis(octadecylurea) (2.4) 

 

1,6-hexanediamine (1.861 g, 12.91 mmol, 1.0 eq.) was dissolved in dry chloroform at 45 oC under 

N2(g). To this, octadecyl isocyanate (7.819g, 26.46 mmol, 2.05 eq.) was added followed by 5 drops 

dibutyltin dilaurate. The reaction was stirred for 3 h during which a white precipitate formed. The 

precipitate was filtered and washed x 3 with chloroform and dried under vacuum yielding a white 

crystalline powder (9.082 g, 12.84 mmol, 99.4 %). 1H NMR (400 MHz, 120 oC, DMSO-D6): δ 

(ppm) = 5.41 (s, 4 H, (-CH2-NH-(C=O)-NH-CH2-)), 3.01 (s, 8 H, (-CH2-NH-(C=O)-NH-CH2-

)), 1.41 (quin, 3J = 6.0 Hz, 8 H, (-CH2-CH2-CH2-NH-(C=O)-NH-CH2-CH2-CH2-)), 1.30 (s, 64 

Figure 2.25¦ Skeletal structure of hexane-1,6-diyl bis(octadecylurea) (2.4) 

Figure 2.24¦ IR of decane-1,10-diyl bis(cyclohexylcarbamate) (2.3)  



46 
 

H, (CH3-(CH2)15-CH2-CH2-) + (-NH-CH2-CH2-(CH2)2-)), 0.90 (t, 3J = 6.5 Hz, 6 H, (CH3-CH2-

CH2-)). IR(cm-1): 3330 ν(N-H), 2916 νas(C-H), 2847 νs(C-H), 1611 ν(C=O), 1570 ρ(N-H), ρ1466 

(C-H), 1238 ν(C-N), 722 ν(C-H). 

 

Figure 2.27¦ IR of hexane-1,6-diyl bis(octadecylurea) (2.4)  

δ / ppm 

Figure 2.26¦ DMSO 1H NMR of hexane-1,6-diyl bis(octadecylurea) T = 120 oC (2.4)  
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2.4.7 Synthesis hexane-1,6-diyl bis(phenylurea) (2.5) 

 

 

1,6-hexamethylenediamine (4.357 g, 37.49 mmol, 1.0 eq) was suspended in 50 mL dry acetonitrile. 

To this, NMI (0.306g, 3.74 mmol, 0.1 eq.) was added dropwise dissolved under N2(g). To this 

solution, phenylisocyanate (9.558 g, 82.47 mmol, 2.2 eq. ), dissolved in 25 ml dry acetonitrile, was 

added. Solution was stirred at RT for 3 h over which time a white precipitate formed. The 

precipitate was filtered and washed with dry acetonitrile and allowed to dry in a vacuum oven at 

50 oC. A white powdered solid was isolated (10.347 g, 29.61 mmol, 79.0%).  

1H NMR (400 MHz, DMSO-D6): δ (ppm) = 8.32 (s, 2 H, (Ph-NH-(C=O)-NH-CH2-)), 7.36 (t, 

3J = 7.6 Hz, 4 H, (ortho-Ph)), 7.20 (t, 3J = 7.9 Hz, 4 H, (meta-Ph)), 6.87 (t, 3J = 7.3 Hz, 2 H, (para-

Ph)), 6.07 (t, 3J = 5.6 Hz, 2 H, (Ph-NH-(C=O)-NH-CH2-), 3.08 (q, 3J = 6.6 Hz, 4 H, (-NH-CH2-

CH2-CH2-)), 1.44 (m, 3J = 6.4 Hz, 4 H, (-NH-CH2-CH2-CH2-)), 1.32 (m, 3J = 6.6 Hz, 4 H, (-NH-

CH2-CH2-CH2-)). 13C NMR (400 MHz, DMSO-D6): δ (ppm) = 155.66 (-Ph-NH-(C=O)-NH-

CH2-), 141.07 ((C5H5)C-NH-(C=O)-NH-), 129.07 (meta-Ph), 121.34 (para-Ph), 118.01 (ortho-Ph), 

39.58 (-(C=O)-NH-CH2-CH2-CH2-), 30.23 (-(C=O)-NH-CH2-CH2-CH2-), 26.62 (-(C=O)-NH-

CH2-CH2-CH2-). HR ESI-MS: m/z [M+Na]+
theo = 377.1953. m/z [M+Na]+

exp = 377.1948. IR 

(cm-1): 3324 ν(N-H), 3295 ν(N-H), 3034 ν(C-H) aromatic, 2932 νas(C-H), 2860 νs(C-H), 1625 

ν(C=O), 1595 ν(C=C), 1559 ρ(N-H), 1241 ν (C-N), 733 ρoop(C-H), 651 ρoop(C-H). 

Figure 2.28¦ Skeletal structure of hexane-1,6-diyl bis(phenylurea) (2.5) 

Figure 2.29¦ X-Ray crystallography of hexane-1,6-diyl bis(phenylurea) (2.5)   
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δ / ppm 

Figure 2.30¦ DMSO 1H NMR of hexane-1,6-diyl bis(phenylurea) (2.5)  

δ / ppm 

Figure 2.31¦ DMSO 13C NMR of hexane-1,6-diyl bis(phenylurea) (2.5)  
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2.4.8 Synthesis hexane-1,6-diyl bis(cyclohexylurea) (2.6) 

 

 

1,6-hexyldiamine (1.861 g, 12.91 mmol, 1.0 eq.) was dissolved in 100 ml of dry chloroform and 

bubbled with N2(g) at for 15 min. To this cyclohexyl isocyanate (3.313 g, 26.46 mmol, 2.05 eq.) 

was added along with 5 drops of dibutyltin dilaurate. The reaction mixture was stirred for 3 h at 

45 oC. A white precipitate was formed. Solvent was removed by Buchner filtration and the 

precipitate was washed with chloroform x 3. The solid was dried under vacuum yielding a white 

crystalline powder (4.589 g, 11.63 mmol, 90.1 %). 

1H NMR (400 MHz, DMSO-D6): δ (ppm) = 5.55 (t, 3J = 5.1 Hz, 2 H, (-NH-C(C=O)-NH-CH2-

)), 5.51 (d, 3J = 7.2 Hz, 2 H, (-NH-C(C=O)-NH-CH2-)), 3.36 (m, 3J = 8.1 Hz, 2 H, (cy(C5H10)-

CH-NH-C(C=O)-NH-)), 2.96 (q, 3J = 6.3 Hz, 4 H, (-NH-C(C=O)-NH-CH2-)), 1.80 – 1.00 (m, 

28 H, (cy(C5H10) + (-NH-CH2-(CH2)4-)). HR ESI-MS: m/z [M+Na]+
theo = 389.2892 m/z 

[M+Na]+
exp = 389.2884. IR(cm-1): 3312 ν(N-H), 2929 νas(C-H), 2853 νs(C-H), 1619 ν(C=O), 1570 

ρ(N-H), 1244 ν(C-N), 1079 ν(C-O).  

 

Figure 2.33¦ Skeletal structure of hexane-1,6-diyl bis(cyclourea) (2.6) 

Figure 2.32¦ IR of hexane-1,6-diyl bis(phenylurea) (2.5) 
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Figure 2.35¦ IR of hexane-1,6-diyl bis(cyclohexylurea) (2.6) 

δ / ppm 

Figure 2.34¦ DMSO 1H NMR of hexane-1,6-diyl bis(cyclohexylurea)  (2.6) 
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2.4.9 Organogelations 

 

Organogels were prepared on a 1.00 g scale where 1.00 g is equal to the combined mass of solvent 

and compound (2.1-2.6). 1-5 wt.%,  wrt solvent,  of compound 2.1-2.6 was added to the organic 

solvents octanol-1, decanol-1, chlorobenzene, cyclohexanol, n-decane, n-dodecane and dioctyl 

phthalate. Solvent/solid mixtures were heated approximately 10 oC above the dissolution 

temperature of the solid (to the nearest 5 oC). After 5 minutes at temperature, the hot plate was 

turned off and the sample allowed to cool to room temperature slowly whilst still in the oil. 

Samples were observed to become translucent on cooling, indicating the gelation process had 

occurred. Once at room temperature, samples were subject to a 5 minute inversion test. If the 

sample resisted gravity during the duration of the inversion the gel was considered successful. 

Photographs of the inverted samples were taken and successful organogels were analysed using a 

light microscope at 4x, 10x, 20x, 60x and 100x magnification. Table 2.1 lists b.p. and temperatures 

at which samples were heated for each solvent. Table 2.2 shows all solvent/compound samples 

prepared and whether gelation occurred.  

 

 

 

Solvent Boiling Point / oC Gel preparation Temperature / oC 

 
  

 

 
 Carbamate Urea 

  
  

octanol-1 188 90 100 

decanol-1 231 90 100 

cyclohexanol 161 80 90 

decane 174 100 115 

dodecane 216 100 120 

dioctyl 
phthalate 

385 120 140 

chlorobenzene 131 120 120 

        

 

Table 2.1¦ Table of boiling points of various solvents and the temperatures of the various 

gelation experiments run in those solvents for carbamate and urea compounds. 



52 
 

Compound Solvent solid content 
/ g 

wt% Soluble Gel-
like 

Inversion 

       

2.1 octanol-1 0.01 1 Y N - 

 octanol-1 0.03 3 Y N - 

 octanol-1 0.05 5 Y Y Y 

 decanol-1 0.02 2 Y N - 

 decanol-1 0.04 4 Y Y Y 

 decane 0.01 1 Y N - 

 decane 0.03 3 Y N - 

 dodecane 0.01 1 Y N - 

 dodecane 0.03 3 Y N - 

 dioctyl phthalate 0.01 1 Y N - 

 dioctyl phthalate 0.03 3 Y Y N 

 dioctyl phthalate 0.05 5 Y Y Y 

 chlorobenzene 0.01 1 Y N - 

 cyclohexanol 0.01 1 Y N - 

 cyclohexanol 0.03 3 Y N - 

 cyclohexanol 0.04 4 Y Y N 

 cyclohexanol 0.05 5 Y Y Y 

              

       

2.2 octanol-1 0.01 1 Y N - 

 octanol-1 0.02 2 Y Y N 

 octanol-1 0.03 3 Y Y Y 

 decanol-1 0.02 2 Y Y N 

 decanol-1 0.03 3 Y Y Y 

 decane 0.01 1 N - - 

 dodecane 0.01 1 N - - 

 dioctyl phthalate 0.01 1 Y Y N 

 dioctyl phthalate 0.03 3 Y Y Y 

 chlorobenzene 0.01 1 Y N - 

 cyclohexanol 0.01 1 Y N - 

 cyclohexanol 0.03 3 Y N - 

 dioctyl phthalate 0.01 1 N - - 
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Compound Solvent solid content 
/ g 

wt% Soluble Gel-
like 

Inversion 

       

2.3 octanol-1 0.01 1 Y N - 

 octanol-1 0.03 3 Y N - 

 octanol-1 0.05 5 Y Y Y 

 decanol-1 0.02 2 Y N - 

 decanol-1 0.04 4 Y Y Y 

 decane 0.01 1 Y Y Y 

 dodecane 0.01 1 Y Y Y 

 dioctyl phthalate 0.01 1 Y N - 

 dioctyl phthalate 0.02 2 Y Y Y 

 chlorobenzene 0.01 1 Y Y N 

 cyclohexanol 0.01 1 Y N - 

 cyclohexanol 0.03 3 Y N - 

              

       

2.4 octanol-1 0.01 1 Y Y N 

 octanol-1 
 

0.02 2 Y Y Y 

 decanol-1 0.02 2 Y Y N 

 decanol-1 0.03 3 Y Y Y 

 decane 0.01 1 N - - 

 dodecane 0.01 1 N - - 

 dioctyl phthalate 0.01 1 Y Y Y 

 dioctyl phthalate 0.005 0.5 Y Y Y 

 chlorobenzene 0.01 1 N - - 

 cyclohexanol 0.01 1 Y N - 

 cyclohexanol 0.03 3 Y Y N 

 cyclohexanol 0.04 4 Y Y N 

 cyclohexanol 0.05 5 Y Y Y 

              

       

2.5 octanol-1 0.01 1 N - - 

 decanol-1 0.01 1 N - - 

 decane 0.01 1 N - - 

 dodecane 0.01 1 N - - 
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Compound Solvent solid content 
/ g 

wt% Soluble Gel-
like 

Inversion 

       

 chlorobenzene 0.01 1 N - - 

 cyclohexanol 0.01 1 Y N - 

 cyclohexanol 0.03 3 Y N - 

 cyclohexanol 0.05 5 Y Y N 

              

       

2.6 octanol-1 0.01 1 Y Y Y 

 octanol-1 0.005 0.5 Y Y Y 

 octanol-1 0.0025 0.25 Y Y Y 

 decanol-1 0.01 1 N - - 

 decane 0.01 1 N - - 

 dodecane 0.01 1 N - - 

 dioctyl phthalate 0.01 1 Y N N 

 chlorobenzene 0.01 1 N - - 

 cyclohexanol 0.01 1 Y Y Y 

              

 

2.4.10 Preparation of SEM of compound 2.4 

 

A 1 wt.% organogel of compound 2.4 was prepared in dioctyl phthalate. A small amount of 

sample (~50 mg) was applied to an approximately 50 x 50 mm square of silica wafer. The sample 

was periodically washed with a small amount of pentane and allowed to dry fully between each 

application. Pentane washes were performed 5 times to remove maximum quantity of dioctyl 

phthalate from the sample.  

 

 

  

Table 2.2¦ Table of solid/solvent mixtures produced listing solubilities after heating, pre-

inversion gel characteristics and results of 5 minute inversions.  
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2.4.11 Topographical measurement of compound 2.4 

 

A 1 wt.% organogel of compound 2.4 was prepared in dioctyl phthalate. A small amount of 

sample (~50 mg) was applied to a glass slide. The sample was periodically washed with a small 

amount of pentane and allowed to dry fully between each application. Pentane washes were 

performed 5 times to remove maximum quantity of dioctyl phthalate from the sample. 

A BM-SICM set-up built on an inverted optical microscope (Axiovert 40 CFL, Zeiss), equipped 

with 90 nm radius borosilicate nanopipettes at 0 V mean bias and 10 mV harmonic oscillation at 

270 Hz, were used for topographical surface mapping. Electrodes used in pipettes were Ag/AgCl 

QRCE. Samples on glass slides were immersed in 10 mM KCl solutions and the sensor tip 

positioned in the <10 µm range from the sample surface. Voltage signal bias was then measured 

on a pixel by pixel basis until 12.5 x 12.5 µm section of sample was measured. 1 pixel = 0.25 x 

0.25 µm. 

 

2.4.12  Oscillatory rheology  

 

Gels were prepared for compound 2.1 and 2.4 at wt.% 1, 2, 3 ,4 and 5 in dioctyl phthalate. Gels 

of 2.3 and 2.6 were prepared at 1, 2, 3, 4 and 5 wt.% in octanol-1. For testing, a gel was loaded to 

the Malvern Kinexus Ultra+ running parallel plate geometries, with a 25 mm diameter upper 

geometry. Working gaps were set to 0.5 mm when the sample was loaded and all excess gel was 

removed to ensure accurate measurements.  

1 % gels were first subject to amplitude sweeps in oscillation mode between a strain rate of 0-5 

% to identify the LVER. 1 % strain was found to be a non-destructive region for frequency 

measurements. Frequency sweep measurements were subsequently performed on all gels from 

0.1 – 10 Hz at 25 oC with a sampling rate of 10 samples per decade and a strain rate of 1 %. 

Results were collected and analysed in terms of phase angle.  
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3 Microfluidic synthesis and application of 

supramolecular hydrogen bonded crystalline bis-carbamate 

Capsules by Crystal Jamming. 

 

Abstract 

 

Spikey non-polymeric capsules are synthesised microfluidically and in batch using self-assembled, 

hydrogen bonding crystalline molecules as droplet stabilisers. Capsules were formed by a 

supersaturation process, triggering nucleation at the droplet-external phase interface. Capsules 

showed size control based on solvent ratios in the droplets and crystal jammed capsule shells were 

shown to have a thermal dependency allowing capsule shape to be kinetically trapped. This new 

family of organic capsules has potentially to replace polymeric particles and capsules in 

commercial products. Enhanced particle roughness and its influence on adhesion, compared to 

smooth particles, is also an area that could be explored.  

 

3.1 Introduction 

 

3.1.1 Non-polymeric encapsulation 

 

Polymeric microcapsules continue to be a popular area of polymer and colloidal chemistry. Their 

application throughout commercial chemistry, including cosmetics1–4, healthcare5–7, biological 

mimics8–11 etc. are numerous, but of recent there has been an environmental and morally 

justifiable backlash, which has resulted in a global drive to remove all polymeric materials from 

commercial agricultural, household, and personal care product formulations. This need for 

change in use of plastics is a direct result of EU mandated regulations12 regarding the 

environment, specifically micro-plastics entering the food chain13, water supply and effecting 

ecosystems14–17. In the EU alone there are 25.8 million tonnes of plastic waste per year18.  

With a focus on microcapsules, a range of alternatives to non-biodegradable polymeric capsules 

have been developed. In general, a plethora of methods have been explored including 

coacervates19–21, wax capsules22,23, glasses24, stabilised bubbles25,26 and colloidosomes27,28 to 
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mention a few. We can also consider these methods in terms of the shell material type, i.e. whether 

it is inorganic or organic, or in terms of the method of shell formation, whether by templated or 

Pickering systems. 

 

3.1.2 Templated microcapsules 

 

Templated approaches to capsule formation are common. In these kinds of systems, a droplet 

stabilised by some form of surfactant, whether small molecule or polymeric, is used to template 

a capsule via some sort of interfacial reaction, whether this be by polymerisations or 

crystallisations. 

From an inorganic perspective, a common area of exploration is calcium phosphate chemistry29–

32. The similarity between calcium phosphate and biological materials33, such as teeth, and its 

biocompatibility make it an interesting material for encapsulation. Bon34 et al. templated calcium 

phosphate microcapsules over an oil-in-water droplet stabilised with a branched copolymer. 

Alternatively, solid templating with subsequent mineralisation have also been used to produce 

Calcium phosphate (CaP) capsules35–38, though such synthetic routes require much harsher 

conditions. 

Similarly, inorganic capsules formed from silica have been thoroughly explored. This includes 

commercial products such as glass bubbles, and silica deposition for synthesis of capsules and 

cages. Following developments in Stöber synthesis, templating of tetraethyl orthosilicate (TEOS) 

around various micellar structures of charged surfactants was demonstrated, most frequently over 

the hexagonally packed cetyltrinethylammonium bromide to form M41S and MCM-4139–41 

permeable silica cages. These were first developed by scientists at Mobil as mesoporous zeolite 

type catalyst due to their one-dimensional porosity and high surface area42,43. Additionally, silica 

capsules have been developed via similar routes to that of CaP, including templating methods. 

An interesting approach to oil templating, employed by Vincent44,45, used poly(dimethylsiloxane) 

(PDMS) droplets onto which diethoxydimethylsilane (DEODMS) was polymerised by surfactant-

free condensation polymerisation. Control of the shell thickness and flexibility was demonstrated 

through varying he ratio of TEOS:DEODMS or the reaction time.   

The downside of a majority of these inorganic methodologies is the irreversibility of the 

structures. Some of the materials are permanently covalently crosslinked, like in those derived 

from TEOS, or have shells formed from a continuous coating of fused inorganic crystals. Being 

hard capsules also means that materials are inflexible and can easily fracture. The materials, being 

mineral based, also require extended reaction times, when a ripening process is involved, and 
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much more aggressive conditions to remove or degrade the shell. For this reason, the potential 

for stabilised Pickering46,47 type systems can provide an alternative capsule type.  

3.1.3 Pickering and colloidosome systems 

 

Conversely to a templated system, a Pickering stabilised capsule or colloidosome is based on the 

irreversible adsorption of small particles to the droplet surface46,48,49. This minimises the oil-water 

interface helping to minimise the energy of system.  

A simple, but elegant approach to droplet stabilisation was demonstrated by Paunov50–54, in which 

polymeric, epoxy microrods were used to stabilise the droplet surface in a water (1.5 % agarose 

gel)-in-oil emulsion. Rods were found to sit at the droplet interface and form colloidosomes which 

remained stable when transferred from an oil to a water continuous phase.  Similarly, Stoyanov55 

demonstrated the use of CaCO3 rods to stabilise air bubbles. It was found that the stabilised 

bubbles had a bimodal distribution based on how crystalline rods sat at the interface. The capsules 

also had very high stiffness as a result of CaCO3 crystal interlocking, a phenomenon also observe 

by Zhu56. Problematically, incorporation of a non-polymeric crystal, such as CaCO3 into droplet 

stabilisation could be problematic due to the crystal solubility and the resultant ripening.  

Since it has been shown that inorganic crystals and polymer materials of different geometries and 

sizes can stabilise droplets, why not build microcapsules out of organic materials? Few examples 

of organic encapsulation exist in the literature. From a Pickering approach, Berton-Carabin57 et al. 

described the tailoring of capsule behaviour using a combination of liquid and solid lipid 

stabilisers. A surface stabilised entirely with solid lipid was found to jam and prevent droplet 

relaxation, whereas increased liquid lipid content was found to increase droplet bridging. 

Sorbitan58 sugars have also been used, where by changing the ratio between mono and trioleate 

sorbitans increased droplet permeability. Alternatively, attempts have been made to create wax 

capsules by batch methodologies via a stirring of heated waxes with a compound to be 

encapsulated, showing high encapsulation efficiency (~87 %). Upon cooling the solid core would 

be coated by a wax layer, though this has not been explored for liquid containing capsules22,59.   

 

3.1.4 The microfluidic approach 

 

Microfluidics provides a means of producing droplets and capsules with complex structural make-

ups. These can be made in a controlled, reproducible way which allows the properties of such 

materials to be studied more easily. 
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Typical Pickering based systems rely on stabilisation via migration to the interface from a particle 

or object in the continuous phase. Unfortunately, in a microfluidic set up, dispersing particles in 

the continuous phase can cause blockages at microfluidic junctions, thus making the method 

untenable. To address this, Bon et al. produced Pickering stabilised droplets through the use of 

an inside-out microfluidic method, by dispersing the stabilising particles in the dispersed phase60. 

The advantage of this method is being able to study a Pickering stabilised systems through a 

microfluidic approach, allowing for precise, reproducible results for study of model systems.  

Microfluidic devices have also been used to crystallise complex molecules, such as proteins, from 

the dispersed phase using evaporative techniques such as the micro-drop concentrating principle61 

(MDC). This method relies on slow evaporation of solvent to induce crystallisation through 

slowly reaching the solute saturation concentration in the droplets. In most cases the technique 

is used to grow single crystals under specific controlled environments. As a result evaporation 

times or solvent diffusion occur over a long time scale promoting single crystal growth by 

ripening62–64. Interestingly, a combination of the approaches of inside-out microfluidics and 

microdrop concentration have not been used in the context of hollow crystal or crystal stabilised 

capsule generation. Potentially, decreasing the timescale of crystallisation in MDC type systems 

could be a route to interfacial nucleation.  

As mentioned previously, ability to produce hollow crystals or organic stabilised capsules is of 

growing importance due to the increasingly negative outlook of polymer use, thus a cleaner, 

greener method of capsule generation is a primary focus of industry.  

Given this, it was hypothesised that the use of a supersaturation point could be used to nucleate 

an organic crystalline shell to form a stabilised organic capsule. It is sensible to assume that at 

supersaturation, crystal nucleation would occur at the oil-water interface, thus promoting crystal 

growth around the droplet surface. Importantly, the use of a compound with both poor water 

and oil solubility would reduce the likelihood of crystal ripening following the formation of a 

stabilised shell.  

 

3.1.5 Smooth or Rough? 

 

The question remains, what are the advantages of a rough Pickering type stabilised capsule over a 

smooth/smoother templated capsule? We can look at this in terms of adhesion of rough spheres versus 

smooth spheres.  

Particle adhesion to solid surfaces can be influenced by a number of properties including 

humidity, contact area, shape, electrostatics, viscosity, contact time and temperature amongst 



63 
 

other factors65. Although for all particles, the true underlying influences on adhesion are the 

London-Van der Waals forces, an accurate attempt to describe the phenomenon in this level of 

detail is difficult. Attempts by the likes of Hamaker66–68, used molecule concepts to describe 

interactions between atoms, to in turn describe attraction and repulsion between larger bodies 

and different surface types.  

When we consider particle roughness we can think about the problem in terms of surface area 

and contact area. In a perfectly smooth particle, there is one point of contact with the surface, 

when we increase the roughness of a particle surface the points of contact increase, thus increasing 

contact area and thus adhesion. This is a concept shown comprehensively by Orr69–71, amongst 

others, who looked at particle size, shape and roughness and its direct effect on adhesion72,73. 

We can see this type of application of spikey versus rough in nature, where high surface areas are 

a common design feature in pollen particles74. Pollens’ spikey shape is assumed to be for 

increasing adhesion to the hairs in bees legs or to specific plant stigma. Similar properties are 

observed in viruses and cells75.  

It is proposed here that the potential for generation of spikey capsule, via interfacial crystallisation 

at supersaturation, could open routes to stabilised capsules with increased adhesive properties, 

potentially opening up routes to synthetic pollens, or fragrance release type applications. 

 

3.2 Results and Discussion 

 

3.2.1 First generation  

 

In Chapter 2, the hydrogen bonding organic molecule decane-1,10-bis(cyclohexyl carbamate) 

(DBCC), was found to form organogels in organic solvents such as 1-decanol and dodecane. This 

Figure 3.1¦ (left) DSC of 5 wt.% organogel of DBCC in dodecane (right) DSC of 5 wt.% 

organogel of DBCC in decanol 
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compound was synthesised by reaction of cyclohexyl isocyanate and 1,10-decanediol in a 2:1 ratio 

with dibutyltin dilaurate as catalyst, the details of which are outlined in the experimental. The 

compound was characterised by 1H and 13C NMR, high resolution ESI-MS, X-ray crystallography 

and Infrared spectroscopy, the details of which are also outlined in the experimental along with a 

structural reference.  

DBCC was synthesised and subsequently dissolved in decanol or dodecane, at 4 and 1 w/w % 

respectively, to prepare organogels at the lowest possible solid content. This was done by heating 

DBCC crystals in solvent, dodecane or decanol, until dissolution occurred, followed by slow 

cooling until the opaque/translucent samples could be inverted. Although insoluble in both 

solvents at room temperature, the compound does dissolve at elevated temperatures as seen in 

the DSC data shown in Fig. 3.1, and traps organic solvent upon cooling as a result of crystal 

jamming. 

A closer look at the organogels was taken by light microscopy and scanning electron microscopy 

(SEM), as shown in Fig. 3.2, and it was noticed that the crystals were long and thin with a slight 

curvature. This was observed in both dodecane and decanol giving crystal dimensions of 

approximately 100 x 2 x 2 µm and 50 x 10 x 2 µm in dodecane and decanol, respectively. The 

favourability of growing long needle like crystals could be explained by looking at the crystal 

structure (shown in the experimental section) which indicates the formation of 1 dimensional 

ladder-like order induced by carbamate hydrogen bonding. Slight differences in the crystal sizes 

and morphologies can be explained by the potential for the solvent to influence crystal structure. 

It was hypothesised that these crystal, given their long needle like shape, could in theory stabilise 

droplets, in a Pickering-like system.  

A DSC analysis on the two 5 wt.% organogels of DBCC in dodecane and decanol, cycling between 

-150 and 150 oC (Fig. 3.1), was performed. Looking at the thermograms we see strong solvent 

crystallisations at -20 oC and -15 oC for dodecane and decanol respectively. We also observe the 

corresponding melting peaks in the heating curves at -10 oC and +10 oC for dodecane and 

decanol. Additionally, a weak transition is seen at -80 oC in each gel, this is associated with the 

chair inversion of the DBCC cyclohexyl groups. In the 5 wt.% gel of DBCC in dodecane we see 

peaks for dissolution (115 oC) and supersaturation (100 oC). Similarly we observe dissolution (80 

- 90 oC) and supersaturation (50 oC) of the 5 wt. % gel in decanol. Importantly, the fact that this 

is a supersaturation event based on compound solubility, means that the solvent used directly 

affects the transition point, where as you might expect the crystallisation to occur at the same 

point if it was solvent independent. 

We subsequently proposed the question, what would occur if this solvation/thermal transition was exploited 

in confinement? Whether controlled with temperature or through concentration, a supersaturation 

induced crystallisation could be used in an oil-in-water emulsion, producing either monodisperse 
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single crystals extending into the aqueous phase, crystal stabilised Pickering-like droplets or 

organogel particles. 

Figure 3.2¦ Microscopy of bulk organogels (a) 20 x light microscope image of 4 wt. % 

DBCC in decanol (b) 20 x light microscope of 1 wt. % DBCC in dodecane (c) SEM of 4 wt. 

% DBCC in decanol (d) SEM 1 wt. % DBCC in dodecane 

Figure 3.3¦ First generation particles 30 w/w % DBCC with respect to decanol. 
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To test this hypothesis, a first generation approach to organogel particles was designed. The 

primary interest being, would we produce a polydisperse crystalline dispersion independent of the 

oil phase, or would we observe distinct spheroid particles? For the first generation synthesis, in a 

sealed ampule, 7 w/w % mixture of decanol in water was prepared. Additionally, 15 w/w % of 

DBCC with respect to decanol was added and 1 w/w % Tween 20, with respect to water. In this 

case, 15 wt.% was chosen as it was the upper limit of DBCC solubility in decanol, the idea being 

that the phase transition would be simpler to induce closer to the saturation limit. This mixture 

was pressurised to 1.8 bar to increase the boiling point of water to approximately 120 oC. This 

ampule was heated past the DBCC/decanol solubility temperature and stirred to form droplets. 

Upon slow cooling of the sample with continued stirring, particles formed as the temperature 

dropped below the solubility temperature. Despite being a weaker gelator, decanol was originally 

used as the gel transition occurs at a lower temperature and thus offers more manageable reaction 

conditions. Although we did observe the formation of large crystalline particles, their size 

dispersity was high, their shapes were uncontrolled and they had a tendency to coalesce and cream 

(Fig. 3.3). In addition, the synthesis itself involved an overpressure of 1.8 bar to raise the boiling 

point of water to ca. 120 °C in order to keep the crystalline transition far enough below the boiling 

point of the continuous phase, making the synthesis more complicated. 

 

3.2.2 Microfluidic capsules 

 

Due to the aforementioned synthetic challenges, an alternative microfluidic method was adopted 

to better control the initial droplet size distribution and allow the process to occur at room 

temperature. To allow us to prepare capsules at room temperature and atmospheric pressure, the 

organic solvent was changed to a 9:1 mixture of dichloromethane and dodecane. The change to 

dodecane was facilitated by the less aggressive reaction conditions. The gelation had always been 

more effective in dodecane, occurring at a lower wt. %, which is also advantageous for minimising 

blocking and fouling of the microfluidic device junctions, and additionally lower water solubility 

of dodecane would in theory give rise to greater solvent confinement, by limiting diffusion. The 

majority of the oil phase was the volatile solvent dichloromethane (DCM), a good solvent for 

DBCC. Over time, DCM saturates the continuous aqueous phase and subsequently evaporates, 

unlike the less volatile dodecane component of the oil phase. As the total volume of DCM in the 

oil droplets decreases, the solubility of DBCC in the droplet is reduced. We theorised that once a 

critical saturation point was reached, the crystallisation of DBCC would spontaneously occur to 

produce droplets of dodecane containing the crystalline material. 
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A flow-focussing microfluidic device was used to prepare stabilised oil-in-water droplets of low 

size dispersity, as shown in Fig. 3.4. As in our previous work, a 5 w/w % PVA (Mw 67,000 g mol-

1) solution was used as the outer aqueous phase, to stabilise droplets in solution and to prevent 

coalescence before the critical saturation point was reached76. An inner oil phase of DCM, DBCC 

and dodecane meets this aqueous phase at the flow-focussing junction to produce oil-in-water 

droplets. Typical flow rates for the aqueous and organic phases were 0.15 and 0.02 mL∙min-1, 

respectively.  

 

Figure 3.4¦ (a) Schematic drawing of the formation of organic droplets of low dispersity in 

size distribution using a flow-focussing microfluidic device. The organic solution, 1, 

containing dichloromethane (DCM), DBCC and dodecane, meets an aqueous flow of 5 w/w 

% poly(vinyl alcohol) (Mw 67,000 g mol-1) to form droplets (b) Schematic drawing of the 

proposed formation of capsules from the organic emulsion droplets.  Following formation of 

the droplets, DCM dissolves into the aqueous phase and evaporates at the air-water interface. 

Once all of the DCM has left, DBCC crystallises out, forming an armour around the droplet 

(c) The organic droplet immediately following its formation (d)  7 min 27 s following formation, 

where the majority of the DCM has left (e) 7 min 31 s following formation, where DBCC 

crystallisation has begun (f) 7 min 34 s after droplet formation, after full droplet encapsulation. 

Scale bar = 100 µm.  
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Fig. 3.4c shows 9:1 DCM:dodecane droplets (containing 10 w/w % DBCC with respect to 

dodecane) immediately after leaving the microfluidic device via a 100 mm outlet tube with a 

diameter of 281 µm. At this point the relative density of the droplet is > 1.00 g∙cm-3 and thus the 

droplets sinks to the bottom of the aqueous collection solution. Approximately 7.5 minutes after 

formation, a dramatic change in the droplet structure is observed, as shown in Fig. 3.4d-f and the 

supporting movie. The droplet’s diameter is seen to reduce over time as expected, and it begins 

to rise through the continuous phase indicating a reduction in density due to loss of DCM relative 

to dodecane. Once the droplet approaches its final size of ca. 193 µm, a crystalline shell appears 

to form. Appearing to nucleate from a single point, the shell is seen to rapidly form across the 

surface of the droplet until it is completely covered. At this point there is an expulsion of the 

Figure 3.6¦ (a) SEM image of the bulk organogel formed by 1 wt. % DBCC in dodecane. 

Scale bar = 10 µm (b) Dark field microscope image of capsules after formation by diffusion 

of DCM into the continuous aqueous phase from a 9:1 solvent mixture of DCM and 

dodecane. The Dodecane contained 10 w/w % of DBCC. Scale bar = 100 µm.  

Figure 3.5¦ (a) Depth flattened, high resolution light microscope image of single capsule. 

(b) Depth flattened, high resolution light microscope image of multiple capsules. Scale bar 

= 50 µm 
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remaining DCM followed by a sudden volume expansion of the droplet, due to lower density of 

dodecane. Microscopy images suggest that the final shell structure is formed from jammed crystals 

(Fig. 3.5), rather than a Pickering stabilised droplet (note, that the small particles present in these 

microscope images are a result of satellites formed in the droplet generation via microfluidics, 

specifically as the syringe pump accelerates to its working flow rate). This process is shown 

schematically in Fig. 3.4a-b, and Fig. 3.6a shows the crystalline structure of DBCC in the bulk 

dried phase, observed using scanning electron microscopy, and a collection of crystalline droplets 

under dark-field light microscopy (Fig. 3.6b).  

 

To probe whether these droplets are indeed encapsulated by a jammed layer of crystallised DBCC, 

we examined their structure using a confocal microscope. Droplets were loaded with Nile Red at  

a concentration of 2 mg∙mL-1 prior to capsule formation, by dissolving dye in the oil phase, to 

provide a fluorescent label. This dye has a maximum excitation wavelength of ca. 550 nm and an 

emission maximum of ca.  630 nm. The DCM:dodecane ratio was held at 9:1 and the relative 

concentration of DBCC held at 10 w/w %, with respect to dodecane. 

Observations of the crystalline droplets following DCM evaporation at an excitation wavelength 

of 495 nm show that the droplets contain the dye, and none is present in the continuous aqueous 

phase (Fig. 3.7). By monitoring the emitted light at the same wavelength at which we excite, we 

can effectively capture reflected light from that which scatters, namely the crystals present in the 

droplets. We observe that crystals appear to be present at the surface only with no transmission 

observed in the centre of the capsule, where only dye presence is indicated. Additionally, by 

moving in the z-direction, we are able to further observe the surface presence of the crystals. We 

also note here that one of the droplets has not formed a capsule, and instead has nucleated a large 

Figure 3.7¦ (a) Confocal microscopy of capsules loaded with Nile Red dye at an excitation 

wavelength of 495 nm (b) Reflectance mode microscope image of same capsules showing 

scattered light from crystals on the capsule surface. Scale bar = 100 µm.  



70 
 

agglomerate crystal. This is what occurs in the event of dust in the organic phase when the droplet 

is formed, resulting in crystal nucleation prior to the supersaturation point. 

As a secondary proof, a small number of capsules observed by light microscopy are seen to 

possess incomplete shells. These semi-encapsulated droplets are indicative of the capsular nature 

of the final particles (Fig. 3.8a-b). Additionally, following drying of samples on a glass slide, we 

observed that the stabilised dodecane derived capsules collapse under the force of gravity but still 

retain some capsule like shape. This is typical of capsule behaviour and is shown in back scattered 

microscope images (Fig. 3.8c). As a final indication, a completed capsule pushed through a 

narrowed capillary, without heating, will push out a lobe of the capsules inner dodecane phase 

whilst a majority of the shell remains intact, again indicative of the capsular nature of the particles 

(Fig. 3.8d).  

Figure 3.8¦(a) Image of incomplete capsule coverage from satellite droplet (b) Image of 

incomplete capsule coverage from satellite droplet (c) Dried capsule imaged with back 

scattering showing collapsed capsule structure following dodecane evaporation. (d) 

Capsule pushed through narrow capillary to force out central droplet. Scale Bar = 100 

µm 
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3.2.3  Size control 

 

An assumption was made that 100 % of the volatile DCM would evaporate from the capsules. 

Under this assumption, the final size of a capsule would be determined by the volume of dodecane 

present in the initial droplet and thus it was hypothesised that the final capsule size could in theory 

be predetermined by the DCM:dodecane ratio in the organic phase. 3 solvent mixtures of 

DCM:dodecane (9:1, 18:1, 27:1) were prepared. In each case the relative concentration of DBCC 

to dodecane was kept at 10 w/w %. The resulting solutions were used to generate droplets and 

subsequently capsules. An example of the calculation method for the 9:1 solvent ratio is described 

below. 

Figure 3.9¦ (a) light microscope image of capsules formed from a DCM:dodecane:DBCC ratio 

of 9:1:0.1 (b) DCM:dodecane:DBCC ratio of 18:1:0.1 (c) DCM:dodecane:DBCC ratio of 

27:1:0.1. Scale bar = 100 µm 

Figure 3.10¦ (a) The varying diameters of DBCC capsules prepared from different mixtures of 

DCM and dodecane. By increasing the fraction of DCM, more solvent is lost during the capsule 

formation stage, and a smaller capsule is formed.  and  represent experimental and 

theoretical mean diameter respectively (b) The resulting size distribution of capsules prepared 

at different DCM:dodecane ratios, 27:1 (▨), 18:1 (▩) and 9:1 (▦). 
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Firstly, light microscopy was used to capture images of the droplets immediately after their 

generation at the device junction (t0). The diameters of these droplets were determined 

computationally by measuring diameter in pixels, where the length of 1 pixel at the specific 

magnification was known. This gave an average diameter at t0 (e.g. 350 µm ± 3.40 for a 9:1 solvent 

mix). By using a measured solvent density, which was calculated volumetrically, predicted capsule 

size was calculated. Here it was assumed that at t0, 100 % of the solvent in a droplet is the 9:1 

solvent mix and as such has a density of 1.22 g cm-3, as calculated. Following evaporation and 

capsule formation (t∞) it is assumed that 100% of the solvent in a capsule is dodecane (0.75 g cm-

3). We can therefore infer a final theoretical capsule size based on the mass fraction of dodecane 

in the original generated droplet. This can be compared to the true capsule diameter, determined 

by pixel number per capsule and should the values be similar, we would be able to see if the final 

capsule size is controllable. In the case of the 9:1 solvent mix, the predicted capsule size and the 

measured average capsule size are 191 µm and 193 µm, respectively. We repeated this process for 

both the 18:1 and 27:1 solvent systems and in each case the final average capsule size matched 

the theoretical capsule sizes (155theo/154.91 ± 5.32exp µm and 137theo/131.20 ± 5.04exp µm) as 

shown in Fig. 3.9 and visually in Fig. 3.10. In each case the number of capsules measured was 

>100. This proves that (i) it is possible to control capsule size based on initial solvent mixtures 

and (ii) the majority of the DCM has left the droplet upon capsule formation, based on its final 

size. 

The question remains what happens to capsule wall thickness with a reduction in the final capsule 

diameter? Since the relative wt. % of DBCC remains the same with respect to dodecane, the 

reduction in surface area per capsule should influence the shell thickness. But also, the reduction 

in total droplet volume will reduce the total mass of DBCC available to cover the droplet surface. 

We can think about this from a theoretical stand point. Assuming a droplet diameter of 200 µm, 

we can find the total volume of dodecane per drop and thus infer a mass of dodecane from the 

density (0.75 g·cm-3). Using the by mass content of DBCC (10 wt.%) and a measured density of 

DBCC (1.116 g·cm-3 – pycnometer), we can calculate a volume of DBCC when crystallised. The 

volume difference of a pure dodecane droplet and the crystallised DBCC can then be used to find 

the radius of the capsule interior, thus allowing the wall thickness to be calculated. This gives a 

value of ~2.29 µm, assuming a solid crystalline shell, or  ~ 3.69 µm when we account for the 

maximum packing density of high aspect ratio rods (63 %)77,78. Varying the initial diameter of the 

droplet, reveals that the wall thickness theoretically reduces with capsule diameter, this is 

evidenced in the experimental section, where the light microscope images of 12 µm capsules have 

a translucent appearance (Fig. 3.12).  
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3.2.4 Thermally induced shape control 

 

Given the nature of the bulk organogels, as a crystal jammed structure, it was proposed that the 

stabilisation of the dodecane drops to form capsules would occur in much the same way, with the 

long needle-like crystals overlapped and interlocked at the droplet surface. From Fig. 3.5 and Fig. 

3.7, we see that an overlapping crystal arrangement on the droplet surface is present. Unlike 

Pickering stabilisation, which involves thermodynamically trapping particles at the droplet 

interface, the crystal jamming effect here would instead kinetically trap the droplet shape. As a 

result, it was hypothesised that using a thermal transition, like in the bulk organogels, would allow 

for reshaping of the capsules. To test this theory a capsule captured in a capillary with a narrowing 

diameter was prepared. The capsule was first gently heated until a transition from crystalline to 

transparent oil phase was observed, as a result of crystal dissolution. The heated, transparent drop 

was then moved to a narrower section of capillary and allowed to cool and reform the crystalline 

shell. The resulting reshaped drop had a “spherocylinder” shape which was kinetically trapped 

and maintained its shape when moved back into the wider section of capillary, as evidenced by 

Fig. 3.11. This demonstrates the ability to reshape capsules using a thermal transition to produce 

anisotropic capsules which remain stable in the continuous phase. 

 

Figure 3.11¦ (a) Capsule loaded into a narrowing capillary tube at room temperature (b) 

Droplet heated gently until melting transition of crystalline shell (c) droplet moved into 

narrower section of capillary until the droplet is distorted (d) droplet cooled until crystallising 

transition reforms the capsule shell (e) capsule moved into wider section of capillary and is 

observed to hold new “spherocylinder” shape (f) reheating of pill capsule through melting 

transition returns droplet to original spherical shape. Scale bar = 300 µm.  
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3.2.5 Non-microfluidic synthesis 

 

Although, a convenient method for the controlled synthesis of capsules, microfluidics limits the 

application, the main limitations being the minimum possible size for synthesis is too large for 

most applications (upward of 50 µm) and secondly, the number of capsules that can be 

synthesised is very low compared to particle generation through means such as emulsion 

polymerisation. As a result it was important to find a route to a smaller capsule size with a much 

larger capsule concentration.  

The approach chosen was a simple emulsion of the aqueous and organic phases used in the 

microfluidic method. It was proposed that provided the evaporation rate of the DCM was 

optimised, then it would be possible to generate capsules closer to the 10-20 µm scale, thus 

opening a variety of possible applications.  

An oil phase of 10 wt. % DBCC in a 9:1 DCM:dodecane solvent mix was prepared. An aqueous 

solution of PVA was also prepared (at different wt. % PVA). The Aqueous phase was stirred and 

the oil phase added as a single shot, where the oil:aqueous ratio was 1:9 by mass. The sample was 

stirred until the DCM had evaporated.  

The high concentration, 10 wt.% of organic phase in water, meant the diffusion of DCM from 

droplets was much slower. As a result, an elevated temperature was required, but only a narrow 

temperature window was available. Too low and the capsule formation would not proceed fast 

enough and crystal nucleation would occur before supersaturation, giving large free crystals in the 

Sample Number PVA wt. % in Water Temperature Product 

 

1 

 

2 

 

24 

 

Free Crystal 

2 2 26 Free Crystal 

3 2 28 Free Crystal 

4 2 30 Capsule 

5 2 32 Capsule 

6 2 34 Foam 

7 2 36 Foam 

Table 3.1¦Temperature ranges for capsules formed by stirring. Aqueous:Organic ratio constant at 

9:1. Stirring rate constant at 1000 rpm. DCM:dodecane:DBCC constant at 9:1:0.1. All samples left 

for 30 min before analysis by light microscopy.  
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droplets, too high and the PVA would stabilise gaseous DCM and form a foam. Details of the 

process are listed in Table 3.1.   

It is worth noting that PVA concentrations were also varied between 1-5 wt. % wrt water. At 1 

wt. % the resulting capsules were still above the desired diameter range and at 5 wt% the diffusion 

of the DCM was retarded resulting in the formation of free crystals. As a result 2 wt. % was found 

to be the optimal PVA concentration.  

Sample 5, was chosen as the standardised recipe for small capsule synthesis. The dark field light 

microscope images and accompanying size distribution of 1000 capsules are shown in Fig. 3.12 

and Fig. 3.13 respectively.  

 

 

 

Figure 3.12¦ (a) Capsules formed under stirring with 1 wt. % PVA solution as the aqueous 

phase (b) Capsules formed under stirring with 2 wt. % PVA solution as the aqueous phase. 

Scale bar = 50 µm 
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3.3 Conclusion 

 

To conclude, organic crystals have been used to form stabilised droplets / cage-like capsules using 

an evaporative 2 solvent system of a co-solvent and an antisolvent to a dissolved organic 

biscarbamate. Droplets were first generate microfluidically as a proof of concept. Upon reaching 

of a supersaturation point, crystals are seen to nucleate from a single point on the surface and 

form stable, spikey droplets. As predicted, the size of the capsules can be predicted based on the 

densities of the 2 solvent blend when cosolvent and antisolvent ratios are varied.  

The stabilisation mechanism was found to be via crystal jamming effect. Thermally dependent 

solubility of the carbamate in the antisolvent allowed for a thermally reversible transition between 

formed capsule and liquid droplet. With spatial confinement and cooling, this was found to allow 

capsule shape control.  

A larger scale synthetic route to smaller droplets was also developed. Droplets were found to have 

an average size of 10-12 µm. This opens up applications to cosmetic and detergent based products 

amongst other things, as an alternative to polymeric capsules. Also, the high roughness of capsules 

has been hypothesised to increase adhesive properties on surfaces with meso-macroscale 

roughness, such as fabrics and thus opens the potential for further applications.   

Figure 3.13¦ Histogram of capsule size distribution of 1000 particles. Capsules 

synthesised using the method described for sample 5. Numerical average capsule size ~ 

10 µm 
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3.4 Experimental Methods 

 

3.4.1 Materials 

 

Cyclohexyl isocyanate (98%), decanediol (98%), Nile Red, dibutyltin dilaurate (95%), 1,6-

hexandiol diacrylate (80%), phenylbis(2,4,6-trimethyl-benzoyl)phospine oxide (97%) and Mowiol 

8-88 Mw ≈ 67000 g mol-1 were purchased from Sigma-Aldrich. n-dodecane (99%) was purchased 

from VWR and n-decanol (98%) was purchased from Alfa Aesar.  

Borosilicate glass capillaries (Standard walled GC100-10, OD 1.0 mm, ID 0.58 mm and Standard 

Walled GC200-7.5, OD 2.0 mm, ID 1.16mm) were purchased from Harvard Apparatus. Two 

part epoxy resin from Evo-Stik was used for device assembly. Clear Tygon® tubing (ID 0.8 mm, 

ColePalmer) attached to syringe pumps (Harvard Apparatus, PHD 2000 series) was used for 

solvent feeds. Solvent was loaded using glass syringes (5.00 mL, Samco) fitted with blunt tip 

Weller Dispensing Needles KDS3012P (GA 30, ID 0.15 mm).  

 

3.4.2 Equipment 

 

Crystallography was performed on a Xcalibur Gemini diffractometer with Ruby CCD area 

detector. Carbon and Hydrogen NMRs were collected on a Bruker Ascend™-400. Infrared 

spectroscopy was performed using a Bruker Alpha FTIR. High resolution mass spectrometry was 

collected on a Bruker maXis™ plus with ESI source. Differential scanning calorimetry was 

collected using a Mettler-Toledo DSC I STARe System. Light microscopy of organogels was 

performed using an Olympus IX73 inverted microscope with Andor Zyla 4.4 plus sCMOS and 

capsules were imaged using a Leica DM2500M with HCX FL PLAN 10x/0.25 objective and 

NIKON D5100 camera for acquisition. The confocal microscopy image shown in the main article 

(1024 x 1024 pixels, 8 bit pixel depth, 4.0x digital zoom, 512 line average) was acquired on a Leica 

DMI6000 microscope using a HC PL FLUOTAR 10.0x 0.30 dry objective lens, at a scan speed 

of 8000 Hz. Nile Red was visualised using a white light laser (λ =495 nm, 30 % intensity) with a 

spectral detection window of 484 – 499 nm for reflected light and 584nm - 704nm for fluorescent 

light. Data was collected and analysed using the Leica LAS-AF confocal acquisition software. 

Scanning Electron Microscopy was acquired with Zeiss Gemini SEM 500 at 0.5 kV with carbon 

coating.   
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3.4.3 Organogelation 

 

Various w/w % ratios of decane-1,10-bis(cyclohexyl carbamate) (DBCC) to organic solvent were 

prepared in a selection of organic solvents in which the compound was insoluble at room 

temperature. DBCC/solvent mixes were heated to 120 oC, until the crystalline solid had fully 

dissolved. The resulting solutions were then cooled to room temperature by turning off the hot 

plate. The resulting opaque samples were inverted to check for gelation. The results relating to 

decanol and dodecane are listed below in Table 3.2.  

 

Samples were also imaged by light microscopy and scanning electron microscopy, and gel 

transitions were characterised by DSC, as seen below. It is worth noting that the strong peaks 

observed close to 0 oC related to the solvent freeze/melting points. 

Solvent w/w % Soluble Gel-like Inversion 

 

Decanol-1 

 

1 

 

Y 

 

Y 

 

Y 

Decanol-1 4 Y Y Y 

Dodecane 1 Y Y Y 

Dodecane 3 Y Y Y 

Table 3.2¦ Gelation results for DBCC dissolved in decanol and dodecane 
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3.4.4 First generation crystal confinement 

 

In a 20 mL glass vial, DBCC 30 w/w% was suspended in decanol. To this 7.5 w/w % Tween 20 

was added. To this vial, water was added to form a suspension of 7 wt. % decanol in 93 wt. % 

water. The vial was heated to 90 oC under continuous stirring until the suspended solid was fully 

dissolved in the decanol drops. Stirring was continued at 1000 rpm for 15 minutes, at which point 

the heating plate was turned off and left to cool to room temperature. The emulsion was 

continually stirred during the cooling process.  

Figure 3.14¦ Inversion tests of organogels (a) left 1 wt.% right 4 wt.% DBCC in decanol (b) 

inversion of DBCC in decanol (c) 1 wt.% DBCC in dodecane (d) inversion of DBCC in 

dodecane 
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3.4.5 Microfluidically-generated capsules 

 

Figure 3.16¦ Construction of a microfluidic flow-focussing device 

Figure 3.15¦ The operation of a microfluidic flow-focussing device 
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A glass capillary with an inner and outer diameter of 1.16 mm and 2.0 mm, respectively, forms 

the outer casing of the device and contains the flow of the outer phase. Within this, two capillaries 

with inner and outer diameters of 0.58 mm and 1.0 mm, respectively, were tapered with a laser 

puller to allow flow focusing of the middle organic phase (injection to 110 μm and collection to 

120 μm). These tapered capillaries were aligned to create a flow-focused junction where double 

droplets are formed. This construction is illustrated in Fig. 3.20, and its use is illustrated in Fig. 

3.19.  

For capsule synthesis an aqueous continuous phase and an organic internal phase were prepared. 

The Aqueous phase contained 5 w/w % of PVA (Mowiol 8-88 Mw 67000 g mol-1) to stabilise 

droplets on formation, and the organic phase consisted of a 9:1 w/w ratio of DCM:X (where X 

is either decanol or dodecane). Additionally 10 and 15 wt. % of DBCC was added with respect to 

solvent X (10 wt. % for dodecane and 15 wt. % for decanol). Typically, the aqueous phase flow 

rate was set to 0.15 mL min-1 and the organic phase flow rate to 0.02 mL min-1, resulting in droplet 

generation with an instantaneous droplet diameter of ≈350 µm. Droplets were delivered via the 

output capillary to a vial of water and left undisturbed. Over time the DCM was seen to evaporate 

from the droplets until a supersaturation was reached and DBCC crystallisation occurred, forming 

crystal stabilised organic capsules of diameter ≈195 µm. Droplets were subsequently analysed by 

light microscopy and confocal microscopy (using 2 mg∙mL-1 of Nile Red in the organic phase as 

a fluorescent marker). 

 

3.4.6 Size control experiments 

 

Capsules were prepared from 3 different DCM: dodecane precursor solutions - 9:1, 18:1 and 27:1. 

In each case, the relative concentration of DBCC to dodecane remained the same at 10 wt. %. 

Droplets were produced from the microfluidic device and delivered into a 20 mL vial of deionised 

water. Capsules were allowed to form over 15 mins at room temperature. Microscope images of 

the resulting capsules were captured to represent the full nature of the sample using a Leica 

DM2500M. Resulting images were analysed with ImageJ software. Image thresholds were 

adjusted to produce particle masks, and anomalous pixels from lens marks or small droplets of 

DCM were removed by setting a minimum size and circularity of analysed objects. Particle masks 

were subsequently measure as a 2D area and from this, capsule volume was calculated. Theoretical 

volumes were also calculated using the different densities of the initial organic solvent mix (Fig. 

3.21) and the assumption that the final capsule contained no DCM. 
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3.4.7 Reshaping Capsules 

 

A glass capillary with inner and outer diameters of 0.58 mm and 1.0 mm, respectively, was heated 

until malleable with a butane torch and then pulled to give a narrower channel with a smaller 

inner diameter than the diameter of a capsule. The pulled capillary was filled with water via 

syringe, after which freshly generated 9:1 solvent mix droplets were drawn up into the first 5 mm 

of the tube. The capillary containing droplets was submerged in water until all DCM had diffused 

and capsules were formed. A 5 ml syringe filled with water was attached to one end of the 

capillary, carefully avoiding introduction of air bubbles, and was used to position a capsule by the 

narrowed section of the tube. Once in position the capsule was gently heated until a transition 

from crystalline capsule to transparent droplet was observed. Heating was stopped and the 

transparent drop was moved via syringe to a narrower section of capillary and held in position 

until recrystallization occurred. Flow was then reversed and the capsule was shown to retain its 

new “spherocylinder” shape. Reheating was observed to return the capsule to the original 

spherical shape.  

Figure 3.17¦ Density of solutions with varied ratio of DCM:dodecane. Solutions 

prepared volumetrically within the range required for size variation experiments 
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3.4.8 Non-microfluidic Small Capsule Synthesis 

 

An aqueous phase of 2 w/w % of PVA (Mowiol 8-88 Mw 67000 g mol-1) was prepared. 9.00 g of 

solution was heated to 32 oC with constant stirring at 1000 rpm in crimp vial (Agilent headspace 

crimp top vial, 20 mL, 23 x 75 mm, clear, round bottom). Separately an organic phase of DBCC 

in dodecane in DCM, 0.1/1/9 by mass, was prepared. 1.00 g of organic phase was added via 

pipette to the open crimp vial and was left to stir for 30 min. As DCM evaporated the suspension 

became whiter as capsules formed. Capsules were imaged by light microscope and the size 

distribution over 1000 particles was measured using ImageJ, yielding an average particle diameter 

of approximately 12 µm.  

 

3.4.9 Solid Core Capsules for SEM 

 

For capsule synthesis an aqueous continuous phase and an organic internal phase were prepared. 

The Aqueous phase contained 5 w/w % of PVA (Mowiol 8-88 Mw 67000 g mol-1) to stabilise 

droplets on formation, and the organic phase consisted of a 9:1 w/w ratio of 

DCM:hexamethylenediacrylate. Additionally 10 wt. % of DBCC was added with respect to 

diacrylate. 3 wt. %, with respect to diacrylate, of photoinitiator, phenylbis(2,4,6-trimethyl-

benzoyl)phospine oxide, was also added to the organic phase. Typically, the aqueous phase flow 

rate was set to 0.15 mL min-1 and the organic phase flow rate to 0.02 mL min-1, resulting in droplet 

generation with an instantaneous droplet diameter of ≈350 µm. Droplets were delivered via the 

output capillary to a vial of water and left undisturbed and exposed to light. Once the DCM had 

evaporated and the shell had formed, capsules were transferred to a UV light source and left to 

cure fore 5 min. The resulting capsules, of approximately 200 µm diameter, were imaged using 

SEM.  
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4 Drag reduction by self-associative telechelic polymers 

in oil 

 

 

Abstract 

 

The use of self-associative polymers was explored for application in drag reduction in 

hydrocarbon solvents. Monomer units made up of urea functionalised telechelic polymers, below 

the minimum molecular weight of drag reduction, were synthesis. Their behaviour in bulk and 

dilute conditions was explored by rotational and capillary rheology and the mechanism of 

interaction was investigated thermally by DSC. 

 

4.1 Introduction  

 

Drag reduction in pipeline transport of crude oil is of significant industrial importance,1,2 as the 

frictional losses from fluid turbulence greatly decrease the maximum potential output of oil from 

a pipeline at a fixed amount input energy to facilitate flow. 

 

∆𝑃

𝐿
= 𝑓𝐷 ·

𝜌

2
·

〈𝜐〉2

𝐷
   [1] 

 

From the Darcy-Weisbach3,4 equation [1], valid for transport of incompressible fluids through 

pipes of length L, we see the fluid pressure loss, P, as a function of a frictional factor, fD, which 

is a function of the Reynolds number.5 Other parameters in equation 1 are the density of the fluid, 

, the average flow velocity, <v>, and the hydraulic diameter of the pipe, D. High molecular 

weight polymer additives6–8 in crudes are design to dampen eddy currents through their long 

elongational times9 under shear. Unfortunately, a consequence of using additives of high molar 

mass is their shear induced degradation10–15 by rupture of covalent bonds. This degradation can 

occur gradually over a length of pipe in regions of high elongational shear, such as pipe 
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narrowing.16 The majority of polymer breakdown occurs periodically as fluid is recompressed to 

counteract pressure loss. The macromolecular fragments are not able to sustain the desired 

rheological profile and as a result additional amounts of polymer additive need to be added after 

compression stations. This frequent need for injection of the additive along a pipeline, contributes 

to a substantial increase in the cost of transport. 

If a system could be developed in which supramolecular drag reducers could form high molecular 

weight polymers with sacrificial linkages, which are in turn self-associative, then the additives 

could theoretically breakdown and reform as they moved from high shear to low shear regimes 

respectively (Fig. 4.1). A proposed methodology for this approach to drag reduction is the use of 

telechelic polymer building blocks with associative end groups. Ultra-high molecular weight 

polymer chains would be formed from individual shorter building blocks which would sacrificially 

break at the associative, non-covalent junctions at the polymer ends under elongational shear. For 

this concept to work as desired it is essential that the non-covalent linkage is weaker than the 

covalent linkages in the polymer backbones. 

 

4.1.1 Telechelic associative polymers 

 

For design of this system, firstly the nature and developments in telechelic self-associative 

polymers must be understood, from the first use of the term ‘telechelic’17 and the fundamentals 

of end group influence on bulk properties, to the observed solution behaviour. Although a 

number of interaction types can be explored18–20, hydrogen bonding systems in telechelic 

polymers are well explored, and due to the increasing interaction strength with decreased solvent 

polarity21, hydrogen bonding moieties are a powerful approach to self-association in oils. 

Although supramolecular assemblies were explored early on, earning Nobel prizes for Linus 

Pauling (1954), specifically the description of hydrogen bonds between base pairs22,23, and Lehn, 

Figure 4.1¦ Illustration of concept of reversible self-assembly of telechelic polymers in a 

variable shear regimes. Transient associative groups (●). 
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Cram24 and Pedersen25–27 (1987) in the study of infinite arrays, host-guest complexation and 

macrocycles respectively, it was Whitesides28 that first explored the directionality of hydrogen 

bonds in the design of more complex materials. Hydrogen bonding units introduced to polymers 

as pendant functionalities along the length of polymers such as poly(methacrylates)29, 

poly(dimethylsiloxanes)30 and poly(butadienes)31 were well explored for their dynamic physical 

properties induced by secondary interactions32..  

A key turning point was the application of telechelic/difunctional small molecule monomers in 

the formation of supramolecular polymers. Lehn33,34 showed that small molecule assemblies of 

low molecular weight compounds with specifically designed hydrogen bonding units, inspired by 

biological moieties, were seen to show polymeric properties in bulk, such as a glass transition 

temperature and were also observed to have thermal properties similar to liquid crystalline 

materials. A logical progression was the incorporation of polymer backbones to form each of the 

monomer units. Some of the earliest examples involved adding simple end groups to 

poly(butadienes)35 and poly(isobutylenes)36–39 to give supramolecular reversible rubbers with 

physical properties similar to that of crosslinked butadienes. The success of materials such as this 

gave rise to an interest in developing a wider variety of end group functionalities.  

 

4.1.2 Hydrogen bonding end functionalities 

 

A wide range of hydrogen bonding end groups have been developed for the purpose of forming 

supramolecular polymers, with the specific design of the end groups influencing the behaviour of 

bulk materials. From simple structures, such as self-complimentary carboxylic 40–42 to highly 

complex 2 part multi-hydrogen bond arrays like Hamilton43 wedges, the possible end group design 

is essentially unlimited, relying solely on the presence of carbonyl groups and labile protons. 

Examples of various bonding modes are shown in Figure 4.2. 

 

Figure 4.2¦ Attractive/repulsive nature of arrangement of donor and acceptor groups in a 

hydrogen bonding motif. 
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It is the arrangement of these functional groups which influence the strength of binding 

interactions44. A hydrogen bond is made up of a δ+ electron accepting N-H or O-H group and a 

δ- electron donating C=O: or N: lone pair. The dynamic nature of hydrogen bonds and the 

strength of interaction can be expressed in terms of the equilibrium position between dimerised 

(associated) and free (dissociated) states. These states are described by forward, Kass, and reverse 

Kdiss, rate constants of units inverse concentration. The combinations of the donor, D, and 

acceptor, A, groups in these were found to influence the association constant, Kass, of the moieties 

based on the balance of attractive and repulsive forces.  Adjacent donor groups have an attractive 

force, whereas donor groups on opposite sides of the pair have a repulsive nature (Fig. 4.2). Upy 

groups, brought to prominence by Meijer45, with a DDAA-AADD pairing have a Kass ~ 106 M-1, 

whereas a similar ureidobenzoic acid, also developed by Meijer46 shows a Kass of ~ 109 M-1. By 

contrast motifs of ADA-DAD47 and DDA-AAD48 had Kass of 102 and 104 M-1 respectively. A 

development by Thomson et al. using AAAA-DDDD quadruple bonds revealed a Kass of 1012 M-

1 in CH2Cl2 and still as high as 105 M-1 with the addition of 10% v/v of DMSO (in CHCl3) with 

a binding energy approaching that of a covalent bond. All manner of bond numbers have been 

trailed in end group design, including sextuple bond systems49. All things considered we see the 

range of association strengths that can be attained. A number of common groups are shown in 

Fig. 4.3. 

A key area of consideration, in the context of the application in this chapter, is the balance of the 

non-covalent interaction strength compared to a covalent bond. The bond involved needs to be 

dynamic and of a lower strength than that of a covalent bond. Some of the aforementioned 

functional groups are very strongly associative. If we consider the C-C bond dissociation energy 

in small molecules (~ 348 kJ·mol-1), and with increasing polymer chain length in poly(isobutylene) 

(determine computationally as 239 kJ·mol-1 and 170 kJ·mol-1 for degree of polymerisation 4 and 

150 respectively)50 and compare it to hydrogen bond dissociation energies (16 - 167 kJ·mol-1)51, 

we can see that high number hydrogen bonding moieties could prove stronger than covalent C-

C bonds in the polymer backbone and as a result preferential, dynamic polymer degradation could 

be lost. Secondly, the ability to dissolve a compound with higher hydrogen bonding character in 

apolar solvents could also be problematic. With this in mind weaker hydrogen bonding groups 

such as the carbamates and ureas discussed in Chapter 2 are a more applicable bond type for the 

application.  

 

4.1.3 Properties of self-associating telechelics 

 

We have seen examples of the use of different types of associative motif in telechelics, but how 

do they affect the physical properties of polymers in bulk and dilute regimes? Properties of 
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telechelic modified polymers show drastically different properties to their unmodified starting 

materials. Following modification, Meijer52 found that UPy modified telechelic PDMS (Mn ~ 6000 

g·mol-1) had a zero shear viscosity 103 times higher than the unmodified precursor, showing 

properties more similar to 300 kg·mol-1 PDMS, and also showed shear thinning behaviour (shear 

thinning being indicative of a breakdown of weaker interactions). These behaviours were shown 

to have a temperature dependence with material properties returning to that of their precursors 

at elevated temperature.  There is a contradiction here when we consider the ideal scaling of the 

zero-shear-rate viscosity , η0, of a polymer, which should scale at approximately M3.4 where M is 

the molecular weight53. This is true when polymer is at or above the entanglement concentration. 

In this case the apparent molecular weight of assembled polymer is an order of magnitude higher 

than expected, but no explanation for this observation is given. Similarly, telechelic 

polyisobutylene modified with urazoylbenzoic acid37 groups was found to show different 

dielectric losses at temperatures above and below the melting point of the bulk material. The 

inferred stress relaxation below the melting point indicated a viscoelastic behaviour. When 

temperature was elevated, a second dielectric relaxation inferred reorganisation and dynamism in 

the associative clusters and subsequently a switch to viscous behaviour was observed. Similar, 

reversible polymer-like behaviours have been observed in a number of examples39,54–61 It has been 

reported that the thermal behaviour of telechelic associative polymers does not affect the polymer 

Tg
62,63, but instead introduces addition Tm behaviour64, similar to that observed in liquid crystalline 

materials. Although an interesting observation, this is in direct contradiction to glass transition 

theory, which states that crosslinking does increase Tg
65.  

The directionality of hydrogen bonding also leads to a comprehensive range of supramolecular 

morphologies including coils, rods and rings66. For bulk materials with Upy functionalities, it was 

observed that there can be microphase separated domains67. In other words, the structural 

properties of the materials are determined by intermittent crystallised domains. Recently a study 

of weaker hydrogen bonding systems (carboxylic acids) by dielectric spectroscopy revealed that a 

proportion of end groups remain permanently associated68 over the time scale of transient applied 

stress. 

 

4.1.4 Solution behaviour 

 

The solution properties of these telechelic hydrogen bond functionalised polymers are also unique 

in materials chemistry. From the initial Meijer Upy study, the viscosity of the polymer solutions 

in CHCl3 was seen to greatly depend on concentration and temperature. Although individual 

difunctional units were approximately 400 g·mol-1, the apparent molecular weight at 40mM was 

105 g·mol-1. This high molecular weight is attributed to the high end group fidelity of the 
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monomer units, but when rotational freedom of the backbone was reduced the building blocks 

were found to form a combination of linear polymer and closed loops in solution. Similar to bulk 

behaviour, long polymer backbones with associative end groups formed microphase separated 

domains, as clusters of Upy end groups associated69.  

Thurn-Albrecht70 produced an in-depth structural analysis of monofuntional and bifunctional 

polymers with associative hydrogen bonding end groups (thymine-diaminotriazine end group 

pairings). Monofunctional polymer chains were found to form unspecific micellar aggregates 

which macroscopically behaved like a concentrated colloidal solution. When polymers are α,ω-

telechelic, instead the solution properties more closely matched to those of dilute gels, at low 

temperature, and showing a rubbery plateau in rheological tests.  

It is known from classical polycondensation, predicted by Flory71 and Stockmayer72 

independently, that there is a high likelihood of intramolecular reaction forming closed rings. As 

could be predicted, difunctional self-associating polymers have the same problem of ring 

formation, the proportion of which is strongly influenced by concentration and association 

strength. In these cases, at concentrations << C* (chain entanglement concentration, where 

Figure 4.3¦ Scheme of interaction modes of common hydrogen bonding motifs (a) 

carboxylic acid Kass ~ 103 M-1  (b) urea Kass ~ 103 M-1  (c) ureidopyrimidinone Kass ~ 106 M-1  

(d) DAD-ADA Kass ~ 102 M-1  (e) pyridyl-benzoic acid (f) ureidopyrimidinone tautomer – 

diaminonaphthyridine (Upy-Napy) Kass ~ 104 M-1  (g) ureido benzoic acid (UBA) Kass ~ 109 

M-1   
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polymer coils in solution can see each other) lead to a higher proportion of rings73. Additionally 

the influence of solvent polarity was found to have a profound effect. High polarity solvents were 

found to promote micelle formation, neutral polarity solvents were found to form an equilibrium 

of ring and linear polymer and apolar solvent was found to promote inverse micellisation. This 

illustrates the importance of homogeneous solubility in the polymer chain for maximising the 

probability of forming an extended network as opposed to individual dispersed micellar regions. 

 

4.1.5 Telechelic supramolecular drag reducers 

 

Though an early self-assembling drag reducer using complementary hydrogen bonding side chains 

was demonstrated by Malik74, telechelic approaches of particular note are limited. The work of 

Kornfield et al75,76. explored megasupramolecular polymers, from ring opening polymerisation, 

with telechelic acid groups. It was stated that > 400 kg·mol-1 was the minimum molecular weight 

requirement for each telechelic unit for drag reduction to be observed as the molecular weight 

must be sufficiently high for polymers to see each other in solution. These units could then 

assemble to form megasupramolecules of > 106 g·mol-1. The system was successfully employed 

in drag reduction but was mainly employed as a de-misting agent for jet fuel (recently 

commercialised as FluidEfficiency). Random pendent ultra-high molecular weight polymer (< 106 

g·mol-1) were found to form flower like clusters which did not extend under elongational shear 

and Mw ~ 50000 g·mol-1 assembled into closed rings, which did not influence drag. An unexplored 

aspect of these materials was the effect of fouled telechelic functionalisation, by monofunctional 

units, and how this affected the apparent molecular weight of the suprapolymers, leaving the 

question of whether employing 3-armed polymer units could allow assembly to high molecular 

weights from much shorter individual units. It is proposed herein that following the inclusion of 

a low percentage of branching units, drag reduction will be achieved at a low concentration of 

much lower molecular weight polymer.  
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4.2 Results and Discussion 

 

4.2.1 Synthesis of telechelics 

 

In general, the synthetic procedure for the modified telechelic polymer is much the same as the 

synthetic routes to the organogel compounds mentioned in Chapter 2. An isocyanate reacts with 

an amine/alcohol to produce a urea/carbamate functional group, except in this case both 

reactions occur; an amine forms the urea link required for self-assembly and subsequently the 

pendant isocyanate reacts with an alcohol to attach the adjacent urea group to a polymer 

backbone.  

 

Firstly a diisocyanate is reacted in a 1:1.05 ratio with an amine (octadecyl amine, cyclohexyl amine 

or phenyl amine) to produce an urea out of one of the isocyanates groups. A very slight excess of 

amine is used to ensure that there is no remaining diisocyanate, which could form polyurethanes 

in solution. Conveniently, after formation of the first urea group, the formed monoisocyanate 

would precipitate and react no further, due to extended reaction times in a heterogeneous system. 

As a result no difunctional ureas were formed. The crystalline monoisocyanates were isolated, 

followed by reaction with hydroxyl telechelic polymers via a heterogeneous reaction in 

Figure 4.4¦ Reaction scheme for the synthesis of telechelic polymer from telechelic 

dihydroxyl polymer and functional monoisocyanate. 
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chloroform, catalysed by dibutyltin dilaurate (DBTDL). The reactions were run overnight due to 

the use of a heterogeneous process. Logically, the hydroxyl telechelic polymer was reacted 1:2 

with this isocyanate to form 2 carbamate bonds in place of the original hydroxyls. It is important 

that dry glassware and solvents are used in each reaction to avoid isocyanate hydrolysis which 

could produce amines which react readily with isocyanate. Telechelic polymers, functionalised 

with octadecyl (ODUMI), cyclohexyl (CHUMI) and phenyl (PhUMI) urea monoisocyanates, were 

made via this method from PTHF and hydroxyl functionalised polybutadiene (PBD). The 

functionalisation of the products was assessed by observing loss of hydroxyl (~3300 cm-1) groups 

and isocyanate (~2200 cm-1) functionalities by IR in the final modified polymers. A detailed 

explanation of the synthetic method is listed in section 4.4.4.  

A rheological assessment of these polymers compared to their unmodified equivalents is shown 

below in Fig. 4.5. This rheological test involved a shear rate sweep from low shear rates to high 

shear rates to reveal the nature of interactions in the bulk polymer. The output at low shear rates 

tells us about weak interactions, such as secondary interactions, which influence the viscosity of 

a material. The output at high shear rates tell us about stronger phenomena, such as entanglement.  

 

As seen from the rheological data the basic hydroxy telechelic polymer, PBD or PTHF, has a 

shear thinning behaviour at low shear. Low shear rates are associated with very weak interactions, 

such as hydrogen bonding and as a result part of this shear thinning behaviour is down to the 

Figure 4.5¦ Shear rate sweeps of urea modified linear telechelic polymers (a) hydroxy 

telechelic PBD (●●) modified with phenyl (●▬), cyclohexyl (▬ ▬) and octadecyl (▬)urea 

groups (b) hydroxy telechelic PTHF (●●) modified with phenyl (●▬), cyclohexyl (▬ ▬) and 

octadecyl (▬) urea groups. Insets show enhanced view of viscosity for PBD or PTHF and 

their phenyl and cyclohexyl modified equivalents.  
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weakly hydrogen bonding interactions from the hydroxy groups. The aim was to enhance this 

shear thinning effect in two ways. 

Firstly, making the viscosity, in the shear thinning compound, higher at low shear. This indicates 

a strengthening of non-covalent interactions. Given that the only change is the groups we have 

introduced, it is indicative of the introduction of hydrogen bonding and chain association. 

Secondly, we want the onset of the increase in viscosity to be at a higher shear rate. In other word, 

the material must display its shear thinning behaviour over a wider range of shear rates, as this 

indicates that the hydrogen bonding is more resilient to weaker shear forces. If we compare pure 

OH-telechelic polymer to the first generation modified polymer we see that the viscosity at low 

shear rates increases and the onset is at a higher shear rate. This indicates that including these end 

groups achieves both of the goals to varying degrees of success. General results from Fig. 4.5 are 

summarised in Table 4.1, but overall an improvement is seen in each example of modification. 

Unfortunately for phenyl and cyclohexyl modifications, the improvements were seen in the same 

order of magnitude as the unmodified PBD and PTHF. The real improvement is seen in octadecyl 

modified polymers which show viscosity >1x104 Pa·s, showing much stronger interactions in the 

low shear regime. The range of shear thinning is also greatly increased in both samples, with 

Newtonian behaviour observed at 1 s-1 for modified PBD and 0.1 s-1 for modified PTHF, 

indicating a higher yield stress and thus a stronger secondary structure. 

Polymer Modification Newtonian regime / s-1 ηmax / Pa·s 

    

PBD - 0.01 2·102 

PBD PhUMI 0.05 5·102 

PBD CHUMI 0.05 5·102 

PBD ODUMI 1 >1·104 

    
PTHF - 0.01 1·102 

PTHF PhUMI 0.05 2.5·102 

PTHF CHUMI 0.05 4.5·102 

PTHF ODUMI 0.1 >1·104 

    

The poor results seen by the phenyl and cyclohexyl modifications were seen to be a result of 

solubility. The method of synthesis involves a heterogeneous reaction in chloroform. Polymer is 

Table 4.1¦ Table of results from rotational rheology of modified and unmodified PBD and 

PTHF. Shear rate indicates the beginning of Newtonian behaviour to the nearest 0.05 s-1. 

Viscosity listed at highest readable value listed to the nearest 0.5·10n Pa·s, with respect to the 

order of magnitude, n.  
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dissolved in chloroform and the monoisocyanate is suspended. IR reveals that the polymer OH 

group does not react to full conversion (Fig. 4.6), except in the case of the octadecyl modification. 

This is evidenced in the O-H stretch disappearing at ~ 3300 cm-1 and also the appearance of 

carbamate and urea carbonyl stretches between 1600 and 1750 cm-1. Weak carbonyl stretches do 

appear in both PhUMI and CHUMI modified PBD indicating a low end group fidelity, explaining 

the poor mechanical performance. Octadecyl urea monoisocyanate (ODUMI) is the most soluble 

of the monoisocyanates and as a result sees a higher proportion of end-capping and thus greatly 

superior mechanical properties. A counter argument could be that the enhanced shear thinning 

in ODUMI modified polymers is a result of crystallisation in octadecyl end groups. But this 

enhanced shear thinning is also observed for branched alkane end groups shown later.  

Although the results for the ODUMI modification are good, the observed effect is weak 

compared to that of Upy groups, and potentially too weak to be able to withstand the forces 

involved in turbulent flow. Preferably the supramolecular polymer should be able to remain 

assembled except for in the highest shear environments, such as strong vortices. As the onset of 

turbulent flow in dodecane is approximately 430 s-1, it would be preferable for the material to 

remain non-Newtonian up to that shear rate.  

Figure 4.6¦ Offset absorbance infrared spectrograms of PBD (▬), Phenyl urea modified 

PBD (▬●●), Cyclohexyl urea modified PBD (●●) and octadecyl urea modified PBD (▬ ▬). 

Offset for each is set at exactly 0.075 AU 
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One reason for the limited improvement could be material end capping by monofunctionalised 

polymer. There is no way to guarantee 100% telechelic end capping of any polymer, there will 

always be a small amount of impurity. The question is, can this impurity be counteracted by the 

introduction of tri-star structure? Mathematically this principle is sound, yet complicated, and 

every three-armed trifunctional unit bound to a monofunctional unit will in theory behave as a 

difunctional unit. 

 

4.2.2 Tri-star polymers 

 

As mentioned previously, the telechelics are proposed to work somewhat like a condensation 

polymerisation when they self-assemble, i.e. A-A reacts with B-B and so on. According to 

Flory77,78 a 1% impurity in the stoichiometry of these monomer units can decrease the theoretical 

maximum DP from ∞ to 99. It was proposed that this could be counteracted by the addition of 

a low percentage of tri-star telechelic polymer as a way to counteract any monofunctionalised 

polymers in the solution which would otherwise endcap the assembly.  

Figure 4.7¦ Example system containing 3 units of A, 3 units of B and 3 units of C.  

Figure 4.8¦ Phase diagrams of theoretical maximum self-association chain length of a 

mixture of 9 total monomer units of A, B and C. (a) Mixture of trifunctional n[A] and 

monofunctional m[C] (b) mixture of difunctional n[B] and m[C]. n+m = 9. 

Figure 4.7¦ Example system containing 3 units each of A, B and C 
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Here we consider 9 units in a dynamic system, where t → 0 and end groups can only interact 1-

to-1. This way the maximum possible chain length is attained as well as all other possible 

instantaneous chain lengths. A comparison is made between a system of B and C, and a system 

of A and C showing the onset of breakdown when we introduce an increasing proportion of unit 

C. In reality, these would exist as Boltzmann distributions but for simplicity, different 

arrangements of the same unit length are ignored. 

A generalised reaction was needed to build tri-star polymer from dihydroxy functional telechelic 

polymers and a trifunctional reactive molecule that would form the core of a star. This reaction 

would need to proceed to 100 % to ensure no pollution by mono or difunctional by-products. 

Additionally, the molecule that would form the core would be at low mol% with respect to 

hydroxyl telechelic polymers to avoid any gelation or additional branching.  

Reactions were attempted with 30 mol% of cyanuric chloride (wrt polymer) in basic conditions 

but this produced a mixture of mono, di and tri-substituted products. Instead, a more reactive 

1,3,5-benzenetricarbonyl trichloride was used. Details of the experimental method are listed in 

section 4.4.5. In these reactions, an alcohol or polyol dissolved in CHCl3 and stirred at room 

temperature. The required mol equivalent of 1,3,5-benzene tricarbonyl trichloride (dissolved in a 

small amount of CHCl3) is added to this mixture yielding the branched alcohol or polyol.  

Small molecule analogues of this reaction were performed with a series of short chain alcohols 

(methanol, ethanol, isopropanol), where the alcohol was in excess. Purity of the trifunctionalised 

products (trimethyl benzene-1,3,5-tricarboxylate, triethyl benzene-1,3,5-tricarboxylate and 

triisopropyl benzene-1,3,5-tricarboxylate) was assess by 1H-NMR (section 4.4.5). It was found 

that in all cases, only the fully reacted core unit was present in the product and IR revealed no 

acid groups. As a result the same reaction was used for PTHF (1000 g·mol-1) and hydroxyl 

telechelic PBD (2800 g·mol-1). Samples dissolved at a known concentration were analysed by 

triple detection GPC, meaning molecular weight could calculated with a combination of light 

scattering and viscometry. Viscometry is most important here as the intrinsic viscosity of the 

polymer should be linear with molecular weight, hence a diversion from linearity would indicate 

branching. 

From the data in Fig. 4.9 we can see that branching has occurred. Mark-Houwink plots E and F 

indicate that following the reaction with 1,3,5-benzenetricarbonyl trichloride, there is a lowering 

of intrinsic viscosity, indicating branching. This is also confirmed by the light scattering data from 

15o and 90o as the distribution shifts to a lower retention time, indicating that a proportion of the 

sample has increased in molecular weight. Additionally, the difference in the integration of the 

normalised RI curves should equal the proportion of the polymer (in mol) that is incorporated in 

branching. Integration of PBD branched and unbranched gave 24.6 % (30 % theoretical) and 

integration of PTHF gave 16.7 % (15 % theoretical). General molecular weight data is also shown 
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in Table 4.2. With this data and the analysis of the small molecule equivalents, it can be said with 

confidence that the branching is occurring to a high percentage. Branched polymers can be 

Figure 4.9¦(a) normalised RI signal of unbranched (▬) and 30mol% branched PBD polymer 

(▬ ▬) (b) normalised RI signal of unbranched (▬) and 15 mol% branched PTHF wrtpolymer 

(▬ ▬) (c) light scattering signal of unbranched LS 90o (▬), LS 15o (●●) and 30 mol% 

branched PBD LS 90o (▬ ▬) and LS 15o (●▬) (d) 15o light scattering signal of unbranched 

(▬) and 15 mol% branched PTHF (▬ ▬) (e) Mark-Houwink plot of unbranched (▬) and 

30 mol% branched PBD (▬ ▬) (f) Mark-Houwink plot of unbranched (▬) and 15 mol% 

branched PTHF (▬ ▬) 
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functionalised through the same mechanism described in section 4.2.1. A summary of the 

synthetic route is shown below in Fig. 4.10. As a general procedure, branched polyol is prepared 

as described above. This branched polyol is then dissolved in chloroform, followed by crystalline 

monoisocyanate and catalyst DBTDL. The isocyanate, being mostly insoluble, remains suspended 

and reacted heterogeneously to end-cap the polyol. Following isolation and drying urea modified 

branched polyol is yielded. 

 

Polymer Mn / 
g·mol-1 

Mw / 
g·mol-1 

Ð Polymer Mn / 
g·mol-1 

Mw / 
g·mol-1 

Ð 

        

PBDtheo 2800 7000 2.50 PTHFtheo 1000 1500 1.50 

PBDexp 3500 9700 2.70 PTHFexp 1400 2600 1.90 

PBD 
30% Tri 

4500 15600 3.30 
PTHF 
15% Tri 

2000 6600 3.20 

                

 

  

Table 4.2¦ GPC data from PBD and PTHF branching with 1,3,5-benzene tricarbonyl 

trichloride at 15 mol% and 30 mol% respectively. Branching with respect to moles of polymer. 

 

Figure 4.10¦ Synthetic scheme for introduction of X mol % tri-star units to polymer blend 

via reaction of 1,3,5-benzenetricarbonyl trichloride. 
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4.2.3 Drag reduction in hydrocarbon solvent 

 

Polymer produced in section 4.2.3 was subject to rheological testing in the dilute regime. As these 

compounds are designed to be drag reducers, the key area of interest is what happens to solution 

rheology during turbulent flow/shear. In accordance with the method of Boutellier79, we can look 

at specific parameters from rotational rheology to make sense of what is happening in terms of 

drag. Firstly, a simple torque vs shear rate plot should have a linear response below the turbulent 

regime and should then make an abrupt change in direction at the onset of turbulence. The greater 

the drag reduction, the higher the shear rate at which this is observed. Secondly, to assess whether 

hydrogen bonded self-assembled structures are responsible for any drag reducing observed, a plot 

of torque response vs temperature can be used at a fixed shear rate (within the turbulent regime). 

This will show whether there is an assembled component involved in drag reduction and whether 

it is reversible as proposed.  

Solvents were chosen to match the final application (hydrocarbon crude transport). As a result 

dodecane, decane and octadecene were considered. Importantly, the unmodified PBD and PTHF 

were found to be soluble in these solvents. But following preparation of ODUMI modified PBD 

and PTHF it became clear that the polymer would just precipitate in oil. The addition of the end 

groups greatly affects the solubility. As a result, hydroxyl functional PDMS, with HOC3H6-Si end 

groups, was modified with ODUMI. This compound was subsequently tested rheologically (Fig. 

4.11) as it appeared to show improved, but not complete solubilisation. As seen from the data 

above, this polymer was not seen to greatly influence the onset of turbulence (inflection at ~ 430 

s-1 in all cases) and also did not show any deviation in its linear torque response at low temperature 

Figure 4.11¦ (a) Torque vs shear rate of dodecane (■), 1.00 mM 5000 g·mol-1 PDMS in 

dodecane (●) and 1.00 mM octadecyl urea modified PDMS in dodecane (▲). Inflection points 

indicating onset of turbulence are marked with lines (—) and (····) (b) Torque vs temperature 

of dodecane (■), 1.00 mM 5000 g·mol-1 PDMS in dodecane (●) and 1.00 mM octadecyl urea 

modified PDMS in dodecane (▲) at a fixed shear rate of 600 s-1 
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when it should theoretically be assembled. It was believed at this point that the reason for this 

was the incomplete dissolution of the polymer at a substantive ppm with respect to oil. As a result 

it was proposed that a much longer telechelic unit should be used as the polymer backbone in 

order to ensure solubility after modification.  

 

4.2.4 Telechelic polylauryl arcylate synthesis 

 

As the low MW modified tri-star polymer was found to be too insoluble to perform effective drag 

reduction tests in hydrocarbons, instead remaining precipitated, it was necessary to extend the 

polymer back bone to higher molecular weights. Given the use of poly(laurylacrylate) (PLA) in 

oil-based applications, this polymer was a suitable substitute for the backbone.  

Many methods of producing telechelic polymers require controlled80–84 polymerisation techniques 

and often produce water soluble polymers. Although, SET-LRP of lauryl acrylate using a method 

described by Haddleton85 et al. was attempted, results were inconsistent. Instead, traditional free 

radical polymerisation was used because 1) the process was trivial and reproducible 2) the method 

is easily implemented in industry. A known problem with free radical polymerisation of acrylates 

is the high transfer to polymer caused by a radical backbiting to the growing polymer backbone, 

by hydrogen abstraction86–88. Equation [1] describes the degree of polymerisation, �̅�𝑛, in free 

radical polymerisation. ξ corresponds to ([2·ktdisproportionation + ktcombination]/kt), where kt is a rate 

constant of termination, ktr is a rate constant of transfer, [I] is initiator concentration, [M] is 

monomer concentration, kp is the rate constant of propagation and kd is the decomposition rate 

constant.  

 

�̅�𝑛 =  
𝑘𝑝[𝑀]

𝜉[𝑓𝑘𝑑𝑘𝑡]
1

2[𝐼]
1

2 + 𝑘𝑡𝑟[𝑇]
     [1] 

 

Given that acrylates terminate almost exclusively by combination (though this is currently an area 

of debate89), if the radical flux is kept very high ([I] →∞) then the influence of ktr is nullified and 

branching is removed. As a result, using a bimolecular hydroxyl functional initiator should 

theoretically result in α,ω-telechelicpolyacrylate with approximately 2 OH groups per chain. An 

experimental method for a synthesis of telechelic PLA is listed in experimental section 4.4.6. The 

kinetics of the 50 wt.% reaction are also shown in the experimental. This data was important for 

estimating a reaction time as at higher conversions at these kinds of wt.% there is a high risk of 

gelation and excess heat. 
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Table 4.3 shows the experimental systems used and the results of those polymerisations. 

Bimolecular hydroxyl functional initiator VA-086 was used to ensure each chain had OH 

functionality. This particular initiator was also chosen due to its half-life (86 oC) being close to the 

reaction temperature (100 oC) and because it is soluble at the reaction temperature. A reaction 

temperature of 100 oC was also chosen to ensure a high radical flux from the beginning of the 

reaction. 

 

Wt.% Wt.% VA-086 wrt [M] Mn / kg∙mol-1 Mw / kg∙mol-1 Đ 

     

30 0.5 27.6 49.3 1.8 

40 0.5 30.5 71.0 2.3 

45 0.5 46.0 90.7 2.0 

50 0.5 54.5 125.5 2.3 

70 0.5 88.1 220.0 2.5 

100 0.5 229.0 679.0 2.9 

     

 

Table 4.3¦ Molecular weight and dispersity data for PLA synthesised from solutions of LA in 

toluene at different wt.% LA.  

 

We see that the dispersity, Ð, is in keeping with ideal free radical polymerisation and as expected 

we have a relatively linear increase in molecular weight with increased monomer concentration. 

This is also seen in Fig. 4.12.A and 4.12.B which show the resulting molecular weights of the 

polymers synthesised at different starting monomer concentrations. These experiments were 

performed as a means of estimating wt.% LA required to synthesise polymers of any targeted 

molecular weight.  
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The polymer synthesised from a 50 wt.% solution in toluene (Mn ~ 54.5 kg·mol-1) was chosen for 

modification as this was deemed a large enough molecular weight to guarantee solubility once 

modified. This polymer was extracted and dried before modification with the same branching 

method used in section 4.2.2 using 1,3,5-benzenetricarbonyl trichloride, producing a 30 mol% 

branched sample. To ensure that branching had occurred, the same sample was run through triple 

detection GPC before and after branching. Both the radius of gyration, Rg, and intrinsic viscosity, 

[η], had lowered relative to the unbranched sample, indicating successful branching. These 

polymers were assumed to have 2 OH groups each and were subsequently modified with 

ODUMI, using the standardised method used before. This modified polymer was then tested for 

drag reducing properties.  

 

  

Figure 4.12¦ Triple detection GPC analysis of PLA synthesised from varying wt.% LA in 

toluene (a) molecular weight Mn (■) and Mw (●) vs wt.% of PLA in toluene (b) Molecular 

weight distributions of PLA synthesised from 30 (▬), 40 (▬ ▬), 45 (▬ ●●), 50 (●●●), 70 

(■■■) and 100 (•••) wt.% LA in toluene (c) intrinsic viscosity vs molecular weight of polymer 

synthesised from 50 wt.% solution (▬) and the same sample branched with 1,3,5-

benzenetricarbonyl trichloride (▬ ▬) (d) radius of gyration vs molecular weight of polymer 

synthesised from 50 wt.% solution (▬)and the same sample branched with 1,3,5-

benzenetricarbonyl trichloride (▬ ▬). 



107 
 

4.2.5 Drag reduction in hydrocarbon solvent 

 

The same experimental procedures used for the original shorter chain polymers are also used with 

the long polymer backbones. Comparisons in solution behaviour are made for different 

concentrations of modified and unmodified polymer. 5·104 g·mol-1 PLA and 30 mol% branched 

PLA modified with ODUMI groups were dissolved in dodecane to give 0.1, 0.2, 0.3, 0.5 and 1.0 

wt.% solutions. When these solutions were subject to shear rate (angular velocity) ramps against 

torque in a couette cell an inflection point was observed at the onset of turbulence. With increased 

drag reducer we would expect to see the inflection at a higher angular velocity and the torque 

observed would be lower than that for pure dodecane. In the case of both PLA and modified 

PLA this was not observed for the full concentration range (Fig. 4.13).  

 

 

 

 

 

Figure 4.13¦ (left) Torque curve of unmodified PLA in dodecane at concentrations 0.1 (■) 0.2 

(●) 0.3 (▼) 0.5 (♦) and 1.0 wt.% (◄) (right) Torque curve of ODUMI modified PLA in 

dodecane at concentrations 0.1 (■) 0.2 (●) 0.3 (▼) 0.5 (♦) and 1.0 wt.% (◄). 
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To investigate the reason for no observed drag reduction, the apparent molecular weight of the 

suprapolymers was assessed. The linear relationship between intrinsic viscosity, [η], and molecular 

weight for PLA was calculated through triple detection GPC analysis of a PLA sample (5·104·mol-

1) in CHCl3. Samples of PLA and ODUMI modified PLA were then prepared as 0.1, 0.2, 0.3, 0.5 

and 1.0 wt.% solutions in CHCl3 and their viscosities measured on a capillary rheometer. Intrinsic 

viscosity is a measure of a polymers contribution to the solvent and is described by equation [2], 

where c is concentration, [η] is intrinsic viscosity, [ηred] is the reduced viscosity and viscosity of 

solvent, η0,  and sample, ηs. We can see from equation [2] that [η] is the limit of reduced viscosity, 

ηred, as concentration tends to zero, therefore a plot of reduced viscosities of the two polymers 

with concentration can reveal a value for [η] which can be dropped into the equation yielded from 

the MW-[η] relationship determined via GPC. In this case it is revealed that [η]PLA = 0.133 and 

[η]MOD = 0.276 corresponding to an apparent molecular weight of 5.75·104 g·mol-1 and 1.19·105 

g·mol-1 (Fig. 4.14).  

[𝜂] = lim
𝑐→0

[𝜂𝑟𝑒𝑑] = lim
𝑐→0

𝜂𝑠 − 𝜂0

𝜂0 · 𝑐
   [2] 

 

  

Figure 4.14¦ (left) MW vs intrinsic viscosity unmodified PLA in CHCl3 (right) reduced viscosity 

in dL·g-1 against concentration g·dL-1 for PLA 5·104 g·mol-1 (■) and ODUMI modified PLA 

(branching 30 mol%) (□) where y-intercept is equal to intrinsic viscosity [η]. 
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From this we can see that the assembly is approximately limited to dimerising, which could mean 

a closed ring structure. The concentrations used in the initial dodecane shear rate ramps and [η] 

calculations were in the usage range of polymer drag reducers and thus the concentration cannot 

be appreciably raised to improve probability of assembly to high MW by being closer to c*. As a 

result it can be concluded that branching is not sufficient to allow supramolecular drag reduction 

at lower molecular weights of polymer.  

 

4.2.6 Bulk properties 

 

As it was shown that the polymers did not perform well as drag reducers in hydrocarbon solvents, 

the question still remained, Does having a low percentage of branching units counteract low end group fidelity?  

A good way to answer this question is to consider the bulk properties of the best performing 

material. The poor functionalisation by PhUMI and CHUMI urea based monoisocyanates, as 

shown previously by IR, led to the focus being placed on the ODUMI. In addition, a branched 

Figure 4.15¦ Shear rate sweep of (left) 30 mol% tri star PBD modified with ODUMI at 80 oC 

(▬), 90 oC (▬ ▬) and 100 oC (●●●) (middle) 15 mol% tri star PBD modified with ODUMI 

at 60 oC (▬), 70 oC (▬ ▬) and 80 oC (●●●) (right) log-log plot of shear rate sweeps of 30 

mol% ODUMI modified PBD at 80 oC (■), 90 oC (●), 100 oC (▲) and 15 mol % ODUMI 

modified PBD at 60 oC (□), 70 oC (○) and 80 oC (∆).  
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equivalent was synthesised from 2-ethyl hexylamine and hexamethylene diisocyanate, as this 

monoisocyanate (EHUMI) was found to be fully soluble in chloroform. Samples of ODUMI 

modified PBD at 15 and 30 mol% branching were subject to the same shear rate sweep 

experiments performed on the non-branched modified polymer. Again this was to reveal the 

shear behaviour induced by weak and strong interactions in the polymer melt. As seen in Fig. 4.15 

the ODUMI modified PBDs show an increase in both the viscosity at low shear and the onset of 

the Newtonian regime when we increase the mol% branching, i.e. the higher percentage of 

polymer that is in the form of tri-stars. The materials in bulk associate so strongly that heating is 

required for the rheometer to initiate any shearing of the sample. For 15 mol% with respect to 

OH groups, a minimum temperature of 60 oC is required to turn the sample, and a minimum 

temperature of 80 oC is required for the 10 mol% sample. 

At 80 oC, 30 mol% tri-star, ODUMI modified PBD shows a viscosity of 7·104 Pa·s as early as 0.1 

s-1 shear rate. A similar magnitude is observed, at 60 oC, for the 30 mol% equivalent sample, with 

viscosity of 4.5·104 Pa·s at approximately the same shear rate, 0.1 s-1. A more tangible comparison 

of the two materials is seen in the log/log plot of the same data (Fig 4.15).  

Figure 4.16¦ Linear yield stress ramps vs viscosity for EHUMI modified PTHF for (left) 0 

mol% branching at 20 (□), 30 (○), 40 (∆), 50 (▽), 60 (◊), 70 (◁) and 80 (▷) oC (middle) 15 mol% 

branching at 20 (□), 30 (○), 40 (∆), 50 (▽), 60 (◊), 70 (◁) and 80 (▷) oC (right) 30 mol% 

branching at 40 (∆), 50 (▽), 60 (◊), 70 (◁) and 80 (▷) oC 
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The same end-group mol% relationship to viscosity is observed for the PBD modified with 

EHUMI and the PTHF modified with ODUMI and EHUMI (Appendix D). This shows that the 

tri-star concept is effective as a means to counteract spoiling by monofunctional chains.  

A closer look at EHUMI modified PTHF in terms of a yield stress (amount of force required to 

induce structural change) gives a closer analysis of the temperature dependence and the way that 

the number of end groups present effects the substructure (Fig. 4.16). In measuring a yield stress, 

a sample is subject to an increasing stress (force) and the output viscosity is recorded. The 

viscosity should remain constant at forces below that required to induce shear. At a particular 

point a material will experience a profound drop in viscosity, as it begins to shear, indicating a 

force at which the material is pliable. This is called a yield stress and is indicative of substructure, 

or solid-like behaviour in a polymer. These experiments are run on a rotational rheometer. 

Running a yield stress analysis at different temperatures reveals if a materials substructure has a 

temperature dependence, i.e. is a material solid-like due to a covalent network or a secondary 

interaction? This particular sample was chosen in this instance as 0, 10 and 30 mol% branching 

are all measurable on a rotational rheometer between 20 – 80 oC (40-80 oC for 10 mol%).  

As seen above, with an increase in % of branched polymer we see an increase in the yield stress 

at each temperature. This is indicative of an increase in the substructure of the material as there 

is a greater resistance to material break down under applied force. Physical values are summarised 

in Table 4.4. Again these result reinforce the concept of tri-star introduction counteracting sample 

pollution.  

 σYS / Pa 

T / oC 0 mol% 15 mol% 30 mol% 

    

20 3.23 2174 - 

30 2.88 1235 - 

40 2.59 502 7525 

50 2.29 100 4866 

60 1.69 17.8 807 

70 1.54 10.5 152 

80 1.05 9.16 23 

    

Table 4.4¦ Table of yield stress values for 0, 15 and 30 mol% branched EHUMI modified 

PTHF over a temperature range of 20-80 oC.  
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Importantly, as temperature increases the values of σYS returns to approximately to the same order 

of magnitude, indicating again that the end groups are integral to the materials behaviour and that 

the mechanism of interaction is reversible in nature.  

As seen from the bulk rheology there is a thermal dependency on the viscous properties of the 

materials, with samples modified with ODUMI being too strong for rheological analysis until 

temperatures reach the range 60-80 oC (depending on branch content). DSC revealed a strong 

thermal event beginning at around 60 oC and peaking at 80 oC. Also, similarly to UPy telechelic 

polymers, the Tg of the materials remains essentially unchanged. No additional thermal events are 

observed for PHUMI, CHUMI, EHUMI modified materials. As with similar materials, the strong 

peak indicated a psuedocrystalline event which could be associated to a microphase separated 

region in the polymer network where the ODUMI end groups have clustered. As this behaviour 

is not observed in the DSC for the EHUMI-PBD, which is branched and prevents crystallisation, 

it would suggest that the mechanism of interaction is 2 fold, being influenced by both hydrogen 

bonds and alkyl group crystallisation. 

 

Figure 4.17¦ DSC Thermograms modified PBD (top) PBD (▬) PHUMI-PBD (▬ ▬) 

CHUMI-PBD (▬●) EHUMI-PBD (●●) (middle) ODUMI-PBD 15 mol% branching cycle 1 

(▬) 2 (▬ ▬) 3 (▬●) 4 (●●) (bottom) ODUMI-PBD 30 mol% branching cycle 1 (▬) 2 (▬ 

▬) 3 (▬●) 4 (●●).  
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Decrease in ∆Hm with each cycle suggests a hysteresis in the crystallisation, indicating that 

rearrangement is not immediated and the magnitude of the enthaply change difference between 

the 15 mol% and 30 mol% shows the influence of chain end density. For higher branching the 

total mol number of end groups in the sample is lower, but ∆Hm is higher, inferring higher 

crystallinity. Ths could be attributed to the increase freedom of movement due to the lower 

packing density of a more highly branched polymer and thus a greater freedom for dynamic 

processes. 

Polymer Modification Branch mol% Tg / oC Cycle Tm / oC 
∆Hm / 
kJmol-1 

       

PBD - 0 -80 3 - - 

       

PBD ODUMI 5 - 1 78 33 

   - 2 73 32 

   -78 3 66 29 

   -78 4 63 29 

       

PBD ODUMI 10 - 1 79 78 

   - 2 75 77 

   -77 3 71 64 

   -77 4 67 53 

       

PBD EHUMI 5 -78 3 - - 

            

Table 4.5¦ DSC data including melting enthalpy and Tg data for ODUMI and EHUMI 

modified PBD.  ODUMI polymer properties shown for multiple heating cycles to show 

diminishing peak. 
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4.2.7 ODUMI modified PLA bulk properties 

 

With the associative groups now positioned a greater distance apart than in the short chain 

materials, the bulk rheological properties of the modified polymer should be less distinct from 

the unmodified PLA. A quick look at the bulk rheology reveals this to be true. Fig. 4.18 shows 

the bulk rheological data. The examples above show a yield stress analysis, performed by 

increasing the stress on the sample from 0.1 – 100 Pa, followed by oscillatory tests, varying the 

frequency of oscillation between 0.1-10 Hz at an amplitude within the LVER. The yield stress 

analysis revealed an increase in viscosity but neither the original PLA nor modified PLA showed 

a yield stress. Additionally, in both cases, the viscoelastic liquid properties dominate the 

viscoelastic solid properties, and the phase angle is in agreement, indicating liquid-like response. 

A 3 step thixotropy test was used to analyse the substructure of the polymers This means that a 

sample is first subject to rotation at a low and non-destructive shear rate (1 s-1). It is then 

subsequently subjected to a higher, destructive shear rate (100 s-1). Finally, the sample is returned 

to its original shear rate and the new viscous behaviour can be indicative of a substructure 

Figure 4.18¦ (a) 3 step thixotropy test of unmodified PLA. Shear rate (□) and viscosity (■) as 

a function of time (b) 3 step thixotropy test of ODUMI modified PLA showing shear rate (□) 

and viscosity (■) as a function of time. (c) Yield stress analysis of PLA (■) and ODUMI 

modified PLA (●) (d) Oscillation analysis of PLA (■, ●, ▲) and ODUMI modified PLA (□, 

○, ∆) with G’ (■, □), G’’ (●, ○) and phase angle δ (▲, ∆).  



115 
 

depending on the time it takes for the sample to return to it’s original viscous profile. It was found 

that the rebuild time to 90 % original viscosity, following 30 s at high shear, was 11 s for 

unmodified PLA. For ODUMI modified PLA on the other hand, rebuild time was found to be 

approximately 24 s. This increase in build time is indicative of a secondary structure in the polymer 

which has a time dependence.  

Overall, the bulk analysis tells us that there is still substructure to the polymer added by the end 

groups, but as expected the effect is largely nullified in bulk by the longer polymer backbone. This 

does not mean that interactions in dilution are too weak, as the mechanism of interaction in these 

cases would be different.  

  

4.3 Conclusion 

 

To conclude, telechelic polymers functionalised with urea groups were produced. Low mol % 

branching of the polymer was shown to improve shear thinning in bulk rheology, especially for 

octadecyl urea modified polymer. These polymers were tested for drag reduction in hydrocarbon 

solvent at 1-100 ppm concentration but were found not to reduce drag. It was found that polymer 

was forming low ”DP” suprapolymers which were not reaching the minimum molecular weight 

requirement for drag reduction. A look into the mechanism of interaction at bulk and dilute 

conditions revealed enhanced substructure to the polymer, influenced greatly by the interaction 

of octadecyl chains.  
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4.4 Experimental methods 

 

4.4.1 Materials 

 

Dibutyltin dilaurate (95 %), octadecene (90 %), cyclohexyl amine (99 %), octadecyl amine (97 %), 

P(THF) 1000 MW, lauryl acrylate (90 %), anhydrous toluene (>99 %), 1,3,5-benzenetricarbonyl 

trichloride (98 %), methanol (99 %), ethanol (99 %), isopropanol (99 %) and silica gel (60 Å pore, 

230-400 mesh, 40-63 µm particle size) were purchased from Sigma-Aldrich.hexamethylene 

diisocyanate (≥98 %), aniline (98.5 %), n-dodecane (99 %) and n-decane (≥99 %) were purchased 

from VWR. Chloroform (99.9 %, Extra dry, stabilised) was bought from ACROS Organics. 

R45HTLO hydroxyl terminated liquid poly(butadiene) 2800 MW was provided free of charge bay 

Cray Valley. VA-086 azoinitiator was provided by WAKO.  

 

4.4.2 Equipment 

 

Carbon and Hydrogen NMRs were collected on a Bruker Ascend™-400. Infrared spectroscopy 

was performed using a Bruker Alpha FTIR. Differential scanning calorimetry was collected using 

a Mettler-Toledo DSC I STARe System. Rheological measurements for drag reduction and dilute 

conditions were performed on Malvern kinexus Ultra+ rotational/oscillatory rheometer fitted 

with 17.5 mL cup and bob geometries. Rotational rheology of bulk samples were performed on 

a ThermoFischer Scientific HAAKETM MARSTM 60 Rheometer fitted with 30 mm parallel plates. 

Sample centrifugation was completed with an Eppendorf centrifuge 5430. GPC was performed 

with Agilent 1290 Infinity II with triple detection in CHCl3 eluent. A Binder model VD115 

vacuum oven was used for drying of polymer samples.  

 

4.4.3 Monoisocyanate synthesis 

 

4.4.3.1 General synthesis 

 

Synthesis of monoisocyanates is the same with the exception of the amine used, and what follows 

is a generalised synthesis in mol quantities. Hexamethylene diisocyanate (5.00 g, 29.70 mmol, 1.0 

eq.) was dissolved in anhydrous chloroform (50 mL) in a 100 mL RBF that had been dried on a 

schlenk line. The reaction was put in an oil bath at 45 oC and bubbled with N2(g). To this amine 
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Figure 4.19¦ DMSO-D6 1H NMR spectra of of PhUMI (▬), CHUMI (▬ ▬) and ODUMI 

(●●●) 

(1.05 eq.) was added slowly by syringe producing a white precipitate via a highly exothermic 

reaction. The reaction was left to stir for 1.5 h after which the precipitate was filtered out via 

Buchner filtration. The filtrate required constant agitation to avoid filter blockage. This was done 

gently with a spatula. Once the filtrate had been fully separated, it was washed with a small amount 

of dry chloroform to remove left over hexamethylene diisocyanate. The wash was repeated 3 

times. The product was left on the Buchner funnel and air was drawn through until completely 

dry. A white solid monoisocyanate remained.  

Phenylurea monoisocyanate (PhUMI): 1H NMR (400 MHz, DMSO-D6): δ(ppm) = 8.30 (s, 

1H, (Ph-NH-CO-)), 7.30 (d, 3J = 7.9 Hz, 2H, (ortho-Ph)), 7.10 (t, 3J = 7.2 Hz ,2H, (meta-Ph)), 6.80 

(t, 3J = 7.3 Hz, 1H, (para-Ph)), 6.10 (s, 1H, (-CO-NH-CH2-)), 3.40 (t, 3J = 6.8 Hz, 2H, (-CH2-

NCO)), 3.00 (t, 3J = 7.2 Hz, 2H, (-NH-CH2-CH2-)), 1.56 (qu, 3J = 7.3 Hz 2H, (-CH2-CH2-NCO)) 

, 1.43 (qu, 3J = 7.2 Hz 2H, (-NH-CH2-CH2-)), 1.30 (qu, 3J = 6.8 Hz, 4H, (-(CH2)2-CH2-CH2-

(CH2)2-)) IR(cm-1): 3321 ν(2o N-H), 3292 ν(2o N-H), 2931 νas(C-H), 2856 νs(C-H), 2265 ν(NCO), 

1622 ν(C=O), 1594 ν(C=O) 

Cyclohexyl urea monoisocyanate (CHUMI): 1H NMR (400 MHz, DMSO-D6): δ(ppm) = 5.7 

(s, 1H, (Cy-NH-CO-)), 5.6 (s, 1H, (-CO-NH-CH2-), 3.4 (m, 3J = 6.7 Hz, 3J = 6.5 Hz, 3H, 

((C5H10)C-H/-CH2-NCO)), 2.9 (q, 3J = 6.5 Hz, 2H, (-NH-CH2-)), 1.69-1.05 (m, 18 H, (Cy / -

CH2-(CH2)4-CH2-)) IR(cm-1): 3326 ν(2o N-H), 2925 νas(C-H), 2851 νs(C-H), 2268 ν(NCO), 1629 

ν(C=O), 1574 ν(C=O) 

Octadecyl urea monisocyanate (ODUMI): 1H NMR (400 MHz, DMSO-D6): δ(ppm) = 3.30 

(t, 3J = 6.8 Hz, 2H, (-CH2-NCO)), 3.17 (m, 4H, (-CH2-NH-CO-NH-CH2-)), 1.64-1.27 (m, 40H, 

(alkyl)), 0.9 (t, 3J = 6.7 Hz, 3H, (-CH3)) IR(cm-1): 3328 ν(2o N-H), 2922 νas(C-H), 2849 νs(C-H), 

2323 ν(NCO), 1613 ν(C=O), 1570 ν(C=O) 
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4.4.4 Modification of hydroxyl telechelic polymers 

 

Here follows a general method for the modification of hydroxyl telechelic hydrophobic polymer 

with urea functional monoisocyanates (including branched telechelic PLA). An excess of 

monoisocyanate (5.0 eq.) was suspended in anhydrous chloroform (200 mL), in a pre-dried 500 

mL RBF. The suspension was lowered into an oil bath set at 45 oC and stirred at 350 rpm. In a 

separate dry RBF, telechelic polymer (5.00 g, 1.0 eq.) was dissolved in 50 mL anhydrous 

chloroform. This polymer solution was injected into the isocyanate suspension with DBTDL 

(0.01 eq.) as catalyst. The heterogeneous reaction was left for 12 h overnight. The suspension was 

then filtered by gravimetry and washed through with chloroform. The filtered solvent was 

transferred to a clean RBF and solvent removed by rotary evaporator. Solvent was removed until 

the polymer:solvent solution became more viscous. The RBF was removed and inverted over an 

open vial and left for 1 h until all the viscous solution had transferred. The vial was partially sealed 

and transferred to a vacuum oven overnight, at 45 oC. The result was pure modified polymer. The 

method remains the same for tri-star polymer blends, except the 5.00 g of telechelic polymer 

would be 5.00 g of polymer with X mol% of tri-star content.  

 

Figure 4.20¦IR spectra of PhUMI (▬), CHUMI (▬ ▬) and ODUMI (●●●) 
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4.4.5 Tristar general method 

 

Trimethyl benzene-1,3,5-tricarboxylate (TMBTC): Methanol (10 ml, excess) was added to a 

25 ml RBF and bubbled with N2(g) for 15 min. To this benzene-1, 3, 5-tricarbonyl trichloride 

(1.000 g, 3.76 mmol, 1,0 eq.) was added dropwise whilst stirring at RT. A white precipitate formed 

within 1 min. The solution was stirred for 2 h. The precipitate was filtered by Buchner filtration 

and washed 2 x with methanol and 2 x with water and was left until dry, giving a white crystalline 

product (0.928 g, 3.68 mmol, 97.8 %).  

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.88 (s, 3 H, (C6H3((C=O)OCH3)3)), 4.00 (s, 9 H, 

(C6H3((C=O)OCH3)3)) 13C NMR (300 MHz, CDCl3): δ (ppm) = 165.43 (C3H3C3((C=O)OCH3)3), 

134.61 (C3H3C3((C=O)OCH3)3), 131.22 (C3H3C3((C=O)OCH3)3), 52.64 

(C3H3C3((C=O)OCH3)3) LC-MS: m/z [M+Na]+
theo = 275.1 m/z [M+Na]+

exp = 275.1 IR (cm-1): 

3097 ν(C-H) aromatic, 3011 ν(C-H) aromatic, 2956 νas(C-H), 2846 νs(C-H), 1723 ν(C=O), 1606 ν(C-

C) aromatic, 1431 ν(C-C) aromatic, 1235 ν(C-O), 1139ν(C-O), 1098 ρip(C-H), 720 ρoop(C-H). m.p. 

145 oC90 

Triethyl benzene-1,3,5-tricarboxylate (TEBTC): Ethanol (10 ml, excess) was added to a 25 

ml RBF and bubbled with N2(g) for 15 min. To this benzene-1, 3, 5-tricarbonyl trichloride (1.004 

g, 3.78 mmol, 1,0 eq.) was added dropwise whilst stirring at RT. A white precipitate formed in 

approximately 2 min. The solution was stirred for 2 h. The precipitate was filtered by Buchner 

filtration and washed 2 x with ethanol and 2 x with water and was left until dry, giving a white 

crystalline product (1.053 g, 3.58 mmol, 94.7 %).  

1H NMR (300 MHz, CDCl3): δ (ppm) = 8.87 (s, 3 H, (C6H3((C=O)OCH2CH3)3)), 4.46 (q, 3J = 

7.1 Hz, 6 H, (C6H3((C=O)OCH2CH3)3)), 1.45 (t, 3J = 7.1 Hz, 9 H, (C6H3((C=O)OCH2CH3)3)) 

13C NMR (300 MHz, CDCl3): δ (ppm) = 165.10 (C3H3C3((C=O)OCH2CH3)3), 134.44 

(C3H3C3((C=O)OCH2CH3)3), 131.46 (C3H3C3((C=O)OCH2CH3)3), 61.72 

(C3H3C3((C=O)OCH2CH3)3), 14.32 (C3H3C3((C=O)OCH2CH3)3) LC-MS: m/z [M+Na]+
theo = 

317.1 m/z [M+Na]+
exp = 317.2 IR (cm-1): 3095 ν(C-H) aromatic, 2995 ν(C-H), 1715 ν(C=O), 1472 

ν(C-C) aromatic, 1443 ν(C-C) aromatic, 1390 ρ(C-H) methyl, 1359ρ(C-H), 1233 ν(C-O), 1100 ν(C-O), 

1018 ρip(C-H), 733 ρoop(C-H). m.p. 135 oC91 

Triisopropyl benzene-1,3,5-tricarboxylate (TIBTC): Isopropanol (10 ml, excess) was added 

to a 25 ml RBF and bubbled with N2(g) for 15 min. To this benzene-1, 3, 5-tricarbonyl trichloride 

(1.012 g, 3.81 mmol, 1,0 eq.) was added dropwise whilst stirring at RT. A white precipitate formed 

within 1 h. The solution was stirred for 2 h. The precipitate was filtered by Buchner filtration and 

washed 2 x with isopropanol and 2 x with water and was left until dry, giving a white crystalline 

product (1.244 g, 3.70 mmol, 97.1 %).  
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1H NMR (300 MHz, CDCl3): δ (ppm) = 8.83 (s, 3 H, (C6H3((C=O)OCH(CH3)2)3)), 5.32 (sep, 3J 

= 12.2, 3 H, (C6H3((C=O)OCH(CH3)2)3)), 1.41 (d, 3J = 6.0, 18 H, (C6H3((C=O)OCH(CH3)2)3)) 

13C NMR (300 MHz, CDCl3): δ (ppm) = 164.71 (C3H3C3((C=O)OCH(CH3)2)3), 134.29 

(C3H3C3((C=O)OCH(CH3)2)3), 131.75 (C3H3C3((C=O)OCH(CH3)2)3), 69.38 

(C3H3C3((C=O)OCH(CH3)2)3), 21.90 (C3H3C3((C=O)OCH(CH3)2)3) LC-MS: m/z [M+Na]+
theo 

= 359.1 m/z [M+Na]+
exp = 359.2 IR (cm-1): 3095ν(C-H) aromatic, 2985 ν(C-H) aromatic, 2934 νas(C-

H), 2872 νs(C-H), 1713 ν(C=O), 1443 ν(C-C) aromatic, 1370 ρ(C-H) methyl, 1341ρ(C-H), 1241 ν(C-

O), 1098 ν(C-O), 739 ρoop(C-H). m.p. 117 oC92 

Figure 4.21¦CDCl3 NMRs of model compounds synthesised from excess short chain alcohols and 1,3,5-

benzenetricarbonyl trichloride (a) 1H-NMR of product TMBTC (b) 13C-NMR of product TMBTC (c) 1H-

NMR of product TEBTC (d) 13C-NMR of product TEBTC (e) 1H-NMR of product TIBTC (f) 13C-NMR 

of product TIBTC. 
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4.4.6 Synthesis of PLA 

 

This is an example synthesis for PLA, in this case from 50 wt.% lauryl acrylate starting material. 

In a vial, 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086) 0.5 wt.% wrt 

monomer was added to a 50 wt.% lauryl acrylate solution in toluene (Note initiator not soluble at 

RT). The vial was sealed and degassed with N2(g) for 15 min, before polymerisation at 100 oC for 

40 min. Resulting low conversion solution was centrifuged at 3000 rpm x2 in water to remove 

VA-086 initiator and then centrifuged x 2 at 3000 rpm in acetone to remove monomer and 

toluene. The remaining polymer was then precipitated in cold acetone (-70 oC) and dried in a 

vacuum oven overnight. The polymer yield was ~45 % based on mass and conversion data. 

Polymer was subsequently branched according to the following method. 

2.00 g of Precipitated and vacuum dried liquid PLA ~ 50 kDa was dissolved in 10 mL dry 

chloroform and degassed. To this 0.007 g of 1,3,5-benzenetricarbonyl trichloride, dissolved in 2.5 

mL dry chloroform, was added. The reaction was stirred for 3 h at room temperature, at which 

Figure 4.22¦ IR of reaction products of 1,3,5-benzenetricarbonyl trichloride with methanol 

(▬), ethanol (▬ ▬) and isopropanol (●●), all showing no OH stretch. Zero points are offset 

to exactly 0.0, 0.6 and 1.2 AU. 
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point the solution was filtered to remove any salts. Chloroform was then evaporated yielding 

branched polymer. 

 

Figure 4.23¦CDCl3 1H-NMR of PLA produced from 50 wt.% 

starting solution of LA.  

Figure 4.24¦Conversion vs time of LA free radical synthesis from 

50 wt.% PLA starting solution in toluene. Conversion data taken 

from 1H-NMR. 
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4.4.7 Bulk rheological testing 

 

Samples were prepared on an approximate 2.00 g scale. Samples were loaded into HAAKETM 

MARSTM rheometer and set to a 0.5 mm working gap. A pre shear step was added to spin samples 

at 101 s-1 for 5 min to remove any air bubbles and ensure sample fully covered surfaces between 

plates. The loaded sample was enclosed within the built-in sample oven and allowed to equilibrate 

at T1 for that particular experimental run. Software for HAAKETM MARSTM was pre-programmed 

to run samples at 10 oC intervals, performing shear rate sweeps from 103 to 10-6 s-1, followed by 

a 30 s pause, followed by the reverse sweep to complete the cycle. Cycles were performed 3 times 

per sample, per temperature. There was a 5 min thermal equilibration time between each 

temperature that was run.  

 

4.4.8 Yield stress testing 

 

Samples were prepared on a 2.00 g scale. Samples were heated until they were flowing and loaded 

onto a kinexus Ultra+ rotational rheometer. Samples were allowed to cool to room temperature 

before testing. A yield stress analysis was performed by applying a linear stress ramp over 2 min 

between 100 and 105 Pa at 10 oC intervals between 20 and 80 oC.  

 

4.4.9 Dilute rheological testing 

 

 0.1, 0.2, 0.3, 0.5, 1.0 wt.% solutions of PLA (5·104 g·mol-1) in dodecane were prepared on a 

minimum 20 mL scale. Solutions of the same wt.% of ODUMI modified PLA (from the same 

batch) were also prepared. Polymer solutions were heated gently to remove any precipitates and 

left to stand until cooled to room temperature. Samples were checked for precipitates once at 

room temperature and any remaining dust/aggregates were removed via filtration with a high 

porosity filter. Samples were loaded to the kinexus ultra+ rheometer fitted with a 17.5 mL bob 

and cup geometry. Samples were allowed to thermally equilibrate to the experimental T1 for 5 

min. Samples were then subject to a shear rate sweep from 101 to 104 over 2 min and plotted 

against torque to reveal the shear rate for onset of turbulence.  
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4.4.10 Apparent molecular weight measurements 

 

PLA (5·104 g·mol-1) was dissolved in chloroform at 2 mg·mL-1 and run on a triple detector GPC. 

From Mark-Houwink analysis the relationship between intrinsic viscosity and molecular weight 

was determined. Solutions of PLA (5·104 g·mol-1) and ODUMI modified PLA (30 mol% 

branching) were prepared in chloroform at 0.1, 0.2, 0.3, 0.5, 1.0 wt.% and run through a capillary 

rheometer at a fixed flow rate of 2.0 mL·min-1. Data was converted to a reduced viscosity and 

plotted against concentration to infer intrinsic viscosity. Apparent molecular weight was then 

calculated from Mark-Houwink data.  

 

4.4.11 DSC of polymers 

 

Samples were sealed hermetically in 40 μL aluminium pans. Samples were heated at 10 oC/min 

up to 100 oC and held isothermally for 10 min to remove water from the sample. This was 

repeated once more. After pre-cycles, the temperature was held at 25 oC for 10 min and then 

cycled as follows. 25 oC to 150 oC at 10 oC/min – hold 10 min – cool to -150 oC at 10 oC/min – 

hold for 10 min. This cycle was repeated at least 3 times.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25¦(top) 3rd heat cycle of PBD (▬), PhU modified PBD (▬ ▬) and CHU 

modified PBD (●●●) (middle) 3rd heat cycle of 5 mol% tri-star ODU modified PBD (▬) 

and 10 mol% tri-star ODU modified PBD (▬ ▬) (bottom) 3rd heat cycle of 5 mol% tri-

star EHU modified PBD (▬) and 10 mol% tri-star EHU modified PBD (▬ ▬). 
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5 Synthesis and characterisation of associative 

carbamate-acrylamide monomers 

 

Abstract 

 

This chapter outlines the preparation of acrylamide monomers containing associative carbamate 

groups, based on biscarbamates synthesised previously in Chapter 2. Monomers are synthesised 

with an isocyanate coupling to the hydroxyl functional N-hydroxyethyl acrylamide giving phenyl, 

cyclohexyl and octadecyl carbamate functional monomers. The reactivity of these monomers in 

radical polymerisation was assessed using 2-propanoic acid butyl trithiocarbonate (PABTC). 

Additionally, the Ka of the monomers was assessed with respect to isobutoxymethyl acrylamaide 

(IBMAm) and found to be and order of magnitude more strongly associative. Functional 

monomers were designed to be copolymerised statistically, which is discussed in Chapter 6.   

 

5.1 Introduction 

 

5.1.1 Functional vinyl monomers in rheology 

 

The rheological behaviour of a polymer melt or solution is influenced by the interactions between 

macromolecules. The incorporation of functional moieties at the ends (telechelic) or alongside 

(pendant) the polymer chains opens up a wide explorative space in rheological response. Pendant 

functionality can be introduced by making use of functional monomers, which become part of 

the polymer chains through copolymerisation. Depending on monomer design, and subsequent 

interaction type, the resulting rheology of the polymer can be anywhere from gel1,2 to shear 

thinning3 to shear thickening4. In almost all cases the functional monomers are designed to 

implement dynamic physical properties whether that be through reversible covalent bonding, for 

example disulphide bridge, dimethacrylates5 and diacrylamides6 or monomers capable of 

reversible Diels-Alder transitions7, or through transient intermolecular interactions (Fig. 5.1). 

Transient intermolecular bonding generally induce a shear thinning behaviour in polymer melts 

and solutions, potentially accompanied by a yield stress below which the material responds as an 
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elastic solid - An analogy would be a net held together with Velcro. Before shear is applied the 

net appears as one structure but when applying an increasing force (shear), the linkages begin to 

break down increasing the degrees of freedom in the structure. The same thing is true of polymer 

networks with a secondary non-physical bonding structure. These intermolecular interactions fall 

roughly into three main camps: Coulombic, lyophilic/lyophobic and dipole interactions (for 

example hydrogen bonding interactions), but there is of course overlap between these themes. 

 

Coulombic monomers such as methacrylic acid8, acrylic acid and sodium acrylamidomethyl 

propane sulfate etc. have unique rheological behaviour compared to other interaction types. 

Polyelectrolytes have distinct solution rheology first predicted by de Gennes’ in his semidilute 

polyelectrolyte model9. Coulombic interactions from like-charged monomers in polyelectrolytes 

in dilution introduce chain stiffness, more so than expected in a neutral random walk polymer 

chain. These same Coulombic interactions determine the proximity of chains in solution and how 

they entangle and thus their solution rheology. These polymers follow the Rouse model10–12, a 

power law which qualitatively describes linear viscoelasticity of polyelectrolyte solutions with 

concentration, but strangely for monomers such as sodium poly(2-acrylamido-2-methylpropane 

sulfonate), shear thinning behaviour is observed at much lower shear rates than predicted when 

the polyelectrolyte is diluted13. Rheology of charge monomers differs greatly when a solution of 

opposite charge polymer chains are mixed in solution as demonstrated by Colby in coacervates14 

(colloidal systems where oppositely charged macromolecules phase separated based on 

electrostatic interactions in  liquid states). Two polyelectrolytes containing 

poly(diallyldimethylammonium chloride) or poly(isobutylene-alt-maleate sodium) (Fig. 5.2) were 

mixed in solution to form a reversible polyampholyte gel. Crosslinking points were formed 

through arrangement of quadrupoles between chains, leading to gelation and shear thinning 

behaviour.  

Figure 5.1¦ Monomers used in dynamic covalent polymers (top) disulphide dimethacrylate, 

Matyjaszewski (middle) disulphide diacrylamide, lyon (bottom) 2 component Diels-Alder 

comonomers, Schubert. 
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Commercially, a combination of ionic (polyelectrolytes) and lyophobic interactions have been the 

largest area of focus, with countless patents filed in the area of associative thickeners or salt 

thickeners. Macromonomers are often employed15–17. A commercially successful example of this 

is the incorporation of hydrophobic alkyl capped macromonomers (Fig. 5.3) in hydrophobically 

modified alkali swellable emulsions (HASE)18–22. Here the backbone is made up of an acidic 

monomer and pendent amphiphilic/lyophobic monomers. Polymers are formed in emulsion at 

low pH so that monomers remain insoluble in water. Following synthesis the pH is increased, 

Figure 5.3¦ Schematic of a HASE polymer micelle solution. Long alkyl chains pendant to a 

swellable polyelectrolyte (methacrylic acid copolymer) interact with solution micelles or with 

polymer. 

Figure 5.2¦ (a) structure of poly(diallyldimethylammonium chloride) (b) structure of 

poly(isobutylene-alt-maleate sodium) (c) illustration of crosslink quadrupole of 4 polyelectrolyte 

chains (d) zoomed out view of coacervate phase separation network. Image remade to similar 

design shown by Colby. 
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swelling the polymer, leaving the lyophobic macromonomers to interact non-specifically in 

micellar domains.  

Within the purview of this project anything involving charged species will be problematic as these 

will precipitate in organic solvent. Hydrogen bonded monomers avoid this and are a versatile 

route to rheological control. As discussed in Chapters 1, 2 and 4, the Ureidopyridinium groups2 

(UPy) feature heavily in literature due to the high self-association constant of their interactions23, 

Ka ~ 1x106 M-1. Ka is a constant showing the equilibrium position relative to the concentration of 

2 states, monomer and dimer. Additionally monomer examples incorporating DNA base type 

functionalities, with bases such as thymine showing self-associations24, have been used. Similarly,  

heterogeneous two-part systems such as in the work of Sellergren25 where a small molecular 

component, dissolved alongside the polymer in solution, cooperates with urea based monomers 

to form crosslinks.   

With the recurrence of urea type functionalities in the hydrogen bonded monomers, and 

supramolecular chemistry in general, design of new monomers based around urea-type 

chemistries was a good approach. Carbamates specifically, being more dynamic26 and more easily 

solubilised, were the chosen functionality. The key here is to design monomers that have salient 

interactions that will not approach or exceed the strength of a covalent bond as pendant monomer 

content is increased. This way the breaking of these temporary bonds is preferential.  

 

5.1.2 Carbamate functional acrylamides 

 

A fundamental reaction in supramolecular chemistry, related to hydrogen bonding, is the coupling 

of isocyanates with active hydroxyl or amine functionalities. The reactions result in the formation 

of carbamates and ureas from hydroxyl27,28 and amine27 groups respectively (Fig. 5.4) as discussed 

in Chapter 2. The resulting adjacent N-H and carbonyl groups in the functionalities provide ideal 

spacing for hydrogen bonding, as seen comprehensively in nature29,30 in all proteins via amide 

groups. Carbamates specifically provide an extremely trivial route31 to imitating the amides seen 

in protein structures2-34 in nature due to the ease with which they can be formed from hydroxyl 

groups, and as with amides, can collectively produce strong associative35–38 behaviour e.g. 

polyurethanes and hydrophobically ethoxylated urethanes (HEURs)39,40. As a result it could be 

proposed that incorporating carbamate monomers into polymerisations could result in an overall 

associative behaviour of the polymer, providing that the free monomer was itself self-associative.   
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Although, urea interactions are known to be stronger41, due to an increased statistical likelihood 

of hydrogen bonds forming, the resulting solubility of such products is greatly affected, with a 

higher association constant dictating a greater proportion of monomer being 

dimerised/trimerised etc. in solution42,43. This would as a result largely limit the number of 

solvents in which polymerisations could take place.  

Additionally, there are complications involved in the use of urea monomers. The logical monomer 

choice for an isocyanate reaction to form a urea monomer would be 2-aminoethyl acrylate, which 

is not commercially available. Alternatively, 2-aminoethyl methacrylamide is commercially 

available as HCl salt. This is almost exclusively soluble in water44 and as a result cannot easily be 

used for a synthesis involving isocyanates due to isocyanate hydrolysis45 (Fig. 5.5). Finally, the 2-

aminoethyl methacrylate, also sold as an HCl salt, has a tendency to react with itself forming 2-

hydroxyethyl methacrylamide. 

Figure 5.4¦ Schematic of products of isocyanate groups with water, alcohol and amines and 

additional by-products where applicable. 

Figure 5.5¦ Schematic of hydrolysis of phenyl isocyanate to produce amine and 

carbondioxide 



135 
 

Acrylates such as 2-hydroxyethyl acrylate (HEA) could be considered. The advantage here is that 

acrylates are compatible with a larger variety of polymerisation46,47,48 techniques, and with the 

overall theme of this project in mind, a greater number of commercial oil soluble monomers are 

available to copolymerise with. But even so, HEA is very toxic and highly sensitizing49. Despite 

this also being true for isocyanates, excess isocyanate is easily nullified through the use of Kiesel 

gel silica which acts as an isocyanate scavenger50.  

N-hydroxyethyl acrylamide (5.1) (Fig. 5.7) has comparable toxicity51 to HEA but was chosen as 

the base monomer from which to form the functional monomers. This was down to the presence 

of the additional N-H group from which hydrogen bonding could occur. Acrylamides are 

effective monomers for both free radical52 and RAFT48,53 polymerisation and additionally, the 

acrylamide -C=ONH- could provide another associative moiety.  

 

5.1.3 Carbamate interactions 

 

Structures in nature, such as DNA base pairings, interact via hydrogen bonding. The base pair 

system of adenine and thymine54–57 interact via a double hydrogen bond built around amide 

groups. Specifically here we can draw comparisons between thymine self-association58 and that 

of a carbamates due to similarities in the hydrogen bonding moieties of the molecules. Thus it 

could be proposed that a carbamate group would interact similarly to thymine in self-associations 

(Fig. 5.6). Additionally, data shown in Chapter 2 revealed a second ladder like interaction in the 

solid-state, wherein individual bis-carbamate molecules arrange to form infinite arrays as one 

dimensional ladders, associated through the N-H.···O=C, much like those presented in the 

Figure 5.6¦ Schematic of (a) self-association of n-octyl thymine (b) proposed self-association 

of carbamate groups in functional monomers based on thymine self-assembly (c) proposed 

self-association of carbamate in ladder structure based on crystal structure from chapter 2.  
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literature for bis-ureas. With this quantitative evidence of a carbamate self-association, it can be 

extrapolated that a monomer containing a carbamate group would interact in the same manner 

when unpolymerised or polymerised in solution, thus giving confidence in the use of carbamate 

monomers for a self-associative application. 

The following section discusses the synthesis and characterisation of the 3 new acrylamide 

monomers. The monomer self-association will be quantified using a combination of 1H-NMR 

and crystallographic techniques to gain an understanding of how they might interact. Finally, the 

monomers will be assessed to see their reactivity in radical polymerisations. 

 

5.2 Results and discussion 

 

5.2.1 Preparation of 2-acrylamidoethyl carbamate monomers 

 

Monomer synthesis was based on a standard isocyanate reaction. In an isocyanate reaction, an 

active heteroatom with exchangeable hydrogen atom (X-H, where X = O, N, S) reacts with the 

C=N bond of the isocyanate via a nucleophilic addition reaction in which the active H is 

transferred to nitrogen to form the N-H bond of the resulting carbamate, urea or thio-urea. In 

this case, the nucleophile is the active primary hydroxyl group in 2-hydroxyethyl acrylamide (1) 

which results in the formation of the associated carbamate functional monomers 2, 3 or 4.  

Dry chloroform was chosen as the reaction solvent. Having dry solvent and glassware was 

essential for minimising isocyanate hydrolysis and side reactions, which form low molecular 

weight ureas. Chloroform also has no side reactions with any of the reactants. 

Figure 5.7¦ Reaction scheme for formation of monomers 5.2, 5.3 and 5.4 from commercial 

acrylamide 5.1 by reaction with phenyl (5.1a), cyclohexyl (5.1b) or octadecyl (5.1c) isocyanate 

using dibutyltin dilaurate as catalyst. 
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The reaction was initially attempted with the less toxic 1-methylimidazole as catalyst, but it was 

found that this method of catalysis resulted in formation of polymer. This could potentially be 

explained in one of 2 ways. Firstly, the imidazole could be a poor catalyst for this particular 

combination of reagents, leading to thermally induced polymerisation of the acrylamide before 

the coupling reaction has been completed. Alternatively, the imidazole could activate the carbonyl 

of the acrylamide, essentially making an AB type monomer which could also polymerise. 

Changing to a more typical catalyst, dibutyltin dilaurate, successfully eliminated this problem and 

gave the 3 monomers in high purity and yield. Monomers were characterised by 13C and 1H NMR, 

IR and high resolution MS. An in-depth synthetic procedure for each monomer is detailed in 

section 5.4.3/4/5. 

 

5.2.2 Crystallography 

 

Crystal structures obtained from single crystals of monomers 5.2 and 5.3 reveal evidence of the 

interactions proposed. As expected, the presence of hydrogen bonding from the carbamate 

functionality and the amide group is a governing influence in the intermolecular interactions. 

Although the solid-state nature of a crystallographic measurement means that this data does not 

necessarily translate to the monomer solution behaviour, it does serve as a suitable assumption of 

what is occurring. This coupled with NMR titration data (5.2.3) presents a convincing model of 

what interactions are present.  An additional observation from the b-axis orientation (Fig. 5.8.B 

and Fig. 5.9.B) shows that the flexibility of the ethylene chain may play an important role in 

enhancing monomer interaction. A stacked “right angle” crystal structure is present with the 

ethylene chain as the vertex. The flexibility has allowed both the amide and carbamate groups to 

interact with their equivalent functionality on neighbouring monomer molecules and is present in 

both monomer 5.2 and 5.3 despite the difference in the terminal end group. It is also worth noting 

that for monomer 5.2 the presence of an aromatic group has not influenced the crystal structure 

strongly as no π-π stacking.  

One important observation that may influence the effectiveness of the monomer in potential 

applications is the orientation in the crystal structures. In monomers 5.2 and 5.3, the minimised 

structure seen in the unit cell has the molecules arranged “head-head” and “tail-tail”. If this 

arrangement is also preferential in solution, it could be found that a monomer unit in a polymer 

would prefer an intramolecular interaction with adjacent monomer units instead of intermolecular 

interactions. This point should be considered when assessing homopolymer vs copolymer 

performance of these kinds of monomers. 
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Figure 5.8¦ X-ray crystallographic structure of monomer 5.2 (a) hydrogen bonding and 

packing looking down the a-axis of the unit cell (b) packing looking down the b-axis of the 

unit cell 

Figure 5.9¦ X-ray crystallographic structure of monomer 5.3 (a) hydrogen bonding and 

packing expanded beyond a single unit cell (b) packing looking down the b-axis of the unit cell 
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5.2.3 NMR titration 

 

Importantly for the proposed applications (Chapter 6), the monomers 5.2, 5.3 and 5.4 must be 

self-associative in solution. As this is a dynamic property, given the transient nature of the 

proposed interaction, we consider the association characteristics of the compounds from basic 

equilibrium principles. The typical model to consider in this case is the dimer model, also known 

as the isodesmic or host guest59,60 model. This model works under the assumption that molecules 

in solution arrange to form dimers, trimers, tetramers etc. Each of these association steps is 

assumed to have an equilibrium constant K which is equal in each instance61 and the exchange is 

assumed to be on a rapid timescale62.  

 

𝑀 + 𝑀 
𝐾𝑎
↔ 𝑀𝑀   [1] 

𝐾𝑎 =
[𝑀𝑀]

[𝑀][𝑀]
   [2] 

 

This model is especially effective for looking at hydrogen bonding compounds, as the labile 

protons experience a deshielding from the highly electronegative O and N atoms involved in 

hydrogen bonds63,64. Specifically we can extract association characteristics using 1H-NMR 

titrations, as the observed chemical shift, δobs, will be an average of the free and dimerised 

chemical shifts, δmon (infinite dilution) and δdim (solubility limit) respectively. As a result we are 

able to calculate the relative concentrations of the monomer and dimer [M] and [MM] at any 

analytical solute concentration [M]0, providing the compound is completely solubilised at that 

concentration, as δobs will relate directly to the concentration equilibrium. Consequently, a fit of 

the plot formed by measuring chemical shift relative to the analytical concentration [M]0, will yield 

an association constant Ka.  

 

[𝑀]0 = [𝑀] + 2[𝑀𝑀]   [3] 

𝛿𝑚𝑜𝑛 ≤ 𝛿𝑜𝑏𝑠 ≤ 𝛿𝑑𝑖𝑚   [4] 

 

A non-linear least squared fit of Eq. 761 was used to yield Ka values for the labile protons of 5.2 

and 5.3, and a comparison was drawn to commercially available IBMAm. Compound 5.4 was 

highly insoluble at measureable concentrations and so yielded no results. Eq. 7 expresses the 
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monomer-dimer partitioning shown in Eq. 3/5/6, in terms of measurable quantities [M]0, δobs, 

δmon and δdim. The derivation of Eq. 7 from 5 and 6 is shown in detail in the work of Shirts65 and 

Gutowsky66,67: fmon and fdim refer to the mole fractions of the two states and [M]0 is the analytical 

concentration. 

 

𝛿𝑜𝑏𝑠 =  𝑓𝑚𝑜𝑛𝛿𝑚𝑜𝑛 + 𝑓𝑑𝑖𝑚𝛿𝑑𝑖𝑚 =  
[𝑀]

[𝑀]0
· 𝛿𝑚𝑜𝑛 +

2[𝑀𝑀]

[𝑀]0
· 𝛿𝑑𝑖𝑚   [5] 

𝑓𝑚𝑜𝑛 =
𝛿𝑑𝑖𝑚 − 𝛿𝑜𝑏𝑠

𝛿𝑑𝑖𝑚 − 𝛿𝑚𝑜𝑛
        𝑓𝑑𝑖𝑚 =

𝛿𝑜𝑏𝑠 − 𝛿𝑚𝑜𝑛

𝛿𝑑𝑖𝑚 − 𝛿𝑚𝑜𝑛
   [6] 

𝛿𝑜𝑏𝑠 = 𝛿𝑚𝑜𝑛 + (𝛿𝑑𝑖𝑚 − 𝛿𝑚𝑜𝑛) ·
[1 + 8𝐾[𝑀]0]1/2 − 1

[1 + 8𝐾[𝑀]0]1/2 + 1
   [7] 

 

Details of the experimental procedure are listed in 5.4.7 including Table 5.2 which shows δobs for 

each labile proton of each compound, including associated naming scheme (δ7a, δ1a δ12a/3a) in 

experimental Fig. 5.23. For the analysis, all N-H protons in the monomers were assessed. 3a-H 

(for IBMAm) and 12a-H (for 5.2 and 5.3), refers to the acrylamide proton in the case of each 

monomer. 7a-H refers to the new carbamate N-H bond formed from the isocyanate nitrogen for 

monomers 5.2 and 5.3. 1a-H refers to the cyclohexyl amine C-H adjacent to the carbamate group. 

Chemical shifts of the peaks are shown in Fig. 5.10 and Table 5.3.  

As expected from the 1H-NMR, the spectra show a downfield shift with increasing concentration, 

indicative of the potential hydrogen bonding nature of the associative interaction, due to 

deshielding. This also helps to discount the chances of a more dominant π-stacking association 

as this would produce an upfield shift.  

As discussed, the plots obtained from the spectral data were fitted to Eq. 7 yielding the data 

represented in Fig. 5.11. The ability to iteratively fit the raw data to Eq. 7 indicates a strong 

agreement with the isodemsic model. Although this model does not confidently indicate the 

orientations or “degree of polymerisation” of the interactions, due to the aforementioned 

assumptions, it does undoubtedly indicate association. Values for Ka of each compound were 

therefore calculated and displayed in Table 5.1. These values were also computed through the 

Gibb’s free energy isotherm (Eq. 8) to give the free energy of association, ΔGa, for each of the 

associative bonds in the monomers. 

 

∆𝐺𝑎 = −𝑅𝑇𝑙𝑛𝐾𝑎    [8] 
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From the results we can see that in each case, Ka for the new monomer was higher than the 

acrylamide standard by 1 order of magnitude (60.43/34.50/4.40 M-1 for monomers 5.3, 5.2 and 

IBMAm respectively). These values are comparable to those calculated for the thymine base pairs 

as mentioned previously68, 56.62 M-1, as well as the other base pairs69. This gives greater 

confidence in the idea that the monomers will give a good collective association in polymers. The 

carbamate groups specifically were shown to have a greater Ka than the acrylamide N-H, and the 

presence of the carbamate was also shown to increase the Ka of the acrylamide N-H in monomers 

5.2 and 5.3 (4.40/22.12/11.06 M-1 for monomers IBMAm, 5.2 and 5.3 respectively). This is a 

Figure 5.10¦ 1H NMR titration chemical shifts (a) IBMAm 3a-H (b) Compound 5.2 7a-H (c) 

Compound 5.2 12a-H (d) Compound 5.3 7a-H (e) Compound 5.3 1a-H (f) Compound 5.3 12a-

H. Colours correspond to analytical concentrations (▬) 10.49 mM (▬) 13.11 mM (▬) 16.18 

mM (▬) 20.48 mM (▬) 25.6 mM (▬) 32.0 mM (▬) 40.0 mM (▬) 50.0 mM 
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logical result, as it would be expected that this bond is more statistically likely to interact since a 

more associative functional group is now present in the same monomer. The best performing 

monomer is 5.3, as could be expected from crystal structures shown in Chapter 2, it is worth 

noting though that the presence of any π-stacking in 5.2 could superficially lower the Ka value, 

even if the stacking and hydrogen bonding were to have a cooperative effect. A method such as 

isothermal titration calorimetry (ITC) would possibly be more effective in calculating more 

absolute thermodynamic properties in this case. Overall the monomers are shown to have 

increased associative behaviour over non-functionalised oil soluble acrylamide.  

Peak IBMAm 5.2 5.3 

             

 Ka /M-1 ΔGa /kJ·mol-1 Ka /M-1 ΔGa /kJ·mol-1 Ka /M-1 ΔGa /kJ·mol-1 

       

7a-H - - 34.50 -8.77 60.43 -10.16 

1a-H - - - - 11.35 -6.01 

12a/3a-H 4.40 -3.67 22.12 -7.67 11.06 -5.95 

              

 

 

 

 

 

 

Table 5.1¦ Table showing Association constants and subsequent Gibb’s free energy of 

association for the monomers IBMAm, 5.2 and 5.3 for each of the labile protons identified in 

the structures.  
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Figure 5.11¦ Plots of chemical shift vs concentration for labile protons in 1H NMR in CDCl3. 

Data fitted by non-linear regression of Eq. 7. (a) IBMAm 3a-H (b) Compound 5.2 7a-H (c) 

Compound 5.2 12a-H (d) Compound 5.3 7a-H (e) Compound 5.3 1a-H  (f) Compound 5.3 12a-

H 
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5.2.4 RAFT polymerisation 

 

Importantly, the compounds produced must show polymerisation activity and thus test 

polymerisations were performed in comparison to a commercially available acrylamide, 

isobutoxymethyl acrylamide (IBMAm).  

The associative nature of the monomers 5.2, 5.3 and 5.4 leads to significant limitations in solvents 

that can be used for the polymerisations. When conventional lab solvents were tested, it was 

found that solubility was limited to dimethyl formamide (DMF), dimethyl sulphoxide (DMSO), 

chloroform and DCM.  Due to high radical transfer rates in halogenated solvents70–72, DCM and 

chloroform were disregarded. Conveniently, DMF is a frequently used solvent for 

polymerisations, specifically reversible addition-fragmentation transfer (RAFT) polymerisation of 

acrylamides. 

A RAFT polymerisation was performed for each monomer. RAFT is a convenient technique for 

acrylamide polymerisation, and works particularly well with trithiocarbonate based RAFT 

initiators, specifically 2-propanoic acid butyl trithiocarbonate (PABTC)73. Importantly, the 

PABTC, acrylamide and DMF have compatibility with 4,4’-azobis cyanovaleric acid (ACVA), thus 

completing a suitable reaction system for assessing monomer activity. More comprehensive 

details of the polymerisation set up are listed in the experimental section.   

Monomer [M]0/[CTA]0/[ACVA]0 Conc. / 
wt.% 

Conversion 
/ % 

Mn / 
g·mol-1 

Ð 

      

5.2 20/1/0.067 30 80 3350 1.09 

5.3 20/1/0.067 30 94 4850 1.1 

5.4 20/1/0.067 10 73 - - 

            

Table 5.2¦ Polymerisation details of test RAFT polymerisation of monomers 5.2, 5.3 and 5.4 

in DMF. Conversion calculated from 1H NMR and molecular weight from GPC where 

possible. 
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From Fig. 5.12.A it is shown that monomers 5.2, 5.3 and 5.4 polymerise in DMF in the presence 

of a RAFT CTA (PABTC). Due to solubility, the polymerisation of monomer 5.4 is run at 10 

wt.% as opposed to 30 wt.% for monomers 5.2 and 5.3. All monomers are seen to run to high 

conversion (Table 5.2), though lower for monomer 5.4, again due to solubility. Reaction times 

proceed on a similar time scale to the commercial acrylamide.  

Pseudo first order plots, seen in Fig. 5.12.B show a strong linear relationship over the reaction 

time scale showing a constant rate of initiation, which although is not an indication of a successful 

RAFT polymerisation does indicate low impurity and no decrease in kt due to gelation. 

Furthermore, from GPC, a time dependence on the molecular weight is observed indicating that 

the polymerisation is not free radical in nature.  

 

Figure 5.12¦ (a) pseudo first order plots of polymerisation of monomers 5.2 (□), 5.3 (∆) and 

5.4 (○) (b) conversion-time plots for monomers 5.2 (□), 5.3 (∆) and 5.4 (○) and related 

polydispersity data 5.2 (■), 5.3 (●) (c) normalised RI signal GPC of logM of monomer 5.2 at  

30 min (▬) 60 min (▬) 90 min (▬) 135 min (▬) (d) normalised RI signal GPC of logM of 

monomer 5.3 at 30 min (▬) 60 min (▬) 90 min (▬) 135 min (▬) 
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5.3 Conclusion 

 

To conclude the 3 synthesised monomers have been shown to polymerise in a controlled manner 

in the presence of an appropriate RAFT chain transfer agent (CTA), all proceeding to a relatively 

high conversion. Although monomer 5.4 polymerises, there is concern that the lower solubility 

will prove problematic for further use.  

Monomers 5.2 and 5.3 have also been shown to interact through the carbamate and amide groups 

as proposed, as a result they can be incorporated in polymer and in theory should have some 

influence on rheological or thermal properties as a direct result of the inter-monomer interactions.  

From Association data, we can see an order of magnitude greater association in the synthesised 

monomers compared to commercially available hydrophobic monomer. The same data also 

showed that monomer 5.2 has a great self-association than monomer 5.3.  

 

5.4 Experimental method 

 

5.4.1 Materials 

 

Phenyl isocyanate (>98%), cyclohexyl isocyanate (98%), octadecyl isocyanate (90%), N-

hydroxyethyl acrylamide (97%, 1000 ppm MEHQ), D3-chloroform and dibutyltin dilaurate (95%) 

were purchased from Sigma-Aldrich. 4,4’-azobis(4-cyanopentanoic acid) (98%) was purchased 

from Alfa Aesar.   

 

5.4.2 Equipment 

 

Carbon and hydrogen NMRs were collected on a Bruker Ascend™-400. Infrared spectroscopy 

was performed using a Bruker Alpha FTIR. High resolution mass spectrometry was collected on 

a Bruker maXis™ plus with ESI source. NMR titration results were clarified using 

supramolecular.org. NMR was analysed with ACDlabs open source software.  
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5.4.3 Synthesis Compound 5.2 

 

N-Hydroxyethyl acrylamide (4.000 g, 34.70 mmol, 1.1 eq) was dissolved in 50 mL dry chloroform 

under N2(g). To this solution, phenyl isocyanate (3.752 g, 31.50 mmol, 1.0 eq.), was added 

followed by 5 drops of dibutyltin dilaurate. Solution was stirred at 45oC for 1 h, over which time 

a white precipitate formed. The precipitate was filtered by Buchner and washed with chloroform 

and allowed to dry. Fine white crystals were isolated (4.987 g, 21.28 mmol, 67.5%).  

1H NMR (300 MHz, DMSO-D6): δ (ppm) = 9.66 (s, 1 H, (Ph-NH-(C=O)-O-CH2-)), 8.28 (s, 1 

H, (-O-CH2-CH2-NH-)), 7.45 (d, 3J = 7.8 Hz, 2 H, (ortho-Ph)), 7.27 (t, 3J = 7.4 Hz, 2 H, (meta-

Ph)), 6.98 (t, 3J = 7.3 Hz 1 H, (para-Ph)), 6.23 (dd, 3J = 16.8 Hz, 3J = 9.8 Hz, 1 H, (CHH-CH-

(C=O)-NH-)) , 6.13 (dd, 3J = 17.2 Hz, 2J = 2.1 Hz, 1 H, (trans-CHH-CH-(C=O)-NH-)), 5.59 (dd, 

3J = 10.0 Hz, 2J = 1.5 Hz, 1 H, (cis-CHH-CH-(C=O)-NH-)), 4.14 (t, 3J = 5.2 Hz, 2 H, (-NH-CH2-

CH2-O-)), 3.42 (q, 3J = 4.9 Hz, 2 H, (-NH-CH2-CH2-O-)). 13C NMR (300 MHz, CDCl3): δ (ppm) 

= 165.33 (CH2-CH-(C=O)-NH-), 153.85 (-O-(C=O)-NH-), 139.56 (-NH-C-(C5H5)), 132.03 

(CH2-CH-(C=O)-NH-), 129.18 (meta-Ph), 125.79 (CH2-CH-(C=O)-NH-), 122.84 (para-Ph), 

118.66 (ortho-Ph), 63.07 (-NH-CH2-CH2-O-), 38.67 (-NH-CH2-CH2-O-). HR ESI-MS: m/z 

[M+Na]+
theo = 2.57.0902. m/z [M+Na]+

exp = 257.0897. IR (cm-1): 3288 ν(N-H), 3069 ν(C-H) 

aromatic, 3047 ν(C=C-H), 2986 νas(C-H), 1697 ν(C=O), 1601 ν(C=C), 1542 ρ(N-H), 1232 ν(C-N), 

1066 ν(C-O), 750 ρoop(C-H), 685 ρoop(C-H). 

 

  

Figure 5.13¦ X-Ray crystallographic structure of monomer 5.2. 
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Figure 5.14¦ DMSO-D6 1H NMR of monomer 5.2. 

Figure 5.15¦ DMSO-D6 13 C NMR of monomer 5.2. 
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5.4.4 Synthesis Compound 5.3 

 

N-Hydroxyethyl acrylamide (4.105 g, 35.65 mmol, 1.1 eq) was dissolved in 50 mL dry chloroform 

under N2(g). To this solution, cyclohexyl isocyanate (3.942 g, 31.50 mmol, 1.0 eq. ), was added 

followed by 5 drops of dibutyltin dilaurate. Solution was stirred at 45oC for 1 h, and the solution 

remained colourless/faint brown. Chloroform was removed by vacuum and white precipitate 

formed. Precipitate was ground and washed with chloroform and water followed by drying on a 

Buchner filter. White solid was recovered (8.4743 g, 35.28 mmol, 98.9 %).  

1H NMR (300 MHz, DMSO-D6): δ (ppm) = 8.20 (s, 1 H, (-O-CH2-CH2-NH-)), 7.06 (s, 1 H, (-

(C=O)-NH-CH2-)), 6.21 (dd, 3J = 17.1 Hz, 3J = 9.6 Hz, 1 H, (CHH-CH-(C=O)-NH-)), 6.10 (dd, 

3J = 17.7 Hz, 2J = 1.9 Hz, 1 H, (trans-CHH-CH-(C=O)-NH-)), 5.57 (dd, 3J = 9.8 Hz, 2J = 1.7 Hz, 

1 H, (cis-CHH-CH-(C=O)-NH-)), 3.97 (t, 3J = 5.4 Hz, 2 H, (-NH-CH2-CH2-O-)), 3.24 (m, 2 H, 

(-NH-CH2-CH2-O-)), 1.70 (m, 4 H, (-NH-CHα(C5H10
β)), 1.51 (m, 1 H, (-NH-CH(C5H10)), 1.14 

(m, 6 H, (-NH-CHα(C5H10
γ+δ)). 13C NMR (300 MHz, CDCl3): δ (ppm) = 165.25 (CH2-CH-

(C=O)-NH-), 155.70 (-O-(C=O)-NH-), 132.06 (CH2-CH-(C=O)-NH-), 125.67 (CH2-CH-

(C=O)-NH-), 62.39 (-NH-CH2-CH2-O-), 49.90 (-NH-CH(C5H10), 38.84 (-NH-CH2-CH2-O-), 

Figure 5.16¦ IR spectrum of monomer 5.2 (▬) and N-hydroxyethyl acrylamide 

(▬). 
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33.11 (-NH-CHα(C5
βH10), 25.61 (-NH-CHα(C5

δH10), 25.10 (-NH-CHα(C5
γH10). HR ESI-MS: m/z 

[M+Na]+
theo = 263.1372. m/z [M+Na]+

exp = 263.1368. IR (cm-1): 3308 ν(N-H), 3059 ν(C=C-H), 

2927 νas(C-H), 2853 νs(C-H), 1682 ν(C=O), 1535 ρ(N-H), 1232 ν(C-N), 1050 ν(C-O), 656 ρ(C=C-

H). 

 

 
Figure 5.17¦ X-Ray crystallographic structure of monomer 5.3. 

Figure 5.18¦ DMSO-D6 1H NMR of monomer 5.3. 
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Figure 5.19¦ DMSO-D6 13C NMR of monomer 5.3. 

Figure 5.20¦ IR spectrum of monomer 5.3 (▬) and N-hydroxyethyl 

acrylamide (▬). 
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5.4.5 Synthesis compound 5.4 

 

Octadecyl isocyanate (9.320 g, 31.50 mmol, 1.0 eq.) was dissolved in 50ml dry chloroform under 

N2(g). To this N-Hydroxyethyl acrylamide (4.000 g, 34.70 mmol, 1.1 eq) was added followed by 

5 drops of dibutyltin dilaurate. The solution was stirred at 45oC for 1 h, over which time the 

solution remained colourless. The flask was removed from the oil bath and allowed to cool to 

RT, during which time a white precipitate formed. The precipitate was filtered by Buchner and 

washed with chloroform and allowed to dry. White waxy crystals were isolated (10.954 g, 26.69  

mmol, 84.7%).  

1H NMR (300 MHz, CDCl3): δ (ppm) = 6.25 (dd, 3J = 17.2, 3J = 9.8 Hz, 1 H, (CHH-CH-(C=O)-

NH-)) , 6.13 (dd, 3J = 17.0 Hz, 2J = 1.9 Hz, 1 H, (trans-CHH-CH-(C=O)-NH-)), 5.67 (dd, 3J = 

10.7 Hz, 2J = 1.7 Hz, 1 H, (cis-CHH-CH-(C=O)-NH-)), 4.22 (m, 3J = 4.5 Hz, 2 H, (-NH-CH2-

CH2-O-)), 3.59 (q, 3J = 4.8 Hz, 2 H, (-NH-CH2-CH2-O-)), 3.16 (q, 3J = 6.0 Hz, 2 H, (-NH2-CH2-

CH2-(CH2)15-CH3)), 1.49 (qu, 3J = 5.6 Hz, 2 H, (-NH2-CH2-CH2-(CH2)15-CH3)), 1.26 (s, 30 H, (-

NH2-CH2-CH2-(CH2)15-CH3)), 0.88 (t, 3J = 6.5 Hz, 3 H, (-CH2-CH2-CH2-CH3)). HR ESI-MS: 

m/z [M+Na]+
theo = 433.3406. m/z [M+Na]+

exp = 433.3401. IR (cm-1): 3322 ν(N-H), 3255 ν(N-

H), 3088 ν(C=C-H), 2916 νas(C-H), 2847 νs(C-H), 1690 ν(C=O), 1654 ν(C=C), 1554 ρ(N-H), 1266 

ν(C-N), 683 ρ(C=C-H). 

 

 
Figure 5.21¦ CDCl3 1H NMR of monomer 5.4. 
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5.4.6 Polymerisation 

 

3.00 g of monomer 5.2 or 5.3 (1.00 g for monomer 5.4) was added to 7.00 g DMF (9.00 g for 

monomer 5.4) in a crimp vial, and remained insoluble whilst at room temperature. To this 

suspension PABTC chain transfer agent and ACVA azo initiator was added in a molar ratio 

20:1:0.067 for monomer:CTA:ACVA. An oil bath was pre-heated to 70oC. The suspension was 

stirred at room temperature whilst degassing for 15 minutes. Following degassing the crimp vial 

was lowered into the oil bath and reacted for 4 h (6 h monomer 5.4). Samples were taken 

periodically and analysed by 1H NMR and GPC where possible.  

 

5.4.7 1H-NMR titrations standard procedure 

 

A stock solution of 50 mM monomer in d-chloroform was prepared volumetrically in a 10.00 

±0.02 mL volumetric flask. An aliquot of 1.00 ±0.006 mL was taken precisely using a glass pipette 

and transferred to a 1.5 mL vial and securely closed to prevent sample evaporation. The  

Figure 5.22¦ IR spectrum of monomer 5.4 (▬) and N-hydroxyethyl 

acrylamide (▬). 
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Compound Concentration (mM) δ7a (ppm) δ1a (ppm) δ12a/3a (ppm) 

 

IBMAm 

 

50.00 

 

- 

 

- 

 

1.6785 

(3a) 40.00 - - 1.6575 

 32.00 - - 1.6485 

 25.60 - - 1.6405 

 20.48 - - 1.6330 

 16.38 - - 1.6265 

 13.11 - - 1.6210 

 10.49 - - 1.6150 

     

5.1 50.00 6.9300 - 1.8400 

(7a) 40.00 6.9100 - 1.8300 

 32.00 6.8900 - 1.8000 

 25.60 6.8700 - 1.7600 

 20.48 6.8500 - 1.7400 

 16.38 6.8400 - 1.7200 

 13.11 6.8100 - 1.7000 

 10.49 6.8000 - 1.6800 

     

5.2 50.00 6.1775 2.7575 1.6525 

(7a) 40.00 6.1720 2.7200 1.6360 

 32.00 6.1670 2.6850 1.6220 

 25.60 6.1625 2.6455 1.6040 

 20.48 6.1575 2.6145 1.5910 

 16.38 6.1520 2.5865 1.5790 

 13.11 6.1475 2.5640 1.5700 

 10.49 6.1423 2.5370 1.5580 

Table 5.3¦ Chemical shifts of IBMAm and compounds 5.2 and 5.3 at varying 

concentration in CDCl3. Labile peaks are named 12a, 7a, 3a, and 1a depending on the 

region of the spectra they appear in.  
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volumetric flask was made back up to 10.00 mL and the sampling process was completed 8 times 

in total giving nmr sample concentrations of 50.00, 40.00, 32.00, 25.60, 20.48, 16.38, 13.11, 10.49 

mM. Samples were submitted to Bruker Ascend™-400 and analysed according to the isodesmic 

model to extract thermodynamic parameters. Proton numbering scheme is explained in Fig. 5.23 

below. 

 

5.4.8 X-ray crystallography 

 

Monomer single crystals were prepared by seeding in chloroform saturated with antisolvent 

(heptane). A suitable crystal was selected and mounted on a glass fibre with Fomblin oil and 

placed on a Rigaku Oxford Diffraction SuperNova diffractometer with a duel source (Cu at zero) 

equipped with an AtlasS2 CCD area detector.  The crystal was kept at 150 K during data 

collection. Using Olex2, the structure was solved with the ShelXT structure solution program 

using Intrinsic Phasing and refined with the ShelXL refinement package using Least Squares 

minimisation. 

 

  

Figure 5.23¦ Proton labelling system used throughout experimental section and section 

5.2.2. Proton names based on IUPAC system labelling.  
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6 Statistical copolymers of associative monomers as drag 

reducing agents 

 

 

Abstract 

 

Hydrogen bond functional acrylamides synthesised in Chapter 5 are characterised in terms of 

their reactivity in copolymerisations with commercial, hydrophobic acrylamide. Reactivity ratios 

are determined computationally and experimentally. Copolymerisations of phenyl carbamate 

acrylamide and cyclohexyl carbamate acrylamide with isobutoxy methyl acrylamide were 

performed in different ratios to ascertain the influence of functional monomer. Copolymers were 

then studied by dilute rheological and bulk thermal analysis to assess drag reduction and Tg 

characteristics respectively.  

 

6.1 Introduction 

 

The monomers synthesised in Chapter 5 were shown to be associative in solution when 

unpolymerised and also the nature of the monomer interactions was shown by X-ray 

crystallography but questions regarding monomer reactivity and application in drag reduction 

remain unanswered. In the design of telechelic polymers with associative end groups, there is a 

significant gamble in the assumption that end groups will come into contact with each other.  

Figure 6.1¦ (a) Linear polymer with randomly distributed associative groups in solution (b) 

polymers assembled in solution (c) polymers disassembled in eddy currents. (●) associative 

groups. 
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Firstly, at higher backbone molecular weight, end groups may remain shielded in the random coil, 

in addition to the reliance on the mass concentration of the polymer being high enough for chains 

to see each other in solution1–3. For this reason, the use of statistical copolymers of an associative 

and non-associative monomer may improve the likelihood of chains meeting, assembling and 

remaining assembled, hopefully forming aggregates of large apparent molecular weight and thus 

imparting drag reducing qualities (Fig. 6.1). 

 

6.1.1 Mid-chain hydrogen bonding 

 

A number of hydrogen bonding monomers have been employed in material side chains to 

enhance their properties and tailor them to specific applications. Similarly to the development of 

telechelic associative polymers, different functional groups have been employed to impart 

different properties on the materials. Again ureidopyrimidone, UPy, groups have been employed 

extensively to formed toughened bulk polymers. Upy methacrylates have been employed to form 

colloidal gels with a secondary structure. These materials can be molded4,5 to take any form. 

Inclusion of functional monomers was also found to arrest film formation in soft polymers6, 

giving cellular reinforcement which enhanced mechanical properties and reduced water induced 

deterioration.  

The bulk properties of such materials have also been studied with monomers of increasing 

hydrogen bonding strength. Anthamatten7 et al. assessed the viscoelastic properties of monomers 

beginning with simple carboxylic acid functionalities, up to Upy functional monomers. Flow 

activation energy was shown to increase with comonomer content. Interestingly, comonomers 

with weak hydrogen bonding groups were shown to behave like unentangled polymer melts. 

Higher monomer content would lead to higher moduli. Strong hydrogen bonding groups were 

found to act as entangled networks. Other examples of the incorporation of hydrogen bonding 

monomers to yield interesting rheological properties are numerous in the literature8–19.  

Compared to Upy groups, the synthesised carbamates are weakly associating, with 102-103 M-1 

(Chapter 5) compared to the 106 M-1 shown by UPy20,21. More weakly associative functional 

monomers have been explored due to the increased lability of their interactions22. Using a 

combination of multiple weakly associative comonomers allowed for the design of polymer 

materials with multiple relaxations based on dynamic bonds of different strengths. A weaker 

dynamic structure for the proposed application of this chapter would also have the advantage of 

improving solubility in organic solvents.  



162 
 

6.1.2 Thermal properties 

 

Thermally, hydrogen bonding groups throughout a polymer backbone will have a profound 

influence on both the glass transition and melting temperatures. A simplistic approach to see this 

influence is to consider simple families of condensation polymers and the comparisons between 

simple, non-hydrogen bonding polyethers and polyesters, and the more complex polyamides, 

polyurethanes23 and polyureas24.  

When we consider some of the simplest linear aliphatic forms of each condensation polymer 

families, we see the strong influence of inter chain hydrogen bonding on the Tg∞ (polymer Tg at 

a molecular weight above which the Tg increase will be negligible). For example, 

polytetrahydrofuran has a Tg of ~ -77 and a Tm of 25 oC, depending on molecular weight. Linear 

polyester, similarly has a Tg of < 0 oC and a Tm of ~50 oC. Extending these structures to include 

simple hydrogen bonding, such as polyamides (Nylon 66) and we observe a jump to a Tg of 45 

oC and a Tm of 265 oC25.  

A study comparing the Tm properties of linear polyesters, ethylenes, ureas, urethanes and amides, 

in 194826, revealed the trend in Tm behaviour with increased repeat unit length. A general trend 

in Tm was found, with a general decreasing Tm trend from polyurea > polyamide > polyurethane 

> polyethylene > polyester, which reflects functional group interaction strength27–29 well. This 

study also showed a reduction in Tm with increased distance between two hydrogen bonding 

groups. In other words increasing the frequency of functional monomers in a backbone should 

increase thermal transitions to higher temperatures.  

With this in mind, our carbamate functional monomers should impart similar Tg/Tm influencing 

behaviour. Although the spatial arrangement and interaction of pendant hydrogen bonding, by 

chain growth polymerisation type monomers is different, the concept of hydrogen bonding 

influencing inter-chain interactions is still valid, as demonstrated on countless occasion in 

literature30–33.  

Figure 6.2¦Structural diagrams of simple condensation polymers (top left) poly(ether) (top right) 

poly(ester) (bottom left) poly(amide) (bottom middle) poly(carbamate) (bottom right) poly(urea) 
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Unlike with telechelic polymers of Upy groups, Upy monomers incorporated in the side chain 

increase the Tg. Lu34 et al. explored the effect of pendant side chain length on Tg and rheological 

properties. It was found that 10 % Upy modified hydroxyl ethyl acrylate (HEA) increased the 

polymer Tg by 30 oC compared to HEA homopolymer. Increase in the side chain length from 

HEA to PEGs of different length showed a general decrease in Tg relative to the Upy-HEA.  

 

6.1.3 Solution behaviour 

 

Although the bulk behaviour of these materials has been comprehensively studied, the behaviour 

of such polymers in solution has been studied less so. Systems as simple as poly(vinyl alcohol) 

(PVA) can have their properties greatly influenced by hydrogen bonding35. It was found, in a 

comprehensive study, that the viscosity of PVA solutions was mainly influenced by solvent-

polymer hydrogen bonding, specifically in water, rather than the inter or intra molecular hydrogen 

bonding that might be expected. A plethora of studies of solution rheology on simple self-

associating systems of carboxylic acids and acrylamides etc. are available36–40.  

In some cases, the nature of the self-associative side chains has been used to control self-

assembled structures in solution. For example, Wan41 employed symmetrical dicarbamate 

monomers with a central vinyl group to form helical polymer chains, the shape of which can be 

varied based on the solvent and pH. This was seen similarly by Meijer42. 

Takenaka43 explored the use of varying carbamate and urea functional methacrylates with 

differing levels of fluorination. Polymer chains of statistical and block monomer distributions 

were tested and it was found that at a relatively high hydrogen bonding monomer content (~40 

%), polymer chains had a tendency to self-associated and form micellar or single folded chains. 

The nature of these chains could be altered by monomer choice, ratio and solvent.  

Within the context of this project, briefly in the 1990s, Malik44 explored the use of a blend of a 

carboxylic acid pendant and pyridine pendant polymers in an attempt to measure drag reduction. 

The groups were very weakly interacting but drag reduction was observed. Importantly though, 

the molecular weight of the individual units was 4.7·105 g·mol-1 for the donor and 2.1·106 g·mol-

1 for the acceptor. This is already considerably over the minimum requirement for drag reduction 

and thus the true mechanism of the process is inconclusive, though particle diameter did indicate 

solubility induced self-clustering of single chains of the carboxylic acid chains. Overall, the aim is 

to incorporate self-assembly in much lower molecular weight polymer, through a self-

complimentary system and not through a mutualistic system.  
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6.2  Results and Discussion 

 

6.2.1 Reactivity ratios of functional monomers 

 

For the design of the associative polymer it is important to consider how the monomers in the 

copolymer will be distributed as this will greatly influence any solution behaviour. For example, 

should the monomer preferentially homopolymerise we could expect to see a block copolymer, 

which would likely show a micellar structure in solution, potentially preventing the proposed 

intermolecular drag reducing assemblies. The way monomers polymerise in this sense is governed 

by the reactivity ratios of the monomers, a unitless value describing reactivity from the 

relationship between the rate of homo and cross polymerisation. To attain these values solutions 

of IBMAm (6.1) and either of the monomers PCAm (5.2) or CHCAm (5.3) were prepared and 

polymerised for a set time. By varying the feed composition of the 2 monomers in a 

polymerisation, f1 and f2, and measuring the resultant copolymer composition, F1 and F2, the 

reactivity ratios of the two monomers in a specific system can be found by iteratively converging 

on a fit of the experimental data. This was done using a software package provided by Penlidis 

(University of Waterloo). In the case of both types of copolymer, IBMAm was fixed as monomer 

1 and thus corresponded to f1 and F1. For a monomer combination of IBMAm and PCAm, using 

f1:f2 of 80:20, 60:40, 50:50, 40:60 and 20:80, it was found that the reactivity ratio for IBMAm, r1, 

was equal to 0.947 and for PCAm, r2 was found to equal 0.295. Similarly, and using the same feed 

composition range, r1 and r2 for an IBMAm/CHCAm system, were found to be 1.480 and 0.600 

respectively.  

Copolymer R value IBMAm / r1 R value monomer X / r2 

   

IBMAm-co-PCAm 0.947 0.295 

IBMA-co-CHCAm 1.480 0.600 

   

 

 

Once acquired r1 and r2 can be applied to the mole fraction forms of the Mayo-Lewis equation 

[1] to give a plot of f1 vs F1. This tells us the relative IBMAm incorporation to the copolymer at 

any feed composition. A strong deviation away from the linear plot of X=Y shows compositional 

drift.  

 

Table 6.1¦ r1 and r2 values for copolymer blends from IBMAm (6.1) and functional 

monomers 5.2 and 5.3. 
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𝐹1 = 1 − 𝐹2 =  
𝑟1𝑓1

2 + 𝑓1𝑓2

𝑟1𝑓1
2 + 2𝑓1𝑓2 + 𝑟2𝑓2

2    [1] 

 

Figure 6.3 shows the f-plots for the copolymer systems of IBMAm/PCAm and 

IBMAm/CHCAm. From each line we can see that deviation from X=Y is limited, and in the 

range of f1 = 0.8 - 1.0 is very close to zero deviation. This is ideal given that the planned 

composition of the copolymers to be made is between f2 = 0.1 - 0.2, and means that the 

copolymer will be statistical with limited instances of block formation. This data has been overlain 

with the results of the original experimental values. As seen from the plot, agreement between 

the theoretical, iteratively solved curves fit the experimental data well, giving confidence that the 

reactivity ratio data is valid for both systems. 

 

A visual representation of the monomer distribution in the copolymers is also shown in Fig. 6.5 

as calculated from a statistical software (compositional drift v1.9.0.1). Given that we can see a 

statistical polymer will form, we can be confident that the polymer has the best chance of forming 

interacting, linear chains in solution as opposed to micelles or inverse micelles, ultimately giving 

the highest chance of supramolecular polymers which function as drag reducers.  

Figure 6.3¦ Copolymer composition curves of IBMAm:PCAm (▬) and 

IBMAm:CHCAm (▬). Experimental data for IBMAm:PCAm (■) and 

IBMAm:CHCAm (□). 
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Figure 6.4¦ (left column) Monomer occurrence with conversion of IBMAm (▬) and functional 

monomer (▬) from 90:10 IBMAm:PCAm, 80:20 IBMAm:PCAm, 90:10 IBMAm:CHCAm 

and 80:20 IBMAm:CHCAm, top to bottom (right column) Relative monomer conversion of 

IBMAm (▬) and functional monomer (▬)from 90:10 IBMAm:PCAm, 80:20 IBMAm:PCAm, 

90:10 IBMAm:CHCAm and 80:20 IBMAm:CHCAm, top to bottom.  
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Despite this it is worth considering the monomer occurrence as a function of conversion to see 

if there is an ideal cut off conversion in order to reduce chances of block formation toward the 

end of the polymerisation if the relative abundance of the functional monomer increases. Relative 

monomer consumption and monomer occurrence are shown in Fig. 6.4. From this figure, it is 

seen that with increasing functional monomer content, there is increased compositional drift 

toward the later conversion, with a higher change of block forming. This is most noticeable in 

copolymers of CHCAm, where at late conversion the ratio of monomers have switched, with 

high residual functional monomer. With this in mind, in any practical application it would be 

worth cutting off conversion at an earlier stage ~80 %.  

 

6.2.2 Copolymer Synthesis 

 

In the design of the copolymers, the aim was to produce copolymers of MW 1.0·104-1.5·104 

g·mol-1 of increasing PCAm or CHCAm content. This way the direct effect of functional 

monomer content on solution rheology and its thermal properties can be assessed. RAFT 

polymerisation was chosen to prevent polymer branching and provide molecular weight control 

as branching could have a gelling effect as opposed to long linear suprapolymers.  

A general scheme of monomer structures and a conceptual representation of the proposed 

polymer are shown in Fig. 6.6. PABTC was chosen as a chain transfer agent as its higher chain 

transfer activity complemented the lower activity of the acrylamide monomers.  

A homopolymer of IBMAm, 2 copolymers of IBMAm/PCAm and 2 of IBMAm/CHCAm were 

synthesised. A target DP of 100 was chosen to ensure that each polymer chain had a good 

statistical likelihood of containing multiple functional monomer units. The target DPs per 

monomer type were IBMAm90-co-PCAm10, IBMAm80-co-PCAm20, IBMAm90-co-CHCAm10 and 

IBMAm80-co-CHCAm20 and for simplicity polymers will be referred to in name by their original 

Figure 6.5¦ Statistically derived representation of monomer distribution in copolymers. Each 

row corresponds to a single polymer chain. 10 random chains are chosen for each copolymer. 

In each case (■) represents IBMAm and (■) represents functional monomer. 
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target DP. Table 6.3 shows the concentration ratios in the reaction solutions and Table 6.4 and 

Fig. 6.7/6.8/6.9 shows the metrics of the resulting copolymers, as determined by GPC and NMR.  

 

As seen from the data, polymerisations all proceed in a similar time scale and react to high 

conversion of all monomers within 5 h, with a fast initial consumption of monomer (> 50 % in 

1 h). As the application of the materials synthesised is to produce a specific macroscopic effect, 

narrow dispersities are not critical, the main concern is whether there is an appreciable difference 

in properties with increase DP of hydrogen bonding monomer. In all cases the molecular weight 

is shown to proceed linearly with conversion. Pseudo first order plots against time indicate a 

gradual drop in [P·], indicating impurity.  

A general broadening of polymer dispersity is observed with conversion, again potentially due to 

the same impurity. Initially, all copolymers show Đ in the typical range for a RAFT polymerisation 

1.20-1.35, but move toward 1.5 by the end of the reaction. The most likely explanation is the 

inherent impurity of the commercial IBMAm. IBMAm has a purity of 90% and shows a number 

of unidentified peaks in its NMR. Should a narrower dispersity have been required to observe the 

desired macroscopic effect, column chromatography or distillation of the monomer may have 

been advisable but, as it is would be an unnecessary step. An important consideration in the 

synthesis is the behaviour of commercial acrylamide monomer IBMAm. The structure of 

IMBAm, as shown in Fig. 6.6 has an isobutoxy group. The tertiary hydrogen in the isobutoxy 

group is known to be reactive in specific conditions of high temperature, basic conditions or 

Figure 6.6¦ Structures of monomers and proposed copolymers. 6.1 = IBMAm, 5.2 = 

PCAm, 5.3 = CHCAm and copolymer types 6.2 and 6.3. 
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prolonged reaction times. This hydrogen can be abstracted resulting in crosslinking through the 

tertiary carbon and is a frequently used method of producing crosslinked acrylamide. As a result, 

reaction temperatures we kept < 100 oC and monomer wt.% was left as high as possible to reduce 

the reaction time. For the same reasons, vacuum drying of the polymer samples was kept as mild 

as possible (20 oC) as crosslinking was observed for vacuum drying > 60 oC. As a simple test for 

crosslinking in the polymer, a small sample was dissolved in THF and pushed through a low 

porosity filter by syringe. A lack of syringe back pressure, blocking, or polymer precipitates on 

the used filters, indicated low to zero crosslinking in the prepared homo and copolymers. The 

prepared polymers we highly viscous/solid, fully homogenous and retained the yellow colour of 

the RAFT agent. 

Copolymer Target 
DP 

monomer comp. 
/ mol:mol 

 

[Mon] / [CTA] 
/ [I] 

Temperature / 
oC 

     

IBMAm 100 1.0 : 0 100 / 1 /0.1 70 
     

IBMAm-co-PCAm 100 0.9 : 0.1 100 / 1 /0.1 70 
 100 0.8 : 0.2 100 / 1 /0.1 70 
     

IBMAm-co-CHCAm 100 0.9 : 0.1 100 / 1 /0.1 70 
 100 0.8 : 0.2 100 / 1 /0.1 70 

          

 

Figure 6.7¦ (a) pseudo first order plot of polymerisations of IBMAm (■) IBMAm90-co-

PCAm10 (●) IBMAm80-co-PCAm20 (▲) IBMAm90-co-CHCAm10 (▼) IBMAm80-co-CHCAm20 

(♦) (b) conversion-time plots of IBMAm (■) IBMAm90-co-PCAm10 (●) IBMAm80-co-

PCAm20 (▲) IBMAm90-co-CHCAm10 (▼) IBMAm80-co-CHCAm20 (♦). 

Table 6.2¦ Reaction compositions for copolymerisations. 
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Figure 6.8¦ (a) Molecular weight, Mn, vs conversion of IBMAm (■) (b) IBMAm90-co-

PCAm10 (●) IBMAm80-co-PCAm20 (▲) (c) IBMAm90-co-CHCAm10 (▼) IBMAm80-co-

CHCAm20 (♦). 

Figure 6.9¦ Time evolution of GPC curves for homo and copolymer reactions. For each 

graph t = 60 (▬), 120 (▬), 180 (▬), 240 (▬) and 300 (▬) min. (a) IBMAm (b) IBMAm90-

co-PCAm10 (c) IBMAm80-co-PCAm20 (d) IBMAm90-co-CHCAm10 (e) IBMAm80-co-

CHCAm20.(f) Dispersity evolution with time of  IBMAm (■) IBMAm90-co-PCAm10 (●) 

IBMAm80-co-PCAm20 (▲) IBMAm90-co-CHCAm10 (♦) IBMAm80-co-CHCAm20 (▼). 
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Polymer I:Mx time Conv. 

/ρ 

Mn / 

g·mol-1 

Mw / 

g·mol-1 

DPGPC 

I:Mx 

DPcomp 

I:Mx 

Đ 

         

IBMAm 100:0 300 94.5 10100 17000 64:0 - 1.68 

IBMAm-co-

PCAm 
90:10 300 92.6 10600 16400 58:7 59:6 1.53 

IBMAm-co-

PCAm 
80:20 300 95.3 10900 16700 51:13 50:12 1.53 

IBMAm-co-

CHCAm 
90:10 300 95.0 10700 15700 58:7 60:7 1.46 

IBMAm-co-

CHCAm 
80:20 300 93.8 10000 14200 46:12 50:12 1.42 

         

 

 

 

As seen from the data in Table 6.3, the DP is below that of the target. Again this comes down to 

initial impurity in the commercial monomer causing a wider polymer dispersity. This was 

calculated through GPC due to complete peak overlap between monomer, polymer and CTA 

protons in the NMR spectra. For this reason, DP was estimated from GPC Mn values and the 

predicted monomer quantities from reactivity ratio data. The values calculated were also in 

agreement with those predicted from computational software using previously calculated 

reactivity ratios, r1 and r2, and the dispersity data from the GPC. For this reason, the DP data 

cannot be considered fully quantitative, but is a representative qualitative value. A DP calculation 

using NMR conversion data was found to be inaccurate due to broad polymer dispersity. Overall, 

copolymers were synthesised to the minimum molecular weight defined in the original hypothesis.  

 

 

 

  

Table 6.3¦ Metrics of the polymerisations of IBMAm with functional monomers PCAm 

and CHCAm at 30 wt% in DMF, using PABTC as a RAFT agent. Target DP = 100. I = 

IBMAm, Mx = PCAm or CHCAm 
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6.2.3 Thermal properties 

 

A polymer's Tg is influenced heavily by the groups which append it's backbone chain. If a 

monomer has a functionality which promotes intermolecular interaction, the effect on Tg can be 

much more pronounced.  

Copolymer composition Thermal Properties 

Polymer Name IBMAm X Tg midpoint / oC 

    

IBMAm 1.0 - 57 

    

[1] IBMAm-co-PCAm 0.9 0.1 70 

[2] 0.8 0.2 95 

    

[3] IBMAm-co-CHCAm 0.9 0.1 75 

[4] 0.8 0.2 86 

    

 

 

The use of hydrogen bonding monomers in the polymer backbone can promote inter-chain 

interaction and raise the Tg. Thus a good way to assess whether the monomers PCAm and 

CHCAm interact as designed is to look at the change in Tg with increasing monomer content. 

The polymers IBMAm, IBMAm90-co-PCA10, IBMAm80-co-PCA20, IBMAm90-co-CHCAm10 and 

IBMAm80-co-CHCAm20, when subject to a cycle from -150 to 150 oC, showed characteristic Tg 

increases with increasing carbamate monomer content, the results of which are shown in Table 

6.4. The IBMAm homopolymer had a Tg midpoint of 57 oC which increased to 70 and 95 oC for 

10 and 20 mol % of PCAm content respectively. The same observation is seen in the 10 and 20 

mol % CHCAm copolymer, with Tgs of 75 and 86 oC respectively (Fig. 6.10). In each case the 

jump is approximately 20 oC. This is a sizable jump and shows the strong influence of the 

monomer functional groups and also shows that the monomer units interact once polymerised. 

Importantly, these results are repeated in the subsequent DSC cycles. Additionally, this indicates 

that the monomer could potentially function in adhesives technology but this is yet to be explored. 

 

 

Table 6.4¦ Changes in Tg with increasing functional monomer content.  
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6.2.4 Rheological properties 

 

Drag reduction in polymer solutions results in a lower torque force being required to reach a set 

angular velocity. As a result, with increasing polymer concentration in a solvent, a torque curve 

should show a decreasing trend relative to the free solvent. Due to the insolubility of the polymer 

in hydrocarbon solvents, as evidenced by the precipitation during synthesis, an organic solvent 

replacement was chosen. Isopropanol was chosen as the base solvent and samples were prepared 

at 0.1, 0.3 and 0.5 wt. %, within the operating concentration of commercial drag reducers of 10- 

300 ppm. These results were also compared to a blank solvent sample and a 0.1, 0.3 and 0.5 wt. 

% solution of IBMAm homopolymer. 

Fig. 6.11 shows the results of the drag experiments and also the general viscous behaviour of the 

polymer solutions. As with experiments in Chapter 4, drag reduction can also be seen by an 

inflection in the torque curve. If this inflection moves to a higher angular velocity it indicates that 

Re > 2300 have been reached at a higher shear rate, as a result showing that the onset of 

turbulence is being suppressed by the polymer additive. As seen from the data in the figure, similar 

to the telechelic polymers, no drag reduction was observed. And viscous properties remained 

Figure 6.10¦ DSC heating curves from -150 to 150 oC. Lines represent IBMAm (▬) 

IBMAm-co-PCAm [1] (▬ ▬) IBMAm-co-PCAm [2] (●●●) IBMAm-co-CHCAm [3] (▬●▬) 

IBMAm-co-CHCAm [4] (▬●●). 
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essentially the same with increased polymer content, within a commercial drag reduction 

concentration range. As with the telechelic polymers the apparent molecular weight of the 

polymer will not be high enough when assembled in solution, most likely due to polymer coils 

not being able to see each other. As the aim of the project was to use low molecular weight 

polymer, extending the chain length until drag reduction is observed is unnecessary, although 

much higher molecular weight copolymers of this type would be worth exploring at a later date.  

 

6.3 Conclusions 

 

To conclude, functional monomers PCAm and CHCAm were found to copolymerise statistically 

with commercial IBMAm, with compositional drift only observe towards higher conversions. 

Polymerisations performed in DMF with PABTC as a RAFT agent produced linear polymer of 

10000 g·mol-1, with impurity from commercial monomer causing a broadening of polymer 

dispersity. Copolymers were found to have significant jumps in Tg with increased functional 

monomer content (> 40 oC for 20 mol%) but were found to show no drag reduction in dilute 

rheology in a suitable solvent.   

Figure 6.11¦ Torque curves of copolymer solutions (left) IBMAm80-co-PCAm20. Pure 

Isopropanol (■) 0.3 wt.% IBMAm (●) copolymer 0.1 wt.% (▲) copolymer 0.3 wt.% (▼) 

copolymer 0.5 wt.% (♦). (right) IBMAm80-co-PCAm20. Pure Isopropanol (■) 0.3 wt.% 

IBMAm (●) copolymer 0.1 wt.% (▲) copolymer 0.3 wt.% (▼) copolymer 0.5 wt.% (♦).  
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6.4 Experimental methods 

 

6.4.1 Materials 

 

Ethanol absolute >99 %, isobutoxymethyl acryamide 90 %, 4,4'-azobis(4-cyanovaleric acid) 98 

%, 18 % water by weight were all purchased from Sigma-Aldrich. Propionic acid butyl 

trithiocaronate, phenyl carbamate acrylamide and cyclohexyl carbamate acrylamide were all 

synthesised in lab. Petroleum ether 40-60 and dimethylformamide 99 % were purchased from 

VWR. 40 μL aluminium DSC pans (flat pan and lid, DP-MT-PAN ME-00026763) were 

purchased from dscPANeurope.com. 

 

6.4.2 Equipment 

 

Samples were dried in a Binder VDL 115 L vacuum oven. Thermal analysis was performed on a 

Mettler Toledo DSC 3 differential scanning calorimeter. NMR spectroscopy was performed on a 

Bruker Avance II HD300 300 MHz NMR. Gel permeation chromatography of polymer samples 

was performed using an Agilent Infinity II 1260 triple detection GPC/SEC. Rheological analysis 

was performed using a Malvern kinexus Ultra+ rheometer and using the custom built bench top 

capillary rheometer. 

 

6.4.3 Copolymerisations 

 

Solutions of monomer in DMF were prepare on a 10.00 g scale according to the ratios listed in 

the Table 6.2 in the main text and a general method is listed herein. A t = 0 sample was taken. 

Solutions were stirred and degassed with N2(g) for 15 min before lowering of the samples into an 

oil bath set to 70 oC. Reactions were run for 5 h, sampling from NMR at t = 30, 60, 120, 180, 240 

and 300 min. The samples for t = 60, 120, 180, 240 and 300 were split and used to submit for 

GPC analysis. At t = 300 min, samples were quenched with air and left to stand in ice water. The 

resulting polymer solutions were first precipitated in cold water followed by dissolution in the 

minimum volume of THF and subsequently reprecipitated in petroleum ether 40-60. The 

THF/petroleum stage was repeated 3 time. Polymer was transferred to a vial and dried overnight, 

or until fully homogeneous in a vacuum oven set to 20 oC to avoid crosslinking via labile iBu 

protons. 
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Figure 6.12¦ DMSO 1H-NMR of copolymerisations at t = 0 (▬) and t = 300 min (▬) 

(a) IBMAm homopolymerisation (b) IBMAm90-co-PCAm10 (c) IBMAm80-co-PCAm20 (d) 

IBMAm90-co-CHCAm10 (e) IBMAm80-co-CHCAm20 
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6.4.4 Reactivity ratio analysis 

 

Reaction solutions of IBMAm and custom PCAm and CHCAm were prepared in DMF (30 wt.% 

for PCAm and 15 wt.% for CHCAm) with 0.1 wt.% ACVA initiator with respect to monomer. 5 

solutions for each new monomer were made at 80:20, 60:40, 50:50, 40:60 and 20:80 where ratios 

are mol ratios of monomer A to monomer B. Monomer A is always equal to IBMAm whereas 

monomer B is either CHCAm or PCAm. Solutions were prepared on a 5.00 g scale an agilent 10 

mL crimp vials. Solutions were stirred and degassed with N2(g) for 15 min before lowering into 

an oil bath set to 70 oC and stirring at 300 rpm. Reactions were heated for precisely 30 minutes 

before quenching with air and placing the vial to stand in ice water. NMR samples for t = 0 and 

t = 30 min were taken, prepared in CDCl3 and submitted to a 300 MHz NMR. Parameter F1 

(copolymer composition), f1 (feed composition) and conversion X for reactivity ratio 

determination were found via NMR analysis. An Error-in-variables-model (EVM) framework, 

developed by Penlidis (University of Waterloo) was used to determine reactivity ratios from initial 

estimates of r1 and r2 and the monomer molecular weights. A cumulative analysis mode was used. 

The resulting r values were put into the Mayo-Lewis equation and plotted against the experimental 

values to assess the calculation validity. Polymer structural prediction from reactivity ratios r1 and 

r2 were performed using Compositional drift v1.9.0.1. 

Copolymer total 
conversion 

f1 F1 r1, r2 

     

IBMAm-co-PCAm 0.814 0.745 0.835 0.947, 0.295 

 0.845 0.574 0.620  

 0.843 0.507 0.528  

 0.755 0.406 0.434  

 0.745 0.210 0.308  

     

IBMAm-co-CHCAm 0.343 0.752 0.815 1.480, 0.600 

 0.414 0.579 0.647  

 0.563 0.481 0.563  

 0.682 0.400 0.464  

 0.732 0.210 0.248  

          

 

Table 6.5¦ Raw data for reactivity ratio calculations. 
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6.4.5 Thermal analysis 

 

DSC analysis was performed according to the following method. Samples of IBMAm 

homopolymer, IBMAm80-co-PCAm20, IBMAm90-co-PCAm10, IBMAm80-co-CHCAm20 and 

IBMAm90-co-CHCAm10 were prepared and vacuum dried. Polymer was loaded into DSC pans on 

an approximate 10 mg scale. Samples were (1) heated to 100 oC at 5 oC·min-1 and held for 10 min 

(2) cooled to 25 oC at 5 oC·min-1 and held for 10 min (3) Heated to 150 oC at 10 oC·min-1 and held 

for 10 min (4) cooled to -150 oC at oC·min-1 and held for 10 min (5) cycled between -150 and 150 

oC 3 times. Results we analysed to find the polymer Tg using Mettler-Toledo STARe software. 

DSC thermograms were plotted as mass normalised values (W·g-1). 

 

6.4.6 Rheology 

 

Solutions of 80:20 IBMAm:PCAm and 80:20 IBMAm:CHCAm were prepared at 0.1, 0.3 and 0.5 

wt.% in ethanol and allowed to stir overnight to ensure full dissolution. A separate solution of 

IBMAm homopolymer was prepared in ethanol at 0.3 wt. %. All polymers were ~1·105 g·mol-1. 

Samples were prepared on a minimum 20 g scale. Sample was loaded into a kinexus ultra+ 

rheometer fitted with a PC005 0022 Cup and bob geometry. Samples were maintained at 20 oC 

with an equilibration time of 10 min following loading. Samples were then subject to a shear rate 

ramp from 0.1 to 2000 s-1. The torque response was measured directly as a function of shear rate. 

In addition to the prepared samples, an additional ethanol blank was run. 
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7 Assembly and Calibration of Capillary Viscometer 

 

 

Abstract 

 

In this chapter we describe the assembly and calibration of a capillary viscometer. The viscometer 

works based on Poiseuille’s Law using semi-disposable Omega PX26 bridge pressure transducers 

in an affordable set up. Also included is an in depth description of the theory behind the capillary 

rheometers, a step by step run through of the data processing calculations and finally a discussion 

of the evaluation of “true” values for shear rate based on the Rabinowitch correction.  

  

7.1 Introduction 

 

Capillary viscometry is an alternative method to rotational rheology for measuring viscous 

properties of a fluid. In a majority of lab environments, the more bench accessible rotational 

rheometers are preferable. Rotational rheology relies on the principle of generating a homogenous 

velocity field between two sliding plates, and although this is an effective method the system 

becomes more limited as samples become lower in viscosity due to high signal to noise ratio. 

Other draw backs of rotational rheology to consider include (1) the difficulty in maintaining a 

Figure 7.1¦ Flow profile in a typical capillary viscometer. Pressure seen to drop quickly at 

the entrance to the capillary followed by a linear drop in pressure with distance thereafter.  
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parallel plate geometry (2) the edge of the sample is exposed and thus stresses can be influenced 

by wetting and sample leakage (3) Sample loading is often difficult and time consuming requiring 

high precision.  

Capillary viscometry on the other hand relies on viscosity field generation in a pipe of a small 

enough diameter to give laminar flow, which presents a linear pressure drop with distance (Fig. 

7.1). The advantage here is that the laminar flow field reduces the signal to noise ratio allowing 

the measurement of much lower viscosity samples. The laminar flow also makes the capillary 

rheometer the most effective method for the measurement of viscosity at higher shear rates. 

Conversely, the data needs correcting for non-Newtonian samples as the parabolic velocity1 field 

of a fluid in a capillary will give “apparent” values of stress and shear rate. 

 

Understanding the velocity profile of a fluid in a cylinder is important in understanding the theory 

behind a capillary viscometer. If we consider an incompressible, Newtonian fluid in a uniform 

section of longitudinal cylinder with a pressure difference at each end, this pressure difference 

will give rise to a velocity. This phenomenon is best described with the use of the Navier-Stokes2 

[1] and continuity [2] equations, especially when considering a cylindrical velocity field, defined as 

�⃑� = (𝜈𝑟, 𝜈𝜃, 𝜈𝑧). Providing the pipe radius is small and uniform, and thus absent of turbulence 

or frictional influences, then it can be assumed that the radial, νr, and angular, νθ, components of 

velocity are equal to zero, as indicated in Fig. 7.2 and thus our only consideration in the expanded 

Navier-Stokes equations are the non-zero terms attributed to the longitudinal velocity, νz. Also 

Figure 7.2¦ Schematic diagram of uniform section of cylinder. Velocity field V is described 

in cylindrical coordinate system where radial, νr, and angular, νθ, velocity are zero and 

longitudinal velocity, νz, is non-zero.  
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with the assumption that gravity doesn’t play a role, we can remove density components, ρg, and 

additionally the assumption that the flow is steady removes any time dependent factors. In 

summary, as a result of simplifications we can state that our continuity term, or conservation of 

mass [2], is equal to zero and angular and radial changes with respect to pressure, ∂P/∂θ and 

∂P/∂r respectively, are also equal zero. The result is equation [3] complete with term dP/dz, 

which simply relates to our pressure change ΔP with respect to length L. This simplified equation 

importantly still contains a viscous component η.   

𝜌
𝐷�⃑� 

𝐷𝑡
=  −∇𝑃 + 𝜌𝑔 + 𝜂∇2�⃑�   [1] 
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Importantly, integrating twice with respect to r results in a velocity profile with the single 

remaining differential term ΔP/L [4], where R is equal to r at the wall, assuming a no-slip 

boundary condition.  

𝜈𝑧(𝑟) =
Δ𝑃𝑅2

4𝜂𝐿
[1 − (

𝑟

𝑅
)
2

]  [4] 

In the context of a capillary viscometer, it is not possible to measure the velocity profile and in 

reality an average measurement is taken. This measured quantity is Q, volumetric flow rate. The 

extraction of this value from the function νz(r) is the basis of Poiseuille’s Law3, the defining 

relationship between pressure drop in a pipe, volumetric flow rate and pipe radius. Integration 

with respect to radial and angular components gives Q which through minor rearrangement gives 

Poiseuilles law and a measurable ΔP [5]. 

𝑄 = ∫ ∫
Δ𝑃𝑅2
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2
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7.2 Materials 

 

Glycerol (99%) was purchased from Sigma Aldrich. PHD 2000 Programmable syringe pump was 

purchased from Harvard Apparatus. P-618 (Female Luer 1/4-28 Male), P-727 (PEEK Tee, 0.020” 

thru hole/F-300), U-102 (Tub SS 1/16 x 0.020” ID x 10 cm), P-632 (Upchurch Tee LP ETFE, 

1/4-28, 1/16”, 0.020” Thru-Hole), V-100L (4-Way Vlv PEEK L Flow), P-316 ( Plug, PFA, 1/4-

28, Flat bottom), PEEK Tubing (1/16 x 0.020” ID, 5ft) all manufactured by IDEX Health & 

Science, were all purchased from CM scientific. PX26-030DV and PX26-005DV differential 

pressure sensors were purchased from Omega. Hamilton Gastight 1005 TLL-SAL SYR 

Instrument syringe (PTFE Luer lock) was purchased from Fischer Scientific. NI USB-6211 Data 

Acquisition Module (16 input, 16-bits, 250 kS/s, Multifunction I/O) and DAQ-Express 2.0 

Software were provided by National Instruments. Grant Y-14 heated circulation water bath was 

purchased from Grant.  

 

7.3 Design and Assembly 

 

The design used hereafter is a simplified version of one described by Minton and Grupi4, but the 

basic principle is well established for microfluidic scale viscometer devices for the measurement 

of low viscosity samples using the minimum quantity of sample. Fig. 7.3 is a schematic of the 

capillary viscometer design.  

Figure 7.3¦ Schematic diagram of capillary viscometer 1) Syringe and programmable pump 2) 

Thermostatic water bath 3) Stainless steel coil for thermal equilibration 4) 4 way control valve 

for sensor selection 5) Flow tube for pressure drop 6) Differential pressure sensors 7) Data 

acquisition module 8) Data analysis computer.  
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What follows is a description of the construction of the viscometer with reference to the 

numbering in Fig. 7.3. (1) A 5 mL luer lock Hamilton syringe is loaded to a Harvard PHD 2000 

Programmable syringe pump. To this a P-618 female luer to male 1/4-28 adaptor was fitted and 

to this and adaptor down to a female 1/16 fitting was attached. Connected to this, (3) a 300 mm 

of stainless steel (1/16 OD, 0.020” ID) tubing, with 1/16 tubing ferrules attached, was coiled and 

submerged in the (2) Grant Y-14 water bath to thermally equilibrate the system, which 

subsequently joined straight into the (5) flow tubing. The flow tubing was constructed out of 100 

mm of a U-102 (1/16, 0.020” thru-hole) stainless steel tubing, with a P-727 PEEK Tee at each 

end. From the remaining outlets on the P-727 Tees, 50 mm sections of PEEK tubing (1/16, 

0.020” ID) were attached, leading to the (4) V100-L valves for sensor selection. (6) Omega PX26 

sensors (±5, ±30 psi) were connected in parallel to the V100-L with 100 mm (1/16, 0.020”) of 

PEEK tubing. An adapter was fashioned to make this connection using 1x P-632 (Upchurch Tee 

LP ETFE, 1/4-28, 1/16”, 0.020” Thru-Hole), with 1 x P-618 adapters and 1 x P-316 (Plug, PFA, 

1/4-28, Flat bottom) per side of the differential sensor. It is worth noting that the P-618 needed 

machining in order to fit over the sensor nipple. 4-pin Differential sensors were wired directly to 

a NI-6211 DAQ and the analogue signals were recorded on National Instruments DAQ-Express 

2.0 software before analysis.  

As a default, when running a sample the selection valves are switched to measure pressure outputs 

from the lower sensitivity PX26-030DV (±30 psi) sensors, as this is more resilient to pressure 

bump which can damage sensors when abruptly starting and stopping fluid flow.  

Additionally, the design of the flow tube, using a section of tubing between two P-727 tee fittings, 

allows for a quick change of tube lengths and diameters. This allows for a broader range of shear 

rates to be tested but also opens the possibility for quickly and conveniently changing between 

tubings with different inner surface functionality. This potentially allows for the study of a fluids 

interaction with a functional surface, whether that be a chemical interaction, from hydrogen 

bonding for example, or a physical interaction from enhanced roughness.  
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7.4 Calculations 

 

As mentioned previously, the basis of a capillary viscometer is the measurement of a pressure 

drop, ΔP, across a set length, L, of tubing of inner radius R. Unlike in a wider diameter tubing, a 

capillary limits us to lower Reynolds numbers and thus we can avoid turbulence and drag effects. 

As a result the pressure drop can be described by Poiseuille’s law [6].  

∆𝑃 = 
8𝑄𝐿𝜂

𝜋𝑅4
 [6] 

Figure 7.4¦ Schematic diagram of output generation in differential pressure transducers (top) 

flow rate equal to zero and capacitive membrane is in equilibrium (middle) Pressure at diaphragm 

P1 > P2 generating a positive bias (bottom) Pressure at diaphragm P2 > P1 generating a negative 

bias. 



187 
 

This pressure drop can be measured in parallel or in series through the use of a differential or 

gauge pressure sensor respectively. In this viscometer a parallel measurement is selected to reduce 

the number of sensors and DAQ channels required but also to simplify data processing. Fig. 7.4 

explains the basic concept.  

In a simple differential pressure transducer a capacitive sensor is placed in between two flexible 

diaphragms. Inlets on each side of the device allow for independent strains to be applied to the 

diaphragms on each side, and thus when connected to a parallel fluid flow, produces a voltage 

output.  

With increased viscosity, there is greater pressure loss in capillary flow and thus the greater the 

pressure difference and therefore the larger the output voltage bias. Providing that the fluid tested 

is Newtonian, the viscosity will remain constant with respect to shear rate, and as a result the flow 

rate. With this in mind a linear voltage response is expected with respect to a changing flow rate 

and thus the voltage response will be proportional to the pressure change. 

 

𝑉 ∝  ∆𝑃𝑁𝑒𝑤𝑡𝑜𝑛𝑖𝑎𝑛 [7] 

 

As a result a proportionality constant specific to the sensor can be estimated from either the 

maximum voltage output at the sensors maximum differential pressure [8] or calculated from 

using the linearity of voltage against flow rate for a fluid of know viscosity in isothermal 

conditions.  

𝛼 = 
∆𝑉𝑚𝑎𝑥

∆𝑃𝑚𝑎𝑥
  [8] 

 

Using a rearrangement of the Poiseuille’s law [9] with a known viscosity and the relationship 

between sensor output and pressure change [10], a sensor calibration to ascertain a value of α can 

be performed. The value α holds true for all measurements on the specific sensor and is dependent 

on the V0 value of the individual sensor when ΔP = 0. α will then allow viscosity to be calculated 

for any sample at different flow rates and with a few additional mathematical corrections can be 

used to look at non-Newtonian behaviour and intrinsic viscosity etc. 

 

𝜂 =
Δ𝑃𝜋𝑅4

8𝑄𝐿
=

𝜏

𝛾
 [9] 
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∆𝑃 =
(𝑉∆𝑃≠0 − 𝑉∆𝑃=0)

𝛼
  [10] 

 

Although the above calculations hold true for Newtonian samples, the majority of samples tested 

in this thesis will have non-Newtonian behaviour as a result of a combination of polymeric 

behaviours and inbuilt shear thinning properties. As a result a correction needs to be made to the 

data. The Rabinowitch5,6 correction expresses the relationship between wall shear stress in a 

capillary and apparent wall shear rate allowing the calculation of a standard curve for a particular 

fluid across changing physical variables, such as flow rate, tube diameters and the length of the 

flow tube.  

Poiseuille’s law is essentially made up of shear stress at the wall τw  and shear rate at the wall γw. 

Shear stress or shear rates based on the measured viscosity and volumetric flow rate Q can be 

calculated according to equations [11] and [12]. For a Newtonian fluid these will be real values, 

but for a non-Newtonian will be apparent. Following calculation of γapp, the Rabinowitch 

correction [13] is applied to each point, by plotting Q vs τw and taking the derivative for each 

value, yielding a true shear rate profile for the fluid.   

 

𝜏𝑤 =
Δ𝑃𝑅

2𝐿
  [11] 

�̇�𝑎𝑝𝑝 =
4𝑄

𝜋𝑅3
  [12] 

�̇�𝑤 = �̇�𝑎𝑝𝑝 (
3

4
+

1

4

𝑑𝑙𝑛𝑄

𝑑𝑙𝑛𝜏𝑤
)  [13] 

7.5 Calibration 

 

As mentioned previously, α can be calculated using a fluid of known viscosity. For calibration of 

this viscometer DI water was tested at 30 oC, over a flow rate range of 0 – 0.8 mL·min-1 using a 

known viscosity of 7.99 x10-4 Pa·s. Linear fitting of the relationship between mV response and 

flow rate gave a 𝑉∆𝑃=0 intercept of 0.12 mV (Figure 7.5/6). ΔP was inferred at each point by the 

rearranged Poiseuille equation and coupled with 𝑉∆𝑃≠0 is used to calculate α = 3.11 x10-6. The 

theoretical value of α from PX26 sensor factory specifications is 4.83 x10-6 and within the same 

order of magnitude. As a result confidence can be taken in the validity of the calculated α value. 

In addition to water, the linearity of the mV response with respect to flow rate was also assessed 

for a 50 w/w% glycerol/water solution (Figure 7.7/8).  
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Figure 7.6¦ Residuals associated with water flow rate vs mV plot.  

Figure 7.5¦ Plot of mV response vs flow rate for pure deionised water between 

flow rates of 0 and 0.8 mL·min-1. 
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Figure 7.7¦ Plot of mV response vs flow rate for 50 w/w glycerol solution between flow 

rates of 0 and 0.8 mL·min-1. 

Figure 7.8¦ Residuals associated with 50 w/w glycerol solution flow rate vs mV plot 
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Following the calculation of α, a viscosity profile for a Newtonian solution of know viscosity at 

different concentrations was tested and compared to literature. A profile for water/glycerol 

solution viscosities at 30 oC was generated according to work by Cheng7 and also Volk and 

Kahler8, shown as the black data points in Fig. 7.9.  

 

 

5 samples of w/w% ratios of glycerol:water were made at 0:100, 25:75, 50:50, 75:25 and 100:0. 

Solutions were run at 0.8 mL·min-1 flow rate for 30 s at 30 oC to ensure a stable measurement. 

Prior to measurements the systems were left for 5 min to reach both thermal and baric 

equilibrium. Analog data was processed according to equations [9] and [10] giving viscosity values 

plotted in Fig. 7.9 as red data points. As seen from Fig. 7.9, the measure data closely matches that 

of the literature values and appropriately follows the same logarithmic viscosity increase with 

increased glycerol content. As a result the capillary viscometer can be used confidently over a 

range of shear rates, flow rates and viscosities.  

 

 

Figure 7.9¦ Viscosity vs glycerol solution weight ratio. Black data points represent literature 

data. Red data points measured values.  
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Additionally, a plot of shear stress vs shear rate for DI water across a flow rate range of 0 – 0.8 

mL·min-1 presents a linear data set (Figure 7.10). Here the slope of the plot will relate to viscosity 

η. A straight line across a range of shear rates shows strong Newtonian behaviour, which is 

expected for water, and thus shows the validity of the data evaluation. Importantly, the given 

slope of 8.2 x10-4 Pa∙s matches closely the literature (7.9x10-4 Pa∙s) and calibrated (8.5x10-4 Pa∙s) 

viscosity values for water.  

7.6 Conclusion 

 

To conclude, a simple capillary viscometer has been built and calibrated against varying 

concentration ratios of glycerol : water. Newtonian behaviour is observed across the shear rate 

range and the raw mV signal scales with flow rate. The design allows for lower concentration 

solutions to be tested using a much lower volume of sample. There is also the additional benefit 

of being able to move the viscometer to a fumehood in the event that a toxic solvent is to be 

used.  

 

Figure 7.10¦ Newtonian behaviour of water measured in a shear stress vs shear rate plot 

from flow rates 0 -0.8 mL·min-1. Slope is equal to viscosity, η. 



193 
 

7.7 References 

 

1 R. B. Bird, W. E. Stewart, E. N. Lightfoot and D. B. Spalding, Transport Phenomena, John 

Wiley & Sons, Inc, New York, 2nd edn., 1961, vol. 28. 

2 C. L. M. H. Navier, Mem. Acad. Sci. Inst. Fr., 1823, 6, 389–440. 

3 J. L. M. Poiseuille, Mem. pres. div. Sav. Acad. Sci. Inst. Fr., 1846, 10, 433–545. 

4 A. Grupi and A. P. Minton, Anal. Chem., 2012, 84, 10732–10736. 

5 B. Rabinowitsch, Z. Phys. Chem., 1929, A145, 1–26. 

6 R. Eisenschitz, B. Rabinowitsch and K. Weissenberg, Mitteilungen der Dtsch. Mater., 1929, 

9, 91–94. 

7 N.-S. Cheng, Ind. Eng. Chem. Res., 2008, 47, 3285–3288. 

8 A. Volk and C. J. Kähler, Exp. Fluids, 2018, 59, 75–78. 

 

 

 

 



194 
 

8 Summary 

 

8.1 Thesis outlook 

 

To conclude this work, the results of the six experimental chapters are briefly summaried. The 

future outlook of each of the projects is discussed in terms of their intended application and their 

additional potential applications. Chapters 2-4 concern the use of carbamates and ureas as 

telechelic groups and their applications in drag reduction, and Chapters 5-6 discuss the design 

and application of carbamate functional monomers. 

In Chapter 2, a selection of bis-carbamate and bis-urea compounds with octadecyl, phenyl and 

cyclohexyl functionalities were synthesised and compared to identify self-associative groups for 

application in associative polymers. Compounds were compared as organogelators by 

crystallography and rheology and it was concluded that ureas proved stronger gelators than 

carbamates and that octadecyl groups proved the most efficient functional groups.  

Future work: The initial goal here was to identify a synthetic method and quantify different end 

groups for the hypothesised application. As a next step in the application of these materials 

outside of telechelics, it would be pertinent to further quantify the interactions, which was 

impeded by solubility in this project, and also to further study the gel morphologies and their use 

in nucleation based sciences. 

For Chapter 3, cyclohexyl bis-carbamate from Chapter 2 was incorporated as a physical stabiliser 

to droplets, forming spikey capsules in a synthetic approach that uses hydrogen bond induced 

super saturation. The synthetic method allowed full control of capsule size and the nature of the 

crystal jammed capsule shell allowed for the thermally reversible manipulation of the capsule 

shape. 

Future work: The next step in the spikey capsule design is a comparison between adhesion in spikey 

and smooth capsules. It is proposed that spikey capsules would adhere more strongly to natural 

fibres and could potentially be applied to fabric fragrances or abrasives technologies as a 

replacement for polymeric capsules. 

In Chapter 4, monoisocyanate equivalents of the functional ureas synthesised in Chapter 2 were 

incorporated in telechelic polymers. These polymers showed enhanced shear thinning and yield 

stress properties in the bulk, which was enhanced further by a low percentage of branching. These 
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materials when tested as drag reducers in dodecane were found to be ineffective and a further 

analysis revealed that despite polymer dimerization, the assembled molecular weight was not 

sufficient to induce drag reduction.  

Future work: Further application of these materials as drag reducers is dependent on increasing the 

molecular weight of the polymer backbone in the telechelics. This could mean exploring 

polymerisation methods that allow higher molecular weights, such as ROP. Given the initial, aim 

was the use of lower molecular weight polymer, the increase of molecular weight would be beyond 

the prevue of the project, but potentially, the use of a polymer close to but below the required 

400 kg·mol-1 could be explored as drag reducers.  

Chapters 5 and 6 show the synthesis and quantification of self-associative acrylamide monomers 

using the same carbamate functionalities designed in Chapter 2. The homopolymerisation and 

copolymerisation reactivity ratios of these 3 monomers were calculated experimentally and 

iteratively through computation identifying a statistical reactivity between monomers. These 

monomers were RAFT copolymerised at 10 and 20 mol % functional monomer, to commercial 

acrylamide, to form statistical linear polymer. These polymers were assess as drag reducers but 

were found to be ineffective, showing no evidence of drag reduction or assembly. The thermal 

analysis of copolymers revealed that increasing the functional monomer content along the 

backbone significantly increased the Tg of the polymer, indicating the pendent interactions.  

Future work: As a continuation of this work, the polymers could be tested at a much higher 

molecular weight, but this was not the original hypothesis. Alternatively, though there are a 

number of applications available to these monomers. The Tg behaviour suggests application as a 

self-healing waterborne adhesive. Additionally, at low concentration in solvent, intramolecular 

associations could allow the polymer to act as preformed nuclei for wax inhibition.  
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A Appendix - Theory of rheology 

 

A.1 Rheology 

 

Rheology is a branch of the physical sciences which is focussed on the study of how materials 

flow and deform1 under applied force. Typically, rheology is approached in 3 ways: Rotational, 

oscillatory and capillary, each revealing different but complementary physical properties. 

Rotational and oscillatory rheology is discussed in the following sections, but capillary rheology 

is described in full in Chapter 7. 

 

A.2 Rotational rheology 

 

Rotational rheology is a method of assessing the viscosity of a sample during the application of 

rotational force. It is the most commonly adopted method of assessing material properties of 

liquids and dilute solutions. Viscosity is defined by the relationship shown in equation [1].  

𝜂 =  
𝜏

�̇�
   [1] 

Here viscosity, 𝜂, is described as a relationship between stress, 𝜏, and shear rate, �̇�, where stress 

is a resistance to flow and shear rate is an applied force. What each of these parameters defines is 

expressed in Fig. A.1. Shear forces are equal and opposing forces, which act upon a set of 

perpendicular sides of an object, in this case a rectangle. A strain, displacement, u, by 

Figure A.1¦ (left) shear stress, τ, as related to height, h, and displacement, u (right) 

representation of τ from infinitesimal cross section of sample under rotational shear.  
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height/working gap, h, is applied and the reactive force is a stress. This is the same as looking a 

cross section of a rotational rheometer.  

The way a viscosity changes with shear rate defines whether a material is Newtonian, shear 

thinning or shear thickening (Fig. A.2). A Newtonian material, such as water, has no change in 

viscosity with shear rate. In other words the strain:stress relationship is linear. Shear thinning is 

where an increase in shear rate induces a drop in viscosity; the material is breaking down, for 

example ketchup. Shear thickening is where a materials viscosity increases with shear rate, for 

example, custard.  

 

Rotational rheology can also tell us whether a material has a yield stress, a force required to induce 

flow, or a zero-shear viscosity (no force required). Fig. A.2. displays this concept. In the confines 

of this project, the materials designed should show shear thinning behaviour and importantly a 

yield stress. Shear thinning will allow the reversible break down of the materials designed and a 

Figure A.2¦ (top left) viscosity profiles of material with yield stress (▬) and material with zero-

shear viscosity (▬). Viscosity vs shear rate profiles of (top right) Newtonian (bottom left) shear 

thinning (bottom right) shear thickening fluids 
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yield stress will ensure the interactions are strong enough to survive some degree of turbulent 

shear.  

 

A.3 Oscillatory rheology 

 

Oscillatory rheology2 tells us about the elastic properties of a material and whether it has more 

solid-like or liquid-like properties. Firstly, it is important to understand the difference between 

viscous and elastic materials. Ideal elastic behaviour, as seen in a gel, is when a materials 

deformation behaves according to Hooke’s law (Fig.A.3). Equation [2] shows the relationship 

between tensile stress, σ, extension strain, ε, and the modulus of elasticity, E. Equation [3] defines 

the extensional strain as a change in length relative to initial relaxed length.  

𝜎 = 𝐸휀   [2] 

휀 =  
Δ𝑙

𝑙0
   [3] 

 

According to Hooke’s law, a material showing ideal elastic behaviour will be independent of time, 

have ideal memory and no shape dissipation. An ideal viscous (Newtonian) material however is 

best described with a dashpot (Fig. A.3). In this case a materials stress, σ, is its viscosity, η, 

multiplied by its differential strain rate dε/dt. i.e a force is applied, and the material flows 

proportionally to the applied force. An opposite of elastic behaviour, viscous materials have a 

time dependent response, no material memory, and all work used in deformation is dissipated.  

𝜎 =  𝜂
𝑑휀

𝑑𝑡
   [4] 

Figure A.3¦ (left) Stick model diagram of ideal Hookian behaviour as seen in elastic materials 

(right) Stick model diagram of dashpot showing ideal Newtonian behaviour, as seen in viscous 

materials 
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We can put this in the context of oscillatory rheology. A sample is oscillated, and an input stress 

is given to the sample. An output strain is measure and this will be either in phase (δ = 0-45o) or 

out of phase (δ = 45-90o). In phase, means that the material is behaving elastically and out of 

phase means the material has viscous behaviour (Fig A.4). Measurements can be made with 

controlled stress or strain (controlled input) but henceforth we describe a system with controlled 

strain (ε). A sinusoidal input strain is applied [5] and an output stress is measured [6]. Which 

from trigometric functions can be expressed as a 2-part equation [7].  

 

휀(𝑡) =  휀0𝑠𝑖𝑛(𝜔𝑡)   [5] 

𝜎(𝑡) =  𝜎0 sin(𝜔𝑡 + 𝛿)  [6] 

𝜎(𝑡) =  𝜎0𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝜔𝑡 + 𝜎0𝑠𝑖𝑛𝛿𝑐𝑜𝑠𝜔𝑡   [7] 

 

The first term of [7] is the elastic component of response and the second term is the viscous 

response. From equation [2], σ0 can be substituted for a controlled value ε0E giving rewritten 

equation [8] (NB: E involves components cosδ and sinδ components because of oscillations not 

included in equation [2]). [8] is in turn rearranged to give moduli E’ and E’’ which correspond to 

more familiar terms G’ (elastic modulus) [9] and G’’ (viscous modulus) [10]. In reality, the system 

is better represented in imaginary and real components but the theory remains the same.  

 

𝜎(𝑡) = 휀0𝐸′𝑠𝑖𝑛𝜔𝑡 + 휀0𝐸′′𝑐𝑜𝑠𝜔𝑡  [8] 

𝐸′ =
𝜎0

휀0
𝑐𝑜𝑠𝛿   [9] 

Figure A.4¦ (left) Sinusoidal waves of input strain (▬) vs output stress (▬) for an ideal elastic 

material (right) sinusoidal waves of input strain (▬) vs output stress (▬) for an ideal 

Newtonian material. Both materials are hypothetically in a strain controlled environment. 
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𝐸′′ =
𝜎0

휀0
𝑠𝑖𝑛𝛿   [10] 

 

Measured individually, the magnitude of these moduli relative to each other determines the 

behaviour of a material at a particular oscillation frequency. If G’ > G’’, a material is solid like, if 

G’’ > G’, a material is liquid like. And the relationship of these values across all frequencies 

describes whether the general behaviour is a viscoelastic solid, gel or viscoelastic liquid (Fig. A.5). 

Fig. A.6 also explains the relationship between G’, G’’ and their connection to phase angle δ. 

Provided the measurements are taken at a strain rate within a materials linear viscoelastic region 

(non-destructive region), these measurements represent the true nature of a material. 

 

 

Frequency 

Figure A.5¦ Theoretical graphs of rheological behaviour of (a) viscoelastic solids (b) Gels 

(c) viscoelastic liquids. (▬) G’ / elastic modulus (▬) G’’ / loss modulus (▬) δ / phase 

angle.  

Frequency Frequency 

G
’/

G
’

Figure A.6¦ Equal but opposite relationship of moduli G’ 

and G’’ and how phase angle, δ, relates to both linearly.  
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B Appendix - Light microscope images and inversion 

tests of organogels from Chapter 2 

 

B.1 Figure Summaries 

 

B.1.1 Compound 2.1 

 

Light microscope images of compound 2.1 in various solvents.  (a)  20x magnification of 5 wt.% 

in octanol-1 (c) 20x magnification of 4 wt.% in decanol-1 (e) 20x magnification of 5 wt.% in 

dioctyl phthalate (g) 20x magnification of 5 wt.% in cyclohexanol. 

Photographs of inversions of compound 2.1 at various wt.% arranged lowest-highest/left-right 

(b) 1, 3, 5 wt.% in octanol-1 (d) 2, 4 wt.% in decanol-1 (f) 1, 2, 5 wt.% in dioctyl phthalate (h) 1, 

3, 4, 5 wt.% in cyclohexanol. 

 

B.1.2 Compound 2.2 

 

Light microscope images of compound 2.2 in various solvents.  (a)  20x magnification of 3 wt.% 

in octanol-1 (c) 20x magnification of 3 wt.% in decanol-1 (e) 20x magnification of 3 wt.% in 

dioctyl phthalate. 

Photographs of inversions of compound 2.2 at various wt.% arranged lowest-highest/left-right 

(b) 1, 2, 3 wt.% in octanol-1 (d) 2, 3 wt.% in decanol-1 (f) 1, 3 wt.% in dioctyl phthalate. 

 

B.1.3 Compound 2.3 

 

Light microscope images of compound 2.3 in various solvents.  (a)  20x magnification of 5 wt.% 

in octanol-1 (c) 20x magnification of 4 wt.% in decanol-1 (e) 20x magnification of 1 wt.% in 

decane (g) 20x magnification of 1 wt.% in dodecane (i) 20x magnification of 2 wt.% in dioctyl 

phthalate.  
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Photographs of inversions of compound 2.3 at various wt.% arranged lowest-highest/left-right 

(b) 1, 3, 5 wt.% in octanol-1 (d) 2, 4 wt.% in decanol-1 (f) 1 wt.% in decane (h) 1 wt.% in dodecane 

(j) 1, 2 wt.% in dioctyl phthalate.  

 

B.1.4 Compound 2.4 

 

Light microscope images of compound 2.4 in various solvents (a) 20x magnification of 2 wt.% in 

octanol-1 (c) 20x magnification of 3 wt.% in decanol-1 (e) 100x magnification of 0.5 wt.% in 

dioctyl phthalate (g) 20x magnification of 5 wt.% in cyclohexanol. 

Photographs of inversions of compound 2.4 at various wt.% arranged lowest-highest/left-right 

(b) 1, 2 wt.% in octanol-1 (d) 2, 3 wt.% in decanol-1 (f) 1, 3 wt.% in dioctyl phthalate (h) 1, 3, 4, 

5 wt.% in cyclohexanol. 

 

B.1.5 Compound 2.5 

 

Light microscope images of compound 2.5 in cyclohexanol (a) 20x magnification of 5 wt.% in 

cyclohexanol. 

Photographs of inversions of compound 2.5 at various wt.% arranged lowest-highest/left-right 

(b) 1, 3, 5 wt.% in cyclohexanol.  

 

B.1.6 Compound 2.6 

 

Light microscope images of compound 2.6 in various solvents (a) 20x magnification of 0.5 wt.% 

in octanol-1 (c) 20x magnification of 1 wt.% in cyclohexanol. 

Photographs of inversions of compound 2.6 at various wt.% arranged lowest-highest/left-right 

(b) 0.5, 1 wt.% in octanol-1 (d) 1 wt.% in cyclohexanol. 



204 
 

B.2 Compound 2.1 
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B.3 Compound 2.2 
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B.4 Compound 2.3 
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B.5 Compound 2.4 
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B.6 Compound 2.5 

 

 

B.7 Compound 2.6 
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C Appendix - Mechanism for dibutyltin dilaurate catalytic 

activity for formation of carbamates and ureas from 

isocyanates 

 

C.1 Mechanism of reaction with alcohols 

Figure C.1¦ Mechanism for carbamate formation from n-octanol catalysed by 

DBTDL 
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C.2 Mechanism of reaction with amines  

 

Figure C.2¦ Mechanism for urea formation from n-octylamine catalysed by DBTDL 
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D Appendix - Bulk rheology of modified PBD and PTHF 

and 1H-NMR characterisations. 

 

 

D.1 15 and 30 mol% ODUMI urea modified PTHF 

 

Figure D.1¦ Shear rate sweeps of 15 (▬) and 30 (▬) mol % branched 

ODUMI modified PTHF 
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15 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 4.86 (br.s, (NH)), 4.77 (br.s, (NH)), 4.39 (br.s, (NH)), 

4.06 (t, 3J = 4.7 Hz, ((C=O)O-CH2-)), 3.64 (t, 3J = 5.5 Hz, (-(C=O)-O-CH2-CH2-CH2-CH2-O)), 

3.41 (s, (O-CH2-CH2-CH2-CH2-O)), 3.16 (q, 3J = 6.4 Hz, (CH2-NH(C=O)O-)), 3.09 (m, 3J = 5.0 

Hz, (CH2-NH(C=O)NH-)), 2.36 (m, 3J = 7.1 Hz, (-(C=O)-O-CH2-CH2-CH2-CH2-O)),, 1.62 (s, 

(O-CH2-CH2-CH2-CH2-O)), 1.49 (m, 3J = 5.5 Hz, (NH-CH2-CH2-)), 1.33 (m, 3J = 7.5 Hz, (-

NH(CH2)2-CH2CH2-(CH2)2NH-)), 1.27 (s, (-(CH2)nCH3)), 0.88 (t, 3J = 7.3 Hz, (-CH3)) 

 

30 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 4.86 (br.s, (NH)), 4.77 (br.s, (NH)), 4.39 (br.s, (NH)), 

4.06 (t, 3J = 4.4 Hz, ((C=O)O-CH2-)), 3.64 (t, 3J = 5.3 Hz, (-(C=O)-O-CH2-CH2-CH2-CH2-O)), 

3.41 (s, (O-CH2-CH2-CH2-CH2-O)), 3.16 (q, 3J = 6.0 Hz, (CH2-NH(C=O)O-)), 3.09 (m, 3J = 5.0 

Hz, (CH2-NH(C=O)NH-)), 2.36 (m, 3J = 7.3 Hz, (-(C=O)-O-CH2-CH2-CH2-CH2-O)),, 1.62 (s, 

(O-CH2-CH2-CH2-CH2-O)), 1.49 (m, 3J = 5.5 Hz, (NH-CH2-CH2-)), 1.33 (m, 3J = 7.5 Hz, (-

NH(CH2)2-CH2CH2-(CH2)2NH-)), 1.27 (s, (-(CH2)nCH3)), 0.88 (t, 3J = 7.5 Hz, (-CH3)) 

  

Figure D.2¦ CDCl3 1H NMR of 15 (▬) and 30 (▬) mol % branched 

ODUMI modified PTHF 
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D.2  0, 15 and 30 mol % EHUMI modified PTHF 

 

0 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 4.86 (t, 3J = 5.3 Hz, (NH)), 4.77 (t, 3J = 4.6 Hz, (NH)), 

4.39 (t, 3J = 6.7 Hz, (NH)), 4.06 (t, 3J = 4.4 Hz, ((C=O)O-CH2-)), 3.41 (s, (O-CH2-CH2-CH2-

CH2-O)), 3.16 (qu, 3J = 6.2 Hz, (CH2-NH(C=O)O-)), 3.09 (m, 3J = 4.5 Hz, (CH2-NH(C=O)NH-

)), 2.17 (s, (CH(CH2)2)), 1.62 (s, (O-CH2-CH2-CH2-CH2-O)), 1.48 (m, 3J = 4.5 Hz, (NH-CH2-

CH2-)), 1.33 (m, 3J = 5.5 Hz, (-NH(CH2)2-CH2CH2-(CH2)2NH-)), 1.27 (s, (-(CH2)nCH3)), 0.88 (t, 

3J = 6.7 Hz, (-CH3)) 

 

15 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 4.86 (t, 3J = 5.3 Hz, (NH)), 4.77 (t, 3J = 4.6 Hz, (NH)), 

4.39 (t, 3J = 6.7 Hz, (NH)), 4.06 (t, 3J = 4.4 Hz, ((C=O)O-CH2-)), 3.41 (s, (O-CH2-CH2-CH2-

CH2-O)), 3.16 (qu, 3J = 6.1 Hz, (CH2-NH(C=O)O-)), 3.09 (m, 3J = 4.4 Hz, (CH2-NH(C=O)NH-

)), 2.17 (s, (CH(CH2)2)), 1.62 (s, (O-CH2-CH2-CH2-CH2-O)), 1.48 (m, 3J = 4.5 Hz, (NH-CH2-

CH2-)), 1.33 (m, 3J = 5.5 Hz, (-NH(CH2)2-CH2CH2-(CH2)2NH-)), 1.27 (s, (-(CH2)nCH3)), 0.88 (t, 

3J = 6.6 Hz, (-CH3)) 

 

30 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 4.86 (t, 3J = 5.3 Hz, (NH)), 4.77 (t, 3J = 4.7 Hz, (NH)), 

4.39 (t, 3J = 6.8 Hz, (NH)), 4.06 (t, 3J = 4.4 Hz, ((C=O)O-CH2-)), 3.41 (s, (O-CH2-CH2-CH2-

CH2-O)), 3.16 (m, 3J = 6.1 Hz, (CH2-NH(C=O)O-)), 3.09 (m, 3J = 4.5 Hz, (CH2-NH(C=O)NH-

)), 2.17 (s, (CH(CH2)2)), 1.62 (s, (O-CH2-CH2-CH2-CH2-O)), 1.48 (m, 3J = 4.5 Hz, (NH-CH2-

CH2-)), 1.33 (m, 3J = 5.4 Hz, (-NH(CH2)2-CH2CH2-(CH2)2NH-)), 1.27 (s, (-(CH2)nCH3)), 0.88 (t, 

3J = 6.6 Hz, (-CH3)) 
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Figure D.3¦ CDCl3 
1H NMR of 0 (▬), 15 (▬) and 30 (▬) mol % branched EHUMI 

modified PTHF 

Figure D.4¦ Shear rate sweeps of 0 (▬), 15 (▬) and 30 (▬) mol % branched 

EHUMI modified PTHF 
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D.3 1H-NMR 15 and 30 mol % ODUMI modified PBD 

 

15 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.50 (br. s, (CCH-CH=CH2)), 5.34 (s, (E-CH2-CH=CH-

CH2), 5.31 (s, (Z-CH2-CH=CH-CH2)), 4.91 (d, 3J = 6.2 Hz, (cis-CCH-CH=CH2)), 4.84 (m, 2J = 

3.8 Hz, (trans-CCH-CH=CH2)), 3.07 (br.s, (O(C=O)NHCH2 /(NH(C=O)NHCH2 )), 2.25 (t, 3J 

= 7.4 Hz, (CH2CH(CH2)(CH=CH2)), 1.96 (s, (CH2CH(CH2)(CH=CH2)), 1.58 (q, 3J = 6.5 Hz, 

(NHCH2CH2CH2)), 1.40 (m, 3J = 5.1 Hz,  (NHCH2CH2CH2)), 1.18 (s, (-(CH2)nCH3), 0.81 (t, 3J 

= 7.9 Hz, (-CH3)) 

 

30 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.50 (br. s, (CCH-CH=CH2)), 5.34 (s, (E-CH2-CH=CH-

CH2), 5.31 (s, (Z-CH2-CH=CH-CH2)), 4.91 (d, 3J = 6.3 Hz, (cis-CCH-CH=CH2)), 4.84 (m, 2J = 

3.8 Hz, (trans-CCH-CH=CH2)), 3.07 (br.s, (O(C=O)NHCH2 /(NH(C=O)NHCH2)), 2.25 (t, 3J 

= 7.4 Hz, (CH2CH(CH2)(CH=CH2)), 1.96 (s, (CH2CH(CH2)(CH=CH2)), 1.58 (q, 3J = 6.5 Hz, 

(NHCH2CH2CH2)), 1.40 (m, 3J = 5.0 Hz, (NHCH2CH2CH2)), 1.18 (s, (-(CH2)nCH3), 0.81 (t, 3J 

= 7.9 Hz, (-CH3)) 
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Figure D.5¦ CDCl3 
1H NMR of 15 (▬) and 30 (▬) mol % branched ODUMI 

modified PBD 
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D.4 1H-NMR 15 and 30 mol % EHUMI modified PBD 

  

15 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.49 (br. s, (CCH-CH=CH2)), 5.34 (s, (E-CH2-CH=CH-

CH2), 5.31 (s, (Z-CH2-CH=CH-CH2)), 4.91 (d, 3J = 6.1 Hz, (cis-CCH-CH=CH2)), 4.84 (m, 2J = 

4.1 Hz, (trans-CCH-CH=CH2)), 3.07 (br.s, (O(C=O)NHCH2 /(NH(C=O)NHCH2 )), 2.25 (t, 3J 

= 7.2 Hz, (CH2CH(CH2)(CH=CH2)), 1.96 (s, (CH2CH(CH2)(CH=CH2)), 1.58 (q, 3J = 6.3 Hz, 

(NHCH2CH2CH2)), 1.40 (br.s, (NHCH2CH2CH2)), 1.18 (s, (-(CH2)nCH3), 0.81 (t, 3J = 7.6 Hz, (-

CH3)) 

30 mol % 

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.49 (br. s, (CCH-CH=CH2)), 5.34 (s, (E-CH2-CH=CH-

CH2), 5.31 (s, (Z-CH2-CH=CH-CH2)), 4.91 (d, 3J = 6.6 Hz, (cis-CCH-CH=CH2)), 4.84 (m, 2J = 

4.0 Hz, (trans-CCH-CH=CH2)), 3.07 (br.s, (O(C=O)NHCH2 /(NH(C=O)NHCH2)), 2.25 (t, 3J 

= 7.6 Hz, (CH2CH(CH2)(CH=CH2)), 1.96 (s, (CH2CH(CH2)(CH=CH2)), 1.58 (q, 3J = 6.3 Hz, 

(NHCH2CH2CH2)), 1.40 (br.s, (NHCH2CH2CH2)), 1.18 (s, (-(CH2)nCH3), 0.81 (t, 3J = 7.6 Hz, (-

CH3)) 
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Figure D.6¦ CDCl3 
1H NMR of 15 (▬) and 30 (▬) mol % branched EHUMI 

modified PBD 
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D.5 1H-NMR 30 mol % ODUMI modified PDMS (MW ~ 5000 g·mol-1) 

 

1H NMR (400 MHz, CDCl3): δ (ppm) = 4.45 (t, 3J = 3.2 Hz, (NH)), 4.14 (t, 3J = 4.0 Hz, 

(SiCH2CH2CH2O)), 3.71 (d, 3J = 4.5 Hz, (NH)), 3.64 (t, 3J = 4.2 Hz, (NH)), 3.55 (t, 3J = 4.5 Hz, 

(O(C=O)NHCH2))), 3.46 (t, 3J = 4.9 Hz, (NH(C=O)NHCH2))), 3.37 (q, 3J = 6.7 Hz, 

(NH(C=O)NHCH2)), 2.09 (s, (CH(CH2)2)), 1.70 (s, (-NHCH2CH2-)), 1.56 (br.s, (Si-

CH2CH2CH2)), 1.18 (s, (-(CH2)nCH3)), 0.87 (t, 3J = 7.4 Hz, (-CH3)), 0.80 (t, 3J = 7.0 Hz, (Si-

CH2)), 0.45 (dd, 3J = 7.0 Hz, 3J = 4.6 Hz, (CH2Si(CH3)), 0.1-0.1 (s, (Si(CH3)) 

 

  Figure D.7¦ CDCl3 
1H NMR of 30 mol% branched ODUMI modified 

PDMS 
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D.6 1H-NMR CHUMI modified PBD 

 

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.49 (br. s, (CCH-CH=CH2)), 5.34 (s, (E-CH2-CH=CH-

CH2), 5.31 (s, (Z-CH2-CH=CH-CH2)), 4.90 (d, 3J = 6.2 Hz, (cis-CCH-CH=CH2)), 4.85 (m, 2J = 

3.9 Hz, (trans-CCH-CH=CH2)), 3.54 (m, 3J = 6.2 Hz ((C5H10)CH-))3.07 (br.s, (O(C=O)NHCH2 

/(NH(C=O)NHCH2 )), 2.28 (t, 3J = 7.2 Hz, (CH2CH(CH2)(CH=CH2)), 1.96 (s, 

(CH2CH(CH2)(CH=CH2)), 1.58-1.19 ((NHCH2CH2CH2)/ (NHCH2CH2CH2)/(Cy)), 1.35 (br.s, 

(NHCH2CH2CH2)) 

  

  

Figure D.8¦ CDCl3 
1H NMR of CHUMI modified PBD 
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D.7 1H NMR PhUMI modified PBD 

 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.43 (s, (NH)), 7.37 (d, 3J = 7.8 Hz, (ortho-Ph)), 7.07 (t, 

3J = 7.2 Hz, (meta-Ph)), 6.80 (t, 3J = 7.3 Hz, (para-Ph)), 5.50 (br.s, (CCH-CH=CH2)), 5.34 (s, (E-

CH2-CH=CH-CH2), 5.31 (s, (Z-CH2-CH=CH-CH2)), 4.91 (m, 3J = 6.7 Hz, (cis-CCH-

CH=CH2)), 4.84 (m, 2J = 3.8 Hz, (trans-CCH-CH=CH2)), 4.19 (s, (NH)), 4.10 (s, (NH)), (br.s, 

(O(C=O)NHCH2 /(NH(C=O)NHCH2)), 2.10 (s, (CH2CH(CH2)(CH=CH2)), 2.06 (s, 

(CH2CH(CH2)(CH=CH2))), 1.45 (m, 3J = 5.0 Hz, (NHCH2CH2CH2)), 1.30 (s, 

(NHCH2CH2CH2)) 

 

 

  

Figure D.9¦ CDCl3 
1H NMR of PhUMI modified 

PBD 
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D.8 1H-NMR CHUMI modified PTHF 

 

1H NMR (400 MHz, CDCl3): δ (ppm) =  4.10 (br.s, ((C=O)O-CH2-)), 3.66 (s, (C5H10CH-)), 3.43 

(s, (O-CH2-CH2-CH2-CH2-O)), 3.20 (s, (CH2-NH(C=O)O-)), 2.81 (s, (CH2-NH(C=O)NH-)), 

2.37 (t, 3J = 8.1 Hz, ((C=O)-O-CH2-CH2-CH2-CH2-O)), 1.62 (s, (O-CH2-CH2-CH2-CH2-O)), 

1.49 (s, (NH-CH2-CH2-)), 1.43 (m, 3J = 6.8 Hz, (-NH(CH2)2-CH2CH2-(CH2)2NH-)), 1.33 (m, 3J 

= 5.0 Hz, (-NH(CH2)2-CH2CH2-(CH2)2NH-)), 1.49-1.27 ((Cy)) 

  

Figure D.10¦ CDCl3 
1H NMR of CHUMI modified PTHF 
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D.9 1H NMR PhUMI modified PTHF 

 

1H NMR (400 MHz, CDCl3): δ (ppm) = 7.43 (s, (NH)), 7.37 (d, 3J = 7.9 Hz, (ortho-Ph)), 7.07 (t, 

3J = 7.4 Hz, (meta-Ph)), 6.80 (t, 3J = 7.3 Hz, (para-Ph)), 4.20 (t, 3J = 4.4 Hz, ((C=O)O-CH2-)), 

3.41 (s, (O-CH2CH2CH2CH2-O)), 3.16 (qu, 3J = 6.2 Hz, (CH2-NH(C=O)O-)), 3.09 (m, 3J = 4.5 

Hz, (CH2-NH(C=O)NH-)),  1.62 (s, (O-CH2CH2CH2CH2-O)), 1.48 (m, 3J = 4.6 Hz, (NH-CH2-

CH2-)), 1.33 (m, 3J = 5.8 Hz, (-NH(CH2)2-CH2CH2-(CH2)2NH-)) 

  
Figure D.11¦ CDCl3 

1H NMR of PhUMI modified 

PTHF 
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D.10 Inversion tests at different temperatures 

 

Inversion images of materials showing that modified liquid polymer acts as a solid at room 

temperature and a liquid when direct heating is applied. Inversions of 5 and 10 mol% ODUMI, 

CHUMI and PhUMI modified PBD. 

 

Figure D.12¦ (a) left – right, PBD, 5 mol% ODUMI PBD, 10 mol% ODUMI PBD (b) left – 

right,  inversions of PBD, 5 mol% ODUMI PBD, 10 mol% ODUMI PBD (c) left – right, heated 

inversions of PBD, 5 mol% ODUMI PBD, 10 mol% ODUMI PBD (d) left – right, 5 mol% 

PhUMI  PBD, 10 mol% PhUMI PBD (e) left – right, Inversions of 5 mol% PhUMI  PBD, 10 

mol% PhUMI PBD (f) left – right, heated inversions of 5 mol% PhUMI  PBD, 10 mol% 

PhUMI PBD (g) left – right, 5 mol% CHUMI  PBD, 10 mol% CHUMI PBD (h) left – right, 

inversions of 5 mol% CHUMI  PBD, 10 mol% CHUMI PBD (i) left – right, heated inversions 

of 5 mol% PhUMI  PBD, 10 mol% PhUMI PBD.  
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E Appendix – Crystallographic data of Compound 2.2 

 

Report generated by Olex2 

 

Crystal Data for C24H32N2O4 (M =412.51 g/mol): orthorhombic, space group Pbca (no. 61), a = 10.30032(17) Å, b = 9.71490(14) Å, 

c = 22.4083(4) Å, V = 2242.33(6) Å3, Z = 4, T = 150(2) K, μ(CuKα) = 0.667 mm-1, Dcalc = 1.222 g/cm3, 11757 reflections measured 

(7.89° ≤ 2Θ ≤ 169.064°), 2391 unique (Rint = 0.0542, Rsigma = 0.0257) which were used in all calculations. The final R1 was 0.0450 (I 

> 2σ(I)) and wR2 was 0.1341 (all data). 

 

 

Table E.1¦ Crystal data and structure refinement 

  

Empirical formula C24H32N2O4 

Formula weight 412.51 

Temperature/K 150(2) 

Crystal system orthorhombic 

Space group Pbca 

a/Å 10.30032(17) 

b/Å 9.71490(14) 

c/Å 22.4083(4) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2242.33(6) 

Z 4 

ρcalcg/cm3 1.222 

μ/mm‑1 0.667 

F(000) 888.0 

Crystal size/mm3 0.22 × 0.12 × 0.06 colourless block 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 7.89 to 169.064 

Index ranges -12 ≤ h ≤ 12, -12 ≤ k ≤ 8, -28 ≤ l ≤ 28 

Reflections collected 11757 

Independent reflections 2391 [Rint = 0.0542, Rsigma = 0.0257] 

Data/restraints/parameters 2391/0/139 

Goodness-of-fit on F2 1.088 

Final R indexes [I>=2σ (I)] R1 = 0.0450, wR2 = 0.1261 

Final R indexes [all data] R1 = 0.0503, wR2 = 0.1341 

Largest diff. peak/hole / e Å-3 0.21/-0.21 

 

 

Table E.2¦ Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) for sw1. 

Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C1 10015.4(14) 4330.6(14) 7020.1(6) 38.9(3) 

C2 11227.4(15) 4570.2(15) 7260.5(6) 44.3(4) 

C3 11834.7(16) 5829.7(16) 7179.4(7) 46.1(4) 
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C4 11197.9(15) 6850.1(15) 6861.9(6) 43.5(3) 

C5 9976.5(14) 6633.6(14) 6619.9(6) 38.1(3) 

C6 9382.3(13) 5357.6(13) 6694.6(5) 33.4(3) 

N7 8163.7(12) 5022.1(11) 6451.4(5) 35.4(3) 

C8 7214.9(13) 5908.7(13) 6290.6(6) 35.9(3) 

O8 7270.0(11) 7153.2(10) 6309.9(5) 50.4(3) 

O9 6169.3(10) 5203.9(9) 6107.3(5) 40.8(3) 

C10 5092.1(14) 6021.7(14) 5896.4(7) 43.5(4) 

C11 4001.0(14) 5046.7(14) 5752.1(7) 41.1(3) 

C12 2868.2(14) 5759.8(14) 5449.7(6) 39.9(3) 

C13 1729.5(14) 4795.2(14) 5342.2(6) 40.2(3) 

C14 565.8(14) 5488.2(14) 5053.2(6) 39.0(3) 

  

Table E.3¦ Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor exponent takes the 

form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C1 47.2(8) 25.5(6) 44.1(7) -0.1(5) 3.0(5) 3.3(5) 

C2 52.1(9) 35.5(7) 45.4(7) 2.5(6) -2.0(6) 8.6(6) 

C3 46.3(8) 45.3(8) 46.6(7) -0.5(6) -5.7(6) -0.4(7) 

C4 50.5(8) 34.2(7) 45.8(7) 0.6(6) -1.7(6) -8.2(6) 

C5 46.9(8) 26.1(6) 41.4(6) 1.0(5) -0.3(5) -1.2(5) 

C6 38.9(7) 25.1(6) 36.2(6) -3.0(4) 3.3(5) 2.4(5) 

N7 41.0(6) 18.0(5) 47.0(6) -1.6(4) -0.4(5) 0.8(4) 

C8 41.4(7) 22.6(6) 43.7(6) -1.4(5) 0.9(5) 0.5(5) 

O8 52.2(7) 19.0(5) 80.1(8) -2.1(4) -10.7(5) 2.1(4) 

O9 43.8(6) 22.9(4) 55.7(6) 0.5(4) -8.4(4) 0.9(4) 

C10 48.6(8) 26.3(7) 55.5(8) 2.1(6) -8.2(6) 5.0(6) 

C11 44.0(8) 28.6(6) 50.7(7) 3.9(5) -3.1(6) 0.5(6) 

C12 45.1(8) 28.5(6) 46.1(7) 3.9(5) -1.7(6) 3.5(6) 

C13 44.6(8) 28.8(7) 47.2(7) 3.6(5) -2.6(6) 2.9(6) 

C14 45.5(8) 29.0(6) 42.4(6) 2.2(5) -1.7(5) 4.4(6) 

  

Table E.4¦ Bond Lengths 

Atom Atom Length/Å  Atom Atom Length/Å 

C1 C2 1.379(2)  C8 O8 1.2111(17) 

C1 C6 1.3974(19)  C8 O9 1.3407(17) 

C2 C3 1.386(2)  O9 C10 1.4442(17) 

C3 C4 1.385(2)  C10 C11 1.505(2) 

C4 C5 1.386(2)  C11 C12 1.5167(19) 

C5 C6 1.3926(19)  C12 C13 1.520(2) 

C6 N7 1.4066(18)  C13 C14 1.5197(19) 

N7 C8 1.3516(18)  C14 C141 1.521(3) 

1-X,1-Y,1-Z 

  

Table E.5¦ Bond Angles 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C2 C1 C6 120.38(13)  O8 C8 N7 126.36(13) 

C1 C2 C3 120.41(14)  O8 C8 O9 123.94(13) 

C4 C3 C2 119.03(14)  O9 C8 N7 109.70(11) 
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C3 C4 C5 121.47(14)  C8 O9 C10 115.88(10) 

C4 C5 C6 119.15(13)  O9 C10 C11 107.33(11) 

C1 C6 N7 116.95(12)  C10 C11 C12 112.52(11) 

C5 C6 C1 119.55(13)  C11 C12 C13 112.51(11) 

C5 C6 N7 123.50(12)  C14 C13 C12 113.77(11) 

C8 N7 C6 126.93(11)  C13 C14 C141 113.26(14) 

1-X,1-Y,1-Z 

   

Table E.6¦ Torsion Angles 

A B C D Angle/˚  A B C D Angle/˚ 

C1 C2 C3 C4 1.0(2)  C6 N7 C8 O8 2.7(2) 

C1 C6 N7 C8 157.70(13)  C6 N7 C8 O9 -176.65(11) 

C2 C1 C6 C5 -0.8(2)  N7 C8 O9 C10 -177.44(11) 

C2 C1 C6 N7 178.46(12)  C8 O9 C10 C11 -176.39(11) 

C2 C3 C4 C5 -0.6(2)  O8 C8 O9 C10 3.2(2) 

C3 C4 C5 C6 -0.5(2)  O9 C10 C11 C12 -172.57(12) 

C4 C5 C6 C1 1.1(2)  C10 C11 C12 C13 -176.10(12) 

C4 C5 C6 N7 -178.01(12)  C11 C12 C13 C14 178.59(12) 

C5 C6 N7 C8 -23.1(2)  C12 C13 C14 C14 179.88(14) 

C6 C1 C2 C3 -0.3(2)       

1-X,1-Y,1-Z 

  

Table E.7¦ Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 

Atom x y z U(eq) 

H1 9609 3462 7076 47 

H2 11648 3868 7483 53 

H3 12675 5991 7339 55 

H4 11607 7718 6809 52 

H5 9550 7346 6406 46 

H10A 5347 6546 5536 52 

H10B 4817 6683 6208 52 

H11A 3694 4610 6125 49 

H11B 4332 4310 5487 49 

H12A 3162 6141 5063 48 

H12B 2577 6538 5702 48 

H13A 2021 4029 5083 48 

H13B 1456 4395 5729 48 

H14A 837 5889 4667 47 

H14B 271 6252 5312 47 

H7 7980(19) 4110(20) 6413(8) 58 
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F Appendix – Crystallographic data of Compound 2.3 

 

Report generated by Olex2 

 

Crystal Data for C24H44N2O4 (M =424.61 g/mol): monoclinic, space group P21/c (no. 14), a = 5.13426(19) Å, b = 6.5384(4) Å, 

c = 37.218(2) Å, β = 92.547(5)°, V = 1248.19(11) Å3, Z = 2, T = 295(1) K, μ(CuKα) = 0.601 mm-1, Dcalc = 1.130 g/cm3, 4466 

reflections measured (9.514° ≤ 2Θ ≤ 155.342°), 2592 unique (Rint = 0.0271, Rsigma = 0.0415) which were used in all calculations. 

The final R1 was 0.0754 (I > 2σ(I)) and wR2 was 0.2125 (all data). 

 

 

Table F.1¦ Crystal data and structure refinement. 

  

Empirical formula C24H44N2O4 

Formula weight 424.61 

Temperature/K 295(1) 

Crystal system monoclinic 

Space group P21/c 

a/Å 5.13426(19) 

b/Å 6.5384(4) 

c/Å 37.218(2) 

α/° 90 

β/° 92.547(5) 

γ/° 90 

Volume/Å3 1248.19(11) 

Z 2 

ρcalcg/cm3 1.130 

μ/mm‑ 1 0.601 

F(000) 468.0 

Crystal size/mm3 0.25 × 0.06 × 0.04 colourless block 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 9.514 to 155.342 

Index ranges -6 ≤ h ≤ 4, -7 ≤ k ≤ 8, -45 ≤ l ≤ 46 

Reflections collected 4466 

Independent reflections 2592 [Rint = 0.0271, Rsigma = 0.0415] 

Data/restraints/parameters 2592/0/139 

Goodness-of-fit on F2 1.134 

Final R indexes [I>=2σ (I)] R1 = 0.0754, wR2 = 0.1986 

Final R indexes [all data] R1 = 0.0953, wR2 = 0.2125 

Largest diff. peak/hole / e Å-3 0.26/-0.18 

 

  

Table F.2¦ Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103). Ueq is 

defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C1 8074(6) 1031(5) 6540.5(9) 62.0(8) 

C2 7974(7) -646(5) 6825.7(10) 74.0(9) 
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C3 8361(7) 213(6) 7200.2(10) 75.6(10) 

C4 6467(8) 1909(6) 7267.9(10) 77.5(10) 

C5 6570(8) 3578(5) 6985.4(9) 73.7(9) 

C6 6158(5) 2723(4) 6611.0(8) 50.7(6) 

N7 6291(4) 4318(4) 6338.8(7) 56.8(6) 

O8 1989(4) 5067(4) 6319.4(7) 77.1(8) 

C8 4195(5) 5397(4) 6233.3(8) 52.2(6) 

O9 4786(3) 6935(3) 6005.1(6) 58.5(5) 

C10 2606(5) 8198(5) 5892.5(9) 63.1(8) 

C11 3501(6) 9842(5) 5646.7(9) 61.1(7) 

C12 1230(6) 11190(5) 5517.5(9) 62.6(8) 

C13 1983(6) 12883(5) 5265.4(8) 60.5(8) 

C14 -352(6) 14164(5) 5130.0(8) 61.9(8) 

  

Table F.3¦ Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor exponent takes the form: 

-2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C1 64.6(17) 44.8(15) 76.9(19) 3.9(14) 6.3(14) 7.5(13) 

C2 76(2) 43.0(15) 103(3) 11.8(17) 8.7(18) 9.7(15) 

C3 65.7(18) 73(2) 87(2) 30.8(19) -8.9(16) -0.4(17) 

C4 94(3) 69(2) 69(2) 8.8(17) 5.2(18) -3(2) 

C5 99(3) 47.5(17) 76(2) 5.6(15) 14.2(18) 7.9(17) 

C6 35.0(11) 44.6(14) 72.5(17) 12.2(12) 0.8(10) -1.1(10) 

N7 38.3(11) 51.9(13) 80.2(16) 21.5(12) 3.1(10) 0.9(10) 

O8 37.7(10) 72.5(15) 121(2) 38.1(14) 7(1) 3.6(10) 

C8 41.1(13) 45.1(14) 70.3(17) 8.3(12) 1.4(11) 0.1(11) 

O9 44.7(9) 54.0(11) 76.7(13) 20.8(10) 2.7(8) 7.5(8) 

C10 47.7(14) 59.8(18) 82(2) 20.2(16) 3.0(13) 11.4(13) 

C11 54.4(15) 59.3(17) 68.9(18) 15.1(14) -3.0(13) 2.1(14) 

C12 55.2(15) 62.5(18) 70.0(18) 17.9(15) 1.6(13) 7.5(14) 

C13 51.4(14) 61.4(18) 68.4(18) 16.5(15) -1.5(12) 5.4(14) 

C14 52.6(15) 63.8(19) 68.8(18) 19.0(15) -1.7(12) 5.1(14) 

  

Table F.4¦ Bond Lengths. 

Atom Atom Length/Å   Atom Atom Length/Å 

C1 C2 1.528(4)  O8 C8 1.210(3) 

C1 C6 1.511(4)  C8 O9 1.360(3) 

C2 C3 1.508(5)  O9 C10 1.439(3) 

C3 C4 1.504(5)  C10 C11 1.496(4) 

C4 C5 1.518(5)  C11 C12 1.522(4) 

C5 C6 1.508(4)  C12 C13 1.512(4) 

C6 N7 1.458(3)  C13 C14 1.529(4) 

N7 C8 1.332(3)  C14 C141 1.514(6) 

1-X,3-Y,1-Z 

  

Table F.5¦ Bond Angles. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C6 C1 C2 111.3(3)  N7 C8 O9 112.1(2) 

C3 C2 C1 111.6(3)  O8 C8 N7 125.5(3) 
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C4 C3 C2 111.7(3)  O8 C8 O9 122.4(2) 

C3 C4 C5 111.8(3)  C8 O9 C10 114.5(2) 

C6 C5 C4 111.4(3)  O9 C10 C11 109.5(2) 

C5 C6 C1 111.5(2)  C10 C11 C12 110.9(2) 

N7 C6 C1 110.6(2)  C13 C12 C11 114.0(2) 

N7 C6 C5 111.6(2)  C12 C13 C14 112.8(2) 

C8 N7 C6 121.4(2)  C141 C14 C13 113.6(3) 

1-X,3-Y,1-Z 

  

  

Table F.6¦ Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103). 

Atom x y z U(eq) 

H1A 9822 1593 6540 74 

H1B 7672 445 6305 74 

H2A 6301 -1334 6804 89 

H2B 9322 -1649 6785 89 

H3A 8137 -871 7374 91 

H3B 10127 729 7233 91 

H4A 6868 2494 7503 93 

H4B 4716 1353 7268 93 

H5A 5235 4589 7028 88 

H5B 8251 4256 7006 88 

H6 4403 2133 6592 61 

H10A 1848 8810 6101 76 

H10B 1281 7370 5769 76 

H11A 4290 9223 5441 73 

H11B 4812 10674 5773 73 

H12A -82 10340 5396 75 

H12B 451 11795 5725 75 

H13A 2812 12288 5061 73 

H13B 3243 13770 5389 73 

H14A -1631 13268 5012 74 

H14B -1154 14782 5335 74 

H7 7820(80) 4840(60) 6283(10) 93 
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G Appendix – Crystallographic data of Compound 2.5 

 

 

 

Crystal Data for C20H26N4O2 (M =354.45 g/mol): monoclinic, space group C2/c (no. 15), a = 40.960(2) Å, b = 4.6498(2) Å, c = 

9.8567(7) Å, β = 102.337(6)°, V = 1833.90(19) Å3, Z = 4, T = 223(2) K, μ(CuKα) = 0.679 mm-1, Dcalc = 1.284 g/cm3, 6131 reflections 

measured (8.84° ≤ 2Θ ≤ 156.262°), 1925 unique (Rint = 0.0431, Rsigma = 0.0351) which were used in all calculations. The final R1 was 

0.0853 (I > 2σ(I)) and wR2 was 0.2738 (all data). 

 

 

Table G.1¦ Crystal data and structure refinement. 

  

Empirical formula C20H26N4O2 

Formula weight 354.45 

Temperature/K 223(2) 

Crystal system monoclinic 

Space group C2/c 

a/Å 40.960(2) 

b/Å 4.6498(2) 

c/Å 9.8567(7) 

α/° 90 

β/° 102.337(6) 

γ/° 90 

Volume/Å3 1833.90(19) 

Z 4 

ρcalcg/cm3 1.284 

μ/mm‑1 0.679 

F(000) 760.0 

Crystal size/mm3 0.4 × 0.3 × 0.01 colourless plate 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 8.84 to 156.262 

Index ranges -51 ≤ h ≤ 51, -5 ≤ k ≤ 3, -12 ≤ l ≤ 12 

Reflections collected 6131 

Independent reflections 1925 [Rint = 0.0431, Rsigma = 0.0351] 

Data/restraints/parameters 1925/0/119 

Goodness-of-fit on F2 1.194 

Final R indexes [I>=2σ (I)] R1 = 0.0853, wR2 = 0.2690 

Final R indexes [all data] R1 = 0.0922, wR2 = 0.2738 

Largest diff. peak/hole / e Å-3 0.42/-0.23 

 

  

Table G.2¦ Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103). Ueq is 

defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C1 3483.3(8) 3584(7) 4537(4) 38.3(8) 

C2 3217.4(10) 4779(8) 5009(4) 45.5(9) 

C3 2895.5(9) 3831(8) 4507(4) 47.1(9) 
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C4 2838.2(9) 1708(8) 3502(4) 46.6(9) 

C5 3100.4(9) 533(8) 3006(4) 43.0(9) 

C6 3425.2(8) 1472(7) 3522(3) 34.2(7) 

N7 3691.1(7) 200(6) 3025(3) 39.8(7) 

O8 3942.2(6) 4400(5) 2606(3) 41.4(7) 

C8 3929.0(8) 1747(7) 2559(3) 33.3(7) 

N9 4147.9(7) 167(6) 2033(3) 39.5(7) 

C10 4384.8(8) 1596(7) 1348(4) 41.8(9) 

C11 4614.9(8) -538(7) 857(4) 40.4(8) 

C12 4876.2(8) 1011(7) 226(4) 41.7(8) 

 

Table G.3¦ Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor exponent takes the form: 

-2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C1 38.7(16) 37.0(17) 40.7(17) -0.3(13) 12.1(13) 0.6(13) 

C2 55(2) 40.4(19) 45.8(19) -5.5(15) 21.2(16) 3.6(16) 

C3 44.9(18) 43.8(19) 61(2) 4.7(17) 29.5(17) 8.6(15) 

C4 34.9(16) 46(2) 62(2) 3.6(17) 16.9(15) -2.5(14) 

C5 43.0(18) 36.7(18) 53(2) -5.5(15) 18.1(15) -5.6(14) 

C6 37.6(16) 25.5(15) 44.1(18) 4.5(12) 18.9(13) 0.5(12) 

N7 41.1(15) 22.3(13) 62.8(19) -1.9(12) 26.0(13) -1.3(11) 

O8 45.0(13) 24.4(12) 61.0(16) -0.3(10) 25.4(11) 0.2(9) 

C8 33.6(15) 25.9(15) 42.3(17) -0.1(12) 12.4(13) 0.6(11) 

N9 39.8(15) 24.6(13) 60.2(19) -1.3(12) 24.2(13) -1.4(11) 

C10 38.1(16) 30.6(16) 63(2) 1.0(14) 23.6(16) -0.6(13) 

C11 35.2(16) 32.9(17) 57(2) -1.8(14) 20.0(15) 0.7(13) 

C12 38.2(17) 36.8(18) 55(2) -0.8(15) 20.5(15) -1.5(14) 

  

Table G.4¦ Bond Lengths. 

Atom Atom Length/Å   Atom Atom Length/Å 

C1 C2 1.388(5)   N7 C8 1.367(4) 

C1 C6 1.386(5)   O8 C8 1.235(4) 

C2 C3 1.378(6)   C8 N9 1.346(4) 

C3 C4 1.383(6)   N9 C10 1.456(4) 

C4 C5 1.384(5)   C10 C11 1.517(4) 

C5 C6 1.389(5)   C11 C12 1.528(4) 

C6 N7 1.416(4)   C12 C121 1.518(6) 

11-X,-Y,-Z 

  

Table G.5¦ Bond Angles. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C6 C1 C2 120.0(3)   C8 N7 C6 123.5(3) 

C3 C2 C1 120.7(4)   O8 C8 N7 122.8(3) 

C2 C3 C4 119.2(3)   O8 C8 N9 122.2(3) 

C3 C4 C5 120.6(3)   N9 C8 N7 115.0(3) 

C4 C5 C6 120.1(3)   C8 N9 C10 119.6(3) 

C1 C6 C5 119.4(3)   N9 C10 C11 111.7(3) 

C1 C6 N7 121.3(3)   C10 C11 C12 111.0(3) 

C5 C6 N7 119.3(3)   C121 C12 C11 113.4(4) 
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11-X,-Y,-Z 

  

  

Table G.6¦ Torsion Angles. 

A B C D Angle/˚   A B C D Angle/˚ 

C1 C2 C3 C4 -1.4(6)   C6 C1 C2 C3 1.9(6) 

C1 C6 N7 C8 -51.6(5)   C6 N7 C8 O8 4.2(5) 

C2 C1 C6 C5 -1.3(5)   C6 N7 C8 N9 -175.4(3) 

C2 C1 C6 N7 -179.6(3)   N7 C8 N9 C10 172.3(3) 

C2 C3 C4 C5 0.3(6)   O8 C8 N9 C10 -7.3(5) 

C3 C4 C5 C6 0.3(6)   C8 N9 C10 C11 178.7(3) 

C4 C5 C6 C1 0.2(5)   N9 C10 C11 C12 -176.3(3) 

C4 C5 C6 N7 178.6(3)   C10 C11 C12 C121 177.4(4) 

C5 C6 N7 C8 130.0(4)             

11-X,-Y,-Z 

  

Table G.7¦ Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103). 

Atom x y z U(eq) 

H1 3703 4206 4907 46 

H2 3257 6251 5677 55 

H3 2717 4619 4845 56 

H4 2619 1056 3153 56 

H5 3059 -903 2320 52 

H7 3704 -1668 3016 48 

H9 4148 -1699 2102 47 

H10A 4519 2958 1995 50 

H10B 4262 2688 550 50 

H11A 4483 -1820 162 48 

H11B 4728 -1715 1643 48 

H12A 4762 2124 -581 50 

H12B 4999 2368 910 50 
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H Appendix – Crystallographic data of Monomer PCAm 

 

Report generated by Olex2 

 

Crystal Data for C12H14N2O3 (M =234.25 g/mol): orthorhombic, space group Pbca (no. 61), a = 8.65730(10) Å, b = 

9.62290(10) Å, c = 27.9291(4) Å, V = 2326.73(5) Å3, Z = 8, T = 150(2) K, μ(CuKα) = 0.807 mm-1, Dcalc = 1.337 g/cm3, 12217 

reflections measured (6.33° ≤ 2Θ ≤ 146.726°), 2320 unique (Rint = 0.0446, Rsigma = 0.0295) which were used in all calculations. The 

final R1 was 0.0390 (I > 2σ(I)) and wR2 was 0.0997 (all data). 

 

Table H.1¦ Crystal data and structure refinement. 

  

Empirical formula C12H14N2O3 

Formula weight 234.25 

Temperature/K 150(2) 

Crystal system orthorhombic 

Space group Pbca 

a/Å 8.65730(10) 

b/Å 9.62290(10) 

c/Å 27.9291(4) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2326.73(5) 

Z 8 

ρcalcg/cm3 1.337 

μ/mm-1 0.807 

F(000) 992.0 

Crystal size/mm3 0.3 × 0.01 × 0.01 colourless block 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 6.33 to 146.726 

Index ranges -10 ≤ h ≤ 8, -11 ≤ k ≤ 11, -34 ≤ l ≤ 33 

Reflections collected 12217 

Independent reflections 2320 [Rint = 0.0446, Rsigma = 0.0295] 

Data/restraints/parameters 2320/0/154 

Goodness-of-fit on F2 1.046 

Final R indexes [I>=2σ (I)] R1 = 0.0390, wR2 = 0.0927 

Final R indexes [all data] R1 = 0.0512, wR2 = 0.0997 

Largest diff. peak/hole / e Å-3 0.17/-0.21 

 

 

 Table H.2¦ Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103). Ueq is 

defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
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Atom x y z U(eq) 

C1 4036.5(18) 8954.8(18) 6375.5(6) 35.3(4) 

C2 3219.5(16) 8083.9(16) 6117.3(5) 26.9(3) 

C3 2244.3(15) 8560.5(14) 5712.0(5) 21.8(3) 

O3 2032.4(12) 9799.8(10) 5615.3(4) 28.6(2) 

N4 1573.1(13) 7534.3(12) 5460.4(4) 22.9(3) 

C5 503.6(16) 7836.6(15) 5073.0(5) 25.2(3) 

C6 1263.5(16) 8370.9(14) 4624.3(5) 24.3(3) 

O7 1990.1(11) 7199.6(10) 4386.2(4) 23.2(2) 

C8 2870.1(15) 7534.8(14) 4004.4(5) 20.9(3) 

O8 3197.8(12) 8721.6(10) 3893.1(4) 29.7(3) 

N9 3323.4(13) 6362.8(12) 3777.0(4) 22.7(3) 

C10 4367.6(15) 6258.1(14) 3389.7(5) 21.1(3) 

C11 4833.4(16) 7377.2(15) 3108.0(5) 26.3(3) 

C12 5873.5(17) 7147.5(18) 2735.8(6) 31.6(3) 

C13 6457.0(18) 5840.8(18) 2641.1(6) 33.6(4) 

C14 5970.5(17) 4729.9(17) 2919.9(6) 31.6(3) 

C15 4929.6(16) 4934.4(15) 3288.1(5) 25.2(3) 

  

Table H.3¦ Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor exponent takes the 

form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C1 36.0(8) 37.4(9) 32.6(8) -0.7(7) -4.9(7) -2.1(7) 

C2 30.5(7) 23.5(7) 26.8(7) 1.0(6) 1.5(6) 2.7(5) 

C3 24.3(6) 17.4(7) 23.7(7) -0.5(5) 5.7(5) 1.1(5) 

O3 37.2(5) 15.8(5) 32.9(6) 0.1(4) -0.2(5) 0.6(4) 

N4 29.0(6) 14.3(5) 25.4(6) 0.5(4) 1.8(5) -0.2(4) 

C5 23.6(6) 23.8(7) 28.2(7) -2.8(6) 1.1(6) 1.4(5) 

C6 27.8(6) 20.2(7) 24.9(7) -2.3(6) -0.8(6) 6.1(5) 

O7 29.2(5) 16.1(5) 24.4(5) -1.8(4) 2.6(4) 2.4(4) 

C8 21.7(6) 16.8(7) 24.3(7) -0.1(5) -4.6(5) 1.3(5) 

O8 37.2(5) 14.4(5) 37.5(6) 0.6(4) 6.9(5) 1.9(4) 

N9 28.6(6) 14.5(5) 24.9(6) -1.0(4) 3.4(5) -0.9(4) 

C10 22.8(6) 20.7(6) 19.9(6) -1.9(5) -3.2(5) -0.8(5) 

C11 30.3(7) 21.8(7) 26.8(7) 1.5(6) -3.1(6) -2.1(5) 

C12 32.9(7) 36.7(8) 25.3(8) 6.4(7) -2.0(6) -7.9(6) 

C13 30.3(7) 45.6(9) 24.9(7) -3.5(7) 4.7(6) -1.9(7) 

C14 31.9(7) 31.8(8) 31.1(8) -7.0(7) 2.1(6) 4.2(6) 

C15 28.6(7) 20.7(7) 26.3(7) -0.9(6) -0.2(6) 1.2(5) 
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Table H.4¦ Bond Lengths. 

Atom Atom Length/Å  Atom Atom Length/Å 

C1 C2 1.313(2)  C8 N9 1.3525(17) 

C2 C3 1.485(2)  N9 C10 1.4132(18) 

C3 O3 1.2364(17)  C10 C11 1.393(2) 

C3 N4 1.3441(18)  C10 C15 1.3929(19) 

N4 C5 1.4534(18)  C11 C12 1.393(2) 

C5 C6 1.506(2)  C12 C13 1.381(2) 

C6 O7 1.4520(16)  C13 C14 1.388(2) 

O7 C8 1.3496(17)  C14 C15 1.381(2) 

C8 O8 1.2171(17)     

 

Table H.5¦ Bond Angles. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C1 C2 C3 121.87(15)  O8 C8 N9 126.51(13) 

O3 C3 C2 123.29(13)  C8 N9 C10 127.18(12) 

O3 C3 N4 122.03(13)  C11 C10 N9 124.21(13) 

N4 C3 C2 114.67(12)  C15 C10 N9 116.40(12) 

C3 N4 C5 121.16(12)  C15 C10 C11 119.38(13) 

N4 C5 C6 114.17(11)  C12 C11 C10 119.07(14) 

O7 C6 C5 107.78(11)  C13 C12 C11 121.60(14) 

C8 O7 C6 114.89(11)  C12 C13 C14 118.88(14) 

O7 C8 N9 109.60(11)  C15 C14 C13 120.39(15) 

O8 C8 O7 123.89(13)  C14 C15 C10 120.66(14) 

  

 

Table H.6¦ Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103). 

Atom x y z U(eq) 

H1A 4014.22 9920.5 6305.15 42 

H1B 4650.08 8619.51 6632.74 42 

H2 3253.18 7121.13 6191.79 32 

H4 1785.06 6664.01 5531.42 27 

H5A -252.21 8536.19 5185.56 30 

H5B -75.07 6979.17 4994.3 30 

H6A 483.79 8800.54 4411.42 29 

H6B 2047.41 9081.79 4705.63 29 

H9 2923.93 5578.76 3881.77 27 

H11 4447.03 8284.13 3168.96 32 

H12 6189.01 7908.43 2542.43 38 

H13 7179.16 5704.38 2389.32 40 

H14 6355.68 3823.57 2857.12 38 

H15 4593.8 4164.45 3473.77 30 
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I Appendix – Crystallographic data of Monomer CHCAm 

 

 

Report generated by Olex2 

 
Crystal Data for C12H20N2O3 (M =240.30 g/mol): monoclinic, space group P21 (no. 4), a = 11.3633(2) Å, b = 4.91316(8) Å, c = 

12.5610(3) Å, β = 109.500(2)°, V = 661.05(2) Å3, Z = 2, T = 150(2) K, μ(CuKα) = 0.711 mm-1, Dcalc = 1.207 g/cm3, 12570 

reflections measured (7.466° ≤ 2Θ ≤ 147.412°), 2524 unique (Rint = 0.0373, Rsigma = 0.0247) which were used in all calculations. The 

final R1 was 0.0709 (I > 2σ(I)) and wR2 was 0.1888 (all data). 

 

Table I.1¦ Crystal data and structure refinement. 

  

Empirical formula C12H20N2O3 

Formula weight 240.30 

Temperature/K 150(2) 

Crystal system monoclinic 

Space group P21 

a/Å 11.3633(2) 

b/Å 4.91316(8) 

c/Å 12.5610(3) 

α/° 90 

β/° 109.500(2) 

γ/° 90 

Volume/Å3 661.05(2) 

Z 2 

ρcalcg/cm3 1.207 

μ/mm-1 0.711 

F(000) 260.0 

Crystal size/mm3 0.3 × 0.04 × 0.01 colourless block 

Radiation CuKα (λ = 1.54184) 

2Θ range for data collection/° 7.466 to 147.412 

Index ranges -14 ≤ h ≤ 14, -5 ≤ k ≤ 6, -15 ≤ l ≤ 15 

Reflections collected 12570 

Independent reflections 2524 [Rint = 0.0373, Rsigma = 0.0247] 

Data/restraints/parameters 2524/157/263 

Goodness-of-fit on F2 1.042 

Final R indexes [I>=2σ (I)] R1 = 0.0709, wR2 = 0.1847 

Final R indexes [all data] R1 = 0.0727, wR2 = 0.1888 

Largest diff. peak/hole / e Å-3 0.69/-0.19 

Flack parameter -0.02(16) 

 
 

Table I.2¦ Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103). Ueq is 
defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

C1 3425(10) 7000(30) 9264(9) 52(3) 

C1A 3426(10) 8230(30) 9460(8) 65(2) 

C2 3814(12) 6770(30) 10541(10) 64(3) 

C2A 3622(14) 7990(30) 10730(8) 87(3) 
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C3 3008(13) 8610(30) 11009(9) 54(3) 

C3A 2404(18) 8510(30) 10962(9) 83(3) 

C4 1618(13) 8080(40) 10425(11) 64(3) 

C4A 1405(14) 6810(30) 10319(9) 82(3) 

C5 1239(10) 8290(30) 9141(9) 50(2) 

C5A 1160(10) 7020(30) 9054(7) 62(2) 

C6 2036(13) 6360(40) 8669(12) 45(2) 

C6A 2361(10) 6430(30) 8782(8) 50.9(19) 

N7 1698(13) 6710(30) 7463(10) 44(2) 

N7A 2116(9) 6830(20) 7574(7) 48.5(19) 

C8 1780(20) 4520(30) 6894(15) 52(4) 

O8A 1710(30) 2340(30) 7020(19) 54(3) 

C8A 1799(13) 4850(20) 6758(8) 39.4(19) 

O8 1990(40) 2280(40) 7040(30) 63(7) 

O9 1630(20) 5580(40) 5802(17) 52(4) 

O9A 1623(10) 5740(30) 5718(10) 39.2(19) 

C10 1330(20) 3800(40) 4805(17) 37(3) 

C10A 1350(20) 3380(40) 4941(11) 47(3) 

C11 1280(30) 4740(70) 3850(20) 43(4) 

C11A 1440(20) 5150(40) 3780(13) 39(3) 

N12 2620(3) 5745(7) 3839(2) 43.8(7) 

C13 3410(3) 3860(8) 3713(2) 41.8(7) 

O13 3164(3) 1459(6) 3597(2) 56.0(7) 

C14 4622(3) 5030(10) 3695(3) 50.5(9) 

C15 5453(4) 3553(13) 3454(4) 65.1(11) 

  

Table I.3¦ Anisotropic Displacement Parameters (Å2×103). The Anisotropic displacement factor exponent takes the 
form: -2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

C1 63(4) 46(7) 48(3) 1(4) 22(3) 6(4) 

C1A 90(4) 50(5) 48(3) 3(3) 12(2) -8(4) 

C2 79(4) 62(7) 47(3) -3(4) 19(3) 16(5) 

C2A 124(5) 81(9) 44(3) -1(3) 13(3) -7(5) 

C3 75(5) 45(5) 43(3) 1(4) 19(3) 7(4) 

C3A 144(7) 62(5) 44(3) 12(3) 32(3) 4(5) 

C4 75(4) 74(10) 46(3) -2(4) 25(3) 1(4) 

C4A 130(5) 77(7) 51(3) 6(4) 48(3) -1(5) 

C5 63(4) 44(6) 46(3) 0(4) 23(3) 4(4) 

C5A 89(3) 59(7) 48(3) 10(3) 36(2) 8(4) 

C6 66(4) 26(5) 48(3) 3(3) 24(3) 0(4) 

C6A 79(4) 35(4) 42(2) 2(2) 24(2) 1(3) 

N7 66(6) 21(3) 47(3) 0(2) 24(3) -3(4) 

N7A 73(5) 34(3) 43(2) 1.1(18) 25(2) -5(3) 
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C8 89(11) 21(3) 54(3) 0(2) 33(4) -1(3) 

O8A 82(7) 32(3) 53(4) 6(2) 29(4) -6(3) 

C8A 53(4) 31(3) 42(2) 3.4(17) 27(2) -2(2) 

O8 110(20) 22(3) 70(7) 5(3) 53(10) 5(5) 

O9 89(11) 21(4) 53(3) -2(2) 33(4) -2(4) 

O9A 46(4) 39(4) 42(2) 4.1(18) 26(2) 0(3) 

C10 46(6) 22(5) 53(4) -3(4) 29(4) -7(4) 

C10A 64(6) 43(5) 43(3) 1(3) 28(3) -5(4) 

C11 43(7) 42(8) 51(4) 0(4) 23(4) -16(5) 

C11A 39(5) 45(7) 40(2) 1(3) 20(3) -6(5) 

N12 54.2(14) 37.6(16) 41.7(12) -1.7(10) 18.8(10) 0.3(11) 

C13 52.7(15) 42(2) 32.8(13) -0.6(12) 16.3(11) 3.0(13) 

O13 71.2(15) 42.1(16) 60.1(14) -2.0(12) 29.4(12) 2.1(12) 

C14 54.3(17) 56(2) 43.9(16) 0.6(15) 20.0(13) 1.2(15) 

C15 54.6(19) 79(3) 68(2) 4(2) 29.0(18) 7(2) 

  

Table I.4¦ Bond Lengths. 

Atom Atom Length/Å   Atom Atom Length/Å 

C1 C2 1.518(13)  N7A C8A 1.371(14) 

C1 C6 1.536(15)  C8 O8 1.13(2) 

C1A C2A 1.539(12)  C8 O9 1.422(18) 

C1A C6A 1.510(13)  O8A C8A 1.292(19) 

C2 C3 1.538(17)  C8A O9A 1.327(11) 

C2A C3A 1.53(2)  O9 C10 1.47(3) 

C3 C4 1.526(18)  O9A C10A 1.48(2) 

C3A C4A 1.421(18)  C10 C11 1.27(4) 

C4 C5 1.528(15)  C10A C11A 1.73(3) 

C4A C5A 1.522(10)  C11 N12 1.61(3) 

C5 C6 1.558(17)  C11A N12 1.36(2) 

C5A C6A 1.542(13)  N12 C13 1.335(4) 

C6 N7 1.444(15)  C13 O13 1.210(5) 

C6A N7A 1.462(11)  C13 C14 1.499(5) 

N7 C8 1.31(2)  C14 C15 1.304(6) 

  

Table I.5¦ Bond Angles. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C2 C1 C6 112.9(9)  N7 C8 O9 102.7(14) 

C6A C1A C2A 110.6(8)  O8 C8 N7 139(2) 

C1 C2 C3 111.1(9)  O8 C8 O9 118(2) 

C3A C2A C1A 111.0(9)  O8A C8A N7A 120.7(13) 

C4 C3 C2 111.5(11)  O8A C8A O9A 124.4(15) 
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C4A C3A C2A 113.4(11)  O9A C8A N7A 114.8(10) 

C3 C4 C5 112.2(10)  C8 O9 C10 121.7(19) 

C3A C4A C5A 112.8(9)  C8A O9A C10A 108.8(13) 

C4 C5 C6 111.4(10)  C11 C10 O9 121(3) 

C4A C5A C6A 110.5(8)  O9A C10A C11A 95.9(15) 

C1 C6 C5 108.9(12)  C10 C11 N12 112(3) 

N7 C6 C1 110.9(10)  N12 C11A C10A 113.4(17) 

N7 C6 C5 110.0(11)  C13 N12 C11 117.7(13) 

C1A C6A C5A 111.5(11)  C13 N12 C11A 122.6(10) 

N7A C6A C1A 110.2(9)  N12 C13 C14 113.1(3) 

N7A C6A C5A 109.1(7)  O13 C13 N12 123.6(3) 

C8 N7 C6 115.5(14)  O13 C13 C14 123.3(3) 

C8A N7A C6A 126.3(10)  C15 C14 C13 122.0(4) 

  

Table I.6¦ Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103). 

Atom x y z U(eq) 

H1A 3933.41 5725.74 8987.9 62 

H1B 3599.07 8867.2 9062.63 62 

H1AA 3240.31 10140.69 9216.38 78 

H1AB 4199.95 7683.76 9319.6 78 

H2A 4701.93 7298.1 10881.15 76 

H2B 3728.3 4858.97 10751.93 76 

H2AA 3935.72 6147.4 10997.89 104 

H2AB 4257.83 9328.72 11151.91 104 

H3A 3225.03 8290.72 11830.42 65 

H3B 3191.1 10544.29 10899.42 65 

H3AA 2547.56 8204.25 11774.73 100 

H3AB 2159.42 10433.8 10791.11 100 

H4A 1130.23 9407.27 10698.96 76 

H4B 1413.96 6233.22 10630.06 76 

H4AA 637.86 7325.19 10477.61 98 

H4AB 1602.89 4898.75 10558.53 98 

H5A 1346.39 10188.73 8929.36 60 

H5B 345.14 7807.18 8797.61 60 

H5AA 856.89 8875 8789.59 75 

H5AB 502.78 5706.41 8650.04 75 

H6 1871.34 4431.75 8832 54 

H6A 2602.32 4484.11 8972.76 61 

H7 1452 8291.45 7131.78 52 

H7A 2176.5 8504.97 7349.17 58 

H10A 1951.73 2314.88 4990.46 45 

H10B 509.34 2960.43 4710.26 45 

H10C 510.53 2601.52 4817.9 57 
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H10D 1991.4 1932.71 5189.65 57 

H11A 685.06 6281.84 3650.51 52 

H11B 958.29 3304.91 3270.31 52 

H11C 1034.82 4052.92 3092.71 47 

H11D 958.24 6864.4 3707.55 47 

H12 2827.03 7478.51 3913.29 53 

H12A 2878.85 7441.04 3964.73 53 

H14 4789.44 6905 3863.14 61 

H15A 5299.29 1675 3283.96 78 

H15B 6211.95 4354.11 3449.34 78 

  

Table I.7¦ Atomic Occupancy. 

Atom Occupancy   Atom Occupancy   Atom Occupancy 

C1 0.421(16)  H1A 0.421(16)  H1B 0.421(16) 

C1A 0.579(16)  H1AA 0.579(16)  H1AB 0.579(16) 

C2 0.421(16)  H2A 0.421(16)  H2B 0.421(16) 

C2A 0.579(16)  H2AA 0.579(16)  H2AB 0.579(16) 

C3 0.421(16)  H3A 0.421(16)  H3B 0.421(16) 

C3A 0.579(16)  H3AA 0.579(16)  H3AB 0.579(16) 

C4 0.421(16)  H4A 0.421(16)  H4B 0.421(16) 

C4A 0.579(16)  H4AA 0.579(16)  H4AB 0.579(16) 

C5 0.421(16)  H5A 0.421(16)  H5B 0.421(16) 

C5A 0.579(16)  H5AA 0.579(16)  H5AB 0.579(16) 

C6 0.421(16)  H6 0.421(16)  C6A 0.579(16) 

H6A 0.579(16)  N7 0.421(16)  H7 0.421(16) 

N7A 0.579(16)  H7A 0.579(16)  C8 0.421(16) 

O8A 0.579(16)  C8A 0.579(16)  O8 0.421(16) 

O9 0.421(16)  O9A 0.579(16)  C10 0.421(16) 

H10A 0.421(16)  H10B 0.421(16)  C10A 0.579(16) 

H10C 0.579(16)  H10D 0.579(16)  C11 0.421(16) 

H11A 0.421(16)  H11B 0.421(16)  C11A 0.579(16) 

H11C 0.579(16)  H11D 0.579(16)  H12 0.421(16) 

H12A 0.579(16)       
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