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ABSTRACT
Molecular gels have shown to be an excellent multifunctional soft material. The search
for biobased gelators has become an emerging trend in recent years due to their potential
applications in various fields, ranging from food to cosmetics. Materials from biomass
are being studied as an eco-friendly source for the chemical industry because of their
biodegradability and renewability. In light of these facts, the current project focuses on
developing functional molecular gelators from cardanol. Cardanol is an industrial
byproduct from cashew industry. It is a phenolic lipid with an alkyl chain with varying
degree of unsaturation (C15H31–n; n = 0, 2, 4, 6) at the meta position. The phenolic group
of cardanol is reactive, thereby allowing the conversion of the hydrophilic head group
into an amphiphile suitable for gel formation through hierarchical self-assembly.
Carboxylic

acid–functionalized

saturated

analog

of

cardanol,

2–(3–

pentadecylphenoxy)acetic acid, was synthesized and tested for its gelation efficiency.
Number of amphiphiles analogous to saturated cardanol was derived from 2–(3–
hydroxyphenyl)acetic acid. These amphiphiles (C10, C14, and C18) mimic the structural
design of the cardanol (C15) but greatly differ in their alkyl chain length. Both the
carboxylic acid–functionalized saturated cardanol and the analogous acid amphiphiles did
not exhibit any gelation in different organic solvents. Subsequently, the molecules were
converted to its corresponding sodium or lithium salts. The Na+ and Li+ salts of all the
amphiphiles exhibited efficient organogelation in an array of solvents (hydrocarbons,
vegetable oil and aromatics). The minimum gelator concentration (MGC) of the
amphiphiles was in the range of 0.90–5 wt %. The nature of the counter ions and the
alkyl chain length critically govern the gelation ability of the amphiphiles. The Na+ gels

iii

showed lower MGCs and higher gel–melting temperatures in comparison to Li+ gels,
thereby suggesting better self–assembling tendencies and greater thermal stability with
respect to the size of the cation. The nature of the solvent and structure of the gelator
greatly influenced the overall 3–dimensional (3D) network of the gels. This study sheds
light on design, synthesis and utility of biobased amphiphiles for future lubricants and
greases.
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CHAPTER 1
INTRODUCTION
1.1

Objective

The objective of this study is to verify the gelation properties of the newly
designed salts in various solvents. Gelation, the transformation of a solution to a solid–
like material known as a gel, has been studied in the lab to design different forms of soft
materials. The synthesized salts are gelators (or amphiphilic molecules) that are able to
dissolve in the solvent. The amphiphilic nature of the salts permits them to aggregate and
be held by weak intermolecular forces to create a fibrous network, thereby encaging the
solvent by providing a supportive net for the solvent to oppose gravity when inverted
upside down. The gelator, 2–(3–pentadecylphenoxy)acetic acid (PDP), was used as a
platform to synthesize three more gelators which varied in their number of hydrocarbons.
The new gelators were converted into corresponding sodium or lithium salts. The
difference in counter ion and alkyl chain length will determine the efficiency of the
gelators to effectively gel in various oil and organic solvents. To study the properties of
the gel, various techniques such as nuclear magnetic resonance (NMR) spectroscopy, X–
ray diffraction (XRD), optical microscopy (OM), and scanning electron microscopy
(SEM) were used. Microscopic techniques helped us to elucidate the type of fibers and
morphology of the 3D network.
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1.2

Molecular Gels: A Brief Summary

Recent studies on molecular gels have captivated interest across many research
communities and therefore the number of published articles regarding gels has increased
significantly.1 Molecular gels, a type of soft material, are viscoelastic solids existing as a
two–component system involving a dispersed phase and dispersion medium.2 The
microscopic view consists of 3D network and entrapped solvent [Figure 1]. The solvent
remains immobilized because of the Self–Assembled Fibrillar Network (SAFIN),

1-3

thereby preventing the liquid to flow when the gel is inverted.

Figure 1. Molecular gel with a schematic representation of 3D network.

This act of opposing gravity is due to the surface tension phenomena. 4-7 The
surface tension found in molecular gels incorporates both cohesive and adhesive
properties. The solvent molecules are able to create a thin film because of their cohesive
properties with one another. The solvent and 3D network interacts with each other
through adhesion. The ability for the gelators and eventually fibers to adhere to each
other firmly is due to weak intermolecular forces. The formation of molecular gels is a
reversible process whereby the network is disassembled by heat, forming a clear solution
(sol) and the gel is restored upon cooling to room temperature.2-3 The ability for
molecular gels to be thermo–reversible and exist in two different phases simultaneously
2

permits them to be used in various applications such as drug–delivery,
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light–

harvesting materials, 19-21 tissue engineering, 22 and other targeted applications.23-25
The concept behind molecular gels is further explained in the next three sections.
The first section involves a discussion about amphiphiles. The second section elaborates
the definition of gels. The third section discusses novel amphiphilic gelators synthesized
from renewable resource.
1.3

Amphiphile

1.3.1 What is an Amphiphile?
An amphiphile can be thought of as the ―yin and yang‖ – two required halves that
form one function. Therefore an amphiphile is a two component molecule. The first
component is lipophilic (lipid–loving) i.e. a nonpolar tail. The second component is
hydrophilic (water–loving) i.e. a polar head group.1, 26 The two components of opposing
polarities may be joined together by a linker [Figure 2].

Non-Polar
Tail

Linker

Polar Head
Group

(a)

(b)

Figure 2. Schematic representation of (a) yin and yang and (b) an amphiphile.

Hydrophilic functional groups may either have a charged or a non–charged head
group. A non–charged or non–ionic head group possesses neutrality e.g. the carboxylic
acid group of palmitic acid [Figure 3a]. Charged head groups can be either anionic where

3

the polar head group consist of a negative charge [Figure 3b], cationic where the polar
head group consist of a positive charge [Figure 3c], or zwitterionic where the polar head
group has both a negative and a positive charge [Figure 3d]. Lipophilic functional groups
normally consist of hydrocarbons. The functional group is typically a saturated alkyl
chain with a length ranging from C5 – C22.1 The varying alkyl chain depends on the
overall physicochemical structure of the amphiphile and for the specific type of soft
material (surfactants, liquid crystals, gelators, etc) in which it is fashioned for in making
new products (detergent, LCDs, contact lens, etc). Substances devoid of a hydrophilic
polar head group or a lipophilic nonpolar tail are not considered amphiphiles.

Palmitic acid

Nonanoate

Nonan-1-aminium halide

2-ammonio-4methylpentanoate

Figure 3. Schematic diagrams of amphiphilic molecules with various hydrophilic head groups.

1.3.2 Amphiphiles as Molecular Gelators
Molecular gelators, which are amphiphilic in nature, have been studied based on
the distribution of the polar and nonpolar regions. Due to the increase in the diversity of
amphiphiles, it is important to consider the balance between the hydrophobic and
hydrophilic moieties when designing new amphiphiles. The major forms of amphiphiles
4

in relation to molecular gels are not limited to the structures in Figure 3. For example,
when the hydrophobic tail is capped with a hydrophilic head group at both ends the
molecule is known as the bola–amphiphile

27-32

[Figure 4]. The uniqueness of the bola–

amphiphile is its two hydrophilic head groups providing the molecule with an increase in
solubility in water compared to monomeric amphiphiles.1 The gemini amphiphile1, 33-36 is
a molecule having two hydrophilic head groups connected by a linker and to each head
group having a hydrophobic tail [Figure 4]. Further examination into the diversity of
amphiphiles also includes the antibiotic, vancomycin pyrene.1, 8 This molecule contains a
polycyclic compound as the nonpolar region instead of the classic hydrophobic tail and
the hydrophilic head group contains a number of polar groups including an amide, a
hydroxyl group, and a sugar derivative [Figure 4].

Bola-amphiphile

Gemini

Vancomycin-pyrene

Figure 4. Amphiphiles with different arrangements of hydrophilic and hydrophobic groups.

1.3.3 Design of Amphiphiles
The various forms of self–assembled structures created from the basic building
blocks of amphiphiles are governed by the manner in which the amphiphiles pack
themselves when placed into a solvent medium.37 This arrangement may be deduced
from the packing parameter, formulated by Dr. Jacob Israelachvili [Equation 1].1,
5
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There are two factors that provide information about the physico–chemical limitations of
the gelator. Firstly, the dependence on the type of functional group involved in creating
the amphiphile which provides essential information on how they assemble themselves
into various morphologies.1 Secondly, the preservation of the amphiphilic molecules to
maintain their packing arrangements are due to weak intermolecular forces.1 Therefore
the packing parameter presents information on both the size distribution of the
hydrophilic head group and hydrophobic tail [Figure 5], thereby providing insight on the
possible organization of the amphiphile in a medium [Figure 6].
Equation 1: P = v/a0l

a0

l

v

Figure 5. An amphiphile describing the size distribution of the hydrophilic head group and
hydrophobic tail.

It states that a0 is the area of the hydrophilic head group and the area of the hydrophobic
tail is noted by v/l.1, 40 The volume and length of the hydrophobic tail are noted by v and l
respectively. The packing parameter relies on the molecular structure but other external
factors greatly affect the type of morphology such as pH, temperature, salinity, and
concentration of the amphiphiles.1,

41- 44

The packing parameter is used on the assumption

that the amphiphile’s molecular structure is symmetrical. In addition the packing
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parameter becomes difficult to determine if any irregularity in the amphiphile’s structure
is seen.1 Determining how amphiphiles will self–assemble into any of the various
morphologies is still in question.

Figure 6. Packing parameter for amphiphilic molecules in different morphologies.1

1.3.4 Self-assembly
Self–assembly is the propensity of the amphiphiles to aggregate and be held by
weak intermolecular forces such as electrostatic interaction, hydrogen bonding, pi–pi
stacking, and van der Waals interactions.42, 45-49 Electrostatic interaction, the strongest of
the non–covalent forces, involves two oppositely charge ions, positive and negative,
coming together [Figure 7a]. Hydrogen bonding is an attraction force between a
hydrogen atom and an electronegative atom (N, O, F). For example, the partial positive
charge on the hydrogen of a water molecule is pulled to the partial negative charge on the
electronegative oxygen atom of another water molecule [Figure 7b]. The attraction force
in hydrogen bonding is strong thereby providing an increase in boiling point and melting
point. Pi–pi stacking, found with aromatic rings, is the ability for structures to stack
themselves on top of one another. Thus aromaticity creates stabilization in the
organization of the molecule [Figure 7c]. The weakest intermolecular force is van der
7

Waals interactions. It is an attractive force between atoms or neutral molecules involving
momentary dipole-dipole interactions, for example, hydrocarbon chains [Figure 7d].

STRONGEST

WEAKEST

Electrostatic

Hydrogen
bonding

forces

Pi pi stacking

van der Waals

Figure 7. Representation of the types of weak intermolecular forces found in the self–assembly
process.

The weak intermolecular forces act as the temporary glue between nonpolar•••nonpolar
groups and polar•••polar groups. Hence, different morphologies can arise when aggregation
of gelators is initiated. The various morphologies include fluid–like structures such as reverse
micelles, micelles, vesicles, bilayers, lamellar and/or solid–like structures such as tapes,
ribbons, fibrils, fibers, tubes, and helical fibers [Figure 8].1, 10, 41
Fluid Structures

Reverse Micelle

Micelle

Vesicle

Bilayer

Lamellar

Solid Structures

Tape

Ribbon

Fibril

Fiber

Tube

Helical fiber

Figure 8. Self–assembled structures from amphiphiles.
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1.4

Gels

1.4.1 History and Definition of a “Gel”

Select amphiphilic molecules can be used to make gels. The study of gels and
their SAFINs has allowed researchers in different disciplines to explore the possibilities
in creating, understanding, and deriving everyday applications. However, the concept of a
gel had to be established first. Over time, defining the term ―gel‖ has been challenging
because what constitutes a gel is difficult to explain despite the seemingly simple
outward appearance.50 Hence, this is the reason why many definitions for the term gel
appear throughout history. As far back as 1861, Thomas Graham,

34

a Scottish chemist,

provided a description of gels. He wrote:
“While the rigidity of the crystalline structure shuts out external expressions, the softness of the
gelatinous colloid partakes of fluidity, and enables the colloid to become a medium for liquid diffusion,
like water itself.”
-R. G. Weiss and P. Terech1

Almost seven decades later Dr. Dorothy Jordon Lloyd51 came up with a description of
gels as such:
“The colloid condition, the “gel,” is one which is easier to recognize than to define…Only one rule seems
to hold for all gels, and that is that they must be built up from two components, one of which is a liquid
at the temperature under consideration, and the other of which, the gelling substance proper, often
spoken of as the gelator, is a solid. The gel itself has the mechanical properties of a solid, i.e., it can
maintain its form under the stress of its own weight, and under any mechanical stress, it shows the
phenomenon of strain.”
-R. G. Weiss and P. Terech1

Dr. Dorothy Jordon Lloyd concluded the only condition that holds true for all gels is its
composition.1 Therefore it is safe to conclude that gels may be defined as an immobilized
state of solvent caused due to formation of 3D matrix by solute, when added or dissolved
in the solvent.

9

1.4.2 Classification of Gels

The interaction of an amphiphile with a desired solvent determines the outcome of how
the molecules will self assemble and provides information on the different ranges of
solvent in which it can gel; this is the fundamental question for designing molecular gels.
The self-assembly of the amphiphiles in a solvent is based on its interactions of the polar
or nonpolar groups. There are many types of gels that have been made which are
dependent on the solvent used, whether organic or aqueous [Figure 9].1, 3
Gels

Medium

Source
Wet

Natural

Wet

Organo

Artificial

Hydro

Dry

Aero/Xero

Constitution

Supramolecular

Macromolecular

Figure 9. Classification of gels.3, 56

Gels made with a gelator and aqueous solutions are known to be hydrogels.1, 11-15,
22, 52

The gelator used to form a gel in water is called a hydrogelator.1 Yet gels made with

a gelator and organic solvent are called organogels;1,

40, 42-43, 53-55

hence the gelator is

termed an organogelator.1 In the case of hydrogels the hydrophilic head groups are
exposed to the water layer and the hydrophobic tail groups are clustered together to be
away from the water. In the case of organogels the hydrophilic head groups are orientated
away from the solvent (nonpolar) thereby exposing the hydrophobic tail to the organic
10

solvent. Dependent upon the drying method, gels are termed either aerogel or xerogel. If
the 3D network should collapse after drying, the gel is called a xerogel. A dried gel
maintaining its original 3D network without caving in is considered an aerogel [Figure
9].1, 3, 56
1.4.3 Molecular gels vs. Polymer gels

The classification of gels also extends to the constitution of the 3D network e.g.
macromolecular or supramolecular [Figure 9].3,

56

Macromolecular gels commonly

known as polymer gels are high in molecular weight (> 2000 Da)1 and their cross–linking
involves either physical or chemical interactions. Chemical interactions involve covalent
bonds which are thermally irreversible, while physical interactions between the fibers are
thermally reversible.1-3
Molecular gels (supramolecular) are different to that of macromolecular gels. It is
true that the gelator is the backbone for the development of all gels, hence its name, but
instead of the gelator being made of polymers, molecular gels consists of Low Molecular
Weight Organic Gelators (LMOGs) having a molecular weight of less than 2000 Da and
they are amphiphilic molecules that are mainly organic.1 The self-assembly process in
molecular gels is a three stage process: 1) molecular recognition where the individual
molecules join together due to weak intermolecular forces for the construction of onedimensional growth1, 2, 41, 54 (where the interactions are based on the polar•••polar groups
and nonpolar•••nonpolar groups of the gelator molecules); 2) aggregation into different
morphologies like fibers41 and 3) the construction of fishnet–like structures called
SAFINs1, 41 due to the cross-linking of the fibers caused by weak intermolecular forces
[Figure 10]. The SAFIN formation is thermally reversible; i.e. the gel is easily disrupted
11

on heating or other stimuli, but the state is regained on cooling the system.3, 57-58

SelfAssembly/
Growth

(1)

Formation
of SAFIN

(2)

(3)

Figure 10. Schematic representation of 3D networks.

Typically the gel is made by heating and dissolving the gelator and solvent mixture in a
sealed vial to create a solution (sol). After allowing the sol to cool to room temperature
three possible aggregate modes may form: crystals involving aggregation of the
molecules to form in an ordered manner, precipitates involving molecules aggregating in
a less ordered manner (amorphous), or a gel in which the latter two phases appear as one
to create a solid–like material and thereby withstanding gravity when inverting the vial
[Figure 11]. Therefore unlike crystallization and precipitation, gelation involves
connectivity between the gelator molecules to create a fibrous network. Different
physical states can result after heating during a ―gelation ability test‖. The gelator may
remain insoluble where the gelator does not display any solubility characteristics. A
partial gel may exist, whereby the molecules do aggregate together due to weak
intermolecular forces to create 3D network but within seconds the gel collapses existing
in a viscous state when applying the tube inversion test.

12

Crystallization

(1)

Precipitation
(2)
heating

Gelator
+
Solvent

cooling

Sol
(3)

Gelation
Figure 11. Schematic representation of aggregate modes after heating the gelator and solvent mixture.

1.5

Renewable Resources for Molecular Gels
The usage of non–renewable resources has brought concerns with respect to the

environment and sustainable future. As important as these non–renewable resources are
in carrying out our daily needs, the resources are rapidly depleting.59 Many researchers’
top priority today is to try to discover new compounds that are biodegradable and
renewable that would greatly benefit the chemical industry and at the same time cause
less harm to the environment and contribute to a more sustainable future.60-64 In the
world of amphiphilic gelator molecules, there has been a number of synthesized
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amphiphiles that originate from a non–renewable based resource such as a few ester
derivatives (e.g. boronate esters),1, 65-68 anthracene derivatives,69 etc.
However, there has been a huge spike in recent publications regarding renewable
resource based amphiphilic gelators such as amygdalin typically found in apricot kernels,
peaches, almonds, and plums;52 ascorbic acid (i.e. Vitamin C) found in citrus fruits and
plants;70 arjunolic acid obtained from the arjuna tree;71-74 and more. Thus, in the lab we
are able to utilize cardanol (originally found from a natural resource – cashew nut tree)
and chemically synthesize amphiphiles or molecular gelators that may be beneficial for
the chemical industry.
1.5.1 Approach in Present Research

Cardanol, a renewable resource derived from cashewnutshell liquid (CNSL), is a
meta substituted alkyphenol with a varying degree of unsaturation (0–3) [Scheme 1] and
has been studied for its gelation ability by John et al. in various solvents (water and
organic).63 Cardanol is used in diverse applications for ink, frictional materials, etc.75-77 It
is a naturally hydrophobic molecule but the phenolic group is reactive thereby allowing
for various hydrophilic groups to be attached.
John et al. synthesized cardanyl glycolipids, a compound with the basic
requirements of an amphiphile: a sugar derivative as the hydrophilic head group, an
aromatic ring as the linker, and a saturated/unsaturated hydrocarbon chain as the
hydrophobic tail. Cardanol encompasses two different factors such as having the
saturated vs. unsaturated alkyl chain and ―nonisoprenoic cis double bond.‖ They firstly
studied the degree of unsaturation (R = C15H31-n, n = 0, 2, 4, 6) individually and secondly
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how mixing all the various degree of unsaturation as one component could affect the
gelation ability.

roasting

distillation

d
c
b
a
Scheme 1. Cardanol. [1. Saturated Cardanol, R=a]; [2. Cardanol derivatives, R= mixture of a+b+c+d]

Results show that saturated analogue of cardanyl glycolipid 1 proved to be a more
versatile gelator compared to unsaturated cardanyl glycolipids 2. John et al. describe the
possible molecular arrangement responsible in the saturated cardanyl glycolipid [R = a]
and monoene derivative of cardanyl glycolipid [R = b] using XRD. In a water/alcohol
system both molecules exhibited lamellar packing. However, the monoene cardanyl
glycolipid had a longer d-spacing of 3.90 nm compared to saturated cardanyl glycolipid,
d-spacing of 3.14 nm. The saturated cardanyl glycolipid involved interdigitated alkyl
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chain caused by van der Waals forces and pi-pi stacking from the aromatic ring. The
monoene cardanyl glycolipid interdigitation was not well defined because the presence of
the cis-double bond caused the molecules to bend at a 30° angle thereby preventing the
alkyl chain from meshing together. Therefore any additional double bond (in the case of
diene and triene) caused the molecule to exist in a less crystalline order and instead result
in a fluid state; thus, no gelation ability was observed.
Temperature dependent 1H NMR revealed that pi-pi stacking does influence the
packing arrangement for saturated cardanyl glycolipids. Varying the temperature from 30
°C to 70 °C and then to 80 °C caused the peaks for the protons in the aromatic region 6.8
– 7.1 ppm to be shifted considerably. As the temperature increased the peaks became
more defined and moved more downfield. Therefore the NMR time scale was limited at
lower temperature while at higher temperatures the molecules are in motion – free to
move around in all directions.
Their SEM micrographs displayed the type of morphology of the SAFINs. The
saturated cardanyl glycolipids in water/ethanol and saturated cardanyl glycolipid in
cyclohexane showed ―intertwisted and interlocked fibers.‖ The monoene in water/ethanol
xerogel showed similar fibers as the saturated cardanyl glycolipid. Interestingly the
monoene and the cardanyl glycolipid in cyclohexane revealed that the nanoscale sheets
are responsible for the SAFIN. These observations were made clear when studied with a
light microscope. The latter two molecules did exhibit fibrous network when the gels
were wet but they realized that drying the gel might have a contribution to the difference
in fibrous network.
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It is concluded that the gelation studies was dependent on 1) the molecule’s
structure (in the case of unsaturation of the lipophilic tail), 2) the type of solvent which
may have an effect on the packing arrangement, 3) intermolecular forces that can be
detected by varying temperature with 1H NMR, and 4) the type of morphology
responsible as seen on SEM micrographs.
In this study, therefore, the unsaturated cardanol is not considered as it exhibits
low or no gelation ability. The modified cardanol was synthesized and its ability to entrap
various solvents at low concentrations has allowed for other derivatives to be
synthesized. Saturated cardanol–carboxylic acid incorporates an alkyl chain for van der
Waals interaction, an aromatic group for pi-pi stacking, and carboxylic acid group for
hydrogen bonding. The difference between the new amphiphilic gelator molecules to that
of the cardanyl glycolipid is the hydrophilic head group. We extended the hydrophilic
head group to a carboxylic acid to increase the solubility in an array of solvents. The
amphiphiles were made into salts with sodium or lithium hydroxide. As a result the
hydrophilic head group is now a carboxylate salt. Modifying the hydrophobic region with
varying chain length created new amphiphilic molecules for us to study as well.
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CHAPTER 2
MATERIALS
Cyclohexanol, 98%; n-heptane, 99+%; 1-bromodecane, 98%; xylene, 99+%; sodium
sulfate anhydrous; 1,4-dioxane; 1-bromotetradecane, 98%; 3-hydroxyphenylacetic acid,
99%; 3-n-pentadecylphenol, 90-95%; 1-bromooctadecane, 96%; lithium hydroxide, 98%
pure anhydrous; 2-butanone, 99%; methylbromoacetate, 99%; and toluene (for HPLC)
were all obtained from ACROS ORGANICS; decane, 99+% was acquired from Aldrich
Chemical Company, Inc.; 1,3,5-trimethylbenzene, 99% was procured from Chemical
Samples Co.; sodium bicarbonate; cyclohexanone; light paraffin oil; ethyl acetate; heavy
paraffin oil; hexane; sodium hydroxide; and sulfuric acid was acquired from Fisher
Scientific; 1-decanol, 97%; 2-octanone, 98%; dodecane, 99%; 1-hexanol, 98%; and noctylamine, 98% were purchased from TCI America; potassium carbonate anhydrous
granular was obtained from

J.T. Baker; dimethylsulfoxide was procured from

Mallinckrodt; ethanol and hydrochloric acid was acquired from Pharmco AAPER;
commercial and food grade oils were used. Vials (screw thread with rubber lined cap: 12
x 35 mm) was purchased from Fisher Scientific, TLC silica gel 60 F254 (Aluminum sheets
20 x 20 cm) was purchased from EMD Chemicals. All reagents were used as received
without any further purification.
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CHAPTER 3
EXPERIMENTAL TECHNIQUES AND METHODS
3.1

Optical Microscopy (OM)

Optical micrographs were obtained using the Leica DM LB2 (Germany) with the
IM50 microscope software. A small sample of the gel was placed onto the microscope
slide, covered with a micro-cover slip, and observed with 20x/0.40 PH1 objective lens.
3.2

Scanning Electron Microscopy (SEM)

SEM micrographs were obtained using ZEISS SUPRA–55 VP Field Emission
Scanning Electron Microscope (LV FE-SEM). A small sample of the gel was placed onto
a carbon coated stub and allowed to dry over a two week period at ambient temperature
under a fume hood. (Note: to prevent any dust particles from interfering with the sample,
a Petri dish was used to cover the stub). After the sample was completely dried it was
sputter coated with Au. The prepared stub (the coated sample) was placed onto the
sample holder and later analyzed.
3.3

Infrared Spectroscopy (IR)

IR spectrums were obtained using the Thermo Scientific Nicolet 380
Spectrometer FT-IR. FT-IR was carried out at ambient conditions. The synthesized acids
were individually grounded into fine powder using a mortar and pestle. The fine powder
samples were placed onto the crystal diamond and analyzed in ATR mode. For each
loading of new sample the crystal was cleaned with ethanol using kimwipes. The Infrared

19

Spectra was achieved using the OMNIC Lite Software installed with the device or a
spectrum was achieved by the OriginPro8 software.
3.4

NMR Spectroscopy (NMR)
Approximately 7 mg – 10 mg of sample was placed into a NMR tube and

dissolved with deuterated chloroform (CDCl3) or dimethylsulfoxide (DMSO-d6) solvents.
1

H NMR spectra were recorded on a Varian 300 NMR. The chemical shifts (δ) are

reported in ppm relative to tetramethylsilane (TMS).
3.5

X-Ray Diffraction (XRD)
XRD patterns of gel samples were measured with a PANalytical X’PERT Pro

equipped with MPD PW 3040/60 generator, S/N DY 2974, and monochromated Cu-Kα
radiation (45 kV, 40 mA). The typical exposure time was 30 min.
3.6

Gelation Protocol

5 mg of gelator was weighed and 100 µL of solvent (delivered using the
Eppendorf Research single channel pipette) were placed into a screwed cap vial. The
screwed cap vial was held with forceps, shaken, and heated in the fume hood to form a
clear solution (sol). The resulting solution was slowly allowed to cool to room
temperature and gelation was visually observed. A gel was said to have formed, when the
resulting solid–like material holds the weight of the solvent and prevents it from flowing
under gravity on inverting the container in which the gel was prepared (Figure 12).
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Figure 12. Gelation process.

3.7

Gelation Temperature

Onto a metal rod contained four tied vials with their respective gels (Note: the
vials were tied under their caps with a string). The metal rod containing the vials was
inverted, clamped, and submersed into a continuously stirred oil bath. The oil bath was
heated at a controlled rate of 5 ˚C/min until the gel collapsed or when its weight could no
longer be held by the 3D network. The gel transition temperature (Tgel) was recorded for
each gel in degrees Celsius (°C). This technique is known as the ―tube inversion test‖.
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CHAPTER 4
METHODS
4.1

Synthesis of 2–(3–(decyloxy)phenyl)acetic acid (C10–3–HPAA)

4.1.1 methyl 2–(3–hydroxyphenyl)acetate

2–(3–hydroxyphenyl)acetic acid (3–HPAA, 15 g, 98.59 mmole) was placed in a
round bottom flask attached to a water condenser and guard tube. Methanol (45 mL),
toluene (15 mL), and sulfuric acid (4 drops) were added and the mixture was stirred with
a magnetic stir bar, carefully heated in an oil bath between 70-80 ˚C, and refluxed for 12
h. The reaction was stopped and checked by TLC Rf (silica, 25% ethyl acetate in hexane):
0.36. TLC revealed only the product in the reaction mixture. The product was extracted
with sodium bicarbonate aqueous solution and ethyl acetate. The organic layer was
collected, dried over anhydrous sodium sulfate, filtered using a cotton ball and funnel,
and evaporated. The product, methyl 2–(3–hydroxyphenyl)acetate (l), was purged with
nitrogen gas (N2) and then applied high vacuum. The product, methyl 2–(3–
hydroxyphenyl) acetate, was alkylated as follows.
4.1.2 methyl 2–(3–(decyloxy)phenyl)acetate

methyl 2–(3–hydroxyphenyl)acetate (18.34 g product from previous step) was
placed into a round bottom flask attached with a water condenser and guard tube. 2–
butanone (50 mL), n–decylbromide (22.7 mL), and potassium carbonate (30.8 g, 222.9
mmole) were added. The reaction was stirred with a magnetic stir bar and refluxed 80-90
˚C in an oil bath for 24 h. The reaction was completed and checked by TLC Rf (silica,
25% ethyl acetate in hexane): 0.72. The reaction mixture was extracted with ethyl acetate
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and deionized water. The organic layer was collected, dried over anhydrous sodium
sulfate, filtered using a small piece of cotton ball and funnel, and evaporated. The
reaction mixture was purified by silica gel column chromatography.

The reaction

mixture was made into slurry then to fine powder using 100–200 (mesh) in 100% hexane.
The eluent was first performed with 100% hexane. The eluent was slowly changed to
0.5% ethyl acetate in hexane. The product was eluted out in 1% ethyl acetate in hexane.
The product, methyl 2–(3–(decyloxy)phenyl)acetate, was evaporated and purged with N2
(g). The product was hydrolyzed and neutralized as follows.
4.1.3 2–(3–(decyloxy)phenyl)acetic acid

methyl 2–(3–(decyloxy)phenyl)acetate (16 g from previous step), deionized water
(75 mL), and sodium hydroxide (4.17 g, 104.4 mmole) were placed into the round bottom
flask attached to a water condenser and guard tube. The reaction mixture was refluxed
100–110 ˚C in an oil bath for 6 h. The product was mixed with deionized water and
treated dropwise with hydrochloric acid until a pH 4–5. The product, 2–(3–
(decyloxy)phenyl)acetic acid was a fluffy white precipitate. The product in water was
stirred and allowed to settle. The product was washed with water three times. After
settling, the product was filtered using the water aspirator setup. After filtration with
water and drying in the oven at 70 ˚C yielded 13 g (46% yield over the three steps) of 2–
(3–(decyloxy)phenyl)acetic acid (s) (C10 acid) [Scheme 2]. IR (neat): 3356–2451 cm-1
(broad, OH); 2925cm-1 (st. asy. C–H sp3); 2853 cm-1 (st. sym. C–H sp3); 1694 cm-1 (st.
C=O, carboxylic acid); 1261 cm-1 (st. asy. Phenyl alkyl ether); 1163 cm-1(st. sym. Phenyl
alkyl ether); 1H NMR (300 MHz, CDCl3): δ 7.25–7.18 (m, 1H, Ar-H), 6.86–6.79 (m,
3H, Ar-H), 3.93 (t, 2H, J = 6.6 Hz), 3.61 (s, 2H), 1.77 (app. quintet, 2H, J = 6.9 Hz),
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1.50–1.40 (broad m, 2H), 1.37–1.20 (broad m, 12H), 0.88 (t, 3H, J = 6.6 Hz); MS calcd
for C18H28O3: 292. 20. Found: 293.31 (M+1). Anal. Calcd for C18H28O3: C, 73.93; H,
9.65. Found: C, 73.84; H, 9.44.

4.2

Synthesis of 2–(3–(tetradecyloxy)phenyl)acetic acid (C14–3–HPAA)

4.2.1 methyl 2–(3–hydroxyphenyl)acetate

2–(3–hydroxyphenyl)acetic acid (3–HPAA, 10 g, 65.79 mmole) was placed into
the round bottom flask attached to a water condenser and guard tube. Methanol (30 mL);
sulfuric acid (4 drops); and toluene (10 mL) were added. The reagents were stirred with a
magnetic stir bar, refluxed 70–80 ˚C in an oil bath, and allowed to react for 12 h. The
reaction was stopped and checked by TLC (similar to previous step in 4.1.1). The product
was the only spot seen on the TLC. The product, methyl 2–(3–hydroxyphenyl)acetate (l),
was extracted with sodium bicarbonate aqueous solution and ethyl acetate. The product
was collected, evaporated and alkylated as follows.
4.2.2

methyl 2–(3–(tetradecyloxy)phenyl)acetate

methyl 2–(3–hydroxyphenyl)acetate (17.35 g, 104.46 mmole, product from
previous steps) was placed into the round bottom flask attached to a water condenser and
guard tube. 1–bromotetradecane (31.5 mL); dried potassium carbonate (29.12 g, 210.69
mmole), and 2–butanone (60 mL) were added. The reaction was stirred with a magnetic
stir bar, allowed to react for 24 h and refluxed 80–90 ˚C in an oil bath. The reaction was
stopped and checked on a TLC Rf (silica, 10% ethyl acetate in hexane): 0.54. The
reaction mixture was washed with ethyl acetate and filtered. The ethyl acetate layer was
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collected and evaporated. The reaction mixture was purified by silica gel column
chromatography. The mixture was made into slurry then into fine powder using silica gel
100–200 (mesh) in 100% hexane. The eluent was 100% hexane. The eluent was slowly
changed to 0.5% ethyl acetate in hexane and finally to 1% ethyl acetate in hexane. (Note:
there were complications with the first column and as a result the reaction mixture was
flushed out and a second column was prepared). The product, methyl 2–(3–
(tetradecyloxy)phenyl)acetate (l), was retrieved from the column. The product was
evaporated and prepared for hydrolysis and neutralization as follows.
4.2.3 2–(3–(tetradecyloxy)phenyl)acetic acid

methyl 2–(3–(tetradecyloxy)phenyl)acetate (8.0 g, 22. 07 mmole, product from
previous step) was placed in the round bottom flask attached to a water condenser and
guard tube. Deionized water (50 mL) and sodium hydroxide (1.66 g, 41.50 mmole) were
added and refluxed between 100–110 ˚C in an oil bath for 6 h. The reaction was stopped
after completion. The product was transferred into a beaker, mixed with deionized water
and treated dropwise with hydrochloric acid until a pH 4–5. The product, 2–(3–
(tetradecyloxy)phenyl)acetic acid (s), was a fluffy white precipitate. The product in water
was stirred and allowed to settle. Once the product settled down a filtration was carried
out using the water aspirator setup. Repeated washing was carried out with water three
times. After filtration, the product was dried in the oven at 70 ˚C, yielding 9 g (39% over
three steps), of 2–(3–(tetradecyloxy)phenyl)acetic acid (C14 acid). [Scheme 2]. IR (neat):
3395–2507 cm-1 (broad, OH); 2915cm-1 (st. asy. sp3 C–H); 2849 cm-1 (st. sym. sp3 C–H);
1698 cm-1 (st. C=O, carboxylic acid); 1268 cm-1 (st. C–O, phenyl alkyl ether); 1170 cm-1
(md. C–O, phenyl alkyl ether); 1H NMR (300 MHz, CDCl3): δ 7.22 (d, 1H, J = 9.0 Hz),
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6.86–6.79 (m, 3H, Ar-H), 3.94 (t, 2H, J = 6.6 Hz), 3.61 (s, 2H), 1.77 (app. quintet, 2H, J
= 6.6 Hz), 1.49–1.40 (m, 2H), 1.36–1.20 (broad s, 20H), 0.88 (t, 3H, J = 6.3 Hz); MS
calcd. for C22H36O3: 348.27. Found: 349.33 (M+1). Anal. Calcd for C22H36O3: C, 75.82;
H, 10.41. Found: C, 75.67; H, 10.29.

4.3 Synthesis of 2–(3–(octadecyloxy)phenyl)acetic acid (C18–3–HPAA)
4.3.1 ethyl 2–(3–hydroxyphenyl)acetate

2–(3–hydroxyphenyl)acetic acid (3–HPAA, 3.0 g, 19.72 mmole), toluene (5 mL),
ethanol (15 mL), and sulfuric acid (2 drops) were added into a round bottom flask
attached to a water condenser and guard tube. The reaction was stirred with a magnetic
stir bar and refluxed 70–80 ˚C in an oil bath for 12 h. The product was tested by TLC
(similar to previous step 4.1.1). The product was stopped and extracted with sodium
bicarbonate aqueous solution and ethyl acetate. The organic layer was filtered (with a
cotton ball and funnel) and dried with anhydrous sodium sulfate. The product, ethyl 2–
(3–hydroxyphenyl)acetate, was evaporated and purged with nitrogen gas (N2) and
alkylated as follows.
4.3.2 ethyl 2–(3–(octadecyloxy)phenyl)acetate

ethyl 2–(3–hydroxyphenyl)acetate (4.07 g, 22.58 mmole), 1–bromooctadecane
(7.53 g, 22.72 mmole), potassium carbonate (6.328 g, 45.78 mmole) and 2–butanone (50
mL) were placed into the round bottom flask attached to a water condenser and guard
tube. The mixture was stirred with a magnetic stir bar and refluxed 80–90 °C in an oil
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bath for 24 h. The reaction was stopped and the reaction mixture was tested by TLC Rf
(silica gel, 10% ethyl acetate in hexane): 0.55. The reaction mixture was extracted with
ethyl acetate and water. The ethyl acetate layer was collected, dried with anhydrous
sodium sulfate, filtered, and evaporated. The mixture was purified using column
chromatography. The reaction mixture was made into slurry then to fine powder using
silica gel 100–200 (mesh) in 100% hexane. The eluent used was 100% hexane. The
eluent was slowly changed to 1% ethyl acetate in hexane and finally 5% ethyl acetate in
hexane. The pure ethyl 2–(3–(octadecyloxy)phenyl)acetate was collected, evaporated and
hydrolyzed and neutralized as follows.
4.3.3 2-(3-(octadecyloxy)phenyl)acetic acid

ethyl 2–(3–(octadecyloxy)phenyl)acetate (2.85 g, 6.62 mmole), deionized water
(50 mL); and sodium hydroxide (0.525 g, 13.13 mmole) were placed into the round
bottom flask and guard tube. The mixture did not react in 6 h so it was allowed to react
for another 48 h at 100-110 ˚C in an oil bath. After 2 days the reaction was checked by
TLC. The reaction did not go to completion; therefore, THF (5–10 mL) was added to the
reaction mixture and allowed to react for 24 hours at 100-110 ˚C. The reaction was
completed, stopped, and transferred into a 600 mL beaker, and prepared for neutralization
using hydrochloric acid until a pH 4–5 was achieved; resulting in a fluffy white
precipitate. The product and water was stirred and allowed to settle. The product was
washed repeatedly with water. Once the product settled down a filtration was carried out
using the water aspirator setup. After filtration, the product was dried in the oven at 70 ˚
C, yielding 2 g (25% over three steps) of 2-(3-(octadecyloxy)phenyl)acetic acid (C18
acid) [Scheme 2]. IR (neat): 3406 – 2560 cm-1 (broad, OH); 2908 cm-1 (st. asy. sp3 C–H);
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2855 cm-1 (st. sym. sp3 C–H); 1702 cm-1 (st. C=O, carboxylic acid); 1270 cm-1 (md. C–O,
phenyl alkyl ether); 1170 cm-1 (md. C–O, phenyl alkyl ether). 1H NMR (300 MHz,
CDCl3) δ 7.22 (d, 1H, Ar-H, J = 9.0 Hz), 6.86–6.79 (m, 3H, Ar-H), 3.93 (t, 2H, J = 6.6
Hz), 3.61 (s, 2H), 1.76 (app. quintet, 2H, J = 6.9 Hz), 1.50–1.39 (m, 2H), 1.38–1.20
(broad m, 28H), 0.88 (t, 3H, J = 6.8 Hz); MS calcd. for C26H44O3: 404.33. Found: 403.41
(M-1). Anal. Calcd for C26H44O3: C, 77.18; H, 10.96. Found: C, 77.28; H, 10.91.

A) Esterification
R1

B) Alkylation
R1

R2

C) Hydrolysis and Neutralization

R2

R2

R1

R2
R2

Scheme 2. General scheme for the synthesized gelators.
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R1

4.4 Synthesis of 2-(3-pentadecylphenoxy)acetic acid (PDP)
4.4.1 methyl 2-(3-pentadecylphenoxy)acetate.

3-n-pentadecylphenol (PDP, 25 g, 82.09 mmole), methyl bromoacetate (10.88
mL), dried potassium carbonate (34.50 g, 249 mmole), and 2–butanone (42 mL) were
placed into a round bottom flask attached to a water condenser and guard tube. The
reaction was allowed to reflux 80–90˚C in an oil bath for 24 h. The reaction was stopped
and checked by TLC Rf (silica gel, 10% ethyl acetate in hexane): 0.42. Ethyl acetate was
added to the reaction mixture and swirled. The solids were allowed to settle down. Once
the particles settled down, the solution was poured into a Büchner funnel with a filter
paper and filtered. This step was repeated until the ethyl acetate layer became clear. The
ethyl acetate layer was collected, evaporated, and vacuumed to assure no solvent
remained. The mixture was made into slurry then to fine powder using silica gel 100–200
(mesh) in 100% hexane. The product was purified by column chromatography. The
eluent was 100% hexane. The eluent was changed to 1% ethyl acetate in hexane. After
the column the product, methyl 2-(3-pentadecylphenoxy)acetate, formed a crystalline
structure at room temperature. [Scheme 3]. The product was hydrolyzed and neutralized
as follows.

BrCH2COOCH3
C15H31

C15H31

OH

3-pentadecylphenol

2-butanone/ K2CO3
reflux 80-90 oC, 24 hr

O
methyl 2-(3-pentadecylphenoxy)acetate

Scheme 3. Synthesis of methyl 2-(3-pentadecylphenoxy)acetate.
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OCH3

O

4.4.2 2–(3–pentadecylphenoxy)acetic acid

The saturated cardanol ester (18.43 g, 48.94 mmole); deionized water (88 mL);
and sodium hydroxide (3.9 g, 97.51 mmole) were placed into a round bottom flask
attached to a water condenser and guard tube. The mixture was allowed to react for 6 h at
100-110 ˚C in an oil bath. The reaction was stopped and neutralized with hydrochloric
acid to a pH of 5–6. The product (PDP acid) was filtered with water and allowed to dry
over a week in the hood and oven (70 ˚C). After complete drying the product yielded 14 g
(47% over three steps) of 2–(3–pentadecylphenoxy)acetic acid [Scheme 4].
NaOH
C15H31

OCH3

O
O

methyl 2-(3-pentadecylphenoxy)acetate

C15H31

O

O
O

2-(3-pentadecylphenoxy)acetate

Na

deionized water
100-110oC, 6h

HCl

C15H31

O

Na

O
2-(3-pentadecylphenoxy)acetate

C15H31

deionized water
pH = 4-5

O

OH

O
O

2-(3-pentadecylphenoxy)acetic acid

Scheme 4. Hydrolysis and neutralization of methyl 2-(3-pentadecylphenoxy)acetate.

IR (neat): 3400–2493 cm-1 (broad, OH); 2921 cm-1 (st. asy. sp3 C–H); 2846 cm-1 (st. sym.
sp3 C–H); 1725 cm-1 (md, C=O, carboxylic acid); 1244 cm-1 , (wk. C–O–C, phenyl alkyl
ether); 1096 cm-1 (wk, phenyl alkyl ether); 1H NMR (300 MHz, CDCl3) δ 7.12 (t, 1H,
Ar-H, J = 8.1 Hz), 6.63–6.82 (m, 3H, Ar-H), 4.51 (s, 2H), 2.52 (t, 2H, J = 8.0Hz), 1.53
(slight broad s, 2H), 1.18-1.36(broad m, 24H), 0.88 (t, 3H, J = 7.0 Hz); HRMS calcd. for
C23H38O3: 362.28. Found: 361.39 (M+).
Note: Guard tube was filled with calcium chloride and shielded with cotton balls on both ends before placing on top of the condenser. Products
were purified using column chromatography 100-200 mesh silica gel. Potassium carbonate was crushed using a mortar and pestle and dried in
the oven for about 2-3 h before the reaction. The alkylbromides were delivered with a 1000 µL Eppendorf Research Single Channel Pipette.
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4.5

Amphiphiles and its Corresponding Lithium and Sodium Salts

A 0.5 M NaOH/methanol stock solution was made and the following stoichiometric
calculations for the required quantity of the NaOH/methanol in (mL) needed for 5 g of
the synthesized acid – amphiphiles was determined. The amphiphilic acid molecule was
first placed into a round bottom flask and dispersed in methanol with the sonicator for 30
minutes or until particles were evenly dispersed. The required amount of sodium
hydroxide/methanol calculated was poured into the round bottom flask and further placed
into the sonicator for an additional 30 minutes. After an evenly distribution of the
amphiphile in the sodium hydroxide/methanol the round bottom was evaporated and
applied high vacuum for complete dryness. The molecular structure of the amphiphiles:
2-(3-pentadecylphenoxy)acetate (PDP salt), 2-(3-(decyloxy)phenyl)acetate (C10-salt), 2(3-(tetradecyloxy)phenyl)acetate (C14-salt), and 2-(3-(octadecyloxy)phenyl)acetate (C18salt), along with their counter ions are shown in Scheme 5. This was done in the same
manner for the lithium salts by using lithium hydroxide in methanol.
-

PDP-amphiphile

(M+

=

Li+,

Na+)
PDP salt

3-HPAA amphiphiles

(M+ = Li+, Na+)

C10 salt

C14 salt

C18 salt

Scheme 5. Synthesized sodium and lithium salts under study.
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CHAPTER 5
RESULTS / DISCUSSION

5.1

Characterization of Gels

5.1.1 Gelation Test
Gelation tendency test provides information about the gelator’s capability to
gelate solvents. First, the synthesized gelators were tested in non–edible oils (light and
heavy mineral), edible oils (olive, soybean, and jojoba), and commercially available fuels
(lubricant and diesel) to determine the gelator’s potential to gel at an initial concentration
of 5 mg per 100 μL [Figure 13].

Table 1. Gelation tendency for the synthesized sodium salts in oils at 5% (wt/vol)
Solvent
Na–PDP
Na–C10
Na–C14
Na–C18
G
G
Light Paraffin Oil
G
G
Heavy Paraffin Oil
G
PG
Olive Oil
G
PG
Soybean Oil
G
G
Jojoba Oil
G
PG
Lubricant Oil
G
S
Diesel
G = gel; PG = partial gel; S = solution; P = precipitate

G
G
G
PG
G
G
G

Figure 13. Representative gels in oils with the gelator Na–PDP.
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G
G
G
G
G
G
P

The gelation tendency for the sodium salts in oils in Table 1 showed that the
gelator, Na–PDP, gelled all of the seven desired oils. The gelators, Na–C10 and Na–C18,
displayed similar gelation tendency with the Na–PDP in oil gels. However, the Na–C10
gelator did not exhibit great gelation ability. It is possible that as the alkyl chain decreases
so does the gelation ability.
The lithium salts were tested in oils for their gelation ability as shown in Table 2.
The lithium gelator, Li–PDP, was able to gel 5 out of 7 of the desired oils (ca. 71.4%).
However, Na–PDP had 100% (7 out of 7) gelation ability in oils. The Li–C10 gelled 3 out
of 7 of the tested oils (ca. 42.9%). Unlike Li–C10, both Li–C14 and Li–C18 in oils gelled 2
out of 7 of the tested solvents (ca. 28.6%).

Table 2. Gelation tendency for the synthesized lithium salts in oils at 5% (wt/vol)
Solvent
Li–PDP
Li–C10
Li–C14
Li–C18
G
Light Paraffin Oil
G
Heavy Paraffin Oil
G
Olive Oil
G
Soybean Oil
PG
Jojoba Oil
G
Lubricant Oil
P
Diesel
G = gel; PG = partial gel; P = precipitate

PG
G
PG
P
G
G
P

PG
PG
PG
PG
G
G
P

PG
PG
G
PG
PG
G
P

The salts were further tested in organic solvents to expand their range in gelling
different solvents (protic or aprotic). The sodium salts in organic solvents [Table 3]
showed unprecedented results especially for the gelator, Na–PDP. The Na–PDP gelled a
wide range of solvents including nonpolar, polar aprotic, and polar protic. The Na–C10
formed a solution after heating but it failed to gel after cooling to room temperature.
Instead it remained as a solution in all of the organic solvents. Despite the low gelation
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ability in organic solvents the Na–C14 and Na–C18 gelators were able to gel at most four
or three solvents respectively. The number of partial gels at 5.00% (wt/vol) occurred at
ca. 53.3% (8 out of 15) of the time for Na–C18 in organic solvents and at ca. 26.7% (4 out
of 15) for Na–C14 in organic solvents. This indicates that if the wt/vol percent was
increased then there is a possibility that the number of gels that might have formed would
have increased. Both gelators, Na–C14 and Na–C18, preferred solvents that were nonpolar
(not including aromatic solvents) or polar aprotic.
Table 3. Gelation tendency for the synthesized sodium salts in organic solvents at 5% (wt/vol)
Solvent
Na–PDP
Na–C10
Na–C14
Na–C18
PG
S
Benzene
G
S
Xylene
G
S
Toluene
G
S
Mesitylene
G
S
1,4-dioxane
G
S
Dimethylsulfoxide
P
S
Heptane
G
P
Decane
G
P
Dodecane
G
S
Cyclohexanol
G
S
Hexanol
G
S
1-Decanol
P
S
Cyclohexanone
G
S
2-Octanone
G
S
Octylamine
G = gel; PG = partial gel; S = solution; P = precipitate; I = insoluble;

PG
PG
PG
P
G
G
P
G
G
P
P
P
I
PG
S

PG
PG
PG
PG
G
G
PG
PG
PG
G
PG
S
I
P
P

The lithium salts’ gelation ability was studied in organic solvents [Table 4]. The gelator,
Li–PDP, showed gelation ability in ca. 20% (3 out of 15) of the solvents compared to the
other lithium salts. Unlike the Na–PDP in organic solvents, the Li–PDP formed a solution
in ca. 60% of the tested organic solvents. The lithium alkyl chain, Li–C10, showed more
precipitation compared to Na–C10 which formed a solution in 86.7% of the time in
organic solvents after heating and cooling to room temperature. The Li–C10 gelator was
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only able to gel 6.67% of the tested organic solvents. The Li–C14 and Li–C18 were poor
gelators, gelling organic solvents with ca. 13.3% and 6.67% respectively.
Table 4. Gelation tendency for the synthesized lithium salts in organic solvents at 5% (wt/vol)
Solvent
Li–PDP
Li–C10
Li–C14
Li–C18
S
P
P
S
Benzene
S
P
P
S
Xylene
S
P
P
S
Toluene
S
P
P
P
Mesitylene
P
P
P
PG
1,4-dioxane
G
P
G
PG
Dimethylsulfoxide
S
P
P
P
Heptane
S
P
P
PG
Decane
G
PG
P
P
Dodecane
S
S
S
G
Cyclohexanol
G
S
P
P
Hexanol
S
G
G
S
1-Decanol
P
P
I
I
Cyclohexanone
P
P
P
P
2-Octanone
S
S
S
P
Octylamine
G = gel; PG = partial gel; S = solution; P = precipitate; I = insoluble

5.1.2 Minimum Gelator Concentration (MGC)

Characterization of the gels was analyzed at different levels after studying the
gelation ability in various solvents. First at the macroscopic level two techniques were
used to characterize the gel: minimum gelator concentration and gelation temperature
(Tgel). Minimum gelator concentration (MGC) is the minimum gelator in grams required
to gel 100 mL of solvent; the lower the MGC the more efficient the gelator. Once the
gelation ability for the sodium salts in oils was determined, it was realized that
hydrophobicity plays a huge role in the self–assembly of these gelators. In order to
understand the difference between the gelators the first study required the gelators to be
examined individually with respect to the solvent. Secondly the gelators were compared
together with respect to the type of solvent used.
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The sodium salts in oils were studied for their minimum gelator concentration as
shown in Figure 14. The Na–C10 gelator in heavy and light paraffin oil have a low MGC
of 2.50% and 2.00% respectively, whereas the Na–C10/jojoba oil gel has a high MGC of
5.00%. Heavy paraffin and light paraffin oil are made up of a mixture of high and low
saturated hydrocarbons respectively. Jojoba oil contains a mixture of high molecular

MGC % (wt/vol)

weight fatty acids.
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Figure 14. MGC % (wt/vol) for the synthesized sodium salts in oils.

Jojoba oil mainly consists of a fatty acid ester of eicosenoic acid (C20H38O2–a
monounsaturated omega–9 fatty acid) and docosenoic acid (C22H42O2–a monounsaturated
omega–9 fatty acid). In the case of the Na–C10/jojoba oil gel, the alkyl chain is probably
too short to interact with each other to create a strong fibrous network. Furthermore, the
molecular structure of eicosenoic acid and docosenoic acid could affect the gelator’s
ability. Their long chain lengths and the presence of the double bond at C11 in eicosenoic
acid and at C13 in docosenoic acid could factor as a major reason for the Na–C10 not to
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self assemble. There is, therefore, a probability that the alkyl chain in Na–C10 is affected
by the solvent composition.
The gels of Na–C14 in most of the non–edible oils have a lower MGC than that of
the Na–C14 in edible oils. The Na–C14/light paraffin oil gel gave a MGC of 3.33% and
Na–C14/heavy paraffin oil gel gave a MGC of 2.00%. These MGC values were good
indication that these gelators are efficient. Yet in edible oils (olive and jojoba), the Na–
C14 gelators was not an efficient gelator because 5 mg of Na–C14 gelated only 100 µL of
solvent. This was also seen in commercially available fuels (lubricant oil and diesel).
The Na–C18 gelator showed that it is an excellent gelator in non–edible oils—
light paraffin at 3.33% and heavy paraffin at 2.50%. The Na–C18 in edible oil displayed
similar results — soybean with a MGC of 3.33% and olive oil and jojoba oil with a MGC
of 5.00%. Comparing edible oils vs. non–edible oils, the latter proved to be a more
efficient solvent for Na–C18.
Overall between the novel gelators (Na–C10, Na–C14, and Na–C18) in light
paraffin oil gels, the Na–C14 and Na–C18 have the same MGC, 3.33% and Na–C10 had a
MGC of 2.00%. Light paraffin oil consists of a mixture of smaller alkanes (C5–C7). The
Na–C10/light paraffin oil gel had the lowest MGC probably because the hydrocarbon
chain in Na–C10 is long enough to interact with each other and is not affected by the short
alkyl chain of the solvent. The Na–C14/light paraffin oil and Na–C18/light paraffin oil
gels, therefore, did not have a lower MGC as anticipated.
The novel gelators, Na–C10, Na–C14, and Na–C18, in heavy paraffin oil showed a
very interesting change. They were all excellent gelators, however, the lowest MGC was
found in Na–C14 with 2.00% and an equal MGC was seen in both Na–C10 and Na–C18
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with 2.50%. Therefore, the Na–C14 was an excellent gelator in heavy paraffin oil
compared to the other gelators, Na–C10 and Na–C18. A possible explanation could be that
Na–C10 alkyl chain was too short to continue to hold any more solvent and Na–C18 alkyl
chain was too long to maintain its stability with an increase in solvent at a fixed quantity
of gelator. However, the role played by the solvent in achieving a gel is also considered.
It is possible that at 250 µL, the extent of interaction between the gelator and solvent is
much greater than the gelator and gelator interaction; hence resulting in a partial gel.
Similarly the Na–C10 chain was too short and as a result the attraction between other
molecules was lost with additional solvent. Thus, between heavy and light paraffin, it is
seen that the solvent composition is essential.
Olive oil gave a high MGC of 5.00% for Na–C14 and Na–C18 but was not able to
gel with Na–C10. Olive oil is made up of different saturated and unsaturated fats; it
contains a high content of oleic acid. Oleic acid has a double bond at C9. There is a
possibility that the interaction in Na–C14•••Na–C14 and Na–C18•••Na–C18 are too long so
it is able to gel but the Na–C10•••Na–C10 interaction is too short to overcome this barrier,
therefore, it was unable to gel.
Soybean oil is also made of various fatty acids; the major unsaturated fatty acid is
linoleic acid. Out of the all gelators (Na–C10, Na–C14, and Na–C18), the only gelator to
gel in soybean oil is Na–C18. Linoleic acid is made up of 18 carbons and two cis double
bonds. Even though the double bonds decrease the chain length, there is a possibility that
Na–C18 alkyl chain is long enough to still interact with other gelators and is not hindered
by the long chain of linoleic acid–found in the solvent. This may create problems
achieving stable networks for Na–C10 and Na–C14. The chain lengths in these two
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gelators are probably too short to overcome the molecular structure of linoleic acid.
Lubricant oil is a mixture of hydrocarbons but the gelator efficiency increased with
increasing chain length of the synthesized gelators, as expected. Unable to gel with Na–
C10, it did show a change between Na–C14 and Na–C18 with 5.00% and 2.50%
respectively–an indication that the lubricant oil is able to gel with longer alkyl chains.
The sodium amphiphile salts (Na–C10, Na–C14, and Na–C18) were compared with
Na–PDP. The Na–PDP proved to be an excellent gelator because it was able to gel in all
of the seven oils: edible and non–edible. Within these gels, they all had low MGC values.
Hydrophobicity is clearly playing a huge role. The structure of Na–PDP has an alkyl
chain different from Na–C10, Na–C14, and Na–C18.
The alkyl chain of Na–PDP is C15. It is reasonably long. Looking at first Na–PDP
in non-edible oils (light paraffin and heavy paraffin), the best gel was Na–PDP/heavy
paraffin oil. Since heavy paraffin oil is a mixture of higher alkanes (C10–C20) there is an
increase in hydrophobicity between gelator•••gelator and later for fiber•••fiber
interaction. It seemed that the Na–PDP is not greatly affected by the solvent.
Secondly the Na–PDP gelator was studied in edible oils. The Na–PDP/jojoba oil gel
was a better gelator with a MGC of 1.67%. The Na–PDP/jojoba oil gel held 50 µL more
than olive oil and soybean oil, which both had a MGC of 2.00%. It is assumed maybe due
to the composition of soybean and olive oil that the amphiphiles were not able to gel
further. Soybean and olive oil have five or more different types of fatty acids of which
are saturated and unsaturated. Jojoba oil is made up of only three types which are all
unsaturated fatty acids and similar in nature in which they are all monoenes.
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The minimum gelator concentration was studied for the Li–salts of varying chain
lengths in oils [Figure 15]. From the non–edible oils (light and heavy paraffin), only two
gelators were able to gel heavy paraffin oil which were Li–PDP and Li–C10. The Li–C10
was able to gel efficiently in heavy paraffin oil. However, when the chain length
increased neither Li–C14 nor Li–C18 was able to gel. Even though heavy paraffin oil
consists of a mixture of longer alkanes (C10–C20), the best gelator was Li–PDP (1.11%).
It had a lower MGC than Li–C10 (2.50%). At the same time Li–PDP/light paraffin oil
(1.67%) was more efficient than the other lithium gelators (Li–C10, Li–C14, and Li–C18).
It seemed that if the chain length was increased from Li–C14 to Li–C18 the gelators were
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not able to form a gel.
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Figure 15. MGC % (wt/vol) for the synthesized lithium salts in oils.

As for the edible oils it turned out that the Li–PDP did gel but was not very
efficient. The Li–PDP/olive oil showed equal results for Li–C18 with an MGC of 5.00%.
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The chain length did have a role to play in gel formation in the case of the lithium salts
because the Li–C10 did not gel in olive oil. However, the only Li–salt that was able to gel
in soybean oil was Li–PDP with a MGC of 5.00%. It is, therefore, concluded that the
alkyl chain length is playing more of a role in the gel formation as well. The
commercially sold fuel, lubricant oil, provided captivating results for the lithium salts.
The Li–C14/lubricant oil and Li–C18/lubricant oil gels had a MGC of 3.33%. As the chain
length decreased the 5 mg of Li–C10 gelator was able to hold 200 µL of lubricant oil –
having a MGC of 2.50%.
Commercial automotive lubricant oil is amber in color and is made of highly
refined mineral oil. Yet, when compared with heavy and light paraffin oil, the results
were drastically different. It appeared that both heavy and light paraffin oil created more
efficient gels than lubricant oil in most of the sodium and lithium salts. The difference
between the paraffin oil and lubricant oil is that the latter contains additives which could
be affecting the self-assembly of the salts. Most importantly it is equally attributed to the
effect of the counter ion.
The minimum gelator concentration for sodium and lithium was studied in
organic solvents as shown in Figure 16 and Figure 17 respectively. The lithium salts did
not form efficient gels in organic solvents. The Na–PDP created gels in ca. 80% of the
tested organic solvents with the lowest in octylamine having an MGC of 0.90%. The Li–
PDP gelator gelled in ca. 20% of the organic solvents. However the Li–PDP/hexanol gel
was more efficient with a MGC of 3.33%. The Na–C14 was the second best gelator–
gelling ca. 26.7% of the organic solvents. The most efficient gel was Na–C14/DMSO with

41

a MGC of 2.00%. Similarly the Na–C18 gelator gelled ca. 20.0% whereas Na–C18/DMSO
proved to be more efficient with a MGC of 1.67%.
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Figure 16. MGC % (wt/vol) for the synthesized sodium salts in organic solvents.
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Figure 17. MGC % (wt/vol) for the synthesized lithium salts in organic solvents.
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5.1.3 Gelation Temperature (Tgel)

The next property investigated at the macroscopic level was gelation temperature
(Tgel), which indicates the temperature at which the gel transforms into a partial gel. The
measure of Tgel marks the thermo–stability of the gel and hence the greater the Tgel the
higher the stability. The gelation temperature was first tested with the sodium salts in oils
[Figure 18]. The thermo–stability of the Na–PDP in oil gels was best in jojoba oil (166.5
°C), light paraffin oil (159 °C), and heavy paraffin oil (152 °C). All of the gels made with
Na–C10 in oils had a Tgel below 45 °C. The Na–C14/jojoba oil gel had a Tgel of 95 °C. The
gels made with Na–C18 had low Tgel ranging from 45 °C to 80 °C. However Na–PDP was
the most thermo–stable gelator because the Tgel was high in all of the tested oils [Figure
18].
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Oils

Jojoba Oil
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Na-C18
Olive Oil

Na-C14
Na-C10

Heavy Paraffin Oil

Na-PDP
Light Paraffin Oil
0
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Tgel (°C)
Figure 18. Tgel (°C) for the synthesized sodium salts in oils at 5% (wt/vol).
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200

Gelation temperature was further studied with the lithium salts in oils as displayed in
Figure 19. The thermo–stability of the Li–PDP gelator was excellent in soybean oil (146
°C) followed by heavy paraffin oil (107.5 °C). The Li–C10 was an excellent thermo–
stable gelator in jojoba oil with a Tgel of 152.5 °C. The Li–C14/jojoba oil gel had a high
Tgel of 172.5 °C and the Li–C18/olive oil had a Tgel of 146.5 °C. Similar to Na–PDP, the
Li–PDP had a high Tgel in most of the oils.
Each salt was compared with respect to its counter ion. The Na–PDP had a higher
Tgel than the Li–PDP in majority of the tested solvents. Comparing Na–C10 & Li–C10,
Na–C14 & Li–C14, and Na–C18 & Li–C18, the lithium salt for each gelator had a higher
Tgel value in most of the gels in oil. This difference could be due to the fact that lithium
melts at a higher temperature.
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Figure 19. Tgel (°C) for the synthesized lithium salts in oils at 5% (wt/vol).

To provide a better understanding of the thermo–stability of the gelators, the salts were
studied for its gelation temperature in organic solvents. In Figure 20 and Figure 21 the
sodium and lithium salts were studied with organic solvents respectively. All of the salts
44

have a mid–high gelation temperature (60–85 °C) except for Li–C10. The Na–PDP gelator
made in dimethylsulfoxide (DMSO) required more heat to break the fiber network.
However, between Na–C14 and Na–C18 there was a decrease in Tgel when the chain length
was decreased in DMSO.
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Figure 20. Tgel (°C) for the synthesized sodium salts in organic solvents at 5% (wt/vol).
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Figure 21. Tgel (°C) for the synthesized lithium salts in organic solvents at 5% (wt/vol).
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80

5.1.4 Tgel at Various Gelator Concentrations

Gelation temperature (Tgel) was further studied at various concentrations to
understand the effect of concentration on thermo–stability. The graph in Figure 22
illustrates that greater gelator concentration correlates to a higher Tgel value. One of the
reasons for this observation is the increased fiber density with greater gelator
concentration; there is more entanglement of fibers which means an increase in density of
the network. Therefore, more energy is required to break the network. A short case study
was performed to study the dependency of the counter ion with respect to the type of
solvent used.
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Figure 22. Tgel at various concentration for selected gels

The effect of counter ion in the same non–edible oil with the same alkyl chain
was studied with the C10 salt gelators in heavy paraffin oil. The sodium salt and lithium
salt for C10 displayed the same Tgel of 36.5 °C at 5% wt/vol as seen in Figure 22.
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However, when the concentration increased to 7%, Tgel of the lithium salt was slightly
higher than that of the sodium salt. Interestingly, the Tgel for 9% gelator concentration for
both sodium and lithium salts were ca. 52 °C. As we further increased the gelator
concentration to 11%, Tgel of the lithium salt became higher than that of the sodium salt
by 5 °C. Overall, the lithium salt required higher temperature to break the network. From
this it is concluded that counter ion does have an effect on the thermo–stability.
The effect of the counter ion in the same edible oil with the same alkyl chain was
closely observed with the PDP salt gelator in soybean oil. In both salts there is an
increase in Tgel from 5% to 7% of the gelator concentration. However unlike any of the
gels tested over varying gelator concentration the Tgel of the Li–PDP/soybean oil gel
dropped gradually from 9% to 11%. This is displayed in Figure 22.
Also the effect of the chain length is observed when studied in the same
commercial available fuel, lubricant oil. Comparing Li–C14 and Li–C18 in lubricant oil, it
appears that the Li–C14 had a much higher Tgel at various gelator concentrations. It
appears that when studying the novel synthesized gelators with the same counter ion (Li)
and solvent type (lubricant oil) the shorter the chain length the more thermo–stable the
gelator [Figure 22].

5.1.5 Optical Microscopy and Scanning Electron Microscopy (SEM)
The next level in which the gels were characterized was at the micro–scale level
using optical and scanning electron microscopy. Optical microscopy was used to
investigate the type of morphology responsible for the self–assembled fibrillar network
(SAFIN), hence displaying 2–dimensional visualization and showing the two component
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system (the solvent and gelator). In Figure 23 a–e selected gelators in heavy paraffin oil
are shown. It appears that when the chain length is increased (as we go from (a) Na–C10
to (b) Na–C14 to (c) Na–C18) the fibers become shorter in length. Also the fibrous
network was observed in organic solvents such as (d) Na–C14 in DMSO and in the
counter ion (e) Li–C10 in heavy paraffin oil.
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Figure 23. Optical micrographs (a) Na–C10/heavy paraffin oil (b) Na–C14/heavy paraffin oil (c) Na–
C18/heavy paraffin oil (d) Na–C14/DMSO (e) Li–C10/heavy paraffin oil (f) dried Na–
PDP/cyclohexanol (g) dried Na–PDP/cyclohexanol using polarized optical microscopy. SEM
micrographs (h) Na–PDP/cyclohexanol and (i) Na–PDP/toluene.
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The Na –PDP in cyclohexanol was studied using (f) optical microscopy and (g) polarized
optical microscopy. From this it was observed that the gelators do have some form of
alignment within the fibers.
Scanning electron microscopy provides a topographic surface area of the sample
being analyzed i.e. revealing a 2D image of the sample. At this stage more refined
structures of the individual fibers at the nanoscale can be seen [Figure 23 h–i]. Similar to
the optical microscopy, the fibrous network exhibited by the gelator was confirmed when
imaged under scanning electron microscopy. This observation is seen in the SEM
micrographs of (h) Na–PDP/cyclohexanol and (i) Na–PDP/toluene. Overall it is
confirmed that the fibrous network were observed in respective of the gelator or counter
ion.

5.1.6 Nuclear Magnetic Resonance (NMR)
The NMR was used to understand what intermolecular interactions are present
during the self–assembly process. To see that, a model gelator, Na–C14 in deuterated
DMSO was heated to 65°C to produce a sol and the NMR was recorded at that
temperature. Also the NMR was recorded at different lowering temperatures: 55, 45, and
35°C [Figure 24]. It was observed that when the temperature is increased the Hb proton
moved upfield from 7.09 ppm to 7.08 ppm. However when the temperature was increased
the Hc proton moved downfield from 6.79 ppm to 6.81 ppm. As the temperature is
increased the peaks become more distinct. With these findings it is hypothesized that the
aromatic protons are also involved in the self–assembly process, though the observed
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proton shift values are relatively small in the present example. In other words pi–pi
stacking may be one of the intermolecular forces involved.

Hd

Hb
Hc
Ha

Figure 24. Temperature-dependent 1H NMR spectrum of Na–C14 in DMSO-d6.

5.1.7 X–Ray Diffraction (XRD)

Further investigation was performed to study the nature of aggregation at the
molecular level. X–ray diffraction analysis was constructed to study the self–assembly
packing arrangement and determination of the length of the unit cell. Both XRD patterns
showed a characteristic strong peak at lower 2θ value; a strong indication that probably
the amphiphiles self–assembled by bilayer formation. The unit cell length is increased in
the gel than the powder as seen in Figure 25 which is an indication that self–assembly of
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gelators in the gel state is comparatively less compact or the bilayer is titled as displayed
in Figure 26.

Figure 25. XRD pattern of Na–C14 (powder) and Na–C14/DMSO (gel).

The proposed self assembly pattern is shown in Figure 26. If this is the
arrangement, it is assumed that they will stack themselves in an orderly manner whereby
van der Waals forces, pi–pi stacking, and electrostatic interactions are involved.
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42.9 Å

57.1 Å
Figure 26. Schematic representation of molecular packing of Na–C14/ DMSO.

5.2

Novel Amphiphiles as a Potential Oil Thickener in Grease Applications

Grease is used as a lubricant, sealant, matrix, and corrosion inhibitor and has been around
for thousands of years.78 It is composed of a base oil, thickener, and additives. The thickener,
which is the second main component, increases the viscosity of the oil thereby allowing it to
be used for minimal ―relubrication‖ and limited ―replenishment maintenance‖.78 The
thickener is usually soap like lithium stearate, sodium stearate, lithium 12–hydroxystearate
etc. after studying the gelation process and efficiency of the synthesized amphiphiles we were
interested to know the possible applications for them. Since the gelators were able to gel
different types of oils including lubricating oil, the applications of the gelators were
investigated for their lubrication properties. We wish to investigate the gelators for their
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lubrication properties. As a preliminary study I began studying the efficiency of the Na–PDP
to that of Li-stearate.
In Table 5 the minimum gelator concentration was noted for the sodium and lithium
gelator, PDP, in selected oils. Interestingly the Na–PDP showed very close similarities in
MGC to that of Na–stearate. Comparing Li–PDP and Li–stearate, the latter has proven to be a
much more efficient gelator; having a low MGC in all of the desired oils. The most widely
salt used in grease formulation is lithium because of its multipurpose capability.

Table 5. MGC % (wt/vol) for the synthesized PDP salts and stearate salts in selected oils

Solvent

Na–PDP

Na–Stearate

Li–PDP

Li–Stearate

Light Paraffin Oil

1.67 %

0.67 %

1.67 %

1.00 %

Heavy Paraffin Oil

0.91 %

0.63 %

1.11 %

0.83 %

Olive Oil

2.00 %

2.00 %

5.00 %

0.77 %

Soybean Oil

2.00 %

2.50 %

5.00 %

1.11 %

Lubricant Oil

3.33 %

2.00 %

5.00 %

1.42 %

Therefore, a short study of the effect of the lithium salts of the gelator (PDP) on that of
stearate in three of the desired oils was carried out. In Table 6 the thermo–stability of the two
gelators was high. However, the Li–stearate had a higher thermo–stability in each of the three
solvents (heavy and light mineral oil and lubricant oil). Despite this difference, the Li –PDP
does have a high thermo–stability and may be a possible candidate in various applications
that require a Tgel value with in 92.5 °C – 107.5 °C.
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Table 6. Gelation temperature (Tgel) for Li–PDP and Li–Stearate

Solvent

Li–PDP

Li–Stearate

Light Paraffin Oil

92.5 °C

135 °C

Heavy Paraffin Oil

107.5 °C

130.5 °C

Lubricant Oil

106.5 °C

176 °C
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CHAPTER 6
CONCLUSION
In conclusion, saturated salts of cardanol and other derivatives were able to gel in
a variety of solvents. The counter ions (Li+ or Na+) and the alkyl chain length were
observed to have marked effect on the gelation ability. Despite their remarkable
capability in gelling, the sodium salts formed tougher gels compared to that of lithium
salts. The shorter chain lengths were not successful because of their inability to
immobilize the solvent. The soaps of C10, C14, C15, and C18 did exhibit intermolecular
interactions for their self–assembly such as van der Waals forces, pi–pi stacking, and
electrostatic forces. Also the length of the amphiphiles, responsible for the one–
dimensional growth in the self–assembly process, turned out to be approximately twice
the length of the monomer. In addition the molecular recognition of the amphiphiles did
in fact form thin fibers creating 3D networks. The findings on these novel organogelators
demonstrated potential application towards oil thickeners.
The saturated salts of cardanol (PDP) in comparison to the salts of stearate did
show some similarities in the gelation tendency, minimum gelator concentration, and
thermo–stability. The saturated salts of cardanol revealed that they are capable in meeting
the requirements of a supramolecular gel and at the same time possibly in the oil industry.
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CHAPTER 7
FUTURE RESEARCH
The new synthetic amphiphiles (discussed in previous chapters) have shown
excellent gelation ability in the preliminary studies. Further tests will be conducted in
comparison to the commercially available oil thickeners using rheology studies, thermal
stability and by ―tube inversion test‖. The encouraging results indicated that the new
amphiphiles may find applications in oil thickening, greases and in lubricant materials.
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APPENDIX A
1H

1H

NMR SPECTRUMS

NMR 2-(3-(decyloxy)phenyl)acetic acid ---(C10 acid)

(b)
(e)
(a)

Hi ; Hg ; Hh

(f)

(d)

(Hj)

(c)
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1H

NMR 2-(3-(tetradecyloxy)phenyl)acetic acid ---(C14 acid)

(b)
(e)

(Hj; Hi; Hg)
(a)

(f)

(Hh)

(d)
(c)
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1H

NMR 2-(3-(octadecyloxy)phenyl)acetic acid ---(C18 acid)

(b)
(e)
(Hi; Hg; Hh)

(a)

(Hj)
(f)

(c)
(d)
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1H

NMR 2-(3-pentadecylphenoxy)acetic acid ---(PDP acid)
Hj
Hg

Hh
y

(c)

(e)
(d)

(b)
(b)

(b)
(b)

(b)
(b)

(b)
(b)

(b)
(b)

(b)

Hi

(b)

(a)
(e)
(Hh ; Hi ; Hg)

(d)

(Hj)

(c)
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(b)
(a)

APPENDIX B
IR SPECTRUMS
IR Spectrum of 2-(3-(decyloxy)phenyl)acetic acid ---(C10 acid)
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IR Spectrum of 2-(3-(tetradecyloxy)phenyl)acetic acid ---(C14 acid)

62

IR Spectrum of 2-(3-(octadecyloxy)phenyl)acetic acid ---(C18 acid)
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IR Spectrum of 2-(3-pentadecylphenoxy)acetic acid ---(PDP acid)
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