PHASE BEHAVIOR OF 12-HYDROXYSTEARIC ACID GELS

A Thesis
Presented to

The Graduate Faculty of The University of Akron

In Partial Fulfillment
of the Requirements for the Degree

Master of Science

Brian M. Lipowski

December, 2014



PHASE BEHAVIOR OF 12-HYDROXYSTEARIC ACID GELS

Brian Lipowski

Thesis

Approved:

Advisor
Dr. Kevin Cavicchi

Committee Member
Dr. Bryan Vogt

Committee Member
Dr. Younjin Min

ii

Accepted:

Department Chair
Dr. Robert Weiss

Dean of the College
Dr. Eric J. Amis

Dean of the Graduate School
Dr. George Newkome

Date



TABLE OF CONTENTS

Page

LIST OF TABLES ... tettseisessesssssessessse s bbb s ss s ss s s s sss s sssssssssssssnees \

LIST OF FIGURES ...coeeeeesessesssessse s sssessse s sssssssssans vi
CHAPTER

[ BACKGROUND ....oitirerersersersesssesssessssssessss s sssss s ssesssssssssssessssssssssssssssssssssssssssssssssssssssssnees 1

Introduction to GelS ... ————— 1

Introduction to Low Molecular-Mass Organic Gelators.......coumenerereereeneens 3

AP PIICALIONS ..ttt 5

Current ChalleNEES ... es s ses s ses e essennnes 6

II. THESIS OBJECTIVES ... ereereersersersessessessesssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssnees 9

12-HydroXySteariC ACIA......oererreereereerersessessessessessessessssssssesssssssssssssssssssssssssssssessssns 10

SOIUDIIItY PArameters ... sessssssssesssesssssssssesssssees 12

Regular Solution and Flory-Huggins Theory ..., 13

High Boiling POINt SOIVENTS ... ssssssessssseens 16

[II EXPERIMENTAL METHODS .....coiettieteeistiesssssseessessssssesssessssssssssssssesssessssssssssssssssssseees 19

PUrification Of T2-HSA.... sttt ssssssns 19

Gl Preparation ... sssss s sssss s sssssssssssessssassssesssssnes 19



Differential Scanning Calorimetry ... 20

Gel Transition TEMPETATUTIE ... sssssesssssssessssssnens 20
Minimum Gelation CONCENTIAtION ......cveceeereereereeeeseeseeseesesseesesseesessessessersessessssseees 21
Calculation of Solubility Parameters ... 21
Data FIttiNG ..o 22
[V PHASE BEHAVIOR OF 12-HYDROXYSTEARIC ACID GELS ..oveeeereereereereereeseeeenas 23
GEL-SOl TranSItION w.ueueueereereseeeeseesesee s sanes 25
Minimum Gelation CONCENTIAtiON ....cccerecereeeeeeeeeseeseeseeseesesss s ssessssssssesssssssases 29
FIt RESULES oo 34
V' CONCLUSIONS AND RECOMMENDATIONS. ...t ssssssssssssssssessssssssssnes 45
(0003 0ol 1113 10) o -3 TSSOSO 45
I 2CET000) 130 00T=) o o = U (o) o L30T 45
REFERENCES ...ttt 47
APPENDIX .ot es s e 50

iv



Table

LIST OF TABLES

Page
Solvent and gelator solubility parameters ... 24
Minimum gelation CONCeNtratioN......creresee s 30
Undercooling necessary to form a gel at the MGC.....ocoerenenceneercenenceneeneereeneens 33
Flory-Huggins fitting reSUILS ... ssessenens 38



Figure

10

11

12

13

14

LIST OF FIGURES

Page
Schematic of gelation MeChaNiSM ... 4
Porous styrene formed using an LMOG reverse template.........ccouvereereeneereeneeneens 5
Representative phase diagram showing the liquidus and spinodal lines for a

ZElatOr-SOIVENT SYSTEIM ...vvuierirceserserisse s 7
Chemical structure 0f 12-HSA ... sssssssssssssens 10
Chemical structure of a generic phthalate........ccnrcneeeeeereereeens 17
Phase diagram of 12-HSA in DOP showing Tm and Tgel . coeeeereesmeesseeseesseesseeenees 25

DSC traces for 12-HSA in DBP over the range of compositions from 1 mol%
(top trace) to 90 mol% (bOttOM Lrace).. ..cocvcerrereereererreererreerersessersee e sseesesees 27

Enthalpy of formation of 12-HSA calculated from DSC peak area for the
PHhEhAlate SEIIES ..o 28

Enthalpy calculated from DSC peak area increases with the hydrogen
bonding Hansen solubility parameter........oo s 29

Minimum gelation concentration versus the total Hansen solubility
PATAINIETET . ..ottt b bbb R b 30

Minimum gelation concentration versus the dispersive component of the
Hansen solubility parameter ... sssssssens 31

Minimum gelation concentration versus the polar component of the Hansen
SOIUDIIILY PATAMIELET ... s 31

Minimum gelation concentration versus the hydrogen bonding component of
the Hansen solubility parameter. ... nnnenenesesssesessessesseesessessssssssssseenes 32

Ideal solution fit of the liquidus line of 12-HSA in DOP.....ccovrvnrenvrerenirrenns 35

vi


file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343789
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343790
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343791
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343791
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343794
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343795
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343795
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343796
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343796

15

16

17

18

19

20

Regular solution fit of the liquidus line of 12-HSA in DOP .....ccocvvvvnrereenrereennens 36
Overlaid phase diagrams of the solvents tested as determined by DSC........... 37
Flory-Huggins fit of the liquidus line for a binary system of 12-HSA in DOP. 39
Schematic of gelation showing aggregated gelator........overeneenreereeneeneeseenens 40

Average number of aggregates, fit parameter B and the difference in total
Hansen solubility parameters in relation to the hydrogen bonding
component of the Hansen solubility parameter ... 40

Enthalpy of melting values calculated from DSC traces and Flory-Huggins fit
values of enthalpy of formation of pure 12-HSA ... 42

vii


file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343803
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343804
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343805
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343806
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343807
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343807
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343807
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343808
file:///D:/UAkron/Thesis%20Lipowski%20-%20Final.docx%23_Toc402343808

CHAPTERI

BACKGROUND

Introduction to Gels

Defining precisely what qualifies as a gel has been difficult due to the large
number of definitions that have been employed over time.12 One of the earliest
definitions states that materials that have permanent dimensions on the macroscale
over an analytical time scale and have a continuous structure were defined to be
gels.2 Further, these materials have low moduli and solid-like rheological properties.

More recently, gels are taken to be materials that are composed mainly of a
liquid solvent and a solid gelator that behave with solid viscoelastic properties. In
such cases, a fluid solvent is held in place within a solid network of a gelator at low
concentration. Capillary action and interfacial tension are the driving forces behind
this immobilization.34

The rheological definition of a gel states that a gel is a material with
frequency independent storage and loss moduli, G’ and G”, respectively. Gels are

elastic materials with G’ greater than G”.#



Because of the scope of these definitions, it has been necessary to separate
gels into several subclasses; one method of doing so centers on the solvent that is
immobilized. In the case where the solvent it water, these gels are referred to as
hydrogels. Gels formed from other organic liquids are known as organogels. These
subclasses are still quite broad.>

Another method of classifying types of gels depends on the method by which
the solvent is immobilized. Gels can be formed by several mechanisms. These
include chemical cross-linking, polymerization, physical entanglements, phase
transitions and self-assembly.1.6.7

Network formation can be the result of covalent bonding. These interactions
lead to very stable gels that are chemically cross-linked.! In order to reverse these
gels, enough energy must be applied to break the covalent bonds. Gels that can be
thermally reversed generally contain self-assembled networks composed of non-
covalent cross-links.® Several types of polymers can self-assemble to form networks.
These include semi-crystalline polymers which form networks as the crystalline
domains on various chains aggregate and create cross-linking points.! Block
copolymers are also suited to form networks; if the domains of the copolymer phase
separate into multiple domains, these can be strong enough to form a stable
network in solution.8

Small molecules are also capable of forming non-covalent networks in

solution. One particular class of these materials of interest is networks formed from



the crystallization of small molecules into long fibers that can further aggregate via

hydrogen bonding.

Introduction to Low Molecular-Mass Organic Gelators

Low molecular-mass organic gelators (LMOGs) can be used to form gels in
various solvent systems. There are a wide variety of small molecule compounds that
can behave as gelators.? LMOGs are composed of small molecules that are organic in
nature that can self-assemble.6 This assembly is generally one-dimensional and
results in the formation of long fibers. These fibers are then joined by bonding or
physical entanglements to form a continuous network within a solvent. This diverse
group of compounds allows LMOG driven gelation of a similarly wide array of
solvents.?10 This flexibility in components leads to a large number of possible
applications.

Small molecules that have the capability to self-assemble in to fibers and thus
be useful as LMOGs include structures based on sugars, many surfactant complexes,
steroid-based molecules and peptide-based or pseudopeptide molecules.11112 These
types of molecules have the ability to assemble via non-covalent bonds.

Many gels are formed via non-covalent self-assembly.?13 The resulting gels
are less stable than those that are chemically cross-linked and can be reversed with
an increase in temperature.? Mechanisms for gel formation in these types of
materials include crystalline fibers and worm-like micelle formation. Crystalline

fibers can be formed via hydrogen bonding. Crystalline structures can also be



formed via van der Waals forces as is the case when long-chain n-alkanes form
gels.14

If the forces between the gelator molecules are too large or the interaction
between the gelator and the solvent is highly unfavorable, macrophase separation
can result leading to a crystalline precipitate rather than a network. This results in a
system that cannot form a gel.1>

The solid gelator forms a three dimensional network that traps the solvent in
place via interfacial tension and capillary action.>1¢ Small molecules also have the
capacity to be used as gelators if they can interact with each other through hydrogen
bonding or other non-covalent interactions.? Gels formed in this manner will be
thermally reversible. A schematic representation of the mechanism of gelation is

shown below in Figure 1.
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Figure 1: Schematic of gelation mechanism



Crystalline networks that form fibrillar structures as a result of
intermolecular forces are an interesting class of materials that are able to gel

solvents and can be used in many applications.

Applications

Gels consisting of LMOGs are of particular interest in many fields. These
materials are suitable for many uses including as templates for porous materials
and membranes, as biomaterials templates for scaffold formation, as thickening
agents in cosmetics or food products, as drug delivery agents and as stimuli
responsive materials.>6.11,17-23

Formation of reverse templates for the production of porous polymeric
materials can be accomplished with LMOGs that are capable of gelling suitable
monomers. Styrene can be gelled using 12-hydroxystearic acid. After
polymerization, the remaining LMOG can be removed from the material via solvent

extraction.

UofAkron SE SEM LEI 6.0kV X10,000 WD 9.3mm 1um

Figure 2: Porous styrene formed using an LMOG reverse template
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The resulting voids will form an interconnected network of pores, as shown
below in Figure 2. These materials may be useful in membranes or in mesoporous
catayst applications.20-22

Another potential application for materials containing LMOGs are for use as
thickeners in cosmetics or food applications. In food applications, LMOGs can be
used at low concentrations to solidify triacylglycerols and edible oils. These
materials could be used in the manufacture of edible spreads as replacements for
saturated or trans fats and to prevent oil separation and the breakdown of

emulsions.18

Current Challenges

Current research in the field of LMOGs has not successfully been able to
predict a priori, which compounds will gel a particular solvent.® It is possible to
empirically design new gelators.?10 However, it is difficult to extend knowledge of
systems that have been discovered to form gels to other systems due to the complex
interplay of various factors affecting the gelation behavior of any particular solvent-
gelator system.

Solubility parameters have been used to examine one of the factors
controlling gelation ability in solvent-gelator systems.10.152425 While certain
empirical observations allow one to predict which solvents a particular gelator will

gel, this method does not give a complete picture of the process of gelation.”.1



Another approach to designing gelators involves examining the
thermodynamic behavior of the system. The behavior of these systems can be

described using a phase diagram, as shown in Figure 3.
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Figure 3: Representative phase diagram showing the liquidus and
sninodal lines for a gelator-solvent svstem

Above the liquidus line, the system is composed of a homogenous solution of
the gelator in the solvent. As the solution is cooled below the liquidus line, the
gelator will begin to crystallize into long fibers that can then further aggregate to
form a network.26-29 This network traps the solvent and prevents it from flowing,
creating a semisolid gel. Below the spinodal line, the solution is unstable and will
separate into two phases with any fluctuation in temperature.

Previous studies have shown that the sol-gel transition correlates to the

melting temperature given by the liquidus line in the phase diagram.3? Further
7



studies have shown that the degree of undercooling while forming a gel also impacts
gel behavior.31-35 Undercooling is the difference between the temperature to which
the sol is quenched and the liquidus line at that concentration. Increasing the
amount of undercooling increases the degree of supersaturation of the solution and
thus the number of nuclei formed at the onset of crystallization.2631 Changing the
nature of the crystals formed during gelation will result in gels that have different
fiber morphologies, optical properties and rheological properties.26:30.31

There is currently an inability to design new gelators without
experimentation.® A method of predicting gelation ability through solubility
parameters and a thermodynamic model would improve understanding of the
entire process of gelation and allow LMOGs to be designed more easily. While there
has been much interest in this field, relatively little work has considered the
thermodynamic aspect of gelation in conjunction with the solubility parameter

approach.?



CHAPTER II

THESIS OBJECTIVES

The driving hypothesis of this work is that the ability of a solvent-gelator
system to form a gel should be related to the thermodynamic phase behavior of the
system. Further, a relationship between the minimum gelation concentration and
the thermodynamic phase behavior of the systems should be evident. There has
been some effort in the field to interpret gelation behavior in terms of the
thermodynamics, using solubility parameter theory and empirical expression for the
melting point depression.1015 This work will go a step further to measure the full
phase diagrams of LMOG/solvent systems that are then fit with solution models that
allow the gelation behavior to be directly connected to the thermodynamic behavior
of the solutions.

Different solution models ranging from ideal, regular and Flory-diluent are
used to fit the phase behavior of model LMOG solvent systems. In the ideal solution
the only contributions to the free energy of mixing is the combinatorial entropy of
mixing; the regular solution adds the excess enthalpy of mixing; and the Flory-

diluent model accounts for the disparity in size between the solvent and solute. To



accomplish this 12-hydroxystearic acid, a model LMOG, is used for these

investigations.

12-Hydroxystearic Acid

12-HSA is a saturated long chain fatty acid with one hydroxyl group on the
aliphatic chain, as shown in Figure 4, and has been shown to be a good gelator. 12-
HSA gels are used in many applications including as food and cosmetic thickening
agents, organic electronic components and as aerogels.17.1836 The wide range of
potential applications as well as the use of related metal soaps in the lubrication
industry has resulted in a large bank of information on 12-HSA being available.

Additionally, the 12-HSA is readily available for testing purposes.

o)

HO

OH
Figure 4: Chemical structure of 12-HSA

It has been shown that 12-HSA can aggregate into dimers, trimers, tetramers
and other, higher order, aggregates.10 This is due to the interaction of the carboxylic
acid groups via hydrogen bonding. The hydroxyl group is also capable of hydrogen
bonding, further driving aggregation.

12-HSA is capable of forming gels that can be thermally reversed at low
concentrations in organic solvents by crystalizing into a fibrous network driven by

interaction hydrogen bonding. The fibers formed in solution are rigid and can be up
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to several micrometers long.3¢ Crystallographic studies have shown that the width
of the fibers is a multiple of the length of 12-HSA dimers formed by the hydrogen
bonding of the carboxylic acid end groups. Elongation of the fibers is driven by
hydrogen bonding at the hydroxyl group at position 12.10.36,37

It has been shown that 12-HSA forms gels at compositions less than 3 wt% in
a library of solvents containing long chain alkanes, cycloalkanes, long chain
aldehydes, ethers, nitriles and thiols.1® Solvents with strong hydrogen bonding
disrupt the crystal structure of 12-HSA resulting in solutions rather than gels. As a
result, 12-HSA cannot gel alcohols, carboxylic acids or amines.10

The molecule is chiral which can influence the gelation behavior.37.38 The
chiral center is located at position 12. It has been shown that racemic mixtures of
12-HSA are less able to form gels due to the growth of platelet structures rather
than fibrils as is the case in optically pure D-12-HSA. In the case of gels formed in
mineral oil, only 1 wt% D-12-HSA is necessary to form a gel, while more than 2 wt%
is necessary in the case of racemic DL-12-HSA. The optically pure 12-HSA appears to
organize along its transverse axis as dimers due to the carboxylic acid end groups
hydrogen bonding. The racemic mixture is better able to form hydrogen bonds at
the hydroxyl group at position 12 leading to in-plane growth of platelets.3”

12-HSA can be considered a model LMOG though it is unusual in several
respects. 12-HSA has a low melting point relative to many other LMOGs and yet it
can stabilize solvents in a gel form at very low concentrations. It also has a relatively

low solubility parameter. Its utility as a LMOG is derived from the multiple hydrogen
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bonding sites that are available for intermolecular interactions. The end terminal
carboxylic acid groups are highly available and will provide relatively strong
hydrogen bonds allowing for the formation of 12-HSA dimers. The hydroxyl group
at position 12 is also suitable for hydrogen bonding, though these interactions will
be weaker than those of the carboxylic acid. These interactions are responsible for

the growth of fibers and further aggregation in solution.

Solubility Parameters

Solubility parameters can be used to interpret the gelation behavior of
systems containing LMOGs. Solubility parameters give a way to quantify the level of
interaction between two or more components and thus the solubility of the
components. Materials with similar solubility parameters will be miscible.

Several theoretical group contribution methods have been developed that
allow for the calculation of solubility parameters based on the structure of the
molecules in question as they are often difficult to find experimentally. Hildebrand
solubility parameters (6) have been used for a long time and the theory has been
further refined by Hansen (&:). This newer theory divides molecular interactions
into three components: polar (6p), hydrogen bonding (8n) and dispersive (0q)
interactions.

The solubility parameter approach to LMOG design has been studied in
various systems. Solubility parameter studies have been carried out on LMOGs

derived from steroids, sugars, and amides, as well as on 12-HSA.10.13,30,39,40
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The hydrogen bonding Hansen solubility parameter has been used to predict
the ability of 12-HSA systems to from gels.10 A large number of solvents were tested
for gel formation including apolar, polar and hydrogen bonding solvents that
covered the range of dispersive Hansen parameters from 14 to 20 MPa%s. All
samples were prepared with 12-HSA concentrations of less than 3 wt%. The
gelation behavior was compared to the Hansen solubility parameter and each of the
contributions. The results of the study show that only the hydrogen bonding Hansen
solubility parameter are useful for the prediction of the ability of 12-HSA to form a
gel in a particular solvent.10 Specifically, it was found that a solvent &y less than 4.7
MPa0> resulted in clear gels, solvent 6, values between 4..7 and 5.1 MPa0%> resulted
in opaque gels and solvent &y values greater than 5.1 MPa%5 resulted in formation of
solutions rather than gels.1° The data in this study are based upon the ability of 12-
HSA to form a gel at concentrations below 3 wt%.

This correlation between of the gelation behavior and the solubility
parameters of LMOG solutions imply that the solution phase behavior has an
important influence on the gelation behavior. 102441 Therefore, a logical step is to
directly characterize the solution phase behavior of model LMOG-solvent systems to

determine its role on the gelation behavior. 3038

Regular Solution and Flory-Huggins Theory
LMOG systems have been shown to exhibit non-ideal solution behavior.1>

This is potentially due to both the interactions between the solvent and LMOG giving

13



rise to non-ideal enthalpies of mixing and the different sizes of the solvent and
LMOG molecules giving rise to non-ideal entropies of mixing. These two effects
increase the complexity of fitting experimental data.

One method of modeling non-ideal solution behavior is the regular solution
model.2>42 Regular solutions are assumed to have a non-zero enthalpy of mixing due
to interactions between the solute and the solvent. Like ideal solutions, the
components have equal molar volumes, zero volume change upon mixing and the
solution is well-mixed. In regular solution theory, an additional interaction
parameter, ¥, is used to quantify the excess enthalpy of mixing of the system.

In the case of a regular solution, the Gibbs free energy of mixing, AG,,, is

given by

AGp,
RT

=x;Inx; +x,Inxy; +x7x5x (D
where x; and x; are the mass fractions of component 1 and 2, respectively.

The interaction parameter can be estimated using solubility parameters for

components 1 and 2, §; and &2, respectively, as follows

%4

— (8 = 82)? (2)

X12 = RT

The temperature dependence of x can most simply be given by
A
X1z = 7 (3)
However, for the purpose of fitting experimental data, it is useful to

represent x in terms of two parameters, A and B

A
Xiz=7tB (4)

14



where
A==(8; - 8,) (5)
and the parameter B is empirical in nature.

The addition of the parameter B can result in better fits when Equation 3
does not exactly represent the temperature dependence of x. Further empirical
parameters can be used to improve the quality of the fit; however the increase in the
number of parameters may result in fits which are difficult to explain theoretically
and contain parameters with no real physical meaning.

The Flory-Huggins theory, as given in Equation 4, provides a relationship
between melting temperature of the pure crystalline component, i.e. 12-HSA, and
the volume fraction of the components. The change to volume fraction from mass
fraction in the Flory-Huggins equation allows for the addition of degrees of
polymerization of one or both components. This allows for the fitting and prediction
of liquidus lines for a particular system with components having different molar
volumes. The means to adjust the degree of polymerization of each component
allows one to better describe the behavior of the system. Flory-Huggins theory can
be used to predict the melting temperature of the gelator as a function of

composition as follows

(6)

where AH}{Z is the enthalpy of formation of the gelator, Vs is the molar volume of the

solvent, I/zis the molar volume of the gelator, R is the universal gas constant, ¢ is the
15



volume fraction, and TT(,)L2 is the melting point of pure gelator. N; is the degree of
polymerization of the solvent and is taken to be one in all cases.
The enthalpic contribution to the interaction parameter is described by A

while B is attributed the entropic contribution of the system.

High Boiling Point Solvents

The thermodynamic behavior of LMOG-based gels was examined in solutions
of organic solvents with high boiling points. This allowed for the collection of
melting points using DSC rather than relying upon temperatures of gelation.

This is beneficial as the gel transition temperature may vary significantly
depending upon the definition used to define gel behavior and is a highly subjective
method. By choosing solvents with high boiling points, it is possible to use DSC to
measure the melting points of these gels resulting in repeatable liquidus lines. It is
also possible to reach the high gelator concentrations necessary to complete a phase
diagram of these materials that cannot be reached in systems containing solvents
with low boiling points.

Phthalates are used commercially as plasticizing agents and are esters of phthalic
acid.#3 The general structure of a phthalate is shown in Figure 5. Phthalates have the
ability to participate in hydrogen bonding and can thus interact with 12-HSA leading

to complex gelation behavior. In this study, symmetric phthalates were used.

16
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o
Figure 5: Chemical structure of a generic phthalate

This group of solvents was chosen to be the main focus of the study due to
their high boiling points. DMP, the smallest of the selected solvents, boils at 282°C,
well above the necessary temperature necessary for melting point characterization.

A series of phthalates and phenolic solvents were selected for use in this
study. The choice of phthalates results in a large library of similar compounds that
can easily be studied due to their wide availability.#3 Alkyl chains of varying lengths
were selected to spread the solvents into as wide a solubility parameter space as
possible. The Hansen solubility parameter of dimethyl phthalate (DMP) is 22.1
MPa0> while that of ditridecyl phthalate (DTDP) is 17.6 MPa0>. This creates a range
of solubility parameters that starts below and ends above that of 12-HSA.

The phenolic solvents were chosen as they do not interact with the gelator
through hydrogen bonding as is the case with the phthalates. Long chain alkanes
were also selected to further decrease the solubility parameter of the solvents to
examine the thermodynamic behavior when the solvent quality decreases.

The gelation behavior of a particular gelator-solvent system is dependent on

many thermodynamic properties including the level of undercooling during the

17



formation of the gel. This makes it important to know the thermodynamic

properties of the system in question.
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CHAPTERIII

EXPERIMENTAL METHODS

Purification of 12-HSA
12-HSA was purchased in technical grade and was further purified using
recrystallization. Recrystallization was performed twice. Acetone was the

purification solvent which was removed by drying overnight in vacuo.

Gel Preparation

Gels were formed by mixing 12-HSA and the solvent and heating the mixture
to 90°C until a transparent, homogenous solution was formed. Dissolution required
a minimum of 30 minutes. The solution was then quenched to 25°C for twenty
minutes. Solutions that were suspended and did not flow when the vials were
inverted were determined to be gelled.

Samples were prepared with concentrations of 1, 2 and 5 mol% 12-HSA and
10 to 90 mol%, inclusive, in 10% increments in dimethyl phthalate (DMP), diethyl
phthalate (DEP), dibutyl phthalate (DBP), dioctyl phthalate (DOP), diisodecyl
phthalate (DIDP) and ditridecyl phthalate (DTDP). Non-phthalate solvents diethyl

malonate (DEM), 1-methyl naphthalene (1MN), phenol cyclohexane (PCH), diphenyl

19



methane (DPM) and dodecane (C12) were similarly prepared. Solvents were used as

received.

Differential Scanning Calorimetry

The melting temperature (Tm) of each gel was determined using differential
scanning calorimetry (TA Instruments Q2000). Samples were prepared by placing a
small amount of gel into an aluminum pan which was then sealed. Two heating
cycles were performed. Samples with molar concentrations greater than 10% were
heated from 25°C to 130°C at a rate of 10°C per minute. Between heating cycles
samples were isothermal at 130°C for 3 minutes to ensure complete melting and
then quenched to 25°C over 4 minutes and were isothermal for 7.5 minutes before
the second cycle. Samples with lower concentrations were heated from -10°C to
130°C and were isothermal for 15 minutes at -10°C between heating cycles; the

remainder of the procedure was unchanged.

Gel Transition Temperature

The gel transition temperature (Tgi) was determined by heating gelled
samples in 1°C increments in a thermostated aluminum block until flow was
detected when the vial was inverted. The first temperature at which flow was
exhibited was determined to be the gel transition temperature. Samples were

allowed to equilibrate at each temperature for 10 minutes.
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Minimum Gelation Concentration

The minimum gelation concentration at 25°C, 40°C and 60°C was determined
by diluting gels by 0.05 mL (25°C) or 0.25 mL (40°C and 60°C) and reheating to 90°C
and quenching to the specified temperature in a temperature controlled aluminum
block. Samples that still exhibited flow after twenty minutes were determined to be

below the minimum gelation concentration.

Calculation of Solubility Parameters

Solubility parameters for 12-HSA and each solvent for which literature
values were unavailable were calculated using group contribution methods. The
Hildebrand solubility parameter and molar volume was calculated following Fedors
method.#* Fedors method is a group contribution method and values for the
cohesive energy at 298K, Ecn(298) and molar volume, V, have been tabulated for

each functional group. The Hildebrand solubility parameter, 9§, is calculated using

_ Ecoh(298)
5= [feonlZ® (3)

The Hoftyzer and van Krevelen method was used to calculate the Hansen

Equation 3.

solubility parameter and the individual contributions to the Hansen solubility
parameter for those solvents where literature values were unavailable.** Equations
4, 5 and 6 give the dispersion, polar and hydrogen bonding components of the

Hansen solubility parameter, 64, §p and 6n, respectively. Equation 7 gives the total
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Hansen solubility parameter, 8. Fai, Fpi and Ep are the group contributions of

dispersive, polar and hydrogen bonding interactions, respectively.

__ XFgi

64 = =

5, = Nk
14

__ |XEn;
6y, = ”

6t=\/5§+65+6,%

Data Fitting

(4)

(5)

(6)

(7)

The melting points of the gel samples for a particular solvent were fit to the

Flory-Huggins model by minimizing the sum of the squares of the residuals. The

interaction parameter, A, was calculated using Hansen solubility parameter values

taken from the literature194> or calculated from group contribution theory as shown

in Equations 4-7. The enthalpy of formation of the pure 12-HSA, AHJQZ, was allowed

to vary, as was the degree of polymerization of the 12-HSA, N> and the fit parameter,

B.
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CHAPTER IV

PHASE BEHAVIOR OF 12-HYDROXYSTEARIC ACID GELS

Systems of 12-HSA in high boiling point solvents have been investigated to
determine the relationships between the thermodynamic phase behavior and the
gelation behavior. The solvents of interest were largely composed of a library of
dialkyl phthalates.

Phthalates were used due to their ready availability with a large number of
alkyl chain lengths and the variation in the solubility parameter with the change in
the length of the alkyl chains. A range of solubility parameters used allowed for the
ability to determine gel behavior in a wide cross-section of possible gelator-solvent
systems.

Other high boiling point solvents including dodecane, diethyl malonate and
three additional phenolic solvents were also used to increase the range of Hansen
solubility parameter contributions examined. The molar volumes and solubility

parameters for the systems used are shown in Table 1.

23



Table 1: Solvent and gelator solubility parameters104>

DMP
DEP
DBP
DOP
DIDP
DTDP
DCP*

1MN
C12
DEM*
DPM*
PCH*
12-HSA*

V (mL/mol) t
163.0
198.0
266.0
377.0
464.2
558.3
263.4

138.8
228.6
119.1
158.9
170.7
3125

Solubility Parameter (MPa®5)

Hildebrandt Hansen
) 84 Op 6n Ot
22.3 18.6 10.8 4.9 22.1
21.6 17.6 9.6 4.5 20.5
20.6 17.8 8.6 4.1 20.2
19.4 16.6 7.0 3.1 18.3
19.1 16.6 6.2 2.6 17.9
19.0 16.6 5.4 1.9 17.6
21.8 20.1 2.7 7.2 21.5
21.0 20.6 0.8 4.7 21.1
16.1 16.0 0 0 16.0
20.6 16.1 7.7 8.3 19.7
20.8 19.7 1.4 0 19.7
19.1 17.3 0.7 0 17.3
21.1 16.6 2.86 6.8 18.1

*Hansen values calculated by group contribution4
tHildebrand values and molar volumes calculated by group contribution*+

The gelation temperature of these systems was examined. Gels were slowly
heated until they began to exhibit flow when inverted. This point was determined to
be the gel transition temperature. The gel transition temperature was then
compared to the thermodynamic melting temperature as determined by DSC
measurement.

The minimum gelation concentration of samples prepared from these
solvent-gelator systems were examined using sequential dilutions. A small amount
of solvent was added at each dilution and the minimum gelation concentration was

determined to be the concentration at which any further dilution would result in
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gels that exhibited any amount of flow when inverted, i.e. the gel transition

temperature was the same as the temperature of interest.

Gel-Sol Transition

The choice of high boiling point solvents for this study resulted in the
completion of phase diagrams for all solvents over the entire range of composition,
as shown in Figure 6. In systems involving solvents with low boiling points, it is not
possible to use DSC to attain a melting temperature when the gels are stable at
higher temperatures than the boiling point of the solvent. In these cases, it is
necessary to rely on other methods of interrogating the thermal behavior of the gel;
these methods include determining the gel transition temperature or the cloud

point of the system.
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Figure 6: Phase diagram of 12-HSA in DOP showing Tm and Tgel
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In the systems examined, the gel transition temperature is generally several
degrees lower than the melting temperature of the gels as determined by DSC. The
gelation temperature is recorded as the temperature at which the gel first begins to
flow and the melting temperature is defined as the peak temperature during melting
from the DSC trace. The gelation temperature is more similar to the temperature
recorded at the start of the DSC peak. At this point, enough of the crystalline
network has melted due to the distribution of melting temperatures of the crystals
and the network junctions for some of the trapped liquid to begin to flow. Only a
small fraction of the gelator network point must dissociate to create liquid regions
in the gel which can flow under the force of gravity.

Another method of examining the transition from the gel to sol is the cloud
point temperature which is defined as the temperature at which the solid particles
are all completely dissolved into solution and the sample becomes optically clear.
This temperature is closer to the melting temperature than the gelation
temperature but is consistently a few degrees higher than the melting temperature.
In the case of the cloud point, the crystalline network must be dissolved completely
for the solution to become optically clear. Any remaining crystalline particles larger
than the wavelength of light will cause noticeable scattering resulting in solutions
that are not optically clear.

DSC traces for 12-HSA in DBP are shown below in Figure 7. The position of

the peak shifts to higher temperature as the concentration of 12-HSA is increased.
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 Heat Flow

30 40 50 60 70 80 90 160
TE
Figure 7: DSC traces for 12-HSA in DBP over the range of compositions from 1
mol% (top trace) to 90 mol% (bottom trace). Exothermic heat flow up.

The melting peaks become broader and shallower at low concentrations of
12-HSA as shown in the top curves in Figure 7. The formation of gels at these low
concentrations seems to be highly dependent on the kinetic behavior of the system
and it can be difficult to obtain gels that can reliably be made to exhibit the same
properties as previous gels of the same composition.

The enthalpy of melting of each gel can be determined by integrating the area
of each peak. The enthalpy measured by DSC is widely scattered when compared

with the expected value at a given concentration of 12-HSA in each sample, as
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shown in Figure 8. The enthalpy was determined from the DSC traces of each

concentration of 12-HSA in the solvents measured.
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Figure 8: Enthalpy of formation of 12-HSA calculated from DSC peak

area for the phthalate series

The data above were averaged for each of the solvents and then was
compared with the Hansen solubility parameter of the solvent. As shown below in
Figure 9, the measured enthalpy of melting increases with the hydrogen bonding

Hansen solubility parameter.
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Figure 9: Enthalpy calculated from DSC peak area increases with the hydrogen
bonding Hansen solubility parameter

Minimum Gelation Concentration

12-HSA proves to be a good gelator for the solvents of interest because of the
very low concentrations necessary to form a gel, as shown in Table 2. 12-HSA is well

suited to gel solvents due to the strong hydrogen bonds that form with other 12-

HSA molecules.
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Table 2: Minimum gelation concentration

MGC (moli2-usa/molsolvent)

25°C 40°C 60°C
DMP 0.0075 0.0374 0.2505
DEP 0.0078 0.1002 0.2498
DBP 0.0108 0.0999 0.2495
DEHP 0.0097 0.1014 0.2501
DIDP 0.0108 0.0204 0.2496
DTDP 0.0158 0.0093 0.2512
DCP 0.0079 0.0165 0.2009

1MN 0.0050 0.1463 0.5747
DEM 0.0035 0.0298 0.2581
DPM 0.0046 0.1549 0.6356
PCH 0.0040 0.1639 0.4962

For the three temperatures examined, the amount of 12-HSA necessary to

form a gel increases as the Hansen hydrogen bonding parameter increases.
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Figure 10: Minimum gelation concentration versus the total Hansen solubility
parameter.

30



0.7-

0.6 N

0.5 A

$0.4 A 60°C
1 o

0.3- s 40%

Iry Ak A m 5%
0.2

i L ] [ ] &
0.1 L X

MoC ("™ )

U.D-I. mEE 2 n "

17 18 19 20 21
5. (MPa™)

Figure 11: Minimum gelation concentration versus the dispersive component of the
Hansen solubility parameter.
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Figure 12: Minimum gelation concentration versus the polar component of the
Hansen solubility parameter.
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Figure 13: Minimum gelation concentration versus the hydrogen bonding
component of the Hansen solubility parameter.

The increase in minimum gelation concentration with temperature is likely
due to the fact that there are increased interactions between 12-HSA and the solvent
as the amount of hydrogen bonding between them increases. The formation of a gel
is dependent on enough 12-HSA molecules interacting with each other to self-
assemble into a crystalline network to trap the solvent via capillary action. This
critical concentration will be higher if 12-HSA molecules are distributing their
hydrogen bonding between inter- and intra-species interactions.

To form gels at higher temperatures, a higher concentration of gelator was
required and this amount was similar for all the solvents tested here, regardless of

solubility parameter. Samples of high concentration have similar sol-gel transistion
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temperatures across the solvents used due to the approach of all the liquidus lines
to the melting point of pure 12-HSA.

The amount of undercooling necessary to form a gel at the minimum gelation
concentration was also measured at three temperatures, as shown in

Table 3. Undercooling is the drop in temperature below the liquidus line
measured by DSC necessary to form a gel at a given concentration. The formation of
a gel generally required some amount of undercooling in the systems studied. The
degree of undercooling necessary is dependent on the solvent selected and the
temperature at which the gel is to be formed. For gels with lower gelator

concentrations, the amount of undercooling necessary was increased.

Table 3: Undercooling necessary to form a gel at the MGC

Undercooling (°C)
25°C 40°C 60°C
DMP 15 17 3
DEP 25 21 5
DBP 19 13 0
DEHP 19 19 5
DIDP 23 10 4
DTDP 22 7 4
DCP 39 24 1
1MN 13 9 2
DEM -- 6 3
DPM -- 19 5
PCH 19 17 3

Each solvent shows an increase in the degree of undercooling necessary to

form a gel as the concentration of 12-HSA decreases. The amount of undercooling
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necessary does not seem to depend strongly on the solubility parameters of the

system, however.

Fit Results

Fitting the temperature of gelation versus concentration data can be
achieved using several different models. In order of increasing complexity these are
the ideal solution, regular solution and Flory-Huggins models. Adding parameters
will necessarily improve the ability of a particular model to fit a collection of data,
however, a case must be made as to the physical nature of any constants used in
order to have a meaningful fit.

The ideal solution model is comprised of the simplifying assumption that the
interactions between solute and solvent molecules are indistinguishable from the
interaction between both solute-solute and solvent-solvent interactions, i.e. there
are no specific interactions of any type. As a result of this assumption, the enthalpy
of mixing must be equal to zero, the volume of the mixture is simply the addition of
the volumes of the two components of the solution and the fact ideal solutions must
always be completely miscible.

In the case of 12-HSA in the high boiling point solvents of interest here, the
ideal solution model would not be expected to produce realistic results; the
molecules making up the solute and solvents are dissimilar and there will be

differences in their interactions. The ability of these solute-solvent pairs to interact

34



via specific interactions such as hydrogen bonding will lead to significant deviation

from ideal solution behavior, as shown below in Figure 14.
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Figure 14: Ideal solution fit of the liquidus line of 12-HSA in DOP

One method of accounting for the non-idealities of more complex solutions
such as those of interest here is the use of the regular solution model. The regular
solution model removes the assumption that there is no enthalpy of mixing that was
made in the ideal solution model. The regular solution model assumes that the non-
ideal solution behavior is due to only the interactions between the solute and the
solvent. Further, it is assumed that these interactions can be described using an

interaction parameter, x.
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As shown in Figure 15, the regular solution model over predicts the melting
point of 12-HSA in the more concentrated sample while under predicting the
melting point at low concentration.
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Figure 15: Regular solution fit of the liquidus line of 12-HSA in DOP

As LMOGs such as 12-HSA are proposed to be used at low concentrations to
gel solvents, it is important to increase the accuracy of the prediction at
concentrations less than 1%. A model that under predicts the melting point of the
system will result in a higher apparent minimum gelation concentration and, as
such, a potential gelator could be ignored due to the artificially high concentration

necessary to gel a particular solvent.
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In Figure 16, the phase diagrams of the solvents tested show considerable
overlap regardless of their differing solubility parameters. These systems are more
complex than can be modelled exclusively using the change in solubility parameters.
There are other influences that determine the phase diagrams of these components.
One such factor is likely the change in the aggregation of the solute molecules. This
is a result of the presence of interactions not only between solute and solvent
molecules but also between solute molecules. It is also the case that the solvent

molecules can interact with one another.
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Figure 16: Overlaid phase diagrams of the solvents tested as determined by DSC

12-HSA is capable of forming dimers, tetramers and higher order aggregates

in solution. This behavior was fit to the Flory-Huggins equation by treating 12-HSA
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as a monomer unit and using the degree of polymerization to capture the average

number of monomers per aggregate, Dagg.

_ NV

Dagg - v, (3)

The conversion to Dy from the degree of polymerization of 12-HSA, N, is
necessary as the fit parameters are calculated using the molar volume of the solvent
as the basis for the Flory-Huggins site volume. The resulting fits are quite good and
rely only on two parameters and one additional fitting constant. Results of the fitting

are shown in Table 4.

Table 4: Flory-Huggins fitting results

AHP

N
DMP 2.60 1.36 0.40 126.6
DEP 2.85 1.81 0.67 127.8
DBP 3.90 3.32 0.20 125.0
DOP 3.01 3.63 0.73 106.0

DIDP 3.96 5.88 0.62 89.69
DTDP 2.30 4.11 0.75 94.02

1MN 16.7 7.42 0 136.4
C12 6.67 4.88 0.52 125.5
DEM 4.72 1.80 0.62 203.0
DPM 2.20 1.12 1.1 117.0
PCH 17.5 9.56 0.16 169.7
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Figure 17 shows the phase diagram of 12-HSA in DOP and the Flory-Huggins

fit to the liquidus line.
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Figure 17: Flory-Huggins fit of the liquidus line for a binary system of 12-HSA
in DOP

Treating the 12-HSA simply as a component that cannot aggregate, as in the
regular solution model, yields fits of poor quality. The melting and gelation behavior
is controlled by both entropic and enthalpic effects. When the 12-HSA aggregates, it
behaves as if it were a much larger molecule resulting in a significant change in the
entropic interactions between the gelator and the solvent. This leads to increased
complexity in system behavior due to the variable nature of 12-HSA aggregation. A
more representative schematic of gelation in systems containing 12-HSA is

presented on the following page in Figure 18.
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Figure 18: Schematic of gelation showing aggregated gelator
The Flory-Huggins model can be used to capture the added complexity of the
interactions between solute molecules. As shown in Figure 17, the fit is significantly

improved over the simplified fits that result from use of the regular solution model.
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Figure 19: Average number of aggregates, fit parameter B and the difference

in total Hansen solubility parameters in relation to the hydrogen bonding
component of the Hansen solubility parameter
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The resulting Flory-Huggins fit parameters show a convincing trend when
the degree of aggregation, Dggg, of 12-HSA is plotted against the hydrogen bonding
component of the Hansen solubility parameter, as shown in Figure 19 on the
previous page.

As the Hansen hydrogen bonding parameter increases, the degree of
aggregation generally decreases. The fit constant, B, is generally within the range
(0.2 to 0.6) that has been previously observed.#2 A higher Hansen hydrogen bonding
parameter indicates that there are increased hydrogen bonding interactions
between the solute and the solvent. It can be surmised that the increasing
interactions with the solvent decrease the relative energy penalty that occurs when
the 12-HSA remains in solution as a single molecule rather than an aggregate of two
or more molecules.

With regard to the minimum gelation concentration and the degree of
undercooling necessary to form a gel, there is little evidence of a trend with respect
to the Hansen hydrogen bonding parameter.

The values of the enthalpy of formation of pure 12-HSA, AH]QZ, are also very

similar to those calculated from the DSC trace when they are treated as variables in

the Flory-Huggins fit, as shown on the following page in Figure 20.
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fit values of enthalpy of formation of pure 12-HSA

It is possible to fit these systems by setting AHIQJ2 as a constant. The fit
parameter, B, is changed as a result. Increasing the value of B seems to modify the fit
curve in qualitatively the same way that increasing the value of AHJQ , does. It seems
that the fit parameter B can be said to describe the entropic contribution to the
behavior of the system. The entropic and enthalpic contributions are both
determined by the exact nature of the components of the system and can balance
each other; if the enthalpic contribution to the fit is decreased by setting AHIQ2 to a
value that is predicted by the Flory-Huggins model, the fit parameter B will be

increased to compensate for this and a different balance between enthalpic and

entropic driving forces will emerge.
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Control fits were also performed. The degree of polymerization of the
solvent, N;, was also allowed to vary and was found to improve the fit only slightly
when set to approximately 0.9. It is encouraging that this value is close to 1 which is
the expected value if the solvent molecules do not interact with one another.

There is little evidence of a change in gelation behavior over the range of
solvents. This is likely due to the competing effects of the change in the Hansen
hydrogen bonding parameter of the solvent and the change in the total Hansen
solubility, as shown above in Figure 19.

The average number of molecules per 12-HSA aggregate decreases as the
Hansen hydrogen bonding parameter increases. This is likely due to the interaction
of the 12-HSA with the solvent. In the case of solvents that can hydrogen bond, there
are interspecies interactions that interrupt 12-HSA aggregates. In those solvents
that are unable to hydrogen bond, i.e. solvents with a Hansen hydrogen bonding
parameter of zero, the aggregates are largest as there are no 12-HSA solvent
hydrogen bonding interactions in the system. In the case of our library of solvents,
the change in the Hansen hydrogen bonding parameter is balanced by the drop in
solvent quality, driven by the change in the total Hansen solubility parameter as
shown in Figure 19.

In order to find trends in future data sets, solvents should be selected not
only on the basis of their total solubility parameter; the Hansen hydrogen bonding

component of the solubility parameter should also be taken into account. This will
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ensure that the effect of the competing solution behaviors will not be masked by one
another.

The fit parameter B may be responsible for capturing the distribution of
aggregate size over the range of compositions. At high concentration, there is a
higher driving force for 12-HSA to form aggregates. At low concentrations, where
the driving force for aggregate formation is lower, the number of molecules present

per aggregate should also decrease.
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CHAPTERV

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The Hansen solubility parameters studied here have been shown to have
some effect on the ability of 12-HSA solutions to gel. The Hansen hydrogen bonding
parameter in particular has a large effect on the minimum gelation concentration of
these systems.

It can be concluded that the method of fitting DSC melting points of gels
formed by LMOGs in organic solutions can be fit experimentally using the Flory-
Huggins theory. The fits obtained have been shown to yield physically reasonable
parameters even when control fits are allowed to vary parameters of the system

generally reserved as constants.

Recommendations
In future studies, all components of the Hansen solubility parameters should
be examined to find a wide range of solvents that will provide as much variation in

gel behavior as possible.
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The 12-HSA should be verified to be optically pure and not racemic. Racemic
mixtures will result in a lower pure substance melting point in the Flory-Huggins
equation.

The presence of polymorphs should be studied using WAXS. If polymorphs
are present in the solute-solvent pairs studied, this must be taken into account when
the data are fit using Flory-Huggins theory. The melting point to the pure substance

will decrease if polymorphs are present.

46



(1)
(2)
(3)

(4)
(5)
(6)
(7)
(8)
9)
(10)
(11)
(12)
(13)

(14)

(15)

(16)

REFERENCES

Keller, A. Faraday Discuss. 1995, 101, 1.
Flory, P. . Faraday Discuss. Chem. Soc. 1974, 57, 7.

Wu, S.; Gao, J.; Emge, T. ].; Rogers, M. a. Cryst. Growth Des. 2013, 13, 1360-
1366.

Terech, P.; Pasquier, D.; Bordas, V.; Rossat, C. Langmuir 2000, 16, 4485-4494.
George, M.; Weiss, R. G. Acc. Chem. Res. 2006, 39, 489-497.

Sangeetha, N. M.; Maitra, U. Chem. Soc. Rev. 2005, 34, 821-836.

Edwards, W.; Lagadec, C. a.; Smith, D. K. Soft Matter 2011, 7, 110.

Jeong, B.; Bae, Y. H,; Lee, D. S.; Kim, S. W. Nature 1997, 388, 860-862.

Van Esch, J. H. Langmuir 2009, 25, 8392-8394.

Gao, J.; Wy, S.; Rogers, M. A. J. Mater. Chem. 2012, 22, 12651.

Vintiloiu, A.; Leroux, ].-C. J. Control. Release 2008, 125, 179-192.

Mukkamala, R.; Weiss, R. G. J. Chem. Soc. Chem. Commun. 1995, 375.

Wu, Y.; Wu, S;; Zou, G.; Zhang, Q. Soft Matter 2011, 7,9177.

Senra, M.; Scholand, T.; Maxey, C.; Fogler, H. S. Energy & Fuels 2009, 23, 5947-
5957.

Muro-Small, M. L.; Chen, J.; McNeil, A.]. Langmuir 2011, 27, 13248-13253.

Sakurai, K.; Jeong, Y.; Koumoto, K.; Friggeri, A.,; Gronwald, O.; Sakurai, S,;
Okamoto, S.; Inoue, K.; Shinkai, S. Langmuir 2003, 19,8211-8217.

47



(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)
(27)
(28)
(29)
(30)

(31)

(32)

(33)

Huo, Z.; Dai, S.; Zhang, C.; Kong, F.; Fang, X.; Guo, L.; Liu, W.; Hu, L.; Pan, X,;
Wang, K. J. Phys. Chem. B 2008, 112,12927-12933.

Hughes, N. E.; Marangoni, A. G.; Wright, A. ].; Rogers, M. a.; Rush, ]. W. E. Trends
Food Sci. Technol. 2009, 20, 470-480.

Fameau, A.; Cousin, F.; Navailles, L.; Nallet, F.; Boué, F.; Douliez, ].-P. J. Phys.
Chem. B2011,115,9033-9039.

Beginn, U.; Keinath, S.; Méller, M. Macromol. Chem. Phys. 1998, 199, 2379-
2384.

Lai, W.-C,; Tseng, S.-C.; Tung, S.-H.; Huang, Y.-E.; Raghavan, S. R. J. Phys. Chem. B
2009, 113,8026-8030.

Beginn, U.; Moller, M.; Keinath, S. Chem. Eng. Commun. 2005, 192, 1116-1128.

Burguete, M. [,; Galindo, F.; Gavara, R.; Izquierdo, M. A.; Lima, J. C; Luis, S. V;
Parola, a ].; Pina, F. Langmuir 2008, 24, 9795-9803.

Raynal, M.; Bouteiller, L. Chem. Commun. 2011, 47, 8271-8273.

Lindvig, T.; Michelsen, M. L.; Kontogeorgis, G. M. Fluid Phase Equilib. 2002,
203, 247-260.

Rogers, M. A.; Marangoni, A. G. Langmuir 2009, 25, 8556-8566.
Abdallah, D. J.; Weiss, R. G. Chem. Mater. 2000, 12, 406-413.
George, M.; Weiss, R. G. J. Am. Chem. Soc. 2001, 123, 10393-10394.
Liu, X. Y.; Sawant, P. D. Appl. Phys. Lett. 2001, 79, 3518.

Feng, L.; Cavicchi, K. A. Soft Matter 2012, 8, 6483.

Huang, X.; Raghavan, S. R.; Terech, P.; Weiss, R. G. J. Am. Chem. Soc. 2006, 128,
15341-15352.

Lescanne, M.; Colin, A.; Mondain-Monval, O.; Fages, F.; Pozzo, ].-L. Langmuir
2003, 19,2013-2020.

Liu, X. Y.; Sawant, P. D. Adv. Mater. 2002, 14, 421-426.

48



(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)
(42)

(43)

(44)

(45)

Gronwald, O.; Sakurai, K.; Luboradzki, R.; Kimura, T.; Shinkai, S. Carbohydr.
Res. 2001, 331,307-318.

Lu, L.; Cocker, T. M.; Bachman, R. E.; Weiss, R. G. Langmuir 2000, 16, 20-34.

Terech, P.; Rodriguez, V.; Barnes, ]. D.; McKenna, G. B. Langmuir 1994, 10,
3406-3418.

Grahame, D. A. S.; Olauson, C.; Lam, R. S. H.; Pedersen, T.; Borondics, F.;
Abraham, S.; Weiss, R. G.; Rogers, M. A. Soft Matter 2011, 7, 7359.

Takeno, H.; Mochizuki, T.; Yoshiba, K.; Kondo, S.; Dobashi, T. Colloid Polym. Sci.
2009, 136, 47-53.

Zhu, G.; Dordick, J. S. Chem. Mater. 2006, 18, 5988-5995.

Bielejewski, M.; Lapinski, A.; Luboradzki, R.; Tritt-Goc, J. Langmuir 2009, 25,
8274-8279.

Abdallah, D. ].; Weiss, R. G. Adv. Mater. 2000, 12, 1237-1247.
Barton, A. F. M. Chem. Rev. 1975, 75, 731-753.

Hertz Jr., D. L. In 123rd Meeting of the Rubber Division American Chemical
Society; Toronto, 1983.

Van Krevelen, D. In Properties of Polymers; 1990; pp. 189-243.

Hansen, C. M. Hansen Solubility Parameters: A User’s Handbook; 1st ed.; CRC
Press: Boca Raton, FL, 2000.

49



APPENDIX

This appendix contains DSC traces for each of the 12-HSA solvent systems
studied. The DSC traces are presented with exothermic heat flow up. The phase
diagram for each 12-HSA solvent system is also included. These plots show the
melting temperature, Tm, as determined from the presented DSC traces and the gel
transition temperature, Tge, as determined by the heat and tilt method. The Flory-

Huggins fit line is included labeled Ty, Fit.
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Dibutyl Phthalate
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Dioctyl Phthalate
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Diisodecyl Phthalate
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Ditridecytl Phthalate
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Diethyl Malonate
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Diphenylmethane
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Phenolcyclohexane
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Dodecane
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