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Abstract 

The purpose of this thesis was to investigate and characterise basic physicochemical characteristics of 

short-chain SFAs (Semi Fluorinated Alkanes) and various SFA – excipient mixtures, to provide a 

foundation for the future use and application of these interesting compounds. Excipients are inactive 

substance that improve the overall effectiveness of a formulation. Only a handful of studies have been 

carried out on short chain SFA molecules with a majority of the work from molecular models and 

simulations. Therefore this thesis aims to provide novel analytical studies of SFA solution behaviour. 

This study uses predominantly nuclear magnetic resonance chemical shift and integral data with 

respect to excipient concentration to provide ternary phase diagrams, solubility and molecular 

interaction insights to further understand interactions of SFA molecules with themselves and with 

other small molecules. The interest in SFAs stems from their inert, hydrophobic and surfactant-like 

properties. The surfactant properties of SFAs are of interest because they do not contain a hydrophilic 

segment. NMR chemical shifts have been used to explore the molecular environmental changes in 

SFA mixtures mainly with respect to various organic excipients/additives, including ethanol, 

propanol, tetradecane, perfluorooctane, caprylic/capric triglyceride, isopropyl myristate, isopropyl 

palmitate, ethyl acetate, diethylene glycol monoethyl ether, dimethyl isosorbide and propylene glycol 

laurates, as well as temperature. These organic compounds were chosen as they provide a varied 

amount of functional groups and are used regularly as excipients. NMR integrals were used to 

determine compositions in phase separated samples with and without the addition of water to provide 

liquid – liquid equilibrium data to be used in order to provide miscibility boundary conditions and 

extraction behaviour in the presence of water. The chemical shift data indicated SFAs F6H8 and 

F4H5 exhibit preferential interactions in hydrocarbon and perfluorocarbons mixtures. Pure F6H8 was 

investigated separately by determining the temperature dependence of NMR chemical shifts and 

coupling constants, which when complemented with molecular simulations, indicated preferential 

interactions between the like-segments of SFAs at lower temperatures. The degree of association was 

less when SFAs were mixed with compounds containing long hydrocarbon chains and polar 

segments, such as caprylic/capric triglyceride, isopropyl myristate, and isopropyl palmitate, when 

compared to completely non polar tetradecane and perfluorooctane. In mixtures with smaller polar 

molecules like ethyl acetate, the NMR chemical shift changes were seen to be proportional to the 

additive concentration, which indicated close to ideal mixing with little preferential interactions. 

Furthermore, chemical environments of hydrogen diblocks of F6H8 and F4H5 changed much less 

with addition of excipients when compared to the perfluorocarbon diblocks suggesting that the driving 

force of association in the mixtures are the perfluorocarbon SFA segments. Ternary phase diagrams 

and liquid-liquid extraction data was used to derive empirical relations, to determine the saturated 

threshold water content reachable before phase separation would occur for F6H8 or F4H5 mixtures 

with either ethanol or propanol. 



14 | P a g e  

 

Declaration 

No portion of the work referred to in the thesis has been submitted in support of an 

application for another degree or qualification of this or any other university or other institute 

of learning. 

 

Copyright 

I. The author of this thesis (including any appendices and/or schedules to this thesis) 

owns certain copyright or related rights in it (the “Copyright”) and he has given The 

University of Manchester certain rights to use such Copyright, including for 

administrative purposes. 

II. Copies of this thesis, either in full or in extracts and whether in hard or electronic 

copy, may be made only in accordance with the Copyright, Designs and Patents Act 

1988 (as amended) and regulations issued under it or, where appropriate, in 

accordance with licensing agreements which the University has from time to time. 

This page must form part of any such copies made. 

III. The ownership of certain Copyright, patents, designs, trademarks and other 

intellectual property (the “Intellectual Property”) and any reproductions of copyright 

works in the thesis, for example graphs and tables (“Reproductions”), which may be 

described in this thesis, may not be owned by the author and may be owned by third 

parties. Such Intellectual Property and Reproductions cannot and must not be made 

available for use without the prior written permission of the owner(s) of the relevant 

Intellectual Property and/or Reproductions. 

IV. Further information on the conditions under which disclosure, publication and 

commercialisation of this thesis, the Copyright and any Intellectual Property and/or 

Reproductions described in it may take place is available in the University IP Policy 

(see http://documents.manchester.ac.uk/DocuInfo.aspx?DocID=24420), in any 

relevant Thesis restriction declarations deposited in the University Library, The 

University Library’s regulations (see 

http://www.library.manchester.ac.uk/about/regulations/) and in The University’s 

policy on Presentation of Theses. 

 

http://documents.manchester.ac.uk/DocuInfo.aspx?DocID=24420
http://www.library.manchester.ac.uk/about/regulations/)


15 | P a g e  

 

Acknowledgments 

 

This thesis has come into reality due to the generous support of many individuals whom I 

would like to thank from the bottom of my heart.   

First and foremost I would like to thank my mother whom has supported me throughout my 

academic and personal life. Without her guidance and support I would not have achieved this 

PhD. I also would take this opportunity to thank my wife for supporting me during the 

difficult moments of this PhD, this support was invaluable and without it I would not have 

been able to complete this thesis. 

I would like to thank my academic supervisors Prof. Gordon Tiddy and Dr. Robin Curtis for 

the continued assistance and open door policies. During the course of this PhD, I have 

struggled with many new concepts to me. It is thanks to the dedication and commitment of 

Prof. Gordon Tiddy and Dr Robin Curtis that I always felt like I had the much needed support 

open to me at any time. Through the course of this PhD I have seen first-hand the 

appreciation and dedications they have for their respective fields. 

I would also like to thank Dr. Carlos Avendano, Molecular Dynamic Simulations are 

something completely new to me and without the continued support of Dr. Carlos Avendano 

this Chapter would have never come into fruition. The generosity, time and commitment Dr. 

Carlos Avendano has shown me this past year is extraordinary and greatly appreciated.  

This thesis would not have been completed without the support from Novaliq and my 

industrial liaison Dr. Salvatore Nicoletti. Dr. Salvatore Nicoletti has from the very beginning 

of this project shown an outstanding level of commitment and has taken a very proactive and 

hands approach. It was amazing to have an industrial supervisor take such an active role and 

was willing to make all the time possible to assist in any way.  

I would also like to thank the Chemistry walk up service NMR department and in particular 

Mr. Carlo Bawn, who was the individual who taught me the use of the NMR spectrometers 

and has always made himself to help with all problems. Without the continued support and 

willingness to help seen here I do not believe this thesis would have been possible, I am 

extremely appreciative.  

 



16 | P a g e  

 

1 Project Background 

1.1 Introduction 

Semi-fluorinated alkanes are diblock molecules with a perfluorocarbon and hydrocarbon 

segments. To gain a further understanding of the chemical and physical properties of these 

molecules, perfluorocarbon and hydrocarbon properties must be discussed. Perfluorocarbon 

liquids are inert and have a refractive index close to that of water, which is around 1.33 at 20 

oC. Perfluorocarbons are currently used for applications in various ocular surgeries. The 

relatively low viscosity of liquid perfluorocarbons allows for them to be used in tissue 

manipulation, injection and removal. Recent studies have shown that perfluorocarbons when 

applied to the eye can compress and disorganise the retina, as such perfluorocarbons are not 

tolerated in the anterior chamber and can cause corneal edema within 2 – 3 days at the site of 

contact. This physical effect depends on the amount used, but is undesirable. [1]  

Retinal detachment surgery involves using the perfluorocarbon liquid perfluorodecalin, which 

should be removed once the surgery is complete. Unfortunately, it is possible for the patient 

eyes to contain a residual amount of perfluorodecalin. A study on 348 patients that had 

undergone retinal detachment surgery reported 5 cases in which residual perfluorodecalin 

remained in contact with the cornea. Out of the 5 patients, 4 developed corneal edema with 1 

patient developing deep corneal vascularization outside of the area of perfluorodecalin. With 

perfluorocarbons being introduced into the ocular field in 1982, there is still much to learn 

about the long term effects. [2] 

The use of perfluorocarbons as drug carriers or in other areas of treatment is particularly 

difficult because the compounds are hydrophobic and do not mix with many organic 

compounds. Therefore semi-fluorinated alkanes are currently being studied as a potential 

blood substitute and as an ocular drug carrier, due to having many chemical property 

similarities with perfluorocarbons as well as being soluble in hydrocarbons. This study has 

been carried out to further the understanding of semi fluorinated alkane thermodynamic 

behaviour, molecular conformations, packing and interactions with water and other organic 

compounds or excipients. It is only fairly recently that the uses for semi fluorinated alkanes 

have been explored primarily due to interest arising from the ophthalmology industry. With 

the recent interest in semi fluorinated alkanes it is important to understand semi fluorinated 

alkane behaviour with other liquid organic compounds, because SFA formulations may use 

organic excipients to improve bioavailability and effectiveness of the overall formulation.  
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Semi fluorinated alkanes are diblock molecules containing a carbon backbone, with a 

hydrocarbon and perfluorocarbon segment, as shown in Figure 1.  Semi fluorinated alkanes 

(SFAs) can exist as linear or branched molecules. This study will predominantly focus on two 

linear alkanes, perfluorohexyloctane and perfluorobutylpentane. These two SFAs have been 

chosen due to collaboration between The University of Manchester and Novaliq GmbH. 

Novaliq is a German based pharmaceutical company.  Linear SFAs have a general formula 

F(CF2)n(CH2)mH, or FnHm for short. As such, perfluorohexyloctane and 

perfluorobutylpentane will be abbreviated to F6H8 and F4H5, respectively though the 

dissertation.  

 

 

Figure 1 – The chemical structure and formula of F6H8 [3] 

 

SFAs are physically and chemically inert, they are more lyophilic when compared to pure 

perfluorocarbons. SFAs form transparent liquids and have lower surface tensions as well as 

density than water. SFAs dissolve oxygen in relatively high amounts similarly to 

perfluorocarbons. It is because of these properties that SFAs are currently used in various 

ophthalmology surgeries, as a treatment to dry eye, and studied to be used as blood 

substitutes. It is also because of these favourable properties that SFAs are being considered as 

optical drug carriers. Optical drug carriers are median compounds used to carry active drugs 

through the eye in drug formulations. 

A number of techniques have been used, predominantly NMR to study the packing and 

conformations of SFAs present in pure F6H8/F4H5. NMR has also been used to determine 

SFA two phase compositions, solubility, detail on the preferential interactions and association 

behaviour of SFAs. 
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Chapter 1.3 presents a literature review covering SFA background including their structure, 

chemical and physical properties. The background also includes SFA packing and mixing 

behaviour with gases, water and organic compounds, along with a description of SFA uses 

and applications. Throughout this study, theories relating to molecular packing, liquid 

mixing, intermolecular bonding and solubility will be used to interpret the experimental 

findings. As such, Chapter 3 covers these topics in addition to the theory of NMR and Karl 

Fischer Titrations, which were used for measuring water composition in SFA-rich phases. In 

Chapter 4, a detailed description of the experimental techniques and materials used is 

provided. In Chapter 5, the initial NMR peak assignments are provided, which are required 

for interpreting the NMR measurements presented in following results chapters. In Chapter 4, 

the aggregation of SFAs in hydrocarbon and perfluorocarbon mixture is investigated through 

1H and 19F NMR. Chapter 5 presents studies of interactions for either F6H8 or F4H5 with 

other organic compounds obtained from solubility measurements and their temperature 

dependence. In Chapter 6, the effects of water on the solubility of ethanol or propanol in 

SFA-rich liquids is studied. Chapters 7 covers a study of SFA conformations using molecular 

simulation and NMR on pure F6H8 liquid. In conclusion this study will provide original SFA 

data to further the understanding of SFA interactions and behaviour.  
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1.2 Study Motivations  

In the medical field SFAs are currently being used in three different areas, for becoming 

potential components in artificial blood, drug delivery and as endotamponades in vitreoretinal 

surgery. Generally SFAs are considered nontoxic with relatively short half lives in organisms. 

In addition to this, although SFAs do not contain hydrophilic tails, they still show surfactant 

properties and have the ability to aggregate as well as form micelles. [3] The interesting 

chemical properties of SFA include having a relatively low surface tension, insolubility in 

water, the ability to dissolve silicone, overall inertness and having a relatively high gas 

solubility. [3] 

SFAs act as stabilisers in fluorocarbon water emulsions used as blood substitutes. In addition 

to this, they have the additional benefit of increasing the ability to dissolve relatively large 

amount of oxygen. As components in drug carriers they are mixed in with phospholipids’ 

liposomes. Liposomes are used often as drug carriers as they are spherical vesicles that can be 

used as vehicles for administration of nutrients and pharmaceutical drugs. When mixed with 

phospholipids in liposomes, it was found that the SFAs made liposomes less permeable and 

more resistant to phospholipases (an enzyme found in the body that breaks down 

phospholipids) resulting in better bioavailability. In ophthalmology SFAs are used as a part of 

the retina detachment in surgery as a tamponade. [4] 

As a result of the SFA properties and applications, SFAs are also being researched as possible 

components to be used in topical drug formulations. Apart from the advantageous properties 

mentioned previously, the surfactant behaviour caused by the opposing hydro/fluorocarbon 

segments are believed to improve the permeability though the various eye layers.  

Ocular drug delivery causes a major problem to pharmacologists when designing drug 

delivery systems to target specific areas of the eye, due to the complex and unique anatomy 

and physiology of the eye. The eye is composed of two different segments: anterior and 

posterior. The varied difference in the structure of each layer of the ocular tissue is the main 

reason for the significant difficulty associated with drug delivery. Each layer of the ocular 

tissue contains a barrier or obstacle to bypass regardless of the transport mechanism, topical, 

systemic or periocular. [5] 

Topical administration in most cases is carried out through the use of eye drops, and is used 

for treating the diseases located in the anterior segment of the eye. Topical administration is 

usually applied when the active site of interest is the cornea, conjunctiva, sclera, iris or ciliary 



20 | P a g e  

 

body. There are two main types of factors that negatively impact the bio availability of 

topically administered drugs, the first being pre-corneal and the other being anatomical 

barriers. The pre-corneal factors to be considered include solution drainage, tear film, tear 

turn over, blinking and lacrimation. [5] [6] 

The first pre-corneal factor of note is the tear film. The tear film, causes resistance due to its 

high turnover rate (the turnover rate is the rate of topical solution lost post application), where 

the tear film composition differs from one individual to another. In addition to the turnover 

rate, mucin is an enzyme that is present in the tear film and creates a mobile hydrophilic layer 

over the ocular surface in which debris and pathogens are removed. An eye drop over flows 

because its volume equal to approximately 30 µl - 50 µl is much greater than the tear volume, 

which is around 7 µl. It is estimated that when considering all pre-corneal factors, the contact 

time with absorptive membrane of the ocular surface is significantly reduced resulting in 

roughly 5% of the applied dosage to enter the intraocular tissue. [7] 

Bioavailability is also reduced further by the additional layers of the cornea, conjunctiva and 

sclera. The cornea is the anterior layer of the eye and its main function is to reduce the entry 

of exogenous species into the eye. The cornea is made up of three layers, the epithelium, 

stroma and endothelium. Each layer has its own polarity and structure, both of which 

determine drug permeation. The structure of the epithelium poses resistance for hydrophilic 

drugs due to its lipophilic nature. The stroma is hydrated and therefore poses resistance for 

lipophilic drugs and the endothelium is considered to have a similar structure to the stroma, 

with the added function to the keep the aqueous humour hydrated. Absorption through the 

cornea is considered to be the more efficient way to penetrate the ocular layer, as any 

absorption through the conjunctiva is said to be unproductive as a result of the presence of 

conjunctival blood capillaries and lymphatics, which causes any APIs to be lost into the 

blood stream. The rest of the ocular surface is covered by the sclera and penetration through 

the sclera is comparable to that through the stroma due to their similar structures. The main 

difference between the stroma and sclera is the sclera contains a negative charge decreases 

the penetration of any positively charge drug molecules. Below in Figure 2 the complete 

structure can be seen. [5] 
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Figure 2. A overall summary of the structure of the eye. [5] 

 

Ultimately the difficulties associated with transport across the pre cornea and the biological 

membranes result in very low bioavailability when applying topical drugs. Therefore the need 

for improved and new drug formulations is critical.  It is for this reason that this study is 

imperative to further understand and provide some insight into the SFA interactions, as SFAs 

may play a key role in providing more efficient topical drug formulations.  

In order to be able to use these compounds in formulations, one must first understand the 

interactions of SFA molecules with one another as well as with other small molecule 

excipients such as ethanol, propanol and water. Determining the solubility properties of these 

compounds is also extremely important as drug efficiency and in turn bioavailability is 

directly dependent on solubility. This study aims to provide this critical data through using 

NMR studies on pure SFAs and SFA mixtures. 

The importance of this work is also highlighted in the fact that very little analytical work has 

been completed with SFAs. The difficulties faced by the optometry drug delivery industry 

further emphasize the need and provide motivation of this study.  
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1.3 Literature review  

1.3.1 Introduction  

SFAs were first characterized in 1984 by Rabolt. [8] Although, literature on SFAs is not 

abundant, literature on SFA synthesis, structure, chemical and physical properties is available 

due to the recent interest in their growing applications. The packing and assembly of pure 

SFAs has been studied experimentally and through molecular simulations. There are also a 

handful of studies on SFA interactions with dissolved gases, due to the interest in using SFAs 

as blood substitutes. [9] All the previously mentioned areas of SFA research will be discussed 

in this literature review. 

There remains a gap in the analytical science within the literature of SFAs, this is a result of 

there being few studies carried out on SFAs with NMR, or other analytical techniques. The 

current research of SFAs focuses on the phase transition behaviour in solids or liquid crystals 

by DSC thermal analysis and Raman spectroscopy. [10] SFA/perfluorocarbon and 

SFA/hydrocarbon liquid mixtures have also been previously investigated through vapour 

pressure osmometery and light scattering [11]. There have been many significant discoveries 

that have resulted from studies on SFAs over the last years. In 1985 it was believed that only 

molecules with a rigid core, like biphenyl for example, could form liquid crystalline smectic 

phases. However Walter Mahler [12] showed SFAs were also able to form phases with 

smectic ordering. Furthermore it was also believed that surfactant molecules had to be 

amphiphilic containing a hydrophobic tail and hydrophilic head group. This was also proven 

to be incorrect by Turburg and Brady [13], who showed that F(CF2)8(CH2)12H and 

F(CF2)8(CH2)16H form reversed micelles in perfluorotributylamine and perfluorooctane. The 

studies into SFAs are scattered across a number of fields covering medicine, chemistry, 

biology, and pharmaceutical sciences. As such this study and literature review is significantly 

important for collecting the many studies of SFAs into one place, similar to the works of 

Krafft [14] and Broniatowski [9]. 
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1.3.2 SFA Background/Structure, Chemical and Physical Properties 

SFAs are diblock molecules containing two mutually immiscible moieties, in other words 

two compounds that would normally be insoluble in one another, the hydrocarbon segment 

and perfluorocarbon segment. Unlike most surfactant molecules, SFAs do not contain 

hydrophilic and hydrophobic segments. However SFAs can be classed as surfactants due to 

the different properties of the hydrogen segment and the perfluorocarbon segment, such as 

their size, polarizability and electronegativity. SFAs adsorb at the hydrocarbon – air and 

hydrocarbon – perfluorocarbon interfaces, but not at perfluorocarbon – air interfaces. [11] [9] 

A key difference between hydrogen and fluorine atoms is the atom radius. Fluorine atoms 

have a much greater atomic radius than hydrogen atoms. As a result the perfluorocarbon 

segment of SFAs has a much greater cross sectional area in comparison to the hydrogen 

segment. The cross sectional area of the hydrogen segment is 18.5Å2 while the 

perfluorocarbon segment has a cross sectional area of 28.3 Å2. [15] Furthermore, fluorine 

atoms are more electronegative, so that the SFA perfluorocarbon segment has a dense cloud 

of electrons surrounding the corresponding carbon backbone. There are weaker cohesive 

forces between the perfluorocarbon segments due to the lower polarizability of fluorine 

compared to hydrogen. This lower polarizability of fluorine atoms and size variation, which 

causes a mismatch in molecular packing behaviour, can potentially explain the low SFA 

surface tensions. [16]  

It is believed that the perfluorocarbon segments adopt an all trans helical conformation to 

maximize the distance between, and reduce the overlap of fluorine atoms, resulting in more 

stable energy levels. [14] The all trans helical structure of the perfluorocarbon segment in a 

SFA is very dependent on the number of fluorine atoms. The activation energy barrier to 

adopt a helical formation is relatively low and helical transitions occur rapidly at room 

temperature. The activation energy associated with this conformation is significantly less for 

F12H8 (∼66 kJ mol-1) than for F10H10 (∼135 kJ mol-1). [17] An increase in temperature 

induces a continued reduction in the thread (angle of rotation) of the helix, which at a critical 

temperature causes an all-trans formation. The activation barrier difference between 

trans/gauche conformations requires around 25% more enthalpy for perfluorocarbons versus 

hydrocarbons. For gaseous n-C4F10 the activation energy difference for the helical 

conformation transition, was 5.1 vs 4.0 kJ mol-1, while for n-C4H10 the difference was 3.0 vs 

2.2 kJ mol-1 for gauche vs trans conformations. [17] The hindered internal reorientation 

around the carbon backbone causes a reduced occurrence of gauche conformations in the 
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perfluorocarbon segment of SFAs. In turn, this causes the perfluorocarbon segment to 

maintain a more ordered crystalline packing. [14] 

Steric frustrations are caused by introducing two opposing moieties (hydrocarbon and 

perfluorocarbon) and connecting them through a covalent bond. Steric relates to the spatial 

arrangement of molecules and may even affect the reactiveness and conformational changes 

of compounds. In spite of the similarities the two segments on the SFA have with their 

corresponding parent molecules, there are three distinct differences between SFAs, 

perfluorocarbons and hydrocarbons. Firstly, the SFAs exhibit surfactant properties, while 

both hydrocarbons and perfluorocarbons do not. In addition, SFAs are amphisteric, as the two 

different segments of the molecule have different overall conformations and cross sectional 

areas. Furthermore, SFAs are amphidynamic, because the perfluorocarbon segment is very 

rigid, and has the ability to crystalize, while the hydrogen segment is flexible, and prone to 

kinks in the chain. As such, the packing, physical and chemical behaviour of SFAs are 

different from pure perfluorocarbons or pure hydrocarbons. These differences are shown 

through a cartoon diagram presented in Figure 3. [14] 

 

  

Figure 3 – a/a’) The amphisteric behaviour of these molecules with different crossectional 

areas throughout the molecule, b) Amphiphilc behaviour can be seen with the varied 

lipophobic difference in segments, c) Amphydynmic behaviour can be seen from the 

difference in conformation between segments. [14] 
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1.3.3 Bulk structure of SFAs  

1.3.3.1 Liquids  

Only a handful of studies focused on understanding the liquid behaviour of SFAs. Monte 

Carlo simulations using a united atom force field were used to investigate the liquid 

crystalline behaviour of F10H10. [18] At a transition temperature of 335K, this SFAs were 

found to, transition from a smectic phase to an isotropic phase. The two possible smectic 

phases found in the simulation, noted as LC1’ and LC2’, have different structures from the 

experimentally observed phases, labelled as LC1 and LC2, determined by the use of optical 

microscopy and x ray diffraction. In Figure 4 LC1, LC2, LC1’ and LC2’ are provided 

through a cartoon representation [18] [8]. LC1’ and LC1 were shown to have similar layer 

spacing but LC1 did not show the same anti parallel packing, while LC2’ differs from LC2 

due to the upstretched hydrocarbon chains observed in LC2’ versus LC2. The differences 

likely arise from inaccuracies in the force field used in the molecular simulations.  

 

 

Figure 4 – A visual representation of the LC1 and LC2 structures found in [8], compared to 

the simulated liquid crystalline structures LC1’ and LC2’ found by [18]. 
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1.3.3.2 Solids  

Solid phase conformation behaviour has been determined through Raman spectroscopy as a 

function of temperature for F12Hm with m values of 2, 4, 6, 8, 10 and 12. [10] The Raman 

spectra for F12H8 at 17oC has typical characteristics of hydrogenated and fluorinated 

compounds. Sharp peaks occur in the 200-800 cm-1 region and at 1215, 1296 and 1385 cm-1, 

which were attributed to the helical perfluorocarbon segment conformation. The width of the 

hydrocarbon segment peak suggested the SFA has a planar zig-zag conformation. 

Interestingly, increases in temperature caused very little change to the Raman spectra, 

suggesting that the SFA molecules remain extended before and after phase transitions. A 

small peak shift in the spectra indicated changes in the lattice packing, but not molecular 

conformations. The Raman data also suggested a difference in the intermolecular 

arrangement of the hydrogen segments of F12H8 and F12H16, which occurs when the 

hydrocarbon chain is longer than that of the perfluorocarbon chain in a given SFA. For 

instance, F12H16 is more tightly packed at room temperature than F12H8. It was found that 

the packing of the rigid perfluorocarbon segments is much more ordered than the 

hydrocarbon segments, which is why SFAs form crystals in their solid states. [10]  

Analysis of SAXS profiles indicated that SFAs with m values of 2, 4 and 6 yield two types of 

molecular packings. One structure corresponds to a parallel packing order, where 

hydrocarbon and perfluorocarbon segments are arranged next to one another. In the second 

structure, there is an antiparallel packing of SFA molecules that ensures maximum distance 

between hydrocarbon and perfluorocarbon segments. These structures are detailed further in 

Figure 5 and Figure 6. Both structures are formed when the hydrocarbon segment chain 

length is 6 or less. However, only an anti-parallel packing order will occur if the hydrocarbon 

chain length is between 8 and 14. The changes in packing for this SFAs are shown in Figure 

5 and Figure 6. [19] 

 



27 | P a g e  

 

 

Figure 5 – This model represents the molecular packing of F12Hm, where m is between 2 

and 6. The rectangular sections represent the perfluorocarbon segments while the straight 

lines represent the hydrocarbon segments. Structure A and B correspond to the parallel and 

antiparallel packing respectively. The packing on the right side of the figure shows the 

packing order after the transition temperature. The angle shown is the tilt angle and L is the 

experimental length found. 

 

 

Figure 6 - This model represents the molecular packing of F12Hm, where m is between 8 and 

14. The structures presented correspond to a bilayer formed by two monolayer crystals with 

different size packing. The structure seen on the right-side of the arrow occurs after the 

transition temperature. 
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1.3.4 SFA Interactions with water, gases and other organic compounds 

SFAs have been researched because of their surfactant properties. SFAs are more polar than 

hydrocarbons and perfluorocarbons due to the CH2 – CF2 bond. As such, SFAs are more 

soluble than hydrocarbons and perfluorocarbons in polar solvents. Furthermore, the overall 

molecular cohesive forces between SFAs molecules are weaker than their perfluorocarbon 

and hydrogen counter parts. This is a result of weaker interactions between opposing 

hydrocarbon and perfluorocarbon segments in SFAs. Ultimately, this results in an increased 

solubility of hydrocarbon and perfluorocarbon compounds, generally, when compared to 

standard hydrocarbon and perfluorocarbons. As a result of these differences, it is important to 

explore how SFA interactions with other compounds differ from those of pure hydrocarbons 

or pure perfluorocarbons. [9] 

The effect on surface tension was studied for F12Hm molecules with respect to the 

hydrocarbon chain lengths. The surface tension depression in dodecane solutions increased 

with the length of the hydrogen chain. . In contrast, increasing the perfluorocarbon chain 

length has no effect on surface tension. Micelles were found in solutions of F8H12 in 

perfluorotributylamine, with a critical micelle concentration (CMC) equal to 5.8%. The 

micelles have a hydrocarbon core and perfluorocarbon segment at the outer shell. [9] 

 

1.3.5 SFA Water and Gas interactions  

A simulation study was carried out to determine the solubility of oxygen, carbon dioxide and 

water in liquid SFAs, including F6H2, F8H2, F6H6, and perfluorooctylbromide. The 

simulations were carried out using the OPLS all-atom force field. The solubility of the 

various gases was determined as a function of temperature and compared to experimental 

data collected for perfluorooctylbromide. The simulations were able to reproduce the 

experimental solubility data. [20] The difference between the data was attributed to 

deficiencies of the intermolecular potential. It was also found that the solubility of water in 

F6H2 was greater than any of the other SFA solvents. This was attributed to a dipole effect 

which is expected to have a greater influence for smaller chain SFAs. 

The solubility of oxygen is very similar in all four solvents, and on the order of 4 × 10−3 by 

mole fraction. The solubility of carbon dioxide is one magnitude higher and equal to 2 ×

10−2 by mole fraction.  The solubility decreases with temperature slightly, but within the 

uncertainty of the simulation, no clear trend could be deduced from the data. Overall the gas 
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solubility is similar in each solvent, but is slightly less in F6H2. The solubility of water was 

also determined to be on the order of 3 ×  10−6  by mole fraction in all solvents, which is 

much less than any of the gas solubility values. Unfortunately, no experimental data exists for 

water solubility to verify the simulation findings. However, when compared to the water 

solubility data of F6H8, which was 50.5 ppm by mass (2.1 ×  10−6 by mole fraction) found 

through Karl Fischer titrations presented in chapter 8 of this thesis, the data do correlate. [21]  

 

1.3.6 SFA, Perfluorocarbon and Hydrocarbon Mixtures 

The behaviour of F8H16 and F12H16 dissolved in a perfluorooctane solvent was investigated 

using intrinsic viscosity measurements, light scattering and small-angle neutron-scattering. 

The study found F8H16 formed disk-shaped micelles with axial ratios less than 2. [22] The 

micelle containing a hydrocarbon core and a perfluorocarbon outer shell is stabilized through 

preferential interactions between the shell and the fluorinated solvent molecules. [22] 

The adsorption, aggregation and phase behaviour of SFAs was investigated in hydrocarbon or 

perfluorocarbon mixtures to compare surfactant properties of SFAs to commonly-used 

amphiphiles containing a polar plus nonpolar diblock structure in water/oil mixtures. [11] A 

miscibility study into different binary mixtures containing one liquid hydrocarbon and one 

perfluorocarbon showed that the transfer free energies for a CH2 group from hydrocarbon to 

perfluorocarbon phases and a CF2 from perfluorocarbon to hydrocarbon phases are equal to 

1.1 and 1.4 KJ mol-1, respectively. Various mixtures were studied with different hydrocarbon 

and perfluorocarbon lengths. These values are around one third the corresponding value for 

transferring a CH2 group from a hydrocarbon to water. Therefore, SFAs are only weakly 

amphiphilic when compared to standard water/oil surfactants due to the lower transfer free 

energies of the groups. The weak amphiphilic nature was supported by light scattering 

measurements, indicating SFAs form aggregates with 2 and 10 molecules in system with 

either perfluorocarbons or hydrocarbons. It was also found that SFAs adsorb to hydrocarbon 

– air interfaces and hydrocarbon – perfluorocarbon interfaces but not perfluorocarbon – air 

interfaces. [11] 
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1.3.7 SFAs and alcohols in mixtures   

The interactions between SFAs and alcohols have been assessed from studies on the phase 

behaviour of binary SFA - fatty alcohol systems. Surface pressure/area isotherms and 

Brewster angle microscope (BAM) imaging were used to study four different SFAs (F3H20, 

F4H20, F9H20 and F10H20) with either tetradecanol or docosanol. The extent of mixing was 

determined from the surface pressure and the compression modulus measurements versus the 

monolayer composition, complemented with BAM images. SFAs with a long 

perfluorocarbon segment mix to a larger extent with alcohols as compared to their analogues 

having a shorter perfluorocarbon segment. [23] 

The main reason for SFA miscibility in alcohols is likely due to Van der Waal forces between 

hydrocarbon segments of the alcohols and those of SFAs. The SFAs investigated in this study 

had the same hydrocarbon chain length, containing 20 hydrogenated carbon atom, but varied 

perfluorocarbon chain lengths. Interestingly, it was found that SFAs with longer 

perfluorocarbon segments mixed better with both alcohols than the shorter chain SFAs. As 

such increasing the length of either segment of the SFA leads to better mixing with alcohols. 

The results provided additional insight into SFA and alcohol interactions. Despite the limited 

number of chemical groups in the molecules, their mixtures do not lead to simple behaviour 

as mixing is not ideal. This non ideal behaviour may be a result of the polarity at segment or 

the size and geometric differences between the two segments. Overall, the interactions 

between SFAs and alcohols seem to depend on the number of OH groups, chain lengths of 

the SFA segments and the chain lengths of the alcohols. [24] 

 

1.3.8 SFA applications and uses in health care 

1.3.8.1 Oxygen carriers  

A number of studies have been carried out on injectable oxygen delivery systems. [25] The 

growing interest in artificial oxygen carriers, or blood substitutes, stems from the lack of 

being able to meet blood demands as a result of disease. There are a number of reasons for 

the demand including a growing/ageing population, blood from blood banks becomes rapidly 

ineffective over time compared to fresh blood, and the risk involved in blood transfusions and 

reluctance of some cultures and countries to accept blood transfusions. In the medical field, 

the aim is to develop “oxygen therapeutics” to allow for the hemodynamic instability as a 

result of surgery to stop the occurrence of organ ischemia (blood restriction to a given organ) 
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or even preventing gaseous microembolia that are seen in cardiopulmonary bypass surgery. 

SFAs and perfluorocarbons may have the potential to act as oxygen carriers in the future. Due 

to their virtual insolubility in water, perfluorocarbons formulated into emulsions with 

perfluorooctyl bromide as a surfactant are used due to the improved extraction rate, stability 

and O2 solubility. [25] Studies into the effectiveness of these emulsions showed that 

normovolemic aerobic prevention of multiple organ blocks from rats was improved when 

compared to the standard non oxygen carrying preservation solution. [26] Furthermore, 

emulsions were also investigated for the preservation of beta-cell lines and Langerhans islets 

from pig pancreas as a cure for type 1 diabetes. The emulsion resulted in longer improved 

preservation due to the O2 carrying capacity. It was also seen that in a vivo experimentation 

that improved tissue oxygenation occurred in a rabbit model of resuscitations from 

haemorrhagic shock. [27]  

Aqueous emulsions of F6H10 and F10H2 were found to be more stable than those with F –

decalin. Most of these studies focused on emulsions formed with F – octyl bromide although 

the slightly more lipophilic F8H2 is the prime candidate for forming emulsions for O2 

delivery. F6H8 has also been used for the storage and incubation of rat pancreases as results 

showed that F6H8 was far more superior to F – decalin at room temperature. [14] 

 

1.3.8.2 Ophthalmologic uses 

Perfluorocarbon gases such as F-ethane, F-propane and sulphur hexafluoride have become 

commonly used during vitreoretinal surgery procedures. The perfluorocarbon gases allow for 

intraoperative manipulation of retinal detachment and hold the retina in position. The 

problem with the use of perfluorocarbons is the long term damage that may be caused in the 

retina as a result of the low density of perfluorocarbon liquids, which makes the removal of 

them difficult after the procedure. Therefore SFAs are currently being considered as 

alternatives due to having lower densities than the corresponding perfluorocarbons. A study 

showed F6H8 was effective for the management of complicated retinal detachments, with no 

clear side effects. [28] Studies also showed F6H2 has a similar effectiveness as F6H8, but 

leads to the formation of emulsions with the eye fluids, as well as causing inflammatory 

reactions. [28] Semi fluorinated symmetrical diethers were also considered for use in retinal 

surgery due to their inertness, the high O2 solubility and their transparency. However, the 

diethers provided a low bioavailability, meaning that the proportion of the drug that reached 
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the intended area was low in comparison to the dosage. Liquid SFAs are also used as 

intraocular washes in order to dissolve and extract silicone oil tamponade. [14] 

 

1.3.8.3 Lung Surfactants 

Dipalmitoylphosphatidylcholine (DPPC) is currently used in the formulations of lung 

surfactants. Lung surfactants reduce the surface tensions within the lung and aid breathing. 

However, DPPC form rigid monolayers upon compression of the lung during expiration. 

These monolayers contain semi -crystalline domains, which oppose the phospholipids on the 

alveolar surface upon inspiration, and as such, DPPC is inadequate with the addition of 

components to assist with this problem. Fluorinated gases were found to produce a highly 

effective fluidizing effect on a Langmuir monolayer of DPPC and prevented the undesirable 

formation of the semi crystalline phase during compression. Among the compounds studied, 

the most was found to be F8H2. Figure 7 communicates the effectiveness of different 

fluorinated compounds to prevent the formation of semi crystalline domains. [29] 

 

Figure 7 – Ranking of fluorinated compounds according to the rate of suppression of the 

formation of semi crystalline domains. [30] 

 

1.3.8.4 Drug Delivery  

A number of fluorinated compounds have been investigated for drug delivery application. 

F8H2 was investigated for drug delivery through the pulmonary route by the use of metered-

dose inhalers. The advantage of using F8H2 was due to a positive spreading coefficient, 

facilitating dispersion over the surface of the pulmonary alveolar membrane. Currently, 

perfluorocarbon emulsions that are traceable by ultrasound and MRI are being investigated 

for drug delivery applications. The solubility of lipophilic drugs is increased by using SFAs 

versus using perfluorocarbons. [14] [31] 
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1.4  Theory of solution mixing and Nuclear Magnetic Resonance  

1.4.1 Solubility in Solutions  

Solubility is the concentration of a component in a liquid phase that is in equilibrium with the 

pure phase of that component, e.g. the solubility of helium in a heavy liquid is the 

concentration of helium in the liquid that is in equilibrium with pure gaseous helium. It is 

common to refer to solubility in terms of solvents and solutes. Solvents generally refer to the 

component that is in excess in the liquid. However, an exact distinction between which 

species is the solvent and which is the solvent does not exist. [32] 

Mixtures are said to be completely miscible when the solute can be added to the solvent in 

any proportion without observing phase separation. Partially miscible fluids correspond to 

mixtures in which the solute will no longer dissolve in the solvent above a threshold solute 

concentration, referred to as its solubility. The equilibrium that exists in a saturated solution 

is a dynamic one, where the rate of dissolution is equal to the rate of separation from solution. 

The state of equilibrium is dictated by the pressure and temperature of the system, as 

predicted by Le Chatelier’s Principle. [32] It is common to describe a species as being 

insoluble if the solubility of the solute is less than 1g in 1000g of solvent. [32] 

The mixing process for solution formation takes place at a molecular level when a solute is 

introduced into a solvent. When a solute is dissolved in a solvent, the molecules of the solute 

disperse uniformly through the solvent. In other words the solute molecules displace the 

solvent molecules. The solubility of the solute in the solvent is determined by three 

intermolecular interactions: 

1. Solvent – Solvent  

2. Solute – Solute  

3. Solvent – Solute  
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The process of solubilizing solute molecules can be thought of as combining three steps, as 

seen in Figure 8.  

o Separation of Solvent molecules 

o Separation of Solute molecules  

o Mixing of Solvent and Solute molecules  

Steps 1 and 2 are both endothermic reactions as they require an energy input to break the 

intermolecular bonds between the molecules. Step 3 is an exothermic reaction due to the 

energy release from the new bonds formed between solvent and solute. Hess’s law is used to 

calculate the total enthalpy of dissolution, which is the sum of enthalpy changes for steps 1, 2 

and 3 above. 

∆𝐻𝑠𝑜𝑙 = ∆𝐻1 + ∆𝐻2 + ∆𝐻3 

 

 

Where, ∆𝐻𝑠𝑜𝑙 is the enthalpy of solution, ∆𝐻1 is the enthalpy change associated with the 

separation of the solvent molecules, ∆𝐻2  is the enthalpy change associated with the 

separation of solute molecules, and ∆𝐻3 is the enthalpy change associated with mixing the 

solvent and solute molecules. [33] 

 

Figure 8 - Solution process steps. The process involves the separation of the solute molecules 

from one another and the separation of the solute molecules from one another. These steps 

are followed by the mixing of solvent and solute molecules. 
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If ∆𝐻𝑠𝑜𝑙 is negative, (i.e. enthalpy of solution is exothermic) then the solute is generally 

soluble in the solvent, which means the solute – solvent attraction is stronger than solute – 

solute and solvent – solvent attractions. If, however, ∆𝐻𝑠𝑜𝑙 is positive (endothermic), then the 

solute will be less soluble in the solvent, as the solvent – solvent attraction and solute – solute 

attraction are greater than solvent – solute ones. Thus, an exothermic enthalpy of solution 

usually corresponds to a highly soluble. [33] 

A number of soluble compounds that exhibit an endothermic enthalpy of mixing, which is 

due to level of disorder, referred to as the entropy of the system. Processes that increase 

entropy are favoured, therefore even with an endothermic enthalpy of solution, some solutes 

will be soluble. The overall process of solubility can be quantified by the Gibbs free energy. 

[33] [34] 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

Where, ∆𝐺 is the Gibbs free energy and ∆𝑆 is the entropy of solution. For any process to 

occur spontaneously (meaning that the process will take place in nature without any external 

influence), the change in Gibbs free energy must be less than zero (∆𝐺 < 0). Mixing occurs if 

the change in entropy is large enough to overcome an endothermic enthalpy of mixing. When 

solutes and solvents have similar chemical properties, solubility is favoured due to the 

increase in entropy that occurs upon mixing as the solute-solvent interactions are similar to 

the solute-solute and solvent-solvent interactions and ∆𝐻 is close to zero. Further, solubility 

is favoured if the solute is in a state, which is more ordered than when the solute is dissolved 

in the solvent. In both the cases the major factors in determining solubility are the entropic 

change upon mixing and the solvent and solute interactions. [33] 
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1.4.2 Factors affecting Solubility  

1.4.2.1 Temperature  

The effects of temperature on solubility depend on whether the mixing is endothermic or 

exothermic. The effects of temperature can be determined through the use of Le Chatelier’s 

principle.  [34] 

1. When, ∆𝐻𝑠𝑜𝑙 > 0, Le Chatelier’s principle predicts that increasing the temperature 

will shift the equilibrium to the products, i.e., the mixture. [34] 

2. When, ∆𝐻𝑠𝑜𝑙 < 0, increasing the temperature will cause the system to shift to the 

reactants, i.e., the pure components, and a decrease in solubility will occur. [34] 

When mixing components that both form pure liquids under the experimental conditions, 

there are no defined trends when considering the effects of temperature on the solubility of 

the system. 

Dissolving gaseous solutes in liquids is generally an exothermic process, as there are very 

few intermolecular interactions formed in the gas phase.  As such, Le Chatelier’s principle 

indicates gas solubility will decrease with increasing temperature.  This effect also relates to 

the mean kinetic energy of a molecular system, which is proportional to temperature. With 

increasing temperature, the dissolved gaseous molecules will gain enough kinetic energy to 

overcome the interaction energy in the liquid and escape to the gaseous phase. Overall, it is 

expected that with an increase in temperature for liquid solvent and gas solvent mixtures will 

decrease solubility [34] 

 

1.4.2.2 Pressure 

The effects of pressure on the solubility for liquid – solid and liquid – liquid mixtures is 

negligible. However, pressure has a direct effect on the solubility of the gas molecules in 

liquids. The effects of pressure on the solubility of gas molecules can be determined through 

the use of Henry’s law. Henry’s law states that at a constant temperature the solubility of the 

gaseous component relates to its partial pressure. [34] 

𝑝 = 𝑘ℎ𝑐 

where 𝑝 is the partial pressure of the gaseous component, 𝑘ℎ is Henry’s law constant and 𝑐 is 

the concentration of the gas in the liquid solvent. 
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According to Henry’s law at a constant temperature, the solubility of the solute decreases if 

the partial pressure (p) decreases. Consider a system consisting of a pure gas in equilibrium 

with a liquid. Increasing the pressure will increase the partial pressure of the gas, which in 

turn increases the concentration of gaseous molecules in the solution, and therefore less 

separation. [34] 

 

1.4.2.3 Intermolecular Bonding 

Intermolecular interactions determine the extent of liquid mixing. London dispersion forces 

exist between all molecules. These interactions occur due to the movement of electrons 

leading to temporary dipole moments. The attractive dispersion forces arise due to induced 

dipoles between adjacent molecules. Dispersion forces are important for liquids, as liquid 

molecules are closer in distance from each other when compared to gaseous molecules. The 

strength of London dispersion interactions depends on the size of the molecule, larger 

molecules are more polarizable because they contain more electrons and have a greater 

volume leading to larger instantaneous dipoles and stronger interaction forces. The strength 

of the interaction also depends on the molecular shapes. Molecules with a large surface area 

tend to have stronger dispersion forces due to the increased area for interaction. An example 

of this is the larger boiling point of n-pentane compared to neopentane. The molecules have 

the same number of carbon, and hydrogen atoms and molecular mass, but n-pentane has a 

greater surface area as shown by Figure 9. [35]. 
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Figure 9 – a) n – pentane has the same number of carbon and hydrogen atoms as b) neo-

pentane, due to the larger surface area, n – pentane can form stronger intermolecular bonds 

and hence has greater boiling points (pentane has a BP 36 oC while neopentane has a BP of 

9.5 oC). [36] [37] 

 

Some molecules have a permanent dipole, which arises due to a difference in 

electronegativity between the atoms in the molecule. These molecules form dipole – dipole 

interactions. Molecules with a dipole moment can yield dipole-induced dipole interactions 

with polarizable molecules. The strength of these interactions depends on the dipole moment, 

which is a function of the electronegativity of atoms in the molecule and the inter-atomic 

separation. [35] 

Hydrogen bonding is another type of intermolecular interactions, which is related to the 

dipole moment. Fluorine, oxygen and nitrogen are very electronegative atoms and lead to 

large dipole moments in molecules. When these atoms form a dipole interaction with 

hydrogen atoms, they are referred to a hydrogen bonds. Hydrogen bonds are one of the 

strongest forms of intermolecular bonds with interaction energies ranging between 4 – 50 

kJmol-1, while typical dipole interaction energies ranging from 5 - 20kJmol-1. [35] 

The hydrocarbon segment of SFA has a high polarizability, which leads to strong 

London/Vander Waal interaction. The fluorinated segment has a dense electron cloud, due to 

the size of the fluorine atoms. As a result of the high electronegativity of fluorine, the 

perfluorocarbon segment has a smaller polarizability than the hydrocarbon segment. Both 

segments will interact predominately through van der Waal forces. However, because of the 

polarizability differences between the two segments it is expected that the interactions 

between the hydrocarbon segments to be stronger. [35] 

a) b) 
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1.4.3 Properties of Hydrocarbons 

1.4.3.1 Introduction 

Hydrocarbons are organic molecules that contain only hydrogen and carbon atoms. Many 

hydrocarbons exist. The hydrocarbon segment of SFAs have the same structure as alkanes. 

To further understand the interactions of SFAs, an understanding of alkane physical and 

chemical properties, as well as alkane interactions, is reviewed. [38]  

Alkanes consist of single bonded carbon atoms bonded to either 2 or 3 surrounding 

hydrogens. The four bonds on each carbon take a tetrahedral shape regardless of the size for 

the corresponding alkane. All bond angles are approximately 109.5o. In Figure 10 is shown 

the molecular formulas, Lewis structure and ball/stick model for a few short chain alkanes. 

[38] 

 

 

 

Figure 10 – The Lewis, skeletal and stick/ball structure for short chain linear alkanes. [38] 

 

All alkanes apart from methane can exist in different conformations due to the arrangement 

of their atoms. The difference in arrangement depends on the dihedral bonds between the 

carbon atoms along the backbones. A conformation is a given arrangement caused by rotation 

about a single bond. In alkanes there are two possible conformations. A staggered and a 

eclipsed. The staggered conformation results in the maximum distances between all pairs of 

hydrogen atoms on opposing bonded carbon atoms. The eclipsed conformation corresponds 

to the minimal distance between pairs of hydrogen atoms on opposing bonded carbon atoms. 

See Figure 11 and Figure 12 for a visual explanation. [38] 
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Figure 11 – Visual representation for the potential staggered conformation in linear single 

bonded chains. 

 

 

Figure 12 – Visual representation for the potential eclipsed conformation in linear single 

bonded chains. 

 

Different conformations exist at different energy levels due to different amounts of induced 

strain to maintain a given conformation, this is also referred to as torsional strain. Torsional 

strain is the strain that arises between non bonded atoms separated by three bonds.  

 

1.4.3.2 Alkane Intermolecular Bonding  

Alkanes are non-polar because carbon and hydrogen atoms have very similar 

electronegativity. The Pauling scale suggests hydrogen has an electronegativity of 2.1 and 

carbon 2.5. As such alkanes, are non-polar and predominantly induced dipoles and Van der 

Waals attraction forces. These intermolecular forces are relatively weak when compared to 

other intermolecular forces such as, hydrogen bonding and permanent dipole – dipole 

interactions. [38] 
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1.4.3.3 Alkane Physical and Chemical Properties  

Boiling and melting points give insight into the attractive forces between molecules, as higher 

boiling and melting points indicate stronger interactions between molecules. An indication of 

the strength of intermolecular interactions is the boiling point of alkanes, which is lower than 

most other molecules of similar molecular weight. Ethane for example has a boiling point of -

89 °C while ethanol has a boiling point of 78.37 °C. The melting and boiling points of 

alkanes increase as the number of atoms in the molecule increase due to increasing the 

polarizability and molecular surface area, therefore strengthening van der Waal attraction 

forces. The melting point curve for molecules with an even numbers of carbon atoms occurs 

above the equivalent curve for molecules with an odd number of atoms. The higher melting 

point occurs due to more effective packing in the solid phase of molecules with even 

numbered carbon alkanes, which optimizes the van der Waal attraction forces. [38] 

 

1.4.3.4 Alkane Interactions  

Alkanes are fully miscible with most organic compounds. Most organic molecules have 

similar chemistries to alkanes and yield similar interactions, which are at the weaker end of 

the intermolecular interaction spectra and therefore can be broken to form new intermolecular 

bonds with alkanes when mixing.  

Water molecules form strong hydrogen bonds, which require large amounts of energy to 

break when compared to other intermolecular interactions. As alkanes do not have the ability 

to make intermolecular bonds of similar strength, alkanes are for the most part insoluble in 

water.   
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1.4.4 Properties of Perfluorocarbons  

1.4.4.1 Introduction 

Perfluorocarbons are molecules that only contain fluorine and carbon atoms. 

Perfluorocarbons are considered to be a linear carbon chain saturated with fluorine atoms, as 

shown in Figure 13. [39] 

 

 

Figure 13 – Chemical structures of a few basic perfluorocarbons [39] 

 

Replacing the hydrogen atoms in alkanes with fluorine causes significant changes in 

thermodynamic behaviour. Hydrogen has 1 electron, while fluorine contains 9 electrons. As 

such, fluorine has a much denser electron cloud surrounding the nucleus compared to 

hydrogen. Furthermore fluorine has a higher ionization potential, electron affinity and 

electronegativity than hydrogen. These differences cause different structures for 

perfluoroalkyl chains compared against alkyl chains. Figure 14 shows a comparison of 

hydrogen and fluorine properties, while Figure 15 shows a comparison of their structures. 

[39] 
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Figure 14 – A comparison between hydrogen and flourine atom, where IP is the ionasation 

potential, EA is the electron affintiy, ꭓ is the electronegativity and α is the polarizability. [39] 

 

 

Figure 15 – The three dimensionl structures of perflurocarbon and hydrocabon chains in 

linear hydrocarbon and perfluorocarbons. [39] 

 

Perfluoroalkyl chains adopt an all trans’ helical arrangement in order to prevent any steric 

overlap or strain on the carbon backbone that arises due to the large size of fluorine atoms. 

The activation energy barrier in order to form this conformation for a perfluoroalkyl chain is 

4.6 kJ mol-1 while for an alkyl chain, the value is 2 kJ mol-1.  

Perfluorocarbon are chemically inert, predominately due to the C – F bond. Carbon and 

fluorine form the strongest covalent bond in molecular compounds after F – H bonds. The 

energy for the C – F bond in C2F6 is 530 KJ mol -1 while that for the C – H bond in CH4 is 

equal to 439 KJ mol-1. In addition due to the high electronegativity of fluorine the C – C 
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bonds are shorter and the carbon orbitals are reduced in size, which causes an increase in the 

C – C bond energy and thus strengthens the carbon backbone chain.  

Perfluorocarbons are hydrophobic yet do not mix with lipids. Perfluorocarbons are more 

hydrophobic than alkanes and many other hydrocarbons. The high hydrophobic behaviour is 

mainly a result of the low polarizability and shielding effect of the fluorine atoms. In Figure 

16 is shown a surface tension scale to provide a quantification for the hydrophobic nature of 

perfluorocarbons. Perfluorocarbons also exhibit very non ideal mixing with alkanes. [39] 

 

 

Figure 16 – The positions of perfluocarbon and hydrocarbon relative to water with respect to 

surface tension. [39] 

 

Perfluorocarbons have a high solubilizing capacity for gases. The Van der Waal forces 

between perfluorocarbons are weak due to the low polarizability of fluorine. Less energy is 

required to break the intermolecular interactions between perfluorocarbons when dissolving 

gases allowing for a large solubility capacity and free space for gasses caused by the 

inefficient packing of SFA molecules. In Table 1 is shown a comparison for the chemical and 

physical properties difference of alkanes and perfluorocarbons. [39] 
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Table 1 – A comparison between avarage alkane and perfluorocarbon properties. Butane and 

Perflurobutane values have been used to provide a quanitieable comparison 

Property 
Alkanes 

(Butane) 

Perfluorocarbons 

(Perfluorobutane) 

Intermolecular 

Interactions 
Van der Waal Van der Waal 

Solubility with water Insoluble Insoluble 

Solubility with oil and 

Lipids 

Very soluble 

in ethanol, ethyl 

ether, chloroform 

Soluble 

in benzene, chloroform 

Boiling points 
Higher 

-0.50 oC 

Lower 

-2.1 oC 

Melting points 
Lower 

-138.3 oC 

Higher 

-129 oC 

Density 
Lower 

0.573 g/cu cm at 25 oC 

Higher 

1.6484 g/cu cm at 25 oC 

Surface Tension 
Higher 

14.7 dynes/cm at 0 oC 

Lower 

No data available 

 

1.4.5 Aggregation and Micelle formation  

Surfactant molecules adsorb at interfaces formed between two liquid phases or between a 

vapour and liquid. The behaviour and environment of molecules at the interface is different 

from that at the bulk phase. The surface free energy is defined in terms of a surface tension, 

which is the minimum amount of work to create a unit of area of the interface. When at low 

concentrations, surfactants adsorb to interfaces and reduce the surface tension which can be 

described using the Gibbs adsorption isotherm.   

Above a threshold surfactant concentration, referred to as the critical micelle concentration 

(CMC), surfactants start to form aggregates known as micelles. [40] At the CMC the bulk 

molecules start to aggregate in order to minimize the free energy, this differs depending on 

temperature, presence of a surface, size and shape of the molecules. Above the CMC the 

system will contain an adsorbed free monolayer at the surface if a surface is present, and 

aggregated micelles in the bulk phase. Molecules at monolayer and in the micelle bulk phase 

will exist in an equilibrium state with monomers in solution exchanging between the surface 

and bulk. [41] 

https://pubchem.ncbi.nlm.nih.gov/compound/ethanol
https://pubchem.ncbi.nlm.nih.gov/compound/ethyl%20ether
https://pubchem.ncbi.nlm.nih.gov/compound/ethyl%20ether
https://pubchem.ncbi.nlm.nih.gov/compound/chloroform
https://pubchem.ncbi.nlm.nih.gov/compound/benzene
https://pubchem.ncbi.nlm.nih.gov/compound/chloroform
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1.4.5.1  Molecular packing and crystalline structures 

As surfactant concentrations increase, the concentration of micelles increase, however most 

micelles have a maximum aggregation number depicting the maximum number of molecules 

in a given micelle. As the micelle concentration increases, they being to interact with each 

other leading to formation of liquid crystalline structures. Typically interactions between 

micelles become significant when the volume fraction of surfactant in the solution passes 

around 40%. The surfaces of micelle repel each other, which leads to a large increase in free 

energy with increasing surfactant concentration when the micelles are packed closer together. 

At a critical volume fraction, the micelles undergo a change in shape and size to minimize the 

free energy. These newly formed phases are known as mesophases or lyotropic liquid 

crystals. [41]  

 

Hexagonal Phase 

Hexagonal phases are made up with closly packed arraies of long 

cylindrical micelles.  

 

 

Inverse Hexagonal Phase 

Inverted hexagonal phases when the hydrophobic head is located 

internally. These structure tend to pack more closly then the privous 

hexagonal phase structures. 

 

Lamellar Phase 

Lamellar phases are made up bi layers, with only the like segments 

conecting. These can either be stiff or flexible dipending on the 

system. 

 

Cubic Phase 

These cubic phases, consiste of micelles that are short and simlply 

arranged in a cubic form, closely packed.  

 

Bicontinuous Cubic Phase 

Bicontinuour cubic phases are connected unlike cubic phases. They 

are also more porous. The formation of these occur in bilayer 

miclles or rod like miclles.  

Figure 17 – Outlines the various common liquid crystalline structures discussed in literature. 

[42] 
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1.4.6 Nuclear magnetic resonance 

NMR spectra are produced by placing a sample in a magnetic field and subjecting it to 

radiofrequency radiation. The frequency at which nuclei can absorb the radiation is 

dependent on 

1. The type of nuclei (e.g., 1H, 13C or 19F) 

2. The Chemical Environment of the nuclei 

3. The spatial location in the magnetic field (the effect of the magnetic field on a given 

nuclei may be different in different areas of the field)  

Nuclei with an odd number of protons and/or neutrons will have a local magnetic field and 

therefore a spin. Any moving charge produces a magnetic field and acts as a tiny magnet as 

depicted in Figure 18. [43] [44] [45] 

 

Figure 18.  Spinning nuclei acting similar to a bar magnet by producing a magnetic field. [43] 
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The nuclei is then acted upon by a magnetic field, which causes the nuclei to change energy 

level and is referred to as a resonance state. This process has been outlined below. [43] [44] 

[45] 

1. The nuclei are put into a strong magnetic field. 

2. The nuclei will change their orientation (energy state) to have the same direction as 

the applied magnetic field. The degree at which nuclei will be affected by the NMR 

spectrometer’s magnetic field is dependent on the nuclei electron environment. Some 

nuclei are shielded from the magnetic field by surrounding electrons. 

3. Nuclei are brought to resonance once the magnetic field is applied and nuclei have 

oriented themselves into the lowest energy level dependent on their electron 

environment. Nuclei are given a set time to reach this state, which set by the 

spectrometer.  

4. The radiofrequency radiation energy required to put a nuclei into resonance is 

recorded and produced as the NMR data. 

The energy (delta E) required by the nuclei to change orientation from the alpha state (caused 

by the magnetic field) to the beta state (resonance state) [46] is given below. [43] 

∆𝐸 =
𝛾ℎ𝐵𝑜

2𝜋
 

where ∆𝐸 is the energy difference between the nuclei orientations, h is Planck’s constant 

(6.63 x 10-27erg sec), 𝐵𝑜 is the strength of the magnetic field and 𝛾 is the gyromagnetic ratio 

constant. 

The Bohr condition (∆𝐸 =  ℎ𝑣) allows frequency 𝑣𝑜to be written as  

𝑣𝑜 =
𝛾𝐵𝑜

2𝜋
 

Most results and energies are in Hz, however chmits express the chemical in ppm (parts per 

million by moles) with respect to the frequency of the relevant NMR reference and 

spectrometer being used. This allows chemists to compare spectra regardless of the spectra 

used. [43] 

Chemical Shift 𝛿, =
Frequency of Signal 

Spectrometer Frquency 
× 106 
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The chemical shift is the position of a signal in a spectrum and is an indication of the amount 

of energy needed to put nuclei in resonance. The chemical shifts produced are always with 

respect to a reference, in most cases this is either the solvent used or TMS. NMR signals can 

be split into two or more lines closely spaced relative to each other due to spin – spin 

coupling. Spin – spin coupling occurs when the magnetic field of nuclei are affected by that 

of neighbouring nuclei. An example of a proton NMR spectrum is shown in Figure 19.  

 

 

Figure 19. This is an example H – NMR Spectrum of 2-methoxybutane. Each line, or peak, is 

a signal received from a hydrogen atom with a different chemical shift. The chemical shift 

values are determined by the amount of energy required to put the hydrogen atoms into 

resonance. The splitting pattern of each peak indicates the amount of neighbouring electrons 

that are coupled and are causing signals. The coloured dots refer to the peak assignment of 2-

methoxybutane. [46] 

 

NMR is a widely used analytical chemistry technique to, e.g., determine the purity of 

compounds or their chemical structure. NMR signals, or peak intensities, are directly 

proportional to the number of nuclei that produce the signal formation. This is very useful, as 

it means that peaks can be used to determine the relative number of nuclei causing the signal 

with respect to the other peak signals. When dividing the areas of all peaks by the area of the 

peak of smallest intensity, it is possible to get a clear ratio from peak to peak. The integration 

of NMR spectra to determine relative abundances of nuclei is very accurate, but requires 

optimisation with regards to instrumental considerations such as saturation effects, signal to 

noise ratio, line shape, digital resolution, base line determinations and many more factors. 

This attribute of NMR has been used in this project to determine relative concentrations of 
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different components in SFA/Water/Ethanol mixtures. This was done by comparing the 

intensities or peak areas of given peaks of specific chemical segments for the different 

components. [47] 

 

 

Figure 20 – An example of a 1H NMR spectrum of ethanol to show how peak area is 

proportional to the number of spinning nulci. [48] 

 

As mentioned previously, nuclei in different environments result in signals of different 

frequencies. This is mainly due to shielding from the magnetic field caused by electrons 

around the nuclei and other molecular interactions. The name given to this effect is chemical 

shift, and is used to refer to the location of the NMR signal on the spectra. Most proton 

chemical shift values fall within the 0 – 10 ppm range. A higher chemical shift is a result of 

less shielded nuclei, while lower chemical shifts correspond to more shielded nuclei. When 

comparing chemical shift values, it is common to compare peaks to one another. For 

example, peak A is down field relative to peak B. Down field is used to refer to peaks of 

higher ppm values while up field refers to lower ppm value peaks. Looking at Figure 21, it is 

seen how various chemical environments result in different chemical shift values. [49] [50] 
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Figure 21 – Downfield protons are less shielded from the maganic fields while upfield are 

more shielded. Shielding refers to the amount of surronding electrons. [49] 

 

NMR spectra also contain information that can be used to determine the conformation of a 

given nuclei with respect to another nuclei. This can be done using coupling constants, which 

are a measure of the interactions between a pair of nuclei. The interaction between two nuclei 

is greater as the distance between the two nuclei decreases. The distance between two nuclei 

is predominately a direct result of the dihedral angle between them, which determines the 

conformation between two nuclei. Figure 22 provides a 1H NMR spectra example, outlining 

the determination of the coupling constant between CH3 and CH of CH3CH2Cl. This value 

can then be used in the Karplus and Bothner-By curves given in Figure 23 to determine the 

dihedral angle between two interacting proton nuclei. The coupling constants from 19F NMR 

and 1H NMR, can also be used to determine dihedral angles through the use of pre-

determined ranges.     
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Figure 22 – An example spectrum, from this it can be seen that the CH3 peak is split and is 

not a singlet. This is a result of interaction with the hydrogen nuclei win the CH group. [51] 

 

 

 

Figure 23 – The Karplus curve, or Bothner-By curve provides a coupling constant as a 

function of dihedral angle. As such, it is possible to determine the dihedral angle using NMR. 

[52] 

The distance between each green peak is 

the coupling constant J, resulting from the 

interactions of CH3. There are 3 hydrogen 

nuclei as such the peak is split into three 

peaks. This is why the blue peak is only 

split into two peaks, it is next to a CH2. 
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1.4.7 2D NMR 

In a 2D NMR experiment, signals are plotted as functions against two frequencies (F1 and 

F2). 2D NMR spectra are usually represented using a contour plot. The intensity of the plot is 

represented by the contour lines taken at different height intervals, which appears similar to a 

topographical map. Peaks are plotted against F1 and F2, where the spectra is arranged such 

that F2 (horizontal axis) corresponds to the conventional 1D NMR frequency of the given 

peak. It is very common to plot a 1D NMR spectra alongside a 2D NMR spectrum.  In a 2D 

NMR experiment, the energy and the electromagnetic frequency required to put a nuclei in 

resonance as well as the interactions between coupled nuclei are measured. The first part of 

the 2D NMR process is called the preparation time, during which the sample is excited by 

one or more r.f. pulses. The next stage is called the evolution period, corresponding to a fixed 

time period, where the sample nuclei are allowed to freely spin and interact with coupled 

nuclei. The next stage is called the mixing period, where the sample nuclei are once again 

excited to resonance state as is done with 1D NMR. The final stage is the detection period, 

when emissions from the spinning nuclei are used to determine the 1D NMR signals. See 

Figure 24 [53]for a schematic 2D COSY (Correlated SpectroscopY) spectrum. [53] 

 

Figure 24. An example of a hypothetical COSY spectrum with two protons coupled together, 

proton A and proton x. δx and δA are the frequency signals given by proton A and Proton x. 

 

NMR experiments have formed a large part of this PhD project. NMR allows users to gather 

various forms of data such as coupling constants to determine interactions between peaks, 

peak intensities (area) to determine relative concentrations of solution components, chemical 

shifts to determine electron data and local environments.  
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1.4.8 Karl Fischer Titration Theory  

Karl Fisher titrations were used to determine water content in SFA/Ethanol/Water mixtures, 

as they are the primary method for determining water content in solutions. The method is 

based on the Bunsen reaction and forcing water molecules in each solution to react to form a 

non-conductive chemical.  

 

𝐻2𝑂 + 𝐼2 + 3𝐶5𝐻5𝑁 → 2(𝐶5𝐻5𝑁 + 𝐻)𝐼− + 𝐶5𝐻5𝑁 𝑆𝑂3 

𝐶5𝐻5𝑁 𝑆𝑂3 + 𝐶𝐻3𝑂𝐻 → (𝐶5𝐻5𝑁 + 𝐻)𝑂.𝑆𝑂2𝑂𝐶𝐻3 
[54] 

 

There are two methods of Karl Fisher titrations, coulometric and volumetric. The coulometric 

method is used in this work. The method is started by combining a reagent and solvent in the 

titration cell, the reagent in most cases is iodine, while the solvent is the given solution with 

an unknown amount of water.  

The solution is injected in the titration solvent, the iodine reagent is released due to the 

conductivity of the ions formed when reacting with the water molecules introduced, which 

was a result of this electrical current induced. Once the reagent is released and the regant 

molecules will cause the Bunsen reaction turning the water molecules into a nonconductive 

chemical therefore stopping the current. The current used to release the reagent is recorded 

and then used to determine the amount of reagent that was used in the process. The main 

benefit of using the coulometric method over volumetric method is the ability to determine 

very small amounts of water content below 1%. A cartoon diagram of a typical Karl Fischer 

titration apparatus set up is shown in Figure 25. [54] [55] 

 

Figure 25 - A standered Karl Fisher titiration apparatus. 
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1.4.9 Molecular Dynamic Simulations  

Molecular dynamics simulations are used to study the time evolution of molecular processes. 

The simulations can be used to provide information on fluctuations and conformational 

changes of large polymeric-type molecules such as proteins or for calculating solution 

properties of pure fluids or multi-component mixtures. Molecular dynamics can be used to 

determine not only thermodynamic properties, but also dynamic/kinetic properties such as 

diffusion coefficients. The method involves tracking molecular motion by solving Newton’s 

laws of motion using as inputs molecular or atomic interactions, referred to as force fields. 

Thermodynamic properties such as, density and molecular packing, can be determined from 

averaging instantaneous properties over the time of the simulation. The difference between 

the two simulation techniques is that molecular dynamics determines how the system evolves 

in time, while Monte Carlo simulations sample the microscopic states of the system by 

Boltzmann-weighted sampling and does not provide any time-dependent properties. 

Molecular dynamics simulations are carried out here to understand the molecular 

conformations and interactions in the SFA liquids, which is used to complement the 

experimental work.  

Most experimental studies provide bulk properties, from which microscopic properties such 

as intermolecular forces or molecular association can only be inferred by applying interaction 

models. However, some spectroscopic methods, including NMR, do provide access to some 

molecular details. Simulations are used here to complement experiments to provide more 

insight into the molecular details of SFAs, but require care when interpreting the data. 

Molecular dynamics simulations consist of solving the equations of motion using a step-by-

step procedure where the equations are integrated over time. The non-bonded and bonded 

forces acting on each atoms due to the presence of all surrounding atoms need to be 

calculated at each time step. Non bonded interactions consist of the interactions between 

atoms that are not connected to each other through covalent bonds or connected through 

torsional bonds, while bonded interactions consist of bond vibrations, bond bending motions, 

and bond rotations. The Verlet algorithm is the most common form used to solve Newton’s 

equations of motion in order to determine the positions of molecules. The details of the 

simulation used in the thesis can be found in the force field data given in Chapter 7.3.2. 
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1.4.9.1 Radial distribution functions 

The pair radial distribution function is the calculated normalized probability to find an atom 

or molecule at a given separation 𝑟 from another atom or molecule. The distribution function 

could be used to describe the interaction between a pair of molecules or atoms of the same 

type, or of different types.  More precisely, the distribution function between molecules of 

type i is equal to the local density of molecules of type i in a differential spherical shell with a 

molecule located at the centre divided by the bulk density. The radial distribution function is 

a practical way to describe the micro-structure of various fluids, such as liquids or solids. 

A typical radial distribution function for pure liquid argon is provided in Figure 26. At short 

distances, the distribution is equal to zero for values less than a characteristic diameter of the 

molecule due to the Pauli Exclusion Principle which prevents molecules from overlapping 

with each other.  From Figure 26 it is seen that the largest peak occurs at around a distance of 

3.7 Å, which indicates the local density at this separation is 3 times greater than in the bulk 

fluid. There is a minimum in the distribution function at roughly 5.4 Å indicating that the 

local density at this separation is less than in the bulk fluid.  The distribution function decays 

to 1 after a distance comparable to a few argon diameters, indicating there is no long range 

order in the fluid. [56] 

 

 

Figure 26 – Radial distribution function from 100 ps molecular dynamics simulation of liquid 

argon at a temperature of 100 K and a density of 1.396 gcm-3. [57] 
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2 Materials and Methods  

The studies in this thesis required NMR experimentation to determine chemical shift data to 

provide detail on the molecular environment of SFA molecules in various mixtures. NMR 

integration data was also measured and used, to provide miscibility, ternary and extraction 

rate data of SFA mixtures. Karl Fischer titrations were used to determine the water content in 

various samples. Furthermore Lammps simulations were used to determine radial distribution 

and dihedral distributions. Explanation of these methods and the materials used are detailed 

in this Chapter. Tables 2 and 3 provide all the chemicals and equipment used for 

experimentation. The SFAs used are those provided by Novaliq F6H8 and F4H5. 

 

Table 2 – Outline of all equipment used and the corresponding supplier information 

Equipment  Supplier Information Details/Settings  

NMR 

Spectrometer  

Bruker 

500 Hz 

400 Hz 

Acquisition Time – 3.2768 s 

Receiver Gain – 2.56 

Dwell Time – 50 µs 

Pre Scan Delay – 6.5 µs 

Relaxation Delay (5 * T1) – 

56 s 

Number of Scans – 16 

Karl Fischer Mettler Toledo 
Type – Coulometric titrator  

Detection Range – 1ppm -5% 

Balance Mettler Toledo Accuracy – 0.00001g 

Pipette man Gilson Classic 

1 – 10uL 

10 – 100uL 

100 – 1000uL 

Syringe 

needles 
BD Micro lance 

21G 1.5 –Nr.2 

0.8 x 40mm 

Syringes BRAUN 
Injekt – F 

0.01 – 1mL 

NMR Tubes Novell 
Outer Diameter – 5mm 

Inner Diameter – 4.2mm 

Volumetric 

Flask 
Fisherbrand  250 mL  
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Table 3 – Outlines all the chemicals used during experimentation and the purity of them. The 

compounds used were highly purified and it is expected that the effects of any impurities are 

negligible. 

Chemicals 
Supplier 

Information 
Used for Chemicals 

Supplier 

Information 
Used for 

F6H8 
Supplier Novaliq 

Purity: ≥ 99.9 % 

Medium for 

the 

formulation 

Isopropyl 

Palmitate 

Supplier: Caelo 

Purity: 99.9% 

Potential 

Excipient 

F4H5 
Supplier Novaliq 

Purity: ≥ 99.9 % 

Medium for 

the 

formulation 

Ethyl 

Acetate 

Supplier: Sigma  

Purity: ≥ 99.8 

Potential 

Excipient 

Ethanol 

Supplier: 

SeccoSolv 

Purity: ≥ 99.9 % 

2-propanol ≤ 10 

mg/l 

Water ≤ 0.01 % 

Excipient 

Diethylene 

Glycol 

Monoethyl 

Ether 

Supplier: Croda 

Purity: ≥ 98.0 % 

Potential 

Excipient 

Propanol 

Supplier: ITW 

Reagents  

Purity: ≥ 99.8%  

Methanol ≤ 0.1%  

Ethanol ≤ 0.01% 

Potential 

Excipient  

Dimethyl 

isosorbide 

Supplier: 

Gattefosse 

Purity: ≥ 98.0 % 

Potential 

Excipient 

Tetradecan

e 

Supplier: Aldrich 

Purity: ≥ 99.9% 

Potential 

Excipient 

Propylene 

glycol 

laurates 

Supplier: 

Gattefosse 

Purity: ≥ 98.0 % 

Potential 

Excipient   

Perfluoroo

ctane 

Supplier: Aldrich  

Purity: ≥ 98.0 %  

Potential 

Excipient 
Water 

Supplier: Alfa 

Aesar 

Purity: Ultra-

Pure ≥ 99.9%  

Potential 

Impurity in 

formulation 

Caprylic/C

apric 

triglyceride 

Supplier: Croda 

Purity: ≥ 98.0 % 

Potential 

Excipient 
TMS 

Supplier: Aldrich 

Purity: ≥ 99.0% 

Proton 

NMR 

Reference  

Isopropyl 

Myristate 

Supplier: Caelo 

Purity: ≥ 97.0% 

Potential 

Excipient 

Hexafluoro

benzene 

Supplier: Alfa 

Aesar 

Purity: Ultra-

Pure ≥ 99.9% 

Fluorine 

NMR 

Reference   
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2.1 NMR  

All samples for NMR experiments were prepared in 5 mm NMR tubes. Components added to 

NMR sample tubes were all measured by mass by using a Mettler Toledo balance, with 

accuracy to 0.00001 g. The liquid components were transferred using either a 100 – 1000 µL 

pipetboy, 10 – 100 µL pipetboy or 1 – 20 µL pipetboy. Once the tubes were filled with the 

liquid components, the NMR tube was place into a 250 mL volumetric flask to keep the 

NMR tube held up while on the mass balance. Figure 27 shows a picture of the balance 

containing the volumetric flask used to prepare the samples. Before preparing each sample, 

the weighing balance is cleaned and wiped down using ethanol. The 250 mL volumetric flask 

is placed on the balance, which is then calibrated to zero. The 5mm NMR tube is placed into 

the volumetric flask to be held in place. The balance is once again calibrated to zero to 

account for the mass of the tube and flask. Using the pipetboy a predetermined volume of 

components is collected and put into the NMR tube while on the balance. Once the balance 

has stabilized the mass added is noted and recorded. After all the components were added the 

NMR sample tubes were shaken by hand and left to reach equilibrium before placing into the 

NMR spectrometer. 

 

 

Figure 27 – Experimental configuration used to measure out the masses. 

 

The NMR spectrometer configuration was varied for the various experiments, therefore NMR 

configurations will be detailed in the relevant chapters (6, 7, 8 and 9) in more detail.   
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2.2 Karl Fischer 

Karl Fischer titrations were used to determine the amounts of water in SFA rich phases. In 

Chapter 6, this method was used as Karl Fischer titration equipment has the capability to 

measure water content by mass to 0.1 ppm. The coulometric procedure was used for the Karl 

Fischer titration process. Samples added to the Karl Fischer apparatus were extracted from 

NMR tubes using 1 mL syringes. The sample was removed from the SFA rich phase which is 

the denser phase. As such NMR tubes were turned upside down and left to reach equilibrium. 

Depending on the mixtures, this would vary between 1 to 2 days. Once the sample had clearly 

separated into two phases, the syringe was passed through the NMR tube lid and used to 

extract the bottom phase. The complete bottom phase was not extracted as this would have 

risked removing small amounts of the secondary phase as well. The extracted SFA rich phase 

was injected into the Karl Fischer Titration, Figure 28 show the experimental images of the 

various steps taken. 

 

  

Figure 28 – Left image shows the Karl Fischer titration used to determine water content in 

samples while the right image shows the means by which the bottom phase was extracted. 
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2.3 Error Analysis 

Both systematic and random errors are present in the data collected and used in this study. In 

Table 2 the equipment used in setting up NMR samples are outlined with the respective 

accuracy figures for each. The sample preparation leads to relatively large random errors due 

to variation in the volumes dispensed by pipettes and syringes. To mitigate error during NMR 

sample prep a pipette boy used to transfer the required volumes to NMR sample tubes, which 

then had the masses measured using a mass balance with an accuracy of ± 0.00001 g. 

Following this procedure ultimately meant that the only error associated with the NMR 

sample prep was that associated to the balance 0.00001 g. Due to the various sample mass 

compositions made up and used in this study this is extremely negligible when considering 

that sample made up were never less than 1mL. 

 In addition to this random error during sample preparation, data may also be affected due to 

evaporation, changes to gas solubility in samples and other factors that are difficult to 

measure. To measure the overall experimental error and uncertainty caused by such factors, 

five spectra were taken of pure F6H8 that were prepared in as different NMR samples. These 

sample spectra were analysed separately, to compare the error associated with the NMR 

spectrometer and the overall combination of random error. As the samples were of the same 

F6H8 and prepared in the same manor, it is expected that the chemical shift and integral data 

should be identical and as such, the variations presented in Table 4, are a result of random 

error. Furthermore, to determine the uncertainty and repeatability due to human error, the 

same F6H8 proton spectra was analysed 10 times. In Table 5 the results for the chemical shift 

values and integrals of each peak are shown for this.  
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Table 4 – The uncertainty in determining chemical shift peaks and integral are presented in 

this table, this uncertainty is attributed to sample property changes that are hard to quantify 

such as evaporation or gas absorption. This data was collected by using 5 pure F6H8 1H 

NMR and 19F NMR spectra. 

H – NMR 

 Peak 1 Peak 2 
Peak 3 
 

Peak 4  

Chemical Shift 
Uncertainty (±𝜹) 

0.0010 0.0025 0.0040 0.0025  

Integral Uncertainty 
(±𝑰) 

0.0000 0.0292 0.0257 0.0067  

F – NMR 

 Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 

Chemical Shift 
Uncertainty (±𝜹) 

0.125 0.122 0.103 0.108 0.101 0.073 

 

Table 5 –The uncertainty in determining chemical shift peaks and integral are presented in 

this table, this uncertainty is attributed to spectrum analysis and therefore a result of human 

error. This data was collected by evaluating the same singular spectra of F6H8 for 1H NMR 

and 19F NMR 10 times. 

H – NMR 

 Peak 1 Peak 2 Peak 3 Peak 4   

Chemical Shift 
Uncertainty (±𝜹) 

0.0023 0.0005 0.0013 0.0005  

Integral Uncertainty 
(±𝑰) 

0.0000 0.0714 0.0115 0.0110  

F – NMR 

 Peak 1 Peak 2 Peak 3 Peak 4 Peak 5  Peak 6 

Chemical Shift 
Uncertainty (±𝜹) 

0.031 0.019 0.010 0.080 0.018 0.038 

 

Overall the standard deviations seen in Table 4 and Table 5 are extremely small and indicated 

a very good repeatability and accuracy in the data. As expected the uncertainty presented in 

Table 5 is greater between 3 to 5 factors greater than that presented in Table 4. This suggests 

that the human error during NMR spectrum analysis is much less than other random error 

associated to solution changes such as evaporation or NMR spectrometer error. This 
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comparison is useful as it justifies using Table 5 as the uncertainty related to NMR spectra 

data presented later in the thesis for both H – NMR and F- NMR data. 

 It is safe to use this data and relate this error to all other spectra as all samples were prepared 

in the same lab with the same equipment and lab conditions, further to this the same two 

spectrometers were used for all samples both of which are a part of the error analysis. 

Due to the nature of how the NMR spectra data is collected and used in later chapters the 

chemical shift uncertainty represents an absolute uncertainty while the uncertainty from 

integral data will be used as a percentage uncertainty. This is mainly due to the fact that 

chemical shift data is used to access the difference in chemical shift changes, while integral 

data is used as a ratio to determine compositions.     

In this study we are concerned with the change in chemical shift values with different 

solution conditions, where typical values tend to be around 0.2 ppm for H – NMR and 2 ppm 

for F – NMR. From this error analysis the uncertainties are between 0.001% – 5%.  The 

uncertainty in the estimates of the chemical shift and integral values as quantified by the 

standard deviation for each peak are provided Table 4 and Table 5. These values are expected 

to be typical for all the H – NMR and F –NMR spectra reported in this work.  
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3 Initial NMR signal assignments  

The peak assignment of individual functional groups needs to be determined using an 

appropriate T1 time for NMR experiments to be applied in multicomponent mixtures. In this 

chapter the initial NMR peak assignments of spectra for all chemicals used in this thesis are 

determined from the experimental spectra shown in  Figure 29 - Figure 37 . These spectra 

have been established from running 1H NMR. All multicomponent mixture were run with a 

T1 time of 11 seconds and a relaxation delay time of 56 seconds to allow sufficient time for 

all nuclei in each component to relax. 

Samples were prepared in 5mm NMR tubes. A single sample was made for each compound, 

with TMS (tetramethylsilane common 1H NMR reference) added as a NMR reference. A 

pipetboy was used to place 1mL of compound into the NMR tube. A 1mL syringe was used 

to add two droplets of TMS. NMR samples were then placed into a 500 MHz NMR 

spectrometer and were ran with the following acquisition parameters, the number of dummy 

scans used was 2, the number of actual scans was 16 and the receiver gain was set to 1.6, 

these parameters were used as to allow for a sufficient signal to noise ratio. The dwell time, 

which is the time between sampling the data, this was set to 50 µs. The T1, also known as the 

longitudinal relaxation time, was set to 11s. The T1, time determines the amount of time 

allowed for nuclei relaxation. A longer T1 ensures that the nuclei of various compounds have 

enough time to emit the energy that corresponds to the peak intensity’s.  

Figure 29 to Figure 37 provide the peak assignments for the SFAs and excipients, which are 

studied by NMR in this dissertation. The peak assignments are also benchmarked against 

literature values. In the figure captions the reference to the corresponding spectra in literature 

can be found. For F6H8 and F4H5, peak assignments agree with those in an independent 

Bruker report, while the spectra for the excipients isopropyl myristate, isopropyl palmitate, 

ethyl acetate and dimethyl isosorbide agree well with spectra obtained from literature 

obtained from the suppliers of the compounds. Note that the spectra below has not been 

calibrated with respect to the reference but the absolute peak chemical shifts are what was 

used to relate to literature. [58]
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Peak Assignment of F6H8  

Chemical Name – Perfluorohexyloctane  

Abbreviation – F6H8  

 

Figure 29 – 1H NMR of pure F6H8, the structure of the molecule can be seen in the top left corner with arrows indicating the relevant peak 

that captures the behaviour of a given group. The integral values are given by the red integration curves. [58] 

 

Peak - 1 
Peak - 2 

Peak - 3 

Peak - 4 
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Peak Assignment F4H5 

Chemical Name – Perfluorobutylpentane 

Abbreviation – F4H5  

 

Figure 30 – 1H NMR of pure F4H5, the structure of the molecule can be seen in the top left corner with arrows indicating the relevant 

peak that captures the behaviour of a given peak. The integral values are given by the red integration curves. [58] 

Peak - 1 Peak - 2 

Peak - 3 
Peak - 4 
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Peak Assignment of Caprylic/Capric triglyceride 

Chemical Name – Caprylic/Capric triglyceride 

Abbreviation – CT  

 

Figure 31 – Pure 1H spectra of Caprylic Triglyceride, the structure of the molecule can be seen in the top left corner with arrows indicating the 

relevant peak that captures the behaviour of a given peak. The integral values are given by the red integration curves. 
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Peak - 4 
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Peak Assignment of Isopropyl Myristate 

Chemical Name – Isopropyl Myristate 

Abbreviation – IM   

 

Figure 32 – Pure 1H NMR of Isopropyl Myristate, the structure of the molecule can be seen in the top left corner with arrows 

indicating the relevant peak that captures the behaviour of a given peak. The integral values are given by the red integration 

curves. The same peak assignment can be found in the chemical book directive. [59] 
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Peak Assignment of Isopropyl Palmitate 

Chemical Name – Isopropyl Palmitate 

Abbreviation – IP  

 

Figure 33 – Pure 1H NMR spectra of Isopropyl Palmitate, the structure of the molecule can be seen in the top left corner with arrows 

indicating the relevant peak that captures the behaviour of a given peak. The integral values are given by the red integration curves. The 

same peak assignment can be found in the chemical book directive. [60] 
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Peak Assignment of Ethyl Acetate 

Chemical Name – Ethyl Acetate 

Abbreviations – EA 

 

Figure 34 – Pure 1H NMR of Ethyl Acetate, the structure of the molecule can be seen in the top left corner with arrows indicating the 

relevant peak that captures the behaviour of a given peak. The integral values are given by the red integration curves. The same peak 

assignment can be found in the chemical book directive. [61] 
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Peak - 3 

Peak - 2 



71 | P a g e  

 

Peak Assignment of Diethylene Glycol Monoethyl Ether 

Chemical Name – Diethylene Glycol Monoethyl Ether 

Abbreviations – DGME 

 

Figure 35 – 1H spectra of Diethylene glycol Monoethyl Ether, the structure of the molecule can be seen in the top left corner with arrows 

indicating the relevant peak that captures the behaviour of a given peak. The integral values are given by the red integration curves. 
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Peak Assignment of Dimethyl Isosorbide  

Chemical Name – Dimethyl Isosorbide  

Abbreviation – DI 

 

Figure 36 – 1H spectra of pure Dimethyl Isosorbide, the structure of the molecule can be seen in the top left corner with arrows indicating the 

relevant peak that captures the behaviour of a given peak. The integral values are given by the red integration curves. The same peak 

assignment can be found in the chemical book directive. [62] 
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Peak Assignment of Propylene glycol laurates  

Chemical Name – Propylene Glycol Laurates 

Abbreviation – PGL 

 

Figure 37 – 1H NMR of propylene glycol laurates, the structure of the molecule can be seen in the top left corner. Arrows have not been used 

for the assignment due to the presence of unknown peaks 6 and 9. The integral values are given by the red integration curves. 
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Figure 29 is the 1H NMR spectra for F6H8 at room conditions. All 1H (also referred to as 

proton) spectra are assessed starting with the peaks at the greatest chemical shift (e.g. from 

the right hand side of each plot). There are four main peaks with corresponding integral 

values given by 3:10:2:2. Therefore peak 1 and peak 2 can be confirmed to be that of CH3 

and C5H10. Peak 4 can be confirmed as the CH2 closest to the first CF2, because the extra 

splitting observed on the forth peak is due to interactions with the fluorine atoms on the 

adjacent carbon. As such, by process of elimination, Peak 3 corresponds to the second closest 

CH2 group to the perfluorocarbon segment. Figure 30 provides the NMR spectra for pure 

F4H5 with peak integral values given by 3:4:2:2. Analogous to the assignment of peaks from 

the spectra of F6H8, CH3 and C2H4 correspond to peaks 1 and 2. The additional splitting 

pattern seen in peak 4 confirms this to be the CH2 closest to the perfluorocarbon segment, 

while peak 3 is the adjacent CH2 group.  

Figure 31 shows the H –NMR spectra of caprylic triglyceride, where the chemical shift of 

peak 1 and its integral value suggest that this peak corresponds to the three CH3 functional 

groups on the molecule. The much larger integral value of peak 2, which is roughly 3 times 

bigger than peak 1, suggests this peak corresponds to the groups on the long CH2 chains. 

However the integral values and existence of peaks 3 and 4 suggest not all CH2 groups are 

contained in peak 2. Peaks 3 and 4 relate to the CH2 groups closer to the double bonded 

oxygen atoms, as this group is closer to the more electronegative oxygen atom they differ in 

chemical shift. Peak 6 and 5 are those of the two CH2 groups closest to the oxygen atom, 

although it is not possible to identify which peak relates to which CH2. The single CH group 

corresponds to peak 7 as it is the only single proton peak integral. 

Peak 1 of the isopropyl myristate spectra shown in Figure 32 relates to the CH3 group 

connected to the long chain of the molecule. The lower chemical shift value and integral 

distinguish this peak from that of the other CH3 peaks. Peak 2 corresponds to the CH3 groups 

closest to the oxygen atom, while peak 3 corresponds to the long CH2 chains. Peaks 4 and 5 

relate to the CH2 groups closest to the double bonded oxygen atom. These peaks occur at 

different chemical shifts with respect to peak 3 due to the difference in electron environment 

as a result of the shielding effects from the oxygen atom. Peak 6 corresponds to the single CH 

group bonded to the two CH3 groups. The peak assignment of isopropyl palmitate in Figure 

33 is the same as that of isopropyl myristate, where the only difference is the size of the 

hydrocarbon chain. This difference when relating the spectra is only seen in the integral 
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values, which relate to the sizes of the functional groups. As such the assignment is the same 

as seen previously for isopropyl myristate.  

In the spectra of ethyl acetate shown in Figure 34, the peak integral values of 3:3:2 indicate 

peak 3 can be assigned to the CH2, while peaks 1 and 2 can be assigned to the CH3 groups in 

the molecule. Peak 2 is assigned to the CH3 group closest to the oxygen atom due to the 

larger chemical shift cause by the oxygen atom. 

Figure 35 shows the H – NMR spectra of diethyl monoethyl ether. The relative integral 

values of 3 and 1 found for peak 1 and 3 indicate these peaks can be assigned to the only CH3 

and CH2 groups in the molecule. Peak 2 has not been assigned due to overlap in peaks.  

Figure 36 shows the 1H NMR spectra of dimethyl isosorbide. The integral values of the first 3 

peaks on the right hand side of the spectra indicate an integral equal to 3:3, therefore peaks 1 

and 2 can be assigned to the two CH3 groups, with peak 3 corresponding to the CH2 closest to 

the OH group as a result of a larger chemical shift. Peaks 4/5 and 6/7 cannot be confidently 

be assigned as peaks are split due to the symmetry and similarity of chemical environment for 

the remaining hydrogen atoms.    

Propylene glycol laurates 1H NMR spectra are given by Figure 37. Peaks 1 and 2 have been 

assigned to the CH3 groups. Peak 2 with the greater chemical shift value has been assigned to 

the CH3 group closest to the OH group due to the decreased shielding, which is most likely a 

result of the OH group Peaks 3 has been assigned to the CH2 groups within the hydrocarbon 

chain due to the large integral value compared to the other peaks. Peaks 4 and 5 have been 

assigned to the two CH2 groups that occur closest to the double bonded oxygen atom. Peaks 7 

and 8 have been assigned to the CH2 bonded to the oxygen atom and the OH group. This 

assignment is due to the peak integral and chemical shift values. Peaks 6 and 9 have not been 

assigned as they are due to sample impurities, this is confirmed through the small integral 

values in comparison to the other peaks. The smallest integral for a spectra calibrated to the 

CH3 peak of 3 should be 1; these integrals are much smaller, suggesting that these peaks are 

due to small amounts of impurities.  

This chapter provides the foundation for the experimental work that will be presented in later 

chapters and therefore provides an excellent frame of reference for the data presented later for 

the reader. The peak assignments have been validated through literature in addition to peak 

assignment carried out for the study separately. The assignment rational has all been outlined 

and can be evaluated for validity from this single chapter rather then spread across the thesis.  
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4 NMR study of SFA interactions with perfluorocarbons and 

hydrocarbons  

4.1 Abstract 

1H and 19F NMR were used to determine the chemical shift changes with respect to added 

hydrocarbon and perfluorocarbons in binary mixtures with SFAs. The compounds used were 

F6H8, F4H5, tetradecane and perfluorooctane. It was found that adding tetradecane to either 

F6H8 or F4H5 caused a decrease in chemical shift for 1H NMR and 19F NMR. On the other 

hand, the addition of perfluorooctane showed a decrease for 1H NMR while the 19F NMR 

chemical shift values increased. The decrease in 1H NMR with both additives in F6H8 and 

F4H5, was seen to occur at a small fraction of additive and then remain fairly constant. 

Decreases in chemical shift indicate the corresponding chemical groups are in a more 

electron dense environment, while an increased chemical shift suggests the opposite. The 

change in chemical shift with respect to composition is expected to be linear for ideal 

mixtures. However, for the mixtures used here, plots of chemical shift as a function of SFA 

composition show curvature, indicating some chemical association occurring. A preliminary 

micelle model was used which was not able to capture the behaviour through changing 

chemical shift values. As such, a general association model for an equilibrium between a 

monomer and an aggregate of fixed size was used in the fitting. Overall the chemical shifts 

suggest non ideal behaviour is to be expected in the mixing of SFAs with hydrocarbons and 

perfluorocarbons. Good fits to the association model were obtained for mixtures of 

F6H8/tetradecane, F6H8/perfluorooctane and F4H5/tetradecane with aggregate sizes in the 

region of 5, 2 and 13, respectively. The data is consistent with a recent study indicating 

micro-phase separation occurs in mixtures of tetradecane and perfluorooctane [63]. The 

ability to fit the experimental chemical shift data to an association model in addition to 

literature indicating micelle formation with larger SFAs [22] provides a strong indication that 

the SFAs self-associate.  
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4.2 Introduction  

In this study, the behaviour of SFAs in binary mixtures with hydrocarbons and 

perfluorocarbons is investigated through NMR. Hydrocarbons and perfluorocarbons are 

immiscible and it is not clear how SFAs, which contain both a hydrocarbon segment and a 

perfluorocarbon segment, will interact and associate. Previous studies concluded the SFAs 

heptadecfluorotetracosane (F8H16) and pentacosafluorooctacosane (F12H16) form micelles 

in mixtures with perfluorooctane or isooctane, yielding spherical aggregates in all cases 

above the CMC values. This behaviour was determined through the use of viscosity, dynamic 

light-scattering and small angle neutron-scattering. The CMC value for both SFAs in these 

mixtures is 4 to 5 % w/w of the SFA. Small-angle neutron-scattering experiments indicated 

the aggregates are spherical micelles with a core radius of 13 Å. [22] Furthermore, micelle 

formation occurs in binary mixtures of fluorinated and hydrogenated surfactants ammonium 

perfluorooctanoate in mixtures with ammonium deconate, where CMC values (CMC was 

found around 16 mol dm-3) were evaluated from chemical shift changes, where it was 

assumed that the chemical shift is an average between the chemical shift of molecules in a 

monomer state and those within micelles. [64] [65] Due to the similarity of F6H8 and F4H5 

molecules, with ammonium perfluorooctanoate containing a perfluorocarbon chain and 

ammonium deaconate containing a hydrocarbon chain, it is possible that similar behaviour 

will occur with SFA/perfluorocarbon mixtures and SFA/hydrocarbon mixtures. 1H and 19F 

NMR provide a sensitive method to distinguish between the behaviour of the hydrocarbon 

and perfluorocarbon segments of the SFAs. In addition, the measurements provide the 

necessary data to elucidate the association behaviour in the mixtures. NMR chemical shift 

values will capture the change in chemical environment and hence distinguish between 

aggregated and monomer systems.  

In Chapter 7 it was found through NMR and molecular simulations that conformational 

changes do not occur with increasing temperature, therefore it can be assumed that 

conformational changes are not expected to occur in SFA mixtures as a function of 

composition. This means that the chemical shift changes with changing solution composition 

arise due to changes in the local environments around SFA molecules. An increase in 

chemical shift for a given peak indicates a decrease in shielding effects for the corresponding 

chemical group or in other words movement towards a less electron dense environment. The 

opposite is true for decreasing chemical shifts.  
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4.3 Materials and Methods 

NMR experiments were carried out at room temperature and pressure on mixtures of varying 

composition of SFAs in different solvents. NMR tubes were prepared by using a pipetboy to 

measure and transfer the required amount of SFA and solvent to the sample NMR tube. The 

NMR tube was then shaken and inverted 2 times to ensure good mixing. The reference 

solution was placed in a capillary and added to the NMR tube to ensure that the chemical 

shift values were not affected by the added reference. A glass capillary was filled with the 

corresponding reference and sealed through the use of a Bunsen burner.  

TMS was used for the 1H NMR reference and hexafluorobenzene was used for the 19F NMR 

reference. The acquisition parameters used in the spectrometer depended on which type of 

nuclei were being probed. For 1H NMR, a 400 MHz spectrometer was used. The acquisition 

time was set to 3.96 sec. The receiver gain was equal to 7.12s and the dwell time was set to 

60 µs. A pre scan delay of 8.5 µs, 2 dummy scans and 16 sampling scans were taken. For 19F 

NMR, a 400 MHz spectrometer was used and the acquisition time was set to 0.73s. The 

receiver gain was 57.12 s and the dwell time was 5.6 µs. A pre scan delay of 7.5 µs was used, 

with 2 dummy scans. The number of scans between sampling was 16, with a relaxation delay 

time of 56s. 

 

4.4 Results and Discussions  

Chemical shift values have been determined from the NMR spectra obtained for mixtures of 

F6H8/tetradecane, F6H8/perfluorooctane, F4H5/tetradecane and F4H5/perfluorooctane with 

varying molar compositions. Figure 38 shows the 19F NMR spectra obtained for an equimolar 

mixture of F6H8 and tetradecane with the peak assignments referring to the different groups 

in the F6H8 molecules. Similarly, in Figure 39 the 1H NMR spectra is shown for a mixture of 

F6H8 with tetradecane, where the mole fraction of tetradecane is 0.25. For 19F NMR and 1H 

NMR, the peak assignments start from the upfield peak to the downfield peak. The upfield 

and downfield areas on the spectra have been outlined on the spectra presented in Figure 38 

and Figure 39. It should be noted that 19F NMR relates to negative chemical shifts due to the 

opposite spin directions when compared to 1H NMR. The peak assignment shown in Figure 

38 and Figure 39 is used throughout the dissertation. These have been presented as 

representative spectra for all the other spectra collected with respect to F6H8 and F4H5. 
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Figure 38 – F6H8 19F NMR in a mixture with 0.5 mole fraction of tetradecane. Peak 1 has been assigned to CF3, as a chemical shift value of 

around -80 ppm is where CF3 peaks are expected to be found, while peak 2 has been assigned to the CF2 closest to the hydrocarbon segment due 

to the splitting pattern seen between coupled and de coupled spectra. The middle peaks have been assigned to the 3 middle CF2 groups. Peaks 3, 

4 and 5 have been assigned through the use of an analytical report provided by Bruker. Peak 3, 4 and 5 have been assigned to the fourth, third 

and fifth CF2s from the CF3 group. [66] The remaining peak 6 has been assigned to the CF2 adjacent to the CF3 group by process of elimination. 

Upfield  Downfield Chemical Shift   

Peak - 1 

Peak - 2 
Peak - 

 3 4 5 Peak - 6 
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Figure 39 – 1HNMR for F6H8 in mixtures with 0.1 mole fraction of tetradecane. The peak at the far right is that of the reference TMS. Peak 1 

corresponds to the CH3 group, as CH3 signals are expected to be found in the 0.8 – 1.9 ppm chemical shift range. Peak 2 has been assigned to the 

5 CH2 groups in the middle of the compound due to the similarity of the CH2 group environments in the chain so that all the groups appear as 

one peak. Peak 4 and 3 are assigned to the CH2 groups closest to the perfluorocarbon – segment. Peak 4 has been assigned to the CH2 at the 

junction as it is less shielded (higher chemical shift) due to the fluorine atoms adjacent, which have much higher electronegativity. The integral 

ratio for peak 1: peak 2: peak 3: peak 4 is 3:10:2:2. 

Peak - 1 

Ref - TMS 

Peak - 2 

Peak - 3 

Peak - 4 

Chemical Shift   
Upfield  Downfield 
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The 1H NMR and 19F NMR spectra obtained for F6H8 mixtures have been used to determine 

the chemical shifts shown in Figure 40, where the observed chemical shift changes are 

plotted as a function of F6H8 mole composition.  

Figure 40a shows that 19F NMR chemical shift values decrease with increasing mole fraction 

of F6H8 in solutions with tetradecane. The relationship is almost linear in the plot between 

0.2 and 0.9 mole fraction of F6H8. Outside this range, there is curvature in the profile, 

possibly reflecting non-ideal mixing. The overall chemical shift changes are highest for the 

CF3 (peak 1) and CF2 (peak 2) groups. The plot of 1H NMR data shown in Figure 40b for 

F6H8 in tetradecane also indicates a decrease in chemical shift values with increasing F6H8 

composition. The plots exhibit curvature across the entire composition range, the curvature is 

greatest at low and high mole fractions. The results are complementary to each other and 

indicate non-ideal mixing at all mole fractions with greater non ideal behaviour at high and 

low mole fractions.  

19F NMR chemical shifts changes increase with increasing F6H8 mole fraction in solutions of 

perfluorooctane, as seen in Figure 40c. These chemical shift values appear more linear in the 

range of mole fractions of F6H8 between 0.2 and 0.8, with more curvature occurring outside 

this range. The 1H NMR chemical shift changes presented in Figure 40d for F6H8 with 

perfluorooctane exhibit very little change. 

Interestingly, 1H NMR shows a significant change in chemical shift at high mole fractions of 

F6H8 with both tetradecane and perfluorooctane. This could be attributed to the overlap of 1H 

NMR spectra. However, as this is seen in all peaks, even those that do not overlap with the 

spectra peaks of tetradecane, this reasoning can be excluded. The data indicates that in both 

tetradecane and perfluorooctane the hydrocarbon segments of F6H8 move to more electron 

dense environments and remain in this packing formation. The increase in electron density is 

mainly attributed to increased interactions with the perfluorocarbon segment F6H8, or 

perfluorooctane, which is consistent with the greater decrease in chemical shift seen in 

perfluorooctane mixtures with F6H8.  Ultimately, the hydrocarbon segment can be said to 

have behave similar in both tetradecane and perfluorooctane, indicating association that is 

more favourable to other SFA molecules. 
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Figure 40 – Chemical shift values for F6H8 functional groups as a function of composition. The change in chemical shift is taken as the 

difference between pure F6H8 chemical shifts and F6H8 + solvent chemical shift values. a) 19F NMR in tetradecane. b) 1H NMR in tetradecane. 

c) 19F NMR in perfluorooctane. d) 1H NMR in perfluorooctane. Error bars have been added to the peak 1 of all graphs. 
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19F NMR chemical shifts in tetradecane solution decrease with increasing F6H8 composition 

indicating an increase in shielding around the perfluorocarbon segments. This is expected 

when adding SFAs into the system. The 1H NMR chemical shifts also decrease with 

increasing F6H8 composition reflecting an increase in shielding about the hydrocarbon 

segment from the increased concentration of perfluorocarbon segments in solution.  

The overall chemical shift changes are expected to be greatest for the atoms with the greatest 

solvent accessible surface area. This is seen as the peak 1 and peak 2, which are assigned to 

the CF3 at the end of the molecule and the CF2 closest to the hydrocarbon segment 

experience the largest overall chemical shift change. Furthermore, the curvature seen at low 

and high concentrations indicate some aggregation of perfluorocarbon segments, of F6H8 

molecules. For a solution exhibiting ideal mixing, a linear relationship is expected because 

the local composition about a chemical group is the same as the bulk solution.   

The 19F NMR chemical shifts for F6H8 in perfluorooctane versus those in tetradecane follow 

an opposite pattern where the chemical shifts increase with increasing F6H8 molar 

compositions, suggesting a decrease in shielding about the perfluorocarbon segments. When 

increasing F6H8 concentration, the F6H8 molecules will replace the perfluorooctane 

molecules leading to increased hydrocarbon segments in the solution and a decreased 

shielding effect. However, the 1H NMR chemical shift is constant, indicating the environment 

about the hydrocarbon segment is independent of the F6H8 composition. This perhaps 

indicates the hydrocarbon segments form aggregates to prevent them from interacting with 

the perfluorooctane. This would explain why there is a large change in chemical shift when at 

pure F6H8 and then very little change as the composition of tetradecane increases. The 

overall chemical shift changes are the greatest once again for the CF3 (peak 1) and CF2 (peak 

2), which is to be expected.  

Figure 41 contains plots of the chemical shift as a function of the mole fraction of F4H5 for 

mixtures with tetradecane or perfluorooctane. The data follow similar trends as observed for 

the F6H8 mixtures. 19F NMR chemical shifts decrease for tetradecane and increase for 

perfluorooctane with increasing F4H5 composition as shown by Figure 41a and Figure 41c, 

respectively. The profiles are curved, possibly reflecting association behaviour. Figure 41b 

shows 1H NMR chemical shifts decrease for solutions of tetradecane, while Figure 41d 

indicates chemical shifts increase for perfluorooctane, although the changes are very small 

except for a dramatic increase that occurs as the composition approaches pure SFA, which 
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follows the same behaviour as observed with F6H8. The similarity in the behaviour of F4H5 

mixtures and F6H8 mixtures indicates the effect of SFA size does not change the qualitative 

behaviour of the solutions. Furthermore, the overall chemical shift changes caused by the 

added solvent are also similar for F6H8 and F4H5 mixtures. The error bars have been added 

in Figure 41 peak 1 as all error bars are similar for the other peaks. The error bars do not 

affect the analysis as the results much greater than the error. For the some of the 1H NMR 

peaks the error bars are smaller than the markers. 

Overall it is hypothesised that the association behaviour is similar for F6H8 and F4H5 in 

tetradecane and perfluorooctane. This is seen through the similar chemical shift changes for 

both 19F NMR and 1H NMR with respect to SFA composition. From the trends seen in 

chemical shift changes, it has been concluded that some association is taking place in the 

presence of either hexadecane or perfluorooctane. In order to further investigate the presence 

of aggregation an association model has been used to provide a fit for the chemical shift 

values.  
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Figure 41 – chemical shift changes of F4H5 functional groups with respect to added solvent. The change in chemical shift is taken as the 

difference between pure F4H5 chemical shifts and F4H5 + excipient chemical shift values. a) 19F NMR in tetradecane. b) 1H NMR in 

tetradecane. c) 19F NMR in perfluorooctane. d) 1H NMR in perfluorooctane.

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

0.0 0.2 0.4 0.6 0.8 1.0

19
F 

N
M

R
 C

h
em

ic
al

 S
h

if
t 

C
h

an
ge

 w
it

h
 

re
sp

ec
t 

to
 p

u
re

 F
4

H
5

  c
h

em
ci

al
 s

h
fi

ts
  

(p
p

m
)

Mole Fraction of F4H5 XF4H5 tetradecane

Peak 1
Peak 2
Peak 3

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.0 0.2 0.4 0.6 0.8 1.0

1
H

 N
M

R
 C

h
em

ic
al

 S
h

if
t 

C
h

an
ge

 w
it

h
 

re
sp

ec
t 

to
 p

u
re

 F
4

H
5

  c
h

em
ci

al
 s

h
fi

ts
  

(p
p

m
)

Mole Fraction of F4H5 XF4H5 tetradecane

Peak 1 Peak 2

Peak 3 Peak 4

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0

19
F 

N
M

R
 C

h
em

ic
al

 S
h

if
t 

C
h

an
ge

 w
it

h
 

re
sp

ec
t 

to
 p

u
re

 F
4

H
5

  c
h

em
ci

al
 s

h
fi

ts
  

(p
p

m
)

Mole Fraction of F4H5 XF4H5 perfluorooctane

Peak 1

Peak 2

Peak 3

Peak 4

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.0 0.2 0.4 0.6 0.8 1.0

1 H
 N

M
R

 C
h

em
ic

al
 S

h
if

t 
C

h
an

ge
 w

it
h

 
re

sp
ec

t 
to

 p
u

re
 F

4
H

5
  c

h
em

ci
al

 s
h

fi
ts

  
(p

p
m

)

Mole Fraction of F4H5 XF4H5 perfluorooctane 

Peak 1 Peak 2

Peak 3 Peak 4

a) b) 

c) d) 



86 | P a g e  

 

To interpret the NMR data, we assume a closed association model, where there is an 

equilibrium between a monomer and an aggregate of size n.  This would only strictly occur if 

all other aggregates were at a much higher free energy per monomer as might occur for a 

spherical micelle. While we do not expect this is the case, in an open association model there 

are too many parameters so that the fitting to the NMR data would be an ill-defined 

mathematical problem.  Nevertheless, by using a closed association model, we can still gain 

some insight into the expected sizes of the aggregates and the strength of the association.   

For a closed association model, the equilibrium is represented by  

𝑛𝐴 ↔ 𝐴agg,n                                                    Equation 1 

In equation 1, the label A corresponds to the SFA monomer and 𝐴agg,n corresponds to the 

aggregate of size n.  An equilibrium constant 𝐾n can be defined by the relation 

𝐾n =
𝑥agg

𝑥mon
𝑛                                                         Equation 2 

In equation 2, 𝑥agg are 𝑥mon are the mole fractions of aggregates and monomers, 

respectively.  The equilibrium constant will be related to a free energy difference given by  

𝑅𝑇ln𝐾𝑛 = −𝛥𝐺𝑜 = −(𝜇agg
𝑜 − 𝑛𝜇mon

𝑜 )                                  Equation 3 

In equation 3, the superscript o denotes the standard state free energy.  The free energy 

difference corresponds to the free energy of transferring a monomer into the aggregate. 

The equilibrium constant can be expressed in terms of an extent of reaction 𝜉, which is 

defined as the moles of A contained in aggregates over the total moles of A in the system  

𝜉 =
moles of A aggregated

total moles of A
                                       Equation 4 

In equation 4, the mole fractions can be expressed in terms of 𝜉.  The number of aggregates is 

given by the moles of A in aggregates divided by the aggregate size 

𝑁agg = 𝑁A𝜉 𝑛⁄                                                 Equation 5 

In equation 5, 𝑁A is the total moles of A. The moles of A in the monomeric form is given by 

the total moles of A minus the moles of A contained in aggregates 

𝑁mon = 𝑁A − 𝑁A𝜉 = 𝑁A(1 − 𝜉)                                Equation 6 
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The total number of moles in the system is given by summing the moles of B, the moles of 

monomers, and the moles of aggregates. 

𝑁tot = 𝑁B + 𝑁mon + 𝑁agg = 𝑁B + 𝑁A(1 − 𝜉) + 𝑁A𝜉 𝑛⁄       Equation 7 

In equation 7, 𝑁B is the total moles of 𝐵 in the system (either hexadecane or perfluoro-

octane). The mole fraction of aggregates is given by the moles of aggregates divided by the 

total number of moles 

𝑥agg =
𝑁A𝜉 𝑛⁄

𝑁B+𝑁A(1−𝜉)+𝑁A𝜉 𝑛⁄
=

𝜉 𝑛⁄

𝑁B 𝑁A⁄ +(1−𝜉)+𝜉 𝑛⁄
                        Equation 8 

and analogously the monomeric mole fraction is given by the moles of A in monomeric form 

divided by the total number of moles 

𝑥mon =
1−𝜉

𝑁B 𝑁A⁄ +(1−𝜉)+𝜉 𝑛⁄
                                Equation 9 

As such. the equilibrium constant can be written as 

𝐾n =
𝜉 𝑛⁄

(1−𝜉)𝑛
(𝑁B 𝑁A⁄ + (1 − 𝜉) + 𝜉 𝑛⁄ )𝑛−1             Equation 10 

In equation 10, 𝑁𝐵 𝑁A =⁄ 𝑥B 𝑥A⁄ .  Note that the mole fraction is defined here as 𝑥𝐴 =

𝑁A (𝑁A + 𝑁B)⁄  which is the experimental mole fraction of A, which is independent of the 

aggregation state. The above equation provides an implicit relationship to calculate the extent 

of reaction in terms of the equilibrium constant and the moles of A and B in the system eg 

𝜉(𝐾n, 𝑥𝐴, 𝑥B).  The total chemical shift is assumed to be an average of the chemical shifts due 

to the monomers 𝛿mon and the chemical shifts of the molecules in the aggregates 𝛿agg 

𝛿 =
𝑁mon𝛿mon+𝑛𝑁agg𝛿agg

𝑁A
= (1 − 𝜉)𝛿mon + 𝜉𝛿agg                Equation 11 

For a given value of 𝑥A, the above equation provides a calculation of the chemical shift in 

terms of 𝐾n and n.  As such, the equation can be fit to the experimental data to find the values 

of 𝐾n and n that minimize the difference between the model and the experimental data.  In 

addition, 𝛿agg is treated as a fitting parameter and  𝛿mon is set equal to the chemical shift 

value obtained as the mole fraction of SFA goes to zero, or just the chemical shift at the data 

point at lowest mole fraction of SFA. The model has been fitted to the peak chemical shift 

data collected for F6H8/tetradecane, F6H8/perfluorooctane and F4H5/tetradecane mixtures. 
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In each fitting run, the aggregate number is fixed, and the equilibrium constant 𝐾n and 𝛿agg  

are fit to the experimental data so that fits are obtained for each peak as a function of the 

aggregate size.  In Figure 42 is shown the root mean square error from fitting the data for 

each peak in the F6H8/tetradecane system up until a mole fraction of FGH8 equal to 0.45.  

The aggregate size that minimizes the root mean square error depends on which peak is used 

in the fitting.  The minimum root mean square error for peak 1 and peak 2 occurs at an 

aggregate size of 4, while that for peak 5 and peak 6 occurs at an aggregate size of 5 or 6.  It 

is not surprising that the best fit aggregate size depends on which peak is used in the analysis.  

The model constrains the aggregate to only one size, while it is more likely a range of 

aggregates are formed in solution where the chemical shifts vary for each group with the 

aggregate size. 

While for F6H8 with tetradecane the best fit was found when using an aggregation number of 

close to 5, for F6H8 with perfluorooctane the smallest mean square error was found with an 

aggregation number of 2 for all the peak data, where the model can capture the behaviour up 

until a mole fraction of F6H8 equal to 0.7. For F4H5 in tetradecane, the model required using 

a much larger aggregation number, where a minimum root mean square error was found for 

aggregate sizes varying between 12 and 18, where accurate fits were obtained up until a mole 

fraction of tetradecane equal to 0.8.  The fits are compared against the experimental data in 

Figure 43 to Figure 45 for fixed aggregate sizes of 5 and 13 for F6H8 or F4H5 in tetradecane, 

respectively, or an aggregate size of 2 for F6H8 in perfluorooctane.  The corresponding fit 

values for the association constants obtained from fitting to the different peak data are shown 

in Table 6 . The association constants in general are equal to each other within the uncertainty 

of the fit, which provides an indication the model is capturing the association behaviour. 

Figure 43 - Figure 45 provide the fitted data with the corresponding 𝐾n and n resulting in the 

smallest mean square error between the predicted and calculated values. The chemical shift 

values have been offset by constant factors after subtracting the infinite dilution value for the 

SFA as a function of mole fraction for the SFA. 
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Table 6 – Equilibrium constant Kn for SFA aggregates in tetradecane and perfluorooctane. 

This table shows the repeatability in the Kn for various peaks 

Peak 
Number 

F6H8/Tetradecane 
Kn (n≈5) 

F6H8/Perfluorooctane 
Kn (n≈2) 

F4H5/Tetradecane 
Kn (n≈13) 

Peak 1 6.83 ± 0.14 -1.69 ± 0.43 12.15 ± 0.00 

Peak 2 6.92 ± 0.13 -0.934 ± 0.36 12.17 ± 0.10 

Peak 3 6.81 ± 0.00 -1.45 ± 0.42 12.27 ± 0.22 

Peak 4 6.89 ± 0.17 -0.313 ± 0.60 12.18 ± 0.13 

Peak 5 6.65 ± 0.11 -0.858 ± 0.35 
 

Peak 6 6.86 ± 0.02 -1.4 ± 0.35 
 

 

 

 

Figure 42 – The plot shows the root mean square error found for each fit for various 

aggregation numbers using the peak 1 and peak 6 data of F6H8/tetradecane mixtures. It is 

encouraging to see that different peaks result in similar aggregation numbers for the lowest 

error in the fitted data. Peak 1 data is represented by the blue curve and peak 6 is represented 

by the orange curve.  
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Figure 43 – The fit for the association model against the actual chemcial shift values for the 

various 19F NMR peaks of F6H8 with increasing tetradecane. The points in the figure 

represent the data collected, and the lines represent the fitted data. 

 

 

 

Figure 44 - The fit for the association model against the actual chemcial shift values for the 

various 19F NMR peaks of F6H8 with increasing perfluorooctane. The points in the figure 

represent the data collected, and the lines represent the fitted data. 
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Figure 45 - The fit for the association model against the actual chemcial shift values for the 

various 19F NMR peaks of F4H5 with increasing tetradecane. The points in the figure 

represent the data collected, and the lines represent the fitted data. 

 

In addition to the fitting data presented in the earlier figures, the extent of association 𝜉 for 

each best fit model has been calculated and is presented in Figure 46. 𝜉 corresponds to 

fraction of SFA molecules that are in an associated state. The plots in Figure 46 indicate that 

the strongest association appears to occur for F6H8 in H14.  When comparing F4H5 in H14 

to F6H8 in F8, the association is stronger at small mole fractions for F6H8 in F8, but at 

higher mole fractions of SFA, more association occurs for F4H5 in H14. The extent of 

association reflects the number of associated molecules in the system and is the best indicator 

for the strength of association. The size of the aggregate does not reflect the strength of the 

association, but is more likely related to geometrical constraints when forming the aggregate. 

It is clear that the strongest association occurs for F6H8, not F4H5, which is an important 

finding and is expected since F6H8 is bigger than F4H5.  Because F6H8 is bigger, the 

molecule can form stronger intermolecular interactions that drive the self-association.  
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Figure 46 – This plot presents the extent of association for theF6H8 in both F8 and H14, and 

F4H5 in H14.  
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is that larger aggregates are forming in the smaller chain F4H5 mixtures with tetradecane, 
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core of these aggregates is assumed to be the perfluorocarbon segments of the SFAs. The 

larger F6H8 molecules are expected to have a more dense cloud of electrons around the 

perfluorocarbon segment when compared to the shorter F4H5 molecules. The association is 

likely driven by the mis-match in depression interactions (although the origin for this is not 
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Morgado et al. 2019 [63], suggest that long range London repulsion interactions are the 
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in the aggregates. This leads to the hypothesis that the driving segment towards aggregation 

is not the hydrocarbon segments as they do not seem to be aggregating in large numbers, but 

rather the perfluorocarbon segments of the SFA molecules. Furthermore, the size of 

aggregates is more related to the geometrical constraints. This might explain why F6H8 in 

tetradecane forms larger aggregates, as tetradecane molecules are more flexible then 

perfluorooctane molecules. 

Overall the model suggests that with tetradecane the aggregate sizes for F4H5 are greater 

than for F6H8. This is expected, as the geometric limitations of the smaller F4H5 are 

predicted to be less than F6H8, also, tetradecane is much more flexible. From the extents of 

association it is clear that F6H8 associates more in both tetradecane and perfluorooctane than 

F4H5 suggesting a stronger cohesive attraction. This is also expected as F6H8 is a larger 

molecule and therefore is more likely to have stronger intermolecular forces.  

 

4.5 Conclusions  

Chapter 7 indicated that changes in chemical shift values are not a result of conformational 

changes in these systems. As such, chemical shift changes have been used to evaluate the 

chemical environment due to local environmental effects with increasing SFA content in 

mixtures with tetradecane and perfluorooctane. Both F6H8 and F4H5 provided the same 

chemical shift trends. Nonlinear SFA chemical shift changes in perfluorooctane and 

tetradecane indicate that aggregation is taking place as the chemical environment for an ideal 

mixture would experience a proportional change between composition and chemical shift. 

This is further verified through the use of an association model, which could be fitted to the 

experimental data. The association model indicated that the aggregation numbers were lower 

for F6H8 than for F4H5 in mixtures with hexadecane. In addition to this the model indicated 

that larger aggregates formed in tetradecane than perfluorooctane. Overall this chapter has 

used chemical shift changes to provide evidence for chemical association behaviour taking 

place in binary mixtures of SFAs with either tetradecane or perfluorooctane.  
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5 NMR study of SFA interactions with different organic 

compounds  

5.1 Abstract  

NMR integral and chemical shift values have been used to investigate binary SFA mixtures 

with various organic compounds. The SFA mixtures investigated were binary F6H8 or F4H5 

mixtures with caprylic/capric triglyceride (CT), isopropyl myristate (IM), isopropyl palmitate 

(IP), ethyl acetate (EA), dimethyl isosorbide (DI), propylene glycol laurates (PGL) and 

diethylene glycol monoethyl ether (DGME). Peak integral values have been used to 

determine the solubility of additives in SFAs. Integral data showed that all excipients were 

miscible, apart from dimethyl isosorbide (DI), propylene glycol laurates (PGL) and 

diethylene glycol monoethyl ether (DGME). The solubility values found were 3.7% and 8.8% 

w/w for DGME in F6H8 and F4H5, 9.9% and 16.1% w/w for DI in F6H8 and F4H5 and 

28.1% for PGL in F6H8, PGL was found to be miscible in F4H5. Chemical shift values were 

used to determine which functional groups in the SFA molecules show the greatest change in 

molecular environment, and hence interact more with the excipient molecules. Less curvature 

in chemical shift changes with respect to composition indicated lower association with 

caprylic/capric triglyceride (CT), Isopropyl Myristate (IM) and Isopropyl Palmitate (IP), 

when compared to perfluorooctane and tetradecane discussed in chapter 4.4. Linear chemical 

shift changes were seen with composition in polar ethyl acetate (EA) mixtures indicating 

closer to ideal mixing. Small chemical shift changes with composition occur for systems with 

immiscible compounds dimethyl isosorbide (DI), propylene glycol laurates (PGL) and 

diethylene glycol monoethyl ether (DGME) indicating little interaction between the additive 

and SFA. The chemical shift and peak integral value changes with respect to increasing 

excipient concentration indicate a higher level of interaction with all excipients with F4H5 

when compared to F6H8.  

 

5.2 Introduction  

1H NMR was used to gain a molecular level understanding of the liquid SFA structure and 

how SFA molecules interact with the molecules of different organic compounds. It is very 

important to understand how SFAs interact with other compounds in order to optimize their 

use for any application in the biomedical and industrial fields. This study has focused on 

determining intermolecular interactions of SFAs with various excipients and the excipient 
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solubility in SFAs. The excipients include caprylic/capric triglyceride (CT), isopropyl 

myristate (IM), isopropyl palmitate (IP), ethyl acetate (EA), dimethyl isosorbide (DI), 

propylene glycol laurates (PGL) and diethylene glycol monoethyl ether (DGME). The 

excipients dimethyl isosorbide (DI) and laurates diethylene glycol monoethyl ether (PGL) 

were found to be immiscible in both F6H8 and F4H5 while propylene glycol (DGME) was 

found to be miscible in F4H5 and immiscible in F6H8 at room temperature. 

NMR peak integrals were used to determine the compositions in single and two phase 

mixtures to determine the solubility of these chemicals in F6H8 and F4H5. NMR chemical 

shifts were used to qualitatively understand the electron environment in the different 

segments of SFA molecules for deducing the intermolecular interactions. Excipients causing 

phase separation were evaluated via NMR temperature dependence experiments.  

Traditional approaches for measuring solubility often rely on using chromatography to 

separate out the components of a mixture followed by a concentration measurement.  NMR is 

very rarely used for this application even though a recent article published in in December 

2019 entitled “NMR spectroscopy in drug discovery and development: Evaluation of 

physico-chemical properties” indicated the potential of NMR for quantifying concentrations 

in multi-component mixtures. [67] . In our study, we show NMR is a fast and user-friendly 

method for determining solubility in solutions undergoing phase separation. The advantage of 

using NMR is the quantitative nature of NMR peak signals. These peak signals are directly 

proportional the number of nuclei in a sample. The fact that these signal intensities or peak 

areas are independent of any other environmental factors means that the method is broadly 

applicable and can be applied over a range of temperature, pressure or even for liquids with 

different colours. The method used in this study uses the intensity ratios and molecular 

masses to provide the mass compositions and concentrations, which is explained in more 

detail in section 5.4.1 - NMR integral and Compositions in various mixtures. The same 

technique was recently used to determine the solubility in multicomponent mixture of 

caffeine, Formic acid, trigonelline and 5-HMF in soluble coffee, where the non-overlapping 

peaks were used to determine the solubility of dissolved solids at concentrations between 

0.3mg to 1.3 mg per gram. [68]  
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5.3 Materials and Methods  

NMR experiments were carried out at ambient room conditions on mixtures with varying 

composition of SFAs in mixtures with different excipients. In order to prepare samples, an 

empty NMR tube was weighed on a mass balance. While the tubes were still on the mass 

balance, a pipetboy was used to measure out 1 mL of SFA, which was then transferred to the 

NMR tube. The added mass of SFA was recorded. Using a pipetboy the required amount of 

excipient was measured out and transferred to the NMR tube. Various samples were made up 

with excipient content ranging from 10µL to 1600µL. The mass of organic compound was 

also recorded. The NMR tube was then shaken for around 5 seconds and inverted 3 times to 

ensure good mixing. Two droplets of an NMR reference TMS were added to each tube. The 

tube was then left for 1 day to reach phase separation equilibrium and then placed into the 

NMR spectrometer. A 500 MHz spectrometer was used for 1H NMR and configured as 

follows, the acquisition time was 3.28s, receiver gain 2.8, dwell time 50 µs, pre scan delay 

15.48 µs and number of scans 16 and T1 relaxation time was 11s. For 19F NMR 500 MHz 

spectrometer was used and configured as follows, the acquisition time was 1.4s, receiver gain 

4.32, dwell time 5.6 µs, pre scan delay 18.63 µs and number of scans 128 and T1 relaxation 

time of 11s. 
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5.4 Results and Discussions  

The structure and properties of the excipients used in this study can be found in  Table 7. The 

structures and properties of F6H8 and F4H5 have been discussed previously in 1.3.2.  

 Table 7 – An outline of excipient behaviour, including the chemical and physical properties 

of their pure phases. Impurity data have also been discussed in chapter 2. Data have been 

collected from the chemical data bank of PubChem. [69] 

Excipient Structure 

Chemical and 

physical 

properties 

Solubility 

 

Caprylic/Capric 

triglyceride 

(CT)  

Mr: 554.9 gmol-1 

Density: 0.95 gcm-3 

MP: -5 oC 

BP: > 300 oC 

IB: VdW & PD 

No data found 

Isopropyl 

Myristate 

(IM)  

Mr: 270.5 gmol-1 

Density: 0.95 gcm-3 

MP: 3 oC 

BP: 315 oC 

IB: VdW & PD 

Soluble – castor oil, 

cottonseed oil, acetone, ethyl 

acetate, ethanol, toluene, 

mineral oil, benzene 

Insoluble – water 

Isopropyl 

Palmitate 

(IP) 

 

 

Mr: 298.5 

Density: 0.95 gcm-3 

MP: 13.5 oC 

BP: 160 oC 

IB: VdW & PD 

Soluble – castor oil, 

cottonseed oil, acetone, ethyl 

acetate, ethanol, toluene, 

mineral oil, benzene 

Insoluble – water 

Ethyl Acetate 

(EA) 
 

Mr: 88.1 gmol-1 

Density: 0.9 gcm-3 

MP: -83.8 oC 

BP: 77 oC 

IB: PD 

Miscible in water, ethanol, 

ethyl ether, acetone, 

benzene, chloroform, oils 

Diethylene Glycol 

Monoethyl Ether 

(DGME) 
 

Mr: 134.2 gmol-1 

Density: 0.99 gcm-3 

MP: -76 oC 

BP: 200 oC 

IB:HB 

Soluble in ether, pyridine, 

chloroform, ethanol, 

acetone, benzene, water, 

most organic compounds 

Dimethyl 

isosorbide (DI) 

 

Mr: 174.2 gmol-1 

Density:  No data 

MP: No Data 

BP: < 112.2 oC 

IB: PD 

Soluble in water 

Propylene glycol 

laurates (PGL) 
 

Mr: 258.4 gmol-1 

Density: No Data 

MP: No Data 

BP: 361 oC 

IB: VdW & PD 

No data found 
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5.4.1 NMR integral and Compositions in various mixtures 

A visual analysis of the mixtures to determine miscibility was not reliable due to the 

transparency of the mixtures and difficulty to determine phase separation. As such NMR 

experiments were carried out to determine the composition of the SFA mixtures based on the 

peak integral values. 1H NMR peak areas are proportional to the number of molecular groups 

contributing to the peak. It is possible to determine from the integral peaks the molar ratio 

between two peaks of different molecules. This has been used to determine the weight 

percentage of various excipients in binary mixtures with F6H8 or F4H5. For miscible 

mixtures, a linear relationship is expected to be seen for the calculated NMR integral mass 

composition against the actual mass composition. For immiscible mixtures a linear 

relationship is expected up until the point of phase separation or solubility.  

The calculated 1H NMR integral values were used to determine the mass compositions as 

follows. The NMR integral area for a given peak is proportional to the number of chemical 

groups that contribute to the signal, as detailed in Figure 47. 

 

 

 

Figure 47 – The 1H NMR spectra for a mixture of of 70% w/w of F6H8 and 30% w/w of 

DGME. The peaks used to determine the moalr ratio used will be that of CH3 of F6H8 and 

CH3 of DGME. The spectra is produced from the bottom SFA phase. 

 

CH3 Peak of F6H8 

Integral value of 3  
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Figure 47 gives an example of a binary mixture containing 70% w/w F6H8 and 30% w/w 

DGME. This sample has two phases, where the spectra has only been taken for the SFA rich 

bottom phase. The molar ratio between the compounds in the binary mixture is calculated 

using the integral values according to 

𝐼𝑆

𝑁𝐻
:

𝐼𝐸

𝑁𝐻
                                                Equation 12 

In eqaution 12, Ii is the integral value for any peak of compound i and Ni is the number of 

hydrogen atoms contributing to the given peak. For the example presented in Figure 47, this 

would result in a F6H8:DGME molar ratio of 1:0.11, which corresponds to a mass percentage 

of 4% w/w for DGME. This calculation was used for all excipents using the CH2 peak of 

SFA closest to the perfluorocarbon segment as this peak does not overlap with the CH2 peaks 

of any excipent. CH3 peaks of the excipents were used for the determination of excipent mass 

fraction, as this peak also did not overlap with the CH3 of F6H8 and was easiest to assgin. 

Figure 48 - Figure 54  show excipient compositions calculated from the NMR data plotted 

against the prepared measured experimental composition for all SFA/excipient mixtures. The 

miscibility and solubility data for all excipients in either F6H8 or F4H5 are tabulated in Table 

8. 

 

 

Figure 48 – Measured composition determined through 1H NMR integrals plotted against the 

prepared sample composition. The data presented is for a mixture of F6H8/F4H5 and CT. 
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Figure 49 - Measured composition determined through 1H NMR integrals plotted against the 

prepared sample composition. The data presented is for a mixture of F6H8/F4H5 and IM. 

 

 

 

Figure 50 - Measured composition determined through 1H NMR integrals plotted against the 

prepared sample composition. The data presented is for a mixture of F6H8/F4H5 and IP. 
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Figure 51 - Measured composition determined through 1H NMR integrals plotted against the 

prepared sample composition. The data presented is for a mixture of F6H8/F4H5 and EA. 

 

 

 

Figure 52 - Measured composition determined through 1H NMR integrals plotted against the 

prepared sample composition. The data presented is for a mixture of F6H8/F4H5 and DGME.  
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Figure 53 - Measured composition determined through 1H NMR integrals plotted against the 

prepared sample composition. The data presented is for a mixture of F6H8/F4H5 and DI. 

 

 

 

Figure 54 - Measured composition determined through 1H NMR integrals plotted against the 

prepared sample composition. The data presented is for a mixture of F6H8/F4H5 and PGL. 
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The plots in Figure 48 - Figure 51 follow an x = y trend. This means that CT, IP, IM, and EA 

are completely miscible in solutions with F6H8 and F4H5.  In contrast, Figure 52 and Figure 

53 indicate that DGME and DI are not miscible in F6H8 and F4H5. These figures indicate a 

linear x = y relationship only at low compositions. A break point in the curve after which the 

calculated integral mass compositions no longer increases. This is expected to occur once the 

solubility of the excipient is reached. For DGME in F6H8, this occurs at 3.7 % w/w and in 

F4H5 the solubility limit is 8.8% w/w. For DI in F6H8 the solubility is 9.9% w/w and in 

F4H5 the solubility is at 16.1% w/w. Figure 54 shows the linear relationship between the 

calculated NMR integral mass fractions and total mass fractions determined for mixtures of 

PGL in F4H5. For PGL in F6H8, the relationship experiences a breakpoint at 28.1 % w/w, 

which indicates PGL is miscible in F4H5 but has a solubility of 27.9 % w/w in F6H8.  

 

Table 8 – Overall solubility and miscibility data found from experimentation of SFA and 

excipient mixtures 

TEMPERTURE 25 OC F6H8  F4H5  

CAPRYLIC/CAPRIC 

TRIGLYCERIDE 

(CT) 

Miscible Miscible 

ISOPROPYL MYRISTATE 

(IM) 
Miscible Miscible 

ISOPROPYL PALMITATE 

(IP) 
Miscible Miscible 

ETHYL ACETATE 

(EA) 
Miscible Miscible 

DIETHYLENE GLYCOL 

MONOETHYL ETHER 

(DGME) 

Immiscible 

Solubility ≈ 3.4% 

Immiscible 

Solubility: ≈ 9% 

DIMETHYL ISOSORBIDE 

(DI) 

Immiscible 

Solubility ≈ 6% 

Immiscible 

Solubility ≈ 10 % 

PROPYLENE GLYCOL 

LAURATES (PGL) 

Immiscible 

Solubility ≈ 28% 
Miscible 
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The integral data presented in Figure 48 - Figure 54 show that SFAs are miscible with the 

excipients with a long hydrocarbon chain, and with ethyl acetate, suggesting that smaller 

excipients are also soluble because they can fit into the free space formed in pure SFA liquids 

(which is also the reason why gases are soluble in SFAs). SFAs do not have the ability to 

form hydrogen bonds due to the symmetry in the perfluorocarbon diblocks, which balances 

out any effects due to their strong electronegativity. We expect the lack of mixing with 

DMGE and PGL is due to the inability of SFAs to form hydrogen bonds with the OH groups 

of the excipients. Alternatively, the excipients prefer to interact with themselves resulting in 

their immiscibility. Despite not having the ability to form hydrogen bonds, the ability to 

solubilize EA (as well as ethanol and propanol as well be seen in chapter 8) suggests that the 

dipole in the SFA molecules may have some solubilizing effect. The results indicate SFAs 

have the ability to be miscible with both small polar compounds such as EA and long mostly 

non-polar compounds like IM. In chapter 4 it was also confirmed that completely non polar 

compounds tetradecane and perfluorooctane are completely miscible in F6H8. F6H8 has a 

lower solubilizing ability than F4H5, which is likely due to the larger size of F6H8 although 

the molecular basis for the effect is not clear. 

 

5.4.2 Chemical Shift changes in SFA mixtures 

The 1H NMR and 19F NMR chemical shift changes with respect to excipient mass 

percentages are presented in this section. Firstly the 19F NMR chemical shift trends for the 

CF3 group in all mixtures are presented in Figure 55 and Figure 56 for F6H8 and F4H5 

mixtures. This has not been done for 1H NMR as the changes in chemical shifts were too 

small to evaluate. The trends provide insights into how the chemical environment of the 

SFAs is changing with added excipient using CF3 as a representative of other functional 

groups. Chemical shift changes for all other functional groups of the SFA molecules have 

been evaluated for both the hydrocarbon segment and perfluorocarbon segments through 1H 

and 19F NMR. This provides an understanding of which molecular groups are interacting and 

undergoing an environmental change. 
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Figure 55 – 19 F NMR Chemical shift values for CF3 peaks with respect to mass percentage 

of excipient in F6H8. Error bars are smaller than the plot markers. Error bars have been put in 

for F6H8 + IM, the other mixtures have the same error bars, however to keep the figure less 

cluttered only this has been put in. 

 

From Figure 55, it can be seen that the chemical shift values of the compounds with long 

hydrocarbon chains, CT, IM and IP follow the same trend. Chemical shift values for these 

mixtures show a linear increase followed by a plateau after 40 % w/w of excipient. The 

plateau occurs at the same mass percentage for all three mixtures. The plot for EA is nearly 

completely linear throughout with a slight curve upwards, but further experimentation to 

larger mass percentages is needed to confirm the behaviour. DGME and DI mixtures were 

reported as immiscible and the corresponding plots indicate little change in chemical shift 

values with composition as can be seen in Figure 55. The chemical shift values for mixtures 

in F4H5 are also presented with CT, IM, IP and EA showing a nearly completely linear trend.  

All chemical shift peaks are moving upfield, which separately of increased shielding with 

increasing excipient composition. As the excipients being added are organic compounds 

without any perfluorocarbon segments, it is unlikely that changes in the 19F NMR of the 

perfluorocarbon segments in F6H8 would change due to interactions with excipient. 

Therefore, the upfield movement of perfluorocarbon peaks of F6H8 is attributed to 

interactions of perfluorocarbon F6H8 segments with one another, with respect to pure F6H8. 

When compared to the behaviour seen in tetradecane and perfluorooctane, it is expected for 
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the long hydrocarbon chain excipients to show similar behaviour as tetradecane. This is not 

the case, chemical shift changes with tetradecane showed more curvature and hence more non 

ideal mixing than SFA with CT, IM and IP. Also, the overall chemical shift changes are 

much greater with the excipients than with tetradecane, indicating more interactions between 

F6H8 with excipient than F6H8 with tetradecane, at a full range composition the total 

chemical shift change of F6H8 CH3 peak with tetradecane was around 1 ppm, at 50 mass 

percentage of excipient the overall chemical shift changes for CH3 for CT was 2.3 ppm, for 

IM was 1ppm and for IP was 1.5 ppm. A majority of the initial EA linearity indicate fairly 

ideal mixing, which could be a result of the size of EA, which may be able to utilise the free 

space in SFAs. Due to the low level of interaction between immiscible molecules the 

chemical shift changes in DMGE and DI are extremely small.  

 

 

Figure 56 - 19 F NMR Chemical shift values for CF3 peaks with respect to mass percentage of 

excipient in F4H5. 

 

Figure 57 displays the chemical shift changes for solutions containing 50% w/w excipient 

with respect to the pure SFA solution found using 1H NMR and 19F NMR. The overall 

chemical shift changes were taken as the difference between pure SFA chemical shifts and 

chemical shift values with 50% w/w of excipient.  
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Figure 57 – 1H NMR and 19F overall chemical shift change of F6H8 and F4H5 as the difference between the chemical shift of F6H8 and F4H5 at 

the maximum excipient content and pure F6H8 and F4H5 in various excipients.
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As shown by Figure 57, the 19F NMR peaks for both F6H8 and F4H5 in a given mixture 

exhibit similar overall chemical shift changes. For example in F6H8 mixtures with CT the 

chemical shift changes for each peak are around 2.3 ppm, and for F4H5 chemical shifts are 

around 2 ppm. Furthermore chemical changes in F4H5 are greater than for F6H8 in all 

mixtures except for CT. 

It was expected that CH3 and CF3 peaks would exhibit the greatest variability as the 

chemical shift is dependent on the area around a functional group. Therefore as CH3 and CF3 

groups in SFAs have the greatest area, they are expected to show the greatest change in 

chemical shift. However this is not the case, in both 1H and 19F NMR the larger chemical 

shift change is seen in the CF2 and CH2 groups located at the junction between the 

hydrocarbon and perfluorocarbon segments, however, despite having larger chemical shift 

changes the differences are relativity small. In literature, the chemical shift at the junction is 

not accounted for in many studies, however the chemical shift changes seen suggest that 

these groups do play a role in the mixing behaviour of these molecules. This trend was also 

seen in the previous chapter 4, with tetradecane and perfluorooctane mixtures. 

The smallest overall chemical shift change occurs for peaks corresponding to the immiscible 

systems. While in mixtures with EA, where linear behaviour was observed, there is the 

greatest overall chemical shift change. The linearity seen in the chemical shift profiles of 

F6H8 and EA mixtures, as well as for miscible mixtures containing F4H5 suggests increased 

interactions between SFA and excipients as no self-association or little self-association is 

expected, which is consistent with the greatest chemical shift changes occurring in these 

mixtures.  

From the F – NMR of F6H8 it can be seen that the smallest changes in chemical shift occur 

with DGME and DI.  These excipients are immiscible with the F6H8, so that chemical shifts 

remain constant as the molecules are added because they do not go into the SFA phase. As 

mentioned in the previous section, these systems were confirmed to be immiscible using the 

NMR integral data.  

Overall the chemical shift changes indicate that longer chain hydrocarbons cause the 

perfluorocarbon diblocks to interact more between the SFA molecules when compared to 

pure SFA. Furthermore, excipient compounds seem to cause same species favoured 

association of the perfluorocarbon diblocks. There is also a noticeable correlation between 

chemical shift changes and solubility/miscibility.  
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The NMR data for F4H5 mixtures exhibit the same trends as seen for F6H8 mixtures, 

although the chemical shifts are generally greater for F4H5 at the same conditions of 

temperature, pressure and concentration. This is attributed to more ideal mixing. It is difficult 

to determine why F4H5 shows more ideal mixing behaviour than F6H8, although the effect is 

likely related to the smaller size of F4H5. 

 

5.5 Conclusions 

Overall, this chapter has provided insight into the interactions of SFA compounds F6H8 and 

F4H5 with various excipient molecules. Initially 1H NMR integral data has been used to 

determine the miscibility and solubility data of caprylic/capric triglyceride (CT), isopropyl 

myristate (IM), isopropyl palmitate (IP), ethyl acetate (EA), dimethyl isosorbide (DI), 

propylene glycol laurates (PGL) and diethylene glycol monoethyl ether (DGME) in both 

F6H8 and F4H5. This data is invaluable to any formulation team working with F6H8 and 

F4H5 formulations. Furthermore, the use of integral NMR data provides an innovative 

experimental method through the use of NMR to determine solubility and miscibility data. 

The integral data collected indicates that all excipients were miscible apart from dimethyl 

isosorbide (DI), propylene glycol laurates (PGL) and diethylene glycol monoethyl ether 

(DGME). The solubility values found were 3.7% and 8.8% w/w for DGME in F6H8 and 

F4H5, 9.9% and 16.1% w/w for DI in F6H8 and F4H5 and 28.1% for PGL in F6H8, PGL 

was found to be miscible in F4H5. In addition to NMR integral data, chemical shift changes 

were also investigated. It was found that the SFAs have greater chemical shift changes with 

the excipients CT, IM, and IP when compared with tetradecane. All these additives have long 

hydrocarbon chains, although tetradecane is the only completely non polar compound. It 

seems that the excipients cause SFA’s perfluorocarbon diblocks to interact more with one 

another than tetradecane. However, mixing between SFA and the excipients was seen to be 

more ideal than with tetradecane. Furthermore, it seems like small polar molecules show the 

most ideal mixing behaviour with SFAs as seen through EA mixing with F6H8. It was also 

seen that F4H5, has a greater solubilising effect with immiscible excipients and shows ideal 

mixing behaviour with miscible excipients than F6H8, overall indicating F4H5 is more 

favourable towards mixing than F6H8. 
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6 NMR study of SFA interactions with ethanol and propanol in 

the presence of water 

6.1 Abstract  

Small amounts of water can extract significant amounts of alcohol from SFA formulations. In 

order to better understand this effect, ternary phase diagrams and miscibility boundaries have 

been determined for mixtures of SFA, alcohol and water by using NMR peak integration 

techniques. The data indicate the shorter chain SFA (F4H5) favours mixing with alcohols in 

the presence of water when compared to the longer chain SFA (F6H8). The longer chain 

alcohol, propanol has greater solubility than ethanol in mixtures with both F6H8 and F4H5 in 

the presence of water. This suggests that the longer hydrocarbon chains of propanol lead to 

stronger interactions with the SFA, in the presence of water. This effect might be due to the 

reduced polarity of propanol compared to ethanol. In conclusion, this study has shown that 

water content must be minimized in formulations with SFA and alcohol excipients, otherwise 

the alcohol content in the SFA will be reduced, which can significantly impact the overall 

effectiveness of SFA formulations. 

 

6.2 Introduction  

Excipients can be used in SFA formulations. To further expand the formulation science 

surrounding SFAs, it is important to understand the effect water will have on formulations. 

Water may be introduced formulation preparation or application of products into the eye. 

SFA formulations may involve the use of various compounds, compounds with high water 

could be problematic, because water at concentrations less than 1% w/w may cause phase 

separation. The formation of a water-rich phase can reduce the effectiveness of the 

formulation. Water has an extremely low solubility in SFAs, it was found through this study 

to be around 50 ppm by mass in F6H8. Consequently any introduction of water will cause 

major formulation issues with SFAs. The goal of this study was to understand the affect water 

has on SFA/ethanol and SFA/propanol mixtures and provide a model to calculate the amount 

of alcohol that will be extracted from the SFA due to water. This has been done by using 

NMR experiments to determine ternary phase diagrams for mixtures of SFA, water and either 

ethanol or propanol. The solubility of water in F6H8 and F4H5 has been determined via Karl 

Fischer titrations.  
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6.3 Materials and Methods  

NMR experimentation was carried out on ternary mixtures combining water, SFA and 

alcohol. Initially a two-phase system of water and SFA was prepared by mixing followed by 

the addition of alcohol (either ethanol or propanol) in increments of 50 𝜇L. Every sample 

initially included 1 mL of SFA and either 10 uL, 50 uL or 100 uL of water. See Figure 58 for 

a visual representation of the sample preparation. A mass balance with a precision of 0.00001 

g was used to measure SFA, water and alcohol. Three drops of TMS was then added to the 

samples to act as an NMR reference. The sample tubes were then placed in a 500 MHz NMR 

Bruker Spectrometer, for a 11s T1 
1H NMR experiment to produce the spectra for the bottom 

SFA rich phase, which was used to calculate the bottom-phase composition. 

 

 

 

 

Figure 58 – Steps outlining the experimental procedure for sample preparation 

SFA 
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1H NMR measurements have been used to measure the molar ratio between the SFA and 

alcohol in the bottom phase, where 𝑐𝑖
𝑗
 corresponds to the molar ratio of component i in phase 

j. Here, b and t correspond to the bottom and top phase respectively, and subscripts a, f, and 

w correspond to alcohol, SFA, and water, respectively. The relative compositions were 

calculated using the CH3 peaks from F6H8 and the CH2 peaks from ethanol. Molar 

compositions were converted in to mass using the molecular weight.  

𝐶𝑎
𝑏 =

𝐼𝑎
𝑛𝐻𝑎

∗𝑀𝑎

(
𝐼𝑎

𝑛𝐻𝑎
∗𝑀𝑎)+(

𝐼𝑓

𝑛𝐻𝑓
∗𝑀𝑓)

                                           Equation 13 

where 𝐼𝑎 is the integral value of the alcohol CH2 peak, 𝑛𝐻𝑎  is the number of hydrogen atoms 

generating the corresponding alcohol peak, 𝑛𝐻𝑎  is the number of hydrogen atoms generating 

the corresponding SFA peak, 𝐼𝐹 is the integral of the SFA CH3 peak and 𝑀𝑖 is the molecular 

weight of component i.  

Karl Fischer titrations were then used to determine 𝑥𝑤
𝑏 , the water mass faction in the SFA rich 

phase. The mass fraction of alcohol in the bottom phase 𝑥𝑎
𝑏 could then be determined 

according to 

 

𝑥𝑎
𝑏 =

1−𝑥𝑤
𝑏

𝐶𝑓
𝑏+𝐶𝑎

𝑏 ∗ 𝐶𝑎
𝑏                                            Equation 14 

 

For all mixtures, the mass of the SFA rich phase was experimentally measured and used in 

calculations. The top phase compositions were then estimated from an overall mass balance 

on SFA, water and alcohol. 

For a given sample, the mass fractions 𝑥𝑎
𝑏  and 𝑥𝑤

𝑏   correspond to an equilibrium point on the 

coexistence curve that are connected by a tie line to the mass fractions in the top phase, given 

by 𝑥𝑎
𝑡   and 𝑥𝑤

𝑡 . 



113 | P a g e  

 

6.4 Results and Discussions  

6.4.1 Determining water solubility in pure F6H8 and F4H5 

Table 9 shows the data collected from the Karl Fischer Titrations on 8 samples of pure F6H8. 

The samples contain on average 8 ppm water with a standard deviation equal to 3.8 ppm. 

This value corresponds to the amount of water in a formulation of pure F6H8. As this 

experiment was carried out on the same batch of F6H8, the standard deviation is a result of 

experiment uncertainty, rather than reflecting batch-to-batch variation. This uncertainty could 

be a result of water contamination during sample preparation, or due to any errors arising 

during the titration and measurement. 

Table 10 shows the data collected from a two-phase mixture formed by adding 1 mL of water 

to 25 mL of pure F6H8. In this case, the F6H8 is saturated with water. The Karl Fischer 

experiments indicate the saturation point, or solubility of water, is approximately 50 ppm 

water with a standard deviation of 15.9 ppm. Once again the standard deviation is a result of 

some experimental uncertainty as the solubility of water in F6H8 is independent of the initial 

amount of water in the sample.  The uncertainty likely arises in the Karl Fischer 

determination of the water content. The solubility of water in F6H2 was determined to be on 

the order of 3 ×  10−6  by mole fraction in literature. [21] This data was the only found with 

regards to water solubility in SFAs and when compared to the water solubility data of F6H8 

which was 50.5 ppm by mass (2.1 ×  10−6 by mole fraction) shows reproducibility. 

 

Table 9 – Outline of the data collected from the Karl Fischer Titrations of reasearch grade 

F6H8 

Sample Mass of 
H2O (g) 

Phase 
Separation 

Mass added 
to Karl Fischer 

(g) 

Water 
Content 
(ppm) 

1 0 No 3.0325 8.8 

2 0 No 0.1091 10.1 

3 0 No 1.344 8.9 

4 0 No 1.4929 9.5 

5 0 No 1.4595 9.7 

6 0 No 1.3875 12.9 

7 0 No 1.4806 2.1 

8 0 No 1.4649 2.5 
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Table 10 – Outline of the data collected from the Karl Fischer Titrations of reaserch grade 

F6H8 + 1mL of water 

Sample Mass of 
H2O (g) 

Phase 
Separation 

Mass of F6H8 
(g) 

Water 
Content 
(ppm) 

1 1 Yes 2.9738 38.5 

2 1 Yes 1.3711 25.1 

3 1 Yes 1.4284 46.6 

4 1 Yes 1.4659 46.4 

5 1 Yes 1.496 46.5 

6 1 Yes 1.3885 69.7 

7 1 Yes 1.3509 73.2 

8 1 Yes 1.4976 57.8 

 

 

6.4.2 Ternary phase diagram for SFA – Alcohol – Water mixtures   

The ternary phase diagram for water, ethanol, propanol and F6H8 at ambient room 

temperature is presented in Figure 59 and Figure 60.  

 

 

Figure 59 – Ternary phase diagram for F6H8, ethanol and water mixtures at 25 oC, the ends 

of the tie lines show the compositions of the two phases that exist in equilibrium with each. 

0

10

20

30

40

50

60

70

80

90

100

100

90

80

70

60

50

40

30

20

10

0
0 10 20 30 40 50 60 70 80 90 100

Teranry Phase Digrame for F6H8 - Ethanol - Water Mixtures By 
Wt% 

WaterF6H8

Ethanol

Water mass percentage (%)

F6H8% 

EOH% 

H2O% 

Reading Key 



115 | P a g e  

 

 

Figure 60 – Ternary phase diagram for F6H8, propanol and water at 25 oC, the ends of the tie 

lines show the compositions of the two phases that exist in equilibrium with each.  

 

The ternary phase diagram of F6H8 – ethanol – water mixtures contains a very large 2-phase 

region. As such, phase separation is likely to occur for almost all compositions in the ternary 

mixture. The large tie-line distance indicates that the coexisting phases consist mainly of 

either water or F6H8, while ethanol partitions between the two phase. The majority of water 

remains in the top phase and F6H8 in the bottom phase, but ethanol is miscible in both water 

and F6H8. However, as shown by the ternary plot in Figure 59, the top aqueous phase 

consists of a higher composition of ethanol, which indicates that ethanol favours water over 

F6H8. This is likely because ethanol, and water have the ability to form hydrogen bonds, 

while F6H8 cannot form hydrogen bonds and only interacts through dispersion forces 

between same – same segments and ethanol. The dispersion interaction is greater with 

propanol over ethanol due to the longer hydrocarbon chain length of propanol. This 

hypothesis is consistent with the data for the ternary phase diagram of F6H8, propanol and 

water shown in Figure 60. The addition of the CH2 group in propanol versus ethanol has a 

major impact in reducing the size of the 2-phase region and increases the partitioning of the 

excipient into the SFA phase over the aqueous phase. The 2 phase region in the ternary phase 
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plot for F6H8, propanol and water shows that adding small amounts of water to the propanol-

SFA mixtures causes phase separation, while the propanol remains fully miscible with SFA 

indicating, that water drives the phase separation. This is seen in both ethanol and propanol, 

despite the fact that both excipients are miscible in F6H8. 

A small water content causes phase separation in the ternary mixture with propanol, but a 

large water content yields a single phase mixture. This is seen at 20% water content as 

mixtures with more than 20 % water content provides a single phase system regardless of the 

composition of F6H8 and propanol, suggesting that propanol has a strong solubilising effect 

of F6H8, while any mixture with less than 30 % F6H8 is also a single phase. Ternary phase 

diagrams for F4H5 mixtures with ethanol or propanol and water were also determined and 

results are presented in Figure 61 and Figure 62. Similar to F6H8 mixtures, single phase 

systems occur at higher water and lower F4H5 compositions for a given alcohol content. The 

two phase region shape and size is an indication that the different SFA mixtures are acting 

similarly to one another. However, two-phase regions are smaller for the F6H8 mixtures 

suggesting that the smaller SFA chains promote better mixing with alcohol and water. This is 

the same seen with F4H5 chemical shift changes and integral values looked at in the previous 

chapters, when looking at SFA mixtures with other organics excipients (DGME, DI and 

PGL). When looking at these mixtures, F4H5 provided larger solubility values for the 

miscible mixtures than F6H8. The major difference between the two SFAs is size, how this 

effects the mixing and solubilizing properties is unknown and will require work with SFAs of 

different hydrocarbon and perfluorocarbon segment lengths. F4H5 is slightly more polar than 

F6H8 due to the dipole moment about the junction between the hydrocarbon and 

perfluorocarbon segments, which may be a starting point for further investigations.  
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Figure 61 – Ternary phase diagram for F4H5, ethanol and water at 25 oC, the ends of the tie 

lines show the compositions of the two phases that exist in equilibrium with each other.  

 

Figure 62 – Ternary phase diagram for F4H5, Propanol and water at 25 oC, the ends of the tie 

lines show the compositions of the two phases that exist in equilibrium with each other. 
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In the context of the ternary phase diagrams presented in Figure 59 - Figure 62 it can be seen 

that propanol and F6H8 mixing is better in the presence of water in comparison to ethanol 

and F6H8 mixing in the presence of water, which is also observed for F4H5. It should be 

noted that, without water, both ethanol and propanol are found miscible in F6H8 and F4H5. 

The difference between ethanol and propanol is that propanol contains a longer hydrocarbon 

chain than ethanol and as such is less polar. Better mixing may be a result of similarity in 

modes of intermolecular interactions between propanol and SFA. Ethanol and propanol are 

both polar and both are miscible in SFA suggesting that mixing with SFAs is not subject to 

polar or non-polar compounds. The reason behind this is still unclear but similar behaviour 

was seen in the previous chapter when SFAs were mixed with ethyl acetate. Regardless, it 

seems that mixing in the presence of water is more favourable towards propanol, the less 

polar compound. This is believed to have two contributing factors, first the interactions 

between water and excipient (either ethanol or propanol in this case) and the interactions 

between SFA and excipient. 

Only methanol, ethanol and propanol are miscible in water, while increasing the carbon chain 

length in alcohols further, such as for butanol or pentanol, leads to lower solubility’s in water. 

This is due to the decrease in polarity and the increase of the non – polar hydrocarbon chain 

length of the alcohol, which results in more hydrophobic and non-polar interactions. 

Therefore, it can be said that the interactions of ethanol and water are stronger than propanol 

and water. Furthermore the increase in the length of the hydrocarbon chain could also lead to 

stronger interactions with the SFA hydrocarbon segments, which is consistent with our 

finding that the SFAs are miscible with hydrocarbons. These differences between ethanol to 

propanol are favourable for better SFA mixing with propanol. The interactions between water 

and the alcohol decrease while the interactions between SFA and the alcohol get stronger 

with increasing alcohol aliphatic chain length. F4H5, when compared to F6H8, is more 

favourable to mixing with both ethanol and propanol in the presence of water. Both F4H5 and 

F6H8 are assumed to contain some polarity across the joining bond between the hydrocarbon 

and perfluorocarbon segments. As F4H5 is a smaller molecular it can be assumed that it is 

more polar than F6H8 and this maybe the reasoning for the better mixing. In addition to this 

the longer chain lengths of F6H8 may result in stronger attractive Van der Waal 

intermolecular forces between in F6H8 molecules, meaning the separation and mixing of 

these molecules would require more energy. This is also made more encouraging when 

comparing the boiling points of F6H8 (223 oC) and F4H5 (134 oC).  
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Overall, from the data collected in all samples and mixtures only a small amount of water is 

required to cause the miscible mixtures in nature, SFA and excipient to separate. This is 

mainly be due to the ability of water to form hydrogen bonds with ethanol and propanol.    

 

6.4.3 Miscibility curves for SFA – Alcohol – Water mixtures   

In Figure 63, a plot of water mass content against the excipient (ethanol or propanol) mass 

content in the F6H8 rich phase has been provided (i.e. a miscibility curve) in order to 

understand how water impacts solubility of ethanol and propanol. As these values have been 

taken from a 2 phase system, the compositions measured using NMR integrals can be 

assumed to be the same compositions that would be found in a completely saturated F6H8 

mixture with water and excipient. These values have been used to determine a correlation, 

which provides at a given excipient mass content, the maximum possible water content above 

which phase separation will occur. These models have been found using a 2nd order 

polynomial trend line which provide the highest R2 values and best fit to the data. Higher 

Order polynomials provided very small changes in the R2 value and such only the 2nd order fit 

was used. 

The miscibility curves presented relate the saturation compositions of F6H8, water and 

excipient, for the curves plotted any composition above the curve corresponds to a two phase 

system, any below corresponds to a single phase system. In many formulations, phase 

separation is undesirable due the extraction of excipient and hence resulting in lower 

bioavailability. 

The miscibility curves for F4H5 with either ethanol or propanol are shown in Figure 64. 

F4H5 mixes better with propanol than with ethanol in the presence of water. The greatest 

amount of water could be solubilized in the mixtures of F4H5 compared against any of the 

other mixtures. Unlike F4H5 and ethanol mixtures, the miscibility curve shown in Figure 63, 

exhibited a positive curvature, while the miscibility curve for all other mixtures exhibited 

negative curvature.  
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Taking 𝑊𝑆 as the saturated water content by mass percentage for a given F6H8/ethanol or 

F6H8/propanol mixture with 𝐸𝐶 ethanol or 𝑃𝑐 propanol mass percentage.  

For F6H8/ethanol/water mixture boundary condition curve; 

𝑊𝑆  =  −0.0005𝐸𝐶
2  +  0.0114𝐸𝐶 −  0.0136 

For F6H8/propanol/water mixture boundary condition curve; 

𝑊𝑆  =  −0.00132𝑃𝐶
2  +  0.075𝑃𝐶 −  0.014 

For F4H5/ethanol/water mixture boundary condition curve; 

𝑊𝑆  =  0.0401𝐸𝐶 +  0.0136 

For F4H5/propanol/water mixture boundary condition curve; 

𝑊𝑆  =  0.029𝑃𝐶
2 − 0.0889𝑃𝐶 + 0.2568 

 

 

Figure 63 – Water content in F6H8 phase vs the amount the amount of excipient remaining in 

the F6H8 phase post phase separation. This graph can be seen as the boundary curve for the 

saturation limit of F6H8 against water and ethanol content. Error bars are also provided for 

both plots. 
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Figure 64 - Water content in F4H5 phase vs the amount the amount of excipient remaining in 

the F4H5 phase post phase separation. This graph can be seen as the boundary curve for the 

saturation limit of F4H5 against water and ethanol content. Error bars have been added based 

on the error analysis presented in the earlier chapter 2.3. 

 

6.4.4 Extraction capacity of excipient, with respect water content 

The overall goal of this section is to provide a model to determine the concentration of the 

alcohol remaining in an SFA rich phase for different water contents, which can be used as a 

guide when designing formulations with SFAs. 

To achieve a model for the extraction of excipient from SFA formulation, first a relationship 

between the total water content (of the system)  𝑧𝑤, and total excipient content 𝑧𝑒  is derived 

in terms of 𝑥𝑤
𝑏 , 𝑥𝑒

𝑏 and the phase ratio  
𝑇

𝐵
 (the ratio between the mass of the top phase T and 

bottom phase B). For any of the tie lines which specify a pair of equilibrium 

points (𝑥𝑤
𝑏 , 𝑥𝑒

𝑏), and (𝑥𝑤
𝑡 , 𝑥𝑒

𝑡) we can specify an initial composition of excipient, 𝑧𝑒, which 

will be contained on the tie line. For this composition, the relative amounts in mass of the top 

(T) and bottom (B) phases can be determined using the mass balance for each component 

given by 

𝑧𝑖(𝑇 + 𝐵) = 𝑥𝑖
𝑡𝑇 + 𝑥𝑖

𝑏𝐵                               Equation 15 
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to give  

𝑇

𝐵
=

𝑥𝑒
𝑏−𝑧𝑒

𝑧𝑒−𝑥𝑒
𝑡 =

𝑥𝑤
𝑏 −𝑧𝑤

𝑧𝑤−𝑥𝑤
𝑡                                         Equation 16 

 

Equation 16 can be further rearranged to determine the total water content 𝑧𝑤 as a function of 

the end-points of a tie-line or the coexistence points given by the water and ethanol 

compositions in the bottom phase ( 𝑥𝑤
𝑏 , 𝑥𝑒

𝑏) and the top phase( 𝑥𝑤
𝑡 , 𝑥𝑒

𝑡) 

 

𝑧𝑤 =
𝑥𝑤

𝑡 (𝑧𝑒−𝑥𝑒
𝑏)+𝑥𝑤

𝑏 (𝑥𝑤
𝑡 −𝑧𝑒)

𝑥𝑒
𝑡−𝑥𝑒

𝑏                                          Equation 17 

 

Using this equation 17, along a given tie-line, various excipient compositions are specified, 

and the total water content is calculated from the coexistence points. This is used to generate 

Figure 65, Figure 66 and Figure 67, which contain plots of the remaining excipient 

concentration in the SFA phase in terms of the total or starting water composition 𝑥𝑒
𝑏 vs 𝑧𝑤. 

The extraction model for the mixture of F4H5, propanol and water has not been presented 

because the two-phase region is too small to generate enough points along the tie lines. Table 

11 presents best fit equations to all the curves shown in Figures 65 to 67, which can be used 

to predict the amount of excipient remaining in solution if water is introduced into the 

mixture and to determine if the added water will cause too much of the excipient to phase 

separate. It is extremely important to note that outside the range of data points the lines of 

best fit will not predict behaviour reliably this is due to the fact that at very small water 

content, will still have a high proportional extraction capacity, which cannot be captured 

easily.  

 



123 | P a g e  

 

 

Figure 65 – Extraction models for various starting water compositions for F6H8, ethanol and 

water mixtures. 

 

 

Figure 66 – Extraction models for various starting water compositions for F6H8, propanol 

and water mixtures 
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Figure 67 - Extraction models for various starting water compositions for F4H5, ethanol and 

water mixtures. 

 

Table 11 – All Extraction models developed for SFA, ethanol/propanol and water mixtures  

Initial Ethanol 

Content  

Mixture 

F6H8 + Ethanol  F6H8 + Propanol  F4H5 + Ethanol  

0.5 0.153𝑥−0.272 NA 0.5796𝑒−13.9𝑥 

1 0.221𝑥−0.4 0.528𝑥−0.235 1.7295𝑒−9.085𝑥 

2 0.3847𝑥−0.42 0.8719𝑥−0.288 2.498𝑒−3.881𝑥 

5 0.85𝑥−0.515 1.8058𝑥−0.295 4.447𝑒−1.573𝑥 

10 1.5007𝑥−0.494 3.2783𝑥−0.489 6.1577𝑒−0.831𝑥 

 

All best-fit lines were generated using excel and provided the highest R2 value least 

uncertainty in the estimate of the experimental data. Furthermore the model mirrors the real 

life limitations of the mixtures within the data range.  
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6.5 Conclusion 

This chapter aimed to provide predictive models in order to determine the phase separation 

tendency of a given excipient in the presence of water. Visually phase separation is difficult 

to observe and it is not possible to know how much excipient is extracted into any aqueous 

phase. Ternary phase diagrams have been provided in the chapter to allow for a clear 

comparison of mixtures and to quantify the effects of residual water content in these SFA 

mixtures, and the data provides more insight into the thermodynamic behaviour of SFA 

solutions. The models presented in this chapter will allow calculation of phase separation in 

terms of the water and excipient content, though, using the ternary phase diagrams generated 

from the NMR data. It should be noted that the models are only accurate over the 

experimental data points for which they have been calibrated. Ultimately this chapter has 

provided the first ternary phase study with SFAs and hence will provide a starting point for 

further study into just how SFAs interact with other molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



126 | P a g e  

 

7 SFA packing and interactions via simulation and NMR  

7.1 Abstract  

The focus of this study was to understand the molecular packing in liquids of shorter chain 

SFAs such as F6H8. 1H NMR, 19F NMR and molecular dynamic simulations were used to 

study the solution microstructure, packing and molecular conformations of F6H8. NMR was 

used to provide insight into the fluid structure with respect to temperature through monitoring 

chemical shift changes, while a conformation analysis was carried out based on coupling 

constants taken from NMR spectra. The measured chemical shift changes with decreasing 

temperature indicate perfluorocarbon segments of F6H8 are relocating to areas of higher 

electron density, while CH3 chemical shift changes with decreasing temperature suggested 

going into areas of less electron density, which is a result of increased interactions between 

perfluorocarbon – perfluorocarbon and hydrocarbon – hydrocarbon segments at lower 

temperatures. The results indicate that weak aggregation or preferential interactions occur at 

lower temperatures, which may result in the formation of local microstructures. The 

measured fluorine coupling constants, which are all small and less than 45 Hz, suggest that 

the most common conformation is an all trans conformation, which did not change with 

increasing temperature. LAMMPS molecular dynamic simulations were used to produce 

radial distribution functions and dihedral angle distribution to see if the same conclusions 

could be captured when using an united – atom force field to describe the SFA molecular 

interactions. Radial distribution functions also indicated preferential self-interactions of 

perfluorocarbon and hydrocarbon segments with each other occurring. This conclusion was 

also reached via the NMR chemical shift changes. In addition to this dihedral angle 

distributions also verified that the perfluorocarbon segments of F6H8 are predominantly in 

the all trans conformations. The dihedral distribution indicated that the majority of dihedral 

angles for the perfluorocarbon segments occur around 170o, which corresponds to the trans 

conformations. [18] Ultimately the conclusions reached from considering NMR chemical 

shift and coupling constant data were consistent with that found through simulations.   
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7.2 Introduction  

The current understanding for the solution structure in SFA phases mainly covers longer 

chain SFAs, which exhibit phase transitions involving liquid crystal structures. An example 

of this includes a study on the liquid crystalline behaviour of semifluorinated 

oligomer.Escobedo_2004 The main focus of this chapter is to provide molecular insights into the 

structure of F6H8 liquid using a combination of NMR and molecular simulations. The 

simulations use the united – atom force field, which was developed to capture the liquid 

crystalline behaviour of F10H10 [18]. NMR experiments are used to determine changes in 

chemical shift values with respect to temperature, which relate to chemical environment 

changes. The main reasons for changes in electron environment with respect to temperature 

can be attributed to either conformational changes or preferential interactions between the 

different segments of the SFAs. By studying the effect of temperature on 1H NMR and 19F 

NMR chemical shifts, coupling constants can be used to evaluate the dihedral angle changes.  

In addition to insights gained from the NMR data, the packing and association behaviour of 

F6H8 has been assessed through considering radial distribution functions determined from 

simulations of F6H8 between temperatures of -20o C and 120o C. This provided further 

support of the preferential interactions inferred from the NMR results. The all-trans 

configuration that has been observed in literature has also been investigated from considering 

the histograms dihedral angles from simulations and NMR coupling constants. [14] [39]This 

study is the first of its kind to assess the molecular solution behaviour of smaller chain SFAs 

as opposed to larger SFAs already covered in the literature.  

 

7.3 Martials and Methods  

7.3.1 Preparation of NMR Samples and producing NMR Spectra  

1H NMR and 19F NMR were carried out on pure F6H8 at various temperatures. The 

temperature was controlled via the NMR spectrometer. The data collected for 1H NMR 

covered the temperature range of 70 oC to -10 oC, starting from 70 oC and decreasing in 10 oC 

increments, where a spectrum was collected at each temperature. The 19F NMR 

measurements were collected at temperatures starting from 60 oC and decreasing to -20 oC in 

increments of 10 oC, where a spectra was collected at each temperature. The chemical shifts 

at each temperature were recorded and presented graphically in the results section.  
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The samples were prepared using 5 mm diameter NMR tubes. Two NMR tubes were 

prepared, one for 1H NMR and the other for 19F NMR. 1 mL of F6H8 was transferred to the 

NMR tube using a pipetboy and 2 droplets from a 1 mL syringe from the appropriate 

reference liquid was added to the NMR tube. The references used were TMS and 

Hexafluorobenzene for 1H NMR and for 19F NMR experiments respectively.  

The configuration used on the NMR depended on which type of nuclei were being probed.  

For 1H NMR a 500 MHz spectrometer was used. The acquisition time was set to 3.96 sec, 

receiver gain equal to 7.12 s, dwell time equal to 60 µs, a pre scan delay of 8.5 µs and 

number of scans equal to16. For 19F NMR experiments, a 400 MHz spectrometer was used 

and configured as follows. The acquisition time was set to 0.73s, receiver gain equal to 57.12 

sec, dwell time of 5.6 µs, pre scan delay of 7.5 µs and number of scans equal to 16.  

 

7.3.2 Molecular Dynamic Simulations 

7.3.2.1 Force Field  

The united atom force field used in the simulations was initially derived from alkane and 

perfluorocarbon groups and then parameterized for SFAs [18], [70], [71], [72], [73].  In the 

united atom force field, each carbon group in F6H8 is treated as a single atom or bead so that 

F6H8 is composed of only 14 beads, where there are four types of beads, CF3 (type 1), CF2 

(type 2), CH3 (type 3) and CH2 (type 4). 

In the force field, there are two types of bonding potentials, the bond bending and torsional 

potentials. All bonds lengths are fixed to a distance equal to 1.54 Å so that there is no bond 

vibrational potential. The non-covalent interactions are described by a Lennard Jones type 

interaction. Table 12 contains all the parameters used in the force field. 

The bond bending potential 𝑈(𝜃) is given by   

𝑈(𝜃)

𝑘𝐵
= 𝐾𝜃[1 − cos(𝜃 − 𝜃𝑒𝑞)]                                   Equation 18 

which is a function of the bond angle 𝜃 formed between three atoms connected by two 

consecutive bonds, 𝐾𝜃 is the bond-angle constant, and 𝜃𝑒𝑞 is the bond angle corresponding to 

the energy minimum. The potential parameters are the same for all types of bond angles as 

provided in Table 10 
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The torsional potential 𝑈(𝛷), is given by  

𝑈(𝛷)

𝑘𝐵
= ∑ 𝐶𝑖cos𝑖7

𝑖=0
𝛷 + 𝑎exp(−𝑏𝛷2)                                Equation 19 

where 𝐶𝑖, are force constants for each Fourier term, a and b are force field constants and 𝛷 is 

the dihedral angle, where 𝛷 equal to 180 degrees corresponds to the trans conformation. 

There are three types of torsional bonds as defined by the two middle atoms in the torsional 

bond, a CF-CF, CF-CH, and a CH-CH.  The CF-CH torsional bond force field parameters are 

the same as for the CF-CF bond.    

A Lennard-Jones 12-6 potential is used to describe all non-bonded interactions, which are 

more than two bonds separated from each other. For the interaction between atoms of type i 

and j, the energy is given by  

𝑈(𝑟)

𝑘𝐵
= 4𝜖𝑖𝑗 [(

𝑟

𝜎𝑖𝑗
)

12

− (
𝑟

𝜎𝑖𝑗
)

6

]                                   Equation 20 

where, 𝜖𝑖𝑗 is the minimum energy, 𝑟 is the distance between atoms i and j and 𝜎𝑖𝑗 is an 

arithmetic average diameter between the two atom groups, given by  

𝜎𝑖𝑗 =
(𝜎𝑖𝑖+𝜎𝑗𝑗)

2
                                                Equation 21 

where 𝜎𝑖𝑖 is the lennard-jones diameter of bead type i.   A geometric combining rule is used 

to calculate the force field parameter 𝜖𝑖𝑗  

      𝜖𝑖𝑗 = (1 − 𝛾)√𝜖𝑖𝑖𝜖𝑗𝑗                                     Equation 22 

where 𝛾 is a correction factor. A study of hydrocarbon and perfluorocarbon mixtures using an 

all – atom model [74] found that the geometric mean combining rule for the cross van der 

Waals interactions did not capture the experimental data on second virial coefficients, gas 

solubility’s, liquid – liquid mixing volumes and enthalpies. It was found that by applying a 

correction factor to the combining rule (𝛾), which reduced the strength of hydrocarbon and 

perfluorocarbon interactions by 25%, allowed the experimental data to be fitted. Therefore 

the same correction factor has been applied for SFAs and is used here. [18], [70], [71], [72], 

[73] 
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Table 12 –the potential energy paramentes used in the united atom force field 

Fixed Bond lengths 1.54 Å 

𝑲𝜽 62500 Krad−2 

𝜽𝒆𝒒 114.4𝑜 

For Alkane segments 

 

𝐶0 = 1010.02, 𝐶1 = −2019.025, 𝐶2 = −1443.349, 𝐶3 = 136.38, 

𝐶4 = 3164.994, 𝐶5 = 𝐶6 = 𝐶7 = 0.0, 𝑎 = 𝑏 = 0.0     

 σ𝐶𝐻2 = 3.93 Å, σ𝐶𝐻3 = 3.91 Å, ϵ𝐶𝐻2 = 45.8 K, 𝜖𝐶𝐻3 = 107.0 K 

For Perfluorocarbon 

Segments 

𝐶0 = 959.4, 𝐶1 = 282.7, 𝐶2 = 1355.2, 𝐶3 = −6800.0,  

𝐶4 = −7875.3, 𝐶5 = 14168.0, 𝐶6 = 9213.7, 𝐶7 = −4123.7, 𝑎 =

𝑏 = 0.0  𝜎𝐶𝐹2 = 4.87 Å, 𝜎𝐶𝐹3 = 4.65 Å,  𝜖𝐶𝐹2 = 30.0 𝐾, 𝜖𝐶𝐻3 =

95.0 𝐾 

𝜸 = 𝟎 if 𝒊 =  𝒋 

𝜸 = 𝟎. 𝟏𝟐 if 𝒊 ≠  𝒋 

 

 

7.3.2.2 Setting up the initial configuration  

In order to start the simulation, 2 types of input files were required. An initial xyz file 

containing the coordinates for an F6H8 molecule along with the atom type for each bead.  A 

second input file (input.dat) contained all the force field parameters as well as the number of 

molecules and masses for the different bead types. The program Packmol was used to 

generate an initial configuration for the molecular dynamics simulation. Packmol uses an 

algorithm to pack a box with a pre-determined number of molecules while avoiding all steric 

overlaps between molecules. The initial box was set to have an initial size of 300 by 300 by 

300 Å and populated with 42000 F6H8 molecules (corresponding to a density of 1.25 gm-3). 

The initial density was set close to the experimental density of F6H8 at room temperature. 
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7.3.2.3 Simulation Execution 

All simulations were carried out in the NPT ensemble using a Nose-Hoover thermostat with a 

temperature damping parameter equal to 500 fs and a Nose-Hoover barostat with a pressure 

damping parameter equal to 5000 fs.  A cut-off equal to 29 A was applied when calculating 

the lennard-jones interactions and a tail correction was applied for calculating the energy and 

pressure.   

The initial configuration generated by packmol was initially run at a high temperature equal 

to 120 oC for 50,000 time steps, with each time step corresponding to 5 fs. After the run was 

complete, the simulation was checked for equilibration by examining the time evolution of 

the potential energy and density. Additional time steps were included if necessary to achieve 

equilibration.  After equilibration was achieved, a production run covering 50,000 time steps 

was carried out.  The trajectories from the run were used to determine dihedral angle 

distributions, while radial distribution functions were determined from a running average 

taken during the simulation.  The final configuration from the high temperature run was 

saved and used as the starting configuration for the next lower temperature in the series. This 

process was repeated until a temperature of -5 oC.  We found that the system could not be 

equilibrated at temperatures of 0 oC and below. 

 

7.3.3 Force Field validation 

In order to test the validity of the force field, the average density was determined for each 

simulation at a given temperature and compared against experimental F6H8 density data from 

literature. [75] The density measurements from literature were made at ambient pressure 

using an Anton Paar DMA 5000 vibrating-tube densimeter [75].  

As shown by Figure 68, the simulated density values agree well with the experimental 

density measured for F6H8 [75] where there is a linear decrease in density with increasing 

temperature. The close agreement with the simulation and experiment provide an indication 

the force field is accurate for describing F6H8. The simulated and literature data indicate a 

linear relationship of density with respect to temperature, indicating no phase transitions. 

Longer chain SFAs have the ability to form liquid crystals while shorter chain SFAs do not 

exhibit liquid crystalline behaviour. Furthermore, there is a freezing transition of F6H8 at -5 

oC, which might explain why the simulation could not be equilibrated below temperatures of 

0 oC. 
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Figure 68 – A comparison between the data for density as a function of temperature, collected 

from Anton Paar DMA 5000 vibrating-tube densimeter against those output from the united 

atom force field used in this chapter. 

 

7.4 Results and Discussion  

A fundamental understanding of the solution behaviour of short-chain SFAs was gained from 

considering the experimental 1H NMR and 19F NMR spectra, and the radial distribution 

function and dihedral angle distributions determined from the molecular simulations.  NMR 

was used to determine the electron environmental changes of F6H8 with temperature. The 

trends in chemical shift with temperature were used alongside radial distribution functions 

collected from simulations for CF3 – CF3, CH3 – CH3 and CF3 – CH3 pairs to understand 

the solution microstructure. To explore the conformational changes and presence of helical 

conformations in perfluorocarbon segments of F6H8, simulation data was used to provide the 

dihedral angles distributions as a function of temperature, which was complemented with 

experimental measurements of NMR coupling constants. 
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7.4.1 1H NMR and 19F NMR with Visual Molecular Dynamic Trends  

Absolute chemical shifts as a function of temperature are shown in Figure 69 to Figure 70. 

Figure 69 provides plots for the 1H NMR chemical shifts. Chemical shifts can be used as an 

indicator of chemical electron environment. Downfield movement in chemical shift suggests 

a denser electron environment, which is more commonly referred to as electron shielding. All 

groups seen in F6H8 show a change in chemical shift with temperature. For the hydrocarbon 

segment 1H NMR is used to evaluate the molecular environment, while 19F NMR is used to 

evaluate the molecular environment of the perfluorocarbon segment. 

There is a slight curved trend upfield for the CH3 chemical shift changes with temperature, 

but it exhibits the same discontinuity at low temperature and there is some increased degree 

of curvature at higher temperatures seen in other CH2 groups. The chemical shift for the 

C5H10 functional group, which corresponds to the 5 CH2 groups located in the middle of the 

hydrocarbon chain, exhibit an initial increase between 263.15 K and 273.15 K.  This is 

followed by a plateau between temperatures 273.15 K and 313.15 K, which is then followed 

by another increase between 323.15 K and 343.15 K. This pattern is also seen in the chemical 

shifts for the CH2 at the perfluorocarbon and hydrocarbon junction over the same 

temperature intervals as well as the CH2 between the C5H10 and CH2 at the perfluorocarbon 

and hydrocarbon junction. Overall the behaviour across the CH2 groups of the hydrocarbon 

chain are uniform indicating the electron environment for these groups changes in a similar 

way, where the only exception is for the CH2 group at higher temperature (see Figure 69c). 

However, in contrast, the chemical shift for the CH3 group’s decreases with increasing 

temperature. The most notable observations are the decreasing chemical shift change seen in 

the CH3 group, the similarity of the C5H10 in the middle of the chain and the CH2 at the 

junction of the diblock, as well as the negligible changes in chemical shift on the CH2 

adjacent to the CH2 at the junction. There is a distinct discontinuity in the chemical shifts for 

all groups at 270 K, which likely reflects the phase transition from solid to liquid at the 

freezing temperature of F6H8 (268 K), as the solid NMR spectra are much broader and may 

not even seen due to the overlap of chemical shift peaks.
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Figure 69 – Absolute 1H NMR chemical shifts of F6H8 as a function of temperature for a) CH3, b) C5H10, c) CH2 and d) CH2 at the diblock 

junction. It should be noted that the freezing temperature of F6H8 is at 268 K (-5 oC). Error bars have been added based on the error analysis 

complete in chapter 2.3. Initial drops can be attributed to error. 
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The greatest change in chemical shift over the temperature interval occurs for the CH2 at the 

CH2 - CF2 junction; the overall chemical shift change for this group is 0.0252 ppm, while the 

greatest chemical shift change was expected for the CH3, which has the greatest solvent 

accessible surface area. However the chemical shift for this group changes the least out of 

any hydrocarbon group with a change equal to 0.0037 ppm and furthermore the chemical 

shift decreases, which is opposite to the behaviour of all other CH groups. The initial change 

in chemical shift at the lowest temperature exhibited for all CH groups reflects the solid-

liquid phase transition known to occur at -5 oC. The plateau in chemical shifts observed 

between 273 and 310 K indicates the chemical environment do not change much. The change 

in chemical shift above 310 K possibly indicates a change in the association state of the 

molecules, where more mobility occurs above 310 K, where molecules gain enough kinetic 

energy to break up some intermolecular bond formation. The decrease in the CH3 chemical 

shift also indicates the movement from a lower electron density environment at low 

temperature to a more electron dense environment at higher temperatures. This trend 

indicates that the CH3 groups at low temperature are surrounded by other CH3 groups, while 

at higher temperatures, they are surrounded by more electron dense perfluorocarbon segments 

reflecting an increase in mixing over association. However, the CH2 group chemical shift 

changes indicate the movement to less electron dense environments suggesting more same 

species interactions with increasing temperature. The chemical shifts for all CF2 groups (see 

Figure 70) exhibit a nearly linear increase with respect to temperature, although there appears 

to be slight downward curvature in the plots at a temperature of 333.15 K. The plots for the 

chemical shift of the CF3 group exhibits two plateaus at 333.15 K and between lower 

temperatures equal to 253.15 K to 273.15 K indicating some degree of non-ideal mixing. The 

chemical shift changes seen in F6H8 1H NMR indicate a movement of hydrocarbon segments 

to a more electron dense environment, while and 19F NMR indicate movement to less 

electron dense environments. These both suggest that there is a decrease in preferential 

interactions occurring between the hydrocarbon segments and between the perfluorocarbon 

segments with increasing temperature. At lower temperatures it is expected that the 

perfluorocarbon segments are surrounded by other perfluorocarbon segments. As temperature 

increases, mixing leads to perfluorocarbon segments being surrounded by both hydrocarbons 

and perfluorocarbon segments. As hydrocarbon segments are less electron dense, they reduce 

shielding about perfluorocarbon segments leading to an increase in chemical shift. A cartoon 

depiction of this is given in Figure 71.
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Figure 70 – Abs 19F NMR chemical shifts of F6H8 as a function of temperature. a) CF2 at the junction, b) CF3, c) CF2, d) CF2, e) CF2 and f) 

CF2 nearest to the CF3 group. The freezing temp of F6H8 is at 268 K. Error bars have been added based on the analysis complete in chapter 2.3.

-117.5

-117

-116.5

-116

-115.5

-115

250 270 290 310 330 350
C

F2
 1

9 F
 N

M
R

 C
h

em
ic

al
 

Sh
if

t 
 

Temperture (K)
-83.1

-83

-82.9

-82.8

-82.7

-82.6

250 270 290 310 330 350

C
F3

 1
9 F

 N
M

R
 C

h
em

ic
al

 
Sh

if
t 

 

Temperture (K)

-123.8

-123.6

-123.4

-123.2

-123

-122.8

-122.6

250 270 290 310 330 350

C
F2

 1
9 F

 N
M

R
 C

h
em

ic
al

 
Sh

if
t 

 

Temperture (K)
-125

-124.8

-124.6

-124.4

-124.2

-124

-123.8

-123.6
250 270 290 310 330 350

C
F2

 1
9
F 

N
M

R
 C

h
em

ic
al

 
Sh

if
t 

 

Temperture (K)

-125.6

-125.4

-125.2

-125

-124.8

-124.6

-124.4

250 270 290 310 330 350

C
F2

 1
9 F

 N
M

R
 C

h
em

ic
al

 
Sh

if
t 

 

Temperture (K)
-128.4

-128.2

-128

-127.8

-127.6

-127.4

-127.2

-127

250 270 290 310 330 350

C
F2

 1
9 F

 N
M

R
 C

h
em

ic
al

 
Sh

if
t 

 
Temperture (K)

a) b) 

d) 

f) e) 

c) 



137 | P a g e  

 

Comparable to the CH3 group, the largest change in chemical shift with temperature is 

expected for the CF3 group but this is not the case as the smallest change in chemical shift 

occurs for CF3. One possible explanation is that there also exist conformational changes with 

temperature that oppose the effects on chemical shift due to association. Therefore in order to 

explore this hypothesis, coupling constants have been used to determine the stereochemistry 

of the F6H8 molecules.  

 

 

 

 

 

 

 

 

Figure 71 - Moving from a low temperature to a higher temperature shows a disaggregation 

occurring. At low temperatures same – same segments will aggregate in small aggregation 

numbers, while at high temperature the system become very random and the chance to find 

opposing segments near one another increases. 

 

 

 

 

 

 

 

 

Low Temperature  High Temperature   
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Coupling constants are used here to probe the stereochemistry of F6H8 molecules and 

determine conformational changes and the presence of a helical structure in the 

perfluorocarbon segment. Coupling constants are a measure of the splitting effect caused by 

neighbouring fluorine atoms. Larger coupling constants indicate a stronger splitting effect on 

coupling, which is a function of the dihedral angle between the neighbouring atoms. The 

coupling constants of the 1H NMR could not be determined because the chemical peaks were 

not resolved enough. An example of coupling constant determination for F6H8 has been 

provided in Figure 72 in order to understand how coupling constants are determined. The 

coupling constant between fluorine atoms will increase if the distance between atoms 

decrease. As such a function of coupling constant against temperature can be used to 

determine if there is a conformational change with temperature in pure F6H8. The coupling 

constant between pairs of fluorine atoms in a trans conformation will be less than 45Hz, 

while coupling constants between 40 – 370 Hz are found in gauche conformations. [76] 

 

 

Figure 72 – An example of the coupling constants found for CF3 from a zoomed in 19F NMR 

spectra at 30 oC. For CF3 the coupling constant arises from the interaction caused by the 

adjacent fluorine atoms in the CF2 group.  

Coupling constant JCF3 CF2 
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Figure 73 – The averaged coupling constants measured for all the fluorine groups as a 

function of temperature. The chemical structure on the right is that of the perfluorocarbon 

segment of F6H8. The arrows are used to detail which coupling constant correspond to which 

neighbouring atoms. 

 

Figure 73 presents the coupling constants for the splitting patterns between neighbouring 

perfluorocarbon groups. Across the perfluorocarbon segment, six averaged coupling 

constants are expected with the inclusion of the CF2 – CH2 coupling. Figure 73 only presents 

four of these, as the coupling constants in the middle CF2 were not visible (this is most likely 

due to the symmetrical splitting that would occur opposing one another). From Figure 73, the 

coupling constants for all perfluorocarbon groups are much less than 45Hz (less than half) 

indicating most of the simulated perfluorocarbon chain is in a trans conformation. The 19F 

NMR reports spectra reflect an overall thermal average, so it cannot be said that all bonds are 

in an all trans configuration. However, the low coupling constants compared to 45Hz indicate 

the majority of bonds are in a trans conformation.  

From Figure 73 it can be seen that the coupling constants seem to increase across the 

perfluorocarbon segment, with the smallest coupling constant between CF3 – CF2 (around 10 

Hz) and the largest between CF2 – CH2 (around 18Hz). This effect is apparent across the 

temperature range. Ultimately this indicates that the perfluorocarbon chain is becoming 

tighter across the chain. As such it is expected that the simulated dihedral angles should also 

capture this behaviour.  
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Figure 74 – The expected configuration for a measured coupling constant. [76] 

 

NMR has been used to determine the association state of SFAs through chemical shift data 

while also investigating the conformational changes through the coupling constants. To 

further complement the findings from NMR, molecular dynamic simulations have been used 

to determine radial distribution functions which also reflect the aggregation behaviour of 

F6H8, while dihedral angle distribution functions have been used to evaluate conformational 

changes. 

Molecular dynamics simulations with LAMMPS were carried out for the same temperatures 

used in the NMR experiments in order to provide a comparison to the chemical shift change 

and coupling constant data collected through NMR. Typical snapshots from the simulations 

at different temperatures as visualized with VMD software are shown in Figure 75 below. 

 

  

0 oC 60 oC 
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Figure 75 – Snap shot of the saved configurations using VMD at 0 oC, 60 and 120 oC. The 

VMD configurations don’t show any formation of liquid crystals. 

 

7.4.2 Radial distribution functions and Dihedral angle distribution 

The radial distribution function for the CF3 – CF3, CH3 – CH3, CF3 – CH3 united atom 

groups are presented in Figure 76 at a temperature of 30 oC. This has been done to represent 

the same species and cross species interactions. The nearest neighbour peaks have a greater 

height for the CH3 – CH3 and CF3 – CF3 interactions compared to that of the CH3 – CF3 

reflecting the preferential self-interactions between the hydrocarbon and perfluorocarbon 

segments. This is in agreement with the chemical shift data collected as both data sets 

indicate that perfluorocarbon segments preferentially accumulate around other 

perfluorocarbon segments while hydrocarbon segments interact favourably with hydrocarbon 

segments. As a result of this both data sets show non ideal behaviour in F6H8.  

 

120 oC 
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Figure 76 – Site – site radial distribution functions for F6H8 using the united atom focre 

field. Largest peaks indicate that neighbering molecules are around 15 Å away.  

 

Figure 77 shows the relationship between the nearest neighbour peak height of the rdf as a 

function of temperature. From this it can be seen that decreasing temperature increases the 

probability to find preferential interactions between the segments of the same type. This is 

consistent with the behaviour seen in the chemical shift changes of CH3 and CF3, which 

indicated that at lower temperatures CH3 environments were less electron dense, while CF3 

environments were more electron dense. With the electron density changes being attributed to 

the interaction with perfluorocarbon segments, both simulation rdf profiles and NMR 

chemical shift data indicate preferential same species interactions at lower temperatures.  
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Figure 77 – g(r) for the nearest neighbour for same and cross species as a function of 

temperature.   

 

Figure 78 - Figure 80 show the complete rdf profiles for same and cross species at different 

temperatures. The rdfs only exhibit a few oscillations indicating that no phase transitions to 

solids occur in the system at low temperature. However at -5 oC a solid to liquid transition 

does occur experimentally, which is not reproduced by the simulation. 

 

 

Figure 78 - CF3 – CF3  Radial distribution functions as a function of temperture 
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Figure 79 - CF3 – CH3  Radial distribution functions as a function of temperture 

 

 

 

Figure 80 - CH3 – CH3  Radial distribution functions as a function of temperture 
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Figure 81 shows the torsional angle distribution for the perfluorocarbon segment chain 

simulated at 303.15 K. The most probable dihederal angles found through out the fluorinated 

chain is at around 170o  which corresponds to the trans or helical conformation. Dihedral 

angles between 130o – 180o correspond to a trans conformation. There is also a smaller peak 

formed at around 50o, indicating that not every single bond is in a trans confomation. As the 

coupling constants found are an average across all bonds, it is not possible to experimentally 

verify the bond distributions. Despite this both the 19F NMR coupling constants and 

simulated dihedral angles indicate that the most predominate conformation is trans. 

 

 

Figure 81 –Dihedral distribution for all the perfluorocarbon groups of F6H8 outputted by the 

united atom force field at 303.15 K. The most pridmenate dihedral angles found are at 

roughly 50 and 165 degrees. The F6H8 chemcial structure in the figure shows which bond 

corresponds to which dihedral angle. 
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The stiffness of the perflurocarbon and hydrocarbon segments, is reflected by the ratio of the 

height of the main peak relative to the small peak in the dihedral angle distributions shown in 

Figure 81. The ratio between the the heights of these peaks provides an initial estimate for the 

rate of exchange between the two conformations, this is because the activation energy is 

related to the inverse of this plot, which relates to the activation barrier between the various 

conformations. This relationship is given seperately for the hydrocarbon and perflurocarbon 

segments in Figure 82 and Figure 83. Overall the dihedral angle distributions exhibit only a 

moderate change with temperature. This temperature insensitivity was also observed in the 

coupling constants which also showed a constant trend and little change with temperature on 

the dihedral angles of the perfluorocarbon segment. The difference between the data appears 

at lower temperatures at around -20 – 10 oC. At this temperature in both Figure 82 and Figure 

83 a large decrease in ratio is seen. The larger ratios are seen in the perfluorocarbon segment 

indicating that this segment is stiffer than the hydrocarbon segment, which is to be expected.  

 

 

Figure 82 – Ratio of trans to gauche dihedral angles for F6H8 perfluorocarbon segment as a 

function of temperature.  
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Figure 83 - Ratio of trans to gauche dihedral angles for F6H8 hydrocarbon segment as a 

function of temperature. 

 

7.5 Conclusions  

This chapter provides a foundation for further NMR investigation using 1H NMR and 19 F 

NMR chemical shift to confirm the presence of preferential interactions, which increase as 

temperature is decreased towards the freezing temperature of the F6H8. As temperature is 

reduced, both the NMR chemical shifts and simulation results indicate there is an increase in 

preferential interactions between segments of the same type, which is driven by in part by the 

stronger dispersion interactions for the self-interactions over the cross interactions.  This is 

accounted for in the model by using a correction factor to the geometric mean model for 

calculating the parameter 𝜖𝑖𝑗 of the lennard jones interaction. We observe little 

conformational changes occur with increasing temperature while chemical shift values did 

increase and such this coupled be concluded to be a result predominantly due to the 

disillusion of aggregates.  

Furthermore it was seen that moving from less electron dense to more electron dense 

environments was attributed to interactions with fluorine atoms as seen with CH3 with 

increasing temperature; this was indicated in NMR spectra by a down field chemical shift 

change or decrease in chemical shift magnitude. While moving from a more electron dense to 
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less electron dense environment was attributed with more hydrocarbon interactions, this was 

indicated via up field chemical shift changes or an increase chemical shift magnitude.  

The trends in the radial distribution functions obtained from the simulations also indicate a 

similar behaviour to the NMR data, where there is an increase in preferential interactions 

between segments of the same type over interactions between segments of opposite types 

with decreasing temperature. This was in line with what was suggested through NMR as it is 

an indication of weak association at lower temperatures. However, no ordered structures were 

observed in the simulations at temperature below the experimental freezing transition of the 

F6H8.  

In addition inspection of the dihedral angle distributions indicate the perfluorocarbon chain is 

predominantly in an all trans or helical configuration. This was also indicated via 19F NMR 

coupling constants. As such it is believed that in F6H8 perfluorocarbon segments adopt an all 

trans helical structure.   

Overall this chapter has provided some insight into the conformational behaviour and 

aggregation of F6H8. The segments of these molecules form preferential interactions with 

each other with decreasing temperature.  The study is consistent with a recent report 

indicating that there is association that occurs in solutions of hexadecane and perfluorohexane 

[63]. Furthermore it was found that the perfluorocarbon segments sample a stiff structure and 

are predominantly in an all trans conformation up to 120 oC.   
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8 Thesis Conclusions  

This thesis aimed to make available an analytical study and provide valuable insights into the 

solution behaviour of semi fluorinated alkanes, in particular F6H8 and F4H5. The study was 

motivated by exploring the literature of semi fluorinated alkanes and the lack of experimental 

studies on liquid SFAs which are required to complement a growing number of molecular 

simulation studies. There is quite a lot of interest in SFAs in particular for pharmaceutical and 

medical applications, but confidentiality agreements result in many of the analytical data for 

SFAs to be kept from literature. The hope with this thesis is to provide some fundamental 

understanding of SFA molecular behaviour and the solubility behaviour with small molecule 

additives or excipients. Furthermore to this, using NMR integrals to determine phase 

diagrams and chemical shift data to provide insight into solution properties is not widely 

applied in the literature and our study highlights these applications of NMR spectroscopy, 

which could be more broadly applicable to a range of systems in the fine chemicals and 

pharmaceuticals industry.  

In chapter 4 (NMR study of SFA interactions with perfluorocarbons and hydrocarbons) the 

chemical shift changes of F6H8 and F4H5 with respect to tetradecane and perfluorooctane 

concentration changes were evaluated. The results indicated that association takes place in 

these small chained SFAs. The association of F4H5 in perfluorooctane closely resembled the 

formation of small micelles. The key finding in this chapter was that F6H8 exhibited strong 

self-association than F4H5, although the aggregates of F6H8 are smaller. It was also seen that 

larger aggregates of F6H8 formed in tetradecane than in perfluorooctane, despite the low 

polarizability of fluorine atoms.  

In chapter 5  (NMR study of SFA interactions with different organic compounds), NMR 

integrals were used to determine the solubility or miscibility of various transparent liquid 

organic compounds in F6H8 and F4H5. This chapter demonstrates the effectiveness of using 

NMR to provide phase diagram and solubility behaviour for small molecule mixtures with 

either F6H8 or F4H5. In addition to this the chemical shift changes with respect to excipient 

concentrations, indicated that poorly soluble excipients had a smaller effect on chemical shift 

changes of SFAs, highlighting the correlation between chemical shift and molecular 

interactions between different components. This chapter is invaluable to any formulation 

team exploring SFAs by providing them with a proven and efficient technique to explore 

excipient solubility in SFAs as well as demonstrating the types of mixing with various 
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organic compounds. It was found that small polar compounds and molecules with long 

hydrocarbon chains were completely miscible in SFAs. Compounds with many OH groups 

had lower or poor solubility’s in liquid SFAs. 

Chapter 6 - (NMR study of SFA interactions with ethanol and propanol in the presence of 

water), provides an analytical study for the effects of water on SFA formulations. Through 

the use of the NMR integrals, this chapter provides a method to predict the liquid extraction 

effects of water on SFA and alcohol mixtures, which is especially relevant for formulations, 

which often contain small amounts of water. Further work requires understanding why water 

has such a strong extraction ability when introduced to SFA mixtures with alcohols.  

In Chapter 7 -( SFA packing and interactions via simulation and NMR) results of NMR 

chemical shift changes with respect to temperature indicate preferential interactions at lower 

temperatures occur between segments of the same type. Furthermore molecular simulations 

of pure F6H8 are used to further validate the NMR chemical shift data through the use of 

radial distribution functions and dihedral angle distributions.  

Overall this thesis has added to the foundations and literature of SFA study by providing 

experimental data to help understand the molecular basis for SFA solutions and the solubility 

of organic compounds in liquid SFAs. With the increasing interest in SFA this thesis will be 

invaluable to those looking to research or commercialise these fascinating compounds. 
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