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ABSTRACT

MOLECULAR ARCHITECTURES FOR IMPROVED BIOMATERIALS DERIVED
FROM VEGETABLE OILS — APPLICATION TO ENERGY STORAGE AND
LUBRICANTS

Navindra Soodoo

The replacement of petroleum with renewable feedstock for energy and materials
has become a priority because of concerns over the environment and finite nature of
petroleum. The structures of the available natural biomass feedstocks fall short in
delivering key functionality required in materials such as lubricants and phase change
energy storage materials (PCMSs). The approach taken in this thesis was to combine select
functional groups with vegetable oil derivatives to create novel PCMs and lubricants
which deliver desired functionality. One series of diester PCMs were prepared with
terephthalic acid and fatty alcohols to address known shortcomings of esters. The second
class of PCMs are sulfones prepared from oxidation of fatty sulfides to improve thermal
energy storage. Overall, the new PCMs presented narrow phase change temperature
ranges, high transition temperature (between 67 to 110°C), high transition enthalpy (210
to 266J/g), minimal supercooling and congruent phase transitions unaffected by cooling
rates. They also demonstrated higher thermal degradation stability with onset of
degradation from 290 to 310°C. The series of lubricants studied consists of sulfide and
sulfonyl functional groups attached to the unsaturation sites of oleyl oleate as pendant groups to
improve the thermal and flow properties. The new lubricants present subzero crystallization

temperatures, very low crystallization enthalpy and dynamic viscosity as high as 180mPas.



Furthermore, they also presented high onset of degradation (up to 322°C) and oxidation (up to
298°C). The PCMs and lubricants of the present thesis demonstrate that select functional groups
can be used with common structural elements of vegetable oil such as fatty acids, ester groups and

unsaturation sites to make a variety of molecular structures capable of delivering desired properties.

Keywords: Renewable, Plant Qil; Vegetable Oil (VO) Green Chemistry; Phase Change Material
(PCM); Lubricant; Terephthalate Diester; Esterification, Benzene, Sulfone; Thioetherification;
Oleyl Oleate; Branching; Intermolecular Interactions; Structure-Property Relationships; Melting
Temperature; Enthalpy; Entropy, Thermal Stability; Cold flow; Viscosity; Crystal Structure;

Polymorphism.
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1 Chapter 1 Introduction
1.1 Introduction Methodology

Chapter 1 introduces vegetable oils (VOs) as a potential feedstock alternative to
petroleum. The structures of VOs are detailed in Section 1.2. The chemical routes
available to derivatize and transform VOs into functional materials are presented in
Section 1.3. A brief overview of PCMs and lubricants is presented in Section 1.4. The
commercial importance of PCMs and lubricants is described in Section 1.5. The
structures of the major classes of PCMs and lubricants that were synthesized from VO
derivatives are presented in Section 1.6. The thermodynamics concepts used to explain
the thermal behavior and properties of the new VO-based compounds from a molecular
structure perspective are presented in Section 1.7. The VO-based structures and sulfur
based functional groups which are used to prepare the new compounds are discussed in

Section 1.8.

A critical review of the literature on VO-based PCMs establishing predictive structure-
function relationships was completed. This review is published in Journal of Energy

Storage (https://doi.org/10.1016/j.est.2022.104355) and presented in Appendix 1.

Chapter 2 present the study of terephthalate diesters. The insertion of the benzene group
between linear saturated fatty chains was intended to reduce molecular flexibility and
mitigate polymorphism. Chapter 3 present the study of monosulfones. The high polarity
sulfonyl group was inserted between linear saturated fatty chains to increase the

intermolecular forces.


https://doi.org/10.1016/j.est.2022.104355

Chapter 4 present the study of sulfide- and sulfonyl branched oleyl oleate monoesters. The
branching of oleyl oleate with sulfide and sulfonyl pendant groups was proposed to
achieve low pour points, predictable viscosity profiles and an increase in oxidative

stability

1.2 Vegetable Oil Structure

Most VOs such as coconut, corn, cottonseed, canola, olive, peanut, safflower, sesame,
soybean, and sunflower oil are naturally composed of 88-96% triacylglycerols (TAGS)
with some minor amounts of diacylglycerols (DAGs, usually < 5%) [1, 2]. Other minor
components are tocopherols and tocotrienols and phytosterols (< 1%) [3]. TAG is a
triester derived from glycerol and three fatty acids. The structure of TAG is shown in

Scheme 1-1.

Fatty Acid Chain Length
O

w fstey Group
P

nd"}

Unsaturation

B-Hydrogen
Scheme 1-1. Triacylglycerol (TAG) molecular structure. Reactive sites are indicated

surrounded by dashed curves.

1.2.1 Fatty Acids

Fatty acids in VOs naturally range from 8 to 24 carbon atoms and comprise 0 to 7 carbon

double bonds, depending on the plant type and growth conditions [4]. The most common



naturally occurring linear saturated fatty acids are capric (C10), lauric (C12), myristic
(C14), palmitic (C16) and stearic acids (C18); whereas the common linear unsaturated
fatty acids are oleic (C18:1), linoleic(C18:2), linolenic acid (C18:3) and arachidonic acids

(C20:4) [5].
1.2.2 Unsaturation Sites

The C=C double bonds can exist in a cis- or trans-configuration. The cis-configuration is
kinked whereas the trans-configuration is straight [6]. The unsaturation sites are
oxidatively unstable because the protons allylic to each C=C bond can be readily

abstracted to generate radicals which propagate auto-oxidation [7].

1.2.3 Ester Functional Group

Each fatty acid is attached to the TAG glycerol backbone by the ester group (Scheme
1-1). The ester group is composed of a carbonyl (C=0) group and an alkoxy (C-O-C)
group attached to the carbonyl carbon (Figure 1-1). The ester group is trigonal planar

with a bond angle of 120° because of the carbonyl carbon sp? hybridized orbitals.

Carbonyl moiety

"

Alkoxy moiety

Figure 1-1. Structure of the ester group. red: carbon, blue: hydrogen, yellow: oxygen.



1.2.3.1 Rotatability and Polarity

The alkoxy moiety on the ester group has a low rotational energy barrier which makes the
bond easily rotatable thus providing great flexibility to the TAG [8, 9]. Additionally, ester
groups have low polarity and cannot form strong intermolecular interactions [10].

1.2.3.2 Hydrolytic Susceptibility

TAG ester groups are hydrolytically unstable and can be broken under acidic or basic
conditions to give free acids (Scheme 1-2). The acids products make ester hydrolysis

autocatalytic adding to the limitations on TAG durability in applications [11].

(a) "OH HO OH o
= — L
o {i]f’ R OR' R{N\OR' R OH
Jl\ oM = R'OH

OR -
N i
i) OH- /#  — )L PR
(1) R OH OR' R o

R

H

Scheme 1-2. Hydrolysis of ester group under (i) acid, and (ii) basic conditions.

1.2.3.3 p-hydrogen Elimination and y-hydrogen Transfer

TAGs can be thermally degraded at elevated temperatures via g-hydrogen elimination

(shown in Scheme 1-3) and also by y-hydrogen transfer [12, 13].

o H OH
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—— —_—
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Scheme 1-3. Thermal degradation mechanism of ester group via the cis-elimination of -

hydrogen.



The p-hydrogen is acidic and cleave as a hydrogen ion. The acidity of g-hydrogen (pKa
~10) is significantly lower compared to hydrogens on the ester group (pKa ~ 20) of linear
esters and those attached to the fatty chains (pKa ~50) [14]. The pg-hydrogen is

particularly undesirable because it degrades the TAG molecule when abstracted.

1.3 Derivatization of TAGs and Transformation Routes
1.3.1 Derivatization Sites

The derivatization sites on a TAG (Scheme 1-1) are ester functional groups and C=C
double bonds. Ester functional groups are susceptible to nucleophilic substitution reaction
with a variety of nucleophiles at the electrophilic carbon because its alkoxy group is a
good leaving group. The C=C double bond can undergo addition reactions and oxidative

cleavage reactions.
1.3.2 Transformation Routes

TAGs can be hydrolyzed to obtain linear saturated and unsaturated fatty acids [11, 15].
The carboxylic group can be chemically modified to obtain different functional groups.
For instance, fatty alcohols are produced by reducing the carboxylic group using a
reducing agent [16]. A variety of linear saturated and unsaturated fatty esters can be
prepared through esterification reaction of fatty acids and fatty alcohols of varying chain
lengths and combinations [17]. Fatty amines can be prepared from fatty acids via nitrile
process [15]. A variety of linear saturated and unsaturated fatty amides can be prepared
through amidation reaction of fatty acids and fatty amines of varying chain lengths and

combinations. Fatty carbonates are synthesized from carbonate interchange reaction using



fatty alcohol and dialkyl carbonate with n-dibutyltin catalyst [18]. The standard route for
the preparation of fatty ethers is through Williamson ether synthesis via the reaction of
fatty alcohol with fatty halide under a base catalyst [19]. Thioetherification of a fatty
halide with a fatty thiol produces a fatty sulfide which is then further oxidized with

hydrogen peroxide to fatty sulfones [20, 21].

Pendant groups can be introduced at the C=C double bond sites via synthetic routes such
as epoxidation/ring-opening [22-25], etherification [26] and thioetherification [27].
Moreover, the C=C double bond can be hydrogenated to alkanes, converted to ketones,
aldehydes and carboxylic functional groups via ozonolysis and converted to vicinal diols
via dihydroxylation. Halide and hydroxyl groups can be introduced via halohydrin
reaction and hydroxyl group can be introduced using hydroboration reaction and ether

group via oxymercuration reaction [14].
1.3.3 Challenges for Producing PCMs and Lubricants from VOs

Renewable feedstocks are investigated as alternative to petroleum for fuel and materials.
The transition involves important actors in the value chain including milling,
derivatization and transformation facilities, manufacturing industry, regulators and end
users [28]. These come with several barriers and challenges ranging from ethical
concerns with the use of edible crops to economic viability and consumer acceptance and
concerns over the complexity, economic viability and environmental impact of the
synthetic routes used [29, 30]. One also understands that the development may take

several years to reach the market.

Prior to using VOs as feedstock, physical and chemical refining is necessary to remove
undesirable molecules such as free fatty acids, phospholipids, waxes, aldehydes and
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ketones to obtain pure TAGs. Multiple synthetic routes are needed for converting TAGs
into crude PCMs and lubricants [31, 32]. These synthetic routes should preferably be
environmentally friendly. The resulting crude PCMs and lubricants may need to be
purified to ensure optimal performance. The refining, multiple synthesis steps,
characterization and analysis can increase the cost of production of the VO-based PCMs

and lubricants. It is therefore imperative to develop economical methods and tests [33].

Consumer acceptance of VO-based PCMs and lubricants is a major concern related to
performance and cost. VO-based PCMs are approximately two times more expensive
than petroleum-based PCMs and lubricants are up to three times more expensive than

mineral oil-based lubricants [34].
1.3.4 Advantages and Limitations of TAGs

TAGs in their unmodified state have advantageous as well as disadvantageous attributes
for use in PCMs or lubricants formulations. The C=C double bonds and s-hydrogens of
TAGs are undesirable in both PCMs and lubricants because of poor thermo-oxidative
stability and eventual changes to the chemical and physical integrity that they impart
[35]. TAGs are subject to large supercooling effects, demonstrate polymorphism and
cause broad and incongruent phase transitions which are detrimental to PCM function
[36]. Although having undisputable lubrication advantages over mineral oil such as low
volatility, better lubricity, higher viscosity index and flash points, TAGs have inherent

poor cold-flow performance, limited viscosity range and unpleasant smell [37].



1.4 PCMsand Lubricants
1.4.1 PCMs and Thermal Energy Storage

There are three common ways to store thermal energy: (i) conversion to thermochemical
energy, (ii) sensible and (iii) latent heat [38]. These are achieved using dedicated
materials. In thermochemical energy storage, thermal energy is stored and released by
reversible chemical reactions [39]. In sensible heat storage, the energy is used to change
the temperature of a storage medium (usually solid or liquid) without phase change [40].
Latent heat thermal energy storage (LHTES) involves the heat absorbed or released by a

material during a phase transition and is achieved by PCMs [41].
1.4.2 Lubricants and Lubrication

Lubricants are materials whose primary function is to prevent contact between two solid
surfaces, thereby minimizing friction and wear, and thus, increasing the materials lifetime
and efficiency of the work performed [42]. A typical lubricant is formulated with a base-
stock component (70-90%) and various additives [43]. Lubricants may contain 2 to 5% or
fewer additives [44]. The role of the additive is generally to improve one or more of the
key performance characteristics of the base oil, or to add market value by extending its
functionalities, for example, by facilitating corrosion inhibition properties, or improving

solvency and antioxidant properties [45, 46].

Figure 1-2 presents the classification of PCMs [47] and lubricants [48] as established in

the literature.



Phase Change Materials Lubricants

(@)

Figure 1-2. Classification of (a) PCMs and (b) Lubricants. The classes highlighted in

green is the area of focus in this thesis.

As outlined in Figure 1-2, PCMs can be classified by (i) phase transition type which can
either be solid-solid, solid-liquid or liquid-gas, (ii) chemical composition which can be
inorganic, organic and eutectic and (iii) application temperatures which are categorized as
low, medium and high. Likewise, lubricants can be categorized by (i) physical
appearance which are solid, semi-solid and liquid (ii) base oil resources which are
categorized as mineral oil, synthetic oil and biobased oil and (iii) application which are

categorized as industrial, special and automotive.

1.4.3 Desirable Properties for PCMs and Lubricants

PCMs and lubricants are characterized by the following parameters shown in Table 1-1.



Table 1-1. Parameters used to characterize PCMs and lubricants.

PCM Lubricants
Parameter Relevance Parameter Relevance
Transition Should be fixed to store and | Pour point (PP) Should have low pour points to
temperature release heat at a specific maintain its flow
temperature characteristics at low
temperature

Transition Full

Peak should be narrow and sharp

Cloud point (CP)

Should have low cloud point to

width at half to rapidly absorb/release heat prevent clogging of filters at
maximum low temperatures
(FWHM)
Transition Should have same thermogram | Transition Full Peak should be broad to
congruency after numerous thermal cycling | width at half demonstrate slow
maximum crystallization process.
(FWHM)
Enthalpy Should have high enthalpy to | Enthalpy Peak should have low enthalpy
store more heat per given mass to store less heat and correlate
with low crystallization
Crystal structure | Should pack in the highest | Viscosity Should have correct viscosity
stability phase to form stable oil film at
specified  temperature and
speed of operation.
Polymorphism Should display minimal to no | Flow type Should have the desirable flow

polymorphism to store all heat in behavior for specific
one crystal form application
Thermal stability | Should have high thermal | Thermal stability | Should have high thermal

stability to operate at elevated
temperatures with minimal or no
degradation

stability to operate at elevated
temperatures with minimal or
no degradation

Thermal
conductivity

Should have high thermal
conductivity to increase the rate
heat flow into the material

Oxidative stability

Should have high oxidative
stability to perform in the
presence of oxygen and air
under high temperature
environment.

Volume change

Should have small volume
change to avoid damaging/

Viscosity index
(V1)

Should have high VI to reduce
change in viscosity with
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PCM Lubricants
Parameter Relevance Parameter Relevance
exploding containers temperature

Supercooling Should have fast self-nucleation | Corrosion Should have anti-corrosive
to display minimal to no properties to protect its
supercooling metallic containment systems

from corroding

Phase segregation | Should have minimal to no | Tribofilm Should have good adhesion to
phase segregation after metal surface to form a thin
numerous thermal cycling tribofilm.

Flashpoint Should have high flash points to | Flashpoint Should have high flash points
reduce the concentration of to reduce the concentration of
vapor that would spontaneously vapor that would
ignite with air spontaneously ignite with air

Fire Point Should have high fire points to | Fire Point Should have high fire points to
reduce the concentration of reduce the concentration of
vapor  that  would  burn vapor that would burn
continuously with air continuously with air

Biodegradability | Should have high | Biodegradability Should have high
biodegradability to be broken biodegradability to be broken
down by the action of down by the action of
microorganisms in presence of microorganisms in presence of
oxygen, nitrogen and minerals oxygen, nitrogen and minerals

1.5 PCM and Lubricant in Global Marketplace
1.5.1 The Global PCM Market

The global PCM market size in 2020 was worth US$1.2 billion and is projected to reach
US$3.1 billion by 2026 at a compound annual growth rate of 17% [49]. Figure 1-3a and
b show the global PCM market share by end-user application and chemical composition
type, respectively. As shown in Figure 1-3a, 65% of the PCM volume is consumed in
building/construction and HVAC applications [50]. The majority of these PCM are

organic (65% mainly paraffin and polyethylene glycols) and inorganic PCMs (30%) [51].
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Inorganic PCMs
(USD 308 million)

Biobased PCMs

(USD 123 million Organic PCMs
(USD 801 million)

(a) (b)
Figure 1-3. Global PCM market share by (a) end-user application and (b) chemical

composition

Currently, the global PCM market is dominated by inorganic salt hydrates and organic
paraffin waxes but there is a strong demand for renewable PCMs and for environment-
friendly TES technologies. The paraffin waxes are leading the organic PCM market with
approximately 53% of the total organic PCM market share and is forecasted to gain
18.3% by 2027 [52]. Bio-based PCMs, particularly those derived from TAGs are gaining
commercial attention encouraged by continued performance and economic
improvements. The major suppliers of paraffin PCMs are Rubitherm Technologies and
Honeywell Electronic Materials; major suppliers of inorganic PCMs and products are
Climator Technologies and Cold Chain Technologies and major suppliers of biobased

PCMs (mainly fatty acids) are Entropy Solutions and Croda International [53].
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1.5.2 The Global Lubricant Market

The global lubricant market size in 2020 was worth US$157 billion with a total of 37
million metric tons [54]. The lubricant market is projected to reach US$230 billion by
2027 at a compound annual growth rate of 3.4% [54]. Figure 1-4a and b show the global
lubricant market volume share (%) by end-user industry and base oil type respectively.
As can be seen in Figure 1-4a, 57% of the lubricant volume is consumed by the

automotive and transportation industry [55].

Synthetic lubricant
(USD 39 Billion)

Biobased lubricar
(USD 2.4 Billion)

| .

Mineral Oil lubricant
(USD 116 Billion)

(@) (b)

Figure 1-4. Global lubricant market share by (a) end-user industry and (b) by base oil
type

The majority of lubricants supplied to the automotive and transportation industry are
mineral oils and synthetic oils. The demand for bio-based lubricants is currently

motivated by growing environmental awareness, adoption of stringent government

regulations and increasing consumer acceptance [45]. The suppliers are well-established
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players in the lubricant marketplace with Royal Dutch Shell, Exxon Mobile, Chevron

Corporation, Total and British Petroleum being top five [55].

1.6 Current VO-based PCMs and Lubricants

Figure 1-5 shows the structures of the major classes of PCMs and lubricants that were

synthesized from TAG derivatives.
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Figure 1-5. (a) PCMs and (b) lubricants molecular architectures derived using TAG.

1.6.1 PCMs Derived from TAG

The general structures of the PCMs derived from TAGs are shown in Figure 1-5a. They

include fatty acids and their eutectic mixtures [56-62], fatty alcohols [63-67], fatty

carbonates [63], fatty ethers [68], fatty amines [68], monoesters, diesters, polyol-esters

[69-73], monoamides and diamides [74-76]. These PCMs generally present high
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enthalpy, narrow phase change temperature ranges and minimum requirements for
supercooling. They are also thermally stable and withstand thermal cycling without loss

of performance.

1.6.2 Lubricants Derived from TAG

Figure 1-5b shows the classes of ester-based lubricants derived from TAG. The classes
of lubricants include functionalized TAGs [77-79], linear saturated monoesters [80],
unsaturated monoesters [81-84], branched monoesters [85], linear unsaturated and
branched diacid and diol diesters [86-93] and polyesters [86, 94, 95]. Broadly, derivatized
VO esters of Figure 1-5b are classified into two categories: (1) linear esters mimetics of
synthetic oils and (2) branched esters mimetics of polyalphaolefins [96]. Polyesters such
as estolides have been extensively studied as lubricant base fluids. The VO-based
lubricants have common structural elements that are associated with improved lubricating
properties such as linear fatty chain segments, polar functional groups, low unsaturation

and branched chains [97].

1.7 Thermodynamics of Phase Transitions

At the melting point (Tm) of a PCM or lubricant the solid and liquid phase exist in
thermal equilibrium. When Tm is reached, the Gibb’s free energies of the solid and liquid
phases become equal and the change in Gibb’s free energy upon melting AGm can be

written as [98]:
AG, =0=AH_, -T_AS, Equation 4
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Where AHm is the enthalpy of melting and ASm is the entropy of melting.
Equation 4 gives:

T, = ad, Equation 5
AS

m

Equation 5 provides a pathway to link the solid-liquid phase transition temperature to
AHm and ASm of structures thereby possibly distinguishing individual contributions to
AHm through their intermolecular forces and to ASm through the molecular “disorder”
introduced by flexibility and spatial configuration [99]. Equation 5 was used in this thesis
as guidance to appreciate the contribution of specific structural elements to the thermal

transition parameters of PCMs and lubricants given the particular molecular structure.

1.8 Using VO Structures and Sulfur based Groups to Prepare New PCMs and

Lubricants
1.8.1 VO structures

Table 1-2 provides a summary of the overall effect and contribution of VO structures to
key PCM and lubricants properties. The contribution is classified as advantageous or

disadvantageous depending on capability to deliver function.
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Table 1-2. Effect of VO structures on key PCM and lubricant properties. Adv.:

advantageous and Dis.: disadvantageous.

Structural
element

Influence when present in a PCM or lubricant structure

PCM

Lubricant

Increase crystal packing

e Increase dispersion forces : :Eggzzg :‘lllassﬁi)lct))i/nt
» Increase Tmand AHm Adv e Increase thermal stability Adv
Saturated fatty * Increase thermgl stability e create thicker tribofilm
chain e Low supercooling
e Increases ASm e Increase pour point
e Varying polymorphism Dis | * In_crgase c_Ioud _point Dis
e Low thermal conductivity e Limited viscosity range
e Low application temperature e Poor corrosion protection
e Decrease pour point
Adv | e Decrease cloud point Adv
U . e Tribofilm adhesion
nsaturation 177 Decrease 1M and AHm e Low oxidative stability
e Reduce crystal packing Dis | e Increase reactivity Dis
e Low oxidative stability o Decrease viscosity
e Increase thermal stability *  Tribofilm adhesion
. - Adv | e Improve flow behavior Adv
Increase biodegradability . -
Ester groups e Increase biodegradability
e Increase flexibility Dis | * Decrease Vviscosity Dis
o Decrease 1mand AHm e Mild polarity
Adv | e No desirable properties Adv
S-hydrogen e Decrease thermal stability Dis e Decrease thermal stability Dis

Decrease oxidative stability

Decrease oxidative stability

1.8.2 Sulfur Based Functional Groups

1.8.3 Overview of Sulfur Chemistry

Sulfur is a p-block element in row Il and group VI (atomic number 16) below oxygen

and between phosphorus and chlorine on the periodic table. Approximately 50% of

available sulfur is derived from elemental deposits, 30% from smelter gases and 20% is

recovered from pyrites [100].
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Sulfur can form thermally stable C-S covalent bonds with carbon atoms with a bond
strength of 362kJ/mol which is slightly weaker than C—C bond which is 376kJ/mol. This
small difference suggests that the C-S bond is slightly more sensitive to thermal

degradation when exposed to temperature similar to the C—C bond [14].

Sulfur (electronegativity number EN =2.58) is similar to carbon (EN =2.56) which means
the electrons in the C-S covalent bond are evenly shared and therefore have no
permanent bond dipole to form dipole-dipole attraction [101]. Sulfur is less
electronegative than oxygen (EN =3.44) and nitrogen (EN =3.04). However, since the
atomic radius of a sulfur atom (1.05A) is larger than carbon (0.77A) and oxygen (0.66A),

sulfur electronic cloud is more easily distorted to form instantaneous dipoles.

The molecular geometry, hybridization and bond angle of sulfide, sulfoxide and sulfonyl
groups are shown in Table 1-3. When the sulfur atom is present in the fatty chain as a
sulfide functional group (C-S—C), the sulfur atom is sp* hybridized with bent molecular
geometry with bond angle that varies between 92 and 109° due to the lone pair-lone pair
repulsion [14]. When it is present as sulfoxide group (C—SO-C), the sulfur atom is spd
hybridized with trigonal pyramidal molecular geometry [102]. When the sulfur atom is
present in the fatty chain as sulfonyl group (C-SO>—C), the sulfur atom is sp3d?

hybridized with tetrahedral molecular geometry [103].

Table 1-3. Geometry, hybridization and bond angle of sulfide, sulfoxide and sulfonyl

groups.

Chemical Sulfide Sulfoxide Sulfone
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Property s 0 0 0]
PN g N
Geometry Bent Trigonal pyramidal Tetrahedral
Hybridization sp? spd spd?
C-S-C = 103 [105.1068]
_S_C = 98° [104]
qovorage C-S-C=9210109° N 0-5-0 = 120°
g - 0-S-C=107°

3D of
functional
group in a
hydrocarbon
chain

1.8.3.1 Sulfonyl Groups in PCMs and Lubricants

Sulfonyl groups are known to be the most stable and inert group amongst organosulfur
functional groups since the sulfur valence shell is fully occupied and is therefore in the
highest possible oxidation state. Three main characteristics of the sulfonyl group may
improve PCMs as well as lubricants: (i) molecular symmetry, (ii) tetrahedral molecular
geometry and (iii) high polarity [106]. The benefits of using the sulfonyl group include
improved Tm and AHm for PCMs and high viscosity and improved cold-flow

performance for lubricants.
1.8.3.2 Sulfide Group in Lubricants

Sulfide-branch groups have the ability to convert hydroperoxides to non-radical
derivatives and can be useful to increase the oxidative stability of lubricant molecules
[107]. Sulfide-branch groups can mitigate chain propagation by eliminating free radicals
generated in the initiation stage of oxidation [35]. This reaction is relatively rapid,

removes peroxides as they are formed, and thus breaks the hydrocarbon oxidation chain
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[108]. The sulfide pendant group will also help lower the crystallization temperature and

enthalpy of transition.

1.9 Thesis Scope and Theme Objectives

Current research on VO-based materials targets the production of performing materials
using benign and economical means. The present work adopts a methodology in which
the compounds are built considering the roles that the constituent structures would play in
performance. PCMs and lubricants are selected because of their industrial importance and

contrasting property requirements.

The building blocks of the compounds prepared for this thesis include VO structural
elements and select functional groups which would deliver improved performance. The
focus was on key properties relevant to PCMs and lubricants i.e., thermal stability,
thermal transition behavior, crystal structure, flow behavior and oxidation stability. The
role of the structural elements such as functional groups, fatty acid chain, double bonds,

and pendant groups is considered for the analysis of these properties.
The objectives of the thesis are to:

1. Derive from VO structure and select sulfur based functional groups performing
PCMs and lubricants of industrial relevance.

2. Understand the relationships between the chemical functionality and the resultant
physical functionality of these PCMs and lubricants.

3. Establish predictive structure-function relationships that can be used to direct the

design of lipid-based performing materials.
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The thesis encompasses three (03) projects: two related to PCM and and one to
lubricants. The projects are presented each in four sub-sections: (1) the structures of the
project’s compounds, (2) the weaknesses observed in the current VO based materials, (3)
the suggested solutions to solve these problems and (4) outline of the project specific

objectives and hypotheses.
1.9.1 Project 1: Terephthalate diester PCMs
1.9.1.1 Structure of the compounds

The compounds involved in this project consist of reacting terephthalic acid (TA) with

linear saturated fatty alcohols of length n to prepare terephthalate diesters.

Terephthalate diesters with (n-TA-n, n = 12, 14, 16, & 18; Scheme 1-4) were prepared

and investigated.

o A
YR

n

Scheme 1-4. Structure of the n-TA-n terephthalate diesters investigated (n = 12, 14, 16,

& 18).

1.9.1.2 Weaknesses: Flexibility, polymorphism and low Tm in linear saturated esters

Linear saturated monoesters (R-COO-R’ in Scheme 1-5a) have high molecular flexibility
which promotes polymorphism and is a major limitation when utilizing the solid-liquid

phase transition in TES applications [109-111]. The ester groups alkoxy moiety (C-O-C)
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rotates freely and provides flexibility to the alcohol chain which increases entropy

(shown in Scheme 1-5) [8, 112].

(a) Monoester (b) Diol-diester (c) Diacid-diester
o) CUEIIIIIITAY e
0 ~ O - o !
AR Y ')L\ A IS
R)L\o/ /J\O’HEO n e “Not”
Diol inter-ester chain Diacid inter-ester chain

Scheme 1-5. Chemical structures of (a) monoesters (R—-COO-R') where R and R' = fatty
acid and fatty alcohol chain moieties, respectively, (b-c) Diol and Diacid diesters (n-m-n)
where n= fatty chain length, and m= inter-ester chain. Curved and double arrows indicate
rotation at the alkoxy bonds and separation distance between the ester groups,

respectively.

The introduction of a second ester group to prepare linear saturated diol (Scheme 1-5b)
and diacid (Scheme 1-5c) diesters does not significantly improve the phase change
properties. The presence of a second ester group in the aliphatic chain introduces two
inherent undesirable properties (i) intramolecular steric repulsion [113] and (ii)
directionality which dictates how the two C-O—C moieties rotate and affect the aliphatic
chain flexibility [114-116]. The intramolecular steric repulsion can be minimized by
increasing the inter-ester chain length m (Scheme 1-5b-c). In both diol and diacid
diesters; as the two ester groups are further separated, the intramolecular steric repulsion
decreases which increases Tm and AHm [113, 116, 117]. Tm and AHm are shown to be
maximum when the two ester groups are separated by an inter-ester chain length of 6

carbons regardless of the fatty chain length [113].
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The directionality of the alkoxy group was shown to play a role in the phase change
properties [116]. In diol diesters, the C-O—C moiety directs rotation “inwards” (curved
arrows Scheme 1-5b) into the short inter-ester chain segment and leads to better packing
efficiency in the crystalline phase, whereas in diacid diesters the C-O—C moiety directs
rotation “outwards” (curved arrows Scheme 1-5c¢) into the long aliphatic chain, thereby
increasing the probability of coexistence of a larger number of conformational
arrangements. The coexistence of several conformational arrangements in diol and diacid
diesters leads to poor packing efficiency and tendency for the material to crystallize in

less stable phases [116, 118].

1.9.1.3 Solution: Approach to reduce diester’s flexibility and polymorphism and

increase Tm

In order to reduce the flexibility and mitigate polymorphism in linear saturated diesters,
one can introduce an inter-ester group which (i) is appropriately sized to reduce the
intramolecular steric repulsion between two ester groups (ii) prevent flexibility at the

center of the molecule and (iii) contribute to the total intermolecular attractions.

The insertion of a planar benzene ring between two ester groups (Scheme 1-4) instead of
a hydrocarbon chain can mitigate ester groups intramolecular steric repulsion and restrain
the ester group flexibility. The benzene ring size (5A) is a sufficient separation distance
to reduce intramolecular steric repulsion similar to what was accomplished by a 5.5A -
long hydrocarbon interchain in diacid and diol diesters [116]. The benzene ring can
anchor the center of the molecule, reduce conformational arrangements and avoid

polymorphism [116, 118].
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1.9.1.4 Specific Objectives and Hypotheses of Project 1

1. Will the size of the planar benzene ring provide a sufficient distance between two

ester groups to limit ester groups intramolecular steric repulsion?

It is hypothesized that a 5A-long benzene ring will mitigate steric repulsion of the ester
group electronic clouds and reduce the number of conformational arrangements similar

to the 5.5A hydrocarbon chain in diol and diacid diesters.

2. Will the flat nature of the planar benzene ring in symmetrical terephthalate diesters
improve crystal packing?
It is hypothesized that the planar benzene ring will result in a closer stacking
arrangement in the crystal phase when compared to linear saturated monoesters and
linear saturated diol and diacid diesters. It is expected that the planar benzene ring will
lower ASm compared to the diol and diacid inter-ester chains which have higher
degree of freedom to exist in higher conformational arrangements.

3. Will the -z intermolecular attraction from the benzene group increase Tm and AHm

It is hypothesized that the z-7 intermolecular interaction between rigid benzene rings will

contribute to the total intermolecular forces.

4. Will thermal transition temperature and thermal stability properties of the

terephthalate diesters vary predictably with chain length?

A decrease of steric repulsions, a closer stacking arrangement and an increase in
intermolecular attraction would lead to the increase of AHm and Tm and thermal
stability. It is hypothesized that AHm and Tm and thermal stability will vary predictably

with fatty chain length due to the incremental contribution of CH> units to the dispersion
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forces. The solid-liquid phase transition temperature and onset of mass loss temperature

are expected to increase following trends similar to linear hydrocarbons.
1.9.2 Project 2: Linear saturated monosulfone PCMs
1.9.2.1 Structure of the compounds

The compounds involved in this project consist of reacting linear saturated monosulfides
with hydrogen peroxide to prepare linear saturated monosulfones. Linear saturated
monosulfones (n-SO2-n, with n = 10, 12, & 18, Scheme 1-6) were prepared and

investigated.

o 0O

N/

SATR SIS AT

n n

Scheme 1-6. Structure of the n-SO2-n monosulfones investigated (n = 10, 12, & 18).

1.9.2.2 Weakness: Limited thermal energy storage properties in current VO-based

PCMs

The existing VO-based PCMs have low Tm due to weak intermolecular interactions
which prevent their application in important areas, such as rapidly expanding solar
energy and industrial waste heat sectors [119, 120]. Higher temperature VO-based PCMs
can be achieved in principle by using long saturated fatty chains. However, the available
chain length for VO-based PCM synthesis is limited to the most abundant naturally

occurring fatty acid, i.e., C1g and its derivatives.

The introduction of polar functional groups into the fatty chain can substantially add to

the net attractions through the dipole-dipole forces [121, 122]. The polar functional
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groups such as the ester (-COO-), carboxylic (-COOH), amine (—NH2) hydroxyl (-OH),
amide (-CONH-), groups can form hydrogen bonds between adjacent molecules have
already been used to prepare monoesters, fatty acids, fatty amines, fatty alcohols and

monoamides PCMs with Tm limited to 80°C [36].

1.9.2.3 Solution: Using high polarity sulfonyl groups to expand energy storage

properties

The sulfonyl group (-SO2-) is selected because its permanent dipoles are expected to
provide large intermolecular sulfonyl-sulfonyl attraction which would significantly
increase intermolecular attraction and increase Tm. As shown in Figure 1-6, the polarity
of (-SO3-) is higher than that of other functional groups available for incorporation into

PCM structures [10, 123].

S R 5 R
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Qﬁ“\ & é; 000@000 pr@o ,Ooéb Quo@eoq%o@ Sulfonyl-sulfonyl interaction (4.6D)

Functional Group

Figure 1-6. Dipole moments in Debye (D) of different functional groups with R
representing the aliphatic saturated hydrocarbon chain and sulfonyl-sulfonyl interaction

of sulfonyl groups.
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The tetrahedral geometry of the sulfonyl group is expected to keep the molecule linear
and facilitate uniform and close-packing arrangement. There are therefore opportunities
to increase Tmabove the 80°C achieved with other functional groups, increase or match

AHm and improve onset temperature of degradation.
1.9.2.4 Specific Objectives and Hypotheses of Project 2

1. Will the incorporation of the high polarity sulfonyl group in the linear saturated
aliphatic fatty chain increase Tm and AHm ?

It is hypothesized that the incorporation of a sulfonyl functional group to saturated

aliphatic fatty chains will provide strong sulfonyl-sulfonyl attraction that will add to the

dispersion forces of the hydrocarbon chains to noticeably increase Tm and AHm .

2. Will the symmetrical design of the molecules mitigate the effect of size on crystal
packing?

It is hypothesized that the symmetry of the molecule about the sulfonyl group will mitigate

the detrimental effect of the sulfonyl group large size while maximizing its contribution to

the intermolecular attractions. The linear fatty chains in a symmetrical configuration are

expected to add to the crystal stability.

3. Will the monosulfones experience polymorphism?
The monosulfones will possibly display polymorphic behavior and experience solid-solid
transition or melt-mediated recrystallization because of the long fatty acid chains

flexibility and bulky nature of the sulfonyl functional group.
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4.  Will the linear saturated monosulfones have higher Tm and AHm than PCMs with
other monofunctional groups?

Because of the large dipole moment of the sulfonyl group, the monosulfones are expected

to have larger Tm and AHm than PCMs with single amide, carboxylic, hydroxyl, amine,

ester functional groups which have lower dipole moments. It is expected that Tm of the

monosulfones will be suitable for application requiring Tm above 80 such as in solar

water heating systems, solar cookers and heat recovery systems.

5. Will thermal transition and thermal stability properties of the monosulfones change

predictably with fatty chain length?

It is expected that the thermal transition and thermal stability will vary predictably with
fatty chain length due to incremental increase of the dispersion forces similar to what is

observed for hydrocarbons.

1.9.3 Project 3: Sulfide and sulfonyl branched monoesters lubricants
1.9.3.1 Structure of the compounds

The compounds involved in this project consist of sulfide branched oleyl oleate
monoesters (A2-S-n, Scheme 1-7a) and sulfonyl branched oleyl oleate monoesters (A2-
SO2-n, Scheme 1-7b). Sulfide and sulfonyl branched oleyl oleate monoesters with

pendant chain length n = 2, 3, 4 & 6 were prepared and investigated.
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Scheme 1-7. Structures of the four sulfide (A2-S-n) and four sulfonyl-branch oleyl oleate

monoesters (A2-SO2-n) investigated in this work (n=2, 3, 4 and 6).

1.9.3.2 Weakness: Poor oxidative stability, high onset of crystallization, low thermal

stability and low viscosity range

The naturally abundant oleic acid [124-126] and its widely available and inexpensive
derivative oleyl oleate are undesirable for direct use lubricant because of poor oxidative
stability, high onset of crystallization, low thermal stability and low viscosity range
[127]. The branching of oleyl oleate with ester pendant groups increased oxidative
stability and thermal stability, reduced the onset of crystallization and increased the
viscosity range [128-131]. For example, linear unsaturated monoesters [81-84],
unsaturated diacid diesters [92, 132-134] and unsaturated diol diesters [88, 114]

presented onsets of crystallization (T ) between -30°C and 20°C and viscosity between

10mPa.S and 40mPa.S; whereas, branched ester lubricants with ester pendant groups

present T¢ as low as -55°C and viscosity ranging from 100mPa.S to 500mPa.s [81, 82,

87, 88, 93, 114, 135-138]. However, the branched ester lubricants with ester pendant

groups have low oxidative stability at elevated temperatures and low viscosities because
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the ester groups cannot form dipole-dipole attractions. From a synthetic perspective,
unsaturated ester lubricants are mainly branched with ester pendant groups using
epoxidation/ring opening synthetic route which yields crude mixtures of branched

products that require tedious purification processes.
1.9.3.3 Solution: Using Sulfide and Sulfonyl Pendant Group

Oleyl oleate was branched with sulfide and sulfonyl pendant groups to improve the
oxidative stability, viscosity, flow behavior and cold-flow properties. Similarly to ester
pendant groups, the bulkier sulfide and sulfonyl pendant groups will be able to suppress
onset of crystallization and provide wider viscosity ranges due to higher polarity and

large size. The bulkier sulfonyl group could be able to delay early stage of crystallization.

The sulfide pendant groups can impart higher oxidative stability to the ester molecule due
to their ability to eliminate hydroperoxide radicals at elevated temperatures. The sulfide
pendant groups should have higher oxidative stability compared to sulfonyl and ester

groups.

Unlike the epoxidation/ring-opening route, which produces a mixture of branched ester
lubricants in the crude [27, 139-150], thiolene synthesis yield a single sulfide branched

product in the crude [151].
1.9.3.4 Specific Objectives and Hypotheses of Project 3

1. Will branching with sulfide and sulfonyl pendant groups improve the thermal

stability of monoesters and would the effect be predictable?
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The thermal stability of sulfide and sulfonyl branched monoesters is expected to vary
predictably with total chain length and functional groups polarity. The sulfonyl group is

expected to impart higher thermal stability than the sulfide group.

2. Will branching with sulfide and sulfonyl pendant groups improve the oxidative

stability of monoesters and would the effect be predictable?

The sulfide branched monoesters are expected to have higher oxidative stability than the
oleyl oleate monoester, sulfonyl branched oleyl oleate monoester and ester branched

oleyl oleate monoesters.

3. Will branching with sulfide and sulfonyl pendant groups improve the thermal

transition properties of the monoesters and would the effect be predictable?

The onset temperatures of crystallization and melting are expected to (a) vary predictably
with total chain length, (b) be influenced differently by the sulfide and sulfonyl group,

and (c) be depressed with the introduction of internally branched groups.

4.  Will the sulfide and sulfonyl pendant groups dictate the flow behavior of the

monoesters?

It is expected that the sulfide and sulfonyl branched monoesters will have Newtonian flow

behavior at temperatures above their onset of melting.
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5.

Will branching with sulfide and sulfonyl pendant groups provide desired viscosity

profiles in monoesters and would the changes be predictable?

The viscosity of the sulfide and sulfonyl branched monoesters is expected to be set by the

type of functional group and vary predictably with chain length.
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2 Chapter 2 Exploiting Aromaticity in Fatty Terephthalate Diesters to

Enhance Melting Point and Prevent Polymorphism

2.1 Introduction

Latent heat thermal energy storage (LHTES) exploits the latent heat absorbed or released
by a material during a phase transition, typically the solid - liquid transition. Materials
used to store latent heat are called phase change materials (PCM). The working

temperature for PCMs in LHTES applications is melting point (T,) and energy storage
capacity is determined by melting enthalpy (AH, ). The thermal conductivity (x) of

PCMs is also an important parameter as it measures ability of heat to quickly transfer
across the material and impacts the time for the phase change to occur. It is desirable for
PCMs to melt congruently with sharp phase transitions, crystallize with minimum
supercooling, be thermally and chemically stable, non-toxic, non-corrosive, green and

inexpensive [1].

There are generally two types of PCMs: (i) organic and (ii) inorganic. Inorganic PCMs
are mainly salts and salt hydrates [2]. Salts present T, between 192 to 1271°C and AH
between and 172 to 2678J/g. Salt hydrates present T, between ~8 to 117°C and AH,

between ~115 to 280J/g. Moreover, both salt and salt hydrates typically have « between
~0.4 to 2.5W/mK [3, 4]. Salt hydrates have inherent undesirable properties such as
incongruent phase transition, poor thermal stability, large supercooling and high

corrosiveness to metal containers [5-7]. The majority of organic PCMs currently in use
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for LHTES are paraffins which are sourced from petroleum. T_ of paraffins with carbon
chain length Ci1 to Caoo range from -180°C to 132°C. T, of the most commercially

available paraffins is typically between ~30°C to ~80°C. Paraffins also present lower

AH,_, (~160 to ~260J/g) and limited x (~0.25W/m°C) [4, 8] compared to inorganic
PCMs. They present much lower T (typically ~30 to ~80°C), lower AH_ (~160 to

~260J/g) and limited x (~0.25W/m°C) [4, 8] compared to inorganic PCMs.

Current research on sustainable alternatives to petroleum based PCMs focus on
renewable feedstocks and the use of facile and green or benign chemistries to build
molecular architectures which would lead to improved and customizable phase change
properties. The results obtained with PCMs sourced from lipids and particularly
vegetable oils, for example, extend beyond and also compliments what is available from
paraffins. The study of aliphatic fatty architectures which include functional groups such
as esters [9-25], amides [23, 24, 26-28] and sulfones [29] has allowed access to an array
of organic materials with excellent phase change properties. Furthermore, as the present
study shows, PCMs derived from vegetable oils have great potential for further

improvement.

The present study is a continuation of our work on fatty ester PCMs [20, 22, 23, 30],
aimed at mitigating some of the main impediments to improving the phase change
properties of ester compounds such as the inherent rotatability of the ester group, which
limits required collimation of the crystal types in the solid phase in order to achieve

narrow crystallization and melting temperature ranges. As shown in the general chemical
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structures of saturated monoesters and saturated diesters in Scheme 2-1, the ester group is
composed of a carbonyl (C=0) group and an alkoxy (C-O-C) group attached to the
carbonyl carbon. The alkoxy moiety on the ester group has a low rotational energy barrier

and makes the bond easily rotatable and flexible (shown with curved arrow in Scheme

2-1) [31, 32].
(a) Monoester (b) Diol-diester (c) Diacid-diester
o Il A gmmmeomemeeeaneaes
{0 O o} 0
PUSLNS (D N e 2
R 0 n”L 0T ImQ o m ot
Diol inter-ester chain Diacid inter-ester chain

Scheme 2-1. Chemical structures of (a) monoesters (R—COO-R') where R and R' = fatty
acid and fatty alcohol chain moieties, respectively, (b-c) Diol and Diacid diesters (n-m-n)
where n= fatty chain length, and m= inter-ester chain. Curved and double arrows show
rotation at the alkoxy bonds and separation distance between the ester groups,

respectively.

The extent of the adverse effect inherent to the rotatability of the ester group depends on
the position of the ester group in the molecule. For example, it is observed in saturated
aliphatic monoesters (R—-COO-R’ in Scheme 2-1a) that as the ester group location
approaches the center of the aliphatic chain, it acquires a greater degree of freedom to

rotate [17, 19]. It has been shown that for any given fixed fatty acid chain (R in) both T
and AH_ of monoesters decrease with increasing alcohol chain length (R' in Scheme
2-1a) up to 4 carbons then exponentially rise to a maximum in a fashion similar to
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hydrocarbons without ester groups [33, 34]. For example, T, of methyl octadecanoate

(R= 17 & R'= 1) which has the ester group positioned towards the end of the aliphatic
chain is 13°C higher than that of butyl octadecanoate (R= 17 & R'= 4) for which the ester

group is positioned more into the aliphatic chain (37°C vs. 24°C) [13, 16].

The presence of a second ester group does improve, although not significantly, the phase

change properties. Overall, diesters show slightly higher T (40°C — 77°C) and AH,,
(200J/g — 240J/g) [20, 22, 23, 25, 35-38] compared to monoesters (T, = 20°C — 60°C and
AH_ = 150 J/g — 230J/g) [9-19]. The presence of a second ester group in the aliphatic

chain introduces two inherent undesirable properties (i) intramolecular steric repulsion
between the electronic clouds of the ester groups [23] and (ii) directionality which
dictates how the two C—O-C moieties rotate and affect the aliphatic chain flexibility [22,
39, 40]. The intramolecular steric repulsion can be minimized by increasing the inter-
ester chain length m. It has been shown in both diol and diacid diesters that as the two
ester groups are further separated, the intramolecular steric repulsion decreases which

increases T, and AH,, [22, 23]. T,, and AH,_ was maximum when the two ester groups

are separated apart by an inter-ester chain length of 6 carbons regardless of the fatty chain

length [23].

The directionality of the alkoxy group was shown to play a role in the phase change
properties [22]. In diol diesters, the C—O-C moiety directs rotation “inwards” (curved
arrows Scheme 2-1b) into the short inter-ester chain segment and leads to better packing

efficiency in the crystalline phase, whereas in diacid diesters the C—-O—C moiety directs
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rotation “outwards” (curved arrows Scheme 2-1c) into the long aliphatic chain, thereby
increasing the probability of coexistence of a larger number of conformational
arrangements. The coexistence of several conformational arrangements leads to poorer
packing efficiency and tendency of the material to crystallize in less stable polymorphs

[22].

The above studies suggests that to further improve on the phase change properties of ester
compounds, one needs to simultaneously mitigate ester groups intramolecular steric
repulsion and restrain the inherent ester group rotation. In the present work terephthalate
diesters (Scheme 2-2) which has a benzene ring between the two ester groups instead of a
linear inter-ester chain were investigated. It is hypothesized that the presence of the
benzene ring between the two ester groups would potentially limit ester groups
intramolecular steric repulsion and restrain the ester group rotation by combination of
benzene ring m-m intermolecular attraction and resonance stabilization effect.
Terephthalate diesters have been used as polymer additives [41-43], grease thickeners
[44], ink formulations [45] and plasticizer compositions [46]. However, thermal and
crystallographic information on terephthalate diesters is limited, and to the best of our
knowledge no research has been conducted on their potential as PCMs for LHTES

applications.

To investigate hypothesized benefits of the benzene ring for improving the phase change
properties of diesters, four (4) symmetrical aliphatic terephthalate diesters (n-TA-n,
Scheme 2-2) having fatty chain length n = 12, 14, 16, and 18, namely dodecyl

terephthalate (12-TA-12), tetradecyl terephthalate (14-TA-14), hexadecyl terephthalate
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(16-TA-16) and octadecyl terephthalate (18-TA-18) were synthesized and studied in this

work.

Scheme 2-2. Structure of the n-TA-n terephthalate diesters.

The molecular structure and purity of the synthesized n-TA-n diesters were confirmed
using Fourier transformed Infrared Spectroscopy (FT-IR), proton Nuclear Magnetic
Resonance (*H-NMR) and Electrospray lonization Mass Spectrometry (ESI-MS). Powder
X-ray diffraction (XRD) run on samples crystallized at vastly different cooling rates (0.1,
3 and 20°C/min) was used to elucidate crystal structure and gain insights into underlying
intermolecular interactions. Thermal stability and thermal transition properties were
investigated using Thermogravimetric Analysis (TGA) and Differential Scanning

Calorimetry (DSC), respectively.

Terephthalate diesters were compared with diacid diester [22] and diol diester analogues
[23] from our previous work to distinguish the role of the aromatic benzene ring in
molecular conformation and intermolecular interactions and its effect on polymorphism
and phase change properties. The data were used to assess the change in rotatability and
flexibility of the alkoxy moiety, and in intramolecular steric repulsion. As in previous
studies only thermal stabilities measured by TGA [22] were examined for diacid diesters,

in this study four symmetrical saturated aliphatic diacid diesters with fixed n= 18 and
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varying (m= 2, 4, 6, 10) were also synthesized and examined in terms of thermal
transition behavior and crystal structure as was done for the n-TA-n compounds, to
facilitate direct comparison. The side-by-side studies of 18-TA-18 with 18-6-18 diol and
diacid diesters (some information used in our previous studies [22, 23]) allowed for a
comparison of the molecular packing efficiency and crystal phase collimation as well as a
determination of the mitigation of the flexibility and steric hindrances introduced by the

benzene ring.

2.2 Materials and Methods
2.2.1 Materials

Terephthalic acid, octadecanoic acid, ethanedioic acid, butanedioic acid, hexanedioic acid
decanedioic acid, 1-dodecanol, 1-tetradecanol, 1-hexadecanol, and 1-octadecanol, with
purities > 98% were purchased from Sigma-Aldrich (Oakville, Ontario Canada) and used
as received. The purity of the acetone and anhydrous ethanol was higher than 99%.
HPLC grade (99.999%) chloroform (CHCI3) and methanol (MeOH) were purchased from

VWR (Mississauga ON, Canada) and used as received.

2.2.2 Synthesis of the terephthalate diesters

The n-TA-n (n = 12, 14, 16, 18) compounds were synthesized via the Fischer
esterification reaction between terephthalic acid (TA) and the following linear saturated
fatty alcohols: 1-dodecanol (n= 12), 1-tetradecanol (n= 14), 1-hexadecanol (n= 16) and 1-
octadecanol (n= 18). The synthesis of each terephthalate diester was conducted in a three-

neck flask using 2 molar equivalents of fatty alcohol with 1 molar equivalent of
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terephthalic acid in a solvent-free reaction without a catalyst. The reaction was carried
out at 90°C with constant stirring at 500rpm using a magnetic bar under nitrogen
atmosphere. The reaction temperature was maintained for 6 hours to bring the reaction to
completion. The crude reaction product was recrystallized with a hot (50-60°C) mixture
of acetone and ethanol (1:1 ratio). The recrystallization step was repeated twice and the
purified product dried 24 hours in a vacuum oven at 60°C before chemical

characterization.

The 18-m-18 (m= 2, 4, 6, 10) diacid diesters were synthesized using an established
esterification method [22]. In a typical reaction, 2 molar equivalents of 1-octadecanol
were added to either ethanedioic acid (m= 2), butanedioic acid (m= 4), hexanedioic acid
(m= 6) and decanedioic acid (m= 10) in a round bottom flask. Several drops of sulfuric
acid were added to the flask as a catalyst, and the reaction mixture was connected to a
vacuum line equipped with a solvent trap. The temperature of the reaction was slowly
increased to 130°C and the mixture was stirred with a magnetic stir bar at this
temperature for 3 hours under vacuum. The reaction mixture was then cooled to room
temperature and recrystallized from an acetone/ethanol mixture. Yields were greater than
90%. The purified terephthalate diesters and diacid diesters were white crystals in the
solid state and colourless, odourless liquids in the melt. Each reaction was performed

once. The purity for all the diesters as determined with triplicates was > 95 + 1.5%.
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2.2.3 Characterization methods
2.2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

ATR-FTIR spectra were collected using a Thermo Scientific Nicolet 380 FTIR
spectrometer (Thermo Electron Scientific Instruments LLC, USA) with 64 scans

collected for each sample over a range of 400 to 4000cm™ at a spectral resolution of 1cm-

1

2.2.3.2 Proton nuclear magnetic resonance (*H NMR)

The molecular structures of the prepared compounds were confirmed by 'H NMR
recorded on a Varian Unity-INOVA at 499.695MHz in CDCIs (Agilent Technologies,
Santa Clara, CA, USA) with a 1s relaxation delay. The spectra were processed with ACD

Labs NMR Processor, version 12.01.

2.2.3.3 Electrospray lonization - Mass Spectrometry (ESI-MS)

Mass spectra were collected on an APl 3000 triple quadrupole Thermo QExactive
Orbitrap mass spectrometer (Thermo Fischer Scientific, San Jose, CA) equipped with an
electron ion spray (ESI) source in the positive ion mode. The samples (1ppm wt./vol)

were prepared using CHClz: MeOH 70:30 (v/v) and analyzed at a resolution of 17,500.

2.2.3.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed on a TGA Q500 (TA Instruments, Newcastle,
DE, USA). The sample (10-15mg) was heated on a platinum pan from room temperature
to 600°C at a rate of 10°C/min under a nitrogen flow of 60.0mL/min. The thermal

stability of the terephthalate diesters was characterized by the onset temperature of
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degradation (Ton ) as determined at 5% of weight loss. The TGA derivative (DTG) and
its peak temperature (To) were used to assess the weight loss mechanism. The reported
TGA values are the mean and standard deviations of triplicates. Note the thermal stability

data of the 18-m-18 aliphatic diesters were previously published by our group [22].

2.2.3.5 Differential Scanning Calorimetry (DSC)

The thermal transition properties of the compounds were measured using a Q200 DSC
(TA Instruments, Newcastle, DE) equipped with a refrigerated cooling system. Samples
were processed in hermetic aluminum pans. Each sample (4-6mg) was equilibrated at
150°C for 10min to erase the thermal history, then cooled at a prescribed rate (3 and
20°C/min) down to -90°C, where it was held isothermally for 10min and subsequently
heated to 150°C at 10°C/min. Additionally, cooling was carried out at 0.1°C/min within a
restricted temperature range. In this case, the samples were cooled to 30°C below their
melting temperatures, held isothermally for 10min and subsequently heated to 150°C at
10°C/min. The data was analyzed using the “TA Universal Analysis” software. The

reported values are the means and standard deviations of triplicates.

2.2.3.6 Powdered X-Ray Diffraction (XRD)

A PANalytical Empyrean X-ray diffractometer (XRD) equipped with Cu-Ka radiation (
A = 0.1542nm, 45kV and 40mA) and a P1Xcel*® detector (PANalytical B.V., Lelyweg,
The Netherlands) was used to elucidate the crystal structure of the compounds. In order
to allow for comparison, each sample was crystallized following the DSC crystallization
protocols (20, 3, and 0.1°C/min) in a temperature-controlled stage (Linkam LS 350,

Linkam Scientific Instruments, Tadworth, Surrey, UK). The crystallized samples were
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loaded into #50 glass capillary tubes (Hampton Research, California USA) and measured
at room temperature. The XRD patterns were recorded between 0.2° and 70° (20) in
0.013° steps, with 200s intervals. The procedure was automated and controlled by the

PANalytical’s Data Collector (V 3.0c) software.

The XRD data provide information on the cross-sectional packing of the fatty chain.
Bragg’s short d-spacing allows to distinguish the crystal subcell structure and the Bragg’s
long d-spacing allows access to the packing of the molecules along the direction normal
[47]. XRD data are typically presented in two 26-regions: the wide-angle scattering

(WAXD) region which 26 is generally >15° and the small-angle scattering (SAXD)

region which 26 is generally <15°.

The analysis of the XRD data was performed according to the literature [48-51]. There
are three well-known polymorphic forms that occur in fatty acids, esters, and amides: the
alpha («), beta prime (') and beta ( ) polymorphs [24, 26, 29, 37]. These crystal
forms generally increase in crystal stability, melting point and density [51]. The « -
polymorph is characterized by a very strong reflection at 4.1-4.2A indicative of a
hexagonal subcell structure. The p’-polymorph is characterized with two reflections at
3.8A and 4.2A indicative of an orthorhombic subcell arrangement and the 2 -polymorph
is characterized with strong reflections at 3.6A, 3.8A and 4.6A along with other small

peaks of a triclinic (or monoclinic, if the angles o and y are 90°) parallel subcell [47].

A theoretical molecular length (TML) which is taken as the length of the straight chain is

compared to the lamellar thickness or “experimental stacking lengths (ESL)” to
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determine if the molecules bend in order to stack along the c-axis and form the crystal.
The ESL is determined from the SAXD region, which gives the periodical packing of the
molecules along the axis normal (c-axis). The lamellar thickness is easily revealed from
the SAXD using the horizontal and perpendicular periodicities to determine the angle of
tilt and the ESL. The TML is calculated by Pythagorean theorem using standard
molecular bond lengths and bond angles, i.e., assuming the molecule is straight. The
analysis of the packing structure consists of comparing the ESL to the TML plus a methyl
end terrace separation distance (typically 1.5A). If the ESL equals the TML with the
separation distance, then the packing of the molecules is straight. If the ESL is shorter
than the molecular packing would necessarily involve bending of the molecules to fit into

the experimental packing periodicity.

2.3 Results & Discussion
2.3.1 Chemical characterization

The n-TA-n chemical structures of the terephthalate diesters and 18-m-18 diacid diesters
prepared in this work were confirmed with FT-IR, *H NMR, and ESI-MS. The results are
provided and briefly discussed in the Supporting Information (SI). The FT-IR, *H-NMR
and ESI-MS spectra are presented in Sl in Fig S1(a), S1(b) and Fig S2 respectively. *H-
NMR and ESI-MS data are provided in Sl in Table S1. Because the chemical
characterization of the compounds prepared for the present study is not novel, it is not

discussed further.
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Weight (%)

2.3.2 Thermal stability

TGA and DTG curves of 18-TA-18 are represented in Figure 2-1a as an example. The
TGA results for the other terephthalate diesters are provided in Sl in Fig. S3. Figure 2-1b
shows Ton versus molecular mass for the terephthalate diesters and includes previously

acquired data for the diol diesters and diacid diesters [22]. Note that all final mass

conversions reached at least 99.9%.
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Figure 2-1. (a) TGA and DTG curves of 18-TA-18 and (b) versus molecular mass of the

terephthalate diesters (A), diol diesters (®) and diacid diesters (®). Dashed lines are fits
to exponential rise to a maximum function (f =Y, +a(1—exp(—x/x0)); R% > 0.9613)

and serve as guides for the eye. Errors bars are standard deviations from at least three

replicates.
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DTG of all the terephthalates diesters presented a sharp drop at T, (Figure 2-1a)

characteristic of a single-stage mass loss mechanism dominated by evaporation [52]. As
expected, Ton of the terephthalate diesters (A in Figure 2-1b) increased with molecular

mass following an apparent exponential rise to a maximum function (
f=y, +a(1—exp(— x/xo)), R? > 0.9999 — fit parameters are provided in Sl in Table

S3). This is understandable as larger molecules require higher activation energy to
evaporate with the limitation of increasing vibrations that take over surface attractions

[53].

Figure 2-1b shows that for any given molecular mass, Ton of the terephthalate diesters
(A) is higher than Ton of diol diesters (®) which is slightly higher than Ton of diacid
diesters (m). The difference between Ton of the terephthalate diesters and aliphatic
diesters is attributable to the contributions of the benzene ring mainly through the n-n
attractions which increase the activation energy for evaporation compared to the aliphatic
inter-ester chains of the diol and diacid diesters. The relatively small difference in Ton
between the diol diesters and the diacid diesters is attributable to the difference in the
direction of their alkoxy moieties which increases the rotatability of the aliphatic chain
beyond the ester group adding to the molecular flexibility and therefore requiring lower

activation energy for evaporation.

One can note in Figure 2-1b that as the molecular mass increases, the gap in Ton
between the terephthalate diesters, diol diester and diacid diesters decreases and

converges toward the same plateau (320°C). The convergence occurs because of mass
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transfer limitation effect [54]. The probability of the aliphatic chain to exist in higher
number of conformational arrangements increases with increasing chain length, resulting
in decreasing dispersion forces and increasing entropy which limit the thermal stability

[54].

2.3.3 Thermal transition properties

The DSC cooling and heating curves (both at 3°C/min) of the terephthalate diesters are
presented in Figure 2-2a and b, respectively. The corresponding thermal data are
presented in Table 2-1. The thermal transition data of the diacid diesters also collected in
the present work are provided in Sl in Fig S4 and Table S3. The thermal transition
behavior of the terephthalate diesters is characterized by strong and narrow single
exotherms on cooling (Figure 2-2a) mirrored by strong and narrow single endotherms on
heating (Figure 2-2b) indicating the formation and subsequent melting of one crystal

phase. Furthermore, T and AH_ were not significantly affected by cooling rate (Table

2-1).
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Figure 2-2. (a) Cooling and (b) heating traces (both at 3°C/min) of the terephthalate

diesters.

Table 2-1. DSC crystallization and melting results of the terephthalates diesters. Average

standard deviation is + 0.5°C for the temperatures and + 5J/g for the enthalpies.

Cooling rate | 20.0 °C/min | 3.0 °C/min | 0.1°C/min
Crystallization
T.(°C) | AH (/g) | T.(°C) | AH (J/g) | T.(°C) | AH (J/9)
12-TA-12 59.3 197 62.4 196 61.6 187
14-TA-14 69.2 209 70.9 206 70.0 207
16-TA-16 73.1 257 76.7 245 76.4 249
18-TA-18 83.0 225 81.3 229 79.2 213
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Heating rate | 20.0 °C/min \ 3.0 °C/min \ 0.1 °C/min
Melting
T,CC) | AH, (Qfg) | T,(°C) | AH,(Q/9) | T,(°C) | AH, (J/9)
12-TA-12 67.2 208 67.5 201 67.3 188
14-TA-14 4.7 210 75.0 207 74.5 208
16-TA-16 81.3 260 81.0 253 81.5 253
18-TA-18 85.6 223 85.8 234 85.6 216

The thermal transition data relevant to PCM performance for diol diesters [23, 36, 37],
diacid diesters and other linear saturated aliphatic PCMs such as monoamides [26],
diamides [24] and sulfones [29] are compared with the terephthalate diesters in Table

2.2.

Table 2-2. Supercooling (T, —T. ), span of crystallization (AT =T, — T ) and span of

melting (AT"™ =T, —T¢ ) of the terephthalate diesters and other vegetable oil based

PCMs.
Cooling rate Supercoolin Span of Span of
HCIE (°C/rgin) P (°C) ’ crystallri)zation (°C) meI?ing (°C) ST
Terephthalate 0.1 1.4+15 2.0+0.8 3.7+0.4 _
diesters 3.0 2.3+0.8 3.4+0.6 3.9+0.5 This work
20.0 5.5+1.0 7.5£0.5 3.7+0.6
Diol diesters 5.0 45+15 3.0+2.2 4.0£2.5 [23, 36, 37]
0.1 1.3+0.5 1.1+0.4 4.7+0.6
Diacid diesters 3.0 2.4+1.8 3.7+0.7 4.4+0.5 This work
20.0 5.6+2.8 9.4+2.2 4.7+0.7
0.1 1.2+0.5 0.8+£0.5 9.1+0.5
Monosulfones 5.0 1.5+0.4 6.5+£0.5 9.2+0.5 [29]
20.0 2.3+0.5 14.2+0.5 10.0+£0.5
0.1 1.41+0.2 1.1+0.2 4.1+0.4
Monoamides 3.0 1.4+0.6 3.3x1.1 5.4+0.8 [26]
20.0 1.7+1.9 10.3+0.5 4.8+0.8
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Cooling rate Supercoolin Span of Span of
HEE (°C/rgin) p(°C) ) crystaIIFi)zation (°C) melﬁng (°C) e
0.1 0.4+0.4 0.9+0.5 3.7+0.5
Diamides 3.0 0.5+0.4 3.9+0.4 4.2+0.5 [24]
20.0 2.6+x1.5 11.0+2.3 5.3+2.5

As can be seen in Table 2-2, supercooling (T,, — T, ), which measures the extent at which
the PCM remain in the liquid phase below the melting point is small and comparable for
all the PCMs listed including the terephthalate diesters, indicating a high rate of
nucleation regardless of type and number of functional groups [55]. Also, the spans of
crystallization (AT =T, -T5) and melting (AT" =T, —-T4) of the terephthalate
diesters are relatively small and comparable to those of the aliphatic diesters,
monoamides and diamides. AT® and AT™ are regarded as essential criteria when selecting
PCMs for LHTES applications since they are indicative of the time that the PCM takes to

effectively store and release heat at the working temperature [56], without taking into

consideration thermal conductivity differences.

T, and AH_ versus fatty chain length (n) of the terephthalate diesters, saturated aliphatic

diol diesters [23] and 18-6-18 diacid diester are presented in Figure 2-3a and b,
respectively. The dashed curves in Figure 2-3a are fit to an exponential rise to a

maximum function. The fit parameters are provided in Sl in Table S4.
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Figure 2-3. Melting (a) Temperature (T,, ) and (b) Enthalpy ( AH,, ) versus fatty chain

length (n) of the n-TA-n terephthalate diesters (A), n-2-n (®), n-4-n (W), n-6-n (@)

saturated aliphatic diol diesters, and 18-6-18 diacid diester (©). (c) AT, : differencein T,

between n-TA-n and n-6-n diol diesters. Errors bars are standard deviation of three

replicates.

As shown in Figure 2-3a, T, versus n of all the diesters follows an exponential rise to a

maximum function ( f =y, +a(l—exp(x/x,)) ; R? > 0.9977). Figure 2-3a shows that for
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any given fatty chain (n fixed), T, of terephthalate diesters is higher than that of diol
diesters and 18-6-18 diacid diester regardless of inter-ester chain length. The higher T_ of

the terephthalate diesters compared to the saturated aliphatic diesters is due to the
presence of the strong m-m attractions between the benzene rings. The benzene ring
inherent quadrupole moment which arises from the n-system positively charges the atoms
in the ring, correspondingly leaving a negatively charged electron cloud above and below
the ring [57, 58]. When the benzene rings are stacked, their opposite charges interact to
form w-n intermolecular forces that are relatively stronger than dispersion forces between
fatty aliphatic chains [59-62]. The presence of the benzene ring n-x attraction anchors the
diester molecule at the center, preventing high energy molecular conformational
arrangements, which can lead to polymorphism in the crystalline phase, to take place.
Further, the rigid ring influences the ester groups and the aliphatic chains to uniformly
align. The =-m attractions add to the dispersion forces to increase the overall

intermolecular attractions in the terephthalate diester compounds [61].

Figure 2-3c shows that the difference in melting point (AT,,) between n-TA-n and n-6-n

diol diesters decreases linearly with increasing fatty chain length (R? = 0.9910; slope= -
1.1) indicating a consistent loss of stiffness of the aliphatic chain attached to the ring. The
data suggest that compared to the aliphatic diesters, the n-x attractions between the planar
benzene rings caused a stiffening of the aliphatic chain which reduces the ester group

degrees of freedom and number of conformers [61-63].
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As can be observed in Figure 2-3b, AH_values of the 16-TA-16 and 18-TA-18

terephthalate diesters, diol diesters and 18-6-18 diacid diester are high and in the same

range as the aliphatic counterparts (230-255 + 5 J/g). AH,, of 12-TA-12 and 14-TA-14 is

lower compared to the other but is higher than 200J/g which is considered as high for

PCM applications. The lower AH_ for 12-TA-12 and 14-TA-14 when compared with
their aliphatic 12-m-12 and 14-m-14 diol diesters (see Figure 2-3b for m= 2,4 and 6) can
be explained by a simple application of the Gibbs free energy equation at the transition
(Equation 1) using the data of Figure 2-3 which shows that their entropy of fusion is
much lower than that of their aliphatic counterparts. The low entropy is a confirmation
that less aliphatic chain conformational arrangements such as the gauche, anti and eclipse
conformations are available and therefore allowing less disordered states [54].

r _AH

=—7"  Equation 1
m Asm q

As detailed in section 3.4 below, the XRD reveals that the terephthalates studied here,

including 12-TA-12 and 14-TA-14, crystallized in the thermodynamically stable s -

polymorph with the fatty segments closest to the ring forced to align, achieving an
optimal packing which contributes to high melting temperature and crystal order at the

detriment of the enthalpy. As the chain length increases, AH_ increases to drop after n =

16. This is attributable to a degradation in chain periodicity because for the longer
molecules the benzene ring no longer anchors the fatty segments close to the methyl end
which increases “disorder” and adversely affects the enthalpy. The effect of the benzene

ring on the fatty chains is further discussed in section 3.4.
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2.4  Crystal structure elucidation
2.4.1 Crystal structure of the terephthalate diesters

The analysis of the XRD of samples cooled at 0.1, 3.0 and 20°C/min indicated that the
crystal structure of the terephthalate diesters is not affected by kinetics. The SAXD and
WAXD patterns of the samples crystallized at 3°C/min are presented in Figure 2-4a-b,
respectively. The short d-spacing data are reported in Figure 2-4a at the peaks for
convenience. The long d-spacing data (Theoretical Stacking Length (TSL) and
Experimental Stacking Length (ESL)) is provided in Table 2-3. The intensity of the
SAXD harmonics is a fingerprint of electronic density and gauge the quality of the
periodicity along the axis normal. The cross-sectional packings of the of 18-TA-18 is
shown in Figure 2-4c. The 010 plane of 18-TA-18 where the n- attractions [64] occur is

highlighted in Figure 2-4c.
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Figure 2-4. (a) SAXD and (b) WAXD spectra of the terephthalate diesters (n-TA-n). (c)

Cross-sectional packing of the 18-TA-18.

Table 2-3. Theoretical Staking Length (TSL)* and Experimental Stacking Length

(ESL)* of terephthalate diesters.

Stacking length (A)
Compound
ESL (A) TSL (A)
12-TA-12 31.6 37.6
14-TA-14 35.8 43.9
16-TA-16 39.8 50.1
18-TA-18 44.1 56.4

* TSL is calculated for straight molecule, and ESL is determined from SAXD.
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The SAXD patterns of the terephthalate diesters (Figure 2-4a) indicate periodic stacking
along the molecular axis without tilt. ESL is shorter by 4A than TSL for all the
compounds (Table 2-3). This indicates a single molecular packing structure in which the
fatty chains are arranged in an all-trans-zigzag conformation with the planar benzene
groups oriented in a parallel-sandwich stack (Figure 2-4c). The single molecular packing
conformation is also observed in polyethylene terephthalates [61] and polyarylates [65].
The all-trans-zigzag type conformation is energetically favored since it minimizes the
intramolecular steric repulsion between the two ester groups and the electronic n-cloud of
the benzene ring [66, 67]. Additionally, the all-trans-zigzag type of conformation

confirms the two esters’ groups were sufficiently separated apart by the benzene group.

The phase composition of the terephthalate diesters was interpreted from the WAXD
data. As shown in Figure 2-4b, all the terephthalate diesters exhibited strong and sharp
reflections at 4.5-4.4A and 3.8A and a relatively medium reflection at 3.6A which
correspond to the (010), (100) and (110) planes, respectively, of the thermodynamically

stable £ -polymorph in the triclinic parallel subcell structure. The terephthalate diesters

triclinic subcell has angles o # v # B # 90°, and axes a # b # c. This crystal form is

directly associated with the phase detected by DSC (T, and T, in Figure 2-2a and b,

respectively).

Figure 2-4a show that while the intensity of the second and third SAXD harmonics
increases with increasing n, the intensity of the higher harmonics (004 and 006 for
example) decreases. This indicates that as the aliphatic chain becomes longer, the

periodicity along the direction normal steadily degrades. Similar gradual weakening of
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the SAXD reflections with increasing chain length has been reported for alkenes and
alkanes [68]. The degradation of the chain periodicity is understandable because as the
aliphatic chains become longer, the chains acquire higher conformational arrangements

and thus microstates which increases the entropy [54].

2.4.2 Molecular packing efficiency

Figure 2-5a-b compare the SAXD and WAXD patterns, respectively, of 18-TA-18
terephthalate diester, 18-6-18 diacid diester and 18-6-18 diol diester. The SAXD patterns
of these compounds (Figure 2-5a) indicate periodical stacking along the molecular axis
without tilt similar to 18-TA-18 (Figure 2-5c¢). Their cross-sectional packings are shown

in Figure 2-6a-b.

The SAXD of 18-TA-18 showed a high intensity 002-peak but 18-6-18 diacid diester or
18-6-18 diol diester did not (Figure 2-6a). The 002 peak in 18-TA-18 indicate the
benzene rings are periodically stacked at the center of the aliphatic chain and such
periodicity is most likely driven by the benzene ring n-n attraction. The absence of the
002 peak in the 18-6-18 diacid diester or 18-6-18 diol diester confirms that their inter-

ester chains are disordered.

The 003 SAXD peak of 18-TA-18 was also much stronger compared to the 18-6-18
diacid diester or 18-6-18 diol diester (003 peaks in Figure 2-6a) indicating that the
hydrocarbon segments closest to the benzene ring pack more rigidly than those closest to
the aliphatic inter-ester chain. This suggests that the n-r attraction which anchors the
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center of the aliphatic chain also contributes to aligning the neighboring fatty chain
segments in more rigid configurations by restricting their number of conformations. The
higher than 003 order harmonics did not show any significant differences indicating
similar periodicities for the fatty chain segments close to the methyl ends. This suggests
that the effect of the benzene ring on the arrangement of the fatty chains does not extend
beyond the third harmonic. The probability to exist in higher conformation for the
segment close to the methyl end remains similar to other fatty compounds and much

larger than for the fatty chain inner segments [54].
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2.4.3 Crystal phase collimation

DSC cooling and melting curves of 18-TA-18, 18-6-18 diacid diester and 18-6-18 diol
diester are shown in Figure 2-7a-b, respectively. The polymorphism and thermal data of
these compounds are provided in Table 2-4. The polymorph(s) which were detected by
XRD for 18-TA-18 terephthalate diester, 18-6-18 diacid diester and 18-6-18 diol diester
were resolved using the 1% and 2" derivative of the heat flow signal using the method
reported by Bouzidi et al. 2005 [69]. The peak maxima and calculated area of the

resolved peaks (which represent T _and AH_ of the successive melting of the phases

occurring in the material) were associated with the different polymorphs which were

evidenced by XRD according to their successive stability (Ostwald's step rule).
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diacid diester and 18-6-18 diol diester.

Table 2-4. Crystal phase composition and phase change data of 18-TA-18 and 18-6-18

diacid diester and 18-6-18 diol diester with comparable molecular structure. Average

standard deviation is £0.5°C for the temperature values and + 5J/g for the enthalpies.

PCM Polymorph Tn AH,, ASy FV\OIHM Spanoof Reference
(°C) | (Ig) | Qlgrrc) | (°C) | melt (°C)
18-TA-18 Yij 85.8 | 234 2.7 2 4.1 This work
. Vil 675 | 38
18-6-18 Diol - 661 | 41 | 36 3.4 5.4 [23]
3 65.2 | 157
18-6-18 Diacid B 64.6 | 104 _
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The 18-6-18 diacid diester and 18-6-18 diol diester demonstrated polymorphic behavior;
in contrast the 18-TA-18 did not (see crystal phase composition in Table 2-4). The single

polymorph ( #) formed by the 18-TA-18 is the most stable crystal phase detected in the

diesters and melts 18°C higher than the most stable crystal phases formed by the diol and
diacid diesters (see Table 2-4). The difference in polymorphism between the diacid and
diol diesters is due to the directionality of the ester group which dictates which part of the
molecule is rotatable. For instance, the rotatable C-O bond is outwards in diacid diesters
and directs rotation to the whole fatty chain (Scheme 2-1c) whereas it is inwards in diol
diesters and directs rotation into the inter-ester chain (Scheme 2-1b). Because of the more
restricted rotation, diol diesters pack into more ordered arrangements, forming higher

stability polymorphs ( g vs. g’ in the 18-6-18 compounds for example — see Table 2-4).

The thermal data in Table 2-4 show that the presence of the benzene ring n-n attraction in

the 18-TA-18 increased the T, compared to the saturated aliphatic diesters. The increase
in T was not mirrored by any significant deviation of AH_ which indicates that the

entropy of fusion was lower for the 18-TA-18 compared to the 18-6-18 diol and diacid

diester. For example, AS_ of 18-TA-18 is 25% lower than both that of 18-6-18 diacid and

diol diester (Table 2-4) which suggests a large reduction in the degrees of freedom. This
would only occur if strong constraints were imposed by the benzene ring on molecular

mobility, including the rotatability of the ester group.

The ranking of the different crystals formed by diacid and diol diesters in terms of

stability and relative amount strongly suggests that the benzene ring affects molecular
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dynamics beyond the ester groups. The differences in the AS, between the terephthalate

and the other diesters correlate well with the differences in quality of the periodicity as
inferred from the intensity of the SAXD peaks. The thermal and phase composition data
is consistent with the SAXD finding in that they also indicate that the benzene ring
restrains rotation of the ester group and limits flexibility at least on the fatty segments

closest to the functional groups.

2.5 Comparison of Ester group rotational degree of freedom

A deeper look into the *H-NMR and FT-IR chemical analysis of the terephthalate
diesters, diol diesters and diacid diesters along with theory on the aromaticity of the
benzene ring provides insights to support a mechanism involving restraining rotation of
the ester group. For comparison, the chemical shifts and characteristic wavenumbers from
'H-NMR and FT-IR associated with the ester group in 18-TA-18, 18-6-18 diacid and 18-

6-18 diol diesters are shown in Table 2-5 and illustrated in Scheme 2-3.

Table 2-5. 'H-NMR chemical shifts and FT-IR wavenumbers of 18-TA-18, 18-6-18

diacid and diol diesters.

Structure (bold) | 18-TA-18 | 18-6-18 diacid diester | 18-6-18 diol diester
'H-NMR chemical shift (+ 0.1 ppm)
0=C-O-CHr | 5 4.34 ppm | $ 4.06 ppm | $ 4.06 ppm

FT-IR Wavenumber (+ 0.5 cm™)

0=C-O-Cstretch | 1283cm™ | (0.159ev) | 1260 cm™ | (0.156 ev) | 1192 cm™ | (0.148 ev)
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group for 18-TA-18, 18-6-18 diacid and 18-6-18 diol diesters.

The H-NMR chemical shifts in Table 2-5 show that 18-TA-18 requires a higher
frequency (4.34ppm) than the18-6-18 diacid diester and 18-6-18 diol diester (4.06ppm
for both) to bring the —-O=C-O-CH2- protons into resonance. This implies the electron
density around the adjacent alkoxy oxygen atom in the 18-TA-18 molecule is deshielded

relative to the 18-6-18 diacid diester and 18-6-18 diol diester.

A plausible explanation for the deshielding of 18-TA-18 adjacent alkoxy protons in
Scheme 2-3a is that the alkoxy oxygen electron lone pair is resonating into the
conjugated n-system and stabilizes the C—*O=C resonance bond. Additionally, as shown
in Table 2-5, O=C-O-C (bold) alkoxy bond of 18-TA-18 has a higher wavenumber
(1283 cm™) compared to 18-6-18 diacid diester (1260cm™) and 18-6-18 diol diester
(1192cm™) indicating that it requires more energy to be stretched due to its characteristic

double bond formed by the resonance effect (Scheme 2-3a) [70].

The double bond nature of the alkoxy resonance structure revealed by the *H-NMR and
FT-IR data is supported by the literature. The two ester groups in terephthalate diesters
are known to be electron-withdrawing groups because the carbonyl group can

71




accommodate lone pairs of electrons while the benzene ring is an electron-donating group
[71, 72]. The delocalization of m-electrons in systems comprising a benzene ring and
adjacent functional groups capable of accepting m-electrons like aldehydes, ketones,
esters and carboxylic groups creates an extended conjugation bridge within the molecule
in the vicinity of which resonance energy dramatically increases [73]. For example, the
resonance energy which in benzene is 1.62eV increases to 3.09eV in benzoic acid
because the m-electrons in the benzene ring flow into the carboxylic group through the
extended conjugation [59]. Also, computational studies of polyethylene terephthalate
show that due to resonance stabilization, the ester group attached to the benzene ring
requires a higher rotational energy (5-8kcal/mol) to undergo torsional rotation at room
temperature [62] compared to a typical C—C single bond which requires ~2.9kcal/mol
[63]. The concerted electron delocalization immobilizes the rotation of the otherwise
easily rotatable C-O-C bond on the ester group by forming a C—"O=C double bond
which would increase the energy barrier for rotation of the ester group. This stabilization
of the C-O-C flexibility causes the stiffening of the fatty chain and increase in molecule

rigidity and therefore reduces the degrees of freedom and number of conformers [61-63].

2.6 Conclusions

The potential of benzene rings to improve fatty diester PCM thermal performance was
demonstrated to reside in their n-n attractions and resonance effect. Also, the two ester
groups were sufficiently separated by the benzene ring and prevented steric repulsion.
The benzene ring improved the crystal structure and suppressed the polymorphism shown

by the saturated aliphatic diesters. It favored the formation of a much higher stability
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crystal form (the g form), and as shown with SAXD, resulted in improvements in the

quality of the periodicity in the solid state beyond the middle of the molecule. The

benzene ring stabilizing effect manifested by an increased T compared to the saturated
aliphatic diesters without significant decrease in AH_ . This effect is quantified by a
much smaller AS_ (> 75%) which indicates a dramatic decrease in the number of

conformational arrangements and a much lower disorder.

The thermal and crystal structure data are consistent with rotation restraint on the ester
group and limit to flexibility on the fatty segments introduced by the benzene group’s
extended conjugated w-system. The planar benzene ring provided strong n-n
intermolecular attractions and high resonance energy that restrained the ester groups,
restricted the rotation of the dangling hydrocarbon chains and reduced steric repulsion.
'H-NMR and FT-IR analysis revealed that the concerted electron delocalization
immobilizes the rotation of the otherwise easily rotatable alkoxy C-O-C bond on the
ester group by forming a C—"O=C bond through resonance. It is suggested to reduce the
rotational degree of freedom of the ester group by increasing the energy barrier to
rotation. This also causes the stiffening of the fatty chains and hence decrease of the

number of conformational arrangements.

On a practical note, the renewability of the feedstock and the solvent and catalyst-free
routes to prepare terephthalate diesters further make them very attractive choices for
medium temperature TES applications. Additionally, the thermal and crystallographic
results generated here can be used to make informed chemical modifications that improve

the performance of lipid derived PCMs.
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3 Chapter 3 Phase behavior of Monosulfones: Use of High Polarity Sulfonyl
Groups to Improve the Thermal Properties of lipid-based materials for PCM

applications

3.1 Introduction

Phase change materials (PCM) are characterized by large latent heats during the thermal phase
transitions and therefore can be used for the storage and release of thermal energy [1]. PCMs are
used to optimize the energy management of buildings [2], in textiles of clothing for better
comfort [3], the recovery of waste heat [4], medical hot-cold therapies [5], solar heating systems
and greenhouses, and as protective shielding in heat-releasing high-performance electronic
equipment [6]. A wide variety of PCMs which exploit solid-liquid phase transitions are available
and used in different energy storage applications [7]. These materials are selected based on their
melting point, enthalpy of fusion, and thermal conductivity. It is also desirable for such materials
to melt congruently, crystallize with minimum supercooling, and be thermally/chemically stable,
nontoxic, noncorrosive, green and inexpensive [8]. The lack of one or more of these properties is
why organic compounds such as sugars, sugar alcohols and urea are not used in thermal energy
storage (TES) applications [9]. Many types of lipid-based compounds have been investigated as
potential PCMs. In this regard, fatty acids, their eutectic mixtures, and fatty acid derivatives,
such as esters, have received considerable attention [10-17]. For example, mono and diesters
have been reported to circumvent typical fatty acid weaknesses such as corrosiveness, poor odor
and sublimation during heating while maintaining high latent heat, narrow melting ranges and
minimum requirements for super cooling. These compounds are proven to be thermally stable

withstanding numerous thermal cycles without loss of performance. Saturated aliphatic lipid-
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based oleochemical carbonates [18], alcohols [18], monoamides [19, 20] and ethers [21] have

also been studied as low-temperature PCM alternatives to paraffin wax and salt hydrates.

The main shortcoming of current lipid-based PCMs is that they melt at a relatively low
temperatures (generally between 25-80 °C), which limits their application in TES systems [8].
Higher temperature lipid-based PCMs can be achieved in principle by increasing the molecular
weight through longer saturated fatty chains. However, even long chain (< 38 carbons) lipid
based-organic compounds such as fatty acids, fatty amines, fatty alcohols, ethers, esters and
monoamides have melting temperatures that are limited to typically around 80 °C [21]. Further,
the available chain length for lipid-based PCM syntheses is limited to the most abundant
naturally occurring fatty acid, i.e., C1g and its derivatives. The incorporation of polar functional
groups within the linear saturated fatty chains can be exploited to increase the intermolecular
interactions and consequently the phase change temperature [22, 23]. For instance, 1,6-
hexamethylene dioctadecyl diamide possesses a melting temperature of 65 °C which higher than
octadecane amide which has the same fatty chain but only one amide functional group [41]. The
introduction of functional groups with stronger dipole moments into the fatty chain is expected to
further increase the net intermolecular attraction and achieve PCMs with higher phase change
temperatures. The sulfonyl functional group is here investigated as an interesting candidate

which may be used to achieve lipid-based high melting PCMs.

Sulfones (R2S=0>) are known to be the most stable and inert class of organosulfur compounds
since the sulfur valence shell is fully occupied and is therefore in the highest possible oxidation
state. The central sulfur atom of the sulfones is bonded to two terminal oxygen atoms and two
carbon atoms linked to alkyl or aryl R-groups substituents [24]. The net permanent dipole is
generated from the two highly electronegative oxygen atoms drawing the electrons away from
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the sulfur atom, making it highly electron deficient. The dipole moment generated is known to
create four positive and two strongly negative sites. The presence of these positive and negative
sites promotes intermolecular electrostatic attractions between the opposite charges on the

sulfonyl group [25].

The sulfonyl group is known to have a larger dipole moment compared to the carboxylic, ether,
alcohol, ester, ketone, and amide groups. The large dipole moment facilitates intermolecular
interactions namely sulfonyl-sulfonyl interactions [25, 26] and hydrogen bonding between the
sulfonyl group and adjacent a-hydrogens [27]. The sulfones typically have stronger
intermolecular attractions which lead to higher phase change temperatures and enthalpies
compared to, for example, esters and amides [25, 28]. For instance, the latent heat of paraffin
increased by 25 J/g upon sulfonation due to the formation of hydrogen bonds between sulfonic
acid groups [29]. The branched alkyl sulfones are acknowledged as excellent plasticizers [30]
while the more complex sulfone molecules are known to possess numerous biological
properties[31]. The high thermo-oxidative stability of the biphenylsulfonyl group has been

exploited for the preparation of rigid thermoplastic polysulfone polymers [32].

To the best of our knowledge, no research has been conducted on the potential of sulfones for
use in PCM applications. Also, systematic thermal and crystallographic information is not
available for saturated aliphatic sulfones — knowledge which would help in the design of PCMs

based on lipid-derived sulfones.

In the present study, three symmetrical saturated aliphatic sulfones (a) 1-(decylsulfonyl) decane
(10-SO2-10), (b) 1-(dodecylsulfonyl) dodecane (12-SO.-12) and (c) 1-(octadecylsulfonyl)

octadecane (18-SO»-18) (Scheme 3-1) were synthesized and their crystal structure, kinetics of
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crystallization and melting and thermal degradation behavior studied in detail. The study was
targeted at (i) examining the effect of the sulfonyl group on the crystallization structure and
thermal properties of straight chain fatty compounds; (ii) investigating the effect of saturated
fatty chain length on the crystal packing and thermal properties of aliphatic sulfones; (iii)

evaluating saturated aliphatic sulfones as PCMs for TES applications.

The sulfones were synthesized via the oxidation of n-alkyl sulfides with hydrogen peroxide and
confirmed using proton Nuclear Magnetic Resonance (*H NMR), Fourier Transform Infrared
Spectroscopy (FTIR) and Electrospray lonization Mass Spectrometry (ESI-MS). The thermal
stability and thermal transition properties of the sulfones were investigated using
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC), respectively.

Their crystal structures were elucidated using powder X-ray diffraction (XRD).

(a) O\ /O
A P Y e e e
(b) A4
\/\/\/\/\/\/ \/\/\/\/\/\/
(C) O\ O

Scheme 3-1. Structure of the lipid-based sulfones (n-SO2-n) synthesized in this work. (a) 10-

S02-10, (b) 12-S02-12 and (c) 18-SO2-18.
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3.2 Materials & Methods
3.2.1 Materials

All materials were purchased from Sigma-Aldrich, Oakville, Ontario Canada and used as
received. The purity of decyl sulfide (10-S-10), dodecyl sulfide (12-S-12) and octadecyl sulfide
(18-S-18) were higher than 96 %. 30 % hydrogen peroxide (H20.) and glacial acetic acid
(AcOH) (99 % purity) were used as the oxidant and catalyst, respectively. Purity of
dichloromethane (DCM), anhydrous ethanol (EtOH) and magnesium sulfate was higher than 99

%. All chemicals were used as provided.

3.2.2 Synthesis of the sulfones

The three sulfones (n-SO2-n, n = 10, 12 and 18) were synthesized via the solvent-free oxidation
of the respective fatty sulfides [n-S-n; decyl sulfide (n=10), dodecy! sulfide (n=12) and octadecyl
sulfide (n=18)] with H20, and AcOH. In brief, 4 g (1 M equiv.) of n-S-n was added to a 25 mL
round bottom flask equipped with a reflux condenser placed in an oil bath set to the melting
point of the corresponding sulfide. Once the sulfide was melted, 8 mL (2.5 M equiv.) of 30 %
H>0> was added dropwise followed by 2 mL of AcOH and the mixture was stirred for a total of 4
h at 550 rpm. The reaction temperature was increased by 20-30 °C to melt the precipitated
crystals so as to keep the reaction mixture in the liquid state. After four hours, the reaction was
stopped and cooled to room temperature. The obtained white solid was filtered and washed with
distilled water (100 mL x10) and cold anhydrous EtOH (25 mL x2). The crude n-SO2-n was
dissolved in DCM and dried over anhydrous MgSO4. The DCM was subsequently removed by
rotary evaporation at 60 °C under reduced pressure at a spinning rate of 100 rpm. Next, the

product was vacuum filtered and recrystallized from hot anhydrous EtOH (20 mL). Finally, the
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n-SO»-n was filtered and dried in a vacuum oven for 24 hours at 65 °C. Each reaction was run

once. The average purity and standard deviation for all the sulfones is > 96 + 1.5 %.

3.2.3 Characterization methods
3.2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

ATR-FTIR spectra were collected using a Thermo Scientific Nicolet 380 FTIR spectrometer
(Thermo Electron Scientific Instruments LLC, USA) with 64 scans collected for each sample

over a range of 400 to 4000 cm™ at a spectral resolution of 1 cm™.

3.2.3.2 Proton nuclear magnetic resonance (*H NMR)

Molecular structures were confirmed by 'H NMR recorded on a Varian Unity-INOVA at
499.695 MHz in CDCIz (Agilent Technologies, Santa Clara, CA, USA) with a 1 s relaxation

delay. The spectra were processed with ACD Labs NMR Processor, version 12.01.

3.2.3.3 Electrospray lonization - Mass Spectrometry (ESI-MS)

Mass spectra were collected on an API 3000 triple quadrupole Thermo QExactive Orbitrap mass
spectrometer (Thermo Fischer Scientific, San Jose, CA) equipped with an electron ionspray
source (ESI) in the positive ion mode. Samples (1 ppm wt/vol) were prepared using
CHCI3:MeOH 70:30 (v/v) (HPLC grade; VWR, Mississauga ON, Canada) and analyzed at a

resolution of 17500.

3.2.3.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed on a TGA Q500 (TA Instruments, Newcastle, DE,
USA). Samples (10-15 mg) were heated on a platinum pan from room temperature to 600 °C at a
rate of 10 °C/min under a nitrogen flow of 60.0 mL/min. The thermal stability of the sulfones
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was characterized by the onset temperature of degradation (Ton ) determined at 5 % of weight
loss. The DTG and its peak temperature (To) were used to assess the weight loss mechanism.
The TGA measurements were performed in triplicates. The reported TGA values are the mean

and standard deviations of these replicates.

3.2.3.5 Differential Scanning Calorimetry (DSC)

The thermal transition properties of the sulfones were measured using a Q200 DSC (TA
Instruments, Newcastle, DE, USA) equipped with a refrigerated cooling system. Samples were
processed in hermetic aluminum pans. Each sample (4-6 mg) was equilibrated at 150 °C for 10
min to erase the thermal history, then cooled at a prescribed rate (20 and 5 °C/min) down to -90
°C, where it was held isothermally for 10 min and subsequently heated to 150 °C at 10 °C/min.
Additionally, cooling was carried out at 0.1 °C/min within a restricted temperature range. In this
case the sulfones were cooled to 30 °C below their melting temperatures as cooling further was
observed to not provide different results or extra information in terms of phase structure and
composition. The DSC measurements were performed at least in triplicates. The reported DSC

values are the mean and standard deviations of these replicates.

3.2.3.6 X-Ray Diffraction (XRD)

A Panalytical Empyrean X-ray diffractometer (XRD) equipped with Cu-Ka radiation (A =
0.1542 nm, 45 kV and 40 mA) and a PIXcel®P detector (PANalytical B.V., Lelyweg, The
Netherlands) was used to elucidate the crystal structure of the sulfones. In order to allow for
comparison, each sample was crystallized following the DSC crystallization protocols (20, 5 and
0.1 °C/min) in a temperature-controlled stage (Linkam LS 350, Linkam Scientific Instruments,

Tadworth, Surrey, UK). Additionally, the samples prepared in the 0.1 °C/min cooling
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experiments were reanalyzed after 4 months of storage at room temperature. The crystallized
samples were loaded into #50 glass capillary tubes (Hampton Research, California USA) and
measured at room temperature. The XRD patterns were recorded between 0.2° and 70° (20) in
0.013° steps, with 200 s intervals. The procedure was automated and controlled by the

PANalytical’s Data Collector (V 3.0c) software.

3.3 Results
3.3.1 Chemical characterization and confirmation of the synthesized compounds

The structures of the sulfones prepared in this work were confirmed from FTIR, *H NMR, and
ESI-MS. Figure 3-1a and b show H NMR and FTIR spectra, respectively of 12-S-12 and 12-
SO2-12 - representatives of the present sulfides and sulfones, respectively. The *H NMR and

ESI-MS data are summarized in Table 3-1.

Figure 3-1a shows the FTIR of 12-S-12 and 12-SO»-12 representatives of the sulfides and
sulfones. The five characteristic absorbance wave bands of the aliphatic sulfone are indicated
with arrows in Figure 3-1la for 12-SO2-12. As expected, the spz C-H stretching of the Ci»
methylene chain showed in the wavebands 2850-3000 cm™ (v in Figure 3-1a) and the medium
methylene C-H bending absorption peak occurred at 1464 cm™ (iv in Figure 3-1a). Moreover,
the weak C-S stretching was found at 710-766 cm™ in both 12-S-12 and 12-SO2-12 (i in Figure
3-1a). The strong symmetrical and asymmetrical O=S=0 stretching vibrations were observed at
1077-1159 cm™ (ii in Figure 3-1a) and 1212-1334 cm™ (iii in Figure 3-1a) respectively,
confirming the formation of the sulfonyl groups. The absence of the peaks at 1070-1030 cm™ of
the intermediate sulfoxide group (S=0), which forms prior to the sulfonyl group, confirms the

completion of the reaction.
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Figure 3-1. (a) FTIR spectra of 12-S-12 and 12-S02-12, (i) C-S stretch, (ii)) O=S=0 sym.

stretch, (iif) O=S=0 asym stretch, (iv) C-H bending and (v) sp3 C-H stretching; (b) 1H NMR

spectrum of 12-S02-12.

Table 3-1. Chemical name, 1H NMR shifts, and ESI-MS results of the sulfones.

(10-S0,-10)

1.80-1.86 (p, 4H), -SO,-CH,-CH»-CH2- 6 1.41-1.46 (p,
4H)

Chemical name 'H NMR (6 ppm) ESI-MS
1-(Decyl sulfonyl) -CH3 0 0.87-0.90 (t, 6H), -CH2- 6 1.26-1.31 (m, 24H), | Monoisotopic Mass =
decane -SO,-CHy- § 2. 92-2.95 (t, 4H), -SO2-CH,-CH3»- 6 346.3 g/mol

Mass observed
[M + Na]*=369.3 m/z

1-(Dodecyl sulfonyl)
dodecane

(12-S0-12)

-CH3 6 0.87-0.89 (t, 6H), -CH»- § 1.26-1.31 (m, 32H),
-S0,-CHa- 0 2.92-2.95 (t, 4H), -SO,-CH2-CH2- § 1.80-
1.86 (p, 4H), -SO2-CH,-CH>-CH,- § 1.4-1.45 (p, 4H)

Monoisotopic Mass =
402.4 g/mol

Mass observed
[M + Na]*=425.3 m/z

1-(Octadecy!l sulfonyl)
octadecane

(18-S0,-18)

-CH3 6 0.88-0.90 (t, 6H), -CH»- 6 1.26-1.32 (m, 56H),
-SO,-CH>- 6 2.92-2.96 (t, 4H), -SO,-CH,-CH»- 6 1.80-
1.87 (p, 4H), -SO,-CH>-CH,-CH>- 0 1.41-1.47 (p, 4H)

Monoisotopic Mass =
570.5 g/mol

Mass observed
[M + Na]*=593.5 m/z

The MS results presented in Table 3-1 confirm the molecular masses of the sulfones. The *H

NMR spectra showed all the characteristic protons of the sulfones (labeled a, b, d, e and f in
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Figure 3-1b). The protons characteristic of the sulfonyl group were presented at 2.94 ppm (peak
a) and 1.83 ppm (peak b) and the spanned methylene chain length bracketed in the molecular
structure was presented at 1.26-1.31 ppm (peak e). The terminal methyl protons is confirmed at
0.88 ppm (peak f) the protons on the third carbon atom adjacent to the sulfonyl group at 1.44
ppm (peak d). Peak “c” at 1.55 ppm is from the water present in the CDCls. The purity of the

sulfones based on the ratio of the calculated and theoretical methyl protons is higher than 95 %.

3.3.2 Thermal stability

The results of the TGA experiments are represented in Figure 3-2a with the weight loss (TGA)
and TGA derivative (DTG) curves of 12-SO2-12 shown. The variation of the onset of
degradation (Ton ) as determined at 5 % weight loss, and the DTG peak temperature (To) versus
the number of fatty carbons are presented in Figure 3-2b. Errors bars are the calculated standard

deviations from at least 3 runs.
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Figure 3-2. (a) TGA and DTG weight loss curves of 12-S0O2-12, (b) 5 % and weight loss

temperatures of the sulfones. Dashed lines in (b) are guides for the eye.
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The DTG of the sulfones (Figure 3-2a) presented asymmetrical shapes typical of materials
undergoing weight loss predominantly by evaporation [33]. The apparent linear increase of Ton
with chain length (Figure 3-2b) indicates a direct correlation between the onset of degradation
and fatty acid chain length and hence molecular mass, consistent with the increasing activation
energy required to bring the larger molecules into the gaseous state [34]. The almost parallel
trend followed by To confirms this analysis. The maximum rate of weight loss for the sulfones
decreases linearly with the size of the sulfones, also consistent with the mass effect. The rate
values measured at To versus fatty chain length are provided in Fig. S1 in the Supporting

information (SI).

3.3.3 Phase change properties of the sulfones
The DSC cooling and heating traces for the sulfones are presented in Figure 3-3a and b,

respectively, and the corresponding thermal transition data are presented in Table 3-2.

Table 3-2. Crystallization and melting results of the sulfones under the 20.0, 5.0 and 0.1 C/min

cooling protocols. Standard deviation is > 0.3 °C for the temperatures and > 8 J/g for the

enthalpies.
Cooling rate 20.0 °C/min 5.0 °C/min 0.1°C/min
CrySta”iza‘tion reSUItS Tcl (OC) AHcl (‘]/g) Tcl (OC) AHcl (‘]/g) Tcl (OC) AHcl (‘]/g)
10-S0O-10 82.2 208 84.0 215 85.4 205
12-S0,-12 89.3 218 91.1 220 934 214
18-S0-18 98.5 227 103 235 105.1 220

Melting results T.,CC) | AH,, Qlg) | T,(CC) | AH_, Q/g) | T, °C) | AH_, (J/9)

10-S0»-10 88.8 204 89.7 203 88.9 196
12-S0,-12 96.2 210 96.6 205 96.8 201
18-S0,-18 109.1 218 109.1 223 108.4 219

90




~~

a) (b)

Heat Flow (W/g)

2.0
111

] ~\ | Te o Jn=18 -
] ,’\\‘ 1 N 4
b /o ] -
] /i ] 7
1. /o 2 i
] n=18 //\ / D -2 e // @ -
] /I(\\ Te, 5 ] S ]
] /I 3 3 z
] /1| L3 T
i | | T - —_
4n=12 / | ®
e et B £
] [ 7e, ] _
] /) ] i
7 /I/ ||: ] 5!—
n=10_7 / |} . ]
—lT-l-—l-I|||||||:I||||I||||IIIII‘ |||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||
60 70 80 90 100 110 120 60 70 80 90 100 110 120 130 -65-50-35-20 -5 10 25 40 55 70
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3-3. (a) crystallization and (b) melting thermograms of the sulfones cooled at 0.1 (red), 5
(black) and 20 °C/min (blue). (c) Zoom into the low temperature regions of the crystallization

thermograms of the sulfones cooled at 5 °C/min.

The crystallization of the sulfones is dominated by a strong exotherm (T, Figure 3-3a)

followed by two small crystallization events (Figure 3-3c), which make up between 2 to 5 % of
the total enthalpy, depending on the size of the molecule and the cooling rate. The heating traces

show a single endotherm for the samples run at 0.1 °C/min and two endotherms in the case of
those run at 5 and 20 °C/min (T_,and T, in Figure 3-3b). In all cases T, iscloseto T_, (5 °C

in the case of the samples run at 5 °C/min, for example) indicating that they are closely

associated. They are in fact crystallization and melting traces, respectively, of the same phase.
The small T, is associated to the solid-solid transformation of the low temperature metastable

phases of the system. These will not be discussed further as they are negligible and

inconsequential for the functionality of the materials in TES applications.
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The bulk of the crystallization as determined by the width of T is complete in less than 1 min in

all the cooling experiments (0.1 C/min, 5.0 C/min, 20 C/min). The corresponding melting peak (

T,,in Figure 3-3b) is also as narrow. The span of crystallization and melting is an important

criterion when selecting PCMs since the phase change span is indicative of the ability of a
material to efficiently release latent heat at the peak temperature. The sharpness of the
crystallization and melting peaks indicates the ability of the material to rapidly release and
absorb heat which is important for the performance of TES systems [35]. The sulfones showed a
small level of supercooling which is also a desirable property for the storage and release of heat

at a fixed temperature.

Figure 3-4a presents the crystallization and melting temperatures (T, T ), and Figure 3-4b the

enthalpies of crystallization and melting (AH,,, AH ) obtained in the 5 °C/min experiments.
Errors bars are standard deviation of at least three runs. One can detect visually in Figure 3-4a-b
the tendency of T, T, AH, and AH ; to increase towards a plateau as the fatty chain length

increases. This is explained by the combination of the increase of dispersion forces between the

fatty chains and mass transfer limitations with increasing carbon number.
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Figure 3-4. Variation of the characteristics of the main crystallization and melting peaks; (a)

Temperature (T, T,,), (b) enthalpy (AH,,, AH,,). Dashed lines are guides for the eye.

The crystallization data indicate minor kinetic effects. For example, only a small difference (< 3
°C) was recorded for T, between the very slow cooling (0.1 °C/min) and the fast cooling (20

°C/min) experiments. The melting peak temperature (T ,) was not altered and the enthalpy of

melting (AH_,) not significantly affected by the crystallization protocol, indicating the absence

of kinetic effects. In fact, the dominant crystal phases achieved by the sulfones at all cooling

rates are the most stable phases attainable by such thermal protocols.

The crystallization and melting temperatures displayed by the present sulfones for 10-SO»-10,
12-S0-12, and 18-SO,-18 are: (T,;) = 84, 91 and 103 °C, respectively, and (T,,) = 90, 97, and

109 °C, respectively. The range of phase change temperatures is practically extended by ~ 20 °C.
The phase change enthalpies are rather high (196 — 235 J/g) and competitive with commercial
salt hydrates [8]. The thermal transition data collected here is promising for the extending and

diversifying of the range of current medium temperature lipid based PCMs.

3.3.4 Crystal structure elucidation

The XRD data provide information on the cross-sectional packing of the fatty chain through the
Bragg’s d-spacings. The Bragg’s short d-spacing data are used to distinguish the crystal subcell
structure. The Bragg’s long d-spacing data allows access to information on the packing of the
molecules along the direction normal [36]. XRD data are typically presented in two 26 -regions:

the wide-angle scattering region (WAXD) and the small-angle scattering region (SAXD). For
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convenience, we refer to the 260=[1 - 16]° range as the SAXD region and to the [16 - 26]° range

as the WAXD region.

There are three well-known polymorphic forms that occur in triacylglycerols (TAG), fatty acids,
esters and amides: the alpha (« ), beta prime (4’) and beta ( ) polymorphs. These crystal forms
generally increase in crystal stability, melting point and density [37]. The least stable ¢ -
polymorph fatty chains packs in a hexagonal subcell. This form is characterized by a very strong
reflection at 4.1-4.2 A. The g -polymorph commonly possesses an orthorhombic subcell
arrangement and is characterized with two reflections at 3.8 A and 4.2 A, whereas the s -
polymorph ordinarily packs in a triclinic (or monoclinic, if the angles o and y are 90 °) parallel
subcell and is characterized with strong reflections at 3.7 A, 3.8 A and 4.6 A along with other
small peaks [38]. Additionally, there also exists the metastable gamma () polymorph which has
a pseudo-orthorhombic subcell packing. The y-polymorph normally forms through the
transformation of the unstable o -polymorph upon heating and can itself irreversibly transform
into the more stable p'-and - polymorphs when cooled further [39]. The y-polymorph
exhibits strong reflections at 3.9 A and 4.8 A and medium reflections at 3.6 A, 4.3 A and 4.5 A.
The y-form has been observed for TAGs such as 1,3-distearoyl-2-oleoyl-sn-glycerol (SOS), and

oleic acid [40, 41].

3.3.4.1 SAXD results

The SAXD patterns of 10-S0O,-10, 12-SO,-12 and 18-SO-18 are presented in Figure 3-5a-c,
respectively. The SAXD data (d-spacing and Miller indices, angle of tilt, stacking length) are
provided in Table S1 in the SI. Figure 3-5d shows the theoretical molecular length of the
sulfones and the layer thickness obtained from XRD (experimental stacking length or ESL) as a
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function of chain length. The theoretical molecular length is calculated using standard bond

lengths and bond angles.
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Figure 3-5. SAXD spectra of the sulfones crystals with labelled miller indices (00I). (a) 10-SO2-
10, (b) 12-S02-12, and (c) 18-SO2-18. Cooling rates are labelled as 20, 5, 0.1 and, 0.1 °C/min

after 4 months. (d) shows the effect of cooling rates on the sulfones ESL.
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The fundamental [001] reflection and its following 6 harmonics were observed for both the
perpendicular and parallel contributions to the stacking of the sulfones (Figure 3-5a-c and Table
S.1in Sl). The angle of tilt measured for the three sulfones was ~46° in all cases, indicating the
same methyl-end structure. The SAXD data (Figure 3-5a-d) show that the overall molecular
stacking structure is not affected by cooling rate nor by long storage at room temperature.
However, one can notice a 1.6 A increase in the ESL of the 18-SO,-18 sample when cooled very
slowly (0.1 °C/min) compared to those cooled more rapidly (20 and 5 °C/min, Figure 3-5d),
indicating a subtle molecular reorganization along the perpendicular direction. Figure 3-5d also

reveals that the ESL deviates more from the theoretical length for the larger sulfones.

The packing structure as elucidated by the SAXD data is presented in Figure 3-6a-c for 10-SO,-
10, 12-S0,-12, and 18-S0O»-18 respectively. The data are consistent with a single molecular
packing configuration in which single molecules arrange in the layer with the sulfonyl groups
sliding past each other. For a distance between two layers approximately equal to the length of a
C-C bond (1.5 A), the adjacent sulfonyl groups are approximately 3.5 A away from each other
for 10-SO-10 (Figure 3-6a) and 3.7 A for 12-SO,-12 (Figure 3-6b). For 18-SO-18 the adjacent
sulfonyl groups are 5.5 A further from each other (Figure 3-6c). This increasing distance
between adjacent sulfonyl groups arises from the increasing effect of the dispersion forces
between fatty chains with increasing methylene chain electronic density. Therefore, sulfones
with longer fatty chain possess stronger dispersion forces and weaker sulfonyl-sulfonyl (S°*---
O%) attractions. The packing arrangement of the sulfones as revealed by the SAXD data (see
Figure 3-6a-c) is the result of the optimization of these intermolecular attractions. The decrease

in the attraction between adjacent sulfonyl groups is in part responsible for the tendency to
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plateau observed for the melting point (T ;) and enthalpy of melting (AH,,) (see Figure 3-6a-
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Figure 3-6. XRD long-range c-axis stacking of (a) 10-S02-10, (b) 12-SO2-12, and 18-SO2-18.

The sulfonyl group (sulfur (yellow) and oxygens (blue)) is shown at the center of the molecule.
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3.3.4.2 WAXD results

The WAXD patterns of 10-SO>-10, 12-SO,-12 and 18-SO»-18 are presented in Figure 3-7a-c

respectively. The phase structures obtained from the WAXD at the different cooling rates are

presented in Table 3-3. The reported Miller indices and corresponding crystal form identification

are mined from the literature [27, 42, 43]. The crystal phase behavior of the sulfones was

interpreted from the WAXD Bragg’s d-spacings.
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Figure 3-7. WAXD patterns of (a) 10-SO2-10, (b) 12-SO2-12, and (c) 18-SO2-18. The d-

spacing values are shown on top of the peaks (vertical lines are guides for the eye).

The thermal treatment is reported on top of the right wing of each pattern (cooling at 20, 5, and

0.1 °C/min and after 4 months at room temperature for the sample cooled at 0.1 °C/min).
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Table 3-3. Phase composition of the sulfones and melting temperatures at the various cooling

protocols.

Sulfones 20 °C/min 5 °C/min 0.1 °C/min %ngﬁ;i‘?
10-S0,-10 ' ' ! /
T,.=89°C | T, =90°C | T, =90°C
s s s s
1250121 1 =96°C | T, =97°C | T, =97°C
s s s s
18-502-18 | 1 =109°C | T,, =109°C | T, =109 °C

From Figure 3-7c the 18-SO,-18 WAXD patterns exhibit strong and sharp reflections at 4.6 A
and 4.0 A and a relatively broad reflection at 3.8 A. These reflections correspond to the 010, 020

and 200 planes respectively of the thermodynamically stable s -polymorph. This crystal form is
therefore associated with T, (n= 18 in Figure 3-3a) whereby the 18-SO,-18 molecules are

tightly packed in the triclinic parallel subcell structure. Correspondingly the melting point T_, =

109 °C and enthalpy of melting AH,_, = 223 J/g (n= 18 in Figure 3-3a) are associated with the
melting of this s -phase. The cross-sectional packing of the 18-SO2-18 s -polymorph shown in

Figure 3-8 outlines how the molecules are arranged into the triclinic subcell.
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Figure 3-8. Cross-sectional packing of the 18-S02-18 -polymorph in the triclinic subcell. The

shaded region represents the 010 planes containing the sulfonyl groups.

There is a slight tightening (0.03 A) of the 010 plane at 4.6 A (Figure 3-7c) for the slow cooled
18-S0»-18. Additionally, a subtle feature can be observed in the WAXD (Figure 3-7c) whereby
the reflection at 4.0 A, attributed to the 020 family of planes, is present when fast-cooled (20 and
5 °C/min) but absent when slow-cooled (0.1 °C/min). This indicates a dramatic change in the
electronic distribution in this plane. The disappearance of the 020 reflection is associated with
the disposition of the oxygen atoms, which comprise the 020 plane, in a way that maximizes the
electronic density and extinction of its reflection. This is facilitated via the “face-to-face”
configuration of the sulfonyl groups within the stacking unit which results in high electronic
densities when the sulfonyl groups are close together and decreased electronic density when the
sulfonyl groups “slip” past each other along the c-axis (Figure 3-8). The latter is promoted by
the slowest cooling only. The “slippage” of the sulfonyl groups of 18-SO,-18 is also observed
from the SAXD with the increase of the ESL as shown in Figure 3-5d. The configuration was

confirmed after 4 months at room temperature.
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The WAXD of 12-SO>-12 provided similar general crystal structure signatures. It also

crystallized in the g -form at all cooling rates and lost the 020 reflection when subjected to

isothermal storage for 4 months after crystallization at 0.1 °C/min (Figure 3-7b). However, in
this case one also observes the weakening of the 010 reflections (4.6 A peak in Figure 3-7b) and
the growing of the 020 reflection (at 4.1 A in Figure 3-7b) as the cooling rate is decreased from
20 to 0.1 °C/min, indicating a growing tendency of the sulfone molecules to approach each other

along the a-axis (Figure 3-8) and of the electronic density between oxygen planes to decrease.

The WAXD of 12-S0O-12 taken after 4 months of isothermal storage at room temperature
recovered the intensity of the 010 reflection and lost the 020-reflection indicating a full
relaxation to the configuration where the sulfonyl groups are close but past each other, similar to

the configuration of 18-SO,-18. This suggests that this configuration for the g -form of these

two sulfones is the most stable accessible by the non-isothermal and isothermal crystallization

protocols used. The g -phase of 12-SO»-12 is characterized by a melting point of 97 °C and an

enthalpy of melting of 205 J/g.

The WAXD of 10-SO-10 presented three strong and sharp reflections at 4, 4.4 and 4.9 A and a
medium reflection at 3.8 A which were independent of cooling rate (Figure 3-7a). These peaks
are indicative of the y-form which is a loosely packed pseudo-orthorhombic subcell structure
typically documented for fatty acids such as oleic acid [40] and TAGs [39]. The WAXD data of
the 10-SO.-10 sample did not change upon storage of the sample for 4 months at room
temperature. Thus, the y was the only form detected in 10-SO»-10 regardless of cooling rate and
storage and therefore can be considered the most stable phase recorded so far for this compound.

The melting temperature of the y-phase is 90 °C and its enthalpy of melting is 201 J/g.
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3.4 Discussion

In this section, the thermal stability and thermal transition properties of the sulfones are
compared against those of a variety of analogous linear saturated organic PCMs mined from the
literature. The compounds include alkanes (R), fatty acids (R-COOH), fatty alcohols (R-OH),
symmetric monoesters (R-COO-R), monoamides (R-CONH-R), ethers (R-O-R), aliphatic
diesters and diamides. The influence of the functional groups and molecular geometry is
captured and compared to the sulfones’ properties and those of monofunctional structures and
difunctional structures having similar total chain length. The thermal properties of the PCMs

cited here are provided in the Sl in Table S2.

3.4.1 Thermal stability

Figure 3-9a-b show the onset of degradation (Ton) and maximum derivative weight loss

temperature (To) of the sulfones compared with those of a range of organic compounds mined

from the literature [17, 44-48].
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Figure 3-9. (a) Onset of weight loss (Ton ) as determined at 5 % weight loss and (b) maximum
derivative weight loss temperature (To ) of the sulfones compared with other PCMs mined from

the literature.
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Notwithstanding a plateauing effect, Figure 3-9a shows that Ton of the sulfones (&) falls into
the same apparent linear curve which is followed by the alkanes (#) and monoamides (*). At
least in the available range, Ton of the larger saturated diesters (% in Figure 3-9a) appear to
follow a gentler slope (m) compared to the sulfones (3.5 °C versus 5 °C per carbon, respectively)
indicating a lower thermal stability. This is further backed by the variation of To which linear
dependence on chain length shows a marked difference in slope, i.e., 5.6 °C per carbon for the
sulfones versus 3.8 °C per carbon for the saturated diesters (& and * in Figure 3-9b,
respectively). Ton and To of the unsaturated diesters (% in Figure 3-9a-b) are also below those
of the sulfones for any given chain length. These data show, that overall, the thermal stability of
the sulfones is higher than that of alkanes, saturated monoesters and saturated and unsaturated
diesters; underlining the higher relative contribution of the polar sulfonyl groups to the

intermolecular interactions.

The thermal stability data for monoamides [49] and diamides also show trends similar with the
sulfones (¥ and ® in Figure 3-9a-b). The higher thermal stability of the diamides is attributed
to the larger number of hydrogen bonds, a total of 4 bonds per molecule, [50] compared to the 2
bonds per molecule formed by the one sulfur group. The high thermal stability observed for the
sulfones, monoamides and diamides reflects some degree of short-range order in the liquid state
due to the sulfonyl-sulfonyl and hydrogen bonding interactions respectively, which would
require an increase in the kinetic energy of the molecules prior to evaporation [51]. In contrast
the alkanes and esters have no strong intermolecular interactions in the liquid state other than

weak dispersion forces [50].
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3.4.2 Phase change temperature

The melting temperatures (T,,) of the sulfones (&) are compared with those of the symmetric

monoesters (#) [44-46], monoamides (®) [19, 20], alkanes (*) [52], fatty acids (©); [53],
fatty ethers (#), fatty alcohols (*) [21], diesters (=) [17] and diamides (*) [47]. The data is
represented in Figure 3-10. The characteristic functional group of the monoesters, monoamides
and fatty ethers is in the center of the molecule whereas the carboxylic group of the fatty acids
and the hydroxyl group of the fatty alcohols are located on a terminal carbon atom. All of the

molecules are saturated.
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Figure 3-10. T, of the present sulfones and selected organic compounds mined from the
literature. Symbols: sulfones (& ); monoesters (* ); monoamides (®): alkanes ( ®); carboxylic
acids (¥ ); ethers (3 ); alcohols (* ); diamides (* ); and diesters (> ).

3.4.2.1 Influence of the hydrocarbon chain on the phase change temperature

It is apparent from Figure 3-10 that the melting temperatures of each series of compounds
increase with increasing methylene chain length and tend to plateau regardless of the functional

group type. The tendency to plateau at large chain lengths is attributed to energy and mass

104



transfer limitations. This trend in melting temperature is well known to arise from the increasing
Van der Waals forces between the fatty chains as a result of increasing chain length [50]. The
main Van der Waals force that occurs between the long fatty chains are the London dispersion
forces [54]. The dispersion forces occur when the electron clouds of the fatty chains are distorted
and generates temporary dipoles that cause the chains to be more attracted to each other and are

the basis of the formation of closely packed lattice arrangements [55].

3.4.2.2 Influence of functional group on the phase change temperature

The almost parallel curves of Figure 3-10 describing the melting temperature of the different
series reveal the effect of the functional groups on the phase change temperature of organic
compounds. Except for the diamides, the sulfones have the highest melting temperatures

followed by the carboxylic acids, monoamides, fatty alcohols, alkanes, monoesters, ethers and

finally diesters. The higher T_s of the sulfones compared to all of the compounds with only one

functional group is attributable to their strong sulfonyl-sulfonyl attractions [56]. The sulfonyl
group is the most polar of the series with a dipole moment of 4.5 Debye (D) [25] followed by the
amide (3.8 D), ketone (2.8 D), ester (1.7 D), hydroxyl (1.5 D) and carboxyl (1.7 D) groups [57]
(see Table S3 and Fig. S2 in SI). Due to its larger dipole moment, the sulfonyl group result in
stronger intermolecular attractions compared to the amide, carboxylic, ester, ether and hydroxyl
functional groups [58]. Also, hydrogen bonding between the electronegative sulfonyl oxygens
and adjacent Lewis acidic a-hydrogens is possible, similar to what was reported for polysulfones

[27].

T, of the monoesters, diesters and ethers (> ,# and ® respectively in Figure 3-10) practically

lie on the same curve and is the lowest. The alkanes (* in Figure 3-10) melt at temperatures
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~13 °C higher relatively to the monoesters, diesters and ethers. This is attributed to the combined
effects of the flexibility (C-O-C and O-C=0), bulkiness and weak attraction power of the ether or
ester groups presence in the center of the molecule which limit the formation of close packed

structures contrary to the alkanes in which such hindrance is missing [59].

The diamides possess significantly higher T, compared to the sulfones. For example, T of 18-
S0O2-18 is ~109 °C and T, of 1,6-hexamethylene dioctadecyl diamide (18-2-18) is ~ 146 °C. It is

obvious that the doubling of the high polarity functional group is instrumental in setting such

high phase change temperature. Furthermore, one can notice that T_ of the reported diamides (%

in Figure 3-10) is practically independent of fatty chain length (~145 + 2 °C), which stresses the
dominance of the hydrogen bond contributions over the other contributions brought by the fatty
chains. In the case of the diesters of 1, 6-diol [17] (* in Figure 3-10), the melting temperatures
are as low and show a similar trend as the monoesters and ethers, which indicates the dominance

of the fatty chain contributions over the ester functional groups.

The knowledge gathered from Figure 3-10 suggests that higher phase change temperatures can
be achieved by incorporating one or more polar functional groups in lipid based molecular
architectures without the drawback of mass limitation, at least where these effects are not

overwhelming, such as probably with C1o - C1g chains.

3.4.3 Phase change enthalpy

Figure 3-11 compares the enthalpy of melting (AH, ;) of the sulfones with other PCMs found in

the literature [17, 21, 44-47, 52] as a function of total chain length. All the molecules are

saturated. The characteristic functional group of the sulfones (& ); monoesters (*); diesters (),
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monoamides (%), diamides (#) and ethers (*) is in the center of the molecule whereas the

hydroxyl group of the fatty alcohols (%) is located on a terminal carbon atom.
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Figure 3-11. Enthalpy of melting (AH,,) of the sulfones with organic PCMs: sulfones (& );

monoesters (* ); alkanes (® ); ethers (* ); alcohols (@ ); diamides (#* ); diesters (* ); and

monoamides (* ).

With the exception of the monoamides, the melting enthalpy for each series of organic PCMs in
Figure 3-11 increases with increasing chain length and plateau similarly to what was observed
for their melting point (Figure 3.10) as a result of the combined effects of increasing attractive
dispersion forces and mass transfer limitations associated with the increasing chain length. The
even carbon alkanes (= in Figure 3-11) demonstrate the highest enthalpy due to the better long-
range crystal lattice packing arrangements facilitated by the maximum attraction between their
methylene chains, increasing he crystal density (molecules per unit cell) and therefore, the phase

change enthalpy [50].

The higher melting enthalpy of the alkane compared to the cases where a functional group

is present is due to a combination of the various factors which contribute to the packing
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arrangement of the molecules in crystal structures, particularly the geometry of the molecules,
the size and specific interaction strength of the functional group [29, 50]. For compounds with
polar functional groups, such as the amide, hydroxyl and sulfonyl groups the close packing
requirements are known to be less compelling [55]. This is so because, unlike the dispersion
forces, the attraction between the highly polar functional groups is directional and favors a
particular packing orientation. As a result, the most energetically favorable arrangement that the
molecule form may not be the best arrangement for achieving high enthalpy of fusion [50, 55].
The disrupting role of the functional group can be as strong as to prevent any stable phase from

forming is illustrated by 10-SO.-10 which formed the metastable y-polymorph regardless of

crystallization and/storage conditions.

The case of the monoamides which melting enthalpy even decreases with increasing chain length
(negative slope in Figure 3-11 of -4.2 J/g/carbon) is an extreme example where on top of the
above effects, the hydrogen bond strength is decreased by the increase in the separation distance

between the amide without any compensation by the added van der Waals [49].

The effect of increasing chain length on the phase change enthalpy is much stronger in ethers,
monoesters and diesters than in sulfones, diesters, and diamides alkanes (see apparent slopes in
Figure 3-11) because the former contain weak hydrogen bonding donor and acceptor atoms and
therefore do not readily form hydrogen bonds which leaves the long-range dispersion forces as
the main intermolecular interactions that determines the phase change enthalpy. In the case of the
sulfones, the positive slope of their enthalpy versus n curve (& in Figure 3-11) indicates that
both the sulfonyl-sulfonyl interactions and dispersion forces contribute to the total intermolecular
forces and consequently to the phase change enthalpy. The similar apparent slope of the (* in

Figure 3-11) indicate that the diamides benefit from the added dispersion forces almost in the
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same manner as the sulfones confirming the roles of their strong hydrogen bonding and

dispersion forces in the determination of the phase change enthalpy [50].

The comparison of linear saturated diesters and diamides (* and # in Figure 3-11) with the
sulfones highlights the effect of doubling functional groups. As shown, the melting enthalpies of
the sulfones lie between those of the diesters and diamides. Even though the diamides have
higher melting temperatures than the sulfones (Figure 3-10) due to the presence of the reinforced
hydrogen bonds, their melting enthalpies are slightly lower. In contrast, the diesters which have
lower melting temperatures than the sulfones and diamides, possess higher melting enthalpies.
Both the sulfone and the diamides are highly polar molecules with significant directional
intermolecular attractions that favor particular packing orientations which are not the best
arrangement for achieving highest melting enthalpy (as discussed earlier in this section). The
larger polarity of the sulfonyl functional group compared to the amide functional group (4.5 D
versus 3.8 D respectively) imparts increased directionality to its molecular arrangement that
makes the close packing requirements compelling but provides less attraction strength than the
two amide groups. Unlike the sulfones and the diamides the diesters do not possess hydrogen
bonding and therefore do not experience strong directionality requirements. As a result, the
dispersion forces are dominant, facilitating the formation of close packing arrangements which

result in higher energy storage enthalpies than in the sulfones and diamides.

3.5 Conclusion

Three lipid-based sulfones were synthesized in high purities and yields from lipid-based sulfide
feedstocks via a solvent-free oxidative synthesis route. All sulfones crystallized in a dominant

single crystal phase and small very low temperature phases unconsequential for PCM
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functionality. Sulfones with the longer fatty chain length; ie. 18-SO,-18 and the 12-S0,-12,

crystallized in the thermodynamically stable s -polymorph form whereas 10-SO»-10 crystallized
in the y-polymorph. The sulfones presented relatively higher phase change temperatures,

competitive phase change enthalpies and thermal stabilities, compared to the existing lipid-based

PCMs comprising one functional group.

The sulfones displayed sharp phase transitions with negligible supercooling. Their phase
change temperatures range between 90 and109 °C and their phase change enthalpies are higher
than 200 J/g which qualifies them for use in numerous medium temperature TES applications.
The renewability of the feedstock and the solvent and catalyst free routes to obtain them further
make the sulfone material very attractive choices for TES applications.

The incorporation of highly polar sulfonyl groups in fatty chains was demonstrated as a possible
mean to achieve improved PCMs with thermal properties that are suitable for latent heat TES;
especially higher phase change temperatures than what currently exist. It remains to be
demonstrated if multiple sulfonyl functional groups can further increase the phase change
temperatures and if there is a limiting number for such an increase as is the case for the increase

of the number of carbons in the aliphatic chain.
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4  Chapter 4 Effect of Pendant Sulfide and Sulfonyl groups on the Thermal, Flow

and Antioxidative Properties of Lipid Based Aliphatic Monoesters

4.1 Introduction

Environmental and sustainability concerns are driving research efforts to develop
environmentally friendly biodegradable lubricants to replace those derived from petroleum [1].
Vegetable oils are considered a feedstock of choice as they are abundant, renewable, non-toxic,
non-volatile and highly biodegradable [2-5]. In their commonly available form, almost all
vegetable oils have limited use as lubricants because they are composed of ~90 %
triacylglycerols (TAGs) which display inherent disadvantages such as poor cold-flow
performance, poor thermo-oxidative stability and limited viscosity [6]. TAGs, however, are

relatively easy to derivatize and transform into compounds that may mitigate these limitations.

Ester lubricants prepared from unsaturated fatty acids and their derivatives are widely studied
and used since they present properties similar to well-established mineral and synthetic
lubricants [4, 7, 8]. The naturally abundant oleic acid [9-11] and its widely available and
inexpensive derivative oleyl oleate (octadec-9-enyl octadec-9-enoate) are common precursors of
many existing biolubricants [12]. Ester materials are usually branched at the C=C double bonds
with hydrocarbon chains to mitigate oxidation susceptibility and early crystallization [13-16].
For example, unsaturated monoesters [17-20], unsaturated diacid diesters [21-24] and

unsaturated diol diesters [25, 26] present onset of crystallization (T.S ) between -30 °C and 20 °C
and viscosity between 10 mPa.S and 40 mPa.S; whereas, branched ester lubricants present T as

low as -55 °C and viscosity ranging from 100 mPa.s to 500 mPa.s [17, 18, 25-32].
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Further improvements in lubrication properties are possible with novel designs of ester
compounds. This can be achieved by incorporation of functional groups which confer specific
interactions and conformations or by creating novel molecular architectures that promote
advantageous transformation paths and phase behaviors. Sulfur is one of the abundant elements
with several unique chemical properties which if appropriately positioned in the molecule can
enhance the lubricant properties of ester compounds. Sulfur is a p-block element in group VI
(atomic number 16) with a relatively large atomic radius (1.05 A), compared to oxygen for
example (0.66 A). Consequently, sulfur is expected to distort molecular arrangements in which it
is present considerably more compared to oxygen. This bulkiness is expected to obstruct
crystallization, particularly if sulfur is present in branched groups. Sulfur is slightly more
electronegative than carbon and less electronegative than oxygen. As a result, sulfur forms
thermally stable bonds similar to carbon [33]. The C-S bond is slightly polar and slightly weaker
than the C—C bond (362 kJ/mol vs. 376 kJ/mol) [34]. Unlike oxygen which can mainly exist in —
1 and -2 oxidation states in organic compounds like esters, sulfur can exist in oxidation states
ranging from -2 to +6 and can have coordination numbers of 0 to 7 via 3D orbitals [34]. This
facilitates the further modification of the sulfur atom to create bulkier functional groups with

different polarities such as sulfoxide, sulfonyl, sulfonic and sulfonate groups.

High polarity sulfur-containing sulfonyl and sulfonic groups have been demonstrated to impart
anticorrosive properties [35-40]. Additionally, sulfur groups with low oxidation states (-2) like
thiols and sulfides impart antioxidant properties to certain complex molecular branched

structures such as zinc dialkyl dithiophosphate (ZDDP) and its derivatives [41-43].

The present work investigates sulfide and sulfonyl branched oleyl oleate monoester for use as
lubricants. Four sulfide (A2-S-n) and four sulfonyl (A2-SO»-n) branched oleyl oleate monoesters
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of different branch chain lengths (n = 2, 3, 4, 6) were prepared from oleyl oleate (A) and
examined for viscosity and flow behavior, phase transition, crystal growth and thermal and
oxidative stability. The structures of oleyl oleate and its sulfide and sulfonyl branched
monoesters are shown in Scheme 4-1. To the best of our knowledge, these compounds have not

been previously investigated for use as lubricants.
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Scheme 4-1. (a) Oleyl oleate (A)-curved arrow denotes the rotation of ester group, (b) sulfide
(A2-S-n) and (c) sulfonyl (A2-SO.-n) doubly branched monoesters. S and SO2: sulfide and

sulfonyl functional groups, respectively and n:length of the branched carbon chain.

The sulfide (A2-S-n) and sulfonyl (A2-SO,-n) branched oleyl oleate monoesters (N= 2, 3, 4, 6)
were synthesized via robust thiolene chemistry. Unlike the epoxidation/ring-opening route,
which is typically used to prepare ester branched lubricants and which produces mixtures of
molecules with varying degrees of branching in the crude, some of which may be undesirable,
thiolene synthesis does not yield unwanted byproducts [44-56]. Thiolene chemistry yields
uniquely numbered branched molecules in the crude. When the C=C bond is in a terminal

position in the fatty chain, thiolene addition mainly yields branched products at the end of the

118



chain (anti-Markownikoff branched-products) [57]. When the C=C bond is internal, the sulfide
branch groups can be added to either side of the bond, forming 1:1 ratio of positional isomers

[34].

The molecular structure and purity of the compounds synthesized for this work were confirmed
using proton Nuclear Magnetic Resonance (*H-NMR) and Electrospray lonization Mass
Spectrometry (ESI-MS). Their viscosity and flow behavior, thermal phase transition and
oxidative stability, thermal stability were determined using rotational rheometry, differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA), respectively. Polarized light
microscopy (PLM) was used to monitor crystallization under the same conditions as the DSC.

The PLM characteristic temperatures such as the temperature at which crystallites appear were
compared to the DSC characteristic temperatures such as T, . The properties of the present
compounds were compared with those of esters analogs [18, 25-30], and those of synthetic and
mineral oils [58, 59]. The antioxidant properties of sulfide and sulfonyl branched oleyl oleate
monoesters are discussed and compared to analogous lubricants and common antioxidant

additives [60-64].
4.2 Materials & Methods

4.2.1 Materials

The reagents (dichloromethane (DCM), azobisisobutyronitrile (AIBN), anhydrous ethanol,
magnesium sulfate, ethane thiol, propane thiol, butane thiol, pentane thiol, hexane thiol, oleic
acid and oleyl alcohol with purity higher than 99 %) were purchased from Sigma-Aldrich,

Oakville, Ontario Canada, and used as received. HPLC grade chloroform and methanol were
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purchased from VWR, Mississauga ON, Canada. Hydrogen peroxide (30 %, H20-), glacial

acetic acid (AcOH) (both 99 % purity) were used as the oxidant and catalyst, respectively.

4.2.2 Preparation of Oleyl Oleate Monoesters

Oleyl oleate was prepared from a neat Fischer esterification reaction of oleic acid and oleyl
alcohol (1:1 mole ratio) catalyzed by hydrochloric acid. Oleic acid, oleyl alcohol and
hydrochloric acid was added into a 500mL round bottom flask. The esterification reaction was
carried out under vacuum at 140 °C for 2 hours at a stirring rate of 500rpm and the formation of
the oleyl oleate was monitored by TLC using 1:9 ethyl acetate/hexane solvent system. After
reaction completion, the crude oleyl oleate was washed with distilled water in a 500 mL
separating funnel until all the hydrochloric acid was removed and stopped when the pH was
neutral. The oleyl oleate obtained was placed in a vacuum oven at 60 °C for 24 hours to remove

residual water.

4.2.3 Preparation of Sulfide-Branched Oleyl Oleate Monoesters (A2-S-n)

Oleyl oleate was added into a 250 mL three-neck round bottom flask followed by 100 mL CHCI3
and swirled until completely dissolved. Next, alkane thiol of selected chain length (n =2, 3,4 &
6) was added to the mixture along with AIBN (3 wt.% vs. oleyl oleate). The reaction was carried
out for 12 hours at 85 °C with a stirring rate of 1000 rpm. CHCIz and excess alkane thiol were
removed by rotor evaporation to obtain the crude sulfide-branched oleyl oleate monoesters (A2-

S-n).
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4.2.4 Preparation of Sulfonyl-Branched Oleyl Oleate Monoesters (A2-SO2-n)

Sulfonyl-branched oleyl oleate monoesters (A2-SO2-n) were synthesized via solvent-free
oxidation of sulfide-branched oleyl oleate monoesters (A2-S-n). In brief, a measured amount of
A2-S-n was added to a 25 mL round bottom flask equipped with a reflux condenser placed in an
oil bath set to 60 °C. 30 % H>O, was added dropwise followed by AcOH and the mixture was
stirred at 550 rpm for 4 hours after which the reaction was stopped and cooled to room
temperature. The obtained colorless liquid was washed with distilled water (100 mL x 10) to
remove unreacted H.O> and AcOH catalyst. A2-SO»-n were dried in a vacuum oven for 24 hours

at 65 °C.

Each reaction was performed once for oleyl oleate, sulfide and sulfonyl-branched oleyl oleate
monoesters. The purity of the synthesized compounds was higher than 90 %. The purity of oleyl
oleate was determined based on the ratio of the calculated and theoretical methyl protons. The
purity of sulfide and sulfonyl-branched oleyl oleate monoesters was determined based on the

ratio of the calculated and theoretical pendant group methyl protons.

4.3 Characterization Methods
4.3.1 Proton Nuclear Magnetic Resonance (*H-NMR)

The structures of the synthesized compounds were confirmed by *H-NMR recorded on a Varian
Unity-INOVA at 499.695 MHz in CDClIs (Agilent Technologies, Santa Clara, CA, USA) with 1s

recycle delay and the spectra were processed with ACD Labs NMR Processor, version 12.01.
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4.3.2 Electrospray lonization - Mass Spectrometry (ESI-MS)

Mass spectra were collected on an API 3000 triple quadrupole Thermo QExactive Orbitrap mass
spectrometer (Thermo Fischer Scientific, San Jose, CA) equipped with an Electron Spray
lonization source (ESI) in the positive ion mode. Samples (1 ppm wt./v) were prepared using

chloroform:methanol 70:30 (v/v) and analyzed at a resolution of 140,000.
4.3.3 Viscosity and Flow Behavior

Viscosity and flow behavior were determined on a computer controlled AR2000ex rheometer
(TA Instruments, DE, U.S.A.) using a standard 40 mm 2° steel cone geometry (SIN 511406.901,
TA Instruments) under an air bearing pressure of 27psi. Temperature control was achieved by
Peltier Plate (AR Series, TA Instruments) with an accuracy of 0.1 °C. The shear rate—shear stress
experiments were performed with increasing and decreasing shear rate using the continuous
ramp procedure. The viscosity versus temperature data was collected using the constant
temperature rate method. The sample was quickly heated to 110 °C and equilibrated at that
temperature for 5min then cooled at a constant rate (1.0 and 3.0 °C/min). Sampling points were

recorded every 1 °C.

The shear rate - shear stress curves were fitted with the Herschel-Bulkley equation (Equation 1),
a model commonly used to describe the general behavior of materials characterized by yield

stress.

T=Ty+ky" Equation 1

T: shear stress, y: shear rate, to: the yield stress below which there is no flow, k : consistency

index, and n: flow index. n depends on the constitutive properties of the material. For

122



Newtonian fluids, n =1 and k = 7 is the fluid viscosity. For shear-thickening fluids, n > 1 and

for shear-thinning fluids, n< 1.

The experimental viscosity-temperature data were analyzed using a generalized form of the Van

Velzen equation (GVVE, Equation 2).
In(v) = A(-1+ Tim) Equation 2

The GVVE fits yield physically meaningful parameters: A relates directly to the magnitude of
the viscosity of the liquid and exponent m relates to the complexity of the molecule, similar to

the parameters of the Andrade and generalized Andrade models from which it is derived [65].
4.3.4 Differential Scanning Calorimetry (DSC)

The thermal transition behavior and oxidative stability were determined using a Q200 DSC (TA
Instruments, Newcastle, DE, USA) equipped with a refrigerated cooling system. The DSC

instrument was calibrated with pure indium.
4.3.4.1 Thermal Transition Behavior

The samples (4-6 mg) were processed in hermetic aluminum pans. The sample was equilibrated
at 50 °C for 10 min to erase the thermal history, then cooled at 5 °C/min down to -90 °C where it
was held isothermally for 10min, and finally heated from -90 to 150 °C at 10 °C/min. Cooling

rates of 0.1 and 20 °C/min were also used to study the effect of kinetics.
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4.3.4.2 Oxidative Stability

The oxidative stability of the compounds was determined according to ASTM E 2009 [54, 66]
using dry air instead of oxygen atmosphere. The sample (4-6 mg) was placed in an open

aluminum pan and airflow was maintained at 50 mL/min. The cell temperature was raised to 250
°C at 10 °C/min. The onset temperature of oxidation (T, ) was determined at the intersection of

the signal baseline and the tangent of the steepest segment (highest slope) of the oxidation

exotherm i.e., when a rapid increase in the rate of oxidation is observed.

4.3.4.3 Oxidation Induction Time

The oxidation induction time (OIT) is typically determined from a DSC heating cycle as the
period where no change in heat flow signal occurs [67]. A protocol used for polymers [68] was
used to determine OIT of the present lipid-based materials. Nitrogen atmosphere is used to heat

the sample until the offset of melting (T ) than switched to dry air while the heating rate is
maintained at 5 °C/min. The time taken from when the gas is switched from nitrogen to dry air
(i.e., at T4 ) to the onset of oxidation (T,) i.e., when the sample starts to oxidize, is taken as the

OIT.

4.3.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed on a TGA Q500 (TA Instruments, Newcastle,
DE, USA). The sample (10-15 mg) was heated on a platinum pan from 25 °C to 600 °C at
10°C/min under a nitrogen flow of 60.0 mL/min. The thermal stability of the compounds was
characterized by the onset temperature of mass loss taken at 10 % wi/w following the typical

protocol used to determine the thermal stability of polymers. This point is of practical
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importance as it is typically where the material starts to lose its inherent physical properties. The
derivative of the TGA (DTG) was also used to determine the temperature of maximum rate of

degradation (To).

4.3.6 Polarized Light Microscopy (PLM)

A Leica DM2500P (Leica Microsystems, Wetzlar, Germany) fitted with a Leica DFC420C
digital camera was used for the microstructure studies. A Linkam LS 350 temperature-controlled
stage (Linkam Scientific Instruments, Tadworth, Surrey, UK) fitted to the PLM was used to
thermally condition the samples. A small droplet of the sample was carefully pressed between a
preheated glass slide and coverslip ensuring a uniform thin layer. The sample was melted at 50
°C for 10 °C/min to erase crystal memory then cooled down to -90 °C at 1 °C/min which ensures
suitable monitoring of the crystallization progress. Temperature resolved images were taken at
100X magnification during cooling using the PLM’s automatic multi-time image capture
feature. The temperature at which the first growth centers observed as “black spots” is recorded

as the induction temperature of crystallization (T, ).

4.4 Results and Discussion

4.4.1 Synthesis and Structural Characterization

Sulfide branched oleyl oleate monoesters was prepared from oleyl oleate using thiolene addition.
Sulfonyl branched oleyl oleate monoesters was obtained by oxidation of sulfide branched oleyl

oleate monoesters with H.O». The synthesis route of sulfide and sulfonyl branched oleyl oleate

monoesters is provided in Scheme 4-2.
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Scheme 4-2. Synthetic route to prepare sulfide and sulfonyl branched oleyl oleate monoesters

from oleyl oleate.

The sulfide pendant groups can be added at the C9 or C10 atom on both sides of the ester group
which yields mixtures of four 1:1 9,10-positional isomers and the possibility of 16 stereocisomers.
The oxidation of the sulfide branched oleyl oleate monoesters to produce sulfonyl branched oleyl
oleate monoesters yields similar positional isomers. The synthesized compounds were not

separated into their respective isomers.

The structures of sulfide and sulfonyl branched oleyl oleate monoesters were confirmed from 'H
NMR and ESI-MS. The H NMR and ESI-MS spectra are provided in the Supporting
Information (SI) in Fig S.1 and the corresponding data are listed in Table S.1. The *H NMR
spectra showed all the characteristic protons of the sulfide and sulfonyl branched oleyl oleate
monoesters, respectively. ESI-MS results confirmed the molecular masses and purity of the

sulfide and sulfonyl branched oleyl oleate monoesters.
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4.4.2 Thermal Stability

All TGA and DTG curves are provided in Sl in Fig S.2. TGA curves of A2-S-3 and A2-S0O;-3,
representative of sulfide and sulfonyl branched oleyl oleate monoesters are shown in Figure
4-1a. The TGA curve of oleyl oleate (A) is also included in Figure 4-1a for comparison. The
10% w/w mass loss and To of the sulfide and sulfonyl branched oleyl oleate monoesters series
and oleyl oleate (A) are shown in Figure 4-1b. Overall, A2-S-n and A2-SO»-n presented similar
TGA profiles with final mass conversions that reached at least 99.9% at ~420°C. The shape of

the DTG curves is typical of a single-stage mass loss mechanism dominated by evaporation [69].
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Figure 4-1. (a) TGA and DTG curves of A2-S-3 (red dashed lines), A2-SO-3 (black dashed

lines) and oleyl oleate (blue dashed lines) (b) 10 % w/w mass loss versus molecular mass of

versus molecular mass of A2-S-n (A), A2-SOz-n (®) and oleyl oleate (m).and T, A2-S-n (A),

A2-SO2-n (®) and oleyl oleate (m).

As shown in Figure 4-1a, 10% w/w mass loss increases with molecular mass and seems to

follow linear trends, which however are more likely linear segments of the exponential growth to
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a maximum curve that is commonly observed for hydrocarbons [70]. 10 % w/w mass loss for
both series was high and averages 322+5 °C (Figure 4-1b) indicating similar activation energies
required to evaporate the molecules [71] despite a 64amu difference in molecular mass from the

extra two oxygen atoms on the sulfonyl groups.

Although the differences between A2-S-n and A2-SO.-n are not significant from a practical
perspective, a smaller 10 % w/w mass loss rate of change is observed for A2-SO2-n (0.03+£0.01
°Clamu vs. 0.15+0.03 °C/amu) which is the manifestation of the extra steric hindrance
introduced by the bulkier sulfonyl group and extra weakening of the sulfonyl-sulfonyl attractions

due to increasing separation distance between the adjacent sulfonyl groups.

The difference in To between the A2-S-n and A2-SO»-n series (3792 °C and 368+2 °C,
respectively) is attributable to the differences in intermolecular forces that persist in the liquid
state until evaporation. The lower To observed for A2-SO>-n is due to higher repulsion of the
sulfonyl groups with increasing Kkinetic energy. This results in weaker attractions that help to
more effectively overcome the attractive potential energy of the other molecules which leads to
higher evaporation rates. Overall, it can be seen that inclusion of the sulfide and sulfonyl
branched groups on the oleyl oleate backbone increase its 10 % w/w mass loss from 270 °C to

322+5 °C and To values from 337 °C to as high as 37942 °C.

4.4.3 Thermal Transition Behavior

The cooling and heating DSC thermograms of all sulfide and sulfonyl branched oleyl oleate
monoesters are provided in the Sl in Fig S.3 a-b and 3c-d, respectively. The corresponding
crystallization and melting results of oleyl oleate, sulfide and sulfonyl branched oleyl oleate
monoesters are presented in Table 4-1. As illustrated with the examples of the cooling and
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heating thermograms of A2-S-3, A2-SO-3 and oleyl oleate shown in Figure 4-2a and b,

respectively, the branching of oleyl oleate with sulfide and sulfonyl groups altered its phase

transition behavior by shifting and suppressing crystallization and melting signals.
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Figure 4-2. (a) Cooling and (b) Heating thermograms (both at 5 °C/min) of oleyl oleate, A2-S-3

and A2-SO2-3. P, , P, : main peaks of crystallization or melting, P, : recrystallization peak,

T, : glass transition temperature.

Table 4-1. DSC crystallization and melting results for oleyl oleate, sulfide and sulfonyl branched

oleyl oleate monoesters. Average standard deviation is £ 0.5 °C for the temperatures and +5 J/g

for the enthalpies. The molar enthalpy (kJ/mol) is also reported in bracket.

DSC Data — Cooling Cycle (5 °C/min)

Compound Ton T. P T.P, Torr Tg AH,
Oleyl oleate monoester
144425
A -1.3+0.5 -2.9+0.5 -12.3+0.5 | -16.1+0.5 - (76.6+1.3)

Sulfide Branched Oleyl Oleate Monoesters
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52+2.5

A2-S2 -5.9+0.6 -12.5+0 -56.6+0.1 | -66.2+0.0 - (34+1.6)
A2-S3 31401 | -75:01 | 521#01 | -69.1%0.3 i (ggig:g)
A2-54 74%06 | -142401 | 57.9+0.1 | -62.3:05 i (ggii:z)
56+4.8
A2-S6 -7.2+0.8 13.6+1.1 61.2+1.3 -66.0+£3.5 - (433.7)
61+4.3
Mean -5.9+0.5 -11.9+0.4 -56.9+0.4 -65.7£1.0 - (43+3.1)
Sulfonyl Branched Oleyl Oleate Monoesters
A2-S0,-2 -7.4+0.3 -15.5+0.7 -34.1+0.2 -30.9+1.2 -70.9+2.8 1320.6
(9£0.4)
18+1.4
A2-S0O2-3 -2.5+0.4 -7.6£0.3 -32.1+0.7 -20.6x0.7 -72.9+1.2 (13+1.1)
A2SOr4 | -108:0.1 | -184:01 | 32106 | 396125 | 752105 | 7,
17+0.6
A2-S0,-6 -5.9+0.5 -11.4+0.7 -33.1+0.8 -24.1+1.1 -75.0£0.1 (15+0.5)
Mean 67403 | -132+0.4 | -328+0.6 | -283t14 | -733+11 | 14407
7+0. .240. .840. 311, 31, (10+0.5)
DSC Data — Heating Cycle (5°C/min)
TON Tm P1 Tm P2 To|:|: Tg AHm
Oleyl oleate monoester
A -10+£0.5 -6.2+0.5 8.5+0.5 11.4+0.5 - (17463f1360)
Sulfide Branched Oleyl Oleate Monoesters
70£2.5
A2-S2 -65.7+£0.0 -16.2+0 -54.7+0.0 -5.610 - (46+1.6)
85+4.4
A2-S3 -61.1+0.1 -13.0£0.2 -21.610.1 3.51£0.1 - (58+3.0)
62+3.3
A2-54 -41.910.1 -9.4+0.3 -34.2+0.4 -1.0£0.1 - (442 4)
61+0.8
A2-S6 -75.9+3.8 -7.8+0.8 -30.0+0.8 0.3+0.8 - (4720.6)
70+2.7
Mean -61.6x£1.0 -11.6+0.3 -35.2+0.3 2.6x1.0 - (49+1.9)
Sulfonyl Branched Oleyl Oleate Monoesters
17£15
A2-50,-2 -40.1+2.7 -6.5+0.8 -30.1+0.7 2.2+0.6 -66.2+2.3 (12+1.1)
2310.3
A2-S0,-3 -18.7+1.3 -1.0£0.2 -30.2+0.3 4.410.2 -67.6x0.5 (17+0.2)
6+2.5
A2-S0O-4 -37.4+0.1 -8.4+0.8 -35.910.1 -0.91£0.0 -70.5+0.2 (5+1.9)
14+£1.0
A2-S0,-6 -45.2+1.0 -3.2+0.3 -35.4+0.5 2.6x0.2 -70.1+0.1 (12+0.8)
15+£1.3
Mean -35.2+1.3 -4.8+0.5 32.7£0.4 2.6x1.0 -68.6+0.8 (11+1.0)
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The phase transformation path of the sulfide branched oleyl oleate monoesters show similarity

with oleyl oleate in that they crystallized through mainly two crystallization exotherms (P, and
P, in Figure 4-2a) mirrored by corresponding endotherms during heating (Figure 4-2b). The

branching of oleyl oleate with sulfide groups did not significantly change the onset of
crystallization. However as shown in Table 4-1, the enthalpy of sulfide branched oleyl oleate
monoesters were lower compared to the oleyl oleate base monoester (mean value of 43+3.1
kJ/mol compared to 77+1.3 kJ/mol). Moreover, the sulfonyl branched oleyl oleate monoesters
have much lower mean enthalpy (10£0.5 kJ/mol) than the oleyl oleate base ester and sulfide
branched oleyl oleate monoesters (See Table 4-1). Also, sulfonyl branched oleyl oleate
monoesters presented glass transitions at -75 °C (See Table 4-1), whereas oleyl oleate and
sulfide branched oleyl oleate monoesters did not. Both the sulfide and sulfonyl branched oleyl

oleate monoesters presented recrystallization mediated by melt upon heating (P, at -60 °C and -

45 °C in Figure 4-2b, respectively).

For both sulfide and sulfonyl branched oleyl oleate monoesters, the length of the branched
hydrocarbon chain (n = 2 to 6) had little effect on the crystallization and melting transition path
and transition parameters. The difference in phase transition behavior between the sulfide and the
sulfonyl monoesters can be chiefly attributed to the large difference in bulkiness of the functional

groups and extent of intermolecular interactions that they contribute.

According to Gibbs free energy at the phase transition (Tm=AH/AS) [72], the fact that transition
onset and peak temperatures were not significantly affected by branched hydrocarbon chain
length indicates that the difference in enthalpy is driven by entropy considerations. The size and

conformation of the sulfonyl pendant groups introduce much larger numbers of conformational
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arrangements than the sulfide pendant groups. The lower onset of crystallization of the sulfonyl
branched oleyl oleate monoesters compared to oleyl oleate and sulfide branched oleyl oleate
monoesters is attributable to the sulfonyl-sulfonyl repulsions and geometry of the sulfonyl
branches which offset the van der Waals and dipole-dipole attractions. The dense oxygen
electronic clouds on the sulfonyl groups tend to repel each other upon supercooling. XRD studies
on saturated aliphatic monosulfones showed that adjacent sulfonyl groups repel each other and

separate by as much as 5A in the crystal phase [73].

The glass transition observed in the sulfonyl-branched oleyl oleate monoesters is explained by
the presence of the bulky, inflexible and polar sulfonyl groups. At low temperature, sulfonyl-
sulfonyl interaction becomes effective enough to arrange the molecules but so slowly that they
cannot adequately order configurations in the available time allowed by the cooling rate and

hence lead to the formation of a glass rather than a crystal [74].
4.4.4 PLM Observations

PLM images obtained for A2-S-3 and A2-SO»-3 when cooled from 50 °C down to -90 °C at 1
°C/min are shown in Figure 4-3a. As shown in Figure 4-3a, sulfonyl and sulfide branched
monoesters crystallized in the same manner but nucleated and achieved different final number of
crystallites and maximum crystallization at different temperatures. Both materials started with a

burst of a small number of growth centers (at induction temperature T,,) that remained

homogeneously dispersed and did not significantly grow until a lower temperature (the growth

temperature T, ) at which they slowly start to form small rods and eventually dendrites

homogeneously dispersed on the PLM slide view window.
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The PLM slide and coverslip constrains how the crystallites grow and can be different from
when allowed to grow from the bulk melt; the PLM study was carried out for comparison
purposes under common conditions. It allowed to determine differences in crystallization
propensity and is not entirely indicative of what would happen when crystallized from the bulk

melt.

T, and T, of A2-S-3 are -5 °C and -47 °C, respectively. A2-S-3 crystallites achieved final size

at about -56 °C. The crystallites however remained small (9.4+1.6 um?) and occupied only a
small fraction of the slide view window area estimated between 25 % to 30 % of the total view

window area. T,,, and T, of A2-SO.-3 are -3 °C and -47 °C, respectively. Similarly, A2-SO-3

crystallites also remained small (7.9+1.2 um?) and occupied a slide surface area estimated

between 5 % to 10 % of the total slide view window area.

Secondary nucleation occurred at -56 °C, in A2-S-3 and at T, for A2-SO-3 concomitant with

the growth of the existing crystallites suggesting sporadic nucleation that is kinetically driven
[75]. The secondary crystallites are formed in the melt where the fragments of crystallites from

growing crystallites becomes new growth centers [76].
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Figure 4-3. (a) Correlation of data from DSC cooling thermograms of A2-S-3 and A2-SO2-3

with PLM observations at selected temperatures, (b) zoom into a crystallite hexagonal face and

representation of associated a-polymorph, and (c) progression in crystallite size as determined by

area versus temperature (dashed lines are fits to a sigmoidal function, Equation 3).

As shown in Figure 4-3a, the PLM data are consistent with the DSC results. In both A2-S-3 and

A2-S0,-3, the appearance of the first crystallites corresponds with the DSC onset of

crystallization. The crystallites size increased steadily to reach a maximum at about the peak

temperature of the second exotherm ( P,, the most intense peak).

The rod-like crystallites observed in both A2-S-3 and A2-SO,-3 PLM presented perfect

hexagonal faces which indicate a-polymorphs. An example of such a face is shown in Figure
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4-3b in the PLM of A2-S-3 sample taken at -56 °C. The crystallization of the lowest stability o -

phases is consistent with the very poor and low temperature crystallization of these molecules.

The progression in crystallite size as determined by area versus temperature for A2-S-3 and A2-

SO2-3 is shown in Figure 4-3c. Both data is fitted to sigmoidal functions (Equation 3; R* >

0.9950).

f= A Equation 3

(1+exp(- 220y

Equation 3 adequately describes the crystallization process. Beside T,,, which is provided by the
first data point, the growth function allows the determination of T;, through onset temperature of

growth, determined for example at the intersection of the baseline with the tangent at the
inflection point, and maximum size that the crystallites achieve under the cooling rates through
the plateau that is achieved (parameter A). The function also provides information on the rate of
growth through the parameter b which indicates how far the inflection point is from the initial

region of shallow slope. Parameter A and b are shown in Table 4-2.

Table 4-2. Parameter A and b of the sigmoidal function for A-S-3 and A2-SO2-3.

Compound Parameter A Parameter b
A2-S0O>-3 3106+150um? 11.6+2.7°C
A2-S-3 8550+82.6um? 4.5+0.2°C

The inflection points of the curve for A2-SO,-3 with b = 11.6£2.7 °C lies much further from the

initial region of shallow slope than that of A2-S-3 which b is 4.5+0.2 °C indicating a slower
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growth rate (ratio 0.4). The tangents’ ratio at the inflection points is estimated at 0.3 further
confirming that A2-S-3 crystallites grows much faster than A2-SO.-3 crystallites. The large
difference in final crystallites size between A2-SO.-3 and A2-S-3 as indicated by parameter A
(3106150 pum? and 8550+82.6 um?, respectively, i.e, 3:1) indicates that much larger limitations

are imposed on growing surface by the bulky sulfonyl groups than the sulfide groups.

The difference in growth rate and crystal size between A2-SO,-3 and A2-S-3 can be explained
by the chemical natures of the sulfide and sulfonyl groups and their influence on the
crystallization process. After growth centers form upon supercooling, molecules in the bulk melt
are diffused onto the surface of the growing crystallite at a rate dictated by mass transfer
consideration. The sulfonyl groups are not only bulkier than the sulfide groups but are also
repulsive which adds to the difficulty of being in the appropriate configuration to attach to the
growing surface. Additionally, as the temperature decreases the viscosity of A2-SO,-3 increases
more than that of A2-S-3 which causes a larger slowdown of molecular diffusion. The slowing
down of the molecular diffusion process by sulfonyl groups in A2-SO2-3 upon further
supercooling is due to the entropy decreases without the molecules crystallizing until lower

temperature is attained [76, 77].

445 Flow Behavior and Viscosity
4.45.1 Shear Stress- Shear Rate and Flow Behavior

The shear stress - shear rate data of the sulfide and sulfonyl branched oleyl oleate monoesters are
provided in the Sl in Fig S3. All compounds presented shear stress - shear rate curves which
when fitted to the Herschel-Bulkley model (Equation 1, R* >0.9999) yielded a power index n=
1.000+0.001 and yield stress values of less than 0.02 + 0.02 Pa.s indicating Newtonian flow
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behaviors. This is illustrated in Figure 4-4 with the data obtained at 40°C for A2-S-3 and A2-

S0O.-3.
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Figure 4-4. Shear stress - shear rate curves obtained at 40 °C for A2-S-3 and A2-SO2-3. Solid

lines are fits to the Herschel-Bulkley model (Equation 1).

4.4.5.2 Viscosity Versus Temperature Relationships

For any given temperature, viscosity of the sulfonyl-branched oleyl oleate monoesters was
higher than that of the sulfide-branched oleyl oleate monoesters and oleyl oleate. As shown in
Figure 4-5a, the sulfide and sulfonyl-branched oleyl oleate monoesters series are grouped in two
distinct collections of viscosity versus temperature curves which all decrease with temperature
following a typical exponential trend. The difference in viscosity (Av) between them also

decreases with temperature following a typical exponential trend (Figure 4-5b).
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Figure 4-5. Viscosity versus temperature curves of (a) sulfide (filled) and sulfonyl (unfilled)

branched oleyl oleate monoesters. (b) viscosity difference between the sulfonyl and sulfide

branched oleyl oleate monoesters (Av) versus temperature for =2 - 6.

As shown in Figure 4-5b, Av versus temperature curves are practically independent of n.
Overall, viscosity of sulfonyl branched oleyl oleate monoesters series is larger than sulfide
branched oleyl oleate monoesters by 8 times at 20 °C, 4 times at 40 °C and 2 times at 100 °C.
This suggests that contribution of the CH> units to the viscosity do not depend on the type of

functional group.

For each series and for any given temperature, viscosity versus chain length present a flat
minimum at n = 4. The example of viscosity at 40 °C of the sulfide and sulfonyl branched oleyl
oleate monoesters is shown in Figure 4-6a. The difference in viscosity (Av) versus n is
consistently linear. This trend is illustrated in Figure 4-6b for T= 25 °C, 40 °C and 90 °C. As
expected, the slope of these lines (min Figure 4-6b) consistently decreases with increasing
temperature. The presence of the flat minimum in the viscosity versus n curves and linear

increase of Av versus n, indicates that although the CH> units add equally to the viscosity in
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both sulfide and sulfonyl branched oleyl oleate monoesters, internal configuration involving
geometry (bulkiness) and polarity effects determine the overall magnitude of the viscosity. These
data suggest that the contribution of the hydrocarbon chain effect prevails only when n is higher

than 4 carbons.
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Figure 4-6. (a) Viscosity at 40°C of the sulfide and sulfonyl branched oleyl oleate monoesters
versus branch chain length (n). Dashed line are guides for the eyes. (b) Difference in viscosity
between sulfonyl branch and sulfide functional group (Av ) taken at 25 °C, 40 °C and 90 °C.

Error bars are standard deviation of three replicates.

The Generalized van Velzen model (GvVE, Equation 1) provided good fits to the viscosity
versus temperature data for all sulfide and sulfonyl branched oleyl oleate monoesters with R* >
0.9998 and residuals < 0.25 %. The results of the fit (parameters A and exponent m) are

provided in Figure 4-7.
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Figure 4-7. Parameters of the fit of sulfide and sulfonyl branched oleyl oleate monoesters to the

GVVE versus branch chain length n (a) parameter A, (b) coefficient m .

As shown in Figure 4-7a, parameter A for sulfonyl branched oleyl oleate monoester is higher
than that of the sulfide branched oleyl oleate monoesters confirming the overall difference in
viscosity magnitude. Importantly, there is no significant difference in A among the compounds
of the same series indicating that essentially similar factors drive the level of viscosity that can
be attained in each series. The coefficient m on the other hand is similar in both series. Overall,
the difference in m between the two series is less than the uncertainty of the fit (calculated
standard deviation of less than 0.02). The is however a dip in m from 3.4+0.02 to 3.0+0.02 when
the ester is branched with more than n= 2. These data suggest a jump in conformation

complexity at n= 2.

The viscosity in the temperature region where it was measured (0-100°C, i.e., liquid state) is
dictated predominately by molecular size and conformation and intermolecular force constants
and is affected by the number of external degrees of freedom per molecule excited in the state

[78]. The significant difference in the shape of the two molecules and the stronger sulfonyl
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permanent dipoles (4.4D [79]) which provide extra persistent sulfonyl-sulfonyl intermolecular
attraction in the liquid state are therefore the main contributors to the difference in viscosity

between the two series.

The GvVE data suggest that the complexity of the molecule relevant to viscosity is only related
to chain length not functional group size. The difference in magnitude would be therefore due to
the large dipole moments on the sulfonyl groups and their persistent interaction in the liquid

state.

The GVvVE parameters obtained here can be used to accurately determine the viscosity of any
sulfide and sulfonyl branched oleyl oleate monoesters without actual measurement, which would
be a powerful screening tool before eventual synthesis of the materials. The extent of branch
chain length at which the constant A and m determined would be valid is subject of further

experimental work which is out of the scope of the present work.

4.4.6 Oxidative Stability

The oxidative stability curves obtained under dry air (DSC heating thermograms at 10 °C/min) of
sulfide and sulfonyl branched oleyl oleate monoesters and corresponding data are provided in Si

in Fig SI.3 and Table SI.2, respectively.

The oxidative stability curves of oleyl oleate (A), ester branched oleyl oleate (A4-C-3), sulfide

branched oleyl oleate (A2-S-3) and sulfonyl branched oleyl oleate (A2-SO»-3) are shown in

Figure 4-8. The onset temperature of oxidation (T_*) is indicated in Figure 4-8 by arrows. The

molecular structures of the compound corresponding to each oxidative stability curves are
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provided in the right panel of Figure 4-8 to assist in the discussion. The protons susceptible to

oxidations are highlighted in blue and yellow boxes on the molecular structures.
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Figure 4-8. DSC heating (10°C/min) thermograms at of oleyl oleate (A), ester branched oleyl

oleate (A4-C-3), sulfonyl branched oleyl oleate (A2-SO2-3) and sulfide branched oleyl oleate

(A2-S-3). Onset temperatures of oxidation (T, ") are indicated by arrows. Right panel: molecular

structures of above compounds with protons prone to oxidation highlighted in blue and yellow

boxes.

Figure 4-8 indicates that the oxidative stability is improved by branching through the
elimination of the double bonds and introduction of functional groups capable of mitigating
oxidation. A4-C-3 which has four ester pendant chains (Compound 2 in Figure 4-8) increased

oleyl oleate T by 27 °C. This is attributable to the elimination of the ester pendant group at the
site of branching. T, of A2-S-3 (298+2 °C) and A2-S0O2-3 (19612 °C) are respectively 149 °C

and 47 °C higher than T of oleyl oleate and higher than that of A4-C-3 by 12 °C and 115 °C,
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respectively. This indicates that the functional groups significantly contributes to the oxidation

stability. If one considers that the increase in T A4-C-3 compared to oleyl oleate is due to the

removal of the ester groups at the site of branching, then in a first approximation, the sulfide
pendant group would be responsible for an added 88 °C. The significant increase in the oxidative
stability due to the sulfide’s pendant groups is attributable to its ability to mitigates chain
propagation by decomposing reactive hydroperoxides generated at the initiation stage of

oxidation [41].

In general, the most detrimental reaction to the properties of ester lubricants is high-temperature
oxidation with peroxy radicals [80]. The oxidation of ester lubricants with hydroperoxides
proceeds like in other organic compounds through a free radical chain mechanism which can be
described in terms of initiation, propagation, and termination processes [80]. Hydroperoxides
typically react at the following reactive sites associated with the ester groups: a-hydrogens on the
alkoxy carbon moiety and at the a and B hydrogens on the acyl moiety [81]. These sites are
highlighted (yellow boxes) in the right panel of Figure 4-8. Sulfide groups are known to convert
hydroperoxides to non-radical derivatives relatively rapidly [82]. This reaction removes

hydroperoxides as they are formed, and thus mitigate oxidation [83, 84].

The typical solution to prevent oxidation of commercial base oil is by antioxidant additives such
as Zinc dialkyldithiophosphate (ZDDP) and butylated hydroxytoluene (BHT). These well-known
and universally used antioxidant additives operate through similar mechanisms to prevent
oxidative degradation [85]. Table 4-3 shows the antioxidant inhibition performance measured by
the OIT of some of the various antioxidants used in commercial lubrication formulations

compared to the OIT of the present sulfide and sulfonyl branched oleyl oleate monoesters. The
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ranking of Table 4-3 from the highest to the lowest is a measure of the relative inhibition

strength of the different lubricant formulations. However, because the OITs were determined at

different oxidation processing conditions such as different heating rate and isothermal

processing, the ranking of Table 4-3 is only indicative. At this time, there is no official method

that would allow a more consistent determination of OIT.

Table 4-3. Oxidation induction time (OIT) of various sulfide-based and commercial antioxidants

used in lubrication formulation from largest to smallest.

Additives wt % (w/w) Base Oil OIT (min) Refs
1. ZDDP 2% Hexadecane mineral oil 214 [86]
2. ZDDP 1% Hexadecane mineral oil 205 [86]
3. A0l 3% Trimethylolpropane trioleate 100 [87]
4. ZDDP 0% Hexadecane mineral oil 96 [86]
5. Hexadecane thiol 1% 10W50 engine oil 94 [43]
6. Hexadecane thiol 1% 10W50 engine oil 89 [43]
7. Hexadecane thiol 1% 10W50 engine oil 86 [43]
8. BHT 3% Trimethylolpropane trioleate 75 [87]
9. - - A2-S-3 62 This work
10. | Hexadecane thiol 0% 10W50 engine oil 61 [43]
11. | AO1 1.5% Trimethylolpropane trioleate 60 [87]
12. | ZDDP 1% Hexadecane/20%-methyl oleate 52 [86]
13. | dibutyl sulfide 0.5% Poly-a-olefin 49 [42]
14. | BHT 1.5% Trimethylolpropane trioleate 40 [87]
15. - - A2-S0,-3 37 This work
16. | AO1 0.5% Trimethylolpropane trioleate 36 [87]
17. -- -- Oleyl oleate (A) 30 This work
18. | Irganox 1076 3% Trimethylolpropane trioleate 30 [87]
19. | Irganox 1076 0.5 % Trimethylolpropane trioleate 22 [87]
20. | BHT 0.5% Trimethylolpropane trioleate 21 [87]
21. | Irganox 1076 1.5% Trimethylolpropane trioleate 21 [87]
22. | BHT 0% Trimethylolpropane trioleate 20 [87]
23. | ZDDP 0% Hexadecane/20%-methyl oleate 15 [86]
24. | Dodecyl sulfide 10 % Naphthenic mineral oil 14 [88]

The OIT of the sulfide-branched oleyl oleate monoesters is 62 min. This value is relatively

significant compared to other sulfide-based molecules and commercial antioxidants. It ranks 9™
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among the formulations listed in Table 4-3 and is about 30 % of the best listed commercial
formulation (2 %w/w ZDDP in hexadecane mineral oil) and compares well with the 3 % BHT in
trimethylolpropane trioleate formulation. The advantage of the present sulfide-branched oleyl
oleate monoesters over sulfide additives is that their propensity to prevent oxidization-is carried
by the molecules of the base oil itself, which would assist in the extra cost and possible hazards

of additives.

4.4.7 Comparison Of Oleyl Oleate, Sulfide and Sulfonyl Branched Oleyl Oleate Monoesters

with Mineral QOils and Biobased Lubricants.

Table 4-4 compare the pour point (PP) and viscosity of A2-S-3 and A2-SO»-3 (representatives of
A2-S-n and A2-SO»-n) with typical commercial mineral oil, common synthetic lubricants (poly
alkyl olefins (PAOs) and isoalkyl adipate) and select high-performance biolubricants mined from
the literature [58, 59]. The flow properties of soybean oil, trioleate trimethylolpropane, estolides
as well as jojoba-like monoesters (JLEM) and jojoba-like diester studied by our research group
[25, 27] are also included in Table 4-4. The molecular structures of the listed materials such as
total carbon chain length, unsaturation sites, functional group flexibility and polarity and number
and position of branch chain on the backbone are included in the table to explain the differences

in lubricant functionality including the flow properties.
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Table 4-4. Comparison of flow properties of select commercial lubricants and biolubricants of similar carbon chain length.

Lubricant Mineral |\ | Dii-CI3 | Soybean | \\0 | eciolide | JLEM1 | JLEM?2 | JLED1 | JLED2 | A2:53 | A2-50,-3
Oil adipate Oil
Reference [59] | [58, 59] [59] [59] [89] [90] [25,27] | [25,27] [28] [29] | (This work) V(VE;LS)
n" " 0\’ ‘0\ L M oA ‘j\o o ‘ " . Q/T\‘/ A\:;)%\/)L vu)ok/ . R ‘ o S . o 0=8=

Molecular n-/K)\n A ] R o quw - Xﬂf M Aﬁmwf NW\ :SfML A
structure n=28,n'=8,n"=7 )/
Total carbon 21 32 39 39 31 36 36 42 42 36 36
chain length?
Pour point® (°C) 21 -63 .54 -9 -55 .45 57 (Ty) | -73(T) | -64(Ty) | -73(Ty) -10 73 (T,)
\@gjgf,’gty mPas | 4 17 27 32 46 47 391 130 338 162 35 145

TMP: Trimethylpropane esters
PAO: Poly alkyl olefins
gNumber of carbon atoms contained in the longest linear segment.

bASTM derived values for the last temperature at which a liquid will flow.
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The data presented in Table 4-4 indicate that protruding branched groups are effective in
suppressing crystallization. Branching an aliphatic chain backbone with a minimum of
two internal protruding chains was sufficient to drive crystallization to below -50 °C. The
flexibility of the ester functional group introduces high degrees of freedom which
decrease the energy barrier to rotation [78] and thereby lowering crystallinity and
inducing glass transitions at low temperature. The flexible C-O bond of ester groups

combines with the branched chains to promote gel-like soft matter instead of crystals.

The viscosity is influenced by total carbon chain length and presence of functional group
in the molecular structures. Table 4-4 indicates the weak dispersion forces of compounds
with only hydrocarbon structure impart the lowest viscosity (for example PAO has a
viscosity of 17 mPa.s). The molecules with only ester or sulfide functional groups such as
Di i-C13 adipate (27 mPa.s), soybean oil (32 mPa.s), trioleate trimethylol propane (46
mPa.s), estoloids (47 mPa.s) and sulfide branched oleyl oleate monoesters (35mPa.s)
have slightly higher but still low viscosity because of low polarity [91]. Molecules with
hydroxyl (JLEM and JLED with free OH groups) and sulfonyl groups (A2-SO2-3) have
higher viscosities because they form strong dipole-dipole interaction that persist in the

liquid state.

JLEMs which have two free hydroxyl group present a viscosity ~3 times higher than A2-
S0,-3 which has two sulfonyl groups (391 mPa.s and 145 mPa.s, respectively). Although
the sulfonyl group has a stronger dipole moment (4.4 D) [92] than the hydroxyl group
(1.7 D) it imparted a lower viscosity to the molecule because of stark differences in the
geometry and electronic structure of the groups. Contrary to the small hydroxyl groups of
JLEMs which efficiently form a strong hydrogen bond network, the sulfonyl group has a
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bulky geometry and a dense oxygen electron cloud which generates sulfonyl-sulfonyl

repulsion and therefore much weaker intermolecular attractions.

45 Conclusion

Novel compounds suitable for potential use as biolubricants synthesized by branching
oleyl oleate with sulfide and sulfonyl groups were prepared using thiolene chemistry. The
internal nature of the sites of functionalization enabled the formation of protuberant
sulfide and sulfonyl branch groups which altered phase behavior and benefiting critical
lubricant properties. The branching suppressed crystallization and increased viscosity
owing to the combined effects of increased mass, steric hindrances and functional groups
attractions. The sulfonyl-branched oleyl oleate monoesters were more effective in
suppressing crystallization, effectively inducing glass transitions at temperatures as low
as -73 °C and significantly increasing viscosity. The sulfide-branched oleyl oleate
monoesters also improved oleyl oleate in suppressing crystallization and increasing
viscosity but not as much as the sulfonyl-branched oleyl oleate monoesters. sulfide-
branched oleyl oleate monoesters imparted higher inherent oxidation stability reflected in
an increase of 149 °C in onset of oxidation compared to oleyl oleate. Overall, the sulfide
and sulfonyl branched oleyl oleate monoesters of this work presented useful thermal
transition and viscosity profiles which are better than mineral oils, making them suitable

alternatives for use in lubricant formulations.
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5 Conclusions

This thesis presents the study of novel phase change materials (PCMs) and lubricants derived
from vegetable oil (VO) and select functional groups. The goal was to combine the advantageous
characteristics of both the renewable feedstock and the functional groups to make industrially
relevant materials. Two series of PCMs were investigated: (1) terephthalate diesters (n-TA-n)
with fatty chains n= 12, 14, 16 and 18 and (2) monosulfones (n-SO2-n) with n= 10, 12, and 18.
The lubricant study involved two series of sulfur based compounds: (1) sulfide and (2) sulfonyl
branched oleyl oleate monoesters. All the compounds were investigated for thermal degradation
and thermal transition behavior. The crystal structure of the PCMs and flow behavior and
oxidative stability of the lubricants were also investigated. The PCMs are intended for thermal
energy storage (TES) applications and lubricants as base oils for automotive, industrial and

specialized applications.

All the objectives of the thesis have been met and the hypotheses addressed.

5.1 Conclusion for the PCMs Study: Monosulfones and Terephthalate Diesters

A literature review of VO-based PCMs comprising more than 200 compounds in which
predictive structure-function relationships were suggested based on the studies reviewed were
published as part of the thesis. This work helps towards a comprehensive understanding of the

phase behavior of VO PCMs and identifies research gaps to be further explored.

The study of the VO-based PCMs revealed predictive trends between the structures (ester
groups, hydrocarbon chains and functional groups) and phase change properties including
temperature, enthalpy and entropy (Tm, AHm, ASm, and Ton). The free Gibbs energy at the

transition was used to explain the magnitude of thermal transition parameters in light of the

158



competition between entropic and enthalpic effects. A conclusion was asserted that any attempt
to model a phase change parameter should take into consideration all the interactions and
configuration factors including dispersion and dipole-dipole forces, group size, molecular mass,

symmetry, and flexibility.
5.1.1 Objectives and Hypotheses Achieved

Did the fatty chains, benzene group and sulfonyl group influence (i) thermal stability, (ii)

thermal transition behavior and (iii) crystal packing?
5.1.1.1 Influence of the Fatty Chains, Sulfonyl and Benzene Group on Thermal Stability

The onset of mass loss (Ton) for terephthalate diesters and monosulfones increased with

molecular mass following exponential rise to a maximum function (Figure 5-1).
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Figure 5-1. Ton versus molecular mass for monosulfones (A ) and terephthalate diesters (e).
For the monosulfones, Ton increased exponentially from 216 °C for 10-SO»-10 to 289 °C for 18-
S0,-18 and for the terephthalate diesters from 275 °C for 12-TA-12 to 310 °C for 18-TA-18.
This predictive relationship between molecular mass and thermal stability is explained by the
incremental contribution of the CH2 units of the fatty chains to Ton. The parameters of the fit
were similar for both curves indicating a similar effect of mass on thermal stability. The Ton
curve of the terephthalate diesters lies about 10 °C above that of the monosulfones (Figure 5-1)
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indicating that the benzene group is more effective in improving thermal stability than sulfonyl-

group due to its higher mass.

5.1.1.2 Influence of the Fatty Chains, Sulfonyl and Benzene Group on Thermal Transition

The monosulfones crystallized in one main crystal phase upon cooling and presented a small
solid-solid phase transition before melting upon heating. The terephthalate diesters presented a
single exotherm upon cooling mirrored by an endotherm upon heating indicating a single crystal
phase. Tm versus fatty chain length (n) of both the monosulfones and terephthalate diesters

followed an exponential rise to a maximum function with similar fit parameters (Figure 5-2).
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Figure 5-2. Tm versus fatty chain length (n) of terephthalate diesters and monosulfones.

For any given chain length, Tm of the monosulfones is 30 °C higher than that of the terephthalate
diesters. This large difference in melting point is attributable to the larger sulfonyl-sulfonyl
attractions compared to the terephthalate diesters z-z attractions and the smaller entropy due to
the much more limited mobility of the sulfonyl group compared to the benzene group which is
linked to the fatty chain by ester groups. Tm of the monosulfones is higher than that of VO-based
monofunctional PCMs such as fatty acids, fatty alcohols, esters, fatty ethers, fatty carbonates,
fatty amines, amides and alkanes which have Tm up to 80 °C [1] and diesters (77 °C)[2] but
lower than diamides which have Tm as high as 140 °C [3].
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AHn of the monosulfones and terephthalate diesters with fatty chain length of < 28 carbons is
practically the same averaging 208+5 J/g and those with fatty chain length > 32 carbons have
AHn between 220 to 256 J/g attributable to the competition between the effects of dispersion
forces, group-group interactions bulkiness and conformation arrangement. Because of the bulky
nature of their functional groups, the monosulfones and terephthalate diesters presented AHm
comparable to other monofunctional such as fatty acids, fatty alcohols, esters, fatty ethers, fatty
carbonates, fatty amines, amides, alkanes, and difunctional PCMs such as diamides and diesters,
and sugar esters [1]. Ton of monosulfones is 2 times higher than their Tm and that of the
terephthalate diesters is 3.5 times higher which ensures a high margin of working safety before

degradation.

5.1.1.3 Influence of Sulfonyl and Benzene Group on Crystal Packing Behavior

The XRD data collected for the monosulfones and terephthalate diesters indicated a single
crystal phase in which the molecules arrange in layers with the functional groups (sulfonyl or
benzene) parallel to each other. The analysis of the SAXD data of the monosulfones and
terephthalate diesters indicates that the bulky sulfonyl groups are not oriented uniformly in the
crystal lattice whereas the planar benzene group positions itself uniformly in the crystal lattice as

hypothesized.

The monosulfone with the shortest fatty chain (n= 10) crystallized in the loosely packed y-
polymorph and those with longer fatty chain (n= 12 and 18) in the highest thermodynamic (-
form. The terephthalate diesters crystallized in a tighter B-form regardless of fatty chain length.
The analysis of the main WAXD reflections indicated that terephthalate diesters crystallized in a

tighter B-form than the monsuflones.
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5.2 Conclusion for Sulfide and Sulfonyl Branched Oleyl Oleate Monoesters Lubricants
5.2.1 Objectives and Hypotheses Achieved

Did the sulfide and sulfonyl pendant groups influence: (i) flow type and viscosity (ii) thermal

transition behavior, (iii) thermal stability, (iv) oxidative stability and (v) crystal growth?
5.2.1.1 Influence of Sulfide and Sulfonyl Pendant Group on Viscosity and Flow Type

The addition of sulfide and sulfonyl pendant groups to oleyl oleate affected its flow behavior as
hypothesized. Oleyl oleate viscosity increased from 16 mPa.s to a mean of 48mPa.s with the
addition of the sulfide pendant groups and 150 mPa.s with the sulfonyl pendant groups. The
viscosity did not significantly vary with chain length of the pendant chain. The 32 mPa.s

difference between the two functional groups indicates the effect of polarity on viscosity.

The application of the Herschel-Bulkley model (Equation 1) to the shear stress - shear rate data
of the sulfide and sulfonyl branched oleyl oleate monoesters indicated Newtonian behavior for

all the compounds. This type of fluid is suitable for automotive applications [4].
5.2.1.2 Influence of Sulfide and Sulfonyl Pendant Group on Thermal Transition Behavior

The crystallization temperature and enthalpy were not affected by pendant chain length. The
sulfonyl group was more effective in depressing the crystallization temperature and enthalpy
than the sulfide group because of its larger size. The sulfide and sulfonyl pendant groups
decreased the enthalpy of oleyl oleate from 144J/g to a mean enthalpy of 60J/g and 15J/g,
respectively. the temperature of crystallization of oleyl oleate was also decreased as
hypothesized. The sulfide and sulfonyl pendant groups shifted oleyl oleate main crystallization
peak from -12.3°C to mean values of -56°C and -47°C, respectively. Furthermore, the bulkier

sulfonyl pendant groups induced glass transitions at temperatures as low as -74°C.
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5.2.1.3 Influence of Sulfide and Sulfonyl Pendant Group on Thermal Stability

Sulfide and sulfonyl branched oleyl oleate monoesters as well as oleyl oleate base ester presented
similar TGA profiles indicating similar degradation mechanisms, probably dominated by
evaporation. Ton of mass loss for both sulfide and sulfonyl branched oleyl oleate monoesters
increased with molecular mass similarly to what is observed in hydrocarbons. Contrary to the
hypothesis that the high polarity sulfonyl groups would provide higher Ton than the low polarity
sulfide groups, no significant difference was observed between Ton of the sulfide and sulfonyl

branched oleyl oleate monoesters.
5.2.1.4 Influence of Sulfide and Sulfonyl Pendant Group on Oxidative Stability

The sulfide and sulfonyl pendant groups beneficially affected the oleyl oleate oxidative stability
as hypothesized. They increased the oxidation onset (T.>) of oleyl oleate from 149 °C to 196 °C
and 298 °C, respectively. The improvement of the oxidation stability by the sulfonyl pendant
group is due to removal of the double bond by branching. The high T, achieved by the sulfide
pendant groups is attributable to the removal of the double bond and its inherent ability to

prevent chain propagation by decomposing hydroperoxides generated at the initiation stage of
oxidation [5].
5.2.1.5 Influence of Sulfide and Sulfonyl Pendant Group on microstructure and Crystal

Growth

The PLM of the sulfide and sulfonyl branched oleyl oleate monoesters correlated well with the
DSC results. The first appearance of the smallest crystallites occurred at the DSC crystallization
onset temperatures which are -5 °C and -3 °C for the sulfide and sulfonyl branched oleyl oleate

monoesters. The sulfonyl branched oleyl oleate monoesters showed a smaller crystal growth rate
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and smaller final size of the crystals than the sulfide branched oleyl oleate monoesters. The
difference in growth rate and crystal size can be explained by the chemical natures of the sulfide
and sulfonyl pendant groups and their influence on the crystallization process. After the growth
centers form upon supercooling, molecules in the bulk melt are diffused onto the surface of the
growing crystallite at a rate dictated by mass transfer consideration. The sulfonyl groups are not
only bulkier than the sulfide groups but are also repulsive which adds to the difficulty of being in

the appropriate configuration to attach to the crystallites’ growing surface.

5.3 Challenges and Future Perspectives
5.3.1 Challenges and Perspectives with the VO Feedstock
5.3.1.1 Cost, Supply and Food Chain

VO is a feedstock of choice because it is renewable and relatively abundant. Currently most VO-
based materials use edible varieties such as soybean, sunflower, rapeseed, or palm oil. A larger
scale usage of these materials may interfere with the food supply and may cause severe
shortages, unaffordable prices and social unrest. The current global annual supply of VO is ~209
million metric tons and is mostly used for consumption [6]. Currently, PCMs and lubricants
utilize ~40 million metric tons of crude oil [7, 8], a quantity that cannot be replaced in any
significant part by current VO production. Furthermore, VO price is prohibitive compared to
crude oil. The price of crude soybean oil for example (~1700/metric ton) is almost double that of
crude oil (888 USD/metric ton) [9]. Some of the directions suggested to tackle the food supply
problem include the increase in the production of VOs and non-edible crops and the use of other

oil producing organisms [10, 11]. The cultivation of non-edible oils, such as jojoba oil, karanja
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oil, jatropha oil, and castor oil, has increased over the last few years [12]. Microalgae have also

emerged as a viable source due to its high oil content which can reach over 70 % in some cases.
5.3.1.2 Cost of Derivatization and Transformation into Useable Materials

From the VO feedstock to the useable material, multiple synthetic routes and purification steps
are needed. The cost of the physical and chemical refining to remove undesirable molecules such
as free fatty acids, phospholipids, waxes, aldehydes and ketones to obtain pure TAGs adds to the
cost of derivatization necessary to obtain useful ester structures such as fatty acids. The price of

fatty acids for example (~$2661-3300/metric ton) is almost double of VOs [13].

The scientific community is currently working on novel derivatization, transformation and
purification processes to improve efficiency in the synthesis of VO-based lubricants [14, 15].
There are also efforts to improve on the synthetic routes and purification steps currently used to
produce VO-based materials. Several authors [16] reported on the use of mechanochemical
treatments, microwaves, or ultrasound to improve process yields under mild reaction conditions.
Over the last few years, the use of enzymatic processes has emerged as an alternative to obtain

precursors or even lubricants at low reaction temperatures [17].
5.3.1.3 Consumer Acceptance

Consumer acceptance of VO-based materials including PCMs and lubricants is a major concern
mainly related to performance and cost. VO-based PCMs and lubricants are approximately two-
to-three times more expensive than petroleum-based counterparts. Additionally, the
environmental benefits, particularly those related to renewability, carbon footprint and end of life
need to be popularized. To solve this problem more sustainable formulations should be

developed in many fields, such as engine oils, hydraulic oils, and compressor oils.
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5.3.2 Challenges and Perspectives for VO-based PCMs and Lubricants
5.3.2.1 VO-based PCMs

There are several research directions from a structure-property perspective to further improve the
thermophysical properties of VO-based PCMs. These are related to (i) design of functional
molecular architectures and (ii) development of more effective external performance
enhancement techniques. The major challenges involved in these directions and potential

solutions to overcome these challenges are:
(i) New Molecular Architectures

There exists the possibility of achieving VO-based organometallic PCMs with superior thermal
properties using coordination chemistry principles [18, 19]. Carefully designed coordination
complexes between thermally conductive transition metals such as Fe, Cu, and Zn (kx values
between 80- 400 W/m.K) with VO-based ligands such as carboxylic acid or amide functional
groups could provide a powerful platform to explore specific factors that contribute to thermal
conductivity and energy storage density of VO-based organometallic PCMs. Moreover, unlike
conventional organic and inorganic PCMs, the structure of organometallic PCMs can be
controlled through rational ligand design and directional coordination bonds to tailor the crystal
lattice dimensionality and strength of covalent and noncovalent interactions within a solid in a

predictable fashion.
(i1) Performance Enhancement Techniques

VO-based PCMs are known to have an inherently low thermal conductivity and leak during
phase transition in open TES systems. The solutions to address these problems, such as the use of

thermal conductivity additives [20-22] and microencapsulation techniques [23, 24] have yielded
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some good results but are still not sufficiently tested with VO-based PCMs [20]. Investigating
the thermal conductivity of VO-PCMs can lead to insights into their heat transport mechanism
and limitations which would lead to possible solutions and tangible improvements.
Microencapsulated VO-based PCMs can greatly extend the heat transfer surface area and

improve on the efficiency of thermal performance.

High conductivity porous composites, nanocomposites structures and nano additives may be
effective means to improve VO-based PCMs for TES applications. The preparation of these
materials would be multifaceted and the ensuing phase behavior very complex. All aspects
related to these materials as well as the techniques used to make them need careful investigation
in order to determine their phase behavior and structure-function relationships. Understanding
the fundamental mechanisms driving the behavior of these materials and interactions at play
would be instrumental in finding means to adjust the preparation processes for select molecular

systems for optimal phase structure and performance.
5.3.2.2 VO-based Ester Lubricants

The sulfide and sulfonyl branched oleyl oleate monoesters of this work demonstrated excellent
low temperature and flow performance as well as high thermal and oxidative stability. The
branching of monoesters with polar functional groups may represent the next generation of
superior commercial lipid-based lubricants. In fact, rough estimates on the production costs of
the oleyl oleate monoesters and the sulfide and sulfonyl branched oleyl oleate monoesters
(Appendix B) show that the unbranched oleyl oleate would cost ~USD 1.04/Ib and the sulfide and

sulfonyl branched oleyl oleate monoesters would cost ~ USD 1.07/Ib to produce.

The use of functional groups in VO-based lubricants remains an area for future investigation and
optimization. The results obtained with the sulfide and sulfonyl pendant groups invite to study
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other pendant groups (such as phosphate, amide, ether and carbonate groups). Also, instead of

using oleyl oleate monoester backbone, other unsaturated backbones such as diesters and

triesters can be used to create new VO-based ester lubricants which might have improved

viscosity and cold-flow performance. To take these materials from the laboratory to the market,

It is imperative to determine their tribological properties which determine lubricant properties

such as friction coefficient and wear performance, and hydrolytic and oxidative stability which

influence the shelf and use life.
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6 Appendix 1

6.1 Fundamental Structure-Function Relationships in Vegetable Oil Based Phase Change

Materials: A Critical Review
6.1.1 Abstract

Vegetable oils (VOs) are one of the most promising renewable sources of phase change materials
(PCMs). Although several studies have been published, there are no comprehensive reviews of
VO-based PCMs or the structure-property relationships governing their thermal behavior. This
critical review systematically organizes the published literature on VO-based PCMs focusing on
the role that structural elements play in the establishment of thermal properties relevant to
thermal energy storage (TES). Thermal properties such as thermal stability, phase change
temperature, enthalpy, entropy and thermal conductivity are the functional parameters examined
within the context of structure. The empirical correlations between structure and thermal
functionality of the PCMs are assembled in predictive relationships, drawing a unified picture of
the rules that govern their phase behavior. Relationships such as the effect of fatty chain length,
number and types of functional groups, symmetry, and isomerism on the molecule's thermal
properties were explored. Phase change temperatures and enthalpies of linear saturated PCMs
with monofunctional group follow exponential rise to maximum functions while the entropy
increases linearly with increasing carbon chain length. The ranges for phase change temperature,
enthalpy, entropy, thermal stability, and thermal conductivity for all the VO-based PCMs in this
work were -100-300°C, 90-270J/g, 100-500J/mol/K, 95-350°C and 0.1-0.4W/mK respectively.
The gathered knowledge is critically discussed to provide directions for future PCM research and

development.
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6.1.2 Chemical nomenclature and list of abbreviations

Class of PCMs Scheme # | Figure # Generalized Chemical Formula Value of R
Even alkanes CrHor+2 Even R= 210 390

Odd alkanes CrH2r+2 Odd R=11t043

Even saturated acids CrH2r+1COOH Even R= 210 46

Odd saturated acids CrH2r+1COOH Odd R=1to 35
Saturated alcohols CrH2r+10H R=1 to 50

Saturated amines Figure 0-1 | CrH2r+1NH: R=1t1o0 22

Saturated monoamides Scheme Cr-1H2r-1(CONH)Cgr'H2r'+1 RandR'=11036
Saturated monoesters 0-1 Cr-1H2r-1(CO2)Cr'Har'+1 RandR'=1 to 36
Saturated monosulfones CrH2r+1(SO2)Cr'Har"+1 RandR'=1to 36
Saturated ethers CrH2r+1(O)Cr'H2r'+1 RandR'=1to 36
Saturated carbonates CrH2r+1(CO3)Cr'H2r'+1 RandR'=1 to 36
Asymmetrical monoesters Figure 0-3 Cr-1H2r-1(CO2)Cr'H2r'+1 R=10t020 & R'=1to 18
Saturated diamides Figure 0-4 Cr-1H2r-1(CONHCR"H2r"CONH)CR'-1H2r' 1 R=R'=12-18, R"=2-10
Saturated diesters Cr-1H2r-1(CO2CR"H2R"CO2)Cr'-1H2r'1 R=R'=12-18, R"=2-10
Glycerol esters CsHs03(CrH2r+1)3 R=12,14,16 & 18
Erythritol esters Scheme C4HsO4(CrH2r+1)4 R=12,14,16 & 18
Xylitol esters 0-3 Figure 0-5 CsH705(CrH2r+1)5 R=1214,16 & 18
Galactitol esters C5H805(CRH2R+1)6 R= 12, 14, 16 & 18
Mannitol esters C5H805(CRH2R+1)6 R= 12, 14, 16 & 18
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List of abbreviations
TES Thermal Energy Storage
LHTES Latent Heat Thermal Energy Storage
VOs Vegetable Oils
TAGS Triacylglycerols
PCMs Phase Change Materials
NMR Nuclear Magnetic Resonance
DSC Differential Scanning calorimetry
XRD Xray Diffraction
MW Molecular Weight
HVAC Heating, Ventilation, And Air Conditioning
Tm Melting Temperature
Tc Crystallization Temperature
AHm Melting Enthalpy
ASm Melting Entropy
K Thermal Conductivity
Ton Onset Temperature
n, Melting Point Singularity
R2 Coefficient of Correlation
n, Characteristic Carbon Number
Si Supporting Information
AG Gibbs Free Energy
Qs Rate Of Change Of ASm
Y5 Beta Polymorph
B’ Beta Prime Polymorph
D Debye
m Spacer Chain Length
R Length of Carbon Chain
C-O Alkoxy Moiety
—-CO0- Ester Group
—CONH- Amide Group
—-COOH Carboxylic Group
—OH Hydroxyl Group
-SO- Sulfonyl Group
—CH,— Methylene Unit

6.1.3 Introduction

The finite nature of fossil fuel reserves, rapid increase in energy consumption and growing

environmental concerns about greenhouse gas emissions are drivers of a worldwide search for
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new sources of energy and development of materials and methods which would enable the
effective and efficient utilization of energy. The storage of energy is a key challenge within this
broader effort. Energy storage, particularly from intermittent sources such as solar and wind, has
been the focus of extensive research in the last decades. The capture, concentration and reuse of
waste energy is a key aspect of the energy storage endeavor as it relates to vast amounts and
holds immense potential for increased efficiencies both in industrial and domestic applications.
Thermal energy is by far the most generated and transported type of energy [1, 2]. The
development of materials and systems which would enable economical, environmentally
responsible and facile thermal energy storage (TES) in a wide variety of modern applications is

therefore a pivotal aspect of the energy storage challenge.

There are three common ways to store thermal energy: conversion to thermochemical energy and
as sensible and latent heat [1]. Regardless of the method used to store thermal energy, materials
are always a key component. In thermochemical energy storage, thermal energy is stored and
released by reversible chemical reactions [3]. In sensible heat storage, the energy is used to
change the temperature of a storage medium (usually solid or liquid) without phase change. The
amount of stored sensible heat in a material depends on its heat capacity and thermal diffusivity
(the rate at which the heat can be released and extracted) [4]. Latent heat thermal energy storage
(LHTES) involves the heat absorbed or released by a material during a phase transition process
in which the phase change temperature remains constant. The materials used in LHTES are
called phase change materials (PCMs) [5]. Although latent heat can be achieved through any
change of state of matter (solid, liquid, gas), the solid-liquid phase change is the most practical
for thermal energy storage. The typical solid-liquid PCMs store 5 to 14 times the heat per unit

volume than conventional sensible heat storage materials such as water or granite [1]. The
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research in solid-liquid PCMs target as high energy storage and release density as possible on
melting and solidifying at specific narrow temperature ranges. The contribution of the sensible
heat to the storage capacity of a PCM is typically omitted as it is negligible over the temperature

range of the phase change process.

A large selection of PCMs which exploit the solid-liquid phase transition are used in a variety of
TES applications [6-15]. The current applications of PCMs are discussed in Section 8. PCMs are
typically selected based on their thermal stability, melting point, latent heat of fusion and thermal
conductivity. It is desirable for these materials to melt congruently, crystallize with minimum
supercooling, be thermally and chemically stable, non-toxic, non-corrosive, green and

inexpensive [16].

Vegetable oils (VOs) constitute an attractive renewable and sustainable feedstock to make
PCMs. VO-based PCMs can potentially replace the petroleum-based and inorganic salt hydrate
PCMs in many TES applications. The triacylglycerols (TAGSs), which are the main components
of VOs, in their unmodified state do not deliver all the required qualities for direct use as PCMs.
The TAGs which consist of three fatty acids esterified to a glycerol backbone are subject to large
supercooling effects and demonstrate polymorphism, typically making their phase change broad
and incongruent [1, 17, 18]. However, TAGs are exemplary feedstock for the synthesis of
functional PCMs because of the simplicity of the derivatization of their ester functional groups

and unsaturation sites and the relatively inert nature of their saturated hydrocarbon chains.

Several classes of compounds have been derived from TAGs and used as PCMs. Fatty acids and
their eutectic mixtures [19-25], fatty alcohols [26-30], fatty carbonates [26], fatty ethers [31],

fatty amines [31] mono- sulfones [32], mono- di- and sugar- esters [33-37], mono- and diamides
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[38-40] have been extensively studied for TES applications. The general structures of different
classes of compounds derivatized from TAGs are shown in Scheme 0-1. These compounds
generally present high phase change enthalpies, narrow melting ranges and minimum
requirements for supercooling. Moreover, they have been shown to be thermally stable,

withstanding numerous thermal cycles without loss of performance.
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Scheme 0-1. Saturated organic phase change materials derived from triacylglycerols (TAGs). (R,

R' and R'' denotes the number of carbon atoms in the aliphatic chains)

The present work reviews the research conducted on VO-based PCMs for LHTES applications.

The experimental thermal data of the VO-based PCMs mined from the literature are melting/
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crystallization temperatures (Tm /Tc), enthalpy of fusion (AHm), thermal stability (Ton) and
thermal conductivity (k). The entropy of fusion ( ASm) was calculated using free Gibbs energy at
the transition (Tm and AHm in Equation 2 - see Section 3). These data are tabulated in Table S.1
provided in the Supporting Information (SlI). In the following, VO-based PCMs are simply

referred to as PCMs for brevity.

This review compiles and systematically organizes the thermal properties of VO-based PCMs.
The transition parameters such as Tm, AHn and ASm are linked to molecular structure features
such as fatty chain length, functional group symmetry and isomerism to reveal any trends. These
trends are evaluated, and predictive modelling performed to suggest the best molecular

architectures which would improve thermal heat storage and release of VO-based PCMs.

6.1.4 Methodology

The data are systematically compiled to elucidate the influence of molecular structure on the
phase change properties. Tm, AHm, ASm, Ton and k data are presented in figures according to
particular PCMs’ structural features to allow for the comprehensive but clear visualization of the
structure-property trends and to capture the related predictive relationships, if any, through
empirical equations. Linear and exponential functions were found to correctly describe the
variation of the data as a function of specific structural parameters and to predict trends of select

physical properties.

Section 3 briefly summarizes the typical synthesis routes to make VO-based PCMs from fatty
acids and their derivatives. The thermodynamic equation expressing the change in the Gibbs free
energy (AG) is presented in Section 4 to allow for a fundamental understanding of the

relationship between molecular structure and PCM thermodynamic properties and eventually
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direct an informed selection of optimal PCM structural architectures. The thermal phase change
behavior, thermal stability and thermal conductivity are reviewed in three broad sections (5, 6
and 7, respectively). The thermal phase change behavior was discussed in four subsections based
on particular PCMs’ structural feature to reveal the role of: (5.1) the functional groups and
hydrocarbon chain using monofunctional PCM, (5.2) symmetry using linear saturated
monoesters, (5.3) two functional group using diesters an diamides and (5.4) branching and
isomerism using sugar esters. In section 6, the onset temperature of degradation (Ton) was
discussed in terms of molecular mass (6.1), type and number of functional groups (6.2), and
branching (6.3). In section 7, the thermal conductivity (k) was discussed in terms of hydrocarbon
chain length and number of hydrogen bonds sites. The current applications of PCMs are
discussed in Section 8 and a conclusion with perspective and directions for future research on

VO-based PCMs is presented in Section 9.

6.1.5 Derivatization of TAGs to produce PCMs

VO-based PCMs are typically synthesized from fatty acids and their derivatives. The TAGs are
hydrogenated and consequently hydrolyzed with either an acid, base or enzymatic catalyst to
obtain linear saturated fatty acids [41, 42]. Fatty alcohols are synthesized by reduction of the
carboxylic group on the fatty acids to a hydroxyl group using a reducing agent such as sodium

borohydride or with a copper catalyst under high temperature and pressure [43].

Esters are synthesized via the reaction of suitable alcohol with (i) a fatty acid through an
esterification reaction [44] or (ii) with an ester through transesterification [45]. Fatty amines are
commonly prepared through the nitrile process: the fatty acid is reacted with ammonia under

metal oxide catalyst to form a fatty nitrile and subsequently hydrogenated with Rainey-Nickel
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catalyst to produce the fatty amine [42]. Fatty amides are synthesized from fatty acid and suitable
amine by the amidation reaction [44]. Fatty carbonates are synthesized from carbonate
interchange reaction using fatty alcohol and trialkyl carbonate with n-dibutyltin catalyst [17].
The standard route for the preparation of fatty ethers is through the Williamson ether synthesis
via the reaction of fatty alcohol with fatty halide under a base catalyst [46]. Thioetherification of
a fatty halide with a fatty thiol produces a fatty sulfide which is then further oxidized with

hydrogen peroxide to fatty sulfones [32, 47].

6.1.6 Gibb’s free energy of the phase change

The melting point (Tm) and melting enthalpy (AHm) of a PCM are two main thermodynamic
properties that are used for the selection of a PCM for TES applications. Tm is the temperature at
which a PCM changes phase from the solid to the liquid state and AHm is the heat absorbed by a

specific quantity of the PCM to undergo the solid to liquid phase transition.

An understanding of the relationship between molecular structure and these thermodynamic
properties would allow for an informed selection of PCMs. By determining how and at what
level a certain molecular block contributes to AHm and/or Tm, it is possible to define the classes
of PCMs that hold the most promise for TES applications. The problem is somehow simplified in
the case of VO-based PCMs as they are typically comprised of linear saturated hydrocarbon
chains (principally saturated fatty acids and/or fatty alcohols) and a finite number of functional

groups.

The thermodynamic equation expressing the change in the Gibbs free energy (AG) at constant

temperature can be used to predict key trends in the phase change parameters based on the
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structure of the PCM. The Gibbs free energy (AG) at constant Tm during the solid-liquid

transition is expressed as a function of the enthalpy ( AHm ) and the entropy of fusion (ASm):
AG, =AH_-TAS, Equation 1
At Tm the PCM is at solid-liquid phase equilibrium, and AG_ =0, giving:

AH

T,=—" Equation 2
AS q

m

AHm depends on the magnitude of the attractive intermolecular forces in the crystal and the
melt phase [48]. The change in entropy when melting the PCM is positive and depends on the
molecular configuration [49]. These parameters are affected by the molecular geometry
(geometry of the fatty chains and functional groups in the case of VO-based PCMs), which

determines how easily the molecules can arrange in stable crystal structures.

6.1.6.1 Structural elements driving the phase change temperature and enthalpy

The hydrocarbon chains (principally saturated fatty acids and fatty alcohols) and diverse
functional groups, such as ester (—COO-), amide (-CONH-), carboxylic (-COOH), hydroxyl (—
OH), and sulfonyl (-SO2-) groups can be arranged in versatile and diverse molecular
architectures to make PCMs. The main van der Waals forces that exist in VO-based compounds
are London dispersion forces between the hydrocarbon chains and dipole-dipole forces (e.g.
hydrogen bonding) between functional groups [48]. The phase change AHm and Tm can be
principally adjusted by varying (i) the length of the hydrocarbon chain, (ii) the type and number

of the functional groups and (iii) the overall molecular configuration.
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Equation 2 teaches that for a molecule with a given (fixed) ASm, any increase in dispersion
forces brought by the methylene (—-CH2-) units of the hydrocarbon chain will increase both
AHm and Tm. Similarly, incorporating polar functional groups in the fatty chain would
contribute to the intermolecular attractions. The functional groups such as hydroxyl, amide, and
carboxylic groups possess permanent dipoles which can form hydrogen bonds, and the polar

sulfonyl groups which undergo sulfonyl-sulfonyl interactions would increase AHm and Tm .

6.1.6.2 Structural elements driving the phase change entropy ( ASm)

ASm varies with the hydrocarbon chain length and the type of functional groups contained in the
PCM molecule and is affected by the molecular configuration. The PCM molecule is confined in
several ways within the crystal lattice and is restricted in its conformation as well as in its
intermolecular distance and orientation with respect to its nearest neighbor molecules. Upon
melting, these restrictions become relaxed, and the molecule can exist in a greater number of
arrangements (microstates), number of positions and conformations. It is this increased disorder
relative to the solid-state that determines the excess in AHm . ASm is determined by the way the
molecules are unpacked from the crystal lattice in the first place [48]. It is therefore tied to the
quality of the packing, i.e., polymorphism, that is achieved in the solid state (degree of order or
conversely degree of disorder) and the subsequent unpacking into the liquid state. The amount of
disorder involved in the phase transition is dictated by molecular symmetry, molecular
flexibility, odd-even effect, and the type and number of functional groups and branched groups,
which also are the parameters that determine the thermodynamic phase change parameters.
Increasing the rotational symmetry of a molecule increases its probability of being in the proper
orientation for uniform packing into the crystal lattice. The flexibility of a molecule increases

with longer fatty chains and with easily rotatable functional groups such as the ester group. The
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flexible molecules are less likely to crystallize compared to rigid molecules because the
molecules are less likely to be in the proper conformation for incorporation into the crystal lattice

and thus have higher conformational entropy [48].

Equation 2 establishes that larger ASm is required to achieve the same Tm with higher AHm .
Typically, when a structure is changed, the molecular configuration is changed and so is ASm.
General trends show that a gain in AHm is concomitant with an increase in ASm. For example,
increasing hydrocarbon chain length is known to increase ASm because longer chains can secure

more degrees of freedom in the liquid phase, which increase the entropy gain [50, 51].

6.1.7 Thermal phase change behaviour
6.1.7.1 Linear saturated PCMs with monofunctional group

Tm and AHm data available for saturated aliphatic PCMs (Cg-Ca0) comprising one functional
group are presented in Figure 0-1a and b, respectively. Data were sourced from [1, 27-36, 38,
50, 52-87]. The data for alkanes are included in the figures and serve as a baseline for the
aliphatic chains comprising functional groups. Tm of the alkanes which are available for C; to
Caoo provides a maximum Tm (132°C [88, 89]) that is achievable by dispersion forces alone,

given the absence of functional groups.
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Figure 0-1. (a) Tm and (b) AHm of linear saturated PCMs with one functional group versus total

carbons atoms (n), Dashed lines are guides for the eyes.

6.1.7.2 Effect of Total Hydrocarbon Chain Length (n)

As shown in Figure 0-1a, Tm of the linear saturated monofunctional PCMs first decreases to a

minimum before regularly increasing with chain length. The position of the minimum

(singularity N ) depends on the parity of the molecule and the type of functional group. For any
given functional group, N, of the odd molecules is one (01) carbon smaller than for the even

molecules. It is lowest for the alkanes and highest for the sulfones (N, = 0 for the alkanes and 6

for the monosulfones) increasing with increasing polarity and hydrogen bonding strength. This is
attributed to the increasing strength of the contribution of the functional group to the

intermolecular interaction coupled with the higher crystal stability that the small molecules
achieve compared to the larger, disorder prone molecules. Above the singularity Ny, Tm versus

total carbons curves (Figure 0-1a) are all well described by an exponential rise to a maximum

function (Equation 3; R* >0.9840).
f(n)=y,+a(1-exp(-n/n,)) Equation 3
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Also, except the monoamides, AHm of these PCMs (Figure 0-1b) follows the same function (
R?* > 0.9655). The fit parameters for the data in Figure 0-1a-b are given in Table 0-1. There is

not enough AHm data points for fatty amines and ethers to perform a good fit.

Table 0-1. Fit parameters for the exponential rise to a maximum function for the series of linear

PCMs. (Equation 3)

PCM series R? Y, a N,
Tm AHm T AHm T AHm Tm | AHm

even alkanes | 0.9983 | 0.9683 | -267.5 25.6 | 284.5 2347 | 7.2 7.0
odd alkanes | 0.9986 | 0.9873 | -287.1 -394.2 | 368.6 638.3| 9.2| 5.6
even fatty acids | 0.9976 | 0.9829 | -84.4 -124.3 | 189.2 379.2| 106 | 7.9
odd fatty acids | 0.9995 | 0.9673 | -119.3 -137.3 | 223.0 349.0| 10.2| 6.5
fatty alcohols | 0.9927 | 0.9673 | -189.8 108.1 | 284.6 208.4| 8.8 | 16.7
monoesters | 0.9970 | 0.9989 | -235.3 -112.1 | 321.0 3314 | 14.2 7.6
monoamides | 0.9996 | 0.9870 -85.8 145.3 | 191.2 74330 | 121 | 5.3
carbonates | 0.9998 | 0.9802 | -397.5 | -91686.0 | 466.0 | 91910.5| 11.1| 3.0

fatty amines | 0.9962 -| -114.8 - 197.2 -1 9.8 -
monosulfones | 0.9838 | 1.0000 -33.9 345 | 142.1 189.9 9.8 9.6
ethers | 0.9976 -| -258.5 -| 3325 -1 11.6 -

The exponential trend is due to the increase of the attractive dispersion forces tempered by mass
transfer limitations [90, 91]. The plateaus observed for the Tm of monofunctional PCMs are all

well below Tm achieved by the large alkanes (132°C), indicating the adverse influence of the

conformation of the bulky functional groups. The characteristic carbon number (N, in Table

0-1) obtained from the exponential fit, which is ~14 for the monoesters and about either 10 or 11
for all the others, indicates that increasing the size of the fatty moieties beyond the longest most
abundant naturally occurring fatty acids (C18) does not significantly increase Tm. Above twenty
(20) -CHz>- units is the size at which the Tm of this type of materials is reported to generally begin

to add little practical marginal increase and to plateau [51, 89]. The use of the size of the
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hydrocarbon chain as a structural element to improve the phase change temperature and enthalpy

of these PCMs is therefore practically limited to this range of fatty chain length.

Tm as well as AHm of the even alkanes and fatty acids are larger than those of their odd
counterparts. A typical example is shown in Figure 0-1b for alkanes (odd () even (%)) and
fatty acids ((odd (A) even (A)). For example, the C18 alkane and C18 fatty acid have AHm of
245 and 210J/g, respectively, while the C17 alkane and C17 fatty acid counterpart have is 215
and 185J/g, respectively. The odd/even effect is explained by the variation in crystal packing
densities due to the subtle difference in the inter-atomic distance between the terminal methyl

groups of neighboring chains as shown in Scheme 0-2 [92].
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Scheme 0-2. Schematic representation of the two-dimensional projection for the packing of (a)

even numbered and (b) odd numbered alkanes.

The shape of an even alkane can be described in the plane of the carbon skeleton as a
parallelogram and that of an odd alkane as a trapezoid (Scheme 0-2) [92]. When going from odd
alkane to even alkane via addition of -CH.- group, the molecule chain length increases by an
increment of 1.26A and its area increases by similar proportions. Such a packing leads to a
monotonic increase in the density because the parallelogram and a trapezoid have the same area
with the same length of the center line and height. However, the terminal methyl groups situated

opposite to each other try to adapt to the low energy staggered conformation as may be seen
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from Scheme 0-2 [92]. Thus, the columns of the parallelograms are shifted with respect to each
other so as to achieve the staggered arrangement of methyl groups. A similar shift is possible in
the trapezoid pattern but only on one side; on the other side the shift results in longer distances
(~3.74A in Scheme 0-2b) and the methyl groups are not really situated opposite to each other.
Thus, the even alkanes have optimal intermolecular contacts at both ends, whereas the odd
alkanes possess these at one end, and at the other end the distances are longer [54]. This leads to
a less dense packing for the odd alkanes and as a consequence, to relatively lower Tm and AHm,

as observed in Figure 0-1a-b, due to lower dispersion forces [92, 93].

6.1.7.3 Effect of the Functional Group

The PCMs with polar functional groups such as amine, hydroxyl, amide, and carboxyl are
capable of forming hydrogen bonds and sulfonyl groups are capable of forming sulfonyl-sulfonyl
interactions between opposite charges of their permanent dipoles [94] which allows for strong
secondary intermolecular attractions. The polarity which is quantified by the estimated dipole
moment of the electronegative bonds (Table 0-2 and Figure 0-2) can be used to gauge the scope
of the contribution of the functional group to the intermolecular forces [95, 96]. These estimates
are based on the experimentally determined dipole moments of alkane compounds with the
shortest carbon chains (R and R' = CHs) where the moments are essentially fixed by the

functional groups [97-102].

Table 0-2. Estimated dipole moments (Debye, D) for main functional groups and comparison of

Tm for PCMs with three representative fixed carbon chain (Czo, C2s and Csg).
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“*” functional groups capable of dipole-dipole intermolecular interaction with each other

. Dipole Tm Cyo carbon Tm Cas Tm Cas
Rank Functional group moment (D) chain (°C) ca_rbon ca_rbon
chain (°C) chain (°C)
1 Alkane (R) 0 37 64 76
2 Carbonate (R-CO3-R") 0.91 -2.2 33.7 51.6
3 Ether (R-O-R") 0.95 16 37 59.5
4 Amine (R-NH,) * 1.2 57.8 - -
5 Hydroxyl (R-OH) * 1.7 68.5 81 -
6 Ester (R-COO-R") 1.74 10 37 59.5
7 Carboxyl (R-COOH) * 1.78 75.4 90.9 99.9
8 Amide (R-CONH-R') * 3.76 70 - 96
9 Sulfonyl (R-SO,-R') * 4.4 89 99 109
120
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Figure 0-2. Relationship between dipole moment and Tm for PCMs with three fixed carbon

chain (Cz, C2s and Csg) and polar functional group capable of forming dipole-dipole

intermolecular interaction between each other (* in Table 0-1). Dashed lines are guide for the

eyes only.

6.1.7.3.1 Melting point (Tm)

Figure 0-1a and Table 0-2 reveal a hierarchy in Tm based on the type of the functional group,

i.e., the strength of the extra forces from the polarity and the conformation that it imposes on the
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molecule. For any given carbon number, Tm of the fatty carbonates (®) is the lowest followed by
the monoesters (M) and fatty ethers (V) all below Tm of the alkanes (%). Tm of the fatty amines
(©) and fatty alcohols (@) are just above the alkanes, closely followed by the monoamides (+),
the fatty acids (A) and the monosulfones (#) which show the highest Tm. This hierarchy is
driven by the strength of the intermolecular forces provided by the dipole moments of the
functional groups (Figure 0-2) and the contribution to the entropy of fusion of the specific

conformation that the functional group imposes on the molecule.

Overall, Tm of the PCMs with functional groups which do not readily form hydrogen bonds such
as fatty ethers (Vv), fatty carbonates (®) and monoesters (M) are lower compared to those which
forms dipole-dipole intermolecular interaction such as the fatty alcohols (@), fatty acids (aA),
monoamides () and monosulfones (). The ether, carbonate, and ester functional groups do not
readily form hydrogen bonds since their molecules lack hydrogen bond donor atoms. The
primary forces contributing to their Tm are the dispersion forces from the —CH.— units. Table 0-2
shows for fixed carbon chain length, the fatty ethers (¥), monoesters (m) and fatty carbonates
(®) have even lower Tm than the alkanes (%) and is attributed to the flexibility of the alkoxy
moiety (C—O) on their functional group, which increases the lattice vibration via a larger number

of degrees of freedom [88, 103].

6.1.7.3.2 Enthalpy of melting (AHm)

The analysis of the contribution to AHm is more complex than the examination of Tm above, as
it involves the conjunction of the polar attractions and steric hindrances of the functional group.
AHm of the fatty alcohols (®) is practically superimposed to that of the even alkanes, whereas

AHn of the fatty acids (A) although not perfectly, aligns well with the odd alkanes in the high
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carbon number range. AHm of the fatty carbonates (@) also follows an exponential rise to a
maximum with values that are ~30 J/g lower than the odd alkanes. This difference in AHm
arises from the electronic repulsion and C-O flexibility of the carbonate group which prevents

the molecules from stacking as tightly as the alkanes.

AHm of the monosulfones is at the level of the large fatty carbonates, which is much less than
that of the other PCMs despite bearing strong dipolar intermolecular forces. In both cases, it is
the steric repulsion provided by the functional groups that primarily affects the crystal structure

and the entropy of fusion.

Noticeably, and contrary to what was observed for their Tm (Figure 0-la), AHm of the
monoamides follows an apparent exponential decrease with total carbon (* in Figure 0-1b).
This trend reveals a decrease in the hydrogen bond strength and increasing regions of
heterogeneity in the crystalline solid [38]. Crystallographic studies conducted on the
monoamides showed that the crystal packing efficiency decreases with increasing chain length,
explaining the lower AHm. XRD as well as NMR analysis also revealed a continuous decrease
of the hydrogen bond strength with increasing chain length which results in the lowering of the
overall intermolecular attraction [38, 48]. AHm of the monosulfones () did not suffer a similar
decrease because of the much stronger polar contribution. As indicated by XRD, these forces
have been able to maintain the highest stability crystalline packing despite the increasing steric

hindrance [32, 47].

6.1.8 Effect of Symmetry — Case of the Monoesters PCMs

Linear saturated monoesters hold great potential as economical PCMs for low temperature

applications [33-35, 50, 66-72]. This is because their Tm can be easily fine-tuned almost
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anywhere between -20°C and 60°C by simply altering the length of the fatty acid (R) and / or
fatty alcohol (R’). To visualize the effect of each moiety Tm is presented in two series: (1) fixed
fatty alcohol chain with varying fatty acid chain (Figure 0-3a-b) and (2) fixed fatty acid chain
with varying fatty alcohol chain (Figure 0-3c). The monoesters with short-chain alcohols (R’ =
1, 2, 3, & 4) are presented in Figure 0-3a and those with long-chain alcohols (i.e. R’ = 5, 10, 14,
16, & 18) are presented in Figure 0-3b. Tm of the monoesters with fixed fatty acid chain (i.e. R =
12, 14, 16 & 18) versus alcohol chain length (R’ =1, 2, 3, 4, 5, 10, 14, 16, & 18) is presented in

Figure 0-3c. Figure 0-3d presents the available AHm data of all the monoesters.
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As shown in Figure 0-3a-b, Tm versus fatty acid chain length of the monoesters follows the
typical exponential rise to a maximum (Equation 3; fit parameters are given in Table 0-3). The

rate of change of Tm as quantified by the characteristic number of fatty acid carbons is the same
regardless of fatty alcohol size (N,= 13 + 2 in Table 0-3) indicating similar structural effects.

For any given fatty alcohol, the monoesters of the series shown in Figure 0-3a gain ~6°C in Tm
for each carbon added to the fatty acid chain moiety (i.e., from methyl (A), ethyl (@), propyl (m)
to butyl () monoesters). For the monoesters of the series shown in Figure 0-3b this gain
averages ~ 4°C per fatty acid carbon (from pentyl (2A), decyl (O), tetradecyl (OJ), hexadecyl (<),

and octadecyl monoester).

Table 0-3. Parameters of the fit to an exponential rise to a maximum function (Equation 3) of

Tm of asymmetric monoesters versus total carbons curves (Figure 0-3a-b).

Asymmetric Monoesters R? Yo a N,
Methyl Esters (C1) 0.99 -134.4 243.3 15.6
Ethyl Esters (C2) 0.99 -219.1 304.3 11.2
Propyl Esters (C3) 0.99 -219.5 305.6 12.3
Butyl Esters (C4) 0.99 -228.8 310.3 12.8
Average 13.0+£1.9
Pentyl esters (C5) 0.97 -89.1 364.6 59.5
Decyl esters (C10) 0.99 -61.3 214.4 46.7
Tetradecyl esters (C14) 0.99 -349.7 412.3 9.2
Hexadecyl esters (C16) 0.98 -4257.0 4321.1 5.4
Octadecyl esters (C18) 0.99 -1393.6 1472.9 8.2

6.1.8.1 Effect of fatty alcohol chain length on Tm

Figure 0-3c shows a minimum in Tm at the alcohol chain length = 4. Both segments seem to
follow straight lines, but this is probably due to the small data set as the trend should plateau as is
typically the case for all linear hydrocarbons. Note that Tm of the monoesters experiences a
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similar rate of change with alcohol chain length on the decreasing and increasing segments

(slopes = —3.0 and 3.5, respectively).

This trend is the result of the alcohol chain position relative to the ester functional group. The
alkoxy moiety of the O-C=0 ester bond rotates more freely and provides flexibility to the
alcohol chain which increases the vibrations with chain length [72, 88]. Two competing effects
take place when the length of the alcohol chain is increased: (i) it allows for more dispersion
forces and (ii) induces stronger lattice vibrations. The trend observed for the alcohol chain length
until R’= 4 (decreasing Tm in Figure 0-3c) is attributed to the weak dispersion forces and
increasing vibrations and consequent weakening of the crystal lattice network. At longer alcohol
chains of > 5 (Increasing Tm in Figure 0-3c), the effect of dispersion forces overwhelms the
effect of the ester group flexibility which increases Tm. This observation supports Carnelley’s
melting point rule which states that molecules with higher molecular symmetry tend to have

higher Tm [49].

6.1.8.2 Effect of fatty chain length on AHm

Although no clear trends are observed in the AHm of the monoesters variation as a function of
total fatty chain length (Figure 0-3d), probably due to the complexity of the structural effects
and the large uncertainty on the published values, one can detect overall gradual increases
tending to plateaus at large number of carbons similar to what was observed for the other PCMs
(Figure 0-3b). One can divide the AHm data of Figure 0-3d in two clusters that follow an
exponential rise to a maximum function (Equation 3). The fitting attempts shown in Figure 0-3d
as dashed lines delimit a high AHm group around the decyl (O), hexadecyl (<) and octadecyl

(%) esters and a low AHm group around the methyl (A), ethyl (@) and pentyl (A) esters. AHm
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of the monoesters of the low value group lay between 150J/g and 190J/g and the high value
group lay between 190J/g and 230J/g. A discussion of these variations in detail in terms of
dispersion forces, functional group contributions, conformation and mass transfer limitations
similar to what was done for the other PCMs can only be general given the wide dispersion of

the data.

6.1.9 Diesters and Diamides PCMs

The thermal properties of the symmetrical diesters and diamides (R-R"-R') shown in Scheme
0-1lhave been studied in detail as PCMs [34, 36, 38-40, 104, 105]. The inter-functional groups
aliphatic chain which length is denoted “R'"” in the above nomenclature (shown in Scheme 0-1)
is referred to as ‘spacer chain’ to conveniently and better visualize the central position of this
important segment of the molecules with two functional groups. Tm and AHm of diesters and

diamides are presented as a function of spacer chain length (R") in Figure 0-4a-b, respectively.
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Figure 0-4. (a) Tm and (b) AHm of the symmetrical diesters and diamides versus spacer chain
length (R'") (symbols A & A:R&R'=11;O & @ R&R'=13; &M R&R' =15, O &
€. R & R' = 17; unfilled: diesters and filled: diamides). Error bars represent the standard

deviations of three runs. Dashed lines are guides for the eye.
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6.1.9.1 Effect of spacer chain and hydrocarbon chain on Tm and AHm

Tm of the diamides (filled symbols in Figure 0-4a) is about 75°C higher than that of the diesters
(unfilled symbols in Figure 0-4a) highlighting the significance of the hydrogen bond
contributions. In both cases, as the size of the spacer chain increases, an overall decrease in Tm is
observed despite the increase in hydrocarbon chain length (Figure 0-4a). In the case of the
diamides, this behavior is explained by the weakening of the hydrogen bond strength with the
increase of the spacer chain length. The decrease in hydrogen bond strength with increasing
spacer size was documented by NMR and confirmed by XRD with the subsequent increases in

the intermolecular distance comprising the hydrogen bond layer [106].

The Tm of the diesters versus diol chain spacer length (R'") curves present a minimum at R'"' = 6
(for R & R' = 17, Tm minimum = 67°C) attributed to the competition between the dispersion
forces and the intramolecular steric repulsion of the electron clouds between the ester groups
[107]. The ester groups experience intramolecular steric repulsions which distort the diol chain
and degrade the crystal packing allowing for smaller intermolecular stabilization arrangements.
For R" < 6, the distortions lower Tm in a manner that is not compensated by the contribution of
the added methylene (-CH2-) units to the spacer chain length. For the longer spacer chain diols
(R" > 6), the intramolecular repulsions are small and insufficient to compensate for the added

spacer -CHz- units.

Figure 0-4b illustrates the similarities and stark differences of the effect of the spacer chain
length on the phase change enthalpy of molecules which form hydrogen bonds (diamides). and
those which do not (diesters). AHm of the PCMs having R'' > 4 spacer is virtually constant for

both diesters and diamides series. The R'' = 2 diamides present a much lower AHm due to amide
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group steric repulsions, which force the molecule to assume a higher energy conformation [106].
The diamide molecules with the higher energy conformation at m = 2 stacks less efficiently in
their crystal lattice [106] thus decrease the total intermolecular interaction as reflected in the
AHm. AHm of the diesters (~ 230J/g) and AHm of the diamides with R" > 4 (~ 220J/g)
remained constant because as the ester/amide groups move further from each other, the
ester/amide groups steric repulsion becomes less and assume a similar packing arrangement (/-
form). Overall, AHn of the diesters is slightly higher than the diamides because of closer stacking

in their crystal lattice.

6.1.9.2 Comparison of PCMs with difunctional vs. monofunctional groups

The comparison of the thermal properties of the linear saturated diesters and diamides with the
linear saturated monoesters and monoamides [38] show the extent and limits to the TES
effectiveness of added functional groups in PCMs. For the same number of carbon; Tm of the
diamide 14-8-14 is 143°C and the monoamide 18-18 is 96°C which is larger by 47°C. Likewise,
AHm of 14-8-14 and 18-18 is 217J/g and 196J/g respectively. The increase in Tm and AHm is
attributed (in the case of the amide PCMs) to the increase of the number of hydrogen bonds. In
the presence of two amide functional groups, a maximum of four hydrogen bonds is formed

between adjacent diamide molecules in the crystal lattice instead of two formed by monoamides.

On the contrary for the same number of carbons, the diester; 14-8-14 has a lower Tm (59°C) with
higher AHm (234J/g) compared to the monoester; 18-18 which has a Tm of 54°C and AHm of
215J/g. The high AHm is attributable to the presence of dispersion forces between hydrocarbon

chains. However, the lower Tm of the diesters is due to the increased crystal lattice vibration
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associated with the presence of the two flexible ester functional groups and the symmetry effect

as discussed for the asymmetrical monoesters under Section 4.2.

6.1.10 Sugar Esters PCMs — Effect of Branching and Isomerism on TES

Tm and AHm of the sugar esters derived from: glycerol, erythritol, xylitol, galactitol, and
mannitol [82-86] are presented in Figure 0-5a and b, respectively, as a function of total number
of total carbons. The molecular structures of these sugar esters are presented in Scheme 0-3. The
wedge-and-dash projection is used in the scheme to visualize the plane in which the hydrocarbon

chains are positioned.
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Scheme 0-3. Wedge-and-dash projection molecular structures of the sugar esters. The solid and
dash wedges represent the hydrocarbon chains that are coming out and going into the plane,

respectively. R = 11, 13, 15 and 17 for molecules in the sugar alcohol series.
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the eye.

Overall and for similar geometrical configuration, the larger sugar esters have larger Tm and
AHm. In general, Tm and AHm versus total carbons for each series of sugar esters seem to
follow the typical exponential rise to a maximum trend common to hydrocarbons. The erythritol
esters (@) and mannitol esters (®) may be the best examples for illustrating that trend. Although
the trends are unmistakable, there are not sufficient data to draw satisfactory quantitative and

predictive relationships for these materials.

6.1.10.1 Effect of branching and chain length

All the sugar ester PCMs synthesized so far present Tm below 70°C and AHm in the range 140-
210J/g (Figure 0-5a-b). Tm and AHm of these compounds are considered low relative to the
linear saturated mono- and difunctional PCMs (example: paraffin, diesters, and diamides). These
low values can be explained by the steric hindrances associated with the long hydrocarbon chains
protruding in various directions from the sugar alcohol backbone (solid/dash wedges in Scheme

0-3) highlighting the importance of the geometrical configuration. The protruding hydrocarbon
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chains limit their close packing arrangement in the crystal lattice thereby reducing the

intermolecular interactions which are necessary to increase Tm and AHm [48].

The presence of protuberant conformations adversely affects Tm. The importance of the branched
hydrocarbon chain length on Tm is revealed in Figure 0-5a. Glycerol trimyristate (A atn =45 in
Figure 0-5a) which has relatively longer hydrocarbon chains than glycerol trilaurate (A atn =
39 in Figure 0-5a) possess lower Tm most likely due to its lower stability crystal packing
arrangement in the crystal lattice. Likewise, in the case of xylitol esters (m in Figure 0-5a) for
example, one can notice the much lower Tm of the 85 and 95 carbon compound (xylitol
pentapalmitate; 19°C and xylitol pentastearate; 32°C) compared to the 65 and 75 carbon
compounds (xylitol pentalaurate; 44°C and xylitol pentamyristate; 50°C). Galactitol
hexapalmitate, which has 12 carbons more than galactitol hexamyristate has a much lower Tm
(32°C vs 46°C). These compounds do not perfectly follow the exponential trend most likely
because their molecular geometry favors the formation of lower stability polymorphs. The three

other galactitol esters of Figure 0-5a seem to fit into an exponential trend like the erythritols.

6.1.10.2 Effect of isomerism

The importance of the geometrical configuration of the sugar esters in setting the thermodynamic
properties relevant to TES is further stressed in the stark differences shown by the isomers. The
galactitol and mannitol esters (compound iv and v in Scheme 0-3, respectively) are isomers, i.e.,
they both have identical molecular formulas but distinct molecular structures. The difference
between these two structures is the directions in which the hydrocarbon chains are protruding
from the sugar alcohol backbone. Scheme 0-3 shows that for the mannitol esters (compound iv),

one pair of the hydrocarbon chain is going into the plane (dash wedges) while another pair is
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protruding out of the plane (solid wedges), whereas; two of the hydrocarbon chains of the
mannitol esters (compound v) located in the center of the molecule (solid wedges) are protruding
out of the plane while the two adjacent hydrocarbon chain (dash-wedge) next to them are behind
the plane. The variation of Tm and AHm versus hydrocarbon chain length of galactitol (@) and
mannitol (" ) esters are quite distinct. For example, AHm of galactitol hexastearate is 50J/g
higher than mannitol hexastearate (n = 114, ® and in Figure 0-5b, respectively) which

indicates that it packs more efficiently.

6.1.11 Entropy of fusion (ASm) of linear saturated functional PCMs

The relationship between ASm and hydrocarbon chain length is well known and is typically
explained by flexibility considerations. The flexible sp® C-C bond in the hydrocarbon chains has
the tendency to align in the trans- linear conformation to maximize the dispersion forces in the
melt [48]. The entire chain conforms in segments of four —CH>— units in either the stable trans-
conformation or in the unstable eclipsed high energy conformation. The probability of the
hydrocarbon chain to adopt the stable low energy trans-conformation is 33.3%. With the increase
of hydrocarbon chain length, the number of eclipsed conformations and available microstates
during the transition increases, thereby increasing the disorder. The contribution of the functional
groups to ASm is typically attributed to conformational hindrances. Figure 0-5a-b presents ASm

of the PCMs as a function of total carbons.
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Figure 0-6. Molar entropy of melting (ASm) versus total carbons: (a) linear saturated
monofunctional PCMs, (b) monoesters; diesters; and diamides (spacer chain (m)). Dashed lines

are fits of the data to straight lines.

Except for the monoamides (+), ASm of all the PCMs increase linearly with hydrocarbon chain
length (Figure 0-6a-b). Generally, ASm of all the monofunctional PCMs are comprised in the
95% prediction band of the fit of the whole set to a straight line (Figure 0-6a, R? > 0.9349). Such
increase of the entropy of fusion with chain length is also common for saturated aliphatic
monoesters, alkanes, alkenes, alkynes, alkanols, alkanethiols, alkanamines, nitroalkanes,

chloroalkanes, bromoalkanes and iodoalkanes [93, 108].

The overall slope or rate of change of ASm (&,s ) is 9.8 £ 0.4)/mol/K per —CHz— unit. This value

accounts for the contribution of the hydrocarbon chain flexibility which predominantly drives the
disorder and for the averaged functional groups’ conformational effects. The increasing disorder
is explained by the proportional increase in degrees of freedom in the melt and probability of
possible microstates introduced by the flexibility of the fatty chains. This increases the number

of ways the thermal energy can be dispersed within the molecule [48].
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ASm data of each category of PCM follows a particular straight line with notable differences in

rate of change (&, ). A plot of &, versus individual categories is presented in Figure 0-7. The

Qa,s versus PCM type plot shows a well-defined hierarchization of the contribution of the

functional groups to the “disorder” indicating definite and distinct contributions of each

functional group.
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Figure 0-7. Rate of change in ASm of the individual categories of PCM. Dashed line is a guide

for the eye.

The rate at which the “disorder” tends to increase is highest for the fatty carbonates
(12.3J/mol/K/CH) and lowest for the fatty amines (6.8J/mol/K/CHz). These data show that
although the “transition disorder” is overall driven by the size of the fatty chains through the
flexibility of the molecule during the phase change and is tuned by conformation considerations

which result from the functional group’s geometry and polar / hydrogen bond interactions.

The case of the monoamides (* in Figure 0-6a) is interesting as it shows a negative rate of
change (-1.4J/mol/K/CHy). This tendency to order highlights the role of polymorphism in setting
the entropy of fusion of PCMs. While the increase in chain length provides more degrees of
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freedom in the melt, it may modify the polymorphism of the initial state (crystal state) [38]. The
contribution of the change in polymorphism can be strong enough such as in the diamides, to
even reverse the tendency from “disordering” to “ordering” [38]. Recall that ASm is the increase
in entropy in the transition from an organized crystalline solid to the disorganized structure of a
liquid. The XRD analysis of monoamides revealed that as the chain length increases, the less

stable g' phase grew at the detriment of the stable s -phase which was the only form detected

for the shortest compound [46]. In the monoamides, the effect of polymorphism is strong enough
to offset the increase in melt entropy and even slightly lower the entropy of fusion [38]. The
difference in rate of change of the entropy of fusion between the monoamides and the other
monofunctional PCMs (difference of ~11J/mol/K/CH2) may be used to quantify the part of
“disorder” that is introduced to the solid state (crystal) by each added -CHa- unit before the
thermal transition. This value may be used to estimate the contribution to the entropy of fusion

due to polymorphism.

The complex sugar ester structures present a higher ASm than any other category of PCMs
(reported values vary between 365 to 1390J/mol/K [82-86]) but generally follow the same linear
trend (Fig. S5 in SI., R? = 0.9283). These non-linear compounds comprise flexible hydrocarbon

chains and ester functional groups in complex conformations. They are also subject to high
polymorphism. Their overall ASw rate of change is high (&, = 11.5J/mol/K/CHz) but lower

than that of fatty acids and carbonates, indicating intricate competition between flexibility,
conformation and polymorphism effects. Unfortunately, given the available data and current
understanding of these materials, it is difficult to determine which part of the change in entropy

is driven by flexibility, conformation, or polymorphism.
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Although much more complex relationships are probably at play, a simple scale for ranking the

“disorder” tendency of the PCMs can be outlined relative to the maximum rate achieved by the
carbonates (&, = 12.3J/mol/K/CH2). When reported in percentages of this maximum, the rate

of change in ASm indicates five (05) groups of PCMs with statistically indistinguishable
disordering rate (plot is not shown). These are in order of increasing tendency to disorder: (1)
amines, diamides R"" = 2 (56 + 1%); (2) diesters, diamides R'' > 2, monosulfones (67 £ 2%); (3)
monoesters, fatty ethers, even alkanes (76 £ 2%); (4) fatty alcohols, odd alkanes (85 £ 1%), (5)

sugar esters, fatty acids, fatty carbonates (96 + 3%).

6.1.11.1 Enthalpy — Entropy Correlation

The correlation between molar entropy of melting and molar enthalpy of melting are presented in

Figure 0-8 for the PCMs. Data are sourced from [1, 27-36, 38, 50, 52-86].
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Figure 0-8. Correlation between Molar entropy of melting versus molar enthalpy of melting of

the PCMs. Dashed lines are fits of the data to straight lines.

Practically, except the amide, the entropy and enthalpy of melting of the PCMs correlate very

well (Figure 0-8, R? > 0.9744). This indicates the balance between the disorder (ASm) and the
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forces holding the molecules in the crystal lattice (AHm). This means that overall, the same
entropy changes bring the same latent heat during the transition at the respective melting
temperatures. Note that the correlation line crosses the enthalpy axis below zero which indicates
that for small changes in entropy this is no longer the case. The cluster in the entropy and
enthalpy data observed for the monoamide (* in Figure 0-8) is related to the strong effect of
polymorphism which positively affects the transition order. The diamide entropy and enthalpy
correlation line (¢ in Figure 0-8, R? = 0.9991) lies above the general correlation line indicating
that for a similar amount of entropy, the enthalpy is larger. This can be explained by the extra
attractions provided by the hydrogen bonds. Note that this effect becomes larger as the entropy

increases (slopes: 0.35 vs 0.40 in Figure 0-8).

6.1.12 Thermal Stability

Thermal stability of PCMs is typically determined by thermogravimetric analysis (TGA). The
goal is to understand how temperature affects the degradation of the PCM prior to utilization in
TES systems. PCMs thermal stability is typically indicated by the onset temperature of mass loss
(Ton). Unlike the readily available Tm and AHm data, the thermal stability data of VO-based
PCMs is limited because thermal degradation and cycling analysis studies are time consuming
and generally carried out scarcely by researchers in academia. Nevertheless, the available
thermal stability data gathered in this work provide valid conclusions on how VO PCM’s
molecular structure, particularly molecular mass, functional groups and branch groups influence

thermal stability.

The available thermal stability data for VO-based PCMs comprising a variety of functional

groups mined from the literature includes fatty acids [27, 35, 57, 58], fatty alcohols [27, 30, 61,
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64], monoesters [33-35, 50, 66, 69, 70, 72], diesters [34, 36], sugar esters [82-86], fatty
carbonates [26], monoamides [38], diamides [38, 40], monosulfones [32], and alkanes [1, 53-56].
The majority of the PCMs are reported to undergo weight loss in a single stage where

evaporation is the predominant mechanism.

6.1.12.1 Effect of molecular mass

The analysis of the TGA of the PCMs indicates that the main structural parameter influencing
mass loss is molecular mass. The functional group and branching are noted to play a role
whereas symmetry, chain length mismatch and the configuration seem to not affect mass loss.
Ton of saturated aliphatic monofunctional, difunctional and multifunctional PCMs are presented

in Figure 0-9a-b, respectively, as a function of molecular mass.
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Figure 0-9. Onset of degradation (Ton ) of (a) monofunctional and difunctional PCMs and (b)

branched multifunctional sugar ester PCMs. Dashed lines are guides for the eye.

Although scattered in a 20°C band, the Ton data of all the monofunctional PCMs increases with
molecular mass and plateau following an apparent exponential rise to a maximum function
(Equation 3, R? = 0.9280, Figure 0-9a) regardless of the type of functional group. The
exponential curves and plateau describe the gradual resistance of the molecules to evaporate as
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the molecular mass increases. The trend is consistent with the increase of activation energy
required to bring the molecules into the gaseous state subsequent to the increase in molecular

surface area and dispersion forces between the fatty chains [37, 109].

6.1.12.2 Effect of the functional group

As noted above, there is a confidence band of ~20°C for Ton of monofunctional compounds
which does not allow for evidence of the effect of one particular functional group. Note that even
Ton of the highly polar monoamides and monosulfones fall inside the confidence band.
Furthermore, Ton of the linear saturated diesters continues the trend of the monofunctional
PCMs. Significant deviations from the general trend are only observed for the diamides (®;
Figure 0-9a). For similar molecular mass Ton of the diamides are larger than that of the
monofunctional PCMs and diesters by ~25 to 50°C. The effect of the functional group is
observed in the diamides because of the increased hydrogen bonds which remain effective in the
liquid state, making evaporation much more difficult than in esters which do not possess such

hydrogen bonds.

Each diamide molecule has two amide groups with two electron pair donor and electron pair
acceptor atoms. Therefore, one diamide molecule can form a maximum of four hydrogen bonds
with two adjacently parallel diamide molecules that are coplanar to form a reinforced
intermolecular hydrogen bond network [48]. A higher number of hydrogen bonds increases
intermolecular attraction which increases thermal stability because of enhanced hydrogen bonds

strength [48].

Ton of the diesters and diamides follow gentle rises to plateaus reminiscent of what is observed

for Tm and AHm for which this secondary force plays a major role alongside mass and energy
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transfer limitations. Note that the Ton curve of the diamides is above and parallel to that of the
diesters which points to the same contribution of the intermolecular interactions to the thermal

stability of the molecules regardless of hydrocarbon chain length.

6.1.12.3 Effect of branched groups

Ton of the sugar esters presented in Figure 0-9b are between 80-200°C despite having large
molecular masses. Overall, Ton does not exceed 220°C except for Mannitol hexapalmitate and
Mannitol hexastearate which record 253°C and 330°C, respectively (Figure 0-9b). The sugar
esters degrade at lower temperatures compared to monoesters, monoamides, monosulfones,
diesters and diamides. Compared to the saturated aliphatic monofunctional and difunctional
PCMs, molecular mass is not a main determinant of thermal stability for these complex branched
structures. For example, Ton of the linear saturated diamide: ditetradecanamide is approximately
2.5 times higher than that of the branched sugar ester: erythritol tetrastearate (320°C and 126°C,
respectively) for half the molecular mass (MW 566g/mol and 1188g/mol, respectively). The
thermal stability (low Ton values) of the sugar esters is in fact driven by the chain branching.
The branched groups are hindering efficient close packing arrangements and thus reduce the
strength of the intermolecular interaction thereby creating weaker crystal structures with larger
crystal defects. A similar effect of branching on boiling points was also observed for the linear
and branched alkanes [110]. The branched groups protruding off the sugar alcohol backbone are
quite long with chain lengths ranging from 14A for C12 fatty branched group up to 21A for C18
fatty branched group. The multiple branched groups with 14-21A prevent the molecules from
forming densely packed crystals which influences dispersion force and detrimentally affects

thermal stability. The onset temperature of mass loss ranges from 80-200°C in accordance with
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increasing branch size (14-21A) despite having significantly high molecular mass (750-

1800g/mol).

6.1.13 Thermal Conductivity

Thermal conductivity measures the rate at which heat passes through a PCM across a
temperature gradient via conduction. PCMs with higher thermal conductivity conduct more heat
than those with lower conductivity for a given temperature. Thermal conductivity of organic and
salt hydrates are between 0.2 to 0.5W/mK [111], which is considered low to charge and
discharge of the latent heat during the phase change. In the melt, heat is transmitted mainly by
convection and is influenced by viscosity [112]. Also, in all cases and as expected, the thermal

conductivity in the solid crystal state is higher than in the liquid state [113, 114].

Thermal conductivity of PCMs is important to quantify as it influences the time required to
complete the phase change. However, the heat transport mechanism is a complex process
because as the PCM undergo phase change the thermal conductivity is affected by the solid-
liquid phase boundary [115]. Unlike in metals where heat transport is dominated by free
electrons, the heat transport mechanism in VO-based PCMs occurs mainly by phonons since the
electrons are involved in covalent bonds and they are few free electrons for use as conduction
carriers [116, 117]. A phonon is a unit of vibrational energy that arises from oscillating atoms
within the PCM’s crystal lattice and its transmission is influenced by the phonon velocity,
specific heat capacity and mean free path [115]. The stronger the phonon transmission in a PCM,
the greater its ability to conduct heat and the higher thermal conductivity. However, the phonon

transmission is known to be obstructed in organic PCMs via phonon scattering which shift or
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reverse the direction of energy transport and is the fundamental reason for their low thermal

conductivity [118].

6.1.13.1 Crystal structure and thermal conductivity correlation

From the analysis of the data, a direct correlation between organic PCMs crystal structure and
thermal conductivity can be drawn; that is PCM molecules which pack in a more
thermodynamically stable crystalline arrangement have inherently higher thermal conductivity
[119]. Moreover, the strength of hydrogen bonding present in the crystal lattice network appears
as the most important determinant of thermal conductivity in these materials [119]. The thermal
conductivity is available for the following PCMs: fatty acids [23, 62], fatty alcohols [27, 30, 61,
64], monoesters [70, 73, 74], sugar-esters [82-86], sugar alcohols [120-122] diamides [38] and
alkanes [1, 52-56] (included for comparison) are discussed in this section as a function of total
number of carbons and total number hydrogen bonds in order to have better insight of the

structural parameters that affect their k-values.

6.1.13.2 Effect of hydrogen bond

The sugar alcohols which can form eight (08) to twelve (12) hydrogen bonds present the highest
k values (0.8-1.4W/mK) [120-122] and the alkanes and esters which do not form hydrogen bonds
the lowest (~ 0.2W/mK) [1, 52-56, 70, 73, 74]. The thermal conductivity of the diamides [38]
which can form four (04) hydrogen bonds per molecule is higher than that of the fatty acids and
fatty alcohols which can form two (02) hydrogen bonds [27, 30, 61, 64]. The thermal
conductivity of the available PCMs versus total number of carbons and number of hydrogen
bonds is shown in Figure 0-10a and b, respectively. As can be seen thermal conductivity did not

show any predictive trend with total number of carbons (Figure 0-10a). The thermal
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conductivity measured in the solid-state at room temperature for the PCMs, alkanes, and sugar
alcohols fit in an apparent sigmoidal curve as a function of the number of hydrogen bonds

(Figure 0-10b).
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Figure 0-10. Thermal conductivity of PCMs mined from the literature measured at room
temperature versus (a) total number of carbons (n); and (b) total number of hydrogen bonds per

molecule. Dashed lines are guides for the eyes.

In principle, polar compounds exhibit stronger intermolecular interaction and therefore better
heat conduction [123]. The network of hydroxyl groups allows stronger lattice vibrations at a
higher frequency, which leads to higher heat conduction by the phonons [121, 123]. The effect of
hydrogen bonding is best illustrated with the significant drop in the thermal conductivity after the
esterification of the hydroxyl groups of sugar alcohols with fatty acids. The esterification
eliminates the hydrogen bonds in the crystal and produces lesser ordered crystalline structures

with severely limited heat transport (the sugar esters; ® in Figure 0-10a).

The « values of the sugar alcohols is more than three times that of the diamides. For example,
of mannitol and 12-2-12 diamide are 1.319W/mK [121] and 0.359 W/mK [38], respectively,
commensurate with their ratio of hydroxyl groups per molecule. Also, the highly rigid crystalline
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structures of sugar alcohols with much lower carbon numbers (Cs-Cs) has a much stronger
hydrogen bond network that contributes to higher rate of heat transfer compared to the long
diamides molecules (C2s and Czg) which have looser hydrogen bond networks because of the

separation between the amide functional groups.

The disposition of the hydrogen bonds in the molecule is instrumental in the stability of the
crystal and hence the thermal conductivity. The effect of hydrogen bond conformation on
thermal conductivity is illustrated with the examples of xylitol and l-arabitol. Both have 10
hydrogen bonds, but the k value of L-arabitol is much lower than xylitol (0.93W/mK vs.
1.31W/mK [121]) due to the less favorable disposition of the hydroxyl groups to optimal
packing. Contrary to xylitol where they are distributed intermittently on both side of the
backbone, the hydroxyl groups in L-arabitol are adjacent causing large electrostatic repulsions
that destabilize the crystalline structure and decrease the strength of the hydrogen bonds and

network [124].

6.1.14 Applications of VO-based PCMs

VO-based PCMs are developed as a renewable alternative to PCMs produced from petroleum
and salt hydrates. The environmental, safety and social benefits of using VO-based PCMs are
significantly greater than paraffin. Besides, many VO-based PCMs are food-grade, thus are not
harmful if ingested. A wide range of biodegradable VO-based PCMs with melting temperature at
below ambient temperature up to 160°C and high latent heat (150-220J/g) is available for use in

various TES applications.
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PCMs are currently incorporated in the form of pure or eutectic mixtures in buildings wallboards
and building materials, e.g., gypsum powders, concrete, plaster slabs, and polyurethane foams to
reduce the temperature fluctuation range and improve the comfort of the indoor environment in
buildings as well as for efficient thermal management [125-129]. They also find application in
solar thermal energy for water heating systems [13, 130-132], solar cooker [11, 133] and
industrial and consumer waste heat recovery system [130] and solar thermal energy storage in

photovoltaic modules [12, 134].

One of the most promising PCM applications is in heating, ventilation, and air conditioning
(HVAC) [135]. The working temperatures for PCMs in these applications (typically between 7
and 20°C) are readily achievable. The potential PCM market for HVAC is considerable as the
amounts of energy involved are very large. For comparison, the amount of energy consumed in

HVAC and water heating in the US is the same as that burned in gasoline engines [135].

PCMs are used in small scale applications like industrial and consumer electronics and devices
for temperature regulation during operations [132, 136]. PCMs also find utility in food and
beverages, e.g. (i) keeping food warm during delivery, example pizza at ~65°C [137] and (ii) and
bringing the temperature of beverages such as coffee or tea down from the brewing temperature
(80-90°C) to safe drinking levels (50-70°C) and maintaining it for an extended period of time

[36].

Other applications of PCMs are in the (i) textile industry, e.g. vest to cool outdoor workers in the
summer, and PCM coated fabrics, gloves, and socks to keep warm during winter, (ii)

temperature-controlled packaging to protect temperature sensitives goods and (iii) containers that
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maintain temperature for extended period during shipping of food, beverages, medicines, blood

samples and donor organ [130, 131, 138].

6.1.15 Challenges and Future Trends

They are several research directions from a structure-property perspective to further improve the
thermophysical properties of VO-based PCMs. These are related to (i) building new molecular
architectures and (ii) developing more effective external performance enhancement techniques.
The major challenges involved in these directions and potential solutions to overcomes these

challenges are:

(i) New molecular architectures

The analysis of the thermal properties of more than 200 VO-based PCMs in this review indicates
that current molecular architectures have inherent limitations that prevent from achieving energy
storage densities higher than 300J/g and working temperatures higher than 200°C. The main
barrier to achieving higher Tm and AHm is mainly due to the intrinsically high entropy
associated with the flexibility of the fatty chains and functional groups which are present in all

VO-based PCM molecular architectures.

The challenge is therefore to design molecular architectures with structural features that increase
AHm and Tm without increasing the entropy. Theoretically, it is possible to mitigate to some
extent the degree of freedom of the fatty chains by inserting multiple polar functional groups (eg.
Amide, sulfonyl, carboxylic, hydroxyl) in the linear fatty chains. Additionally, as our research
group has found in a recent work (submitted to Solar Energy Material and Solar Cells [139]) one
can use aromatic groups such as benzene to include planar segments in the PCM molecular

architectures in order to decrease rotatability of the functional group and stabilize the fatty acid
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moieties. Planar groups and others to be tested may also decrease interstitial defects in the crystal
structure and provide larger surface areas that would increase the attractions including dispersion

forces while significantly lowering the entropy of fusion.

There exists the possibility of achieving VO-based organometallic PCMs with superior thermal
properties using coordination chemistry principles [140, 141]. Carefully designed coordination
complexes between thermally conductive transition metals such as Fe, Cu, and Zn (x values
between 80- 400W/m.K) with VO-based ligands such as carboxylic acid or amide functional
groups could provide a powerful platform to explore specific factors that contribute to thermal
conductivity, energy storage density and entropy of VO-based organometallic PCMs. Moreover,
unlike conventional organic and inorganic PCMs, the structure of organometallic PCMs can be
controlled through rational ligand design and directional coordination bonds to tailor the crystal
lattice dimensionality, entropy, and strength of covalent and noncovalent interactions within a
solid in a predictable fashion. This approach was carried out in a recent study from McGillicuddy
et. al [142]) on a series of divalent metal amide coordination complexes featuring extended
hydrogen bond networks where melting points between 80-200°C and AHm values ranging
between 300 and 350J/g were achieved. McGillicuddy et. al [142] were able to demonstrate the
potential of manipulating the order-disorder phase transitions in organometallic PCMs to benefit
phase change properties for TES applications. They showed the significance of high densities of
coordination bonds and hydrogen bonds to achieving high energy storage density. They were
also able to show how metal-dependent changes to the local coordination environment during
melting impact the entropy and enthalpy of organometallic PCMs. However, since low molecular
weight ligands namely acetamide and N-methylurea were used, these complexes are likely to

undergo decomposition over time after multiple thermal cycling.
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Organometallic PCMs may require a relatively more complex synthetic process which would
increase cost but this would be cost effective if functionality is sufficiently improved. Also, if
successful, economies of scale and/or niche uses would render them economically viable.
Nonetheless, the fundamental knowledge that would be gathered would be invaluable to the

advancement of the understanding of materials for TES.

(ii) Performance enhancement techniques

VO-based PCMs are known to have an inherently low thermal conductivity (see Section 7) and
leak during phase transition in open TES systems. The solutions to address these problems, such
as the use of thermal conductivity additives [128, 143, 144] and microencapsulation techniques
[132, 145] have bore some good results but are still not sufficiently tested with VO-based PCMs
[143]. Investigating the thermal conductivity of VO-PCMs can lead to insights on their heat
transport mechanism and limitations which would lead to possible solutions and tangible
improvements. Microencapsulated VO-based PCMs can greatly extend the heat transfer surface
area and improve on the efficiency of thermal performance. Currently, due to fabrication
problems, microencapsulation is used for low-temperature PCMs including VO-based PCMs
such as fatty acids [146]. The development of encapsulation methods suitable for high-
temperature VO-based PCMs may help improve on the currently available medium temperature
VO-based PCMs. This would add to improvements which would be obtained with structural
changes such as in diamides where high hydrogen bonding between the amine groups and
carbonyl groups imparted a 75% higher thermal conductivity than the best of alkanes, fatty acids

and monoesters [38].

Among several possibilities already tested on other organic PCMs [14, 147-150], high
conductivity porous composites, nanocomposites structures and nano additives may be effective
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means to improve VO-based PCMs for TES applications. The preparation of these materials
would be multifaceted and the ensuing phase behavior very complex. All aspects related to these
materials as well techniques used to make them need careful investigation in order to determine
their phase behavior and structure-function relationships. Understanding the fundamental
mechanisms driving the behavior of these materials and interactions at play would be
instrumental in finding means to adjust the preparation processes for select molecular systems

for optimal phase structure and performance.

In the engineering side of TES applications, cascaded techniques, where PCMs with different
working temperatures are used in cascade, are shown to improve the uniformity of the heat
transfer process [143]. This aspect although seemingly obvious is very complex as its effect
depends on PCM ratios and thermal properties such as melting temperature, melting enthalpy
and thermal conductivity. The judicious selection and careful arrangement of the PCMs are
critical in the performance of the TES system. Studies of selection and matching criteria of
cascaded PCM systems including VO-based PCMs for cascaded latent heat storage systems may

be one of future research topics.

6.1.16 Conclusion

The present work critically reviews more than 200 VO-based PCMs intended for thermal energy
storage technology for both domestic and industrial applications. VO-based PCMs are a
renewable, and eco-friendly alternative to traditional paraffin wax PCMs. The range of VO-
based PCMs is rapidly extending and includes fatty acids and alcohols, carbonates, sulfones,
amines, ethers, monoesters, diesters, sugar esters, monoamides and diamides. Analysis of their

published melting temperature, enthalpy, entropy, thermal stability, and conductivity in relation

216



to molecular structure, particularly the hydrocarbon chains and functional groups, uncovered
notable trends between molecular structure and phase change properties. For instance, the
monofunctional PCMs and alkanes Tm and AHm follows exponential rise to maximum functions
with increasing fatty chain length. Predictive structure-function relationships, especially the
thermal properties, have been confirmed or established for these PCMs. Importantly, insights on
how to model the key thermal transition parameters such as temperature, enthalpy and entropy
were gained. For example, the central role of the entropy of fusion has been made evident and
conclusion was asserted that any attempt to model any phase change parameter should take into
consideration not only the flexibility of the molecule but also symmetry, polarity and

polymorphism.

Overall, linear saturated VO-based PCMs with polar monofunctional groups such as fatty acids,
alcohols, amines, amides and sulfones present higher Tm than those with no functional groups
like the alkanes, esters, carbonates and ethers. With regards to AHm, the alkanes and compounds
with small functional groups such as alcohols, amines and ethers have relatively higher AHm
than those with bulky functional groups such as carbonates, monoamides, monosulfones and
fatty acids because they can more closely pack and maximize dispersion forces. Furthermore,
geometry and conformation considerations increase the entropy of fusion and thereby lowering
the transition enthalpy. VO-based PCMs with difunctional groups such as the diamides have
increased polarity and are capable of forming more hydrogen bonds which significantly increase
Tm (up to 160°C) compared to their monofunctional group counterparts and much lower than
diesters counterparts (Tm up to 78°C). Because of similar entropy consideration, diamides

present slightly lower AHm (~220J/g) relative to diesters counterparts (~240J/g).
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Thermal stability of VO-based PCMs with monofunctional groups increases exponentially with
fatty chain length regardless of the type of functional group present. High polarity difunctional
PCMs such as diamides present significantly higher thermal stability compared to diesters
because reinforced hydrogen bonds between the functional groups significantly contribute to

thermal stability.

Thermal conductivity of the linear saturated VO-based PCMs like alkanes and fatty acids, fatty
alcohols, monoesters are low and in the range of 0.1-0.4W/mK. A notable increase in thermal
conductivity with increasing number of hydrogen bonds was observed in VO PCMs. Diamides,
fatty acid and fatty alcohols and sugar alcohols present relatively higher thermal conductivity
(~0.4-1.4W/mK) compared to alkanes and esters which do not form hydrogen bonds
(~0.2W/mK). This is due to the network of hydrogen bonds which allow stronger lattice

vibrations at higher frequency which leads to higher phonon heat conduction.

Linear saturated VO-based PCMs with polar monofunctional groups that form intermolecular
interactions (such as fatty acids, alcohols, amines, amides and sulfones) are suitable for
applications in solar thermal energy storage (TES) in water heating systems, solar TES in
photovoltaic modules, temperature-controlled packages and containers to protect temperature-
sensitive goods and storage of industrial and consumer waste heat recovery systems. VO-based
PCMs with functional groups incapable of forming intermolecular interactions (such as alkanes
and fatty esters, carbonates and ethers) are suitable for applications in building materials such as
wallboards and in clothing textiles to thermally regulate comfort temperatures.

The new insights developed in the present work can be used to advance our current knowledge of
structure-property relationships and help improve PCMs through targeted material design and
process modelling.
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