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Abstract

An absence of fundamental research into the chemistry, structure and properties of
isethionate ester surfactants has resulted in notable shortcomings in the manufacture of
modern personal care products. Through a detailed characterisation of molecular structure
under both ambient and elevated temperatures this research aimed to develop the foundations
upon which a holistic understanding of the isethionate ester system could be achieved.

Sodium lauroyl isethionate (SLI) was selected as a representative model surfactant, after it
was revealed to be the most abundant constituent in a commercial isethionate ester blend.
SLI was synthesized through a bespoke single step process free from ancillary solvents,
catalysts and chlorinated agents. The material was isolated to reproducible purity levels of
98% via three recrystallisations in methanol, whilst a turbidimetric solubility analysis
generated process parameters for the controlled scale-up of this crystallisation process. The
resulting physicochemical analysis revealed a critical micellar concentration (CMC) of
5.4 mM and a plateau surface tension of 38 mN/m at 20°C. Both values were lower than the
previously reported values for SLI in water. Dynamic vapour sorption studies demonstrated
areversible 2.3% mass gain when exposed to sustained humidity of 87%, suggesting possible

formation of a hemi-hydrated structure.

A kinetic analysis of the thermal degradation of SLI indicated that mass loss was 28 times
higher in air than nitrogen. Validated predictive models suggest that reaction temperatures
could be increased to 250°C for an increased reaction rate, before significant increases in
degradation were observed over typical synthetic timescales. An evolved gas analysis
revealed risk of carbon dioxide, carbon disulfide, sulfur dioxide, water vapour and VOC
evolutions at elevated temperatures. The predictive isoconversional models indicated that
rapid structural measurements were necessary to thermal degradation, risk of gas evolution

and structural anomalies resulting from thermal degradation.

The crystal structure of SLI was determined through a combination of powder X-ray
diffraction and molecular modelling techniques. The crystal lattice was found to exhibit a
monoclinic unit cell with P 21/c space group, with molecules in a trans-trans tilted lamellar
bilayer conformation, similar to the anhydrous structure of sodium dodecyl sulfate (SDS). A
characterisation of the intermolecular interactions revealed that coulombic interactions

between sulfonate and sodium ions constituted over 80% of the total lattice energy.
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Due to reduced structural order and greater phase complexity at elevated temperatures, the
temperature dependent analysis of SLI was conducted using a combination of synchrotron-
derived small angle X-ray scattering (SAXS), molecular mechanics and density functional
theory. Between 40 and 150°C, the predominant lamellar crystalline phase exhibited an
increase in scattering intensity, where the measured increase in lamellar spacing (0.1 nm)
correlated to the structural changes previously reported for the annealing of sodium laurate.
Above 150°C, the appearance of additional phases decreased the scattering intensity in the
primary phase until isotropic melting was observed at >220°C, as confirmed via DSC. When
compared with previously reported phases of traditional soaps, both ‘crystalline’ and
‘lamellar’ phases were observed. Evidence of the hemi-hydrated phase measured via DVS
was also found at lower temperatures. Molecular mechanics calculations led to a predicted
crystal structure based upon the measured lattice spacing. Both the anhydrous and hydrated
structures of SLI correlated very well with previously published trends in lamellar tilt angle

and headgroup size in dodecyl-chained, sulfur-based anionic surfactants.
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Chapter 1: Introduction

Synopsis: This chapter provides a general introduction to traditional soap
manufacture and how the need for synthetic detergents arose from the issues exhibited
by orthodox carboxylate soaps. This is followed by a review of the literature
concerning the manufacture of sodium cocoyl isethionate; the primary species of
interest in this project. Finally, an overview of the limitations of synthetic detergent
manufacture lead to the proposed research question. The section is concluded with the
aims and objectives of the research, information on how the project was managed, as

well as a structural framework through which the remainder of the thesis is presented.



1.1. Research Context

1.1.1. Introduction to Soap Manufacture

Soap is the oldest known skin cleanser and has been in existence for thousands of years.[! It
is a popular form of surface active agent or ‘surfactant’ which lowers the surface tension
between two liquids due to its amphiphilic nature (originating from the Greek words, ampha
(both) and philic (love)). A lipid-soluble hydrophobic tail and water soluble headgroup cause
soap to preferentially bind at interfaces and aggregate to form complex structures in solution.

Saponification is the process by which triglycerides are esterified under a strong alkali base
to form three molecules of the corresponding sodium carboxylate ‘soap’ and a molecule of

glycerol, as displayed below.?!

Triglyceride Caustic Carboxylate Glycerol
o Soda Soap
Hzc—o—CfR
O Hzc_OH
.0 |
HC-0-C7 + NaOH ——> 3R-C.O© ® +  HC-OH
R O Na
//O H2C_OH
H,C—-0-CZ
R

(R = Cg - Cyg Saturated and unsaturated hydrocarbon chains)

Figure 1.1. Soap manufacture by saponification of natural fats (triglycerides).
Reaction is typically executed in water via the Kettle Process, where reagents are
boiled within a single reaction vessel. Upon completion, the immiscible soap is left to
separate from the aqueous glycerol, which is subsequently drained away. The R group

is dependent on the composition of fats present in the feedstock blend.””

A blend of triglycerides is typically utilised by soap manufacturers to optimise the
performance of the resulting soap bar. Nut oils, such as coconut oil and palm kernel oil, are
predominantly composed of shorter chained triglycerides (such as C12) and consequently
display a higher aqueous solubility and a higher lather than their longer chained
counterparts.”! Tallow and palm oil, consisting of C16/C18 chains are blended in
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combination to improve lather stability and increase hardness in the end product.”*) Intense
agitation is required to start the reaction due to poor miscibility between the triglycerides and
aqueous base. Following initiation, the soap product helps emulsify the two reagents, thus

increasing the rate of reaction via autocatalysis.”’

Upon completion, brine is blended into the aqueous phase to aid phase separation between
the soap and glycerine. On an industrial scale, triglycerides are often hydrolysed with water
prior to base-catalysed saponification, as illustrated in Figure 1.2.1°! This significantly
improves glycerol recovery and negates the need for subsequent brining. The hydrolysis is
achieved by treating the triglycerides with high pressure steam prior to saponification.
Because the fatty acids are more volatile than the corresponding carboxylate soaps, they can

be easily distilled from glycerol, significantly improving recovery levels over traditional

saponification.
Triglyceride Water Fatty Acid Glycerol
.0
H,C-0-CTo
H,C—OH
He-0c®® 4+ o  —— 3Rl HC-OH
- - ~ - ~ + -
R 2 OH |
/O Hzc_OH
HZC—O-C\R Purified via

Distillation

(R = Cg - Cyq Saturated and unsaturated

. Saponfication
hydrocarbon chains)

Figure 1.2: Hydrolysis of triglycerides prior to base catalysed saponification. The R

group is dependent on the composition of fats present in the feedstock blend.!”!

Both methods of saponification and the resulting soap bar product, however, exhibit two
major disadvantages. When in contact with water, traditional carboxylate soaps are prone to

hydrolysis, much like the triglycerides depicted in Figure 1.2.

Traditional soaps are also impacted by mineral ions, present in the water in which they are
utilised. In the UK, water is regarded ‘hard’ when its calcium concentration exceeds
100 mg/I. Beyond these levels, calcium and magnesium ions hinder the performance of

carboxylate soaps, as depicted in Figure 1.3."



0o
%
R-C{ O
o

0
2R—C/ZO@N@ +  Ca¥ — Ca2* + 2 Na
a

/
(R = Cg - Cyp Saturated and unsaturated R-Cs
hydrocarbon chains)

Figure 1.3: Inhibition of carboxylate soaps by Ca’" ions present in hard water. An

identical reaction occurs with the Mg*" ions in hard water.!”!

Since the resulting calcium minerals salts are of lower amphiphilicity than the carboxylate
soaps, surface activity is significantly reduced thus resulting in a reduction in detergency and
lathering performance. The minerals salts are also insoluble in water and therefore precipitate
as unsightly solid deposits, which are difficult to remove from bathroom surfaces.[’]
Dermatological studies indicate that the same phenomenon also occurs on the skin surface at

a microscale during product use.

1.1.2. Synthetic Detergents

In the 1930s, demand for a general detergent able to withstand the activity reduction and
acidity of hard water, led to the development of the ‘taurate’ synthetic detergent.®l The
cosmetics industry soon discovered the superior detergency and foaming of synthetic
surfactants when compared with traditional soap bars. This resulted in the development of
‘isethionate’ based synthetic detergent soap bars, the most famous of which is Dove, created
by Unilever in 1955.1% Despite a shift in consumer trends towards liquid based products such
as shower gels and liquid cleaners, soap bars are still purchased by 72% of US consumers on
a regular basis and the US soap bar industry alone is estimated to be worth over £1.7 billion
(2013). Sodium cocoyl isethionate (SCI) is the primary surfactant in Dove soap and most

common synthetic soap bars.

Synthetic detergents (or syndets) were first commercially manufactured in 1932. The textiles
and laundry industry approached IG Farben, a German chemical conglomerate, to create a
surfactant able to sustain its detergency when used with hard water.®! Their acid chloride
synthesis of acyl taurates in Figure 1.4 is one the earliest published examples of synthetic

detergents.™ The product is chemically very similar to the isethionate class of surfactant



typically utilised in cosmetic soap bars and demonstrates many of the advantages that
synthetic detergents exhibit over traditional soaps.®!

Acid Hydrochloric
Chloride Sodium Taurate Sodium Acyl Taurate Acid
2 Lo B E one
R_C<C| + H2N/\/6 a R N/\/ﬁ—o Na + HCI
H e}

Figure 1.4: Taurate based synthetic detergents synthesised via the acylation of
taurine. This surfactant was developed for the textiles industry and eventually led to
the development of sodium cocoyl isethionate (SCI).[*?]

It was proposed that the increased molecular stability resulting from the amide, inhibited the
ability for the sodium salt to be displaced by Ca?*Mg?* ions present in hard water. The
lathering and detergency performance was therefore unaffected by water quality and because
the alkali earth ions remain in aqueous solution, there was no formation of mineral deposit
with prolonged use of the product. In the case of saponified soaps, a stoichiometric quantity
was often lost to mineral ions in hard water, thus increasing the quantity and cost expended
to the end consumer.? Within the textiles industry, this performance and economic
advantage in hard water has meant that global sales synthetic detergents now vastly outstrip
those of saponified products by over 9:1. There were however, many disadvantages to the
acid chloride synthesis developed by IG Farben. Due to the required phosphorous trichloride,
the acid chloride precursor synthesis was significantly more hazardous and costly than the
hydrolysis of coconut oil later adopted by the cosmetics industry. During the surfactant
synthesis, the released chloride reacted with both sodium and water in the system. While HCI
could be azeotropically distilled with water, the sodium chloride was more challenging to

remove and significantly increased the hygroscopic nature of any resulting soap product.™**!

The direct condensation of coconut oil derived fatty acids to yield isethionate-based
surfactants addressed many of these issues, thus resulting in the commercial success of
synthetic cosmetic detergents. The absence of chlorinated agents was deemed particularly
advantageous. Upon commercial deployment, the soap industry thus developed the direct
condensation synthesis of synthetic detergents (Figure 1.5). It forwent the need for toxic acid

chlorides and instead utilised the fatty acid precursors derived from the traditional triglyceride



hydrolysis reaction (Figure 1.2). The direct condensation reaction is a Fischer esterification
between an acid and alcohol.

Coconut Oil
Fatty Acids Sodium Isethionate Sodium Cocyl Isethionate Water
0 2 Cat Q Q
» —A- + . - +
R 4 o~ SONa AN SONat . HO
OH o 240°C o)

(R = Cg - C4g Saturated hydrocarbon chains)

Figure 1.5: Synthesis of SCI via direct condensation of coconut oil derived fatty acids.
Fatty acids are derived through the hydrolysis of pure coconut oil. A range of acid,
soap and metal catalysts can be utilised. The condensation reaction can be similarly

executed with sodium taurate to yield taurate based synthetic detergents. !/

In order to drive the reaction to produce the desired ester, any water produced during the
reaction must therefore be distilled away’ in accordance with Le Chatalier’s principle, to
minimise the rate of the ester hydrolysis.* A commercial manufacturer of SCI, reported the
melting point of pure sodium cocoyl isethionate as >220°C.1*5 The temperature was therefore

necessary to maintain a stirrable liquid phase during manufacture.

1.1.3. Sodium Cocoyl Isethionate (SCI) Manufacture

Due to the highly industrial nature of this project, much of the existing research into the
manufacture of sodium cocoyl isethionate has resulted from commercial interest and was

therefore published in patent literature.

The most comprehensive overview of the industrial synthesis is perhaps located in a patent
filed by the Lever Brothers (now Unilever) in 1969.1'%I The reaction was identical to the direct
condensation isethionate synthesis described in Figure 1.5. The novelty of this particular
example arose from the ability to continuously supply the reaction vessel with raw material,
resulting in a semi-continuous manufacturing process. A further review of more recent patent
literature indicates that while there has been innovation with regard to the raw materials and
reaction conditions utilised in isethionate syntheses, the fundamental manufacturing process
has changed little since this patent was published in 1960s. A schematic of the synthetic

detergent reaction system is depicted in Figure 1.6 overleaf."®!
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The key features of the reaction system (Figure 1.6) are outlined below. The information was

(6

derived from a series of patents published by Holland et al., ') Lemaire et al. " and

Holt et al. "8, Numbers in brackets correspond to labels in Figure 1.6.

The reaction is initiated by feeding coconut derived fatty acids (10), sodium isethionate (12)

and a catalyst (14) into a jacketed, agitated reactor (16).

e  While the reaction can be executed at stoichiometric quantity of reagent, a molar ratio
of 1:1.3 of isethionate to fatty acid is recommended. An excess of fatty acid is
preferred to isethionate because it is easily removed by distillation following

complete esterification of sodium isethionate.

e The esterification is executed at 260°C. At this temperature, any water produced
during the reaction is vaporised and distilled away via a connecting pipe (38) into a
condenser (40). The water is removed to maintain the thermodynamic driving force

required to drive the reaction to complete conversion.

e The water distilled from the reaction forms an azeotropic mixture with the lighter
coconut fatty acids in the reactor. Because an excess of fatty acid must be maintained
in the reactor to maximise the conversion of sodium isethionate, a liquid-liquid phase
separation is executed at the separator (48). The volatile fatty acids are stored in

vessel (52) and subsequently recirculated back into the reactor via a pump (53).

e A stream of nitrogen (36) is circulated directly through the reactor to maintain an
inert atmosphere. The flow of gas assists in driving water vapour out the reactor, thus
minimising hydrolysis of the isethionate ester product. The presence of oxygen also
induces the formation of a deep-brown organic impurity which discolours the
product. Any discolouration often renders the isethionate unsuitable for use in
cosmetic applications, where appearance of the product is paramount to customer

adoption.

e The abundance of surfactant in the reactor (16), coupled with the refluxing water-
fatty acid azeotrope results in significant foaming. This is reduced by continuous,
vigorous stirring to shear gas-liquid interfaces which also minimises hot spots within

the reactor.



e Upon completion of the reaction, the product is pumped into the stripper (60) to
vacuum distill lighter, volatile fatty acids into a storage vessel (80). The formulation
is blended with heavier fatty acids (62) resulting in an SCI active concentration of

70-85 wt%, depending on the desired properties of the product.!'!



COCONUT FATTY ACID SODIUM ISETHIONATE CATALYST (ZnO)

48 40
= 44
o oy
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o
= ATMOSPHERE

56

52 TO_ WASTE

SEPARATOR

TO STORAGE

Reagent pumps (A) feed raw materials into a batch reactor (B) which is heated to
260°C. Distilled water is removed from reaction while volatile fatty acids are fed back into
the batch reactor via a Following completion of the reaction, the
crude mixture is pumped into a stripping vessel (D) to distill away any volatile unreacted
fatty acid (E). Additional fatty acid (F) is blended in prior to product collection (G).

Figure 1.6: Industrial process for the continuous production of sodium cocoyl
isethionate. Coconut derived fatty acids (10), sodium isethionate (12) and catalyst (14)
are fed into reactor (16) and heated to 260°C. Upon completion, the product is
diverted into a stripper (60) for purification before collection at vessel (96). Adapted
from Holland et al. %



1.1.4. Process Optimisation of Traditional Soap Manufacture

Traditional soaps were extensively studied throughout the 20th century to determine the
influence of process parameters on the phased behaviour of solid formulations. Fundamental
studies have investigated the correlation between manufacturing conditions and molecular
structure for a range of alkyl carboxylates including sodium soaps,™® 2% potassium soaps 2%
221'and choline soaps.?! This understanding of the principles of surfactant behaviour permits
the manipulation of crystal structure within the soap to produce specific phase combinations
with desirable performance characteristics.?*!

In traditional soaps, structure-performance models have been developed to link the surfactant
formulation process to the user experience. Simple ‘macro’ models assess the impact of
compositional changes on the hardness of a soap. A combination of temperature, alkyl chain
length, unreacted fatty acid content and dissociated sodium levels together build an
assessment of solid content from which properties can be predicted.?>! More complex models
utilise changes in molecular structure as the soap is crystallised to model critical performance
criteria such as texture, hardness and solubility. Upon crystallisation of a liquid mel,
carboxylate soaps are reported to first exhibit a metastable solid phase. Unlike the stable
crystalline phases of pure soap systems characterised by XRD, these transient phases exhibit
poorer solubility and lathering due to their reduced structural order.?> %! Similar to macro
models, manipulation of temperature, fatty acid content and chain length distribution are then
used to predict key performance characteristics. Unlike the macro model, however,
molecular models base these predictions on changes in phase, polymorphic form and

crystallite size based on temperature and chemical composition of the surfactant mixture.

1.1.5. Challenges with Modern Synthetic Detergent Manufacture

Despite the widespread utilisation of sodium acyl isethionates in both solid and liquid
personal care formulations,?” there is a complete absence of analogous research into their
chemistry, structure and properties. The patent literature cited in the previous sub-section
demonstrates how the development of current isethionate ester manufacturing processes was
conducted through successive cycles of iterative empirical improvement.['518 An absence of
physicochemical understanding to support the isethionate manufacturing process has resulted

in notable shortcomings in modern personal care formulation.
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The rigidity of commercial operating windows has increased the challenges associated with
acquiring surfactants within a desired performance specification. The formation of unknown
impurities has been a frequently documented issue in the synthesis of synthetic detergents.[%!
Previous patents had advised the addition of hydrogen peroxide to improve the colour of
manufactured products.”® However, the impurities can also produce unpleasant odours
which bleaching alone cannot overcome. Several manufacturers including Unilever®! and
Colgate-Palmolivel® have reported the issue of phase separation in the manufacture of
syndet bars. Since the product inception in the 1960s, until as recently as 2009, patents
have been periodically published describing process modifications which seek to address the
issue. Although the industrialists have proposed theories for the possible causes of phase
separation, an absence of fundamental research into the melt crystallisation process means
that all of these hypotheses are unconfirmed. The challenges associated with the production
of isethionate esters within desirable performance specifications has reduced the number of
companies capable of manufacturing a product within desirable specifications concerning
product appearance, odour, performance and physical properties. Traditional soaps and other
sulfate based surfactants are produced by numerous organisations as a commodity chemical.
SClI as a standalone surfactant, however, is only reported available from Innospec, Clariant
and Rhodia as of 2016.2% The report further discusses how the composition of SCI, as well
as the formulation of Dove, is relatively unchanged since their respective inceptions decades

ago.

1.2. Research Question

Olsen’s three-link chain model (Figure 1.7) proposes that an understanding of how process
conditions, material structure, material properties and product performance successively
influence each other ‘encompass the central paradigm of materials science and
engineering’.®¥ Thomas and Allen further confirm that the relationships between these four
factors form the cornerstones of interdisciplinary materials research.% The first link
specifically concerning structural characterisation was identified by both Olsen®¥ and
Thomas and Allent®! as the most influential component in the development and optimisation

of materials technologies.
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m STRUCTURE PROPERTIES PERFORMANCE

HOW DO ITS
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MANUFACTURED ? TOGETHER ? BEHAVE ? FUNCTION ?

Figure 1.7: Olsen’s three link chain model for the design of performance-focused

materials from fundamental scientific principles. Created using information from

Olsen.3¥

The process optimisation models of traditional soaps (in the previous section) were derived
from a knowledge of how process conditions influence structure, as well as how structure
then successively influences performance-critical product properties. When compared with
the iterative processes of incremental, empirical improvement used for the current process
optimisation of isethionate esters, they demonstrate how syndet based products and processes
could be designed with desirable performance characteristics, directly from fundamental
scientific principles. It is therefore proposed that a similar understanding of surfactant
behaviour in isethionate esters could be used to help address some of the manufacturing
issues associated with acquiring syndet products within marketable specifications. To begin
this process, the specific aim of this project is to address the crucial first link in the holistic

materials characterisation of isethionate esters:

“How do process parameters influence structure, phase behaviour and crystallisation in

the manufacture of isethionate ester surfactants?”

1.3. Research Objectives

1)  Synthesise and purify a model surfactant to represent SCI at the laboratory scale.

Sodium cocoyl isethionate (SCI) is commercially synthesised from hydrogenated
coconut oil to produce a blend of surfactants of varying chain length.!*® Since the

pure constituent isethionate esters are not commercially available, a compositional
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2)

3)

4)

analysis will be performed to identify the most abundant species in the commercial
surfactant system. A synthesis and purification procedure will then be designed to
provide a means for obtaining a sufficiently pure and reproducible surfactant species

upon which a fundamental materials characterisation study can be based.
Conduct a holistic physicochemical characterisation of the model surfactant system.

Due to the absence of fundamental literature on isethionate ester surfactants, a
physicochemical characterisation will be conducted to confirm the identity of the
model surfactant, whilst also providing an understanding of key physical properties
prior to further analysis. Information specifically related to the thermal stability of
the surfactant will help identify whether any manufacturing issues are thermally
induced, whilst simultaneously providing operating windows in which in-situ

structural studies could be conducted.
Obtain an atomistic crystal structure of the model surfactant system.

In-depth structural analyses have been identified as the key to understanding the
behaviour of functional materials. Prior to an in-situ analysis of surfactant structure
under commercial manufacturing conditions, the atomistic crystal structure will be
used to obtain an assessment of the most stable structure under ambient conditions.
A quantitative synthonic and energetic analysis will be conducted to help identify
and understand why the surfactant has manifested itself in the observed structural
form. The assessment will also provide a benchmark for the ideal isethionate
surfactant structure, whilst assisting the characterisation of non-ideal, transient

structures observed in subsequent dynamic studies.

Perform an in-situ dynamic, structural analysis of the model surfactant system under

commercial manufacturing conditions.

Given the rich and varied phase behaviour identified through existing structure-
performance studies of traditional soaps, an in-sifu structural analysis will be
executed over the commercial operating range to observe how the structure of the
model detergent changes with temperature. The structural information from this
study is anticipated to develop the aforementioned link between process and
structure, on which future structure-performance models of isethionate ester

surfactants are expected to be based.
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1.4. Project Management

The project was primarily supervised by Dr David Harbottle and co-supervised by Professor
Kevin Roberts at the School of Chemical and Process Engineering at the University of Leeds.
Professor Michael Rappolt, of the School of Food Science and Nutrition at the University of
Leeds, was also a member of the supervisory team and was consulted for guidance on X-ray
scattering techniques. Dr Ian McRobbie of Innospec Ltd was an external supervisor
providing both industrial and technical expertise with respect to soap manufacturing
processes. The project was funded both by Innospec and the EPRSC, through the Centre for

Doctoral Training in Complex Particulate Products and Processes.

1.5. Report Structure

The next chapter consists of an overview of the fundamental science underpinning much of
the surfactant crystallisation process research. The following chapter provides a background
on the key experimental and computational techniques utilised in this study. The four
succeeding chapters then address each of the four research objectives in respective
succession. Due to the absence of a common scientific methodology between results
chapters, a dedicated introduction, review of relevant literature and experimental section is
provided with each individual chapter. The thesis concludes with a summary of findings from
the project, their significance to the proposed research question, as well as propositions for
further work based on current observations. A schematic illustrating a route map through

which the thesis will progress is provided in Figure 1.8.
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Chapter 2: Crystallisation, Phase

and Molecular Structure

Synopsis: This chapter begins by reviewing the structural forms in which a crystalline
species can exist within the solid state. An overview of polymorphism then discusses
how thermodynamics influence the solid state structure by which a crystal is formed.
The succeeding overview of melt crystallisation compares the methods by which solid
surfactants can be isolated from a liquid melt, whilst providing the terms and concepts
by which multi-phasic systems can be characterised. The chapter is concluded with a
brief introduction to the molecular modelling techniques utilised in this study.

-16-



2.1. Crystal Structure

Solid, liquid and gas are three of the four major states of matter in which a material
can exist. A ‘crystal’ is any solid species whose atoms, or molecules, are arranged in
a regular pattern which extends in three dimensions.!®! Often, the repeating atoms or
molecules are replaced by hypothetical ‘lattice points’ with each point existing in
identical surroundings in space. The term ‘unit cell’ is then used to describe the
smallest group of atoms from which a systematic three dimensional ‘lattice’ can be
constructed, without loss of translational symmetry. Any unit cell can be characterised
by three spatial dimensions (a, b and ¢) and three angular dimensions (o, p and 7).

These principles are illustrated in Figure 2.1.5%%

Lattice Point

c y

o
B b
Y
a
Unit Cell Unit Lattice
Parameters Cell

Figure 2.1: Diagram of the nomenclature and dimensions used to characterise
crystalline solid structures. Angle o is designated to lie opposite vector a, etc. Unit

cells are allocated such that a <b and that all angles are as close to 90° as possible.’’*/

Unit cells can be classified into one of seven crystal systems, the categorisation of
which is dependent on the unit cell parameters and the minimal rotation symmetry
exhibited by the resulting structure.B”! (See Table 2.1)
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Table 2.1: Seven crystal systems classified of unit cell and essential rotational

symmetry. Table created using Mullin.>*/

Crystal System Unit Cell Parameters Essential Symmetry
Triclinic None None

Monoclinic a=1vy=90° 1 x two-fold rotation
Orthorhombic a=p=y=90° 3 x two-fold rotation
Tetragonal a=b;a=p=y=90° 1 x four-fold rotation
Rhombohedral a=b=c,a=pf=y#90° 1 x three-fold rotation
Hexagonal a=b;a=p=90°%7y=120° 1 x six-fold rotation
Cubic a=b=c,a=p=y=90° 4 x three-fold rotation

In order to maintain angles as close to 90° as possible, thus maximising symmetry

exhibited by the unit cell, additional lattice points can be incorporated into the face,

body or base of the structure. Bravais therefore expanded the seven crystal system into

14 fundamental ‘Bravais’ lattices structures.*’l (See Figure 2.2).
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Simple Body-centred Face-centred
Cubic Cubic (1) Cubic (F)

Simple Body-centred Simple Body-centred
Tetragonal Tetragonal (1) Orthorhombic Orthorhombic

(P) (P) V)

a 120° a
Base-centred Face-centred Rhombohedral Hexagonal (P)
Orthorhombic Orthorhombic (R)

(@) (F)

Simple Base-centred Triclinic (P)
Monoclinic (P) Monoclinic (C)

Figure 2.2. 14 Fundamental Bravais lattices. P = Primitive (no additional lattice
points), F' = face centred, I = body centred, C = base centred and R = rhombohedral

structures. Adapted from Myerson.’”]
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Within the 14 lattices, there are 32 point groups through which the lattice points can
be rotated and reflected whilst maintaining structure. These symmetries influence the
optical properties inherent to the crystal.[*Y Translation within the unit cell, in
combination with rotations and reflections, results in the screw axis and glide plane
symmetries. Screw axes combine rotational and translational motion while glide
planes integrate both reflection and translation. These additional symmetries, when
combined with the 32 point groups, result in a total of 230 space groups which

encompass all possible crystallographic symmetries.[*%]

2.2. Miller Indices

The two dimensional planes intersecting a crystal lattice can be described in terms of
the degree to which they intercept the three crystallographic axes introduced in Figure
2.1.581 The plane is numerically represented by three integers (hkl), with reciprocal
values assigned according to the frequency of interception in the a, b and c axes.

C- c-
T N
C 001 c 4
b b
b- > b-
a 010 a 211
/ 100
a- a-

Figure 2.3: Examples of 2D planes and their corresponding Miller indices. Each
integer in the index corresponds to one of the crystallographic axes. Its value pertains
to the reciprocal of the intersection point. The 211 plane (right), for example,
intersects the unit cell at 0.5 (a-axis), 1.0 (b-axis) and 1.0 (c-axis). Created using

information from Tiley.[*"/

-20-



As expected, planes parallel to any given axis result in a value of zero with respect to the
corresponding integer. Because the faces on a crystal lie parallel to the crystallographic lattice
planes, they are also characterised through the Miller Index system. Figure 2.3 displays
examples of both parallel and intersecting 2D planes characterised by the Miller index
notation.“ In addition to the identification of crystallographic faces, 2D planes and the
systematic spacing between them is also used to determine the unit cell parameters via the
diffraction of X-ray radiation from the lattice structure.!*!

2.3. Polymorphism

Substances of identical chemical composition with a varying spatial arrangement of
molecules are deemed to exhibit ‘polymorphism’.[*?l The term typically refers to a
change in the molecular arrangement within the crystalline lattice, however, the
phenomenon could also arise from a variation in molecular conformation.8 While
the chemical properties of polymorphs are identical, there is often a variation in the
observable physical behaviour. Measurable changes in properties resulting from
polymorphic changes including melting point, density, optical activity, heat capacity
and thermal conductivity.B”l A common example of polymorphism influencing
performance is that of the antiviral drug Ritonavir, where an unexpected change in
crystal structure resulted in a significant reduction in solubility and bioavailability
when compared with the desired polymorphic form.3 Polymorphic selectivity can be
achieved through the temperature, pressure and the solvent environment in which the
crystal is obtained. The solvent can additionally incorporate itself into the lattice
structure of the crystallising lattice where the resulting polymorph is referred to as a

‘solvate’ (or a ‘hydrate’ if the crystallising medium is water).[4?]

The process parameters dictating the structural form of a crystalline lattice, often
require precise control to obtain the desired polymorph. Because polymorphs can
readily transform from one to another through modification of process parameters,
some additional control of parameters is required to ensure an undesired transition
does not occur once the desired polymorph has been isolated. ‘Ostwald’s Step Rule’
dictates that “the state which is initially obtained is not the most stable state but the
least stable state that is closest to the original in terms of free energy change.”]
According to Ostwald, the solid form which a crystal lattice first adopts, is likely to be

an ‘metastable’ state after which a more stable polymorph form will be adopted.
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Thermodynamically driven processes, such as crystallisation, can be driven by
enthalpy (AH < 0) or entropy (AS > 0).[* The unifying balance between these driving
forces quantifying the spontaneity of a given thermodynamic process, at a given
temperature (T), is known as the Gibbs free energy (AG). Figure 2.4 shows how
polymorphic stability is consequently thermodynamically dependent on the Gibbs free
energy, which itself is dependent on enthalpy, entropy and temperature.4

While less stable forms exist initially due to favourable kinetics, the most stable
polymorphs exhibit the lowest free energy. Less stable forms of a chemical species are
therefore energetically driven to form most stable structures. Such transitions are,
however, can be subject to kinetic barriers. A highly kinetic induction can also result
in the formation of a non-crystalline or ‘amorphous’ phase prior to the observation of
a stable crystalline phase. This phenomenon is most prevalent in molecules of high

molecular weight with a predominantly organic structure. !

\ a) Gibbs Energy b) Monotropy c) Enantiotropy
Polymorph I Polymorph IV
Enthalpy (AH)
=
o 2 3
w | Entropy (TAS) Polymorph
11
Gibbs Energy
(AG =AH - Polymorph |
T*AS)
Tc
Temperature Temperature Temperature

Figure 2.4: Comparison of temperature dependent enantiomeric and monotropic
crystal systems. a) Temperature dependence of change in Gibbs free energy (AG),
enthalpy (AH) and entropy (AS) for a given transformation. b) Monomeric Polymorphs
I and II. ¢) Enantiomeric Polymorphs III and 1V. Polymorph I consistently maintains
a lower Gibbs free energy than Il and remains the most stable form across the given
temperature range, the system is therefore considered monotropic. Polymorph III (c)
is the most stable structure prior to Tc. Beyond this temperature, however, Polymorph
1V displays the lower Gibbs energy thus making it the more stable polymorph. This

transition in (c) is indicative of enantiomeric crystal. Created using Beckmann./*’/
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The absolute stability of a particular polymorph is governed by the extent of attractive
intermolecular interactions such as van der Waal’s, electrostatic and hydrogen
bonding. More stable polymorphs with a higher degree of intermolecular interactions
expectedly exhibit a higher melting point than their less stable counterparts. In cases
where the most stable polymorph is unaffected by temperature, the corresponding
species is deemed to be ‘monotropic’. Other species can display a temperature
dependent shift in the polymorph which exhibits the highest stability. Such species are

described as being ‘enantiotropic’.

2.4. Melt Crystallisation

‘Melt’ is a term most accurately used to describe a pure molten solid.[*?l In
crystallisation, however, the term is more commonly utilised to refer to any
homogeneous mixtures of liquids that typically assume the solid form at ambient
pressure and temperature.38 Where crystalline solids exhibit long range order in the
form of a lattice structure, the corresponding liquids only display short range order.
The complementary increase in entropy minimises the free energy of the melt phase
allowing it to take precedence over the crystal phase beyond the melting point of the

crystalline system. ]

Like the solution crystallisation process, melt crystallization is a method of separating
and purifying substances via the selective solidification of a desired species, from a
liguid mixture of compounds. In a binary mixture, the resulting phases in a melt
crystallisation are determined by the temperature of the system and the relative
concentrations of the two species, as is the case with a solution crystallisation.! In
addition to the dominant phase at room temperature, Ulrich proposed that the
distinction between the two crystallisation processes arises from the underlying
mechanism of phase separation. In solution, the crystallisation is dictated by the mass
transfer of the solvating species. However, if the transition is limited by heat transfer
then the process can be considered a melt crystallisation.[*®! The dominating
mechanism is alleged to influence the rate of crystal growth, with melt processes
typically exhibiting faster growth rates (~10° m/s) than that of solvent mediated
crystallisations (107 - 10° m/s).[*1 Assuming equivalent rates of nucleation, higher

relative rates of crystal growth would lead to larger crystals.
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2.5. Solid Layer and Suspension Melt Crystallisation

Melt crystallisations can be categorised into one of two types of process: solid layer
melt crystallisation and suspension melt crystallisation.[*”! A solid layer crystallisation
(or progressive freezing process) crystallises a liquid melt perpendicular to cooled
surface. The process can be executed in batch or continuous flow depending on
whether the liquid melt is static or dynamic. Solidification is induced by temperature
differential between the liquid melt and the cool solid surface with which it maintains
contact.”®l Suspension crystallisation relies on the nucleation of solid suspended
crystals in a cooling liquid melt. The driving force for crystal growth in this instance
is the temperature differential between the surface of the solid crystal and liquid
phase. 6]

Cooling of a melt can sometimes be assisted with solvent evaporation or addition of
refrigerant to increase rate of nucleation. As with solution crystallisation, the process
is typically executed in an agitated batch vessel. The driven agitator often extends to
the wall of the reactor to limit the build-up of solid material, thus improving heat
transfer into the vessel.[*?] Some key distinctions between two melt crystallisation

techniques are outlined in Table 2.2.

Table 2.2: Comparison of solid layer and suspension melt crystallisation techniques.
Based on a typical industrial process, as described by Ulrich et al.l*¥. *Tc = Pure

melting temperature. § = % of initial mass.

Crystallisation Parameter  Solid Layer Melt Cryst. Suspension Melt Cryst.
Temperature Above Tc* Below Tc*

Heat transfer medium Crystalline layer Liquid melt

Growth rate Fast (10 - 107" m/s) Fast (107 - 10 m/s)
Crystallising area 10-100 m? per m® ~1000 m? per m®

Solid crystallising mass 50-75% § 30-40% §

Transported material Liquid only Solid — liquid suspensions
Transport apparatus Pumps only Agitated batch crystalliser
Product separation Easy (draining) Filtration or centrifugation
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Suspension crystallisation exhibits close to isothermal conditions since the heat of
fusion resulting from the crystallisation is absorbed by the melt.[“®! The consequently
slow rate of crystal growth, coupled with a larger surface area on which crystallisation
can be executed, allows for purity in excess of 99% to be achieved.*®! As the crude
product is a solid-liquid slurry, however, the technique is limited by the additional unit
operations required to transport and purify the multi-phase product. The viscosity and
settling velocities must be taken into consideration when designing a process to avoid
complications with a build-up of solid material.[%]

2.6. Phase Equilibria

A ‘phase diagram’ is a visual representation of the chemical species existing within a
system at thermodynamic equilibrium. In a melt crystallisation process, it provides
quantitative information regarding the degree of separation attainable through the
manipulation of thermodynamic parameters such a pressure (p) and temperature (T).
(91 Although enthalpy and entropy are also examples of intensive thermodynamic
variables; p and T are often selected in preference due to the simplicity with which

they can be experimentally controlled and measured.%

The term ‘phase’ is used to describe any homogeneous region of a phase diagram, with
the term ‘heterogeneous’ referring to any region consisting or two or more phases in
simultaneous equilibrium.B% Liquids completely miscible in each other are considered
to be of a single phase under this nomenclature. The ‘components’ of a system are the
fundamental independent species required to characterise the chemical composition of

all phases within a given phase diagram. !

2.7. The Phase Rule

Between the years of 1874 and 1878, Willard Gibbs published his proposition of the

‘phase rule’ upon which the fundamentals of phase equilibria have been formed.!
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F=C-P +2

Figure 2.5. Phase rule for chemical species within a heterogeneous system. F =
Number of degrees of freedoms (independent thermodynamic variables), C = number
of fundamental chemical components, P = total number of phases at equilibrium.
Theory is applicable to any chemical system consisting or two or more phases at

equilibrium. First proposed by J. W. Gibbs.’!/

Figure 2.5 states that the largest number of independent thermodynamic parameters
that can be varied whilst preserving the total number of phases existing at equilibrium
is determined by the number of chemical components and the total number of phases
within a given system as shown. While a full thermodynamic justification of the theory
is included in the original research,®1 a more accessible summary is available from
Atkins et al. ¥4 The phase rule can be illustrated using the classical pressure-

temperature phase diagram of pure water. A schematic is depicted in Figure 2.6.

| Supercritical |
Fluid |

Pressure

Temperature

Figure 2.6. Schematic of a single-component pressure-temperature phase diagram of
pure water. Regions where one, two and three phases exist in equilibrium are
represented by the labels I, Il and 11 respectively. Concepts concerning the phase rule

are explained in the adjoining text. Diagram created using information from

Adkins.P¥
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At point | (Figure 2.6), a single homogeneous liquid phase exists at equilibrium.
According to the Gibbs’ phase rule, two thermodynamic parameters (both p and T)
may be changed independent without affecting the total number of phases in the
system. If the conditions are altered such that both liquid and gaseous water exist at
equilibrium (point 11, Figure 2.6), then the rule states that only one independent
variable may be changed to retain both phases at equilibrium. At equilibrium, a change
in temperature, for example, would necessitate a change in pressure to preserve both
phases, thus indicating that the variables are no longer independent. Where three
phases exist in equilibrium (point 111, Figure 2.6), no change in thermodynamic
parameters would permit the preservation of all three phases. Such conditions are
considered to exhibit zero degrees of thermodynamic freedom.

2.8. Molecular Modelling Methods

A brief, accessible introduction to the molecular modelling techniques used in this
study are provided in the following section. The sub-sections on quantum mechanical
theory, Hartree-Fock theory and density functional theory were written using texts
from Koch and Holthausen,? Hanson et. al.,®® Baseden and Tye, Thijssen,® and
Atkins and Friedman.® Whilst key studies have been cited where relevant, the final
two texts can be consulted in addition to the original sources for a more in-depth,

mathematical description of the corresponding phenomena.

2.8.1. The Schrodinger Equation

In theoretical physics, the state of a quantum mechanical system at any spatial position
can be described by the time-independent Schrodinger equation®? and the

corresponding wavefunction (). Its general form is provided below:

Hy = Ey ¢y

The Hamiltonian operator (H) can take on various forms depending on the type of the
system being characterised and the number of dimensions under consideration. If the
wavefunction (y) is iterated until the energy (E) is minimised, then the resulting
wavefunction corresponds to the ground state on the corresponding system and in the

case of a molecule, the state in which it is most likely to exist.
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2.8.2. The Born-Oppenheimer Approximation

In a molecular system consisting of nuclei and electronic components, the electrons
and nuclei experience a mutual attractive force due to their opposing charges. The
mass of a nucleus is over 1000x higher than that of an electron and its acceleration as
a result of these forces is consequently significantly lower (F = ma). The Born-
Oppenheimer approximation® therefore postulates that while the electronic
wavefunction is dependent on the position of a nucleus, nuclear motion can be negated

when describing the electronic states in a molecular system.

Using the Born-Oppenheimer approximation to parameterise the terms corresponding
to nucleus-nucleus interactions, the Hamiltonian operator encompassing a molecular
system consisting of nuclei and electrons can be written as follows, where T is the
kinetic energy of the nucleus and V], + 1, are the respective potentials corresponding to

nuclear-electron and electron-electron interactions.

ﬁelecl/}elec =T+ ‘7ne + ‘Zze (2)

The operator H,;,. can be used to determine to determine Eg;,. through ;.. using the
Schrédinger equation. As Ey,,. has now been parameterised into constants through the
Born-Oppenheimer approximation, the total energy of a molecular system can be

described as follows.

E7rot = Eglec + Enuc (3)

The focus is consequently now on finding a solution for the electronic portion of the
equation. In a system consisting of more than one electron, the electron-electron
interaction term in Eq. (2) is simultaneously dependent on the co-ordinates of all
electrons. The impossibility in obtaining a wavefunction to characterise this many-

body system precludes an exact solution of the Schrédinger equation.

2.8.3. The Hartree-Fock Method

One way to address the many-body issue is to separate the multi-body wavefunctions

of electrons into a product of single electron wavefunctions as follows:

08-



Y(x1, X X5) = P1(%1), Y2(x2), - Yr(Xp) 4)

In this form, the Hartree-Fock (HF) approximation®® ¢! assumes that electrons are
uncorrelated so that the many-electron wavefunction can be expressed as the matrix
displayed in Eq. (5). Known as the Slater determinant,®! v, corresponds to the
wavefunction of a specific electron while its corresponding variable x contains the

spatial and spin co-ordinates of the respective electron.

Yi(x)  Polx) o Pnlxy)
lpl(xz) 1,02(9(2) l)l}n(xz) (5)
] : : . :

1
Yur(xy,Xx2,.. %) = —

lpl(xn) lpz(xn) l:bn(xn)

In the HF method, the electron-electron interaction term (¥, in Eq. (2)) is replaced
by the Hartree Potential. The term proposes that the interaction between individual
electrons can be approximated by the Coulomb potential of the system (Uy), where
each electron interacts with the average electrostatic field resulting from all other
electrons in the system. This potential can be calculated from the electronic charge

distribution of the system using the Hartree equations.[®?

An exchange interaction in the HF method accounts for the Pauli Exclusion
Principle,®31 which states that two or more electrons cannot simultaneously occupy
the same quantum state. However, the Hartree-Fock method does not account for the
mutual coulombic repulsion between electrons resulting from electrons of parallel
spin, or its correlated influence on electronic motion. The exchange interaction also
exhibits a slow decay with respect to distance which significantly increases

computational cost when many-bodied systems are considered.

2.8.4. Density Functional Theory

In 1927, Thomas ¥ and Fermi [®°! demonstrated how the difficulties associated with
electronic wavefunction, Slater determinant and most importantly, correlation terms,
can be overcome by using a holistic representation of electron density to describe a

many-electron system. Progressive approximations, most notably by Hohnberg, Kohn
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and Sham, % 71 yltimately led to the inception of modern Density Functional Theory
(DFT) where:

(Function): Uses a number as an input to produce a number as an output.
[Functional]: Uses a function as an input to produce a number as an output.
[Density functional]: Uses the electron density, which itself is function of

position co-ordinate (r) to output the energy of a molecular system.

Hohnberg, Kohn and Sham proposed that the total electronic energy and other physical
characteristics of a many-electron system can be calculated in terms of the electron
density n(r) using a single functional E;,.[n(r)]. The individual energy terms, which
constitute the universal functional, are displayed in Eq. (6). Positive terms are coloured

green while negative terms are coloured red.

Eroc[n(r)] = Er[n()] + E,[n(M)] + Ej[n(r)] + Ex[n(M)] + Ec[n(r)]  (6)

bbb b

Total Energy Kinetic E. Potential E. Potential E. Exchange E.  Correlation E.
Electronic Electronic Elec-Nuc Elec-Elec Electronic Electronic
Attraction Repulsion

While its intended purpose from HF theory is unchanged, the Ey exchange termin DFT
does not correspond directly with the exchange interaction in the Hartree-Fock method. E
is also a new term to account for the repulsive correlative motion exhibited by
electrons in a parallel spin state. This phenomenon was unaccounted for in previous
Hartree-Fock approximations. Both Ey and E. were introduced to supplement the

repulsive electron-electron energies quantified through E;.

In Eq. (6), E; (Kinetic energy of an electron) and E,, (potential energy between an electron
and nucleus) can be obtained directly from algebraic expressions.™ To evaluate E;, the
Hartree-Potential can be integrated with respect to the electron density in the system [n(r)].
The remaining exchange (Ey) and correlation (E,-) functionals are approximated using single
exchange-correlation functionals (Ey) to provide a representative combination of the local

potential corresponding to each electron. Whilst the term functional has been defined in a
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general sense, many texts and computer programs also use the term functional to specifically
to refer to the exchange-correlation functional [E.]. The development and refinement of
approximations for [Ey] is a vast and expanding field of research, with the suitability
of various options being dependent on the chemistry of the molecular system in
question. The B3LYP™ 8 functional uses 3 parameters to combine the Hartree-Fock
exchange functional with the existing LYP correlation functional to quantify dynamic
electron correlation. With over 80000 citations on the aforementioned paper, B3LYP
is reportedly a popular functional with applications pertaining to a range of organic

systems. [6°]

With the Hamiltonian energy expression (H,;,..) now addressed through DFT, the
electronic wavefunction (1) defining the spatial co-ordinates and states of a system
can be represented by molecular orbitals. A simple example is a single Gaussian Type
Orbital (GTO), which can be represented by an integrable algebraic function. In
practice, most modern computational programmes integrate linear combinations of
orbitals with additional polarisation functions to provide a more representative spatial
characterisation of the electron shells in a molecular system. The set of functions used
to generate these molecular orbitals are known as basis sets. Like the exchange-
correlation functional described previously, the suitability of a specific basis set is
often dependent on the molecular system under analysis. A popular example is
Pople’sl’® 6-31G basis set where the core orbital consists of 6 contracted GTOs, while
the valence orbital is represented by one contracted set of three GTOs, augmented by
a final single GTO.

In the energy optimisation of a chemical system, a user-generated molecular model of
the system is used to define an initial representation of the electron density. Typically,
the Hartree-Potential and the electron density [n(r)] are interdependent where
knowledge of one is required to define the other. With algebraic expressions available
for both, the two phenomena can be iterated through to minimise the global energy,
thus producing an electronic representation of the desired molecular system in the

ground state.

2.8.5. Molecular Mechanics

The Hartree-Fock method and DFT use the Schrodinger equation and quantum

mechanical theory as the fundamental basis for modelling molecular systems.
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Molecular mechanics conversely use classical mechanics to achieve the same goal.[!
While quantum mechanical theory states that electronic charge is not localised to
specific atoms, molecular mechanics functions under the approximation that each
atom is a particle with a designated radius and atomic charge.["*l Molecules are then
considered to be individual atoms linked through mechanical springs at a distance
equivalent to the equilibrium bond length.[?! Early examples by Kettering et al. apply
the approximations to chemical systems,[”® with later studies developing
computational methods to minimise the energy of a molecular system based on bond

characteristics and non-bonding interactions.[4]

The total energy of the molecular system is calculated in terms of these bonded
covalent interactions (blue) and non-covalent interactions (orange) as shown in Eq.
(7). The labels below each term correspond to the key physical characteristic

determining the respective energy.

ETotal = EBond + EBending + ETorsion + EVDW + ECoulombic (7)
Total Bond Bending Torsional
Energy Energy Energy Energy
Bond Bond Dihedral
Strength Angle Angle

—— Covalent =——

In molecular mechanics, the term forcefield is typically used to refer to the set of
functions used to calculate the total energy of the system.[®® As with basis sets and
functionals in DFT, forcefield selection is dependent on the specific system under
consideration. Both DFT and molecular mechanics are extremely useful for the
characterisation of organic materials, with computational energy minimisations being
utilised to assist in the prediction of crystal structures,[’ visualisation of particle

morphologies!” and detailed energetic characterisation of crystalline phases.[’”]
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Chapter 3: Experimental Background

Synopsis: This chapter contains the background science pertaining to the experimental
methods utilised in the succeeding results sections. The specific experimental details and
mathematical methods pertaining to each study are provided in the corresponding sub-
section of the relevant results chapter.
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3.1. Gas Chromatography

Given the general trends of increased boiling temperature within the homologous
series’ of long chain lipids, gas chromatography is useful for distinguishing between
fatty acids of varying alkyl chain length.”® In gas chromatography, a mixture of
analytes in solution is transported through a coated capillary ‘column’ by an inert
carrier gas (Hz, He or N2).["® & Liquid samples are typically injected into a heated
chamber in which they rapidly vaporise. The gaseous samples are then propelled
through the capillary by means of the carrier gas. Separation of analytes can be
achieved by manipulating varying degrees of chemical interaction with the column, as
well as differences in vaporisation temperatures within the mixture of analytes.®!!
Following separation, the end of the column is connected to a range of detector types
in order to detect and quantify species of interest.’! In this study, the hydrolysed
coconut oil commonly used to synthesise SCI was separated to identify and quantify
its constituents using a combined gas chromatography-mass spectrometer (GC-MS)

instrument.t®?l A schematic is provided in Figure 3.1.

Display
Sample

/ Injector
Flow Controller / \ A

—> Waste

AN

Detector

Carrier Gas Column Oven

Figure 3.1. Schematic of a simple gas chromatography instrument. Edited using

Harris et al.l8%]

Previous chromatographic analyses of fatty acids indicate that the carboxylic acid functional
group can adsorb onto a variety of Gas Chromatography (GC) columns,®! resulting in peak

tailing and long retention times.®4 While researchers have produced high resolution
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chromatograms of free fatty acids through the use of selectively acidified polyethylene glycol
stationary phases,® the standard AOCS method of fatty acid analysis recommends
methylation with GC-MS analysis of the corresponding fatty acid methyl esters (FAMES). ¢!

3.2. Surfactant Synthesis Reactor Development

The chemical synthesis of sodium lauroyl isethionate (SLI) via the zinc catalysed
esterification of lauric acid (LA) and sodium isethionate (SI) is depicted in Figure 3.2.

0 (0] Zn0 (0] (0]
R4 S-0 Na —— L S-0 Na + H,0
HO™ T R 07 1 2
OH (0] 240 °C (@)
R =CqoHqs

Figure 3.2: Esterification of lauric acid with sodium isethionate to form sodium
lauroyl isethionate. Reaction is commercially executed with a blend of linear,

saturated fatty acids between C8 and C18.1”

The laboratory scale process used to synthesise isethionate esters in this project has been
derived from the continuous industrial synthesis of SCI, patented by Unilever in 1969.%61 A
description of the manufacturing process together with a schematic of the corresponding
reactor is provided in Section 1.1.3, Figure 1.6. Both the water vapour and distilled fatty acids
are typically evolved from the reaction once the mixture is heated.®”? An organic-aqueous
separator was therefore implemented in the industrial synthesis of SCI to allow removal of
both the water of reagent dilution and the water of reaction (Figure 1.6, Part C). The chemical
reaction is in dynamic equilibrium so any water present in the system must be removed to
maintain a thermodynamic driving force in favour of the desired product (Figure 3.2).1 In
the industrial process, volatile fatty acids are conversely recycled back into the reactor
following distillation to maximise the conversion of sodium isethionate.”) When the
commercial blend of surfactants were manufactured, the recycle ensured that the lipid
composition of the product matches that of the starting material.*®! In the laboratory scale
system, this separation was achieved using a Dean-Stark (DS) receiver where the position of

the organic-aqueous interface, was regulated via a stopcock. Lauric acid has a low density
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relative to the aqueous phase,[® which makes the DS apparatus ideal for simulating the

industrial recirculation.

Cahn et al. have reported that the SCI reaction mass is highly prone to oxidation in the
presence of air.1 The resulting impurities influence both the whiteness and odour of the
crude product. An inert atmosphere was therefore created in the laboratory reactor via a
constant stream of nitrogen bubbled directly into the reaction mixture. The reagents were also
purged with nitrogen before the reaction was heated to further minimise product degradation.

During the post-reaction fatty acid distillation, Walele et al.B°®! recommended that the
pressure be reduced incrementally from approximately 800 mbar to 50 mbar, but guidance
was not provided on how this is best achieved. During trial laboratory scale reactions, it was
observed that excessive reduction of pressure did indeed result in severe foaming of the
reaction mass. Standard vacuum controllers, such as those commonly associated with
rotary evaporation systems, regulate vacuum levels by systematically bleeding air into
the reaction system. The introduction of air into this reaction, however, would
compromise the inert atmosphere and increase product degradation. The pressure was
therefore controlled by regulating the flow of nitrogen into the system under absolute

vacuum, as depicted in Figure 3.3.

Needle =~ Regulated
Valve Vacuum

Figure 3.3: Three way valve to regulate vacuum within the detergent synthesis

apparatus via Nz valve.

Due to the lack of active heating within the distillation glassware, any reaction mass carried
through to the distillation pathway posed a significant risk of reactor blockage. The melting

point of the desired product is reportedly in excess of 200 °C.[*! Although the vacuum was
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regulated to minimise the unintended loss of reaction mass, the distillation pathway was
lagged with an insulating ceramic fibre rope and gently heated with a hot air gun throughout
the fatty acid distillation process to minimise the risk of flow hindrance.

3.3. Titrative Purity Analysis

Titration techniques for the quantification of anionic surfactants were developed and
implemented prior to the inception of isethionate ester detergents.®! The current PhD study
utilises a biphasic titration in which the endpoint is observed by an equalling in colour
intensity between two immiscible liquid phases.®

Pre End Point End Point Post End Point

—

Figure 3.4: Anionic activity titration with Hyamine 1622 solution and methylene blue
indicator. Endpoint is indicated by an equal intensity of blue in the organic and

aqueous phases.

The technique was first reported by Epton in 19471 and has since formed the basis
for many standard analytical methods.®!l The endpoint of the titration in this study
was indicated by an equal intensity of methylene blue in a biphasic DCM-water
mixture, as depicted in Figure 3.4. The underlying chemistry is explained in Figure
3.5.
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Figure 3.5: Biphasic titration of SLI with Hyamine (Hy") to quantify surfactant levels.
The isethionate species and methylene blue indicator (MB") initially form a complex
which is preferentially soluble in the organic phase. Addition of the stronger cationic
titrant (Hy") results in the formation of a more favourable soap complex, thus
releasing an aliquot of blue indicator into the aqueous phase. The end point is reached

when a stoichiometric quantity of Hyamine has been added.

The accuracy of the endpoint relies on the precision with which solutions are prepared.®
Although in this instance, the cationic titrant was standardised by the chemical supplier and
used as received. Its concentration can be verified by standardisation against sodium dodecyl
sulphate, which itself can be standardised against 1 M sulfuric acid. Details of these

procedures have been published by Longman.®

3.4. Differential Scanning Calorimetry

Through the breaking and formation of thermodynamically favoured intermolecular
interactions, endothermic and exothermic energy changes result from melting and
crystallisation processes respectively. Calorimetry is a method by which such phase

transitions can be detected by measuring the flow of heat into and out of a material.[*!

Differential Scanning Calorimetry (DSC) is a common form of calorimetry in which the
energy required to heat a sample is measured against a reference as a function of temperature.
The differential between the sample and reference can be quantified in one of two ways:

power compensation or heat flow.® The two methods are depicted in Figure 3.6.
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Figure 3.6 Comparison of power compensation and heat flow differential scanning
calorimeters (DSC). Sample (S) is heated within a crucible typically constructed from
aluminium, alumina or platinum. An empty reference crucible (R) is subjected to the

same temperature profile./*/

A power compensation DSC (left, Figure 3.6) contains two heating elements and two
thermocouples. Upon thermal analysis, the temperature of the sample is continuously
adjusted to match that of the reference. Any differential in the energy required to do so is
indicative of a phase transition. In a heat flow DSC (left, Figure 3.6), both crucibles are
instead heated via a single heating element. The heat flow resulting from a phase transition

is contrastedly detected by a temperature differential between the two crucibles.®4

The interpretation of the resulting thermal curve is independent of the instrument format.
Both systems report no change between the sample and reference crucibles in the absence of
a thermal event.™ In the event of an endothermic transition (such as the melting of a solid
species), a power compensation DSC would report a decrease in the thermal energy required
to heat the reference crucible, with respect to the sample. A heat flow DSC would conversely
detect the event as a decrease in the sample temperature, with respect to the reference.
Consequently, an endothermic transition always corresponds to an inverted peak signal,
irrespective of the instrument type. Figure 3.7, displaying the thermal curve obtained from
melting of myristic acid, demonstrates how phase transformation characteristics are
measured. Analogous methodologies are utilised for the measurement of crystallisation

processes.
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Figure 3.7: Example of melting transition recorded via a differential scanning
calorimeter (DSC). Obtained by heating a sample of myristic acid using a Mettler
Toledo DSC 1 power compensation calorimeter. Tonser = Onset of solid melting (red)
was obtained through tangential extrapolation as shown. Tpea = Peak melting
temperature (blue) was measured as the temperature at which peak enthalpy change

is detected.

3.5. Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is an analytical method in which the mass of a substance
is measured as it is exposed to a controlled atmosphere or temperature over a defined time
period.®®l A TGA instrument consists of a sample holder placed within a temperature
controlled chamber where the sample pan in a TGA is supported by a precision balance.
Many instruments also contain temperature sensors permitting the simultaneous collection
of DSC data (Section 3.4).°1 A purge gas is often directed over the sample to control the
sample environment. Standard thermal analyses typically employ inert gases such as nitrogen
and argon, whilst oxidative studies utilise air or nitrogen. The gases evolved from the analysis
can be characterised using a variety of analytical methods to provide additional chemical
information on the degradation by-products.’”) Mass spectrometers (MS)® and infrared
spectrometers (IR)® are commonly utilised in this application. When complex mixtures of
gases are simultaneously produced, a gas chromatography instrument can be introduced to
separate evolved gases prior to spectroscopic analysis. In this study, a TGA instrument was
connected directly to an IR spectrometer for the in-situ analysis of evolved gases (see Section
3.6)
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3.6. Infrared Spectroscopy of Evolved Gases

Infrared spectroscopy (IR) functions on the fundamental basis that organic molecules are in
a state of continuous vibrational and rotational motion. % If a material is exposed to infrared
radiation of a frequency that is equal to the frequency of a molecular vibration, then the
radiation is quantifiably absorbed and converted into vibrational energy.[%l

The selection rules of IR state that a vibrational transitional within a molecule is allowed and
therefore ‘IR active’, only if a change in dipole moment results from the corresponding
vibration.'%? Homonuclear diatomic species therefore cannot be observed via IR due to the
absence of an excitation-induced dipole moment. Heteronuclear species such as CO, in
contrast, are observable despite the lack of a dipole moment at equilibrium due to an
asymmetric displacement of the centre of charge in the molecule. Non-linear molecules
containing n number of atoms exhibit 3 n — 6 degrees of vibrational freedom. There six
normal vibrational modes that can be exhibited via polyatomic molecule, all of which are
represented in Figure 3.8 by the CH> group in an alkyl chain:

Symmetric Asymmetric
Stretch Stretch
Symmetric Asymmetric Symmetric Asymmetric
In-Plane Bend In-Plane Bend Out-of-Plane Bend Out-of-Plane Bend
(Scissor) (Rock) (Twist) (Wag)

Figure 3.8. IR active vibrational modes of CH>. Bending motions can also be termed

as deformation motions. %%/
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The ‘middle’ IR region at wavenumbers between ~500 and 4000 cm™ is reportedly the most
useful form of infrared spectroscopy in the analysis of lipid molecules. Modern infrared
spectrometers operate through means of an interferometer, as depicted in Figure 3.9, 1041

IR Beam Colllmatlng
Infrared > Mirror
Source
. N
H Beamsplitter C-—-D>
Detector @ € <€ \\ £ >
“ N Moving
> Mirror
Sample
L]
Fixed Mirror

Figure 3.9. Schematic of the interferometer in a modern Fourier-transformed infrared

(FTIR) spectrometer. Reproduced from Smith et al.!'*%

Infrared radiation from a black body source is directed into a beamsplitter, which creates two
optical beams from the incoming IR radiation. The optical beams travel through the
designated paths depicted in Figure 3.9, before reconverging at the beamsplitter. While one
beam has travelled a fixed distance, the path length of the second beam is dependent the
position of the moving mirror. The signal exiting the beamsplitter is referred to as
‘interferogram’ as it is @ combination of the interference between the two signals.[*®!
Through adjustment of the moving mirror, the interferogram permits the measurement of all
IR frequencies in a single measurement, thus significantly reducing analysis times. A
Fourier-transformation is subsequently utilised to convert the interferogram into an FTIR
spectrum depicting the absorbance of the sample at wavenumbers between ~500 and
4000 cmt, %1 A background sample is typically collected to avoid characteristic signals

water or CO; in the atmosphere from impeding the analysis.[*%®!

When approximated as a vibrating spring, a diatomic molecular bond can be described by
Hooke’s Law (Eq. (8)): 1%
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Here, ¥ is wavenumber (cm™), ¢ is the speed of light (cm/s) and y is the reduced mass
where m; and m; are the atomic masses of each atom in the diatomic bond. k

corresponds to the bond force constant (N/cm) which is an indication of bond strength.

In the analysis of solvated liquid samples, changes in intermolecular forces between
polar and non-polar solvents can influence localised changes in the force constant. %!
Gas-phase molecules can be considered as existing in an extremely diluted, non-polar
environment; where both solvent-sample and sample-sample intermolecular
interactions would be negligible. As vapour phase molecules are predominantly
present in the monomeric state, compared with the dimeric and polymeric states
observed in more condensed states, there are significant decreases in hydrogen-
bonding levels.[**”) Frequencies of both O-H and C=0 absorption bands in the vapour
state specifically exhibit notable changes in frequency when compared with solid and

liquid samples.

3.7. X-Ray Diffraction

The wavelength of X-ray radiation (~10° m) is of the same order of magnitude as the
interatomic distance observed in most organic and inorganic materials.[*% When
incoming X-ray radiation interacts with the electrons in an atomic arrayi, it is scattered
in a similar manner to the way that visible light interacts with objects at a larger
scale.!%! The extent to which electrons are scattered is dependent on the number of
electrons in the atoms. This amplitude can be used to distinguish atoms by element,
particularly when there is a large discrepancy in atomic mass between neighbouring

atoms. [108]
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In general, if the difference in path length between in-phase X-rays is equivalent to the
wavelength of the incoming X-ray radiation (or a common multiple), then the intensity
of the resulting wave is greatly increased through constructive interference. All
scattered X-ray radiation resulting from this constructive interference is diffracted at
a single angle equal to that of the incoming radiation.*'? Figure 3.10 is a 2D
representation of an ordered array of atoms, in a hypothetical 3D lattice, to display

how these principles can be used to measure interatomic distances in crystalline

materials.
A C
Incoming X-Ray
Radiation
A 03
\0 ° PN
Lattice Plane T
d
@ @ @ 1

Lattice Plane

Figure 3.10. Bragg diffraction of X-ray radiation in adjacent crystallographic

planes.!1%

In the displayed example, the difference in path length (d) between ABC and A’B’C’
is equal to the integer multiple of the incoming X-ray radiation (), resulting in a
diffracted beam where the angle of incidence from the incoming radiation is equal to
the angle of reflection of the scattered radiation. These principles can be summarised

by the Bragg Law. (114

nAd = 2dsin@ (10)

Where 6 is the angle of incidence of the incoming X-ray radiation, A is the wavelength

of the incoming X-ray radiation, n is the integer ‘order’ of the diffraction (n =1, 2,
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3,..) and d is the interplanar lattice spacing. By varying the angle of incidence and
observing the points at which constructive interference is observed, a representation

of interatomic distances within the lattice can be obtained.

In the analysis of other lipids and long chain hydrocarbons, large numbers of randomly
orientated microcrystals are simultaneously analysed via powder X-ray diffraction
(PXRD).[*2 A typical powder X-ray diffractometer typically consists of an X-ray
source, a stage on which the powdered sample is mounted, a goniometer through
which angles are adjusted and an X-ray detector. The PANanalytical X’Pert
Diffractometer utilised in this project exhibits a Bragg-Brentano geometry (Figure
3.11). The sample stage remained stationary whilst the goniometer simultaneously
rotated the X-ray source and detector to measure the X-ray diffraction at angles
between 2 and 50° (20). The wavelength from the Cu-ka source was fixed at 0.154 nm
to ensure that crystallographic planes produced just a single set of diffraction signals.

Goniometer

~ [ Detector
Heated L. ‘f
S Sample Stage —

Figure 3.11. PANalytical X’Pert Powder X-ray Diffractometer exhibiting a Bragg-

Brentano geometry.

3.8. Small Angle X-Ray Scattering

In complex multi-component lipid systems, increased levels of disorder often result in semi-

crystalline or liquid crystalline phases exhibiting quasi-Bragg diffraction.™***l Whilst there is
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reduced scattering from atomistic intermolecular interactions between alkyl chains, the 00l
reflections originating from planes of liquid crystal structures can still be observed by small
angle X-ray scattering (SAXS).[® The components of a SAXS instrument are similar to that
of a powder X-ray diffractometer. An X-ray source directs a beam of radiation onto a
powdered or liquid sample, after which the scattering is measured by a detector.™ Unlike
the PXRD setup, the SAXS systems in this study utilise a 2D detector setup which
simultaneously captures scattering at all angles, without the need for goniometer to rotate the

X-ray source, sample stage or detector.*! (Figure 3.12)

2D Detector

Incoming X-Ray

Radiation
(Wavelength = A)
- ' ‘)
X-Ray
Source Sample

Figure 3.12. Schematic of a small angle X-ray scattering (SAXS) instrument featuring
a 2D detector in transmission mode. The diagram shows how scattering length (Q) in
a SAXS instrument relates to Bragg angle (6) in a powder diffractometer. Varying the
distance between the sample and detector varies the scattering length (Q) detected by

the instrument. Created using Londono et al. "%

Instead of the Bragg scattering angle (8), the SAXS instrument measures the scattering
length (Q). ™4 The d spacing (Eq. (Bragg)) can be obtained from the scattering length
using Eq. (11) to permit the measurement of lattice spacing in the absence of atomistic
ordering in the crystalline phase.**3! In SAXS, the order of diffraction is more

commonly denoted by h rather than n.

Q="— (11)

-46-



Powdered samples, isotropic liquids and dispersed samples exhibiting a random
molecular orientation in the sample produce a scattering pattern of radial uniformity.
When texture in the scattering pattern is observed, structural information relating the
particle morphology can be inferred. The degree and intensity of anisotropy can be
used to measure the extent of preferred orientation. As observed in single crystal X-
ray diffraction, a single particle orientated specifically to the incident beam produces
intense spots pertaining to the individual Bragg reflections in the material.

Perfect Partial Random
Orientation Orientation Orientation
- ?
3 ke . I ,H\

o || (@) || (@)

Single Crystals Fibres or Plates Powders or Dispersions

Figure 3.13. X-Ray scattering from a 2D SAXS instrument of a single crystal (left),

randomly orientated powder (right) and materials displaying preferred orientation

(cenre).11Y

SAXS is often used to probe special dimensions of larger systems such as proteins,
nanomaterials and biological membranes.!*'¢! By increasing the sample-to-detector
distance, the scattering length (Q) can be used to probe distances of several
nanometres. In such systems, broader, characteristic shapes in the scattering curve can
be used to distinguish between spheres, plates, rods and discs in the sample
nanostructure.* In the current study, however, SAXS will primarily be used as an
extension to PXRD, to observe Bragg reflections that are produced at d spacings just

beyond those that observable using a typical laboratory diffractometer.
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Chapter 4. Process Focused Synthesis, Crystallisation

and Physicochemical Characterisation of SLI

Synopsis: The results chapter describes how sodium lauroyl isethionate (SLI) was
selected as a model isethionate ester surfactant from the analysis of commercial
materials. Following a bespoke synthesis of SLI, a turbidimetric solubility analysis
was conducted to identify conditions through which it could be reproducibly purified.
A physicochemical characterisation was finally executed to verify the chemical
identity of the surfactant, whilst simultaneously revealing key physical properties
underpinning its performance in personal care formulations. In relation to the
proposed research question, this chapter specifically developed the means of

acquiring a reproducible model detergent for a detailed structural characterisation.
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4.1. Introduction

Personal care products such as soap bars, shampoos and liquid cleansers contain
surfactants to remove grease and sebaceous oils from the skin. Repeated exposure to
surfactants is known to cause skin irritation,!!'”! dryness, '] tightness!!!®! and damage
to the stratum corneum.!'?% These effects are reported with the use of both traditional
carboxylate soaps and synthetic surfactants such as sodium dodecyl sulfate (SDS).[!?!-
1251 Sodium cocoyl isethionate (SCI) is a milder surfactant also prevalent in personal
care formulations." Its lower charge density, larger polar head group and high activity
at neutral pH improves its compatibility with the skin, thus reducing the negative
effects experienced by the consumer.'”*! Studies have demonstrated reduced
irritation,>*! dryness!!?®! and binding to the stratum corneum,!'?”! compared with
soaps and alkyl sulphates. In the presence of hard water, traditionally saponified
carboxylate soaps exhibit a loss in surface activity as the sodium counter-ion is
displaced by magnesium and calcium ions.!"?®! A larger quantity of product is often
utilised by consumers in order to compensate for the consequent loss in detergency
and lather.”) The poor aqueous solubility of the inactive alkali earth salts also results
in the precipitation of solid ‘scum’ on bathroom surfaces.['?’! SCI is conversely stable

in the presence of alkali earth metals and does not form any deposits or display

significant loss of lather volume in the presence of hard water.[”- 28

The molecular structure of SCI is shown in Figure 4.1. On a commercial scale SCI is
manufactured through the functionalisation of hydrolysed coconut oil.l'*®! Once
hydrolyzed, the coconut oil consists of a blend of linear, saturated carboxylic acids
ranging between octanoic (C8) and octadecanoic acid (C18). Sodium derivatives are
most prevalent within surface active isethionates; although protic!'*® and

ammonium!'*! isethionates have also been prepared for pharmaceutical applications.
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Figure 4.1. Molecular structure of the isethionate functional group. For sodium cocoyl
isethionate (SCI), R = linear, saturated carboxylic acid chain between octanoyl- (C8)

and octadecanoyl- (CI18).

A compositional analysis of coconut oil indicates that the dodecanyl (CI12),
tetradecanyl (C14) and octadecanyl (C18) chain lengths are the most abundant with
concentrations of 47.7%, 19.9% and 10.3% respectively.l**) Although this chain
length distribution is representative of commercial SCI, there is a natural disparity
between batches due to the compositional variation in the raw material.[’) Because of
this variation, previous studies on SCI have focused on the most abundant isethionate

derivatives existing in the natural surfactant blend.

Bistline et al. prepared a series of even numbered, consecutive isethionates ranging
from sodium dodecanoyl isethionate (C12) to sodium octadecanoyl isethionate (C18)
via a two-step catalytic process.['*3] The corresponding linear, saturated carboxylic
acids were first esterified using propyne under zinc catalysis to form the equivalent
isopropenyl esters. These derivatives were then mixed with sodium isethionate and
heated to 200°C in the presence of a p-Toluenesulfonic acid catalyst to create the
desired acyl isethionate.!'*3! Hikota also prepared sodium decanoyl isethionate (C10)
and sodium dodecanoyl isethionate (C12) as part of a larger investigation into ester-
based surfactants.!'**] Carboxylic acids were reacted with thionyl chloride to form the
corresponding acyl chlorides. Following a reduced pressure distillation, the acyl
chlorides were reacted with sodium isethionate at 90°C to yield the acyl isethionate
surfactants. Both studies utilised a two-step synthesis route and while Hikota’s
reaction temperature was lower, the chlorinated reagents were significantly more
hazardous than those utilised by Bistline et al.'*}! In the aforementioned studies, both
authors repeatedly recrystallised the sample in alcoholic solvent to purify the crude

331 reports that commercially

product. A recent review of acyl isethionates,
synthesized SCI typically ranges in crude purity from 78 to 85% and the product is not

purified prior to application in personal care formulations.!?®!
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In the current study, sodium lauroyl isethionate (SLI), the most abundant constituent
in the natural SCI blend, has been synthesised via the single-step esterification of
lauric acid and sodium isethionate. Our reaction exhibits numerous environmental
advantages over previous studies reporting the synthesis of SLI including a reduced
number of reaction steps, an increased atom economy and complete removal of

ancillary solvent, catalyst and chlorinated species from the synthesis.

Following synthesis, the crude SLI was successively recrystallised in methanol with
accompanying purity analyses at each stage. A polythermal solubility turbidimetric
analysis was subsequently completed to determine the optimum crystallisation
parameters for the scalable purification of SLI. There is a notable lack of published
literature concerning the fundamental properties and characteristics of sodium acyl
isethionates. The resultant purified surfactant was therefore subjected to a detailed
physicochemical characterisation and analysis which included melting,
decomposition, vapor sorption and surface tension measurements. The fundamental
data reported in the study provides a much needed insight into how the
physicochemical properties influence the commercial scale manufacture, performance

and synthesis of acyl isethionate surfactants from biorenewable sources.

4.2. Experimental

4.2.1. Materials
4.2.1.1. GC-MS Analysis of Fatty Acid Components

Hydrolysed coconut oil was provided by Innospec Ltd. Sulphuric acid ACS reagent (95-
98%), was obtained from Sigma-Aldrich. Methanol ACS analytical reagent (99.8%), was
obtained from VWR.

4.2.1.2.  Synthesis and Purification of SLI

Lauric acid (99%, Acros Organics) and sodium isethionate (98%, Acros Organics)
were obtained from Fisher Scientific. Methanol (99.8%) was obtained from VWR.

Materials were used as supplied with no further purification.
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4.2.1.3. Cationic titration for surfactant activity.

Methylene Blue powder (96%) was obtained from Alfa Aesar. Anhydrous sodium
sulfate (99%) was obtained from Fisher Scientific. Sulphuric acid ACS reagent (95-
98%), was obtained from Sigma-Aldrich. Dichloromethane ACS analytical reagent
(99.9%), was obtained from VWR. Hyamine 1622 cationic titrant was standardized to
0.004 M by the manufacturer (Vickers Labs).

4.2.2. GC-MS Analysis of Fatty Acid Components
4.2.2.1. Preparation of fatty acid methyl esters (FAMESs) from fatty acids

400 pl sulphuric acid in 20 ml methanol (2% w/v) was added to 5.0 g of hydrolyzed
coconut oil in a 50 ml RB flask. The mixture was magnetically stirred at 450 rpm and
heated under reflux at 50°C for three hours. 50 ml of aqueous sodium chloride solution
(5% w/v) was added to a 250 ml separating funnel. Upon completion of the reaction,
the fatty acid mixture was also poured into the separating funnel. Methyl esters were

extracted into 3 x 50 ml of hexane.
4.2.2.2. FAME Analysis via Gas Chromatography - Mass Spectrometry (GC-MS)

GC-MS analysis was executed via a Perkin Elmer Clarus 560S single quadrupole
GC/MS system, equipped with a Perkin Elmer Elite-5 MS capillary column (250 pum
diameter x 30 m length, 0.25 um film thickness). Following injection, the sample was
ionized via electron impact with an MS solvent delay of 4 mins. Oven temperature
was increased from 60°C to 200°C at 10°C/min, held for 10 mins then increased to
270°C at 10°C/min and held for 5 mins. Helium carrier gas was supplied at 1 ml/min.
A response factor was obtained from the methyl decanoate internal standard and

applied to the species of interest to obtain a chain length distribution.

4.2.3. Synthesis of SLI

120.8 g of lauric acid, 0.25 g of zinc oxide and 111.2 g sodium isethionate solution (57%
wi/v in water) were placed in a 500 ml three neck round bottom flask and magnetically stirred
at 600 rpm. The reaction vessel was equipped with a temperature probe and a 6” stainless
steel sparge needle, as depicted in Figure 4.2. Under a continuous stream of nitrogen, the

stirred reaction flask was heated to 150 °C and maintained for 90 minutes to remove the
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aqueous isethionate diluent. Upon complete distillation, the reaction temperature was
increased to 240°C and maintained for four hours. Any azeotropically distilled lauric acid
was returned to the reaction mixture via a 10 ml Dean-Stark (DS) receiver. The water of
reaction, along with any biphasic interfacial material, was retained within the DS and
collected in a 100 ml measuring cylinder.

When accumulation of water had ceased, the Dean-Stark apparatus was removed and
replaced with a vertical still head coupled with a 250 ml three neck receiving flask. Magnetic
stirring, nitrogen flow and 240°C reaction temperature were maintained during the
equipment exchange and atmospheric exposure was minimised via intermediary use of glass

stoppers.
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Figure 4.2. Schematic of SLI synthesis setup during esterification.
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Figure 4.3. Schematic of Sodium Lauroyl Isethionate synthesis setup during the fatty acid distillation.
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A condenser was fitted to receiving flask and a vacuum of 200 mbar was first applied to
collect any unreacted lauric acid. The pressure was then gradually decreased to 50 mbar with
care taken to minimise foaming of the surfactant product. The pressure was controlled by a
needle valve regulating the ratio of nitrogen flow into the reactor against the vacuum
produced from an Edwards E2M2 High Vacuum Pump (Figure 3.3). After 60 minutes, the
molten reaction mixture was poured onto a borosilicate glass tray and precipitated at room

temperature.

4.2.4. Anionic Activity Analysis

A methylene blue indicator solution was prepared by adding 0.03 g of methylene blue
powder and 50 g of anhydrous sodium sulfate to a 1000 ml volumetric flask and
dissolving in 500 ml water. 12 g sulphuric acid was added dropwise and the solution
was diluted to the mark. 0.2004 g of crude reaction material was dissolved in water
and diluted in a 100 ml volumetric flask. 10 ml of solution was transferred to a 100 ml
stoppered measuring cylinder via volumetric pipette. 20 ml of dichloromethane and
25 ml of methylene blue indicator solution were added and the cylinder was shaken.
The biphasic mixture was titrated with Hyamine 1622 (0.004 M) until the two phases
reach the same intensity of blue. An industry standard cationic titration method was
subsequently employed to gauge conversion levels within the crude reaction
product.”” Eq. (12) was used to quantify the anionic surfactant levels in the crude

mixture, relative to that of a pure surfactant solution.

o V xMx MW x 10
Anionic Surfactant (%) = C (12)

In Eq. 1, V = volume of Hyamine titre (ml), M = molarity of Hyamine solution
(mol/dm?*), MW = molecular mass of surfactant (g/mol) and C = concentration of
sample solution (g/dm®). Volumetrically adjusted from equation published by

Turney et al.’?!
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4.2.5. FTIR Analysis of SLI

Solid samples of crude and purified SLI were analyzed using a Thermo Scientific
Nicolet iS-10 FTIR Spectrometer. An ATR sampling accessory was used to measure

transmittance between 500 and 4000 cm™.

4.2.6. NMR Analysis of SLI

50 mg of sample was dissolved in 2 mL of d-DMSO using a Fisherbrand vortex mixer.
I1H NMR analysis was executed using a Bruker Avance III 500 MHz spectrometer.
Norrell XR-55 high precision NMR tubes were utilized throughout. Chemical shift,
integration and multiplicity in the resulting signals were measured using the
MestreNova software package. Assignments were compared against NMR

simulations generated by the PerkinElmer ChemNMR software package.

4.2.7. LC-MS Analysis of SLI

25 mg of crude and purified SLI were each dissolved in 5 mL methanol using a
Fisherbrand vortex mixer. The resulting solution was analyzed via a combined liquid
chromatography-mass spectrometry system (LC-MS). Samples were injected into and
separated using a Dionex UltiMate 3000 Rapid Separation UHPLC System. Material
was eluted through a C18 column by a binary solvent mixture consisting of acetonitrile
(MeCN) and water. The linear gradient elution method varied the concentration of
MeCN from 5% to 95% over 60 secs. Compounds were then detected by diverting the
separated species through a Bruker Amazon Speed mass spectrometer. Sample was
ionized via electrospray ionization with quantification of both positive and negative

ion via the ion trap detection system.

4.2.8. Recrystallisation of SLI

The crude SLI was purified by repeat recrystallisation in methanol. SLI was mixed
with 100 mL of methanol and heated to 60°C in a round bottom flask with a condenser.
The mixture was stirred at 300 rpm with the solvent incrementally added until the SLI
had completely dissolved. Any insoluble particles observed in solution were hot
filtered through a stemless funnel. Solutions were then cooled overnight at 0.5°C/min.
The resulting crystals were isolated via Buchner filtration and dried in a vacuum
desiccator prior to further purification steps. Cationic benzethionium chloride

titrations were completed at each purification step, as previously described. After five
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recrystallisations, SLI was obtained in the form of white powder. The purified material
was used for the subsequent physicochemical analysis. NMR, FTIR and LC-MS data
of the crude and purified SLI is provided.

4.2.9. Thermal Analysis of SLI
4.2.9.1. Thermogravimetry

Samples of lauric acid, crude SLI and purified SLI were analysed using a Mettler
Toledo TGA/DSC 1 Thermogravimetric Analyser. 2-5 mg of each sample was
weighed to the nearest 0.1 pg using a Mettler Toledo UMX2 Ultra-Microbalance and
placed in a 70 pL alumina crucible. Samples were heated from 25°C to 500°C at
10°C/min under N> flow of 50 mL/min. Sample mass was measured every second to
the nearest 0.01 pg to identify any temperature-induced phase transitions. The analysis
was used to determine the presence of ancillary species of the crude and purified

samples of SLI.
4.2.9.2. Differential scanning calorimetry

Samples of crude SLI and purified SLI were analysed using a Mettler Toledo DSC 1.
2-5 mg of each sample was weighed and deposited in hermetically sealed 40 uL
aluminium crucibles. Samples were heated from 25°C to 150°C at 50°C/min under N>
flow of 50 mL/min. After 10 min at 150°C, the temperature was raised by 1°C/min to
250°C. Following a further 10 min, the temperature profile was reversed and the
temperature reduced to 25°C at 1°C/min. Prior to analysis, the instrument was
calibrated against certified reference materials of zinc and indium obtained from
Mettler Toledo. Enthalpy of fusion (AHpys) and melting temperature (Tm) were
obtained from the area and the peak maximum temperature observed from the primary

melting peak.

4.2.10. Dynamic Vapor Sorption Analysis of SLI

The water vapor sorption of purified SLI was measured using the DVS Advantage
(Surface Measurement Systems, UK). Approximately 10 mg of sample was added to
an aluminium crucible and placed into a thermostatically controlled chamber at 25°C.
Samples were then dried under a flow of dry N> at 50 mL/min until the sample mass

had stabilised to the nearest 0.1 pg over a period of 5 min. Relative humidity (RH)
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was subsequently varied between 0 and 90%, at 10% increments. Target humidity
levels were maintained until the sample mass had stabilized and the sample mass,
humidity and temperature were continuously recorded at 60 s intervals. The data
provides information on the storage stability of SLI with respect to changing humidity

levels at room temperature.

4.2.11. Solubility Analysis of SLI

Solutions of SLI in methanol were prepared at concentrations between 20 g/L and
35 g/L, at 5 g/L increments. Purified SLI was accurately weighed using an analytical
balance (to the nearest 0.1 mg) and diluted with 5 mL methanol. The resulting
solutions were heated to 40°C and stirred at 300 rpm to ensure complete dissolution.
Micropipettes were then used to transfer 1 mL of each solution into 1.5 mL capped
glass vials. Four vials were filled at each concentration, thus 16 samples were
considered for further analysis. The solutions were analysed using the Technobis
Crystall6 parallel crystalliser. The crystalliser provides independent temperature
control of four blocks, with each block consisting of four glass vials. Samples were
subjected to five heating and cooling cycles between -10 to 50°C, with each solution
concentration undergoing rates of 3, 2, 1 and 0.5 °C/min. Vials were individually
magnetically stirred at 700 rpm and solubility was determined using the integrated
turbidity detectors. Tpiss (clear point) was identified as the temperature when the
measured transmission equalled 100% during heating, while Tcys (cloud point) was
identified as the temperature when the transmission first dropped below 95% upon
cooling. Sample vials were continuously flushed with N> to avoid external surface
condensation at low temperatures. Equilibrium solubility parameters at each
concentration (Tpiss and Tcryst) were obtained by plotting the respective values against
heating rate and extrapolating to 0°C/min. The experimental solubility was then

compared with the ideal solubility through a van’t Hoff analysis.

Praustnitz et al.!'*] stated that, assuming a negligible contribution from the heat
capacity (Cp), the molar solubility () in an ideal system was obtained from eq. (2)
using the enthalpy of fusion (AHrus) and melting temperature (Twm) measured via DSC:
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AH 1 1

};‘us [___ (13)

InGo) = T T

The enthalpy and entropy of dissolution (AHpiss and ASpiss respectively) were then
calculated from the ideal and experimental solubility data using Eq. (14). These values
quantify the enthalpy change when one mole of solute is dissolved into an infinite

quantity of saturated solution.

AHDiSS + ASDiss

RT R (14)

In(y) = -

The activity co-efficient (y) was then used to quantify the experimental deviation from
ideality, in accordance with Eq. (15), where x and  1¢ea are the experimental and ideal

molar solubilities.

Xldeal
Y= (15)
X
Further details on the experimental method and subsequent analysis can be found in

previous publications.[!26] [137]

4.2.12. Surface Tension Measurements of Aqueous SLI Solutions

Solutions of SLI in water were prepared at concentrations between 0.01 mM and 10
mM as described previously. A single droplet was generated at the tip of a blunt-end
22 gauge needle with a I mL Hamilton 1001 LT threaded syringe. Surface tension was
measured using a Theta tensiometer (Biolin Scientific) in the pendant drop mode. A
period of 10 min (frame rate capture, 1 fps) was allocated to stabilize the droplet and
ensure accurate measurement of the surface tension. Edge detection was applied to the
images and the droplet shape was fitted to the Young-Laplace equation using the
Attension Theta software. The equilibrium surface tension was determined by
averaging the last 30 images of the 10 min period, with three experimental repeats at
each concentration. The needles were replaced between samples and the syringes were
rinsed with deionised water and oven dried before reuse. All sample preparation and
measurements were obtained at room temperature, 20°C. Surface tension of the air-

water interface was measured to be 72.7 + 0.1 mN/m.
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4.3. Results and Discussion

A compositional analysis of a commercial hydrolysed coconut oil blend, typically used
to synthesize SCI, is displayed in Figure 4.4. The fatty acid mixture was derivatized
to form the corresponding fatty acid methyl esters (FAMEs) to avoid peak tailing and
long retention times. The resulting GC-MS chromatogram correlates with the review
literature,'*? indicating that the dodecanyl (C12), tetradecanyl (C14) and octadecanyl
(C18) are the most abundant chain lengths with concentrations of 43.9%, 20.0% and
10.9%, respectively. Due to the abundance of the dodecyl chain length in the
commercial feedstock, the lauryl (C12) homologue of SCI, sodium lauroyl isethionate

(SLI), was selected as a model isethionate ester surfactant for this study.
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Figure 4.4. Gas chromatogram depicting the chain length distribution of carboxylic
acids within the coconut derived fatty acid blend used to commercially synthesize

sodium cocoyl isethionate. IS = Internal standard. Analysed as FAMEs via GC-MS.

4.3.1. Synthesis and Purification of SLI

Sodium lauryl isethionate (SLI) was synthesised via a single-step esterification of
lauric acid and sodium isethionate with the use of additional solvents or catalysts.
During the commercial synthesis of similar amide-based surfactants, a continuous
recycle of distilled volatile carboxylic acids has been incorporated to maintain the acid
excess necessary to drive the acylation.['*8 In the synthesis of isethionates from
biorenewable sources, the recycle of volatile components ensured that the desired
chain length distribution of the feed material was maintained in the product. The
distillation of fatty acids also means these raw materials can be reutilised in future

syntheses with minimal change to the physical properties of the resulting product.
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In the current study, SLI was obtained at a crude purity of 83% (via cationic titration)
following a vacuum distillation. This purity is comparable to analogous materials
produced via alternative synthesis routes which include catalysts and solvents, where
the highest reported purity was 85%.0%! Successive cooling crystallisations in
methanol at 0.5°C/min led to a 15% increase in purity following three purification

cycles, after which no significant improvement was observed (Figure 4.5).
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Figure 4.5. Purification profile of the SLI product. Repeat cooling crystallisations
were conducted from 60°C to 20°C at 0.5°C/min. Surfactant levels were measured at
each stage via cationic titration with benzethonium chloride. Data was fitted to an

exponential association function. Errors bars obtained from repeat titrations.

As alkaline potentiometric pH titrations fail to distinguish between the surfactant and
residual acid,!'**! the industry standard method of cationic titration with benzethonium
chloride solution was used for determining surfactant levels. However, this method
has been reported to display an error of ~1%, as observed in the current study. 13
Possible attributable phenomena include operator error, the sparing solubility of
organic complexes in the aqueous phase, and trace inorganic impurities in the
methylene-blue solution. ! Although newer titrants such as
dialkylmethylimidazolium chloride (TEGO®trant) address some of these
discrepancies,'*°) an LC-MS analysis was additionally utilised in the current study to

confirm that a purity of 98% had been achieved after three purification steps. Chemical

structure was further verified by NMR.
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4.3.2. FTIR Analysis of SLI

An FTIR analysis of SLI was carried out in an effort to characterize the impurities separated

from the crude reaction mixture during the purification process. The spectra obtained from

crude and purified samples of SLI are depicted in Figure 4.6. Absorptions of interest were

assigned to their respective bonds and compared against literature values (see Table 4.1).

Table 4.1. Characteristic peaks observed via FTIR analysis of sodium lauroyl

isethionate. Tabulated absorptions were obtained from reference analytical data.[*4!]

Spectrum M easurg? Assignment ~ Tabulglteclu
¥ max (cmM™) ¥ max (cm’t) (144
Crude only 1718.3 A"phai%i%;gtf;g]boxy“c 1700-1725 (strong)
Crude & Pure 1731.8 A"phatgtrit:cﬁ (Ester) 1730-1750 (strong)
Crude only 2400-3300 O-H (Caétbr‘;’t(g’r:ic Acid) 2500-3300 (broad)

Compared to the purified sample, the crude spectrum displays evidence of the residual

lauric acid from broad O-H stretch observed between 2400 and 3300 cm™. The lauric

acid also produces an additional C=0 acid stretch in the crude sample at 1718 cm™.

The strong absorption appears to be characteristic of the C=0 ester stretch in SLI.

O-H
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Figure 4.6. FTIR spectra of crude and purified samples of sodium lauroyl isethionate.
Obtained using a Thermo Scientific Nicolet iS-10 FTIR Spectrometer.
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4.3.3. NMR Analysis of SLI

The purified SLI was characterized by *H NMR spectroscopy to confirm that the ~98% surfactant levels measured via titration and LC-MS were
indeed attributable to sodium lauroyl isethionate. The resulting NMR spectra and assignments are displayed in Figure 4.7 and Table 4.2.

Table 4.2. *H NMR signals observed from the analysis of purified SLI in d-DMSO with a 500 MHz NMR spectrometer. Chemical shift, integration
and multiplicity were measured using the experimental spectrum using the MestreNova software package. Simulated shifts were generated by the
PerkinElmer ChemNMR software. Tabulated shifts were obtained from structural libraries published by Pretsch et al.243 Molecular assignments
correspond to the model displayed in Figure 4.7.

Peak Ch(?mical Simulated Ta}bulat[ei4dl] Assignment Int Expectefj Multi. Mqlecular
Shift (6) Shift () Shift () No of H’s Assignment

A 0.87 0.88 0.86 -CHs 2.00 2 Triplet (@)
B 1.28 1.26-1.33 1.31 -CH:- 16.08 16 - (b)
C 151 1.66 1.61 -CH,-CH>-COOR 1.97 2 Triplet ()
D 2.26 2.32 231 R-CH>-COO-R 1.99 2 Triplet (d)
E 2.52 - 2.50 DMSO - - Quintet -

F 2.75 2.75 294 -CH>-SO, 201 2 - U]
G 3.33 - 3.31 DMSO (D:0) - - Singlet -

H 4.20 4.52 412 R-COO-CH; 1.99 2 - (h)
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Figure 4.7. 'H NMR Spectrum of purified SLI. Obtained using a 500 MHz NMR spectrometer in d-DMSO
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4.3.4. LC-MS Analysis of SLI

In order to verify the structure assigned via NMR, a final LC-MS of the purified SLI sample
was performed. The resulting chromatogram is displayed in Figure 4.8 indicates that the

sample is now predominantly composed of a single chemical species.

Intens BPC 60.00-1300.00 +All MS, Smoothed (0.18,1,GA)
3 1
2
13
0 10 20 30 40 50 60 Time [s]

Figure 4.8. LC-MS chromatogram of purified SLI. Peak areas correspond to both
positive and negative ions detected by the spectrometer. Obtained using a Dionex
UltiMate 3000 UHPLC system equipped with a Bruker Amazon Speed mass

spectrometer

The raw mass spectra generated from compound 1 (Figure 4.10) show how all the
significant mass fragments detected by the mass spectrometer can be attributed to the

desired SLI product.

Figure 4.9. Mass spectrometry peaks arising from LC-MS analysis of pure SLI.
Quoted masses are the exact masses resulting from the most common isotopes of the

corresponding elements, as provided by NIST.[*42 M = 330.15 g/mol.

Spectrum Peak (m/z) Assignment Theoretical m/z
+MS 331.22 [M+H]* 331.16
+MS 639.11 [2M+2H-Na]* 639.34
+MS 661.31 [2M+H]* 661.30
+MS 683.34 [2M+Na]* 683.28
-MS 307.22 [M-Na*T 307.16
-MS 615.28 [2M-2Na*+H* 615.32
-MS 637.42 [2M-Na*T 637.31
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Upon closer inspection of the purified SLI chromatogram (Figure 4.8), an additional
peak can be seen at a retention time of 52 s. An LC-MS analysis of pure lauric acid
also produced a strong peak at 52 s using the same analytical method. When coupled
with the other analytical information presented in this study, this data suggests that the
~2% of unaccounted mass is residual lauric acid.

Purified SLI — Positive ion (+MS) Mass Spectrum.

4 E+08 - 307.22

3.E+08 A

2.E+08 -
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|
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0.E+00

Purified SLI — Negative ion (-MS) Mass Spectrum.
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Figure 4.10. Positive-ion (top) and Negative-ion (bottom) mass spectrum of the main
species (1) detected via the LC-MS analysis of purified SLI. See Figure 4.8 for the

corresponding chromatogram. Thermal Analysis of SLI

Thermogravimetric analysis of the crude and purified samples (Figure 4.11) confirms that
the main impurity within the crude SLI was residual lauric acid, which was removed to

undetectable quantities in the purified sample. The absence of a measurable mass loss below
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300°C in the purified SLI indicates that the anhydrous form of the surfactant was obtained
and the subsequent storage of the purified SLI at an ambient humidity of ~60% for several
weeks resulted in no significant moisture uptake. From an average of three measurements,
the decomposition onset temperature of purified SLI was determined to be 331 £ 1°C.
Consequently, there is minimal risk of thermal decomposition (and formation of SO> and

SOs) at the proposed reaction temperature of 240°C.
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Figure 4.11. TGA profiles of lauric acid, crude and purified SLI at a heating rate of
10°C/min. Mass loss was normalised as a percentage of the initial sample mass. TGA
was used to identify the presence of moisture at 100°C; impurities between 150 and

230°C; and the decomposition profile of SLI at temperatures beyond 300°C.

Differential scanning calorimetry (DSC) of the purified SLI (98% purity) produced a
peak melting temperature of 225.2°C with a melting range of 224-226°C, see Figure
4.12. The previously reported melting range for SLI was 214-216°C, but no quantified
purity was specified.!!3*! The crude SLI (melting temperature of 214.2°C) displayed
some correlation with the previously reported values, thus suggesting that an improved
purity could be the cause of the disparity with previous data through freezing point
depression. The peak broadening observed in the crude SLI are suspected to result

from combinations of the lauric acid and sodium isethionate pre-cursors.
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Figure 4.12. DSC analysis of crude reaction SLI and purified SLI. Samples were
heated to 150°C at 50°C/min and then heated to 250°C at 1°C/min. Crude and purified
SLI exhibited peak melting temperatures of 214.2°C and 225.2°C, respectively.

Measuring five independent SLI samples, the corresponding melting enthalpy (AHFus)
was found to be 162 & 2 kJ/mol. The transition at ~210°C in the purified SLI and
~180°C in the crude SLI are believed to be thermotropic phase transitions. These are

widely reported to exist in anionic surfactant systems in the absence of water.[143-143]

4.3.5. Dynamic Vapor Sorption Analysis of SLI

An isothermal DVS analysis was conducted at 25°C to better understand moisture
uptake during the commercial storage of isethionate ester surfactants. Although Karl-
Fischer titration is the most common method of determining bulk moisture content in
anionic surfactants,[!* the DVS method can provide sorption kinetics and
thermodynamic data over a range of humidity levels.!'*® 1471 Prior to measurement,
sample drying under N> flow showed a total mass loss of 0.01%. While alkyl sulfates
are known to readily exist in hydrate form, #3159 the lack of significant moisture loss
observed during TGA and DVS analyses suggests that the anhydrous form of SLI was
obtained using the current synthesis method. At 40% Rp, the sample mass had
increased by 0.2%, suggesting relative stability of the sample during storage at or
below 40% Ru. At 87% Ry, the mass gain was 2.35% which confirms the surfactant
to be “slightly hygroscopic” according to Callahan ef al!'>!! and the European

Pharmacopoeia.!'3?! There are three primary sorption mechanisms by which materials
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take up moisture: i) surface adsorption, ii) bulk adsorption and iii) liquefaction by
surface dissolution.!'**! On reducing the Ru to 0%, the sample mass returned to its
original value with an insignificant discrepancy of 0.005%. Since the sorption process
is reversible, liquefaction is unlikely to be the predominant mechanism. With a 2.35%
mass increase at 87% Ry, the surfactant could have formed a hemihydrate, which
would yield a theoretical mass increase of 2.7%. Further analysis would be required
to confirm both the structure and mechanism pertaining to the proposed transition. The
hysteresis shown in Figure 4.13 does however indicate that any moisture uptake during
storage at higher humidity can be significantly reduced if the sample is later exposed
to a humidity level below 20%. This irreversibility is common in the sorption analysis
of solid-gas systems.!'>* While the hysteresis is significantly reduced below 20% RH,
hysteresis is observed to some extent across the entire humidity range. Everett suggests
that this behaviour results from a sorption mechanism that is independent of solid
surface area,!'>*! thus supporting the postulation of a molecular hemihydrate species at

elevated humidity levels.

2.5 —m— Sorption - 1 o
—aA— Desorption / 104 ©
[}
- 2.01 /A/ | i
£ A loa 3
% 15_ AF—JA’A)‘A / R é
% . | ON
-

402 T
@ | 5
= 0.5- u —40.1 ‘g
‘ __,..——.". ] OQJ

00{ a=0—H 10.0

0 10 20 30 40 50 60 70 80 90 100
Relative humidity (%)

Figure 4.13. Dynamic vapor sorption analysis of purified SLI. The technique
determines hygroscopicity by adjusting humidity levels and measuring the resulting
sample mass. SLI was exposed to relative humidity levels between 0 and 90%,
resulting in both sorption and desorption isotherms at a thermostatically controlled
temperature of 25°C. Left axis shows mass increase relative to the initial mass of SLI
(%). Right axis displays this increase as the molar sorption of water, relative to one

mole of SLI.
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4.3.6. Crystallisability of SLI

A polythermal solubility analysis was conducted to define the optimal crystallisation
parameters for the commercial purification of isethionate surfactants. This approach
was utilised in the current study as there was no prior solubility data for the SLI
sample. Alcoholic solvents were considered as the purification solvent for SLI after a
recent study revealed them to exhibit a high solubility for lauric acid, which the TGA
data indicated to be the primary impurity in the crude product. Methanol was
156]

specifically selected as it exhibits a higher solubility for lauric acid than ethanol,!

isopropanol!'>’! and n-butanol'>") at 20°C.

Preliminary solubility studies yielded very high ambient solubility in water, while
ethanol exhibited a significantly lower solubility than methanol at elevated
temperatures. Although methanol exhibits a higher toxicity than these substances, the
preliminary data indicates that their adoption would be detrimental to both throughput
and recoverable yields of SLI. Methanol was selected in preference to maximize the

corresponding commercial value of the purification process.

Figure 4.14a shows the turbidimetric data for purified SLI in methanol during a
heating and cooling cycle, highlighting well-defined crystallisation and dissolution on-
set points as a function of temperature. The TGA, NMR and LC-MS analyses of the
recrystallised SLI confirmed that the resulting precipitate was free from significant
solvent and impurity levels. The metastable zone width (MSZW) as a function of
cooling rate, displayed in Figure 4.14b, shows how equilibrium crystallisation and
dissolution temperatures (Tcryst and Tpiss) were explained. The MSZWs, as well as
Tcryst and Tpiss, were collated at each concentration to form the solubility curve of SLI

in methanol (Figure 4.14c).

The metastable zone denotes conditions where the system is beyond the solubility
limit; and nucleation can be induced through seeding, surface coarseness or the
presence of foreign particulates.!*¢! Spontaneous nucleation in a binary homogenous
system is kinetically precluded until the system reaches the limit of the metastable
zone (Figure 4.14c¢).['*8 The minimal dependence of the MSZW on the cooling rate at
20 g/L (Figure 4.14b) is reflected for all solution concentrations. This phenomenon
indicates the crystallisation and dissolution kinetics are not rate limiting to their

respective phase transition processes.!'*”) With decreasing temperature the system
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exhibits an increasing MSZW. Knowledge of these changes to MSZW are important
to controlling the commercial crystallisation processes and thus ensuring a
reproducible crystal size, morphology and purity between batches.*!  The
implementation of in-situ process analytical techniques could be used to maintain
process conditions within the metastable zone at high temperatures, where the MSZW

is smaller.['>*]
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Figure 4.14. Polythermal turbidimetric solubility analysis of purified SLI in methanol
between -10°C and 50°C at 700 rpm. a) Reaction profile of light transmission (%) vs.
temperature (°C) depicting the extraction of crystallisation (Tcrs) and dissolution
(Tpiss) temperatures from Crystall6 system at 20 g/L. b) Change in Tcyys: and Tpiss with
varying cooling rates at 20 g/L. Extrapolation to 0°C/min provides equilibrium values

of Tcrs: and Tpiss. Legend displays equilibrium transition temperatures with the linear

regression error.
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¢) Solubility curve of purified SLI in methanol plotted from equilibrium transition
temperatures (Tcrs: and Tpiss) at all studied concentrations. Crystallisation and
dissolution events were measured at concentrations of 20, 25, 30 and 35 g/L, each at
temperature ramps of 3, 2, 1 and 0.5°C/min. See Figure S9 and S10 in the ESI for

tubidimetric profiles and solubility data of all concentrations and cooling rates

4.3.7. Solubility Analysis of SLI

Through a van’t Hoff analysis, the experimental solubility data can be compared with the
ideal solubility of SLI, in a solvent-free environment, to determine the influence of the
solvent on the crystallisation behavior. Both ideal and experimental Hoff analyses of SLI are

shown in Figure 4.15.

This large deviation from ideality, when compared to other organic systems analysed
using the same methodology,!'*”! suggests that the solvent-solute system exhibits a
strong preference for solute-solute interactions. When the data is compared with a
conductivity-based solubility analysis of SDS, the solubility of SLI in methanol at
50°C is approximately ~30% of the measured SDS solubility.!'°! With respect to
theoretical yields, a cooling crystallisation from -10°C to 50°C is predicted to recover
more SLI than SDS, with predicted yields of 79% and ~71% respectively. The values
of AHpiss and ASpiss for SLI indicate that the phase transition is strongly dependent on
the enthalpy, see Table 1. The thermodynamic parameters for the dissolution of SDS
in methanol are AHpiss = 22.3 kJ mol™! and ASpiss = 54.3 J mol™.['*l Despite analogous
dodecyl alkyl chains, the additional ethyl-ester group in the isethionate species creates
a difference in chain length between SDS and SLI. This structural disparity and
consequent hydrophilicity may contribute to the higher absolute solubility exhibited

by SDS in a methanolic environment.
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Figure 4.15. van’t Hoff plot of polythermal solubility analysis of purified SLI in
methanol between -10°C and 50°C. y = mole fraction of SLI in methanol. Ideal
solubility was calculated from the melting enthalpy (AHFus) and temperature (Trus)
obtained via DSC.

The temperature-dependent activity coefficient (y) for the crystallisation of SLI in methanol
was finally calculated to quantify the deviation from ideality induced by the methanolic
solvent environment. Turner et al. describe how this value is obtained by dividing the ideal
solubility derived from the van’t Hoff analysis, with the experimental solubilities measured

via the polythermal solubility analysis.™3"]
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Temperature dependent activity co-efficient quantifying the deviation from ideality of
the experimental solubility of SLI in methanol when compared with the ideal van’t

Hoff solubility.
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4.3.8. Surface Tension Measurements of Aqueous SLI Solutions

The CMC of SLI at 20°C was found to be 5.36 mM with a lower plateau surface
tension of 37.9 mN/m, see Fig. 9. Bistline et al. reported a slightly higher CMC
(6.4 mM) and plateau surface tension (46.6 mN/m) for SLI synthesized by the two-
step process.['*3] The lower surface tension in the current study suggests a higher
wettability in aqueous environments, while a lower CMC confirms that a lower
surfactant concentration was required to reach peak wetting performance. It is worth
noting that the method used to determine the CMC and surface tensions was different
from that reported by Bistline et al.l'*]. However, the observed improvement in
performance is more likely to result from an improved sample purity, as the CMC of
alkyl sulfate surfactants is very susceptible to error from surface active impurities.'®!!
Foreign species can cause the surface tension to fluctuate and drop, below the CMC
limit before stabilising at the actual micellar concentration. The absence of such
fluctuation provides evidence that such impurities were not present in the current

sample.

80 . . 7
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Figure 4.16. Surface tension as a function of the SLI concentration in water. The
surface tension was determined by pendant drop analysis at 20°C. Equilibrium surface
tension values were obtained by fitting the droplet shape to the Young-Laplace

equation. Reported values are an average of 30 consecutive images (1 fps).

Recent studies have shown that SDS exhibits a CMC of 8.0 mM at 20°C,['%%] with a

corresponding plateau surface tension of 33 mN/m at pH 7.l!] The plateau surface
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tension beyond the CMC for SLI (38 mN/m) is therefore higher than that measured
for SDS (33 mN/m) at 20°C. The CMC, however, for SLI is higher than that for SDS
at equivalent conditions. Hence, the proposed crystallisation process and resultant
higher sample purity could therefore be critical to obtaining surface tension levels
exhibited by SDS whilst maintaining the increased mildness offered by isethionate

ester surfactants.

In summary, the thermodynamic and physicochemical properties determined from the
characterization of SLI are provided in Table 1, along with the corresponding literature

values for its alkyl sulfate analogue, sodium dodecyl sulfate (SDS).

Table 4.3. Thermodynamic and physicochemical properties of purified SLI (current
study) and SDS (literature values).

Tm Solubility**  AHpiss** ASpiss** Activity** CMC* Surf. tension

o 4 1 at CMC*
°C) (g/L) (kJmol™) (kJmol”)  coeff. (y) (mM) (mN/m)
LI 225 17.9 293 0.0322 29.1 54 37.9
T
sps 290 ggquer  gpztpen 00583 wa 8001 33106

* Measured at 20°C. f pH 7 1 Parameters obtained by processing the cited raw data using

methodologies described in the current study.** Measured in MeOH.

4.4. Conclusions

Sodium lauroyl isethionate (SLI), the most abundant derivative of sodium cocoyl
isethionate (SCI), was directly synthesised at the 500 mL scale without the use of
solvent or catalytic species. The direct esterification of lauric acid reduced the number
of reaction steps and eliminated the risk of HCI production which resulted from
previous acyl chloride based reactions.['*¥ When compared with current published
syntheses of SLI, the ancillary solvent-free route was to found to have the potential to
increase process output, reduce material costs and remove the time and energy
required for an industrial scale solvent recovery. While catalytic routes had previously
been proposed for this type of reaction,*! their use had led to an undesired phase
separation in the resulting product at concentrations above 0.2 w/w%.37] The reaction

times, temperatures and yields in the current study were also similar to previous
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catalytic routes.!** The new process therefore eliminated the handling and recovery of

catalytic materials without significant detriment to process efficiency.

The proposed recrystallisation of crude SLI resulted in a purity level of 98% after three
successive recrystallisations in methanol. Following a recent review of commercially
available surfactants,*! this is considered by the authors to be the highest published
purity of a sodium acyl isethionate surfactant. The use of crystallisation over
chromatographic techniques meant that the purification could be scaled to industrial
quantities and the solubility analysis of the purified surfactant provided process
conditions through which this could be achieved. Although this study utilized a
cooling crystallisation, the data was also deemed applicable to evaporative
processes.'®*) While the estimated throughput was lower than an analogous
purification of SDS, SLI displayed higher yields at equivalent temperatures which was

prospectively more important given its higher market value.

An aqueous surface activity analysis of the purified SLI yielded a surface tension much
closer to the performance of SDS than previously reported samples of SLI. Given the
widely acknowledged mildness of isethionate ester surfactants compared to traditional
soaps and synthetic surfactants such as sodium dodecyl sulfate (SDS), the increased
performance achieved through purification could be utilised in high value personal
care formulations where harsher surfactants may be undesirable. High purity
isethionates could also be used to create analytical standards, thus permitting the
adoption of spectroscopic techniques to evaluate commercial surfactant synthesis.
Reductions in time, labour and chemical use could be achieved when compared with
the successive titration techniques currently used to detect and quantify surfactants in

the personal care industry.

-78-



Chapter 5: Assessment of the Thermal Degradation of SLI
Using Predictive Isoconversional Kinetics and

Analysis of Evolved Gases

Synopsis: This results chapter describes a detailed characterisation of the thermal
degradation of SLI in both inert and oxidative environments. Predicted rates of
isothermal degradation for a range of process conditions were determined using
isoconversional kinetic methods. The gases evolved from the degradation of sodium
lauroyl isethionate were then identified via TGA-FTIR. When coupled together, the
two studies could be applied to minimise the evolution of undesirable or hazardous
gases in isethionate manufacturing processes. In relation to the proposed research
question, this chapter specifically identified the operating windows in which a detailed

structural characterisation could be conducted.

-79-



5.1. Introduction

Surfactants are the primary ingredients in most personal care formulations. They are
present in shampoos, liquid cleansers and soap bars to reduce the surface tension of
water and aid in the solubilisation of lipidic, sebaceous residues on the skin.”!! Due to
its mildness, sodium lauroyl isethionate (SLI) is becoming an increasingly popular
surfactant in such applications.””) When compared with traditional counterparts such
as alkyl carboxylates and sodium dodecyl sulfate (SDS), studies into SLI have
demonstrated reduced irritation,'>*! dryness ['?®) and adhesion to the stratum
corneum!!?”! in personal care applications. SLI is also comparatively more stable in
the presence of hard water by exhibiting no deposit formation or significant loss in

lathering abilities in the present of alkali earth metals.['*®]

?‘Na+
j\ 0=9=0 j\ )\ _ONa*
R OH R™ 07 R
(1) OH (2) (3)

Figure 5.1. Reaction of lauric acid (1) with sodium isethionate (2) to form the dodecy!l-
chained (C12) sodium lauroyl isethionate (SLI) (3)./'%% In this example, R= C11H>s. A
mixture of chemical homologues of alkyl chain length ranging between C8 and CI18
can also be formed from the respective mixture of carboxylic acids. The resulting

blend of surfactants is known as sodium cocoyl isethionate (SCI).!"*9

SLI can be synthesised via the esterification of lauric acid with sodium isethionate, %!

as shown in Figure 5.1. In the study corresponding to the Figure 5.1, the materials
were reacted at a temperature of 240°C for 4 hrs.!'°6 Patent literature relating to the
commercial synthesis of SLI, as well as its homologues, report similar process
temperatures of >200°C and analogous reaction times of 4-6 hrs.['® 3687 Tn some
instances, temperatures as high as 260°C for prolonged periods have been reported.!'®:

1671 A patent by Login et al. reported that the molten isethionate reaction mixture was
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prone to thermal degradation at reaction temperatures in excess of 220°C.[1%8] In
addition to reducing surfactant activity levels and consequent product efficiency,
degradation was also reported to significantly harm the appearance and odour of the
resulting product.['®! Whilst this work recommended an oxygen-free atmosphere to
minimise process-induced degradation, no information pertaining to the quantitative

stability of isethionate esters was provided.

While previous research regarding the thermal behaviour of isethionates has been
limited, there have been studies on the stability and degradation characteristics of other
alkyl surfactants, such as SDS. The initiation of thermal degradation in SDS was
reported as 380°C,[!7%! indicating its comparatively higher stability with respect to
SLLI8 A pyrolysis-gas-chromatography analysis of SDS by Liddicoet ef al.
identified the degradation products following prolonged exposure to 650°C under an

inert atmosphere.!!”!

It revealed large quantities of primary alcohol, coupled with
traces of dodecyl vinyl chains. While both SDS and SLI consist of analogous lauryl
alkyl chains, differences between the chemistry of their respective sulfate and
sulfonate groups, coupled with the additional acid-ester group present in SLI might
suggest an influence on its resulting material stability and associated evolved gas

composition.

For the characterisation of thermal degradation processes, kinetic methods are
typically applied to quantify the rates at which the underpinning chemical and physical
processes occur.['”?] These rates allow the evaluation of the corresponding energetic
parameters; the correct identification of which permits the prediction of material
stability.!'”>] In contrast to isothermal techniques where degradation is measured at
multiple fixed temperatures, nonisothermal (or polythermal) isoconversional methods
rely on multiple linear heating experiments to obtain the necessary data for kinetic
model development.'’#l While isothermal degradation techniques do exhibit some
advantages, such as the ease of induction time measurement, their nonisothermal
counterparts are becoming the recommended methodology for the kinetic analysis of
thermally stimulated processes.!'”> 178 With isothermal methods, it can be challenging
to cover a representative range of temperatures within the measurable degradation
zone. Slow degradation rates at lower temperatures can be time-consuming to measure
to completion, while isothermal degradation at higher temperatures can be difficult to

specifically identify if mass loss occurs whilst the sample is reaching the desired
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isotherm.l'”] Absolute isothermal analyses can often be difficult to achieve due to this
inevitable period of equilibration, particularly when a sample is exposed to elevated
temperatures.l!'’*l While differential methods can be applied to help alleviate such

discrepancies,!!”>!

nonisothermal analyses can experimentally avoid these
shortcomings, whilst simultaneously allowing the fast acquisition of degradation data

across a broad range of temperatures.!!7?

In this study, the thermal stability of SLI under the temperatures experienced during
representative manufacturing conditions was evaluated. Thermogravimetric analysis
(TGA), coupled with isoconversional kinetic modelling, was used to assess the
thermal degradation of SLI in N> and air environments. Measurement under inert
conditions was used to simulate degradation under the representative manufacturing
conditions, whilst the analogous measurements in an oxidative environment were used
to determine the influence of air ingress into the process system. Differential and
integral isoconversional methods were used to independently quantify critical
energetic parameters. These factors were then applied to predict the isothermal
degradation of SLI, as a function of temperature, to determine the most suitable
process conditions for minimising degradation. Following the kinetic overview,
TGA-FTIR was used to obtain a real-time analysis of the gaseous evolutions resulting

from the degradation process.

5.2. Isoconversional Kinetic Theory for Thermal Analysis

5.2.1. Introduction to Isoconversional Kinetic Methods

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are
commonly used to derive the data required to characterise thermal degradation
processes using isoconversional kinetic methods.!!”* Although TGA will be the focus

of the current study, the techniques described can also be applied to data obtained from

[177] [178]

infrared spectroscopy, mass spectrometry and rheometry.l'”! For the
isoconversional kinetic analysis of TGA data, it is common for the experimentally
obtained mass losses to be converted to a normalised, dimensionless, temperature-
dependent mass loss (o) where 0 < o < 1.['7% In the context of thermal decomposition

kinetics derived via TGA, a is commonly referred to as the ‘degree of degradation’.1!7"!
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In this study, Eq. (16) shows how a was obtained from the initial sample mass before
heating (mpmic.), the final sample mass after heating (mrin) and the observed sample

mass (mcurr) at a given temperature.

o = Mpnit. — Mcurr. (16)

Mpnit. — Mpin,

Nonisothermal (or polythermal) isoconversional degradation Kkinetics are

fundamentally derived from the Arrhenius equation Eq. (17).

k(T)=Aexp (— RE—a) (17)

k(T) is the Arrhenius rate constant, A the Arrhenius pre-exponential factor, R the
universal gas constant (8.314 ] mol! K!), E, the activation energy (J mol™) and T the
absolute temperature in Kelvin. Vyazovkin states that the rate of thermally stimulated
processes are dependent on the reaction model f{a) and temperature-dependent rate

constant k(T), as shown in Eq. (18).!76]

() =k f@ (18)

Some forms of the equation include an additional pressure-dependent variable h(P).
However, in the case of thermal degradation Kinetics, this is assumed insignificant and
neglected in most cases.!’” Combining Eq. (17) and (18) yields the general rate
equation Eq. (19) for the nonisothermal kinetic analysis of thermally stimulated

degradation processes.
da E,
(Gc), = 2o (-77) r@ 19

The rate (da/dt) is a function of heating rate (f5), which corresponds to a constant
linear heating rate where = dT/dt. The reaction model f{a) is dependent on, and
consequently indicative of, the thermal degradation mechanism.!%%! For conventional
isothermal analyses, the type of mechanism can be determined by identifying the

relationship between f{a) and a. When fitting experimental data to such models,
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however, similarity between fits can complicate the identification of a single reaction

172 Criado et al. have previously demonstrated how the same predicted TGA

model.!
curve can be generated from three different reaction models.!'8!! The model fitting
approach can also be overly simplistic with respect to more complex systems, which
can exhibit one mechanism at the start of the degradation process, then transition into
another at higher degradation temperatures. Eq. (3) additionally shows how it can be
numerically challenging to mathematically separate and distinguish between k(T) and

fl(a), thus further increasing the difficulty in obtaining a single reaction model.

Isoconversional kinetics conversely forgo the fitting of a reaction model f{«), as well
as the calculation of a single pre-exponential factor A. This approach is based on the
fundamental assumption that a single form of Eq. (4) is only applicable to a single
degree of degradation (a).['”> '3 This temperature dependence on the Arrhenius
parameters is proposed on the basis that solid-state thermal decomposition is typically
a complex, interdependent multi-step chemical process. The multitude of constituent,
concurrent physical processes include the diffusion, sorption, and sublimation of
different species in multiple phases.['®¥] Any single activation energy value therefore
used to represent a process of corresponding complexity, is inherently composed of
the individual activation energies related to its constituent physical and chemical
processes. Since the relative contributions of these individual processes to the overall
degradation rate changes with respect to temperature, any effective activation energy
(Eq) determined for the holistic characterisation of thermal degradation process is
consequently a function of temperature and the degree of degradation («). Through
multi-rate degradation experiments, values of the temperature-dependent effective
activation energy can be obtained following differential or integral treatment of Eq.
(19). Through the parametrisation of f(a) and the Arrhenius factor 4, predictions of
process degradation rates and material lifetimes can be reliably achieved. Compared
with traditional isothermal kinetic analyses, nonisothermal isoconversional methods
therefore permit the holistic kinetic analysis of complex thermally stimulated
processes, without any prior knowledge of the degradation mechanism(s). The concept
of variable activation energy, its basis in complex multiple-step processes, as well as
its broader application in the characterisation of thermal stability, polymerisation,
crystallisation and phase transitions are described in the literature.!'’! In order to

obtain a more comprehensive analysis of the thermal degradation characteristics of

-84-



organic materials.>!*? both isoconversional and model-fitting techniques can be
applied in tandem, with research comparing both approaches when studying analogous

chemical systems.*

5.2.2. Calculation of Activation Energies

Both differential and integral approaches were separately used to calculate the
effective activation energy (E.). The Friedman method is a common differential
method for the isoconversional analysis of thermal degradation processes.!!3% 1851 It is

derived by taking the natural log of Eq. (19), as shown in Eq. (20).
da E,(a)
in(Gp) = mIA@ f@] -~ 57 (20)

In addition to the rate (da/dT) and reaction model f{a), the activation energy (Eq), pre-
exponential factor (4) and temperature (T) are also considered to be dependent on the
degree of degradation (o). Where applicable, the respective variables will be denoted
as Eq(a), A(a) and T(a) to reflect this. Due to the direct differential treatment of Eq.
(4) utilised by the Friedman method, the resulting experimental rate data can be
susceptible to background noise.l'’* '] While data smoothing techniques prior to
isoconversional analysis can be applied to reduce the error in extracted activation
energies,!'?*! these issues can be avoided by employing an integral solution to the

general rate equation for thermal degradation.

At multiple heating rates, Eq. (19) can be rearranged and integrated to form Eq. (21).

E,
f(a) ﬁf exp < R T((f))> ar @h)

The left hand side of Eq. (6) is commonly abbreviated to g(a). Through orthodox
model-based kinetic analyses, g(a) could be characterised by integrating the
corresponding mechanistic reaction model f(a). The temperature integral on the right
hand side, however, results in an incomplete gamma function which is insolvable in

its closed form.['®”- 1881 A range of mathematical approximations to this integral,
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however, have permitted the development of integral isoconversional methods for the
kinetic analyses of thermal processes.!'®! The Flynn-Ozawa-Wall (FWO) method is
an early and popular integral application of the isoconversional technique,!'*"! utilising
Doyle’s approximation for the temperature integral.'® A more accurate method
proposed by Kissinger-Akahira-Sunose (KAS),['°! is an isoconversional development
of a previous method for thermal analysis which originally assumed a constant
activation energy.l'”?! KAS is related to the Coats and Redfern method,"'**! as both
approaches use the Murray approximation to the temperature integral. 3% 1°*] Through
this approximation, Egs. (19) and (20) can be combined to form Eq. (22), which

depicts the KAS method for the integral analysis of thermal processes.

B Eq(a) (% da Eq(a)
In (—) =—In . — (22)
T(a)?/, R-T(a) J, f(@)] R-T(a)
Variations of Eq. (22) include integral isoconversional methods by Starink!!**! and

191 which adopt a similar application to the KAS method. Recently, more

Lyon,!
advanced mathematical approaches by Vyazovkin!!®7- 1) have further produced exact
integral solutions without numerical approximation. These methods can reliably
predict both isothermal and nonisothermal levels of degradation in the absence of a
reaction model f{a) and Arrhenius factor (4).'’?! For ease of application and
comparison, however, the current study focused on the KAS method for the integral

acquisition of activation energy values.

5.2.3. Prediction of Isothermal Degradation

By rearranging and integrating Eq. (19), the time-dependent isothermal degradation at
a specified temperature (7o) can be predicted. Eq (23) derived by Friedman describes

the corresponding execution in the current study. '8 1%
(o (59)
ty = f — 0% da 23
“~ J, @@ fla)] =
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The values of the integral with respect to a are calculated using the Friedman-derived
activation energies. Values for A(a) - f{a) can be obtained from the y-intercepts of the
fitted lines used to obtain the corresponding activation energies. The resulting integral
can then be plotted against a and iteratively integrated at increments of Aa = 0.01 to

obtain t, at the given isothermal temperature ( T)).

5.3. Experimental

5.3.1. Thermogravimetric Analysis (TGA) of SLI

Sodium lauroyl isethionate was prepared and isolated to 98% purity in accordance
with the methods described previously.['®®) Samples of SLI were analysed using a
Mettler Toledo TGA/DSC 1 Thermogravimetric Analyser. 3-4 mg of material was
weighed to the nearest 0.1 pg using a Mettler Toledo UMX?2 Ultra-Microbalance and
placed in a 100 pL aluminium crucible with pierced lid. Individual samples were
heated from 30°C to 550°C at rates of 5, 10, 20 and 50°C/min. Sample mass
measurements were collected every second to the nearest 0.01 pg. Separate samples
were analysed in air and in N> atmospheres to permit the development of individual
degradation models for the thermo-oxidative and thermal degradation of SLI. Gas flow

was maintained at 50 mL/min throughout all analyses.

5.3.2. Data Processing and Isoconversional Kinetic Analysis

For all TGA derived nonisothermal degradation data, the mass loss (g) was converted
to a degree of degradation (a) using Eq. (1). Individual sets of Friedman-derived
activation energies for 0 < a <1 were then calculated for the thermal degradation of
SLI in both air and N>, From the normalised TGA data, the rate (da/dT) was obtained
for each run using Eq. (1). In(da/dT) was plotted against 1/T as a function of the
degree of degradation (o) and the one-dimensional gradient in the z-plane was
extracted at 0.01 increments of a. These gradient values were subsequently converted
to the corresponding activation energies using the gas constant, in accordance with Eq.
(5). Analogous activation energy values were concurrently determined via the
Kissinger-Akahira-Sunose (KAS) method using Eq. (7), where In(3/T(a)) vs. 1/T

was plotted as a function a at the experimental heating rates.
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The isothermal degradation of SLI in both air and N> was calculated by the Friedman
method using Eq. (8) and the Friedman-derived activation energies. Degradation was
predicted at 10°C intervals between 220 and 280°C, and the predicted degradation at
5 hrs was considered to determine the influence of changing synthesis temperatures
on degradation levels at the recommended reaction time.!'%®! To validate the isothermal
predictions, samples of SLI were heated from 30°C to 240°C at 50°C/min and held at
240°C for 5 hrs, in accordance with the published synthesis conditions. !¢

5.3.3. Quantitative Evolved Gas Analysis via TGA-FTIR Spectroscopy

A Mettler Toledo TGA/DSC 1 Thermogravimetric Analyser was connected to a
Thermo Scientific Nicolet iS-10 FTIR Spectrometer using a Thermo Scientific Nicolet
TGA-IR module. The TGA-FTIR system consisted of a 5 ft glass-lined stainless steel
transfer line (1/8” OD). Both the cell and transfer line were heated to 180°C to
minimise condensation. Samples of SLI were heated via TGA from 30°C to 550°C at
10°C/min. SLI was separately analysed in both air and N> at respective flow rates of
50 mL/min. Prior to heating, the TGA gas was purged for 30 mins for the acquisition
of a representative background FTIR spectrum. Sample spectra were then measured at
36 s intervals, via 36 consecutive scans between 500 and 4000 cm™, for the duration
of the heat cycle. Species of interest were identified using the Nicolet FT-IR Vapor
Phase Spectral Library from Thermo Scientific. The five most abundant species in
each sample were then quantified via their respective characteristic bands using the

Chemigram function in the Thermo Scientific OMNIC Series package.

5.4. Results and Discussion

5.4.1. Thermogravimetric Analysis (TGA) of SLI

The selected temperatures and heating rates for the TGA analysis of SLI were
representative of the conditions utilised for previous isoconversional studies on
chemically similar organic esters.[°* 2°!l Figure 5.2 depicts the DTG data of the

resulting experiments.
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Figure 5.2. Differential DTG data for the degradation of SLI in N> (top) and air
(bottom) at heating rates of 5, 10, 20 and 50°C/min. For dM/dT, M = mass loss (%)
and T = temperature (°C).

SLI was found to exhibit three distinct degradation zones in air, while the inert system
(N2) displayed an additional fourth zone during the latter stages of the studied
temperature range. After the final degradation zone, a period of thermal stability
(dM/dT = 0) was observed at all heating rates in both air and N>. Coupled with the
reproducible thermal behaviour across different heating rates, this provided a robust
window in which the data could be normalised and processed for isoconversional

analysis. Mass loss (%) data was normalised in terms of the degree of degradation (a)
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where the end of the final degradation zone was designated as o = 1. Example data is
shown in Figure 5.3. Onset temperatures of specific degradation zones, as well as the
endset temperatures utilised for mass normalisation are provided in Table 5.1. In this
context, the terms onset and endset correspond to temperatures at which degradation

processes commence and conclude respectively.

Table 5.1. Tabulated values of onset temperatures for each degradation step identified
in the thermal decomposition of SLI. Temperatures were measured via tangential
extrapolation as described in Section 1.1. ‘Endset’ refers to the endset temperature of
the final degradation zone. Only three degradation zones were observed in air so onset

temperatures for step 4 are not provided.

Degrad. N2 Transition Temp. (°C) Air Transition Temp. (°C)
Step

Onset 5°C 10°C 20°C 50°C 5°C 10°C 20°C 50°C
/min /min /min /min /min /min /min /min
1 3004 3118 325.6 3484 2065 210.2 2137 2223
2 346.6 359.7 3736 3936 2884 3027 3115 329.8
3 366.6 377.8 391.6 * 3456 356.2 368.6 3910

4 376.5 390.0 403.6 4244 - - - -

Endset 464.4  477.7  496.0 5226 3624 376.8 386.0 416.0

*4ccurate onset measurement could not be obtained at 50°C/min.

-90-



0.0

{-0.4

i 0.0
80 1as
£ li2 &
= =
w B0 =
& 116 =
= 0.1
40 450 500 120

-2.4

204 Deg. Steb: 1 23 4 log

250 300 350 400 450 500 550
Temperature (°C)

100 40.0
—TGA
90 - DTG \ | 1-0.2
804 a=1:386.0°C 1-04
2 0.0 =
£ 70 0.1 . | 1-0.6 3
= i 1 o
60 oo | 1-0.8
507 375 700 225 250 L 10
401 Deg. Step: | 1 2 3 q-12

100 150 200 250 300 350 400 450
Temperature (°C)

Figure 5.3. Identification of final mass (msn,) from experimental TGA data. The data
depicts decomposition of SLI in N> (top) and air (bottom) at 20°C/min. Black lines
represent mass loss (%), while blue lines and axes show the corresponding differential
DTG data. Inset shows an extract of the primary DTG data, showing greater detail in
the y-axis. Onset, peak and endset temperatures for each degradation step were
obtained via the tangential extraction of DTG data, as shown in the inset figure. Red
numbers and dashed lines correspond to the degradation steps identified for the
decomposition of SLI. In N, the final mass (mgs,) was designated as the sample mass
at the endset temperature of degradation step 4, which corresponded to 496.0°C. In
N, the final mass (ms,) was designated as the sample mass at the endset temperature

of degradation step 3, which corresponded to 386.0°C.

A high temperature degradation study of SDS reported a residual mass of 35 wt%
following pyrolysis at 700°C in N,.12%?! Although the maximum temperatures in the

current study were 550°C, post-analysis of the crucibles showed similar black residues
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to those described in the SDS study, with comparable mass losses. The degradation
onset in N> was found to be 348°C at 50°C/min and lower than that of SDS, where
the decomposition temperature was reported to be 380°C.1"""1 The synthesised SLI
displayed a strong dependence on heating rate, with a much lower decomposition onset
0f300°C observed at 5°C/min (N>). In air, there was less variation in degradation onset
temperature with values between 206 and 222°C at the experimental heating rates of
5 to 50°C/min respectively. The melting point of SLI was reported as 225°C when
heated at 1°C/min.!'%®! The commencement of degradation was not considered to be
significantly influenced by melting, as mass loss was observed below this temperature

at all experimental heating rates.

Due to the Kkinetics of the process, the absolute residual mass (wt%) at oo = 1 changes
as a function of the heating rate (). In order to obtain the mass (wt%) at a = 1 which
is independent of /5, the masses derived in Section 1.1 were plotted as a function of the
heating rate, then extrapolated back to 0°C/min. This extrapolated methodology for
acquiring Kinetic-independent parameters is commonly utilised in thermally
stimulated processes?°®l such as DSC?%! and crystallisation!**], in instances where a
linear dependence on heating rate is exhibited. The resulting plots for the thermal

degradation of SLI in air and N2 are shown in Figure 5.4.

29+ N, 47 Air
g 284 & 461
-
& =
7 27- 7 45
5 267 = 444
)= g
g 251 ¢ = ]
blldset MaS_S 7 \ @ 43 Endset Mass
4] (0°C/min)=26.7+0.1 wt% 42 (0°C/min) =464+ 0.07 wi%
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Heating Rate (°C/min) Heating Rate (°C/min)

Figure 5.4. Extrapolation of endset temperatures (o. = 1) at different heating rates to
determine the equilibrium residual mass at 0°C/min. Each point corresponds to the
tangential endset temperatures identified in N> and air respectively. The quoted errors

correspond to the error of the intercepts of the respective fitted lines.
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The difference between degradation in air and Nz correlates with Vyazokin’s
postulation that thermo-oxidative degradation typically occurs at approximately
100°C below the analogous process in an inert atmosphere.?*! Prior to degradation
onsets, the observed SLI mass loss before 180°C in air and 280°C in N> was less than
0.2 wt%, indicating a minimal presence of retained water in SLI under ambient

conditions.
5.4.2. Isoconversional Kinetic Analysis

Differential Friedman and integral KAS models were used to obtain the change in E.
as a function of the degree of degradation (o) in both air and N>. An example plot of
the gradients used to determine the activation energies via the Friedman method is

shown in Figure 5.5.

QPP

—#— 5°C/min —A— 10°C/min 20°C/min —@— 50°C/min

Figure 5.5. Activation energies obtained via the Friedman differential method of
isoconversional kinetic analysis. The data depicts In(do/dT) vs. 1/T vs. o for the
degradation of SLI in N> at heating rates of 5, 10, 20 and 50°C/min. Gradients in the
z-plane (blue lines) correspond to the activation energy at the given degree of

degradation (a), see Eq. (5)

The corresponding activation energies obtained by both isoconversional methods, in

air and N, are displayed in Figure 5.6.
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Figure 5.6. Change in activation energy for the thermal and thermo-oxidative
degradation of SLI in N (top) and air (bottom). Values were obtained using the
Friedman and KAS isoconversional kinetic models. Error bars correspond to the error
in the respective regression fits used to calculate energies. Activation energy values

are provided in Tables A.1 to A.4 in the Appendix.

In N», environmental changes in E. were found to approximately coincide with the
different degradation zones, see Table 5.1 for tangential onset data. The activation
energies between oo = 0 and 1 from the Friedman and KAS models were found to

correlate well with each other, with average values of 150.1 and 149.1 kJ/mol
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respectively. Biofuels exhibit some chemical similarity to SLI, with a common
presence of alkyl chains, as well as a prevalence of C-C, C-O and C=O bonds. The

112001 and

triglyceride systems exhibited similar average Friedman values of 124 kJ/mo
167 kJ/mol?%] respectively. The reported degradation onsets of ~300°C for these
species were also similar to those observed in the current study and much higher than
the corresponding methyl esters where decomposition commenced between 100 and
150°C.12%0- 208 This may suggest that the additional electron density donated by the
isethionate group, when compared to a methyl group, stabilises the ester bond similar
to the glycerol group and fatty acid chains in the triglyceride system, thus resulting in

a greater thermal stability in an inert atmosphere.

In the oxidative air environment, average activation energy values between a = 0 and
1 were calculated to be 135.6 and 120.8 kJ/mol using the Friedman and KAS models
respectively. A drop in the activation energy compared to the inert process expectedly
results in lower degradation onset temperatures.?°’l It is worth noting that while
activation energy values provide an insight into thermal decomposition behaviour, the
degradation rate is also dependent on the pre-exponential factor 4. Whilst Friedman
values of In [A(a) -f (a)] have been calculated, the physical meaning of A has been

reported to be inconclusive in the context of isoconversional kinetics .[2%%-20]

In both the N» and air environments, Figure 5.6 shows how the data obtained by the
Friedman method appears noisier than the data obtained by KAS. As the former
method directly differentiates the general rate equation, it typically produces a greater
fluctuation in calculated E, values.*!”) While data smoothing filters are common,'!!
they were not utilised as the majority of R? values relating to Friedman E, values were
greater than 0.98 and therefore deemed reliable, see Tables A.1 to A.4 in the Appendix.
Although the R? values obtained using KAS exhibit more instances greater than 0.99,
the approximations inherent to this integral method can introduce a systematic error
into any obtained kinetic parameters.['”?! The KAS model has also been shown to
exhibit poorer predictive capabilities over an analogous Friedman model.*'?!. For

these reasons, the Friedman method was preferred and utilised to predict the

isothermal degradation of SLI.
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5.4.3. Predicted Isothermal Degradation

The experimentally-derived Friedman isoconversional degradation parameters and
their corresponding models were used to determine the effect of changing process
conditions on the degradation of SLI. A published synthesis of SLI reports an
esterification temperature of 240°C, with a total process time of 5 hrs.!*!*! Predicted
degradation isotherms were therefore produced at deviated temperatures between 220

and 280°C, see Figure 5.7.

0.0

N,

0.00 Degrad. («) after 5 hrs
—s=— 220°C 0.008
—e— 230°C 0.010

240°C  0.013
—— 250°C 0.017
—+— 260°C 0.087

270°C  0.349
—— 280°C 0.505

0.2
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Degree of Degradation (o)
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240°C  0.531
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Figure 5.7. Predicted isothermal degradation of SLI in N; (top) and air (bottom) from
exposure to sustained temperatures between 220 and 280°C. Inset shows the initial
stages of degradation over a shorter timescale, where the inset x-axis represents time
(hrs) on a linear rather than a log scale accordingly. Degree of degradation (o) was
obtained from the respective Friedman activation energies using Eq. (8). Legend

displays predicted degradation (a) after 5 hrs of isothermal exposure.
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In the N> system, the degradation after 5 hrs at 240°C was found to be 0.013 (o), which
equates to 1.0 wt% of the total SLI mass in physical terms. The degradation levels at
220°C and 230°C were 0.008 and 0.010 respectively. The esterification rate during the
manufacture of SLI is reported to drop significantly when the reaction temperature is
lowered below 230°C.®) Decreasing the process temperature therefore may not
decrease the process-induced thermal degradation, since the increase in reaction times
required for an equivalent level of esterification, may offset the observed
improvements in stability. At 260°C, there is a 530% increase in the degradation level
over 5 hrs compared to 240°C, which increases to > 2800% at 270°C. In N», the ideal
parameters for optimising the reaction rate whilst minimising decomposition therefore

resides between 240 and 250°C.

In air, degradation levels at equivalent temperatures were found to be significantly
higher than those observed in the N> environment. At 240°C, the predicted degradation
after 5 hrs (o= 0.531) equated to 28.5 wt% of mass loss. While a reduced operating
temperature of 220°C is predicted to significantly decrease degradation to a mass loss
of 13.3 wt%, these degradation levels would still be substantially higher than those for
the inert system. Catalytic isethionate synthesis routes can be operated at temperatures
as low as 200°C,*) but an analysis of the degradation data indicates that mass loss is
still predicted to be 9.5 wt%, over 5 hrs, at this lower temperature. Based on these
observations, it becomes clear that any process involving the high temperature
esterification of SLI should be operated within a rigidly controlled inert atmosphere

in order to minimise yield loss to thermal degradation.

Whilst long-chain organic molecules similar to SLI have previously been studied by

isoconversional methods,!20% 201 206]

the predicted isotherms were nevertheless
compared with experimental isotherms to verify the applicability of the Friedman
model to this particular system. SLI was heated to 240°C for 5 hrs to simulate
published synthesis conditions and the mass was observed via TGA.['®®) The resulting
plots of mass loss in both air and N> atmospheres, together with their nonisothermally

derived predictions, are shown in Figure 5.8.
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Figure 5.8. Experimental isothermal TGA plots of SLI in N> (top) and air (bottom)
compared with the predicted model isotherms. Samples were heated to 240°C for 5
hrs to simulate the synthesis conditions for SLL!'% Model isotherms were generated

from nonisothermally derived Friedman models.

After 5 hrs at 240°C the measured degradation in air was substantially higher than N>
with respective mass loss values of 28.9 wt% and 1.1 wt%. While the experimental
data showed good agreement to the predicted data, deviations around 2.5 hrs in air and
4 hrs in N> were respectively observed. The associated differences between the
observed and experimental mass losses were 3.0 wt% and 0.1 wt% in air and N>
respectively. The underestimation in air could have resulted from increasing
inaccuracies in the corresponding isoconversional model. The R2 values associated
with the derivation of the corresponding activation energies are provided in Table A.3
in the Appendix. While values were predominantly greater than 0.99 in the early stages
of the degradation process, a decrease to 0.98 is observed beyond a = 0.20. The
resulting increase in error for the Friedman-derived activation energies in air is also
presented in Figure 4. While this error has manifested itself as a minor deviation in
mass over the timescales presented in Figure 5.8, a greater error in the Ea values is
observed at higher degrees of degradation (a > 0.75), particularly in the inert system.
As this could significantly impact the predictive capability of these models, their

application at greater levels of degradation (o > 0.75) is not recommended.
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5.4.4. TGA-FTIR Analysis of SLI

Data from the TGA-FTIR analysis, conducted to identify the volatile products released

from the decomposition of SLI, is shown in Figure 5.9.
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Figure 5.9. Colourmaps depicting the evolved gases measured via TGA-FTIR during
the thermal degradation of SLI in a) air and b) N>. Colour scale corresponds to the
FTIR absorbance of evolved species at the corresponding temperature and
wavenumber. Samples were heated from 30 to 550°C at 10°C/min. c¢) Single FTIR
spectrum of the evolved gases in N> at 381°C. Legend depicts the five most abundant

species.
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The maximum total absorbance was measured at 381°C in N and 369°C in air. At
these temperatures all significant absorption bands were detected and the resulting
single FTIR spectra were therefore considered to be representative of the gases
produced in each system. A small time delay was expected between gas evolution in
the TGA furnace and subsequent detection via the FTIR spectrometer. Given the
combined volume of the furnace, transfer line and spectrometer cell, this delay is not
considered to exceed the FTIR measurement interval at the experimental purge gas
flow rate. Through comparison with library spectra, the five most spectroscopically
abundant species from the thermal degradation of SLI were identified, as shown in
Figure 5.9¢c. The temperature-dependent data (Figure 5.9a and 7b) showed that while
the relative amounts of each gas differed with a change in degradation atmosphere,
both the N> and air systems exhibited the same five gaseous species in highest quantity.
The literature values used to identify and confirm these gaseous species are provided
in Table 1. The specific vibrations corresponding to each band were determined where

possible.

Table 5.2. Literature values for FTIR peaks characteristic of materials identified via

the evolved gas analysis of SLI.

Material Vibrational Mode Bond Wavenumber* (cm™)
SO; Asymmetric Stretch (v3) 0=S=0 1320-1395 214
CS; Asymmetric Stretch (vs) S=C=S 1523 2131
CO, Asymmetric Stretch (vs) 0=C=0 2349 [216]

Asymmetric Stretch (vs) 0O-H-O 3755 [216]
HO Symmetric Stretch (vi) O-H-O 3651 1216]
Symmetric Bend (v2) 0O-H-O 1595 [216]
Carboxylic Acid Stretch C=0 1777 0071
Alkyl Stretches® C-H 2840-2975 1217)
Lauric Acid 1%
Carboxylic Acid Stretch O-H 3575 1107]
Skeletal Stretch c-C 1040-1175 1031

* Where single values are provided the wavenumber corresponds to a peak value quoted in the

literature. + See Hill et al. for detailed saturated acid peak assignments.!”!
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From Table 5.2, the single bands attributed to sulfur dioxide (SO2), carbon disulfide
(CSy), carbon dioxide (COz) and water vapour (H20) were distinctive, characteristic
and easily attributable to the respective species. Carboxylic acids are common
products in both the oxidative and inert thermal degradation of alkyl esters; formed
via hydrolysis and intramolecular rearrangement.!?'® 2% As the experimental FTIR
peaks displayed very strong correlation with vapour spectra of acid homologues, ?*"]
the remaining peaks in Figure 5.9¢c have been attributed to linear saturated carboxylic
acids. Contrary to the dimeric condensed phase of carboxylic acids, vapour species
typically exist in the monomeric form. This results in significant shifts to the IR
stretching frequencies of C=0O and O-H, which otherwise contribute to hydrogen
bonding interactions.!'’”! The observed C=0 (1777 cm™) and O-H (3576 cm™) bands
were characteristic of vapour phase carboxylic acids and correlate very well with their
respective literature peak widths and wavenumber values of 1777 and 3575 cm™.[17:
2201 Analogous thermal degradation studies of similar lipids also report evolutions of

(200, 201, 221] primary, secondary and tertiary alcohol

alcohols, esters and aldehydes.
stretches typically occur between 3640 and 3670 cm™! in the vapour phase.!'%”) Despite
the large quantities of alcohol detected in the pyrolysis of SDS,['”! there is no
significant evidence of this for SLI in air or N,. Using the Beer-Lambert law, the
intensity ratio measured between C=0 and O-H in the displayed spectrum was found
to be similar to that of a reference carboxylic acid spectrum.!'’”) However, a slight

excess in C=0 absorbance is consistent with the presence of additional carbonyl

species such as aldehydes and ketones.
Quantitative Analysis of Evolved Gases

To quantify gas evolution as a function of degradation, the change in absorbance for
each of the characteristic bands (identified in Figure 5.9c) were plotted as a function
of temperature. While carboxylic acids were identified as the primary carbonyl
constituent, decomposition within the alkyl chains was also likely to result from
oxidative combustion, resulting in the evolution of independent alkyl fragments.!2°%
2221 The alkyl and carbonyl bands were therefore integrated individually to determine
the relative quantities of each functional group. The resulting temperature-dependent

absorptions in both air and N> atmospheres are shown in Figure 5.10.
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Figure 5.10. Absorbance of the characteristic FTIR bands of the evolved gas during
the thermal decomposition of SLI in N> (left) and air (right). SLI samples were heated
to 550°C at 10°C/min. Dashed lines represent the onset of degradation zones 1, 2, 3
and 4 (where applicable) as measured via TGA. The corresponding TGA data at
10°C/min is also provided. All measured transition temperatures are shown in full in

Table 5.1

In both air and N, the temperatures at which changes in absorption occur, coincide
with the degradation zones identified via the differential TGA analysis (Figure 5.2). See
Table 5.1 for further data. Due to the inherent interdependencies between radical
reactions, the measured species in each environment display comparable maxima with
broadly similar evolution trends with respect to temperature. These shared
temperature-dependent inclinations across gaseous species correspond with previous

studies pertaining to similar methods and molecules.!?0!: 221223

The significant evolutions of alkyl species, carboxylic acids, CO2 and water vapour
correspond with the gases produced from the thermal degradation of other long chain

organic molecules.2%% 206 221. 2241 A decompositional study of SDS reported that the
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surfactant degraded to form primary alkenes, with characteristic C=C vinyl stretches
and general olefinic stretch reported to occur at 1640 cm™ and 1580 cm’
respectively.l!] In the current study, the experimental spectra displayed very limited
activity in these regions to confirm any substantial formation of volatile alkenes in the
inert thermal degradation of SLI (Figure 5.9a). The observed evolutions of SO»
correspond with those reported for the thermal decomposition of alkyl sulfonated
surfactants,?*! as well as SDS.[?%?] CS; is a less commonly reported degradation

product of organic species. However, its presence in this study was confirmed by
comparison with reference spectra and literature values of characteristic bands.'”

Significant increases in CO2 and water vapour absorption were observed in air when
compared to the inert system. In reported evolved gas studies of long-chain organic
materials, similar increases have been proposed to result from oxidative combustion,
particularly at the temperatures corresponding to the second and third degradation
zones observed in the oxidative study of SLI (Figure 5.10).122"-226] However, due to the
highly complex, interdependent nature of the radical reactions pertaining to all evolved
gases observed in this study, further time-resolved analyses would be required to
confirm the specific mechanisms most relevant to the thermal degradation of

isethionate surfactants.

5.5. Conclusions

The thermal degradation of sodium lauroyl isethionate (SLI) was measured using TGA
and analysed via isoconversional kinetic methods. Dynamic experiments resulted in
degradation onset temperatures of 300°C and 208°C in air and N respectively; both
of which were lower than the 380°C reported for sodium dodecyl sulfate.!!”"]
Differential Friedman-derived activation energies were used to predict isothermal
degradation levels under typical isethionate manufacturing conditions. Thoroughly
inert synthesis conditions are recommended for isethionate production, after
experimentally-verified data indicated that SLI degradation levels were 28 times
higher in air than N at published synthesis temperatures of 240°C.!1%6! Previous patent
literature reported elevated SLI decomposition at temperatures higher than 220°C.[168!
From the results in the current study, isethionate synthesis temperatures could be
increased to 250°C under strictly inert manufacturing conditions, given that significant

increases in degradation levels were not predicted until 260°C. Gradual heating of the
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reaction vessel would be advocated to avoid exceeding desired temperatures, thus
maximising product activity levels,['® colour® and odour!'®”’ by minimising
degradation. Despite the current focus on a high temperature catalyst-free
manufacturing process, the versatility of the obtained Friedman models permit the
prediction of degradation resulting from any dynamic or isothermal temperature
exposure, % thus extending their applicability to alternative processes pertaining to
SLI manufacture. Even with increasing applications of isoconversional kinetics in the
thermal analysis of biorenewable organic fuels,?* 2°! the methods were seldom
utilised in the study of ionic surfactant systems. The correlation between predicted and
measured degradation in this study supports their utilisation in the analysis of more
complex organic systems, where metallic associations lead to greater complexity in

atomic composition, polarity and columbic interactions.

A real-time TGA-FTIR analysis was conducted to identify and quantify the gases
produced through the thermal degradation of SLI. The analysis revealed evolutions of
carbon dioxide, carbon disulfide, sulfur dioxide, water vapour and organic fragments.
In addition to improving product properties, managing degradation levels through the
temperature-dependent presence of characteristic FTIR bands, would also reduce the
risk of the observed toxic, pungent sulfurous emissions.*>”] Walele et al. reported that
activity levels of commercial isethionate esters vary between 78 and 85%,1¢! which
correlates with previous reviews of isethionate ester manufacture.*® In order to
determine if the upper limits on this range result from limited product stability, future
work could utilise the models generated in this study to correlate product activity
levels with decomposition of SLI. By associating activity levels with desired levels of
product performance, the resulting material lifetimes could be used to optimise SLI

manufacturing processes for acceptable levels of thermal degradation.
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Chapter 6: Crystal Structure of SLI via Powder X-Ray

Diffraction and Molecular Modelling Techniques

Synopsis: This results chapter describes how the atomistic crystal structure of SLI was
obtained using a combination of powder X-ray diffraction and molecular modelling
techniques. A quantitative synthonic and energetic analysis was carried out to help identify
and understand the thermodynamic driving forces behind the observed structural form. /n
relation to the proposed research question, this chapter provides a benchmark for the
isethionate surfactant structure under ambient conditions, for the subsequent

characterisation of structures observed under varying process conditions.
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6.1. Introduction

Surfactants are the primary ingredient in many personal care formulations. They are
present in shampoos, liquid cleansers and soap bars to reduce the surface tension of
water and aid in the solubilisation of lipidic, sebaceous residues on the skin.®!l Due to
its mildness, sodium lauroyl isethionate (SLI) is becoming an increasingly popular
surfactant in such formulated personal care products.®! When compared with
traditional counterparts such as alkyl carboxylates and sodium dodecyl sulfate (SDS),
studies into SLI have demonstrated reduced irritation,*?*! dryness 28l and adhesion to
the stratum corneum in personal care applications.[*?”! It is also comparatively more
stable in the presence of hard water by exhibiting no deposit formation or significant
loss in lathering abilities in the present of alkali earth metals. 8] SLI is commercially
synthesised via the esterification of lauric acid with sodium isethionate, % as shown

in Figure 6.1.

(I)‘Na+
i 0=5=0 Q ) _ONa*
R oH R” 07 R
1) OH (2) (3)

Figure 6.1: Reaction of lauric acid (1) with sodium isethionate (2) to form the dodecy!l-
chained (C12) sodium lauroyl isethionate (SLI) (3)./'%% In this example, R= C11H>s. A
mixture of chemical homologues of alkyl chain length ranging between C8 and CI18
can also be formed from the respective mixture of carboxylic acids. The resulting

blend of surfactants is known as sodium cocoyl isethionate (SCI).?”/

Despite widespread application in both solid and liquid cleansing products, there is a notable
lack of knowledge pertaining to the structure of SLI and its influence on product
performance. While the specific influence of the crystal structure on the physical properties
of synthetic surfactants has not been considered, the varying polymorphism exhibited by
carboxylate soaps has long been known to influence the aqueous solubility, dissolution rate,

lathering abilities, colour and physical hardness.’® 22l The carboxylic acids used to
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synthesise isethionate esters exhibit a complex polymorphic behaviour dependent on the
alkyl chain length, purity, crystallisation rate, solvent and temperature. Lauric acid,
specifically utilised in the synthesis of SLI, has at least four known polymorphs in the single-
component state. The unit cell parameters for the C, A and Asuper forms are displayed in

shown in Table 6.1.

Table 6.1. Lattice parameters for published crystal structures of lauric acid. a, b and
c correspond to lengths of crystallographic axes (4) in the unit cell, whilst a, , and y
refer to the respective angles (°). Data corresponds to single crystal X-ray diffraction
and powder X-ray diffraction, labelled (*).

Unit Cell Space

Form T orop AR bA & () O 10
C 230 Monoclinic P 2l/c  27.563 4.963 9.527 90 98.01 90
C [81x Monoclinic P 2l/c  27.542 4,953 9.604 90 97.28 90
A 232 Triclinic P-1 18.00 21.54 5.41 96.48 90.42 111.02
A 23] Triclinic P-1 7.450 5.400 17.470  96.88 113.13 81.12

Asuper 234 Triclinic P-1 5.415 25964 35183 69.82 113.14 121.15

The C-form of monoclinic cell type and P21/c symmetry is the most stable polymorph at room
temperature. The crystalline bilayer structure is stabilised by hydrogen bonding between
terminal carboxyl groups, with alkyl chains exhibiting a tilt angle of 35° perpendicular to the
b-c crystallographic plane.”? While the A-forms are also stable at room temperature and can
be crystallised from various solvent combinations, they irreversibly recrystallise into the C-
form upon heating. This is reported to occur prior to melting via a solid-solid transition.?*!
Unlike the C-form, where all adjacent molecules are arranged in parallel rows, the A-form
displays an antiparallel arrangement between groups of molecules resulting in asymmetrical
bilayer structures. Visual depictions of the C, A1, and Asuer forms of lauric acid are provided

in Figure 6.2.
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Figure 6.2: Polymorphs of lauric acid in the Asuper form (left), A1 form (centre) and C
form (right). The depictions display one, two and three unit cells in their respective

polymorphic forms. Adapted from Moreno et al.*>!

Like SLI, sodium dodecyl sulfate (SDS) is a dodecyl-chained sulfate surfactant used
in personal care formulations. Its solid phase crystalline structure in the anhydrous
phase resembles that of a C-form carboxylic acid, with a monoclinic unit cell, P21/c
space group and a tilted lamellar bilayer arrangement.?*® While multiple polymorphs
have not been confirmed for alkyl sulfates, SDS exhibits a change in crystalline
structure with respect to varying degrees of hydration as shown in Table 6.2.
Increasing levels of hydration results in a concurrent contraction of the longest axis in
the unit cell, caused by a reported increase in lamellar tilt angle. Given minimal
changes in the perpendicular axis length, the crystal density also increases with
hydration. Unlike the A-forms of lauric acid structure, all hydrates are structured in
symmetrical, parallel tilted bilayers. The lamellar tilt in alkyl sulfates results from a
disparity in width between the sulfate head groups and alkyl chain, where the latter is
tilted to increase lateral packing efficiency within the unit cell.>° Increased hydration
results only in an increased tilt angle to reduce the unit cell dimensions, with no
observed interdigitation between alkyl chains of adjacent layers within the lamellar

phase.[2%"]

-108-



Table 6.2: Lattice parameters for published crystal structures of sodium dodecyl
sulfate (SDS) and its varying hydrates. a, b and c correspond to lengths of
crystallographic axes (A) in the unit cell, whilst o, B, and y refer to the respective
angles (°). Measurements marked (*) were obtained via powder X-ray diffraction,

where remaining studies utilised single crystal X-ray diffraction.

Unit Cell  Space a(A)

Tye Graup b(A) ¢ a() O 10

Form

SDS (Anhy.) 26 Mono. P21/c 38.915 4.709 8.198 90 93.29 90
SDS.1/8 H,0 1% Mono. C2/c 78.693 10.220 16.410 90 98.28 90
SDS.1/2 H,0 14 Mono. c2 9.847 5.248 30.798 90 91.29 90
SDS.H,0 150 Tri. P-1 10.423 5662 28913 86.70 93.44 89.55

In the current study, the crystal structure of sodium lauroyl isethionate (SLI) is
determined via powder X-ray diffraction. Powder diffraction is becoming an
increasingly common alternative to single crystal diffraction, particularly when there
are difficulties associated with the crystallisation of a single crystal of suitable size
and quality.[?*®¥ In addition to numerous other lipoid organic molecules,**?
polymorphic and hydrated structures of SDS 2361 and lauric acid [®!) have been solved
via powder diffraction as a result of these challenges. Despite a variety of published
indexing and search methodologies related to the crystal structure solution of
molecular solids,?*!  three primary steps are common to all methods pertaining to
powder diffraction data.[?**! An experimental powder pattern is first indexed to derive
the unit cell type, lattice dimensions, and space group symmetry. A structure solution
process based on molecular mechanics then searches for an atomistic representation
of the unit cell, of suitable concurrence with respect to the experimental powder
pattern. The corresponding structure is subsequently refined and characterised via
peak profiling techniques. 242 241 With a representative atomistic crystal structure
determined, the system can be characterised via molecular modelling tools to
understand the intermolecular interactions underpinning the molecular lattice and its
macromolecular properties.[?4 2451 Through this systematic deconvolution of the

lattice energy, an understanding of crystallographic chemistry can be achieved.[?46 2471
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Following a synthonic analysis, comparative analyses with existing crystal systems
will be used to determine if the observed structure of SLI reflects the trends in
hydration levels, lamellar spacing and tilt angle exhibited by other dodecyl chained

surfactants such as SDS.

6.2. Experimental

6.2.1. Powder X-ray Diffraction Analysis of SLI

Sodium lauroyl isethionate (SLI) was prepared and isolated to 98% purity following
methods described previously.['®8) SLI was crystallised from methanol at 1°C/min as
described and analysed within 24 h following isolation. Samples were analysed using
a Phillips (PANalytical) X Pert Pro (MPD) Modular Powder Diffractometer, equipped
with an X'celerator position sensitive detector (PSD) in Bragg Brentano geometry.
Powered samples were exposed to Cu-Ka radiation (A = 0.154 nm, 40 keV, 40 mA),
with a 20 um Ni filter for KP radiation. Analysis was conducted between 2 and 40°
(20) with an angular resolution of 0.033° and a sample exposure time of 11 hrs. The
resulting powder diffraction pattern was processed using the PANalytical Highscore

Plus program where the background was subtracted and exported for further analysis.

6.2.2. Indexing and Refinement of Unit Cell

The XRD pattern was indexed using the Powder Indexing module in the Materials Studio
17.1 (BIOVIA) molecular simulation package. With a low amplitude cut-off of 1 %, 35 peaks
were detected using the peak search function. The resulting peak positions were auto-indexed
using the DICVOL, ITO and X-Cell programs. Based on the available metrics and previously
published literature structures (Table 6.2), searches were programmed to test for cubic,
hexagonal, tetragonal, orthorhombic, monoclinic and triclinic cells. Successful unit cells
produced from the DICVOL and X-Cell searches were refined using the Pawley method.
Peaks were fitted to a Pseudo-Voigt function and optimised with respect to zero-point line
shift, the U, V and W FWHM parameters, as well as the NA and NB profile parameters.
(Note that the refinement of Pseudo-Voigt peak parameters provides the peak parameters
subsequently used for the trial structure search. Only peak intensities and positions are
specifically used for unit cell and space group determination). Given the proposed
monoclinic unit cell type, the a-axis, b-axis, c-axis and S-angle of the indexed cells were

optimised through 25 refinement cycles, with 75 evaluations per cycle per degree of freedom.
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An automated space determination was lastly executed to determine the unit cell symmetry
from systematic absences in the observed indexed reflections.

6.2.3. Trial Molecular Structure

A monomeric vapour phase structure of SLI was created using the Avogadro 1.2
molecular visualisation tool and optimised through molecular mechanics using the
MMF95 force field. Structures were further refined using a density functional theory
(DFT) based geometry optimisation using the ORCA 4.0 quantum chemistry program.
Calculations were executed using the def2-TZVP basis set combined with the B3LYP-
D3 functional. All calculations successfully completed within a convergence criteria

of 1 x10°® a.u. and 125 iterations.

The DFT-derived molecular model of SLI was introduced into the Pawley-derived unit
cell and optimised with respect to the experimental powder pattern using the Powder
Solve module in Materials Studio. Trial molecular structures were generated using the
Monte-Carlo based Parallel Tempering method aiming to maximise agreement
between the experimental pattern and a simulated pattern derived from the Pawley-
refined peak parameters. Free molecular components, torsional angles and bonding
characteristics of functional groups were set as variable degrees of freedom. Due to
the confirmed plate-like morphology of the SLI crystalline state, a March-Dollase
preferred orientation correction was applied and simultaneously optimised with
respect to the a, b, ¢ and R0 parameters. To improve the chemical viability of highly
correlating structures and avoid unexpected contact between molecular fragments, a
closed contact penalty was applied within 50% of the predicted van der Waals radius
of each molecular constituent. Following 10 cycles of optimisation of 500000 steps

each, the structure of lowest Ry, was refined via Rietveld methods.

6.2.4. Automated Rietveld Refinement and Structure Selection

Two individual Rietveld refinements were executed on the trial structure of lowest
Rwp. The first optimisation involved an automated atomistic Rietveld refinement of
the Pawley-refined Pseudo-Voight peak parameters. Unit cell parameters were fixed
and single molecules were defined as motion groups with rotational and translational
freedom. The zero-point line shift, the U, V. and W FWHM parameters, as well as the
NA and NB profile parameters were optimised to maximise correlation between

simulated and experimental powder patterns. The second optimisation was executed
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with the target of the minimising potential energy of the resulting molecular lattice
through variation of the same peak parameters. Energy calculation and geometry
optimisation of the molecule within the Pawley-refined unit cell was executed using
the COMPASS 1I forcefield and its respective calculated charges. Like the Pawley
refinement, Rietveld refinement was executed through 25 optimisation cycles, with 75

evaluations per cycle per degree of freedom

Bond lengths, angles and torsions were calculated using Materials Studio to
characterise the two systems. To identify the influence of differing molecular
conformations on the potential energy of the system, the DFT-derived monomeric
structure was designated as a control structure and its C-O-C-C ester bond was varied
between 0° and 360° in 1° increments. The resulting influence on potential energy was
individually measured using the Drieding and COMPASS II molecular forcefields,

coupled with their respective calculated charges.

6.2.5. Lattice Energy and Synthon Analysis

Partial atomic-charges of the Ryp-optimised lattice structure of SLI were first
calculated through a quantum mechanical DFT calculation using the Gaussian 09
computational chemistry package. ESP charges were obtained using a Def2-TVZP
basis set, coupled with a dispersion corrected B3LYP-D3 hybrid functional to
complement the previous DFT calculations. The lattice energy was then calculated
using HABIT98 combined with the Drieding forcefield. Energy convergence was
confirmed through the construction of a radial network of 9 unit cells, with subsequent
energy calculation at 5 A intervals, between 0 and 100 A. The synthons contributing
the greatest absolute and non-columbic contributions to the overall lattice energy were
calculated and subsequently visualised using the Mercury molecular visualisation tool

from the Cambridge Crystallographic Data Centre (CCDC).
6.2.6. Lamellar Bilayer Structure of SLI

The proposed structure of SLI, as well as the published structure of SDS in its varying
states of hydration, were characterised as follows. Lamellar layers were measured as
the longest axis (c) of the corresponding unit cell (A), divided by the number of lateral
molecules parallel to the c-axis.[?*®! The headgroup area, as defined by Coiro et al.,[*%"]

correspondstoa * b / 2, where a and b correspond to lengths of the axes perpendicular
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to the longest c-axis. Headgroup volume per surfactant system was measured as the
van der Waals radius of the headgroup atoms in an asymmetric unit, divided by the
total number of surfactant molecules within the asymmetric unit. In the studied
dodecyl-chained surfactants, the chain was defined as all the carbon and hydrogen
atoms constituting the dodecyl alkyl chain, while all other atoms in the asymmetric
unit were considered part of the headgroup. Lamellar tilt angles were measured as the
angle between the primary axis of the dodecyl chain in a surfactant molecule and the

perpendicular 00l Miller plane at the base of its headgroup, subtracted from 90°.

6.3. Results and Discussion

Following the synthesis and purification of SLI, colourless crystals of a plate-like
morphology were obtained. Recrystallisation experiments were attempted in pursuit
of material suitable for a single crystal X-ray diffraction analysis. Despite multiple
approaches in a range of solvents, the spontaneous nature of the nucleation and plate-
like morphology of the resulting crystals rendered it challenging to acquire a crystal
of suitable length in all dimensions. The highly amphiphilic nature of the molecule,
coupled with the formation of liquid crystal phases, further rendered some agqueous
solvents combination and otherwise useful crystallisation methods, such as solvent
layering, unsuitable for the studied system. The materials derived from the synthesis
and purification was therefore analysed by X-ray powder diffraction to obtain the

desired structural information.

6.3.1. Indexing and Refinement of Unit Cell

The resulting pattern was indexed using the DICVOL, ITO and X-Cell programs.
Following a Pawley refinement, the DICVOL derived unit cell produced the lowest
Rwp (weighted-profile) value after the proposed unit cell was compared with the

experimental pattern. (Figure 6.3)
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Figure 6.3. Powder diffraction pattern of sodium lauroyl isethionate. Diffraction
angles (26) correspond to a Cu K-alpha wavelength of 1.5406 A. Inset is an extract of
the same data, displaying greater detail at higher diffraction angles. The unit cell
parameters were determined using the DICVOL auto-indexing program. Following
Pawley refinement, the experimental pattern (green points) exhibited an R, value of
8.85% against the simulated pattern (blue line). Red vertical lines denote observed

reflections in the experimental and simulated patterns.

The obtained monoclinic unit cell type and dimensions correspond well with the
anhydrous structure of SDS.[2%¢1 Other long chain surfactants, such as sodium
palmitate, also exhibit monoclinic cells with one axis of a significantly larger length
to accommodate their respective alkyl chains.**®l A refinement of the DICVOL
derived unit cell parameters produced an Rwp value of 8.85%, where the R is a
weighted squared sum of the difference in intensities, between the experimental and
simulated patterns. For each iteration in the refinement process, the modified Pawley
algorithm used to refine the unit cell parameters adopted a two-step optimisation
procedure, first optimising peak intensities against the background, before the peak
shape, zero-point and cell parameters were fitted. This two-step process was iterated
until convergence with Rwy had been achieved. Rwp values of <10% are typically
considered suitable for further analysis.[?**! While agreement between backgrounds

and artefacts can reduce perceived Rwp values without any improvement in the
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structure, a background-subtracted Rw, value of 8.93% indicates that these ancillary
features had a negligible contribution to the goodness of fit. In addition to these
quantitative confidence metrics, there was also a visual agreement between the
experimental powder pattern and a simulated pattern corresponding to the refined unit
cell parameters (Figure 6.3). The P21/c space group also corresponded with
comparative molecules from literature.!8! The inherent 2; screw axis to this space
group is likely attributable to a symmetrical tilted bilayer structure typical of
amphiphilic surfactant molecules in the solid phase. As with anhydrous SDS, which
exhibits the same symmetry, the unit cell of SLI consists of one molecule of surfactant

in the asymmetric unit, with four molecules in the unit cell.

Table 6.3: Experimental unit cell parameters of SLI compared with published values

for sodium dodecyl! sulfate. Both sets of measurements were obtained via powder X-

ray diffraction.
Unit Cell  Space o o o Unit Cell
Type  Group 2 A bR cA a(® L) YO Vol (A%)
SLI  Mono. P2llc 3840 917 7.60 90 9509 90 2666
DS Mono.  P2lc 3892 471 820 90 9329 90 1500

6.3.2. Trial Molecular Structure Search

Molecular structures of SLI within the Pawley refined unit cell were generated and
optimised via the parallel tempering (PT) system. PT is an alternative to the simulated
annealing technique which similarly utilises a Monte Carlo (MC) approach. A single
degree of freedom is adjusted with a single iteration, with evaluations based on the
global energy within the system. A high initial energy overcomes any necessary
thermodynamic barriers, while the progressive reduction in temperature ultimately
yields the theoretical global minimum. Alternatively, PT explores several structures at
a multitude of increasing and decreasing temperatures. While a similar MC approach
is adopted with respect to initial structures, the simultaneous exploration of high and
low temperature states, concurrently explores the optimisation space whilst refining
any detected local minima. The parallel nature of the methodology can increase
simulation times over simulated annealing but reduces the likelihood of the premature

termination at a local global minimum.
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Whilst initial optimisation runs produced lamellar bilayer structures characteristic of
previous long chain anionic surfactants,?*! tilt angles of > 60° and a high degree of
interdigitation in carbon chains resulted in a significant number of atoms with an
unexpectedly close spatial proximity. In addition to the unfavourable molecular
conformations, Rwp values in excess of 30% further indicated a poor correlation
between generated structures and the experimental powder pattern.

To overcome the conformational issues and concurrently reduce the global energy of
the system, a close contact penalty function was applied to generate more energetically
favourable structures. The plate-like morphology observed through the single crystal
growth experiments suggested that the sample was also susceptible to preferred
orientation. The amplitude of low-angle 00l reflections relative to higher-angle peaks
provides further experiment evidence of this. A March-Dollase (MD) preferred
orientation correction was therefore applied to subsequent searches for trial structures.
Given that preferred orientation was most likely prevalent in the c-axis, an initial value
of 0 was applied to the MD equation to account for the plate-like morphology. The
corresponding values pertaining to the a and b-axes were assigned values of 1,
assuming random orientation along these crystallographic planes. The algorithm was
then set to optimise these values as part of the structure search to negate any influence
of preferred orientation on the ability to reach a global energy minimum, whilst
simultaneously maximising the correlation between trial structures and the

experimental powder pattern.
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Figure 6.4: Optimisation of Ry (%) as a function of step number during the
computational structure search for sodium lauroyl isethionate. A parallel tempering
method was used to execute 10 optimisation cycles, each consisting of 500000
molecular confirmations, within the refined monoclinic unit cell. All 10 cycles
converged to an R, of <12%. b) shows progression of the first cycle, as well cycles
4, 7 and 10 which converged to the lowest observed R, of 11.1%. a) shows the same

data on a linear x-axis.

The revised optimisation parameters iterated through 10 cycles, each consisting of
500,000 structures, ultimately yielded an Rw value of 11.1 %. All 10 cycles generated
structures with Rwp < 12 %, with cycles 4, 7 and 10 converging to the observed minima
at 11.1 %. For each of these cycles, the progression of optimal Rwp with respect to the
step number is shown in Figure 6.4. Cycle 4 was the first to reach 11.1 %. After 320
structures, the algorithm produced an Rw, of 14.9 %. Optimisation of the
corresponding structure yielded a local minimum Ry, of 14.5 % after 333 iterations.
It was only after the system energy was increased and reoptimised that a lower global
energy minimum of 11.1 % was located. A similar behaviour was observed in cycle 7
after 7,000 iterative steps. It is this ability to simultaneously optimise for multiple
minima, at varying systematic energy levels, which demonstrates the primary benefits
of parallel tempering over the simulated annealing optimisation method. The outset

plot (Figure 6.4) shows no cycles with any significant improvement beyond 350,000
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iterations, with cycles 1, 4 and 7 reaching plateau sooner. Under the given conditions,
this indicates that all cycles successfully converged within the allocated number of
500,000 steps and further improvement in Rwp with additional computational resources

was not needed.

6.3.3. Automated Rietveld Refinement and Structure Selection

The trial structure of lowest Rwp was then then refined at the molecular scale using an
automated Rietveld refinement process. Due to the large number of atoms and
consequent degrees of molecular freedom associated with the system, an energy
optimisation component was included as part of the refinement in case the powder
pattern alone was insufficient for a successful structure solution. The first refinement
process was executed to optimise the trial structure for the lowest potential energy
with lesser regard for Rup, thus resulting in the most theoretically stable structure. A
second Rietveld refinement was refined with the same molecule forcefield, with a
simultaneous target of maximising correlation between the experimental and
simulation, thus minimising the corresponding Rwpy (%). The resulting molecular
conformations from these refinement processes, together with the ab-initio structure

derived through density functional theory (DFT) are displayed in Figure 6.5 below.
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Figure 6.5: 3D representations of the molecular conformation of sodium lauroyl
isethionate following an ab-initio DFT geometry optimisation (1) and Rietveld
refinements of trial structures focusing on the optimisation of potential energy (2) and
Ry (3) respectively. Dashed lines correspond to the positional labels used in this text
to reference specific atoms in the SLI skeletal backbone. Energy optimisation was
executed using the COMPASS-II forcefield, whilst the DFT-derived geometry
optimisation was conducted using the Def2-TZVP basis set and B3LYP-D3 functional.

A difference in molecular conformation can be discerned from the structures displayed
in Figure 6.5. An analysis of the bond lengths and angles along the primary skeletal
backbone revealed some quantifiable differences between the structures. The DFT
model displayed a marginally shorter average C-C bond length along the alkyl chain
when compared with the refined structures (1.53 A vs 1.55A), as well as a smaller
angle at (C12-01-C13) ester bond (115° vs 126°). While this contributes to the skeletal
contraction observed in the DFT model, when compared with the refined structures, it
fails to account for the observed visual difference in conformation between the energy

and Rwp focused optimisations.

A torsional angle corresponds to the planar angle between any two parts of a molecule
joined by a single chemical bond. The torsional angles exhibited by the different

molecular forms of SLI, indicated that the energy-optimised and Rwp-optimised
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molecules are conformational isomers. The corresponding data from all three
variations of SLI are provided in Table 6.4, along with analogous measurements from
the powder-derived anhydrous structure of SDS. 2%

Table 6.4: Torsional dihedral angles along the primary skeletal backbone of SLI
following an ab-initio DFT geometry optimisation (1) and Rietveld refinements of trial
structures focusing on the optimisation of potential energy (2) and R, (3) respectively.
The labels (Cl1, C2, etc) in SLI correspond to specific atomic positions, as identified
in Figure 6.5. For SDS, Ol corresponds to the oxygen atom bridging between the alkyl

and sulfate functional groups.

Four Atom (1) DFT (2) Rietveld  (3) Rietveld Four Atom Anhyd.
Dihedral Bond Model Energy Rwp Dihedral Bond SDS
(sLn Tors. (°) Tors. (°) Tors. (°) (SDS) Tors. (°)
C1-C2-C3-C4 179.999 179.511 179.997 C1-C2-C3-C4 177.875
C2-C3-C4-C5 180.000 178.404 179.952 C2-C3-C4-C5 177.956
C3-C4-C5-C6 179.999 179.163 179.994 C3-C4-C5-C6 179.761
C4-C5-C6-C7 179.999 178.830 179.906 C4-C5-C6-C7 178.197
C5-C6-C7-C8 179.995 179.534 179.983 C5-C6-C7-C8 179.465
C6-C7-C8-C9 179.938 177.717 179.864 C6-C7-C8-C9 179.371
C7-C8-C9-C10 179.986 179.551 179.982 C7-C8-C9-C10 179.469
C8-C9-C10-C11 179.954 177.266 179.849 C8-C9-C10-C11 177.571
C9-C10-C11-C12 179.996 179.810 179.806 C9-C10-C11-C12  178.705
C10-C11-C12-01 179.957 178.759 178.140 C10-C11-C12-01  175.521
C11-C12-01-C13 179.905 173.560 179.058 C11-C12-01-S 172.284
C12-01-C13-C14 179.859 91.750 177.073 - -
01-C13-C14-S 179.820 177.898 179.746 - -

The DFT model displayed an anti-coplanar conformation, with all atoms producing
torsional angles of ~180°. Given that the model environment consisted of a single
molecule in vacuum, this structure exhibited the least torsional and steric strain
resulting in the most stable conformation. Both refined structures exhibited minimal
deviation along the alkyl chain with angles close to 180°. At the centre of the ester
bond, however, the energy-optimised structure displayed a syn-clinal conformation

with a dihedral of 90°. In the common alkyl conformational model of butane, the 90°
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eclipsed conformation results in significant torsional strain and an energy cost of ~2.5
kcal/mol when compared with the anti-coplanar conformation.”>? Figure 6.6,
however, depicts the predicted energy penalties resulting from the conformational
isomerism of ethyl formate, as calculated by two individual DFT simulations.!?! The
C-O-C-C bond arrangement is more far representative of the C12-01-C13-C14 ester
group in SLI. The results indicate that while the anti-coplanar 180° angle is still the
most stable conformation of the ester group, the syn-clinal arrangement is similar to
the gauche conformation of butane at 60° and exists within a metastable local energy

minimum with a conformational penalty of just 0.5 kcal/mol.

2\ ——EF(B3LYP) --- EF(MB2) Butane ,~
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Figure 6.6. Torsional potential energy (kcal/mol) of the C-O-C-C ester bond in ethyl
formate (EF), as a function of its torsional dihedral angle. Obtained via a DFT
simulation using the 6-311+G** basis set, coupled with the B3LYP and MB2
functionals respectively. Calculations were executed by Bohn and Wiberg.!*>!

Comparative conformational energies for the C-C-C-C bond in butane obtained from

Brown et al.>"

A conformational analysis of the C-O-C-C ester bond in SLI confirms the stability of
the 90° torsional angle conformer. Figure 6.7 shows the influence of the ester bond
torsion on the total energy of the system. The minimal energy penalty resulting from
torsions between 85° and 275°, compared with 180° suggests that conformations
within this range could be energetically feasible in the presence of additional

stabilising intermolecular interactions in the crystalline state. To assess the
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implications of this conformational change on the overall lattice structure, the packing

----- (C-0-C-C)
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— (C-0-C-C)
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within the unit cell was considered.
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Figure 6.7: Influence of C-O-C-C ester bond torsion, on the total energy of an SLI
molecule. Obtained from energy calculations using the Drieding and COMPASS-I1
molecular forcefields. 3D Molecular representations correspond to the conformers at
local energy maxima and minima at 22°, 85° 180° 275° and 338°. The C-O-C-C
bond of interest is highlighted green in the 180° conformation.

Figure 6.8 shows both the energy and Rwp optimised structures packing with the
Pawley refined unit cell from the auto-indexing process. The 90° torsion angle from
the syn-clinal conformation resulted in a much tighter tilt angle, coupled with a higher
lateral packing efficiency. However, given that both systems in Figure 6.8 are packed
into identical unit cells, the tighter packing has resulted in a much larger gap between
alkyl chains in adjacent layers for the energy optimised system. Where the Rup
optimised structure exhibited a planar distance of 1 A in the a-axis between terminal

methyl groups, the energy optimised system was significantly higher at 9.5 A.
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Figure 6.8: Crystalline packing of molecules produced through the Rietveld
refinement of SLI through the optimisation of potential energy (left) and R, (right).
Rwp values are 17.9% and 9.7% respectively. Both systems are constructed from
identical Pawley-refined monoclinic unit cells, with a P21/c space group symmetry
and 4 molecules in the asymmetric unit. Representation shows view down the b-axis,

where the crystalline lamellar bilayer sheets exist in the b-plane.

Having solved the crystal structure of SDS using powder diffraction, Smith et al.
reported a similar phenomenon where the trial structures of lowest energy also
exhibited a large inter-lamellar void caused by a gauche molecular conformation
within the alkyl chains.?%®! The monohydrate form of SDS has been reported to exhibit
molecules of gauche and co-planar conformation co-existing within a single
asymmetric triclinic unit cell.'® In the anhydrous phase, however, it was stated by
Smith et al. that the all gauche conformations were deemed unstable and the final
structure of anhydrous SDS was proposed to exhibit an inter-lamellar distance of ~1 A,
similar to that of the Rwp optimised structure. The chain packing in the energy-
optimised structure also results in moderately close contacts between adjacent alkyl
chains, which differs from the structure of SDS where Coiro et al. report that van der
Waals contributions provide minimal contribution to the stability of the lattice.[*5]
While the energy-optimised structure in gauche conformation may theoretically
correspond to a more stable structure of a monomeric system, the diffraction data from

the current study, as well as that for anhydrous SDS, indicates that the anti-coplanar
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conformation with minimal void in the unit cell is more representative of the

experimental crystalline structure.

6.3.4. Lamellar Bilayer Structure of SLI

In addition to the quantitative confidence metrics utilised in the structure solution
process, characteristics of the crystalline lamellar bilayer structure can be used to
further rationalise the structure of SLI through comparison with similar long-chain,
anionic, sulfur-based surfactants such as SDS. One of the key differences between the
trial structures in the previous subsection was the angle at which alkyl chains were
tilted relative to the unit cell and the resulting implications on packing within the unit
cell. Trends have been identified between the size of the polar headgroup in anionic

surfactants and the angle at which the surfactant is tilted within the unit cell.[14%-130:236]

Previous studies have relied on an approximation of headgroup size based on the unit
cell parameters of the crystalline.['’” In this study, the specific volume of the
headgroup, based on its van der Waals radius, was measured to identify any correlation
between headgroup sizes and tilt angles. Given the consistent dodecyl alkyl chains
across SLI, SDS and its varying hydrates, the size of the surfactant headgroup and
their corresponding tilt angles in the crystalline phase were calculated and compared

in Table 6.5.

Table 6.5: Influence of headgroup size on lamellar tilt angle of various dodecyl
chained sulfur-based anionic surfactants. Headgroup area was calculated from the
respective unit cell parameters, as described by Coiro et al.'"*" Headgroup volumes
correspond to the van der Waals volume of the head group in the crystalline phase, as

calculated from their respective CIF files.

Surfactant System Head Group Head Group Lamellar Tilt

Area (A?) Vol. (A% Angle (°)
SDS 19.3 93.6 15
SDS.1/8H,0 20.9 96.6 10
SDS.1/2H,0 25.8 105.0 40
SDS.H,O 29.5 126.2 45
SLI 35.0 156.3 48
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Table 6.5 exhibits clear trends between headgroup size and lamellar tilt angle for both
specific volumetric calculations of the headgroup size and the lattice-based area
approximations. The data pertaining to SLI specifically also correlates with previously
published structures of SDS and its varying hydrates. In addition to improving the
viability of the obtained structure of SLI, this correlation reinforces the trends in
surfactant packing proposed by Coiro et al.*> by demonstrating their applicability to

other sulfur-based dodecyl-chained surfactants.

6.3.5. Lattice Energy Calculation and Synthon Analysis

To characterise the intermolecular interactions underpinning the observed crystal
structure of SLI and further provide numerical confirmation of its thermodynamic
validity, the lattice energy for the proposed crystal structure was calculated using
HABIT98. This energy corresponds to the electrostatic and dispersion forces
constituting the crystalline lattice. The change in lattice energy with respect to the unit

cell radius is shown in Figure 6.9. The optimal energy was calculated at a radius of

66.34 A with a corresponding lattice energy of -51.42 kcal/mol.
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Figure 6.9: Lattice energy (kcal/mol) of SLI as a function of the limiting radius (A).
Lattice energy (grey) is a sum of the electrostatic interactions (blue), attractive forces
(green) and repulsive forces (red) at the stated radius. Energies obtained via HABIT98
using the Drieding forcefield, with charges calculated independently via DFT using

the Def2-TZVP basis set and B3LYP-D3 functional.
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The specific intermolecular interactions contributing most to the stability of the lattice
energy are listed in Table 6.6. A visual representation of the corresponding synthons
(Figure 6.10) shows how the five synthons providing the largest contributions to the
lattice energy are all dominated by electrostatic interactions between anionic SOs
groups and Na® ions. The attractive and repulsive energies correspond to non-
coulombic intermolecular interactions such as dispersion forces, dipole interactions
and hydrogen bonding. Synthon S1 corresponds to the interaction between the Na
cation in closest proximity to the sulfonate group. All other synthons show how the
sulfonate interacts with other Na cations in the proximity. S2 corresponds to the
adjacent cation, S3 corresponds to the lateral cation in the same bilayer, S4
corresponds to the cation in an adjacent bilayer and S5 corresponds to the adjacent
cation in an adjacent bilayer, as shown in Figure 6.10. The synthons S1 to S5 constitute
significant proportions of the absolute lattice energy as they are offset by repulsive
synthons which are dominated by positive coulombic interactions, the largest of which
is +37.67 kcal/mol.

Table 6.6: Interaction energies of the intermolecular synthons exhibiting the largest

absolute contributions to the lattice energy of SLI.

Synthon Interaction I.nterionic Electrost.atic Attractive Repulsive
Energy Distance (A)  Interactions Forces Forces
S1 -50.91 2.73 -51.27 -1.93 +2.29
S2 -30.73 3.83 -30.38 -0.41 +0.06
S3 -26.50 5.45 -26.45 -0.05 -
S4 -18.03 6.40 -18.02 -0.01 -
S5 -17.34 7.02 -17.34 -0.01 -

* All energies in kcal/mol

When coulombic interactions are not considered, the remainder of the lattice energy
consists of van der Waals interactions between alkyl chains. V1, V2 and V3
correspond to interactions with the adjacent molecule, adjacent bilayer and lateral
interactions within the bilayer, as shown in Figure 6.11. At a limiting radius of 5A
(Figure 6.9), S1 is the only observed synthon and the lattice energy is consequently
dominated by its respective electrostatic interaction. As the radius is increased, the
lattice energy is offset by the introduction of synthons, V1, V2 and V3 results in a

greater non-coulombic component in the overall lattice energy.
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Figure 6.10: Intermolecular synthons exhibiting the largest absolute contributions to
the lattice energy of SLI. Calculated via HABIT9S using the Drieding forcefield, with
charges calculated independently via DFT using the Def2-TZVP basis set and B3LYP-
D3 functional. The top 5 synthons consist of electrostatic interactions between anionic

sulfonate groups and Na cations.

Figure 6.11: Intermolecular synthons exhibiting the largest non-coulombic
contributions to the lattice energy of SLI. Calculated via HABITYS using the Drieding
forcefield, with charges calculated independently via DFT using the Def2-TZVP basis
set and B3LYP-D3 functional. The top 3 non-columbic interactions consist of van der

Waals interactions between alkyl carbon chains.
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Table 6.7: Interaction energies of the intermolecular synthons exhibiting the largest

non-coulombic contributions to the lattice energy of SLIL

Svnthon Interaction Interionic Electrostatic Attractive Repulsive
y Energy Distance (A)  Interactions Forces Forces
\VAl -3.46 5.58 - -4.94 +1.49
V2 -3.08 6.35 - -4.54 +1.45
V3 -1.83 7.61 - -5.04 +3.22

* All energies in kcal/mol

Due to the highly charged nature of the system, the lattice energy compromises of
strongly attractive and repulsive components. When each atom-atom interaction is
accounted for, however, the absolute contribution of each functional group to the
overall lattice energy can be calculated (Table 6.8). Energy is expectedly dominated by
ionic interactions between sulfonate and cationic species with additional non-

coulombic stability from alkyl and oxygenated systems.

Table 6.8: Interaction energies of the intermolecular synthons exhibiting the largest

non-coulombic contributions to the lattice energy of SLI.

Molecular  Electrostatic Attractive Repulsive Total Contribution

Fragment Interactions Forces Forces Energy to Lattice
Energy
Alkyl +3.84 -12.88 +5.75 -3.27 6.4%
Ester -1.34 -1.60 +0.67 -2.27 4.4%
SOs ~ Na* -44.87 -4.23 +2.81 -46.27 89.3%
Total -42.32 -18.74 +9.25 -51.81 100.0%

* All energies in kcal/mol

An analysis of the van der Waals radii (vdW) arising from Synthon V1 show how the
observed interdigitation between hydrogen atoms of adjacent molecules likely results
from an optimisation of intermolecular interaction between alkyl chains. A
comparitively larger vdW radius was observed around the Na cation, as a result of its
increased electron density when compared with atoms in the hydrocarbon chain.

(Figure 6.12)
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Figure 6.12. van der Waals radii arising from the strongest non-Coulombic synthon
(V1) in the crystal structure of SLI. Volumes calculated via the surface tool in
Materials Studio 17.0 using a vdW scale factor of 1.0.

Synthon S3 (Figure 6.10) indicates there is a coulombic attraction of -30.73 kcal/mol
between the Na cation and the opposing cross-planar sulfonate anion. However, the
coulombic repulsion between adjacent Na cations is larger at +34.79 kcal/mol. These
electrostatic repulsions, when coupled with the larger vdW radii, could explain why
the axial inter-lamellar spacing between Na cations (4.7 A) is significantly larger than
that between alkyl chains (1.0 A), thus providing an energetic justification for the

observed lamellar arrangement in the crystal structure of SLI.

6.4. Conclusion

The crystal structure of sodium lauroyl isethionate (SLI) was successfully determined
through the combined application of powder X-ray diffraction and molecular
simulation systems. Following an auto-indexing procedure, the lattice was found to
exhibit a monoclinic unit cell with P 21/c space group, similar to the anhydrous
structure of sodium dodecyl sulfate (SDS). Following Rietveld refinement and
conformational energy analysis of trial structures, a molecular structure of trans-trans

lamellar bilayer conformation was found to exhibit good agreement with the
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experimental powder pattern. Through comparison with SDS and its varying hydrates,
SLI was found to reflect general structural trends of an increasing lamellar tilt angle,
with increasing headgroup size, as exhibited by other sulfur-based dodecyl-chained

surfactants.

Synthon based lattice energy calculations revealed that the crystalline stability was
dominated by coulombic interactions between anionic sulfonate groups and Na cations
at varying radii. Further analysis of non-columbic interactions indicated that the
observed interdigitation between alkyl chains was attributable to van der Waals
interactions between adjacent molecules. The increased lamellar spacing between
polar groups, when compared with non-polar groups, could explain the ready
formation of a hemihydrate structure postulated in a previous study. Given the phase-
dependent properties of analogous surface-active molecules, further study into the
hydration of the SLI could lead to improved control with respect to critical
performance-related properties in the formulation of personal care products.
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Chapter 7: Temperature Resolved Small Angle X-Ray
Scattering Analysis of SLI

Synoposis: The results chapter describes the in-situ structural analysis of SLI to observe how
the structure of SLI varies with temperature. Due to the propensity for thermal degradation
in SLI, coupled with a decrease in structural order expected with elevated temperatures, a
combined of synchrotron-sourced SAXS experiments and molecular techniques were applied
for the rapid acquisition of high resolution data. The structural information from this study
is intended to develop a link between process and structure to assist in future optimisations

of isethionate ester manufacture.
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7.1. Introduction

SLI can be synthesised via the esterification of lauric acid with sodium isethionate, as
described in Section 1.1.3. Chapter 4 describes how the starting materials were reacted
at a temperature of 240°C for 4 hrs in the absence of solvent. Following completion
of the reaction, the molten surfactant is typically isolated via melt crystallisation onto
a flat surface under ambient conditions. It has long been proposed that the physical
structure of such surfactants after this process influence performance-related
properties within the resulting product such as hardness, solubility, texture and

lathering performance. [’ 228 2521
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Figure 7.1. Thermotropic crystal phases exhibited by sodium carboxylate soaps of
varying alkyl chain length (C12-C18) between 0 and 400°C. Right pane corresponds
to the molecular structure of the surfactant at a given phase. Figure adapted from

Friedman et al. ?” and Luzzati et al. '*/,
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Temperature-dependent studies of similar long chain organic surfactants report the
presence of multiple thermotropic phases appearing between the isotropic liquid melt
and the ambient crystalline form. Figure 7.1 shows how sodium carboxylate
surfactants first crystallise as solid lamellar crystals, then transition into alternate
layered ribbon structures, before finally reaching a crystalline, tilted lamellar bilayer

structure at temperatures around 100°C.
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Figure 7.2: Optical microscopy images of the thermotropic phases exhibited by
sodium palmitate upon heating from a solid crystalline state to an isotropic liquid
melt. The final image (bottom-right) depicts remnants of the neat phase as the material
transitions into the liquid state. Images were obtained via polarised light microscopy

with crossed Nicols at 166x magnification, adapted from Vold et al.”**

A physical characterisation of these temperature-dependent phases was conducted by
Vold et al/*% (Figure 7.2). The “curd” phase displayed fibrous microstructure
coupled with a ‘hard crystalline’ physical form in the solid phase. The “waxy” ribbon

structure displays a prominent loss in structure coupled with a reported softening of
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the solid state. The transition to the “neat” phase was finally purported to occur with
a gradual loss of anisotropy, coupled with a concurrent decrease in viscosity until the
material existed as an isotropic melt in the liquid phase. Analogous observations
pertaining to the physical form of carboxylate soaps and their phase-dependent

transition temperatures were reported by Lawrence et al./>** and McBain et al./*

In the more recent study of choline soaps containing a trimethyl-ethanolammonium
cation, similar trends were reported in the corresponding thermotropic study of
crystalline phases. Small X-ray scattering confirmed that the three phases described
by Luzzati et al. ['*3] were present in their system. Despite a variation in headgroup
chemistry when compared with carboxylate soaps, the previously reported succession
of lamellar phases, interdigitated molecular, followed by a tilted lamellar crystalline
were observed in the same sequence as previous systems. The transition temperatures,

however, were lower than those observed for carboxylate soaps, as displayed in Figure
7.3.
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Figure 7.3: Phase transition temperatures between lamellar crystal (SmA),
interdigitated ribbons (CrM) and tilted crystalline bilayer phases (Cr) in choline
soaps. Data was collected via DSC with subsequent verification of phases via SAXS.

Image reproduced from Klein et al.!'*/
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Outside of the surfactant applications, MacMillan and Roberts used a combination of
existing crystallographic information and SAXS to identify changes in the
temperature-dependent polymorphic phase behaviour of cocoa butter. The liquid melt
at 50°C was cooled to 20°C, held at 20°C, then heated to 30°C. (Figure 7.4) Any
changes in the long axis spacing were used to identify the varying polymorphs through
this temperature cycle (see Figure 7.4). The plot also shows how increases in intensity
correspond to the prevalence of each polymorphic phase, as an indicator of structural
order within the system. Further studies into the process-controlled phase behaviour
of these glyceride molecules indicates that the changes between the six identified
polymorphs influence performance-dependent physical properties such as hardness,

texture and stability under elevated temperatures.[?>>]
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Figure 7.4. Temperature-induced changes in the structure of cocoa butter measured
via synchrotron SAXS. Samples cooled from the melt at 50°C to 20°C at 8°C/min with

patterns collected at 2°C increments.

In the aforementioned studies, identification of mesomorphic phases was made easier
through the pre-existing data on single crystalline phases. This was predominantly
collected through single crystal X-ray diffraction studies of the corresponding

materials. Some examples of published lattice parameters pertaining to sodium laurate

-135-



(NaL) and sodium palmitate (NaP) are displayed in Table 7.1. A more detailed review
on the single crystal phases exhibited by carboxylate has been published by

Buerger et al. 1%°,

In the case of commercial surfactants, however, lower purity
levels, mixtures of carbon chain lengths and less defined crystallisation conditions can
lead to materials of lower crystallinity and structural order.[’® 2282521 [n the absence of
high structural order, the resulting loss in high angle X-ray diffraction data renders an

atomistic crystal structural analysis unachievable .[3% 242

Table 7.1: Published lattice parameters for crystalline structures of sodium laurate
(Nal) and sodium palmitate (NaP). a, b and c correspond to lengths of
crystallographic axes (A) in the unit cell, whilst o, B, and y refer to the respective

angles (°).
Soap Form  Unit Cell a b c o B Y Reference
NaL o Orthorh. 7.6 - 301 90 90 90  Thiessen etal. 2571

a Orthorh. 8.06 9.24 47.70 90 90 90  Thiessen et al. [258]

NaP  1/2H,0 Monocl. 9.13 8.01 91.85 90 94 90  Buerger et al. [%6]

1/2H,0 Monocl. 9.13 801 9294 90 94 90 Minor et al. (28]

Fortunately, the data acquired at smaller X-ray diffraction angles alone can be Fourier-
transformed to provide information on the electron density perpendicular to a lamellar
phase. These techniques can provide valuable insight into the structural order of
systems exhibiting long range structural order, in the absence of an atomistic
crystalline structure. A recent study by Ladd-Parada et al. investigated the structure of
long chain hydrocarbons using SAXS.!*>?! A one-dimensional electron density profile
(EDP), acquired through the transformation of characteristic 00/ scattering peaks, led
to the identification of stacked, glyceride layers in a back-to-back arrangement. A
similar study by Mykhaylyk ef al. utilised changes in lamellar spacing observed
through EDP analysis to estimate the tilt angle exhibited by long chain hydrocarbons.

Only the 00/ reflections were utilised in the characterisation of polymorphic phases.

In this study, SLI is analysed via temperature-dependent SAXS to identify any changes

in phase behaviour, observable in the solid state, prior to isotropic melting. A
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synchrotron radiation source is used in preference to a laboratory X-ray diffractometer
to permit analysis times more representative of the industrial melt crystallisation
process. The significantly higher flux at the synchrotron drastically improves
scattering at analogous experiment times, thus increasing the likelihood of detection
of 00/ reflections at higher orders of diffraction. Electron Density Profiles (EDP) are
calculated for the primary crystalline phase observed in the previous section via
PXRD. The temperature-dependent EDP analysis permits changes in the lattice
dimensions to be observed. Previous studies adopting EDP analyses in the
characterisation of sulfur-based surfactants could not be found in the literature. The
EDP data is therefore validated against a complementary quantum mechanical analysis
via density functional theory (DFT) to confirm that the correct phase combination is
utilised in the calculation. Any new phases measured in significant quantity are
characterised via a combination of existing crystallographic and molecular mechanics
based modelling techniques to determine any correlation between the phase behaviour
of SLI and previous alkyl-chained anionic surfactants. Through observation of the
phases exhibited by isethionate ester surfactants, valuable information related to the

resulting microstructure is obtained.

7.2. Experimental

7.2.1. Preparation of SLI Samples

Sodium lauroyl isethionate (SLI) was prepared and isolated to 98% purity in
accordance with the methods described in a recent study.!'%¢! Lauric acid, 99+% (LA)
was obtained from Fisher Scientific and used as received. SLI was doped with LA at
concentrations between 0 and 100 wt%, at 10 wt% increments. 3-5g of SLI and LA
were accurately weighed at the desired quantity to the nearest 0.1 mg using an
analytical balance. Samples vials were stoppered with silicone rubber septa and purged
with N> for 10 min. The sealed vials were then submerged in an oil bath at 240°C, with
magnetic stirring in both the sample and bath fluid. Higher melting temperatures and
the ingress of air was avoided to limit thermal degradation of SLL!*®! Once a
homogenous melt had been obtained, samples were immediately cooled in a dewar of
dry ice/acetone. A crash cool was adopted to simulate commercial crystallisation

conditions and preserve any metastable phases existing within the binary system. The
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resulting solid samples were ground under ambient conditions prior to instrumental

analysis.

7.2.2. Small X-ray Scattering (SAXS) Analysis of SLI

SAXS experiments were executed using the 1-5 beamline at the Stanford Synchrotron
Radiation Lightsource (SSRL), Menlo Park, CA, USA. Samples were exposed to X-
ray radiation at an energy of 15 keV with a wavelength of 0.8265 A. The beamline
was equipped with a Rayonix SX165 2D CCD detector (2048 pixel x 2048 pixel,
79 um pixel size) where the sample-to-detector distance was set at 432 mm. Beam
centre and scattering vectors were calibrated using a silver behenate standard. Binary
samples of SLI were heated from 40°C to 300°C using a heated transmission stage. X-
ray patterns were collected at 10°C intervals at a Q-range between 0.03 and 1.4 A
Upon reaching the desired temperature, a 60 s stabilization time was set prior to a 45 s
acquisition time, before the sample was heated for the next measurement. Captured
patterns were processed using the Nika package **! for IGOR Pro 7 (Wavemetrics
Inc.). The 2D images were azimuthally integrated into 1D plots of scattering intensity
(I), as a function of scattering vector (Q). A kapton blank was also measured as a
function of temperature and utilised for background subtraction. To assess the
disparity between the measured temperature in the heating block and the actual
temperature in the sample cell, a Type-K thermocouple was inserted into the kapton

blank to provide corrected temperatures for each 10°C measurement.

7.2.3. Computational Analysis via Density Functional Theory (DFT)

A monomeric vapour phase structure of SLI was created using the Avogadro 1.2
molecular visualisation tool and preliminarily optimised using the MMF95 force field.
Structures were then refined using a density functional theory (DFT) based geometry
optimisation using ORCA 3.0.3 package. Calculations were executed using the def2-
TZVP basis set combined with the B3LYP functional. All calculations were

successfully completed within a convergence criteria of 1 x 10" au and 125 iterations.

7.2.4. Electron Density Profile Calculations

Lamellar structuring was first identified by characteristic equidistant 00/ peaks
observable at Q < 1 Al. The corresponding signals were then fitted using Gaussian

parameters due to the Type 1 crystalline thermal disorder displayed by the lamellar
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system,[!13: 262

! Lamellar order was then verified via the fitting and zero point
extrapolation of scattering vector (q) against diffraction order (h). Through this
assumption of centrosymmetric planar ordering, Electron Density Profiles (EDP)
depicting electron density (p) as a function of molecular radius (z) were produced

using Eq. (24).1263:264]

h max

p(z)= Z ay * Fp, - cos (2 nth) (24)

h=1

F 1 denotes the fitted scattering amplitude (form factor), while d is the lamellar phase
periodicity in real space, corresponding to the first order diffraction peak (h=1). The
phase factor (a ) corresponds to a value £ 1; an uncertainty which arises due to the
typical convoluted intensity of interfering waves. In this instance, the electron density
data obtained via DFT was used to verify the utilised phases. However, modelling
approaches described in the literature,?®® as well as reconstruction of the Fourier
transformed scattering pattern?%®! can also be used for phase verification in the

absence of a quantum mechanical simulation.

Eqg. (25) shows how the Gaussian-fitted SAXS data was combined with the DFT-
derived molecular model to estimate the tilt angle (0si) at which solid phase SLI

molecules were tilted from the primary axis perpendicular to the lamellar bilayer:

Ot = ar ( ) (25)
i arccos
e Qr " dy

Qr corresponds to the centre (A™) of the first-order Gaussian function (001 relection)
of the corresponding lamellar phase. dw pertains to the model-derived length of a
single molecule, as measured from the geometry-optimised structure of SLI. A van
der Waals surface was first applied to the model using Materials Studio 17 to produce
dimensions more representative of packing within the molecular crystal. Eq. (25) is

based on tilt angle measurements of lipid bilayers by Sun et al.[?67]
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7.2.5. Characterisation of Phase B via Molecular Modelling

Experimental details relating to the forcefield calculations, conformational analyses,

lattice energy and molecular volume calculations are presented in Section 6.3.

7.3. Results & Discussion

7.3.1. Small Angle X-ray Scattering Analysis of SLI

A 2D raw image collected via the small angle X-ray scattering analysis of SLI is
displayed in Figure 7.5. Changes in intensity amplitude is indicative of a preferred
orientation of crystals within the sample holder, resulting from the plate-like

morphology of SLI. (See Figure 3.13 in Section 3.8).
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Figure 7.5: a) 2D CCD image of SLI at 38°C measured via small angle X-ray
scattering. Scattering intensity measured at Q range between 0.03 and 1.4 A-1 with
X-ray energy of 15 keV and wavelength (3) of 0.8265 A. Preferred orientation is
observable via with an increased intensity of Debye rings perpendicular to the marked
axis (dashed red line). b) 2D CCD image of silver behenate (AgBe) and the 1D
intensity plot resulting from the calibration of its characteristic diffraction peaks at
highlighted d-spacings of 58.3, 29.2, 19.5, 14.6, 11.7, 9.7, 8.3 and 7.3 A (white/red

rings in image).
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To convert individual pixels to the calibrated scattering length in Q-space (A™)
displayed in Figure 7.5 a reference sample of silver behenate (AgBe) was analysed using
analogous SAXS parameters. The calibrant was converted to a 1D plot of scattering
intensity based on the certified positions of its characteristic diffraction peaks. The 2D
image and its 1D intensity plot are displayed in Figure 7.5b. All samples were analysed
using an identical wavelength, energy, sample-to-detector distance and beam position

to retain calibration.

Figure 7.6a shows how a minimal change in background scattering was observed over
the experimental temperature range between 40 and 260°C. The characteristic bimodal
distribution was modelled using OriginPro and used to subtract the background from
all experimental samples, with specific care taken to retain the presence of any

amorphous content. An example pattern is displayed in Figure 7.7b.
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Figure 7.6. a) SAXS patterns of kapton blank measured between 40 and 260°C.
Scattering intensity measured at Q range between 0.03 and 1.4 A" with X-ray energy
of 15 keV and wavelength (1) of 0.8265 A. Radiation exposure time of 45 secs was
representative of sample analysis parameters. b) Example of background subtraction
procedure on the SAXS pattern of a mixed surfactant sample. The characteristic

bimodal kapton signal (blue) was subtracted from all samples prior to analysis.
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Figure 7.7: a) Temperature-resolved small angle X-ray scattering pattern of SLI (top).
Sample was heated from 40°C to 260°C and exposed to 45 s of isothermal synchrotron
X-ray radiation at approximately 10°C intervals. Scattering intensity measured at Q
range between 0.03 and 1.4 A™ with X-ray energy of 15 keV and wavelength (1) of

0.8265 A. b) Colormap depicting the same data on equivalent axes.
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Following the data processing methodology, the temperature-dependent change in
small angle X-ray scattering intensity of SLI is displayed in Figure 7.7. The plot was
truncated to display data between 0.06 and 1 A after no significant reflections were
observed beyond these angles. The sustained presence of five equidistant reflections
at approximately 0.16, 0.32, 0.48, 0.64 and 0.80 A™! correspond to 5 orders of Bragg
diffraction (h) arising from the 00/ set of crystallographic planes. Due to the absence
of existing nomenclature with respect to the structures of SLI, this phase will be termed
as ‘Phase A’ in this study. Both the colormap and stacked plots, however, display
evidence of additional co-existing phases at most temperatures. Selected SAXS plots
depicting the presence of multiple phases are displayed in Figure 7.8. At lower
temperatures (40°C), a shoulder peak (Phase B) is observable in all 00/ reflections of

Phase A indicating the parallel existence of two lamellar bilayer phases.

With increasing temperature, Phase A increases in structural order and overcomes the
co-existing Phase B until a single set of 00/ reflections are observed at 150°C. Beyond
this temperature (175°C), an additional Phase C is detected through the appearance of
a new peak at ~0.08 A" which concurrently reduces the scattering intensity of Phase
A. A more pronounced shoulder peak is also present on Phase A at 175°C. Since it
cannot be confirmed if this phase differs from Phase B observed at lower temperatures
due to a significant increase in structural order, it has been termed as Phase B’. Beyond
200°C, Phase B’ appears to diverge into several non-distinct peaks between 0.05 and
0.5 A™'. Figure 7.7b finally shows a significant drop in total scattering intensity at 225°C,
which correlates with the published melting temperature of 225.3°C.[166]
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Figure 7.8: Selected SAXS plots of SLI measured at 40°C (left), 150°C (centre) and
175°C (right). Scattering intensity measured at Q range between 0.03 and 1.4 A-1 with
X-ray energy of 15 keV and wavelength (3) of 0.8265 A.

Previous DSC and PXRD analyses of SLI have indicated a solid crystalline structure
prior to melting at 225°C.11%] The thermal disorder in a system exhibiting such long-
range order is resultant only from minor deviations from the three dimensional
equilibrium.*%®! Figure 7.8b shows how the peak width is approximately equal for all
peaks corresponding to Phase A, while intensity is decreasing exponentially with
diffraction order (h). These phenomena confirm thermal disorder of the ‘first kind’
corresponding to solid crystalline structures,!''3! in which Gaussian functions are
recommended for the deconvolution and characterisation of SAXS data in the
characterisation of lamellar phases.?%?! Figure 7.9 shows how Phases A, B and B’ were
identified in the multi-phasic SAXS patterns through the automated Gaussian fitting
of convoluted reflections. The example shows how, even at lower diffraction orders,
a bi-functional combination of Gaussian peaks (red) results in a summation (green)

that closely represents the experimental SAXS pattern (blue).
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Figure 7.9. Peak fitting of Phases A and B in the temperature-dependent SAXS
analyses. Example pattern depicts SLI at 40°C. Fityk was used to deconvolute

incomplete and overlapping reflections using a combination of Gaussian functions.

In the absence of previous PXRD data, a crystalline lamellar structure can also be
confirmed through the zero-point extrapolation of the proposed diffraction order (h)
against the scattering angle (A™') at which the corresponding 00/ reflections exhibit
peak intensity. The resulting analysis is displayed in Figure 7.10. The strongly linear
relationship between the two parameters, coupled with a zero intercept at all
temperatures, confirms the presence of a crystalline lamellar structure corresponding
to Phases A, B and B’. Due to a difference in relative intensity between Phase A and
B, as well as a decaying intensity with increasing diffraction order, five orders of
diffraction were consistently observed in Phase A but only three peaks were
observable in Phase B/B’. This corresponds with the primary phases exhibited by other
long chain organic lipidic systems, where five orders were also observed in the
presence of a lamellar structure.>>26%. The lower scattering in Phase B/B’ could be
attributable to a combination of weaker structural order, as well as lower quantities
when compared with Phase A. While Phase A can be characterised to greater lateral
precision due to these factors, Rappolt has described how lamellar phases can be
characterised with just two orders of diffraction.[?’") With the deconvolution obtained
through Gaussian fitting, Phase B/B’ can be adequately characterised despite its poorer

scattering intensity.
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To assist with the characterisation of the lamellar structures corresponding to Phases
A, B and B’, a molecular model was created through which the equilibrium structure

of SLI could be identified in the absence of a crystal structure derived from PXRD.
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Figure 7.10: Plot of diffraction order (h) of the 001 reflections against the scattering
angle (A) of peak scattering intensity. Angle obtained from the fitted Gaussian
functions corresponding to Phase A (left) and Phases B and B’ (right). Zero intercept
and linear relationship confirm crystalline lamellar structure in both systems.
Minimum R? values observed for Phase A and Phase B were 0.9997 and 0.9977
respectively. Plot colours correspond to the temperature of the corresponding SAXS

measurement.

7.3.2. Density Functional Theory (DFT) Analysis of SLI

A quantum mechanical simulation was executed to predict the most energetically
favourable molecular orientation of a single SLI molecule in vacuum. Density
functional theory (DFT) uses the Schrodinger equation to calculate the electronic
structure and consequent molecular structure of a multi-atomic system. The Def2-
TZVP basis set utilised in the calculation uses a combination of complex Gaussian
functions to model electronic orbitals,!*’!! whilst the dispersion-corrected B3LYP-D3
hybrid functional 27> approximates the exchange-correlation functional that renders
the Schrodinger equation otherwise insolvable. The predicted molecular geometry,

electron density and atomistic electrostatic potential of SLI is displayed in Figure 7.11.
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There is an expected increase in electron density around the head group with
significant polarisation of charge, driven by the hetero-atomic O and Na cations.
Whilst gauche conformations exhibit metastable structures in other dodecyl-chained
sulfur-based surfactants such as SDS, 2% the energy calculations indicate that all-trans

is the most energetically favourable and likely adopted conformation of SLI.

Electrostatic Potential
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a) DFT Model of SLI b) Volumetric Distribution of Electron Density

Figure 7.11: Density Functional Theory (DFT) analysis of SLI. Initial structural
optimisation was executed using the COMPASS-II forcefield in Materials Studio 17.
DFT-derived geometry optimisation was then conducted using the Def2-TZVP basis
set and B3LYP-D3 functional using the ORCA quantum chemistry program. Surface
analysis (right) displays the electron density (volume), whilst surface colourmap
corresponds to electrostatic potential obtained via integrated Mullikan and Loewdin

charge calculations.

Lateral measurements indicate the predicted length of the molecule in this
conformation is 22.1 A. A d-spacing measurement of the first order diffraction peak,
however, indicates that the lamellar bi-layer length is 3.65 nm. Carboxylates
surfactants can exist in a directly perpendicular orientation in the lamellar gel-phase
form, where the length of the bilayer corresponds to twice that of a single molecule.
In the crystalline form, however, both carboxylate soaps and synthetic surfactants such
as SDS [*®] are tilted to maximise lateral packing between alkyl chains. To determine
if this is the case for SLI, an electron density profile (EDP) analysis was executed to

measure the electron density along the principle lamellar axis.
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7.3.3. Electron Density Profile (EDP) Analysis of Phase A

Eq. (24) shows how the EDP is dependent on the diffraction order, scattering length,
scattering intensity and order-dependent phase factor. In order to determine the phase
factor and simultaneously validate the experimental EDP of SLI, a model EDP was
first derived from the DFT molecular model. In order to negate the electronic
contribution of specific tilt angles, the model EDP was calculated assuming a
perpendicular conformation, then normalised to the experimentally observed bilayer
spacing of 3.65 nm. The spacing between adjacent alkyl chains was approximated
from the simulated van der Waals radii of the two terminal H atoms. Due to the

absence of water, no measured vacancy between polar groups was introduced.

No. of Electrons

Figure 7.12. Model Electron Density Profile (EDP) for SLI, parallel to the principle
molecular axis. Molecular dimensions acquired through DFT calculation of SLI

obtained using the Def2-TZVP basis set and B3LYP-D3 functional.

An experimentally derived EDP was calculated for the primary Phase A of SLI at all
temperatures prior to sample melting at 225°C. Whilst (2°) 32 phase combinations
were produced from the 5 orders of diffractions measured from Phase A, the total
consists of two sets of 16 mathematical reflections which differ only by lattice
orientation. The 16 phase combinations existing in negative space are displayed in
Figure 7.13. Ladd Parada et. al **), Schneider et al. *’*! and Mykhaylyk and Hamley
(2691 report the -1, +1, -1, -1, -1 phase combination as most representative in their
respective studies of lamellar phases of pure lipidic systems. The fourth-order peak
was termed as £1 by Ladd Parada et. al **°! as its amplitude was deemed too low to

accurately quantify. In this study, h= 4 corresponds to the reflection at ~0.64 A™! which
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similarly exhibited a significantly lower scattering intensity than the order reflections
exhibited by Phase A (Figure 7.7a). In Figure 7.13, Phases (1) and (3) display very
similar EDPs due to this phenomenon, where the only observable differences are

minor changes in intensity at r = -2, 0 and 2 nm.

Phase (8) corresponds to the — + — — — combination utilised in the aforementioned
studies. Figure 7.14 shows how well this phase combination corresponds to both the
one-dimensional model EDP of SLI (Figure 7.12), as well as a two-dimensional model

of SLI in a tilted lamellar bilayer structure.
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Figure 7.13: 16 negative-space phase combinations from the EDP analysis of Phase
A in SLI at 40°C. EDPs calculated in accordance with Eq. (1) using the peak
parameters pertaining to the Gaussian functions fitted to Phase A. Legend identifies
the numbered phase combination where ————— pertains to -1, -1, -1, -1, -1 for

diffraction orders (h) 1 to 5 respectively.

Although the experimental plot exhibits a lower lateral resolution than the model EDP,
the data utilised corresponds to literature studies where five orders of diffraction were

similarly utilised for the measurement of EDP.!?%% 26° The most prominent electronic
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features in the bilayer structure are visible in the experimental EDP, including
increases pertaining to the ester, sulfonate and cationic groups, as well as the decrease
around zero arising from the spacing between adjacent methyl groups. The axial
distances of functional groups also correlate much better with Phases (6) and (8) than
any other combination. This ‘methyl trough’ at 0 nm is a characteristic feature in
lamellar bilayers representative of the spacing between layers. Its presence was
previously utilised for the automated identification of representative phase
combinations in similar systems.!?’#! In this study, the region was defined as the point
where electron density is lowest in a lipid bilayer system. Phases (10) and (12) also
exhibit a methyl trough and plausible EDP of functional groups. However, with a
predicted molecular length of 22 A, extreme tilt angles of > 60° would be required for
functional groups to be observed at 10 A. The plateau at = 2 nm observed in Phases
(10) and (12) also typically corresponds to hydration layers in bicomponent lipid-
water systems.?”’) Although hemi-hydration of solid SLI has been observed
previously in Section 4.2.10, significant levels far beyond 10% would be required to

result in the EDPs exhibited by Phases (10) and (12).

The correlation between Phase (8), the predicted EDP and the DFT derived EDP in a
tilted bilayer arrangement is displayed in Figure 7.14. The largest deviation in the
experimental EDP from the model derived via DFT is the absence of a flat region
corresponding to the alkyl chain in the former system. Data from a previous study
within the group, on the influence of the number of available diffraction peaks on the
resulting EDP, is displayed in Figure 7.15. The diagram shows how Fourier
inconsistencies manifested through a fewer number of diffraction peaks resulted in
distortions in EDP at the alkyl chain region. In the presence of higher diffraction peaks,
lateral detail emerges resulting in fewer fluctuations and a more accurate spatial

representation.
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Figure 7.14: Plot of the model EDP for SLI (top), experimental EDP at 40°C derived
from Phase Combination (8) (middle) and a DFT model of a tilted lamellar bilayer
structure (bottom). Colourmap corresponds to the electrostatic potential ranging from

negative (blue) to positive (red).
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Figure 7.15. Schematic depicting the influence of an increasing number of diffraction
peaks on the resulting EDP for organic DOPC lamellar bilayers. Data corresponds
to a study on the lamellar bilayer structuring of long chain ethanolamine

molecules.”’%! Plot edited and adapted from Rappolt et al.*”"
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Temperature (°C)

Electron Density

Figure 7.16. Temperature-resolved electron density profiles (EDPs) of the lamellar
bilayer of Phase A in SLI. Derived from the Gaussian functions of the 00l small angle

X-ray scattering reflections in a — + — —— phase combination.

Figure 7.16 depicts how the experimental EDP of SLI changes as a function of
temperature. As the material was heated from 40°C to 160°C, an increasing intensity
in electron density was indicative of increasing structural order of the primary lamellar
phase. The subsequent decrease in intensity at higher temperature was possibly
resultant from the presence of additional species in the system (Phase C) which
disrupted the structural order within Phase A. Through comparison with the
experimental EDP and the measured lamellar bilayer spacing, a measurement of the
lamellar tilt angle was obtained to characterise the temperature-dependent change

structural order.

7.3.4. Lamellar Tilt Angle Measurement Angle of Phase A

The lamellar tilt angle was estimated through trigonometric treatment of lamellar
spacing data using the length of a single molecule (Eq. (25)). In order to obtain an ab-
initio estimation of molecular length in the crystalline phase without reference to
PXRD data, a van der Waals surface was fitted to the DFT-derived structure of SLI.
The corresponding image depicted in Figure 7.17 indicates that the molecular length
representative of packing within the crystalline phase was 27.2 A. When combined

with the temperature-dependent change in lamellar bilayer spacing and EDP data, this
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DFT measurement was used to calculate the change in lamellar tilt angle as a function

of temperature. The corresponding data is displayed in Figure 7.18.

27.20A

Figure 7.17: van der Waals radius of SLI calculated from its DFT-based geometry
optimization using the Def2-TZVP basis set and B3LYP-D3 functional. Volumetric
surface obtained via the volumetric tool in Materials Studio 17.0 using an ultra-fine

grid resolution and vdW scale factor of 1.0.
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Figure 7.18: Lamellar spacing (nm) and bilayer tilt angle (°) of Phase A in SLI, as a
function of temperature. Measurements obtained from the scattering angle of the fitted
Gaussian function corresponding the 001 SAXS reflection at temperatures between 40
and 225°C. Column chart displays the change in peak scattering intensity over the
same SAXS experiments between 40 and 225°C.
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The tilt angle at 40°C correlates moderately well with the 48° measured with the
atomistic crystal structure of SLI measured via PXRD. A study by Tristam-
Naegle ef al. into the measurement of lamellar tilt angles via SAXS discusses how
uncertainty in the precise dimensions of the lipid molecules can lead to errors of up to
5° in the corresponding tilt angle, particularly concerning the measurement of hydrated
lipid layers.!*’”! Although vdW forces were used to represent molecular spacing in the
crystalline phase, the presence of highly charged functional groups such as the ionic
Na-sulfonate interaction in SLI, may require an additional coulombic interaction to
further reduce the 2° deviation measured in this experiment. In the PXRD study of
SLI, the sample also exhibited some line broadening indicative of imperfect
crystallinity in the solid-state. This disorder in the chain packing could have also
contributed to the 1-2° difference in tilt angle between the two measurements.
Nevertheless, the correlation indicates that a combination of SAXS and DFT could be
useful for obtaining a representation of structural order within less ordered systems,

particularly when atomistic structural data is unavailable.

There was a decrease in lamellar tilt angle with an increase in temperature between
40°C and 150°C. Whilst thermal expansion could lead to the observed increase in
lattice dimensions, the reduction in tilt angle with temperature also coincides with an
increase in scattering intensity. This distinct change in structure indicates an increase
in order through crystalline annealing. The EDP data in Figure 7.16 shows greater
fluctuation across the lamellar bilayer as temperature is increased to further support
this. Figure 7.7 and Figure 7.8 also show how the sample at 40°C appears to be a
mixture of Phases A and B with a respective composition of 81% and 19% respectively
based on the peak area of the corresponding first-order reflections. The
aforementioned increase in structural order therefore occurs as the composition of
Phase B decreases from 19% at 40°C, to undetectable levels at 150°C. The highest
peak scattering intensity is observed at this temperature indicating that this is the state
of highest structural order within the experimental range, which suggests that the
annealing process corresponds specifically to the increased prevalence and structural

order of Phase A.

This annealing of a metastable phase to form a more stable structure corresponds with
the phase behaviour exhibited by sodium carboxylates. Ferguson et al. reported the

presence of metastable phase in the melt crystallisation of sodium carboxylates.!?*’!
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This was further confirmed by Buerger ef al. who specifically reported its presence in
sodium laurate.?® Ferguson stated that the metastable phase formed under upon melt
crystallisation but transitioned into a more orthodox phase once the material had been
handled during the commercial manufacturing processes. In a much later publication,
Hill et al. suggest that the mechanical action through downstream processing may have
introduced energy into the system to promote the transition to the more stable

2521 The SLI in this study was similarly acquired through rapid cooling of the

phase.!
liquid melt and the increase in temperature from the X-ray analysis may be introduced
a stabilising effect similar to that described for the manufacture of carboxylate soaps.
Ferguson also reported a 0.1 nm increase in d spacing between the two carboxylate
phases. Whilst no further lattice dimensions were provided, this correlates well with

the observed increase in spacing measured in the current study.

At much higher temperatures of between 150°C and 200°C, Phase A exhibits a gradual
decrease in both lamellar spacing and scattering intensity. In this instance, this disorder
in Phase A coincides with the appearance and increasing prevalence of the
uncharacterised Phase C and return of a co-existing lamellar Phase B’. Beyond 200°C,
there is a more notable increase in tilt angle. However, because this is coupled with a
significant decrease in scattering intensity, the increase is likely representative of a
reduction of crystalline ordering in the system rather chain specific chain tilting.
Previous DSC analyses of SLI report a solid-solid phase transition commencing at
~200°C. Retention of the lamellar structure through the 001 reflection, together with
a substantial reduction in subsequent diffraction suggests that this could be a rotator
phase (similar to the lamellar phase in Figure 7.1) where long-range positional order
of alkyl chains is lost but the three-dimensional positions of molecules within the

crystalline lattice are preserved.

7.3.5. Characterisation of Phase B via Molecular Mechanics

The DVS analysis of SLI (Section 4.3.5) indicated that at humidity levels beyond 50%,
the molecule is prone to hydration and a hemi-hydrated structure is plausible based on
the measured changes in mass. The previous chapter also highlighted how an increase
in headgroup size accompanying hydration in dodecyl chained surfactants, resulted in
an increase in lamellar tilt angle and concurrent reduction in bilayer spacing (Table

6.5). Phase B, co-existing with Phase A at temperatures below 150°C, exhibits a
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reduced lamellar spacing of 3.67 nm compared with the 3.82 nm corresponding to
Phase A. Humidity levels at the time of measurement varied between 77% and 93%
which are far beyond the levels at which molecular hydration is expected to occur. To
assess the plausibility of Phase B as a hemihydrate of anhydrous SLI, a water molecule
was introduced into the crystal structure of SLI and an energetic optimisation was

executed. The resulting structure is displayed in Figure 7.19.

The long crystallographic axis was fixed at 3.67 nm to reflect the measured spacing of
the proposed Phase B. However, no further restrictions were imposed on lattice
parameters, unit cell type, symmetry or atomic positions. Despite a significant number
of degrees of freedom, the optimisation retained the lamellar bilayer structure
characteristic of anhydrous SLI and other long-chained organic surfactants. Figure
7.19 b shows the hemi-hydrated structure is predicted to display a hexagonal packing
arrangement between adjacent lamellar bilayers. Figure 7.19 a and c¢ further
demonstrate how the water molecule stabilises bilayer stacks by bridging between
head groups of alternate molecule in adjacent layers. While the ¢ axis length is
relatively unchanged with hydration, the b axes decreased from 9.7 A in the anhydrous
structure to 7.1 A in the hemi-hydrate. This suggests the hydrogen bonding between
adjacent lamellar bilayers pulls them closer together, thereby reducing the inter-
lamellar spacing when compared with the anhydrous structure. Like SDS, the hemi-
hydrated structure of SLI retained its monoclinic cell type with hydration. The B angle,
however, was predicted to decrease from 95° to 85° to accommodate the increase in

lamellar tilt angle.
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b)

Figure 7.19: Predicted structure of the hemi-hydrated SLI.1/2H,O generated by
introducing water into the crystal structure of SLI. Figure displays a) structure of a
single lamellar bilayer, b) packing of adjacent lamellar layers and c) molecular

interaction between molecules in adjacent layers.

The anhydrous structure was predicted to exhibit an all-trans arrangement, where all
molecules exhibit bond torsions of ~180°, analogous to that of a single molecule in
vacuum. One of the molecules in the hydrated structure, however, exhibited a gauche
conformation at the C12-O1-C13-C14 position, where the corresponding torsion angle
is 139.4°. A conformational energy analysis of SLI was executed in the previous
chapter. Figure 6.7 shows that while the energy minima for the 4-bond torsion in
question exist at ~85°, 180° and 275°, the energy penalty resulting from the 139°
torsion angle is < 2 kcal/mol using the COMPASS-II forcefield. Figure 7.19¢ further

shows that in the hemihydrated structure, the gauche conformation has rotated the
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sulfonate group to permit hydrogen bonding with the water molecule. This alternating
trans/gauche conformation in adjacent molecules to maximise hydrogen bonding is

also observed in the hydrated form of SDS.[!%"]

Despite the change in conformation, the total energy of the hydrated system is likely
to be lower than that of the anhydrous structure as a result of these additional
stabilising interactions. The lattice energy of anhydrous SLI was calculated to
be -51.24 kcal/mol in the previous chapter. Through comparison of the total energy of
the hemi-hydrated SLI fragments in vacuum, with the total energy of the hemi-
hydrated structure in the crystalline phase, the lattice energy of SLI.1/2H,O was
similarly calculated to be -72.41 kcal/mol. The predicted hydrate structure displays
analogous coulombic interactions between the Na" cations and SO3™ anions present in
the anhydrous form. However, the additional hydrogen bonding introduced by water
molecules between adjacent surfactant layers, has further decreased the lattice energy.
The synthon analysis of SLI also highlighted the van der Waals interactions between
hydrocarbon chains, as a stabilising component in the crystalline lattice. The decreased
spacing between lamellar layers in the hydrated state could have resulted in stronger
attractive forces between adjacent layers, thus further reducing the lattice energy to
the observed levels. This combination of favourable thermodynamics over the
anhydrous structure, explain how the presence of water could lead to the predicted
changes in the crystal structure of SLI. Table 7.2 (an extension of Table 6.5) displays
the published trends between head group volume and lamellar tilt angle in various
dodecyl chained sulfur-based anionic surfactants. In this regard, the structure proposed
for SLI.1/2H>0O correlates with both the anhydrous structure of SLI and previously
published trends in the structure of SDS, in its varying hydrated states.
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Table 7.2. Influence of headgroup size on lamellar tilt angle of various dodecyl
chained sulfur-based anionic surfactants. Headgroup volumes correspond to the van
der Waals volume of the head group in the crystalline phase, as calculated from their

respective CIF files.

Surfactant System Hslaocll.(.(;'g\cg))u P La';nneg;:zr(;l)' it
SDS*[2%¢] 93.6 15
SDS.1/8H,01% 96.6 10
SDS.1/2H,01%0] 105.0 40
SDS.H,0f4] 126.2 45
SLI* 156.3 48
SLI.1/2H,0 % 166.5 50

* = Structure obtained via powder X-ray diffraction. I = Structure
generated via molecular mechanics calculation.

7.4. Conclusion

The temperature-dependent change in structure of sodium lauroyl isethionate (SLI)
was measured via small angle X-ray scattering (SAXS). Characteristic 00/ reflections
confirmed the presence of multiple co-existing lamellar structures in the solid phase.
Following the establishment of Type 1 thermal disorder, Gaussian functions were
fitted to 00/ peaks to determine the electron density profile (EDP) across the lamellar
bilayer. An apriori model of expected EDP derived via DFT, indicated that the
— + — — —phase combination was most representative of SLI, correlating with previous
analyses of long chain hydrocarbons existing in the lamellar phase. When coupled
with the molecular dimensions generated via DFT, the SAXS data indicated the
primary phase existing at room temperature (Phase A) annealed with increasing
temperatures of up to 150°C. A decrease in lamellar tilt angle, coupled with an
increased lamellar spacing was observed. This potentially corresponds with the
manufacture of sodium laurate, where a metastable phase was first observed upon melt
crystallisation before more stable phases were formed, with a similar increase in

lamellar spacing to that observed in this study.
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The appearance of additional phases beyond this temperature are proposed to reduce
the structural order in the system, due to the consequential reduction in scattering
intensity and tilt angle. When compared with the phase behaviour of sodium
carboxylates, SLI therefore exhibits evidence of both the ‘crystal’ tilted lamellar phase
at lower temperatures and a perpendicular ‘lamellar’ phase of lower tilt angle at high
temperatures. Further study incorporating higher angle diffraction may determine
whether Phase C corresponds to the ‘ribbon’ phase exhibited by analogous systems at
intermediary temperatures. Given the correlation between structure and properties
identified in analogous long chain lipid systems, it is hoped that future physical
characterisation of the identified phases could help develop a fundamental
understanding of the influence of process conditions on the performance of isethionate

ester surfactants.

The secondary phase co-existing at lower temperatures was proposed to be the hemi-
hydrated form of SLI following correlation with previous DVS data. In a manner
similar to the hydration of SDS, the hemi-hydrated structure retains its monoclinic
lattice type, whilst exhibiting a reduced spacing in the principle axis. Hydrogen
bonding between water molecules and alternate surfactants in adjacent lamellar layers
were found to contract the spacing between layers, whilst simultaneously introducing
a gauche conformation in alternate molecules to optimise hydrogen bonding. When
compared with the existing structural trends correlating head group volume with
lamellar tilt angle, both the anhydrous and predicted hemihydrate structure of SLI
conform to the previous structures of dodecyl chained sulfur-based anionic

surfactants, in varying states of hydration.

Existing high resolution powder diffraction from the previous chapter was utilised for
the atomistic postulation of a hemi-hydrated structure of Phase B. The novel
combination of DFT and SAXS utilised for the characterisation of Phase A, however,
demonstrates how a molecular scale structural analysis of solid lamellar phases can be
achieved in the absence of high-quality wide-angle diffraction data beyond Q =1 A"l
In this study, the electron density profiles (EDP) generated via SAXS and DFT yielded
structures of a tilt angle similar to that measured via PXRD in the previous chapter.
The observed internal correlation between the SAXS-derived and DFT-derived EDPs
could increase confidence in the proposed combined approach had this data not been

available. In commercial surfactants, the presence of impurities, unreacted reagents

- 160 -



and varying chain lengths typically render the challenging atomistic instrumental
analyses presented in the previous chapter almost impossible to achieve due to the
resulting loss in critical high angle diffraction data. The techniques presented in this
study are therefore extremely valuable for improving the identification and

characterisation of phases in complex, multi-component surfactant systems.
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Chapter 8: Conclusion

Synopsis: This chapter draws together the outcomes of the preceding chapters for a
holistic assessment of their contributions to the aims and objectives of the project. The
section is concluded with suggestions on how the research could progress in the future

to maximise impact on the optimisation of isethionate ester surfactant manufacture.
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8.1. Conclusion

An absence of fundamental research into the chemistry, structure and properties of
isethionate ester surfactants has resulted in notable shortcomings in the manufacture
of modern personal care products. The structures of traditional sodium carboxylate
soaps were extensively studied throughout the 20" century. The resulting research on
their complex phase behaviour and consequential influence of process conditions was
used to create structure-property models to optimise manufacturing processes for the
production of personal care products with desirable performance characteristics.

Olsen’s three link chain rule was identified as a means of developing a similar level
of knowledge with respect to the isethionate ester manufacturing process. Through a
detailed characterisation of molecular structure under both ambient and dynamic
process conditions, this research aimed to develop the foundations upon which a
holistic understanding of the system could be achieved.

Due to the compositional complexity of industrial isethionate surfactants, a
chromatographic analysis was first conducted on a commercial blend of isethionate
reagents to identify a species upon which a model surfactant system could be
developed. The resulting chain length analysis indicated that the dodecyl chain length
was the most abundant constituent. The isethionate derivate, sodium lauroyl
isethionate (SLI) was therefore selected as a model detergent for the study.

As a result of the limited commercial availability of pure isethionate derivatives, a
review of the patent literature pertaining to isethionate esters was conducted to assist
in the development of a synthesis procedure. Key aspects of the commercial
manufacturing process were identified and integrated into a laboratory scale reactor.
SLI was subsequently synthesised at the laboratory scale without the use of ancillary
solvent, chlorinated species or catalysts. The reaction time of 4-6 hrs, reaction
temperature of ~240°C and obtained purity levels of 83% were in line with previous
synthesis processes. Three consecutive recrystallisations of SLI in methanol resulted

in purity levels of 98%.

A subsequent polythermal solubility analysis of SLI in methanol generated
temperatures and concentrations through which the material could be purified via
cooling crystallisation. Whilst these parameters could be scaled-up for commercial
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purification of isethionate esters, the data provided a means through which a
reproducible surfactant could be obtained for further structural analysis.

A physicochemical analysis of SLI confirmed degradation onset temperatures of
300°C under dynamic heating. A more comprehensive kinetic analysis of the thermal
degradation process confirmed mass loss to be 28 times higher in air than N2. In
addition to recommendations for stringently inert process conditions, the validated
predictive models from this analysis suggest that reaction temperatures could be
increased to 250°C for an increased reaction rate, before significant increases in
degradation would be observed. Given that changes in performance-critical
characteristics such as activity levels, colour, and odour have been linked with
isethionate degradation, the limits to which the product is chemically stable under
varying temperatures can be valuable data for the optimisation of isethionate ester

surfactants manufacturing processes.

The ensuing study of evolved gases revealed production of carbon dioxide, carbon
disulfide, sulfur dioxide, water vapour and organic fragments at elevated temperatures.
The temperature-dependent data had the benefit of providing information on the
potential hazards associated with thermal degradation, whilst simultaneously
providing chemical insight of the degradation process that could be used for
performance modelling. The correlation between observed and predicted levels of
thermal degradation provided reliable models through which the reproducible
temperature-dependent structure of isethionate esters could be measured without
risking unexpected changes in chemical composition.

Due to the lack of structural data on solid isethionate ester surfactants, a detailed
characterisation of pure SLI under ambient conditions was conducted before a
temperature-dependent analysis of SLI. While single crystal X-ray diffraction is the
most common technique for acquiring atomistic crystal structures, a microscopic
analysis of the crystals following purification of SLI revealed a plate-like morphology,
where a restricted z-axis encumbered the acquisition of single crystal data of suitable
quality. Following a literature review on crystal structures of sodium carboxylate
soaps and other dodedyl-chained sulfur-based surfactants, the crystal structure of SLI
was determined through combined powder X-ray diffraction and molecular
simulation. The crystal lattice was found to exhibit a monoclinic unit cell with P 21/c

space group, similar to the anhydrous structure of sodium dodecyl sulfate (SDS).
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A molecular-mechanics based global optimisation of potential structures yielded a
trans-trans tilted lamellar bilayer conformation. This structure was found to exhibit
good agreement with the experimental X-ray diffraction data, the known structure of
SDS, as well as the crystal structures exhibited by pure sodium carboxylate soaps
under ambient conditions. SLI was found to reflect general structural trends of
increasing lamellar tilt angle with increasing headgroup size, as exhibited by other
sulfur-based dodecyl-chained surfactants. In addition to increasing the credibility of
these trends, the correlation raises confidence in the observed atomistic crystal
structure.

A detailed characterisation of the intermolecular interactions constituting the structure
of SLI provided insight into the thermodynamics governing the stability of the tilted
lamellar bilayer conformation ubiquitous to anionic surfactants. Crystalline stability
was found to be dominated by coulombic interactions between anionic sulfonate
groups and Na cations. A non-coulombic component of 35%, however, indicated that
the observed atomic interdigitation between alkyl chains was also attributable for the
observed solid-state stability. The specific combination of molecular mechanics and
PXRD used for the crystal structure analysis of SLI is novel in the study of anionic
surfactants. Due to the pervasiveness of plate-like morphologies in such surfactant
systems, the methodologies described here for the solution of crystal structures also
provide an invaluable workflow for the study of other surfactant systems when single

crystal analysis are precluded due to particle morphology.

The atomistic crystal structure analysis provided a wealth of physical data on highly
ordered crystalline phases. In commercial surfactants systems, however, lower purity
levels, mixtures of carbon chain lengths and non-ideal crystallisation conditions lead
to materials of lower structural order. A review of traditional soaps confirmed
decreasing structural order with temperature, where poor levels of X-ray diffraction
were likely to obfuscate the data required for such analyses. The temperature-
dependent structural analysis of SLI employed a combination of small angle X-ray
scattering and molecular modelling techniques to permit an in-situ analysis of the
material during typical manufacturing conditions. As with sodium carboxylate soaps,
pure SLI was found to exhibit a rich, combination of phases when exposed to varying
temperatures. A representation of the primary crystalline phase under ambient
conditions could be observed and characterised using an electron density profile
(EDP) produced from a combination of SAXS and DFT. Between 40 and 150°C, an
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increase in scattering intensity and structural order was observed, where the measured
increase in lamellar spacing (0.1 nm) correlated with the structural change associated
with the annealing of sodium laurate. Above 150°C, the appearance of additional
phases decreased the scattering intensity in the primary phase until isotropic melting
was observed at >220°C, as confirmed by DSC. When compared with the
thermotropic phases of traditional soaps published by Luzatti et al., clear evidence of
the low-temperature crystalline phases and high-temperature lamellar phases was
found. A powder diffraction analysis of the uncharacterised phase would confirm

whether the ribbon structure is also present between the two phases.

The physicochemical analysis of SLI indicated the possibility of hemi-hydration in the
crystal structure of SLI. Evidence of this phase was observed at temperatures below
150°C, and using a combination of SAXS and molecular mechanics the crystal
structure constrained to the measured lattice spacing was determined. The resulting
tilted bilayer structure conformed to the structural trends of observed in Chapter 6.
The molecular conformation resulting from favourable hydrogen bonding interactions
provided a thermodynamic explanation for the increases in tilt angle with hydration of
general sulfur-based anionic surfactants. In general, the phase behaviour of SLI
displayed strong correlation with the thermotropic phase behaviour of traditional soaps
with atomistic structures corresponding to those previously determined for dodecyl-
chain, sulfur-based anionic surfactants. This confirms that the wealth of structural-
performance data pertaining for the optimisation traditional soaps are highly relevant
for the design of future manufacturing processes pertaining to isethionate ester

synthesis.

The structural characterisation of amphiphilic molecules exhibiting a rich,
thermotropic phase behaviour can be challenging due to significant changes in
structural order exhibited with temperature. The synergistic combinations of
laboratory diffraction techniques, synchrotron radiation, molecular mechanics and
quantum mechanical methods demonstrated, provide a template through which future
structural characterisation of surfactant systems could be conducted, irrespective of
the structural order. Prior to further study, the data pertaining to the physical properties
of SLI, synthesis in the absence of catalysts, kinetic models of thermal stability,
degradation chemistry, purification via crystallisation, and performance in aqueous
environments can also be utilised to optimise and improve the current isethionate

manufacturing processes.
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8.2. Further Work

Beginning with the uncharacterised phase observed in the temperature-dependent
analysis of SLI, a combined SAXS-WAXS study would help confirm whether this
uncharacterised phase corresponds to the ribbon phase exhibited by sodium
carboxylate system. Scattering at wider angles will help determine if the packing of
alkyl chains is consistent with the expected spacings between ribbon chains, while the
sub-structures developed from independent regions of ribbon structuring can be
measured via SAXS.'*:273] Given that Phase C was not be observed in isolation in
this study, computational modelling will be needed in conjunction with experimental

techniques to deconvolute the scattering with respect to the desired phase.

The complex array of hydrates exhibited by SDS,!4% 1592381 coypled with the hemi-
hydration suspected in SLI, indicates that further effort should be dedicated to studying
the hydration of SLI and the resulting impact on its physical properties. Follow-up
research should consider varying matrices of temperatures and humidity levels to
ascertain whether additional phases are observable within a wider experimental space.
One possibility would be to crystallise the material in solvent environments of varying

aqueous content to determine the feasibility of high levels of hydration.

The introduction of water may lead to a multi-component study on the influence of
process parameters on structure in isethionate ester surfactants. While a benefit of
performance-focused process design is that process conditions can be used to develop
desirable performance characteristics from fewer constituent materials, additional
components are often required to meet manufacturing and market demands. In the
formulation of SLI-based solid formulations, residual fatty acid from the surfactant
synthesis is the second most abundant ingredient.['”) It has the functional benefit of
improving hardness and lathering ability, whilst simultaneously reducing material
cost.[** In the case of sodium palmitate soap, the presence of palmitic acid content on
the structure exhibited by the binary system has been studied. In addition to the
expected mixtures of various polymorphic phases, there are compositions in which the
fatty acid molecule acid is incorporated into the crystalline lattice at the molecular
level. A detailed characterisation of SLI and lauric acid, using both XRD and DSC,
would be useful to determine whether similar structures can be formed in the binary

acid-soap system of isethionate ester surfactants.
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Figure 8.1. Binary phase diagram displaying the complex phase behaviour of
palmitate acid (HP) and sodium palmitate (NaP) [sodium hexadecanoate]. NaH.P:
correspond to acid-soap structures where palmitic acid has incorporated itself into
the crystalline lattice of sodium palmitate in varying stoichiometries. D = anistropic

liquid soap. X = crystalline sodium palmitate.

If structure-performance models for isethionate ester surfactants are indeed desired,
then the final step of the process would be to isolate observed phase combinations and
measure the physical properties underpinning desirable performance characteristics.
Since traditional testing methods for solid soap formulations consist predominantly of
subjective consumer-based testing methodologies,*”) the key performance criteria of
such products could be improved via quantification through more reproducible
scientific methods. Beyond visual assessment, the physical appearance and
‘whiteness’ of formulations could be measured via colorimetric techniques.?’®
Intrinsic properties such as the hardness of the finished product could be measured via

atomic force microscopy or indentation techniques.!*’!

‘Washdowns’, which typically
consist on consumer testing, could then be supplanted by tribological studies involved
varying degrees of aqueous content to quantitively characterise bar feel and wet

2801 The dynamic structure of such systems, with respect to varying aqueous

usage.!
content is an established field which utilises a range of methods including small angle
X-ray scattering, calorimetry, light scattering and optical microscopy.'**!! Through a
combination of data derived from solid and aqueous studies, a holistic representation

of structure and performance of solid soap formulations could be achieved.
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Appendix

Table A.1. Friedman-derived activation energies for the degradation of SLI in N>.

. Ea Error Adj. R-
v} Intercept Error Gradient Error (kimol)  (k/mol)  Square
0.01 19.70 0.87 -18425 514 153.19 4.27 0.9977
0.02 21.07 141 -17370 839 144.42 6.98 0.9930
0.03 20.82 1.07 -16963 644 141.04 5.36 0.9957
0.04 20.76 1.03 -16792 619 139.61 5.14 0.9959
0.05 21.37 0.75 -17091 452 142.10 3.76 0.9979
0.06 21.05 0.67 -16849 406 140.09 3.38 0.9983
0.07 21.36 0.44 -17006 268 141.39 2.23 0.9993
0.08 21.78 0.59 -17239 360 143.33 2.99 0.9987
0.09 21.93 0.71 -17319 434 144.00 3.61 0.9981
0.10 21.56 0.59 -17077 363 141.99 3.02 0.9986
0.11 22.63 0.38 -17724 236 147.37 1.96 0.9995
0.12 21.86 0.60 -17256 371 143.48 3.09 0.9986
0.13 23.02 0.41 -17960 254 149.33 211 0.9994
0.14 22.61 0.50 -17707 312 147.23 2.59 0.9991
0.15 22.81 0.55 -17839 338 148.33 2.81 0.9989
0.16 23.03 0.48 -17973 295 149.43 2.45 0.9992
0.17 24.21 0.61 -18710 376 155.56 3.13 0.9988
0.18 23.90 0.73 -18526 451 154.03 3.75 0.9982
0.19 24.29 0.61 -18772 377 156.08 3.13 0.9988
0.20 24.68 0.66 -19022 410 158.16 3.41 0.9986
0.21 24.53 0.83 -18934 517 157.42 4.30 0.9978
0.22 24.45 0.57 -18899 359 157.13 2.98 0.9989
0.23 24.32 0.63 -18831 397 156.57 3.30 0.9987
0.24 24.53 0.67 -18977 420 157.78 3.49 0.9985
0.25 25.04 0.75 -19302 472 160.48 3.93 0.9982
0.26 24.73 0.84 -19123 525 159.00 4.37 0.9977
0.27 24.87 0.75 -19234 469 159.92 3.90 0.9982
0.28 24.60 0.74 -19078 465 158.62 3.87 0.9982
0.29 24.82 0.67 -19231 420 159.89 3.49 0.9986
0.30 25.14 0.64 -19454 402 161.75 3.34 0.9987
0.31 24.86 0.87 -19297 550 160.45 4.57 0.9976
0.32 24.70 1.10 -19221 694 159.82 5.77 0.9961
0.33 24.90 1.07 -19372 678 161.07 5.64 0.9963
0.34 24.49 1.18 -19138 750 159.13 6.24 0.9954
0.35 24.75 1.05 -19334 664 160.75 5.52 0.9965
0.36 24.70 1.22 -19339 776 160.79 6.45 0.9952
0.37 24.73 1.26 -19400 801 161.30 6.66 0.9949
0.38 24.33 1.18 -19183 753 159.50 6.26 0.9954
0.39 24.47 1.34 -19317 854 160.61 7.10 0.9942
0.40 25.18 1.09 -19812 696 164.72 5.78 0.9963
0.41 25.41 0.96 -19993 615 166.23 5.11 0.9972
0.42 25.83 0.85 -20305 545 168.83 4.53 0.9978
0.43 26.08 0.69 -20502 446 170.47 3.70 0.9986
0.44 26.79 0.76 -20980 490 174.44 4.08 0.9984
0.45 26.75 0.72 -20971 463 174.36 3.85 0.9985
0.46 27.15 0.93 -21239 601 176.59 5.00 0.9976
0.47 26.92 1.09 -21081 702 175.28 5.84 0.9967
0.48 26.97 1.16 -21095 749 175.39 6.23 0.9962
0.49 27.37 1.13 -21326 732 177.32 6.08 0.9965
0.50 26.20 1.29 -20547 836 170.83 6.95 0.9951
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. Ea Error Adj. R-

a Intercept Error Gradient Error (kJ/mol)  (kJ/mol)  Square
0.51 27.07 111 -21073 719 175.21 5.98 0.9965
0.52 26.98 1.04 -20978 675 174.42 5.61 0.9969
0.53 26.23 111 -20459 718 170.11 5.97 0.9963
0.54 26.03 1.17 -20294 761 168.74 6.32 0.9958
0.55 25.83 0.98 -20146 636 167.51 5.29 0.9970
0.56 25.31 1.16 -19783 753 164.48 6.26 0.9957
0.57 24.88 1.18 -19477 768 161.94 6.39 0.9953
0.58 25.28 0.74 -19709 484 163.87 4.03 0.9982
0.59 25.23 0.76 -19663 497 163.48 413 0.9981
0.60 24.93 0.91 -19455 596 161.76 4.95 0.9972
0.61 24.82 1.26 -19371 819 161.06 6.81 0.9947
0.62 24.34 1.38 -19054 901 158.42 7.49 0.9933
0.63 23.85 1.62 -18737 1058 155.79 8.79 0.9905
0.64 23.60 1.96 -18565 1281 154.36 10.65 0.9859
0.65 23.55 2.03 -18533 1327 154.09 11.03 0.9848
0.66 23.20 1.91 -18310 1250 152.24 10.39 0.9861
0.67 22.59 2.12 -17928 1385 149.06 11.52 0.9823
0.68 22.43 2.22 -17829 1453 148.24 12.08 0.9803
0.69 22.23 2.36 -17713 1543 147.27 12.83 0.9776
0.70 22.13 2.30 -17661 1506 146.84 12.52 0.9785
0.71 21.49 2.58 -17265 1689 143.55 14.04 0.9718
0.72 21.03 2.89 -16984 1895 141.22 15.76 0.9635
0.73 20.71 2.62 -16814 1717 139.80 14.28 0.9693
0.74 20.61 1.72 -16798 1129 139.67 9.39 0.9866
0.75 19.63 2.12 -16224 1393 134.90 11.58 0.9782
0.76 19.96 1.88 -16511 1232 137.28 10.24 0.9835
0.77 20.28 0.93 -16820 608 139.85 5.06 0.9961
0.78 21.14 1.99 -17512 1310 145.60 10.89 0.9834
0.79 24.61 1.55 -19937 1022 165.76 8.50 0.9922
0.80 28.08 2.27 -22348 1494 185.81 12.42 0.9867
0.81 27.73 2.79 -22180 1843 184.41 15.32 0.9796
0.82 25.03 3.27 -20425 2163 169.82 17.99 0.9671
0.83 21.76 3.40 -18283 2249 152.02 18.70 0.9559
0.84 17.11 4.41 -15262 2925 126.89 24.32 0.8973
0.85 13.19 4.95 -12725 3289 105.80 27.34 0.8232
0.86 7.68 5.94 -9184 3947 76.36 32.82 0.5954
0.87 311 7.46 -6284 4973 52.25 41.35 0.1659
0.88 -1.01 7.87 -3678 5262 30.58 43.75 -0.2055
0.89 -3.11 6.53 -2443 4382 20.31 36.43 -0.2982
0.90 -1.69 3.63 -3634 2448 30.21 20.35 0.2864
0.91 3.55 2.08 -7518 1412 62.51 11.74 0.9012
0.92 9.83 1.45 -12144 994 100.97 8.26 0.9802
0.93 15.25 1.39 -16174 965 134.47 8.02 0.9894
0.94 19.45 1.07 -19327 752 160.69 6.25 0.9955
0.95 21.24 1.38 -20779 976 172.77 8.12 0.9934
0.96 20.95 2.53 -20737 1813 172.42 15.07 0.9774
0.97 19.99 2.89 -20252 2094 168.38 17.41 0.9686
0.98 19.70 1.30 -20353 951 169.22 7.90 0.9935
0.99 20.70 0.86 -21542 641 179.11 5.33 0.9974
1.00 22.24 2.49 -23851 1901 198.31 15.80 0.9812
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Table A.2. KAS-derived activation energies for the thermal degradation of SLI in Na.

. Ea Error Adj. R-
v} Intercept Error Gradient Error (ki/mol)  (kd/mol)  Square
0.01 20.53 1.14 -18011 673 149.75 5.60 0.9958
0.02 19.58 1.17 -17691 697 147.09 5.79 0.9954
0.03 19.03 1.10 -17490 663 145.42 551 0.9957
0.04 18.66 1.06 -17354 638 144.29 5.30 0.9960
0.05 18.43 1.02 -17289 616 143.75 5.12 0.9962
0.06 18.23 0.98 -17224 594 143.21 4.94 0.9964
0.07 18.07 0.92 -17181 561 142.85 4.66 0.9968
0.08 17.97 0.89 -17167 542 142.74 451 0.9970
0.09 17.89 0.84 -17157 514 142.65 4.28 0.9973
0.10 17.80 0.81 -17139 497 142.50 4.13 0.9975
0.11 17.77 0.77 -17158 476 142.66 3.96 0.9977
0.12 17.70 0.75 -17151 459 142.60 3.82 0.9979
0.13 17.69 0.71 -17178 438 142.82 3.65 0.9981
0.14 17.65 0.69 -17186 424 142.89 3.53 0.9982
0.15 17.64 0.67 -17205 417 143.05 3.47 0.9982
0.16 17.62 0.65 -17224 405 143.21 3.37 0.9983
0.17 17.66 0.63 -17275 391 143.63 3.25 0.9985
0.18 17.68 0.61 -17314 380 143.96 3.16 0.9986
0.19 17.71 0.59 -17360 369 144.34 3.07 0.9987
0.20 17.76 0.57 -17414 358 144.79 2.98 0.9987
0.21 17.79 0.55 -17456 344 145.14 2.86 0.9988
0.22 17.82 0.54 -17497 339 145.48 2.82 0.9989
0.23 17.84 0.53 -17536 334 145.80 2.78 0.9989
0.24 17.87 0.54 -17576 335 146.13 2.79 0.9989
0.25 17.91 0.53 -17627 332 146.56 2.76 0.9989
0.26 17.94 0.53 -17666 330 146.89 2.75 0.9990
0.27 17.98 0.54 -17714 337 147.28 2.80 0.9989
0.28 18.00 0.54 -17751 337 147.59 2.80 0.9989
0.29 18.04 0.54 -17796 340 147.97 2.83 0.9989
0.30 18.08 0.54 -17843 341 148.35 2.84 0.9989
0.31 18.11 0.55 -17884 348 148.69 2.89 0.9989
0.32 18.13 0.57 -17923 360 149.02 2.99 0.9988
0.33 18.17 0.58 -17965 370 149.37 3.08 0.9987
0.34 18.18 0.61 -17997 385 149.63 3.20 0.9986
0.35 18.21 0.63 -18038 397 149.97 3.30 0.9986
0.36 18.24 0.65 -18078 410 150.31 3.41 0.9985
0.37 18.26 0.67 -18119 424 150.65 3.53 0.9984
0.38 18.28 0.69 -18152 437 150.92 3.63 0.9983
0.39 18.30 0.71 -18190 455 151.24 3.78 0.9981
0.40 18.35 0.73 -18249 465 151.73 3.87 0.9981
0.41 18.41 0.74 -18316 471 152.28 3.91 0.9980
0.42 18.49 0.74 -18396 476 152.95 3.95 0.9980
0.43 18.59 0.74 -18483 474 153.68 3.94 0.9980
0.44 18.70 0.73 -18584 470 154.51 3.91 0.9981
0.45 18.81 0.72 -18680 464 155.31 3.86 0.9982
0.46 18.92 0.71 -18776 459 156.12 3.82 0.9982
0.47 19.02 0.70 -18863 450 156.84 3.74 0.9983
0.48 19.10 0.69 -18938 444 157.46 3.69 0.9984
0.49 19.18 0.68 -19012 437 158.07 3.63 0.9984
0.50 19.21 0.68 -19052 437 158.41 3.63 0.9984
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. Ea Error Adj. R-
a Intercept Error Gradient Error (kJ/mol)  (kJ/mol)  Square
0.51 19.26 0.66 -19103 430 158.83 3.58 0.9985
0.52 19.30 0.67 -19147 431 159.20 3.58 0.9985
0.53 19.32 0.64 -19177 415 159.45 3.45 0.9986
0.54 19.34 0.64 -19201 415 159.65 3.45 0.9986
0.55 19.34 0.63 -19219 412 159.79 3.42 0.9986
0.56 19.34 0.62 -19228 404 159.87 3.36 0.9987
0.57 19.33 0.62 -19235 406 159.93 3.38 0.9987
0.58 19.33 0.62 -19245 403 160.01 3.35 0.9987
0.59 19.31 0.61 -19249 395 160.04 3.28 0.9987
0.60 19.30 0.60 -19251 391 160.06 3.25 0.9988
0.61 19.29 0.60 -19252 394 160.07 3.27 0.9988
0.62 19.27 0.61 -19251 399 160.06 3.32 0.9987
0.63 19.23 0.62 -19239 405 159.96 3.36 0.9987
0.64 19.20 0.63 -19228 414 159.87 3.44 0.9986
0.65 19.17 0.66 -19217 428 159.78 3.56 0.9985
0.66 19.13 0.67 -19202 440 159.66 3.66 0.9984
0.67 19.08 0.69 -19180 452 159.47 3.76 0.9983
0.68 19.04 0.72 -19161 470 159.32 3.91 0.9982
0.69 18.99 0.75 -19138 488 159.12 4.06 0.9981
0.70 18.93 0.77 -19112 504 158.91 4.19 0.9979
0.71 18.87 0.80 -19083 523 158.66 4.35 0.9978
0.72 18.81 0.84 -19052 548 158.41 4.55 0.9975
0.73 18.73 0.87 -19011 568 158.06 4.72 0.9973
0.74 18.65 0.89 -18971 581 157.74 4.83 0.9972
0.75 18.54 0.92 -18912 602 157.24 5.01 0.9970
0.76 18.45 0.94 -18862 618 156.83 5.14 0.9968
0.77 18.35 0.92 -18814 604 156.43 5.02 0.9969
0.78 18.27 0.90 -18775 589 156.11 4.90 0.9971
0.79 18.27 0.87 -18803 574 156.33 4.77 0.9972
0.80 18.42 0.93 -18925 616 157.35 5.12 0.9968
0.81 18.56 1.01 -19043 666 158.33 5.54 0.9963
0.82 18.59 1.10 -19091 727 158.73 6.04 0.9957
0.83 18.48 1.18 -19042 783 158.33 6.51 0.9950
0.84 18.14 1.32 -18850 874 156.73 7.27 0.9936
0.85 17.60 1.49 -18522 991 154.00 8.24 0.9915
0.86 16.63 1.75 -17912 1166 148.93 9.69 0.9874
0.87 15.11 2.16 -16949 1442 140.92 11.99 0.9786
0.88 13.01 2.63 -15603 1758 129.73 14.62 0.9629
0.89 10.67 2.97 -14095 1996 117.19 16.60 0.9422
0.90 8.70 3.01 -12845 2033 106.80 16.91 0.9284
0.91 7.58 2.78 -12182 1887 101.29 15.69 0.9313
0.92 7.46 2.44 -12235 1675 101.73 13.93 0.9458
0.93 8.25 211 -12936 1463 107.55 12.16 0.9626
0.94 9.62 2.04 -14068 1429 116.97 11.88 0.9697
0.95 11.08 2.09 -15278 1485 127.03 12.34 0.9722
0.96 12.26 2.31 -16290 1656 135.44 13.77 0.9696
0.97 13.08 2.51 -17060 1815 141.85 15.09 0.9668
0.98 13.80 2.29 -17791 1675 147.92 13.93 0.9739
0.99 14.79 1.77 -18793 1317 156.26 10.95 0.9854
1.00 16.88 1.22 -20945 931 174.15 7.74 0.9941
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Table A.3. Friedman-derived activation energies for the degradation of SLI in Air.

. Ea Error Adj. R-

v} Intercept Error Gradient Error (ki/mol)  (kd/mol)  Square
0.01 -5.68 2.16 -962 1075 7.99 8.94 -0.0716
0.02 -3.73 2.02 -1990 1020 16.55 8.48 0.4838
0.03 -0.87 2.05 -3480 1047 28.93 8.71 0.7700
0.04 1.35 1.36 -4654 701 38.70 5.83 0.9350
0.05 2.86 1.10 -5482 575 45.58 4.78 0.9677
0.06 411 0.83 -6178 437 51.36 3.63 0.9851
0.07 5.30 0.79 -6869 419 57.12 3.48 0.9889
0.08 6.46 0.56 -7540 300 62.69 2.50 0.9953
0.09 7.37 0.86 -8096 465 67.32 3.87 0.9902
0.10 8.81 1.08 -8947 589 74.39 4.90 0.9871
0.11 11.13 0.70 -10300 385 85.64 3.20 0.9958
0.12 13.25 0.81 -11548 450 96.02 3.74 0.9955
0.13 14.90 0.79 -12526 442 104.14 3.68 0.9963
0.14 16.85 0.95 -13686 537 113.79 4.47 0.9954
0.15 18.37 0.78 -14586 443 121.28 3.69 0.9972
0.16 20.03 0.50 -15566 283 129.42 2.36 0.9990
0.17 20.53 0.66 -15875 380 131.99 3.16 0.9983
0.18 21.41 0.86 -16389 496 136.27 4.13 0.9973
0.19 21.78 0.64 -16615 372 138.15 3.09 0.9985
0.20 22.71 0.63 -17155 369 142.63 3.07 0.9986
0.21 22,51 0.93 -17043 542 141.70 451 0.9970
0.22 22.97 1.03 -17307 601 143.90 5.00 0.9964
0.23 23.21 1.38 -17453 808 145.11 6.72 0.9936
0.24 23.06 1.75 -17362 1029 144.36 8.56 0.9895
0.25 23.57 1.66 -17654 982 146.78 8.17 0.9908
0.26 23.30 1.95 -17499 1158 145.50 9.62 0.9870
0.27 23.18 2.24 -17433 1327 144.94 11.03 0.9828
0.28 23.61 2.33 -17682 1385 147.02 11.51 0.9818
0.29 23.38 2.37 -17546 1409 145.89 11.71 0.9809
0.30 23.05 2.53 -17353 1510 144.28 12.55 0.9776
0.31 22.95 2.76 -17292 1650 143.77 13.72 0.9732
0.32 23.34 242 -17514 1450 145.62 12.05 0.9797
0.33 22.83 2.55 -17218 1530 143.16 12.72 0.9767
0.34 22.64 2.68 -17110 1609 142.26 13.38 0.9739
0.35 22.39 2.65 -16963 1595 141.04 13.26 0.9739
0.36 22.72 2.35 -17155 1417 142.63 11.78 0.9798
0.37 22.46 2.37 -17001 1426 141.36 11.86 0.9792
0.38 22.28 2.45 -16905 1479 140.56 12.30 0.9774
0.39 21.87 2.29 -16659 1381 138.51 11.49 0.9797
0.40 21.82 2.18 -16633 1322 138.29 10.99 0.9813
0.41 22.26 1.95 -16895 1179 140.47 9.80 0.9855
0.42 21.81 1.96 -16638 1187 138.34 9.87 0.9849
0.43 21.55 1.89 -16485 1149 137.06 9.56 0.9856
0.44 21.63 1.97 -16544 1198 137.55 9.96 0.9844
0.45 21.45 1.94 -16442 1183 136.70 9.84 0.9846
0.46 22.05 1.65 -16808 1006 139.75 8.36 0.9893
0.47 21.85 1.82 -16694 1108 138.80 9.21 0.9869
0.48 21.69 1.89 -16606 1153 138.07 9.58 0.9857
0.49 21.75 2.09 -16654 1280 138.47 10.64 0.9825
0.50 21.68 2.18 -16614 1335 138.14 11.10 0.9809
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. Ea Error Adj. R-
a Intercept Error Gradient Error (kJ/mol)  (kJ/mol)  Square
0.51 22.01 2.31 -16831 1414 139.94 11.75 0.9791
0.52 22.07 2.32 -16868 1420 140.25 11.80 0.9790
0.53 21.72 241 -16671 1478 138.61 12.29 0.9768
0.54 21.81 2.72 -16739 1669 139.17 13.88 0.9708
0.55 21.80 2.81 -16748 1727 139.25 14.36 0.9688
0.56 21.59 2.75 -16630 1691 138.27 14.06 0.9696
0.57 21.32 2.77 -16485 1708 137.06 14.20 0.9685
0.58 21.27 2.78 -16472 1714 136.95 14.25 0.9682
0.59 21.24 2.67 -16472 1647 136.95 13.69 0.9706
0.60 21.42 2.77 -16606 1709 138.07 14.21 0.9689
0.61 21.11 2.64 -16437 1633 136.67 13.58 0.9710
0.62 20.63 2.67 -16167 1649 134.42 13.71 0.9694
0.63 20.02 2.99 -15820 1852 131.54 15.40 0.9600
0.64 19.94 2.67 -15791 1657 131.29 13.77 0.9677
0.65 19.78 2.82 -15726 1752 130.75 14.56 0.9637
0.66 19.78 2.73 -15759 1695 131.03 14.09 0.9661
0.67 18.72 2.93 -15130 1820 125.80 15.13 0.9578
0.68 18.46 2.93 -15011 1824 12481 15.16 0.9570
0.69 18.29 3.02 -14936 1882 124.19 15.65 0.9539
0.70 17.53 2.89 -14506 1806 120.61 15.02 0.9549
0.71 16.79 3.13 -14088 1959 117.13 16.28 0.9442
0.72 16.94 2.55 -14218 1598 118.22 13.28 0.9631
0.73 16.99 2.63 -14300 1644 118.90 13.67 0.9614
0.74 15.89 2.69 -13673 1685 113.68 14.01 0.9558
0.75 16.05 2.15 -13831 1350 115.00 11.22 0.9720
0.76 16.48 1.67 -14161 1052 117.74 8.75 0.9836
0.77 16.79 141 -14443 891 120.08 7.41 0.9887
0.78 17.90 0.49 -15219 312 126.54 2.59 0.9987
0.79 19.50 0.32 -16321 201 135.70 1.68 0.9995
0.80 21.58 1.19 -17733 757 147.44 6.29 0.9946
0.81 23.75 1.97 -19201 1251 159.65 10.40 0.9874
0.82 26.52 2.43 -21057 1548 175.08 12.87 0.9840
0.83 31.56 2.97 -24324 1898 202.24 15.78 0.9820
0.84 34.92 2.62 -26540 1677 220.67 13.94 0.9881
0.85 39.04 2.53 -29217 1627 242.93 13.53 0.9908
0.86 40.69 2.32 -30291 1495 251.86 12.43 0.9927
0.87 41.72 1.98 -30924 1276 257.12 10.61 0.9949
0.88 40.34 2.41 -29975 1556 249.23 12.93 0.9920
0.89 37.26 2.24 -27919 1447 232.13 12.03 0.9920
0.90 32.92 2.07 -25020 1344 208.03 11.18 0.9914
0.91 29.20 111 -22550 717 187.49 5.96 0.9970
0.92 26.54 1.06 -20772 687 172.71 5.71 0.9967
0.93 23.97 0.88 -19110 573 158.89 4.76 0.9973
0.94 23.13 0.71 -18581 465 154.49 3.86 0.9981
0.95 22.67 0.68 -18330 441 152.40 3.67 0.9983
0.96 21.44 0.83 -17617 541 146.48 4.50 0.9972
0.97 20.94 0.78 -17393 510 144.61 4.24 0.9974
0.98 18.71 0.24 -16135 158 134.15 1.31 0.9997
0.99 18.71 0.32 -16382 212 136.21 1.76 0.9995
1.00 24.06 1.08 -20400 708 169.62 5.89 0.9964
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Table A.4. KAS-derived activation energies for the thermal degradation of SLI in Air.

. Ea Error Adj. R-
v} Intercept Error Gradient Error (ki/mol)  (kd/mol)  Square
0.01 16.31 5.58 -12993 2783 108.03 23.14 0.8740
0.02 10.67 3.38 -10330 1708 85.89 14.20 0.9222
0.03 7.99 2.18 -9094 1117 75.61 9.29 0.9561
0.04 6.42 1.53 -8395 791 69.80 6.58 0.9738
0.05 5.44 1.12 -7981 585 66.36 4.87 0.9840
0.06 4.82 0.89 -7741 467 64.36 3.88 0.9892
0.07 4.45 0.72 -7627 384 63.41 3.19 0.9924
0.08 4.27 0.57 -7607 308 63.25 2.56 0.9951
0.09 4.22 0.47 -7657 255 63.67 2.12 0.9967
0.10 4.34 0.42 -7795 228 64.81 1.90 0.9974
0.11 4.70 0.42 -8074 230 67.13 1.91 0.9976
0.12 5.25 0.44 -8458 247 70.32 2.06 0.9974
0.13 5.86 0.44 -8874 248 73.79 2.06 0.9977
0.14 6.58 0.48 -9357 271 77.80 2.25 0.9975
0.15 7.35 0.51 -9864 291 82.01 2.42 0.9974
0.16 8.15 0.55 -10389 312 86.38 2.60 0.9973
0.17 8.87 0.60 -10861 343 90.30 2.85 0.9970
0.18 9.52 0.65 -11292 374 93.89 3.11 0.9967
0.19 10.11 0.70 -11690 404 97.20 3.36 0.9964
0.20 10.66 0.74 -12062 434 100.29 3.61 0.9961
0.21 11.13 0.80 -12380 465 102.93 3.87 0.9958
0.22 11.56 0.85 -12672 497 105.36 4.13 0.9954
0.23 11.95 0.91 -12939 532 107.58 4.43 0.9949
0.24 12.28 0.98 -13173 576 109.53 4.79 0.9943
0.25 12.59 1.03 -13391 609 111.34 5.06 0.9938
0.26 12.86 1.09 -13581 648 112.92 5.39 0.9932
0.27 13.09 1.16 -13751 688 114.33 5.72 0.9925
0.28 13.32 1.22 -13916 726 115.70 6.03 0.9919
0.29 13.52 1.28 -14061 763 116.91 6.34 0.9912
0.30 13.68 1.34 -14184 798 117.93 6.64 0.9906
0.31 13.82 1.40 -14297 836 118.88 6.95 0.9898
0.32 13.97 1.45 -14407 866 119.79 7.20 0.9893
0.33 14.08 1.49 -14499 892 120.55 7.42 0.9887
0.34 14.18 1.54 -14582 924 121.24 7.68 0.9880
0.35 14.26 1.58 -14652 951 121.82 7.91 0.9875
0.36 14.34 1.61 -14722 969 122.41 8.06 0.9871
0.37 14.41 1.64 -14785 987 122.93 8.21 0.9867
0.38 14.47 1.66 -14844 1005 123.42 8.36 0.9864
0.39 14.52 1.68 -14891 1018 123.81 8.46 0.9861
0.40 14.55 1.70 -14931 1030 124.15 8.56 0.9859
0.41 14.60 1.71 -14977 1038 124.53 8.63 0.9857
0.42 14.63 1.72 -15014 1046 124.83 8.69 0.9856
0.43 14.64 1.73 -15041 1049 125.06 8.72 0.9855
0.44 14.66 1.73 -15069 1054 125.29 8.76 0.9855
0.45 14.67 1.74 -15096 1059 125.51 8.80 0.9854
0.46 14.70 1.74 -15132 1058 125.81 8.80 0.9855
0.47 14.73 1.74 -15164 1061 126.08 8.82 0.9855
0.48 14.75 1.74 -15192 1065 126.31 8.85 0.9854
0.49 14.77 1.75 -15222 1070 126.57 8.90 0.9853
0.50 14.79 1.76 -15254 1077 126.83 8.96 0.9852
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. Ea Error Adj. R-
a Intercept Error Gradient Error (kJ/mol)  (kJ/mol)  Square
0.51 14.83 1.77 -15290 1083 127.13 9.00 0.9851
0.52 14.86 1.78 -15323 1091 127.41 9.07 0.9849
0.53 14.87 1.79 -15351 1101 127.64 9.15 0.9847
0.54 14.89 181 -15379 1113 127.87 9.25 0.9845
0.55 14.92 1.84 -15408 1128 128.11 9.38 0.9841
0.56 14.93 1.86 -15433 1144 128.32 9.51 0.9837
0.57 14.94 1.88 -15454 1157 128.49 9.62 0.9834
0.58 14.95 1.90 -15476 1172 128.67 9.74 0.9830
0.59 14.96 1.92 -15496 1186 128.84 9.86 0.9826
0.60 14.97 1.94 -15520 1200 129.04 9.97 0.9823
0.61 14.98 1.96 -15541 1211 129.21 10.07 0.9820
0.62 14.97 1.98 -15554 1224 129.32 10.17 0.9817
0.63 14.95 2.00 -15554 1237 129.32 10.29 0.9813
0.64 14.93 2.02 -15560 1250 129.37 10.39 0.9809
0.65 14.90 2.03 -15558 1261 129.36 10.48 0.9806
0.66 14.88 2.05 -15562 1273 129.39 10.58 0.9802
0.67 14.82 2.07 -15547 1288 129.27 10.71 0.9797
0.68 14.77 2.09 -15530 1302 129.13 10.83 0.9792
0.69 14.70 211 -15508 1316 128.94 10.94 0.9787
0.70 14.62 2.13 -15476 1332 128.68 11.07 0.9781
0.71 14.50 2.16 -15421 1350 128.22 11.23 0.9774
0.72 14.40 2.17 -15382 1359 127.89 11.30 0.9769
0.73 14.29 2.18 -15333 1369 127.49 11.38 0.9765
0.74 14.15 2.20 -15266 1383 126.93 11.50 0.9758
0.75 14.01 221 -15208 1387 126.45 11.53 0.9755
0.76 13.89 2.19 -15158 1380 126.03 11.48 0.9755
0.77 13.79 217 -15118 1366 125.70 11.36 0.9759
0.78 13.73 211 -15113 1329 125.65 11.05 0.9772
0.79 13.76 2.01 -15163 1272 126.07 10.57 0.9792
0.80 13.89 1.87 -15285 1186 127.08 9.86 0.9821
0.81 14.14 1.69 -15484 1076 128.74 8.95 0.9856
0.82 14.56 1.53 -15794 977 131.32 8.12 0.9886
0.83 15.22 1.40 -16260 893 135.19 7.42 0.9910
0.84 16.04 1.35 -16835 863 139.98 7.18 0.9922
0.85 17.03 1.40 -17518 897 145.65 7.46 0.9922
0.86 18.01 1.50 -18195 968 151.28 8.05 0.9916
0.87 18.92 1.63 -18818 1054 156.46 8.77 0.9906
0.88 19.60 1.75 -19294 1133 160.42 9.42 0.9897
0.89 20.05 1.84 -19613 1190 163.07 9.89 0.9890
0.90 20.28 1.88 -19781 1220 164.47 10.14 0.9887
0.91 20.36 1.88 -19853 1220 165.07 10.15 0.9888
0.92 20.37 1.86 -19880 1209 165.29 10.05 0.9890
0.93 20.31 1.83 -19857 1189 165.10 9.89 0.9893
0.94 20.23 1.79 -19826 1166 164.84 9.69 0.9897
0.95 20.15 1.75 -19788 1138 164.52 9.46 0.9901
0.96 20.02 1.68 -19727 1094 164.02 9.10 0.9908
0.97 19.87 1.62 -19652 1055 163.39 8.77 0.9914
0.98 19.60 1.56 -19503 1016 162.15 8.44 0.9919
0.99 19.26 1.45 -19326 950 160.68 7.90 0.9928
1.00 19.35 1.35 -19470 888 161.88 7.38 0.9938
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