HANSEN SOLUBILITY PARAMETERS AS A QUANTIFIABLE
TOOL TO STUDY 12HSA SELF-ASSEMBLY
By
SONGWEI WU
A thesis submitted to the
Graduate School - New Brunswick
Rutgers, The State University of New Jersey
In partial fulfillment of the requirements
For the degree of
Master of Science
Graduate Program in Food Science
Written under the direction of
Michael A. Rogers

And approved by

New Brunswick, New Jersey

October 2014
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Michael A. Rogers

Organogels are thermal reversible semisolid materials that show great potential for
use in foods to replace saturated fats and trans fats in processed foods. They are comprised of
an organic liquid and low concentration (~ 2 wt%) of low molecular-mass organogelators
(LMOGSs) that spontaneously undergo formation of three-dimensional (3-D) self-assembled
fibrillar networks (SAFiNs) capable of entrapping the solvent among the entangled
nanofibers.

SAFiNs formation requires the meticulous balance between contrasting solvent-
gelator interactions. To elucidate the role of solvent properties on molecular gels formation,
Hansen solubility parameters (HSPs) are used to correlate the nature of solvents to the
gelation behavior of 12-hydroxystearic acid (12HSA). The hydrogen-bonding HSP (&) is

found to be particularly useful in studying and predicting the solvent effect on 12HSA self-



assembly and ultimately on gelation ability. Transparent 12HSA organogels only form in the

2 \while solution remains

solvents studied with hydrogen-bonding HSP less than 4.7 MPa
when &, > 5.1MPa*?. A strong linear correlation has also been established between &, and
critical gelator concentration (CGC).

The macroscopic properties, microstructure and nanostructure of 12HSA molecular
gels illustrate the importance of the nature of solvents that greatly affect SAFIN properties
including: crystallinity, thermal properties, polymorphic forms, carboxylic dimer structure,
domain size, fiber morphology and microstructure. Each of the aforementioned properties is
influenced by &, and to a lesser extent the polar component of the HSPs (o). 12HSA in
solvents with a &, < 4.4 MPa form transparent organogels that contain fibrillar crystal
aggregates with the hexagonal polymorpic form. As the &, of the solvent increases, the
polymorph of 12HSA organogels undergoes transition from the hexagonal form to triclinic

parallel form, which corresponds to the transitions observed in dimer structure, crystal

morphology and the decrease in crystallinity.
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1.0 INTRODUCTION

Lipids are a large, diverse group of naturally occurring compounds important to
living organisms. More than just fatty acids and triglycerides (TAGS), lipids also include
many other compounds including: waxes, sterols, phospholipids, vitamins A, D, E, and K.*?
Depending on the presence or absence of double bonds in their aliphatic chain, lipids can be
either classified as saturated (without double bonds) or unsaturated (with double bonds) fats.
The unsaturated fatty acids, are also classified based on their geometric isomerization as
either cis or trans unsaturated fats.

Saturated fats occur naturally in animal-derived lipids such as meat and dairy
products and also in seeds oil such as coconut oil and palm oil.>*° The naturally occurring
trans unsaturated fats (or trans fats), on the other hand, can only be found in small amounts
in dairy products due to the biohydrogenation of the naturally-occurring microbiota in
ruminants.®’ Due to the more desirable properties of saturated fats (e.g. higher melting point,
better oxidative stability, more pleasant mouthfeel), the food industry has shifted towards
engineered lipids.*® For example, liquid vegetable oils that contain cis unsaturated fatty acids
are converted to semisolid hydrogenated fats through partial hydrogenation. Accompanied
with the generation of trans form unsaturated fatty acids, partial hydrogenation causes the
original unsaturated fats to become less unsaturated or completely saturated.”° Due to the
higher degree of saturation, hydrogenated fats have higher melting point and greater
oxidative stability.>'° They become appealing in food industry for their role as an economical
structural element used in artificial shortening and margarine,** a heat transfer medium due to
their heat stability,'® and as texture and palatability enhancers in baked goods.*? It has been
reported that the average consumption of trans fats is estimated to be 2 to 3 percent of total

energy consumed in the United States.®*3



Saturated fats and trans fats have drawn lots of attention due to the reported increase
in health risks associated with the consumption of these fatty acids. One of the concerns is
the elevated risk of coronary heart disease.>*** It has been reported that the combined effects
of saturated fats and trans fats mediate the blood cholesterol level by decreasing the level of
high density lipoprotein (HDL), a kind of cardioprotective cholesterol, and increasing the
level of low density lipoprotein (LDL), which can build up in blood vessels and narrow the
arteries causing atherosclerosis.>***>1® Other health concerns also include the metabolic
syndrome such as impaired insulin sensitivity, obesity and hypertension, which may further
promote other subsequent health issues like type 2 diabetes.'”'® As a result, related
regulations and dietary guidelines have been proposed to control the public’s dietary intake
of these fats. According to American Heart Association’s Diet and Lifestyle
Recommendations (2006 Revision), intake of saturated fats should be limited to < 7 % of
total calories consumed each day, and of trans fats should be limited to < 1 % of energy.™
This statement is consistent with the current Dietary Guidelines for Americans, which is
published by U.S. Department of Health and Human Services (HHS) and the U.S.
Department of Agriculture (USDA) every 5 years.”® As well, legislation requires
manufacturers, to declare the amount of trans fats on the Nutrition Facts label for all
conventional foods and supplements.?* Recently, the Food and Drug Administration (FDA)
announced a proposal that intends to eliminate trans fats from food supply.?

Increased awareness of the health effects of consuming saturated fats and trans fats as
well as stricter regulations, has caused the food industry to initiate reductions in the use of
these hardstock fats in producing fat-based food products and finding their substitutes. There
are several approaches proposed to remove trans fats but preserving the appeal is difficult

through modified hydrogenation, interesterification, fractionation and blending.?%* Our



present study is focused on a non-conventional solution for replacing saturated fats and trans
fats by using the molecular organogels technique to structure edible vegetable oil.

Molecular organogels, as a kind of soft materials, have attracted lots of interests
recently for their versatile utilization in numerous industrial applications.?? They are
thermal reversible quasi-solid materials mainly comprised of organic liquid phase different
from hydrogels comprised of water. The solute or gelator often functions at low
concentrations (as low as 0.5%), which are most often low molecular-mass compounds that
spontaneously undergo formation of three-dimensional (3-D) self-assembled fibrillar
networks (SAFiNs) capable of entrapping solvents among the nanofibers.?%"2¢293% Focysed
on food research, organogels can be considered as a novel structural material for their solid-
like rheological properties as well as their ability to incorporate liquid edible oils.®*
Numerous studies have focused on low molecular-mass organogelators (LMOGSs) and the
formation of organogel matrix; however, these studies are hindered mainly due to the
inability to predict and/or manipulate the microstructure of fibrillar network.?> The formation
of organogels relies on the self-assembly of LMOGs facilitated by weak non-covalent
interactions between gelator-gelator, and gelator-solvent.* This aggregation process is
affected not only by the organogelator properties but also the external conditions including
temperature, presence of co-surfactants and solvent properties.**** However, the vast
majority of studies are only focused on the gelators and neglect the role of solvent in the self-
assembled network.®

In this study, we analyze the effects of solvents on organogel formation by using
Hansen solubility parameters (HSPs). Widely used in polymer science, HSPs are recently
introduced by Raynal and Boueiller to be the most promising technique in studying the
relationship between solvents and gelator properties. 12-hydroxystearic acid (12HSA), a

simple organogelator, was selected for this study, which is derived from castor oil and has



been demonstrated to be a kind of simple yet effective organogelators.*® By using a broad
group of solvents and modifying the chain length within the same solvent class (i.e., pentane,
hexane, heptane, octane, nonane, decane, dodecane, tetradecane), the relationship between

the HSPs of the solvent and the physical properties of 12HSA organogels can be examined.



2.0 OBJECTIVES

In order to understand the precise role of solvents in the formation of 3-D SAFiNs,

the objectives are:

1) To examine HSPs as the useful tool in predicting 12HSA organogels formation
and to analyze any correlation between the individual HSP and the critical gelator
concentration

2) To examine HSPs as the useful tool in studying the solvents effects on the

nanostructure, microstructure and supramolecular structure of 122HSA SAFiNs



3.0 LITERATURE REVIEW
3.1 Gels

3.1.1 Concept and Definition

Gels are functional materials found in numerous applications including: toothpastes,
hair gels, moisturizers, sanitizers, etc.®’*® Food and/or food ingredients such as egg white,
surimi, jams and jellies are also produced via gelation. Gels also have applications in

39,40,41

numerous other fields, such as in transdermal or mucoadhesive drug delivery, and tissue

engineering.*” Innovative synthesized soft materials are attracting more interest in materials

3743 which include

science, in part because of their natural role in biological organisms,
mucus,* cartilage, tendons,* etc.

The concept of “gels” has been evolving for more than a hundred years since Thomas
Graham first attempted to define such a material in 1861: “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”.>*® The definition at that time was vague and inaccurate and it was not until 65
years later that Dr. Dorothy Jordon Lloyd stated a more comprehensive description of gels.*
Her definition addressed the structural aspects of gels by proposing the idea of “two
components - the gelators and the solvent” that constituted gels system and she also
commented on their viscoelastic properties.’**® These definitions are solely based on the
qualitative macroscopic observations reflecting the limited analytical techniques of that
time.% Over the next couple of decades, the definition of gels progressed and several other
definitions have appeared. In 1949, Hermans was the first to relate the macroscopic

properties of gels to the microscopic characteristics.”®*’ He depicted gels as “a coherent

colloid systems composed of at least two components that exhibit mechanical properties of



solid states and each component is extended continuously throughout the entire system”.%*’

Due to the complexity of gels, Ferry further refined the definition of gels to be less rigid but
more descriptive - “a substantially diluted system which exhibits no steady state flow” 3%
Generally, as stated in a review by Terech and Weiss, a gel is defined as a substance with: 1)

a continuous structure that has macroscopic dimensions, which is permanent on the time

scale of an analytic experiment; and 2) that is solid-like in its rheological behavior.?®

3.1.2 Gel Classifications

Various ways have been proposed to categorize gels by different criteria such as
optical, thermal and mechanical properties.® A general classification applied for both organic
and inorganic gels was proposed by Flory based on the structural criteria that has included
gels into 4 categories: 1) well-ordered lamellar structure, 2) covalent polymeric network, 3)
polymer network constructed upon physical aggregation, 4) particulate, disordered
structure,***°

According to Flory’s description, gels are formed through the cross-linking of the
molecules randomly distributed in space to create a 3-D network and such description has
since become widely accepted as a typical model for gels.>** Flory’s gels can be obtained

either by chemical or physical cross-linking process.>*

A Solvent B

Covalently bonded polymer Gelator

Figure 3-1 A schematic description of chemical gels network (A) with junction points
and physical gels network (B) (Adapted from Kato et al., 2007 ).



When chemical cross-linking (or formation of covalent bonds) is involved in the
gelation process, a certain numbers of junction points are formed via covalent interactions in
the cross-linking regions, which are not affected by the variation of external conditions such
as temperature, pH, and stress due to the nature of covalent bonds.>**> Therefore, such gels
formed are thermally irreversible and establish attributes of being robust and have a relatively
high degree of elasticity.®”*® Many industrial synthetic materials are found to fall within this
category of gels such as polyester, polyacrylamide, and polyethylene.®**’

Conversely, physical non-covalent interactions (which may include intermolecular,
intramolecular or a combination of both), result in gels that are sensitive to the external
environment and undergo a gel-sol transition in response to changes in temperature.>* The
formation of cross-linking regions, in physical gels, is based on non-covalent interactions
including: ionic interactions, hydrophobic interactions, hydrogen-bonding interactions, van
der Waals interactions, and 7n-m stacking.>**® This kind of gel includes most naturally
occurring gelators (i.e., collagen, starch, and agar) and are widely used in the food industry as
thickening agents to modify viscosity.*® They also include many synthetic materials such as

38,57

polyvinyl chloride (PVC), polyacrylate, and polymethacrylate.
3.2 Molecular Gels

3.2.1 Introduction

Although the vast majority of gels are formed using polymeric macromolecules, there
are several gels comprised of small monomers or LMOGs and typically termed molecular
gels.®**® Unlike Flory’s prototypical cross-linked gel model, molecular gels are constructed
based on molecular self-recognition or self-assembly of LMOGs. Cross-linking networks are
not typically required in their microstructure.® LMOGs typically have a molecular weight

less than 3000 Daltons and tend to self-assemble into extended fibers at low concentrations



(usually < 2 wt % and can occur at concentrations as low as 0.5 wt %) in the appropriate
solvent, 62930

The initial step, to form a molecular gel, is typically to dissolve LMOGs in the
solvent at an elevated temperature above the melting temperature of the gelator to produce a
solution. After which, the sol is cooled below its characteristic gelation transition temperature
(Tger)-2*°* The solution becomes super-saturated and the gelator molecules self-assemble to
form a SAFIN that further self-aggregates to build up the supramolecular 3-D matrix, which
immobilizes the liquid component. Unlike nucleation for typical spherulitic crystals, SAFiNs
undergo microscopic phase separation, via stochastic nucleation once the solution is super-

saturated and not macroscopic phase separation.*

3.2.2 Self-Assemble Firbillar Networks (SAFiNs)

SAFiNs formation is driven and stabilized by weak non-covalent interactions
between gelator and gelator, gelator and solvent such as hydrogen bonding, n-m stacking,
dipole-dipole interactions, electrostatic forces, metal-ligand coordination, hydrophobic
effects and van der Waals interactions.?®3"*8596% The highly specific interactions facilitate the
preferential 1-D growth of crystal-like structure including fibers, strands and tapes. These
aggregates serve similar functions of polymer chains in the polymer gels.**3*%! They further
entangle and interact with each other to construct the higher order 3-D porous matrix. The
strong entanglement and highly branched structures within the matrix render supramolecular
structures that are rigid and able to entrap the fluid component by surface tension and
capillary forces.8%6263

To better explain the mechanism of the SAFiNs formation, a hierarchical model has

been proposed to describe the self-assembly process of LMOGs from the microscopic scale
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to the macroscopic scale.®*®* There are three levels of structure involved in this

transformation as described in Fig. 3-2.

"\“j\
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Figure 3-2 From left to right: the primary, secondary and tertiary structure of the self-
assembled physical gels network (Taken from Estroff et al., 2004).%

The primary structure of SAFiINs is built upon the aggregation of the gelator
molecules via non-covalent interactions.*®® Self-organization of the primary structures
occurs through weak, non-covalent interactions creating the secondary 3-D structure such as
fibers, rods, ribbons, sheets or other aggregates with large aspect ratio.’®®*®® The formation
of the different morphologies for this level of structure relies on physical interactions (i.e.,
strength and directions) as well as the structure of LMOGs.**©06

The aggregation process for both primary and secondary structures are greatly
affected by different factors that control the axial and epitaxial growth of fibers®**>°8 and the
meticulous balance between factors that control solubility and precipitation.?®® The final
tertiary supramolecular network comprised of individual SAFIN interacts forming the final
porous gel system, which also determines the macroscopic properties of the materials.32%>%’
The large solid-solvent interfacial area allows for the effective entrainment of the liquid

component in pores of the network.?***% Unlike the primary and secondary structure, the

tertiary structure is determined by the type of interactions between SAFiNs.®*®® Junction
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zones are the regions of interactions between the polymer-like SAFINs strands, which
connect these fibers into the 3-D supramolecular structure.?*°

Junction zones can be either transient or permanent as displayed in Fig. 3-3.% The
transient junction zones rely on fiber entanglement and two major non-covalent interactions:
hydrogen bonding and van der Waals forces, which are affected by the nature of the
solvent.**® The permanent junction zones, on the other hand, arise due to crystallographic
mismatches at the interface of growing fiber crystals.®*® Driven by the degree of
supersaturation and undercooling, crystallographic mismatches are governed by the
nucleation and growth mechanism of the gel network.%*®® The occurrence of crystallographic

mismatch branching results in branched points along the fiber leading to either side-

branching or tip-branching from the growing fibers.®* Due to the division, permanent junction

zones provide mesh-like networks that are effective at entraining liquids.®*®
- , ............................................ Et ...... It
& i i 4. ntanglement :
_/_ P o : Trans.lent * : g :
~ / ~ ¢ Junction of Fibers :
-~ o : :
\ / : :
s :
v/  Tip Branching

R o) Py :> ‘1*  of Fiber
Junctions | Junction 7 :
: : ~ {T; SideBranching

Fibers ' of Fiber

Figure 3-3 Fiber network with the illustration of two kinds of junction zones: transient
junction zones and permanent junction zones (Taken from Wang et al., 2006).%*

3.3 Organogels
Depending on the entrapped solvent properties within the fibrous network, molecular
gels can be further classified as: organogels and hydrogels.®*® Organogels contain organic

liquids immobilized as the solvent and hydrogels contain water as the liquid component.
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Organogels formation process is mainly affected by two important factors. One is the
chemical structure of organogelators.”® Even the mechanism for linking the molecular
structure of a gelator to its gelation capacity and its influence on SAFiINSs is not clear yet, it
has been observed that the subtle changes in a gelator’s structure have great impacts on the
nanoscopic crystal packing, which renders changes in organogels’ formation and
properties.””" 2 The other factor is the nature of solvents. Many studies have stated that
solvent polarity plays an important role in the gelation efficiency of many LMOGs to
construct SAFiNs. When the gelators interact more with the solvent, the active binding sites
on gelators are more likely to be solvated, which impedes the gelator-gelator interactions and

therefore affects the rigidity of molecular gels network.”®™

3.3.1 Applications

Two comprehensive reviews done on organogels (Abdallah & Weiss, 2000; Terech &
Weiss, 1997) have outlined their current and future roles in many areas.”®?° For example, in
the lubrication industry, 12-hydroxyoctadecanoic acid has been studied for its use in
restricting and maintaining the oil component in lubricating greases applied on various
mechanical surfaces.”®” Divalent or trivalent metal soaps have been used as thickening
agents.?®’® In the petrochemical industry, phase selective gelation with organogelators has
been shown to be effective in the crude oil spill recovery.?®*® Drug and vaccine delivery
using organogels have shown advantages due to their ability to incorporate not only the
hydrophilic drug materials but also lipophilic ones that are usually difficult to be delivered
and released by the traditional carriers.””’® Depending on the chemical properties of the
organogelator and solvent, as well as the processing conditions, organogels can be designed
77,79

with various physical-chemical properties for drug delivery via oral and topical routes.

Industrial applications of organogels in food may exploit them as a trans and saturated fat
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replacer.?” For example, organogelation makes it possible to restrict oil migration between
lipid phases in food products such as cream-filled chocolates or baked cakes due to their oil
binding capacity.?"#°8! Other examples of potential applications of organogels also include:

aviation fuel,?® energy transfer and light harvesting,® protein crystallization,® cosmetics,?*%’

29,30,60,83 | 26
H

artwork preservation, heat insulation or acoustic applications of xeroge

purification and separation tools,”® molecular devices as sensors or actuators,?®*® templates

38,84,85

for assembling nanoparticles and batteries and electrochemical competitors.®

3.3.2 Low Molecular Weight Organogelators (LMOGS)

Considering the various potential applications of organogels, numerous studies have
been conducted to discover LMOGs with desirable molecular structures and properties.
Numerous LMOGs have been reported to be able to effectively immobilize various kinds of
organic solvents ranging from n-alkanes to the complex substituted steroids or salts.?™
Slight changes in the molecular structure many result in significant changes in the crystal
structures.”

Long chain n-alkanes only self-aggregate driven by the London dispersion forces due
to the lack of any functional group in their structure.” However, the addition of functional
groups to the long alkyl chain offers an opportunity to increase other non-covalent
interactions. For example, terminal substitution of alkyl chain with a carboxylic acid
functional group introduces hydrogen-bonding interactions to the total intermolecular forces
besides the London dispersion forces (i.e., stearic acid).””®” However, these organogelators
are still weak.®” To further enhance the intermolecular interactions, other functional groups
can be incorporated into the interior structure of gelator molecules.”®#’

Research has focused on discovering different LMOGs, which are focused on the

organogel structure, gelation modes in specific solvents and current or future applications.
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LMOGs, can be classified into different groups to aid in the understanding and design of new
LMOGs. For example, Terech and Weiss have grouped many of the known LMOGs into
several classes, which are fatty acid derivatives, steroid derivatives, anthryl derivatives,
amino acid types, organometallic compounds, steroidal and condensed aromatic rings

contained molecules, two-component systems and other miscellaneous types.

3.3.3 12-Hydroxystearic Acid (12HSA)
12HSA is derived from ricinoleic acid, a naturally occurring material obtained from

castor seed oil, in which ~ 90% of the total fatty acids content is ricinoleic acid.?"®

Figure 3-4 Ricinoleic acid (A) converted to 12HSA (B) by hydrogenation (Taken from
Mutlu et al., 2010).%

As shown in Fig. 3-4, ricinoleic acid is an unsaturated -9 18-carbon fatty acid with a
hydroxyl group attached to the C-12 position.?® 12HSA is obtained by completely
hydrogenating ricinoleic acid. The conformation of 12HSA was first clearly discussed by the

work of Kuwahara et al., which is displayed in Fig. 3-5.1"#%
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Figure 3-5 Numbering of atoms and conformation of DL-12-hydroxystearic acid (Taken
from Kuwahara et al., 1996).%

With a hydroxyl group attached to C-12 position, 12HSA strands interact with each
other and arrange into lamellar structures via hydrogen bonds between the hydroxyl groups at
position C-12 along the a-axis as displayed in Fig. 3-6.17°% The distance between the O3-
03 (on 12-hydroxyl group) physical bond is 2.87 A.®° The aggregation results in a zig-zag
pattern with a 107 °angle of C12-03-03 (on 12-hydroxyl group).'”® The twist in pattern is
due to the all-trans configuration adopted by hydrocarbon chain in the molecules along with
the 12-hydroxyl group.!”® There is a deviation observed at C10-C11-C12-C13 with an angle
of 107.3<only found in 12HSA instead of stearic acid, which may also partly account for the
twisted helical structure.}”*® Carboxylic head groups from two neighboring 12HSA
molecules form dimers through hydrogen-bonding interactions.*”®” The overall structure of
12HSA aggregates in organic solvent is shown in Fig. 3-7 with the hydrogen-bonding
network displayed both vertically and horizontally. It is the gel network of one of the
enantiomer forms of 12HSA ((R)-12HSA) molecules that form cyclic carboxylic dimers

between molecules.®’
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Figure 3-6 Crystallographic structure of 12HSA showing the hydrogen bond sequence
along the a-axis (Taken from Kuwahara et al., 1996).%

Figure 3-7 Structural model of the (R)-12HSA aggregates in organic solvents (Taken
from Mallia et al., 2013).%’

Currently, 12HSA has not obtained GRAS status for its use in foods, but it has
potential for future use in food due to its naturally-derived nature. 12HSA is non-toxic when
compared to other toxic gelators studied.?® The simple structure and non-toxic properties
were the main reasons why 12HSA was selected for further studies into its gelling behavior
in different solvents. Other reasons that have driven our interest towards this kind of gelator
also include: 12HSA can be easily obtained in large quantities in its (R) enantiomer form,®#°

Extensive studies have been conducted on 12HSA gels and it is well documented that 12HSA

efficiently gels organic solvents including carbon tetrachloride, benzene, toluene, methanol,



17

|65,91,92 |.25,87,93 It is

chloroform, mineral oi and edible oil such as safflower oil and soybean oi
documented that the microstructure of 12HSA organogels is solvent dependent. Therefore,
solvents can greatly affect the gel network having significant effects on the macroscopic

properties of the gel such as hardness, degree of crystallinity.?>*

3.4 Solubility Parameters

In an attempt to correlate solvent’s properties to the gelation behavior and
macroscopic properties of organogels, various approaches have been proposed. The simplest
approach utilizes the dielectric constant (¢) of the solvent to quantitatively investigate the

influence of solvents on gelation of specific gelators.***% Other bulk solvent parameters
such as Reichardt’s E; parameter scale have been widely used since they are simple ways to

quantify and measure the solvent’s properties.®*?" However, these approaches have poor
correlations to gelation ability and do not accurately reflect the specific interactions required
on the molecular level.®**® To solve this problem, multi-parameter approaches have been
developed such as the Kamlet-Taft parameters that have been used to investigate the specific
solvent-gelator interactions.”®%% Kamlet-Taft parameters account for different solvent-
solute interactions including the hydrogen bond donation ability (), hydrogen bond acceptor
ability (8) and dipolarity-polarizability (z"). However, previous studies indicated that Kamlet-
Taft parameters only apply to some LMOGs and are not universal parameters.®”

Solubility parameters, although a new tool for organogels, have been well established
in polymer science.'®*® They have found their greatest use in polymers, co-polymers, and
multi-component solvents systems.9%1%%1%4 For example, solubility parameters are applied in
the coating industry for selecting compatible solvents and surface characterization of

pigments, fibers and fillers.'® Based on the basic principle “like-dissolve-like”, solubility

parameters serve as a useful tool to measure the similarities between solvents, polymers,
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pigments, substrates, etc.'%?

A recent study by Raynal and Bouteiller, on the other hand,
proposed a more promising technique using Hansen solubility parameters to assess the
gelation behaviors of numerous LMOGs.*® It was shown to correlate well with gelation

behavior with only a few exceptions.®**%

3.4.1 Hildebrand Solubility Parameters
First introduced by Hildebrand and Scott, the Hildebrand solubility parameter was

102,106,107,108 " \yhich is based on the

developed to describe the miscibility behaviors of solvents,
fact of dissolution governed by the free energy change during mixing of polymer and solvent

as described in the following equation:'%*

AG, =AH_-TAS, (Equation 3-1)
where the Gibbs free energy change on mixing (AG,,) is dependent on the enthalpy change (

AH_ ) and the entropy change (AS,,) on mixing. Mixing occurs spontaneously when the free

energy change is negative. Phase separation, which results in demixing, contributes a positive
value to the free energy change. Based on the assumption in polymer science that the
dissolution of the polymer is accompanied by a minor increase in entropy, enthalpy then
becomes the deciding factor in determining the sign of the Gibbs free energy change.'%*%
Therefore, the solubility parameters were developed solely based on the change in the
enthalpy of mixing.'*

Hildebrand and Scott'®" and Scatchard'® proposed the following equation to describe

the enthalpy change in the mixing process:

AE! ., ,AE
AH, =V ()" -(52)
V2

V,

1

Y2)2 ¢, (Equation 3-2)
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where V is the volume of the mixture, V, is the molar volume of species i, ¢ is the volume
fraction of i in the mixture and AE; is the energy of vaporization of species i under

isothermal vaporization of the saturated liquid. AE;, when denoted as the energy of

vaporization per volume (cm?), is the cohesive energy density (CED).!%* Vaporization occurs
when the intermolecular non-covalent bonds between molecules are broken, therefore CED is
a direct measure of the total attractive strengths between molecules.’®*!%* The Hildebrand
solubility parameter (6,) is derived from CED and has been defined as the square root of

CED:'®

AE
V.

5,=(

)“? (Equation 3-3)

There is an assumption that similar CEDs are correlated with mutual solubility, so
Hildebrand solubility parameter can be viewed as an important tool in predicting solubility
relationships reflecting the affinity between molecules.’®*'** However, Hildebrand solubility
parameter fails to elucidate the different interactions between molecules and the association

between each other.'%

3.4.2 Hansen Solubility Parameters (HSPs)

Generally, three kinds of interactions are present in common organic solvents that
include the dispersion, polar and hydrogen-bonding forces. Dispersion forces are the most
common intermolecular interactions and are the only attractive forces present in non-polar
symmetrical molecules such as alkanes.!® The permanent dipole-dipole interactions give rise
to a second type of intermolecular forces and are found in most molecules to various strength
and extent. Hydrogen-bonding forces can be viewed as the special dipole-dipole interactions

that occur between polar molecules where the hydrogen atom attached to an electronegative
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atom is attracted to another electronegative atom in a different polar molecule such as
fluorine, nitrogen or oxygen. The large difference in electronegativity between hydrogen and
the electronegative element renders hydrogen-bonding forces the strongest intermolecular
interactions.'® HSPs, decompose the total cohesive energy (E) into three individual energies
that represent the contributions from each of the three most basic intermolecular

interactions,'® as shown in the following equation:

E =E, +E, +E, (Equation 3-4)
where E, is the dispersion cohesive energy, E, is the polar cohesive energy, E, is the

hydrogen bonding cohesive energy. And the following equation can be derived by dividing

Equation 3-4 by the molar volume of the solvent:*?

52 =6,+6,"+6,” (Equation 3-5)

where &, is the Hansen dispersion force component, &, is Hansen polar component, and 0, is

Hansen hydrogen-bonding component with the unit dimension of (MPa'/?).

3.4.3 Group Contribution Methods (GSMs)

Solubility parameters can be approximated through various methods such as direct
measurement, indirect methods or correlations with other physical parameters.’® For low
molecular weight materials including solvents, it can be directly calculated by measuring the
energy of vaporization.!®*! However, for polymers and other larger molecular weight
materials, instead of direct measurements, indirect methods are used based on solvency
testing, determination of osmotic pressure of polymer solutions and swelling values.***!*

Correlations are also used by relating the physical parameters of polymers such as refractive

index to the calculations of solubility parameters.*?
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The group contribution methods (GSMs), an alternative to experimentally determine
HSPs, has been used extensively to estimate solubility parameters.™**4* This method is
based on the assumption that the contributions of each functional group of the molecules to
the overall thermodynamic property are additive when there is only one polar or hydrogen-
bonding functional group present.'®**** As shown in following equations, the three Hansen

components can be estimated by Hoftyzer and van Krevelen’s method:***

O, :¥ (Equation 3-6)

2
2F°,

5 =NT_ P uation 3-7
v (Eq )

p

=
o, = ,,zv "L (Equation 3-8)

where Fg; is the dispersive functional group value, Fy; is the polar functional group value, Ex;

is the hydrogen-bonding functional group value; V is the molar volume.

3.4.4 Hansen Space
To visually display the three HSPs of solvents or polymers, Hansen space utilizes a 3-

192 A 3-D coordinate axis is constructed

D presentation that has been proposed by Hansen.
with the three HSPs (6, , J, ,0,) serving as the X, Y, Z axis respectively. As shown in Fig.

3-8, each random solvent or polymer thus can be treated as a point where their HSPs vectors

converge in Hansen space.*
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Figure 3-8 Plot of solvents (S) and polymers (P) in Hansen’s 3-D model with each axis
representing the individual HSPs (Adapted from Archer et al., 1991).102%

Lots of observations have shown that good solvents, for a specific polymer, tend to
cluster within a region away from immiscible solvents in Hansen space.’®? The specific
region where solute-solvent combinations exist as a solution is termed the “solubility
sphere” 192117118119 Thrgygh trial and error, solvents tested are plotted in Hansen space to
construct the solubility sphere with the radius of the sphere indicated, which is known as the
“interaction radius” and denoted as Ry 12

When the interaction radius of a specific polymer is obtained, the corresponding
solubility sphere can be developed in Hansen space with the HSPs of the polymer
corresponding to the center of the solubility sphere. Generally, for a polymer to dissolve, the
solvents must lie within the solubility sphere.’® In order to compare the distance between
solvents and the polymer with known Ry an equation has been developed by Skaarup to

determine the straight-line distance (R,) between two points, which represent the two

materials, in Hansen space.'%

(R)? =4(8y4,-641)" +(8,,-6,1)" +(6,, - 84)° (Equation 3-9)

where 6, 9, Oy, are HSPs of the two materials respectively. The

pL?

oq,and Oy, , O

p2

constant “4” is used to correctly illustrate the solubility data as a sphere in Hansen space.'%?
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Therefore, by comparing R, with Ry of the polymer, the favorable solvents should be those

with R, less than Ry,

Polar component, &
=

Dispersion component, &4

Figure 3-9 The Solubility sphere in Hansen’s 3-D model with interaction radius Rg
depicted (Adapted from Hansen et al., 1971).*

3.4.5 Teas Plot
Another graphical technique widely used for displaying HSPs is a triangle plot
developed by Teas that helps visualize all three parameters on a two-dimensional ternary

graph, whereby each solvent can be interpreted as a point.*?

100
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0 10 20 39/40 50 60 70 80 90 100
40 fo

Figure 3-10 Solubility parameters of any solvent or polymer can be displayed in the
ternary Teas plot.
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Instead of using original HSPs, “fractional parameters” are applied in a Teas plot,
which are generated by dividing each original HSPs by their sum as shown in the following
equations.?319211% |n this way, three component forces are correlated to each other and the
information on how much each constituted force is contributing to the overall cohesive
energy can be displayed.

% (Equation 3-10)

fi=—9
5,46, +3,

1)
=——" __ (Equation 3-11)
P 6y +6,+6,

% (Equation 3-12)

", 45, + 0,

where f,, f , f, are Teas parameters that represent dispersive interactions, polar

p
interactions and hydrogen-bonding interactions respectively.

Teas plots can be a very useful tool to study the solubility of solvents or polymers.
Similar to Hansen’s solubility sphere, many studies previously done have shown that the
“good solvents”, which show active interactions with the polymer can be marked out in a
specific region separated from the “bad solvents” in Teas plot.** Therefore, a Teas plot can be
a useful tool to study the solubility behavior of a specific polymer in untested solvents by
determining the solvent’s position with respect to the polymer’s position in Teas plot. "%
Meanwhile, this plotting technique also plays an important role in aiding solvent blending to
create solvent mixtures that exhibit selective solubility properties for some specific
applications.'! One of the examples is the application in art conservation where old paintings
are restored by removing the old varnish while protecting the original masterpiece that stays

intact 102,124,125,126
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4.1 Abstract
HSPs predict the capacity of molecular gels to form in a vast array of organic solvents.
The prediction ability for 12HSA is closely associated with the hydrogen-bonding HSP (o).

Solvents with a hydrogen-bonding HSP less than 4.7 MPa?

produce clear organogels,
opaque organogels formed between 4.7 MPa'? < &, < 5.1 MPa? and solution remains when
the hydrogen-bonding HSP is greater than 5.1 MPa'2 Furthermore, the critical gelator
concentration (CGC) is linearly correlated with the hydrogen-bonding HSP. Solvents with the
same functional group, which varied only by chain length, have correlations between the

static relative permittivity, total HSP, dispersive HSP, polar HSP and hydrogen-bonding HSP

and the CGC.

4.2 Introduction

Organogels are thermal reversible quasi-solid materials mainly comprised of organic
liquids that undergo spontaneous formation of SAFiNs."** The non-covalent interactions
within these small molecules are capable of structuring fluids, preventing flow and improving
the mechanical properties of some solids.*® Numerous practical applications of organogels
are being investigated pertaining to photovoltaics,® light harvesting,” templating reactions,’
controlled drug release,® and reversible photoisomerization.®

SAFiINs, in organic solvents, require a meticulous balance between contrasting
parameters including solubility and those intermolecular forces that control epitaxial growth
into axially symmetric elongated aggregates.”'®™ The precise ratio of gelator-gelator
interactions to gelator-solvent interactions is established to play a central role in the
formation of an organogel; however, the direct effects of solvents on the physical properties
are not well understood.®'? As solvent-gelator interactions increase, the likelihood of

directional gelator-gelator interactions decreases leading to thicker fibers.>** In general,
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optimal gelation is achieved when the solvent and gelator are unable to form intermolecular
hydrogen bonds and the SAFiN is comprised of thin entangled fibers.”* Typically, the

intermolecular forces that drive aggregation are non-covalent in nature and include hydrogen-

14,15,16,17 18,19

bonding, n-rt stacking, dipole-dipole, and London dispersion forces,”® however,
the vast majority of reported organogelators are driven to spontaneously self-assemble by
hydrogen bonding.® %

Due to the interplay between solvent and gelator, numerous attempts have been made
to correlate solvent parameters to gelation ability."*** The most promising technique was
recently presented by Raynal and Bouteiller where they preformed a meta-analysis, applying
the HSPs to numerous LMOGs evaluating gelation behavior.? Their meta-analysis revealed
that the solvents which gelled had similar HSPs with only a few exceptions.?? Numerous
other measures of solubility have been applied to individual organogels which include

2324 Hildebrand solubility parameter” and the aforementioned

dielectric constants,
HSPs.22242> Solubility parameters, although a new tool for organogels, have been well
established for polymers, co-polymers, and systems employing multi-component
solvents.®®?"?® From an industrial perspective, understanding the interactions between
solvents and gelating molecules is of utmost importance. The objective of this manuscript is

to scrutinize HSPs for a much wider class of solvents and to observe if significant trends exist

that may correlate the individual HSPs to the CGC.
4.3Materials and Methods

4.3.1 Materials
Several classes of organic solvents were sub-divided into solvents capable of
hydrogen-bonding, apolar and polar solvents (Table 4-1). The selection criteria for solvents

were maintained as simple as possible with the aliphatic chain being linear, saturated, the
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functional group located in the primary position and the solvent must be in a liquid state
between 10 °C and 30 °C. The only exceptions to these selection criteria were the ethers and
ketones where the functional group was located in the exact middle of the molecule. Apolar
solvents included aliphatics (pentane, hexane, heptane, octane, nonane, decane, dodecane and
tetradecane), cycloalkanes (cyclopentane, cyclohexane and cyclooctane) and methyl halides
(carbon tetrachloride, dichloromethane and chloroform). Polar solvents were subdivided into
four categories: aldehydes (hexanal, octanal, nonanal and decanal), ketones (2-propone, 3-
pentone, 4-nonanone, and 6-undecanone), ethers (diethyl ether, dipropyl ether, dibutyl ether
and dipentyl ether) and nitriles (ethanenitrile, propanenitrile, pentanenitrile, and
hexanenitrile). Hydrogen-bonding solvents were also divided into four groups, alcohols (1-
butanol, 1-pentanol, 1-hexanal, 1-heptanol, 1-octanol, 1-nonanol, and 1-decanol), carboxylic
acids (1-propanoic acid, 1-butanoic acid, 1-pentanoic acid, 1-hexanoic acid, 1-heptanoic acid,
1-octanoic acid, and 1-nonanoic acid), thiols (1-pentanethiol, 1-hexanethiol, 1-heptanethiol,
and 1-octanethiol) and amines (1-butamine, 1-pentanamine, 1-hexamine, and 1-octanamine).
All solvents and (R)-12HSA were obtained from Sigma-Aldrich (Cherry Hill, NJ, USA) with

purity greater than 95%.

4.3.2 Methods

Gel Test: 12HSA was dispersed in each solvent at varying concentrations not
exceeding 3 wt%, heated to 100 °C for 20 min, and stored for 24 h at 20 °C; the vial was
inverted for 1 h and if the material did not flow it was considered to be gelled.

Solubility Parameters: Dielectric constants were obtained from literature and were
reported between 20 °C and 25 °C.?° HSPs were obtained from literature®® or were calculated

from GCMs, which is a widely accepted technique for approximating HSPs, 30313233
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4.4 Results and Discussion

The ability to predict gelation behavior of organogels has been elusive due to the
meticulous balance of contrasting parameters including solubility and the intermolecular
forces controlling epitaxial growth. The solubility parameters, of the selected organic
solvents, cover a vast breadth of static relative permittivities (1.82 to 37.5) (Table 4-1) as
well as a large portion of Hansen space (Table 4-1 and Fig. 4-1). Due to the apolar nature of
the solvents, the dispersive component of Hansen space is restricted, even though almost all
of solvents fall within a narrow range of dispersive components (14 MPaY? < & < 20
MPa?).2” Typically, if the solvent has a dispersive component below 14 MPa™, it is in the
gaseous state at atmospheric pressure and above 20 MPa*?, the solvent is a solid at 20 °C to
30 °C. The dispersive component of HSPs is linearly correlated to the carbon length, while

the polar and hydrogen-bonding HSP are inversely correlated.

';

1
.

op (MPa®$)
°

T\.

.“... / e &
oo
, (Apa?)
1
%
o
L]

-

°

Iy "y
0 VA an Ten
14 15 16 17 1

od (MPa®5)

8

j 1 1

15167

3,( wra™)

10
sh (MPa%9)

. 0 s Alkane « Nitrile
P . « Halide * Alcohol
1‘“ . '.':o .3‘ . Aldehyde e Thiol
2 ‘51 . . ° Ketone e Acid
. » « Ether « Amine
5

10
dp (MPa®%)

Figure 4-1 Hansen space of the selected solvents categorized by functional group located
in the primary position with varying aliphatic chain lengths. Lower left area was the
region of Hansen space where solvents gelled.
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Table 4-1 Static relative permittivities (&) obtained at 20 °C,?°* HSPs estimated using the
GCMs,® and distance in Hansen space from 12HSA (& = 16.59 MPa'?, &, = 2.86
MPa'?, & = 6.77 MPa*?), CGC and appearance of 12HSA in various solvents.

Organic Solvent Chemical Structure & St L Sp Sn Rij CCG State
Unitless | MPa'2 | MPa? | MPa? | MPa'/2 | MPa? | WT%
Apolar
Pentane CH3(CH,)3CH5 1.82 14.90 14.90 0.00 0.00 9.11 0.5 Clear
Hexane CH3(CH,)4CH3 1.89 14.90 15.30 0.00 0.00 9.11 0.4 Clear
Heptane CH3(CH,)sCH5 1.91 15.30 15.50 0.00 0.00 8.66 0.3 Clear
Octane CH3(CH,)6CH3 1.95 15.50 15.70 0.00 0.00 8.45 0.3 Clear
Nonane CH3(CH,)7CH5 1.99 15.70 15.70 0.00 0.00 8.26 0.25 Clear
Decane CH3(CH,)sCH3 2.00 15.70 16.00 0.00 0.00 8.26 0.2 Clear
Dodecane CH3(CH,)10CH5 2.04 16.00 16.20 0.00 0.00 8.01 0.2 Clear
Tetradecane CH3(CH,)1,CH3 2.06 16.20 16.40 0.00 1.80 7.86 0.2 Clear
Cyclopentane CsHio 1.96 16.50 16.80 0.00 0.20 6.21 0.5 Clear
Cyclohexane CeH12 2.01 16.80 17.50 0.00 0.00 7.34 0.4 Clear
Cyclooctane CgHie 2.11 17.50 17.70 0.00 0.00 7.35 0.4 Clear
Dichloromethane CH,Cl, 8.51 20.23 17.80 3.10 5.70 3.69 2.5 Clear
Chloroform CHCl3 4.81 18.94 18.20 6.30 6.20 1.17 N/A No Gel
CCly CCly 2.24 19.64 17.80 8.30 0.60 8.23 0.4 Clear
Polar
Hexanal CH3(CH,)4CHO 9.50 18.32 15.90 7.40 5.30 5.85 N/A No Gel
Octanal CH3(CH,)6CHO 8.60 17.75 16.10 5.80 4.70 4.67 2.8 Opaque
Nonanal CH3(CH,);,CHO 7.60 17.62 16.20 5.28 4.50 4.33 2.5 Opaque
Decanal CH3(CH,)sCHO 6.80 17.53 16.30 4.80 4.30 4.06 1.6 Opaque
2-Propone CH3(CHO)CH; 17.00 19.94 15.50 10.40 7.00 2.65 N/A No Gel
3-Pentone CH3CH,(CHO)CH,CH3 11.20 18.15 15.80 7.60 4.70 2.17 N/A No Gel
4-Heptone CH3(CH,)2(CHO)(CH>),CH3 10.60 17.50 15.80 5.70 4.90 2.21 N/A No Gel
5-Nonanone CH3(CH,)3(CHO)(CH3)5CH3 8.30 17.25 16.00 4.70 4.40 2.10 2.1 Clear
6-Undecanone CH5(CH,)4(CHO)(CH;)4CH3 8.00 17.21 16.10 4.40 4.20 2.05 1.6 Clear
Diethyl ether CH3CH,0CH,CH3 4.33 15.64 14.50 2.90 5.10 6.40 N/A No Gel
Dipropyl ether CH3(CH,),0(CH;),CH3 3.34 16.10 15.10 4.20 3.70 6.00 2.2 Clear
Dibutyl ether CH3(CH,)30(CH3)5CH5 3.22 16.13 15.20 3.40 4.20 5.45 1.5 Clear
Dipentyl ether CH3(CH3)40(CH3)4CH3 3.10 16.00 15.30 3.30 4.40 5.30 1.4 Clear
Ethanenitrile CH;CN 37.50 24.40 15.30 18.00 6.10 15.83 2.3 Opaque
Propanenitrile CH5CH,CN 27.20 21.65 15.30 14.30 5.50 12.39 2.3 Opaque
Butanenitrile CH3(CH,),CN 20.30 20.40 15.30 12.50 5.10 10.80 2.1 Clear
Hexanenitrile CH5(CH,)4CN 17.26 18.56 15.30 9.50 4.50 8.38 1.9 Clear
Octanenitrile CH3(CH;)6CN 14.70 17.56 15.30 7.60 4.10 7.11 1.5 Clear
Nonanenitrile CH5(CH,),CN 14.00 17.00 15.30 6.60 3.80 6.62 0.9 Clear
H-Bonding
1-Butanol CH3(CH,)s0H 17.92 23.20 16.00 5.70 15.80 3.97 N/A No Gel
1-Pentanol CH3(CH,)40OH 14.50 21.93 15.90 5.90 13.90 3.73 N/A No Gel
1-Hexanol CH3(CH,)sOH 13.02 21.04 15.90 5.80 12.50 3.54 N/A No Gel
1-Heptanol CH3(CH,)sOH 11.48 20.52 16.00 5.30 11.70 3.42 N/A No Gel
1-Octanol CH3(CH,);,0H 9.75 21.01 17.00 3.30 11.90 3.45 N/A No Gel
1-Nonanol CH3(CH,)sOH 8.58 20.44 16.80 4.80 10.60 3.26 N/A No Gel
1-Decanol CH3(CH,)s0OH 7.70 19.44 16.00 4.70 10.00 3.16 N/A No Gel
1-Propanoic acid CH5CH,COOH 3.20 19.95 14.70 5.30 12.40 8.43 N/A No Gel
1-Butanoic acid CH5(CH,),COOH 2.88 19.11 14.80 5.00 11.00 7.32 N/A No Gel
1-Pentanoic acid CH3(CH,);COOH 2.66 18.65 15.00 4.10 10.30 6.39 N/A No Gel
1-Hexanoic acid CH5(CH,)4COOH 2.82 18.17 15.00 4.10 9.40 5.94 N/A No Gel
1-Heptanoic acid CH3(CH;)sCOOH 3.03 18.48 15.80 3.80 8.80 4.22 N/A No Gel
1-Octanoic acid CH3(CH,)sCOOH 2.82 17.50 15.10 3.30 8.20 5.20 N/A No Gel
1-Nonanoic acid CH5(CH,);COOH 1.72 18.05 16.00 3.00 7.80 3.35 N/A No Gel
1-Pentanethiol CH5(CH,)sCHSH 4.67 17.45 16.30 4.60 4.20 2.05 0.5 Clear
1-Hexanethiol CH3(CH;)4CHSH 4.34 17.25 16.30 4.10 3.90 1.97 0.45 Clear
1-Heptanethiol CH3(CH,)sCHSH 4.11 17.17 16.35 3.70 3.70 1.92 0.45 Clear
1-Octanethiol CH3(CH3)6CHSH 3.95 17.09 16.40 3.30 3.50 1.87 0.4 Clear
1-Decanethiol CH3(CH,)gCHSH 3.84 17.02 16.45 2.90 3.30 1.80 0.3 Clear
1-Butanamine CH3(CH,)3NH, 4.90 17.78 14.95 4.50 8.50 2.92 N/A No Gel
1-Pentanamine CH5(CH,)4NH, 5.36 17.56 15.20 3.87 7.90 2.81 N/A No Gel
1-Hexanamine CH3(CH3)sNH, 3.53 17.46 15.40 3.40 7.50 2.74 N/A No Gel
1-Heptylamine CH5(CH,)sNH, 3.42 17.42 15.50 3.10 7.30 2.70 N/A No Gel
1-Octanamine CH3(CH3)7NH, 3.30 17.37 15.60 2.80 7.10 2.66 N/A No Gel
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For the 56 tested solvents, 32 are capable of forming organogels at concentrations
below 3 wt%. An increase in the solvent aliphatic chain length increases the likelihood that a
molecular gel will develop. However, beyond this there is no clear correlation between
solvent type and the ability to gel, with the exception that neither alcohols nor carboxylic
acids form molecular gels.

In an attempt to develop predictive tools to determine which solvents are
immobilized by 12HSA, the individual HSPs, total HSP and static relative permittivity are
examined as a function of CGC (Fig. 4-2). Solvents that remained as a solution, at
concentrations less than 3 wt%, are represented graphically with a CGC of 10. Overall,
neither the static relative permittivity, dispersive nor the polar HSP are able to predict
gelation ability of 12HSA in the various solvents (Fig. 4-2A, B, E). It is not astonishing that
the static relative permittivity is incapable of predicting gelation capacity since it does not
account for the complex interactions involving functional groups between the solvent and
gelator.™ Interestingly, the hydrogen-bonding HSP establishes a distinct relationship between
gelating capacity and CGC (Fig. 4-2C). Very convincing trends between the hydrogen-

bonding HSP and the ability to form clear organogels (& < 4.7 MPa*?

), opaque organogels
(4.7 MPa'? < &, < 5.1 MPa'?) and solution (&, > 5.1 MPa'/?) are observed. The turbidity or
transparency of an organogel has been correlated to the cross-sectional thickness of the
crystalline aggregates, number of junction zones capable of diffracting light, and the number
of crystalline aggregates within the self-assembled network.**3>% Zhu and Dordick reported
that solvent-gelator interactions weaken gelator-gelator intermolecular hydrogen-bonding
interactions and result in thicker crystalline fibers.™®> Further increasing the solvent-gelator

interactions cause the fibrous structures to be lost resulting in the complete absence of crystal

structure.*®
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Figure 4-2 CGC as determined using the inverted vial test, as a function of the:
dispersive HSP (&) (A); polar HSP (&) (B); hydrogen-bonding HSP (&) (C); total HSP
(&) (D); and the static relative permittivity (&) (E). Solvents which did not gel were
graphically represented with a CGC of 10.
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The intermolecular interactions required for 12HSA to form molecular gels have been

(t114.1537.38.394041 119 HSA’s cross-sectional fiber width is a multiple of

very well establishe
the carboxylic acid dimer length while longitudinal growth occurs via hydrogen bonding
between hydroxyl groups at position 12. Hence, if the hydrogen-bonding component is too
strong then it will interfere with the formation of gelator-gelator intermolecular hydrogen
bonding thus disrupting gel formation. For 12HSA, this occurs at a hydrogen-bonding HSP
greater than 4.7 MPa? (Fig. 4-2). The CGC also scales with hydrogen-bonding HSP (Fig. 4-
2C insert). This confirms that as the solvent-gelator interactions increase, more 12HSA is
required to form an organogel. The overall HSP is also useful in distinguishing between
which solvents will develop translucent fibrillar networks versus solution (Fig. 4-2D).
However, there is an overlap between the HSPs which form opaque gels (very weak
structures which break down under force) and which solvents remain as solution. Thus,
irrespective of the type of solvent, the individual hydrogen-bonding and total HSP are useful
predictive tools for the gelation behavior of molecular gels.

In order to better assess the effect of solvent composition on gelation capacity, Teas
diagrams are used to examine correlations between gelation ability and solvent HSPs (Fig. 4-

3). Individual HSPs are converted to an average value by dividing each parameter by the sum

of the three HSPs:

— 5(1

TS, 48, +0,
— 513

P S, +5, +6,
— §h

"5, +3,+5,

where f is the percent fraction of the individual HSPs component. The Teas plot shows a
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clustering of solvents capable of gelling and another region that remain as solution (Fig. 4-3).
Since we are working with apolar solvents, the dispersive parameter is greater than 50% for
all solvents tested. The polar component varies from 50% to as low as 10% and does not
influence gelation behavior. However, it is extremely clear that the hydrogen-bonding HSP
cannot exceed 18% of the total HSP or the system will not form an organogel. Recent work
with dicholesterol-linked azobenzene organogels suggests that as the combination of solvents
(i.e., greater concentrations of methanol) and gelator move further apart in Hansen space then
they interact less becoming more efficient gelators.® Since the solvents, which gel cluster in a
specific region on the Teas plot, it is reasonable to assume that the role of Hansen space is

important in predicting gel formation.

100
0 10 20 30 40 50 60 70 80 90 100

fo

Figure 4-3 Teas plot of calculated solubility parameters for 12HSA in varying solvents.
Black circles represent solvents that gelled and grey circles are solvents unable to gel

One distinction between Wu et al.’s,’ work and ours is that they modified solvent
parameters by adjusting the concentration of two mixed solvents while our study examined
single solvents with different functional groups and varying alkane chain lengths. The HSPs

for 12HSA were calculated using the GCMs (as shown in Equation 3-6, 3-7, 3-8) and the
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distance in Hansen space was calculated using Equation 3-9. The distance in Hansen space
was not the only factor when deciding if a solvent would form an organogel (Fig. 4-4). Along
with the distance in Hansen space, the overall HSP was needed to predict organogel
formation. This indicates that there is a limit to how close in Hansen space the solvent and
gelator may be (i.e., if they are too close then the solvent-gelator interactions solubilize the
gelator). However, the direction in Hansen space is crucial in determining the ability of the
gelator to gel the solvent. It becomes clear that HSPs are very powerful tools when trying to

understand and predict the likelihood of organogel formation.
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Figure 4-4 Distance in Hansen space between the solvent and 12HSA (& = 17.59 MPa'’?,
8, = 2.86 MPa'?, &, = 6.77 MPa?) versus the total HSP (circles represent gelled solvent,
X represent solutions).

In order to confirm that these trends were not specific to 12HSA, CGC reported by
Abdallah and Weiss, were examined for ammonium bromide salts where nitrogen was
covalently linked to four equal long alkyl chains (ranging from 12 to 18 carbons) (Fig. 4-5).%
Neither the dispersive HSP nor the polar HSP (Fig. 4-5A, B) were correlated to the CGC.
Similar to 12HSA, the CGC is constant below a critical value for the hydrogen-bonding HSP
and total HSP. For ammonium bromide salts the hydrogen-bonding HSP is 6 and total HSP is

19 and above these values the CGC increases (Fig. 4-5C, D). It is also worth noting that the
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solvents used in Abdallah and Weiss’s study (alkanes, benzene, CCly, styrene, methyl
methacrylate and glycidyl methacrylate) were not the same as we selected for 12HSA
suggesting that HSPs universally apply to an even broader group of solvents than tested in

this present study.
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Figure 4-5 CGC for ammonium bromide salts: dispersive HSP (&) (A); polar HSP (&)
(B); hydrogen-bonding HSP (&) (C); and total HSP (&) (D).

Although the predictive nature of the HSPs is much stronger than originally
anticipated for the wide range of solvents. The parameter becomes even more powerful when
observing the CGC as a function of the individual HSPs within the individual classes of
solvents. As the carbon length of the solvent increases, the static relative permittivity, the
total HSP and the dispersive component of the HSPs increase while the distance in Hansen
space decreases (Table 4-1). On the other hand, for polar and hydrogen-bonding solvents, as
the chain length increases the static relativity permittivity, the hydrogen-bonding HSP and

polar HSP decrease while the dispersive HSP increases (Table 4-1). As the chain length of
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the aliphatic solvents increase (i.e., increased static relative permittivity) the CGC decreases
(Fig. 4-6A, B). The total HSP and dispersive HSP are inversely correlated to the CGC while
the distance in Hansen space is correlated linearly (Fig. 4-6C, D). Only three sets of polar
solvents (i.e., aldehydes, ethers, and nitriles) and one set of hydrogen-bonding solvents (i.e.,
amines) could be observed for correlations between CGC and the solubility parameters due to
a lack of samples which gelled. As the chain length increases for polar and hydrogen-bonding
solvents, the CGC decreases (Fig. 4-7A, 4-8A). Furthermore, the CGC is inversely
proportional to the dispersive HSP, and proportional to the polar (Fig. 4-7D, 4-8D),
hydrogen-bonding HSP (Fig. 4-6E, 4-7E), the total HSP (Fig. 4-7F, 4-8F) and the distance in
Hansen space (Fig. 4-7G, 4-8G). Upon closer examination of the hydrogen-bonding solvents,
as the hydrogen-bonding strength of the primary functional group decreases (i.e., -COOH >
-COH > -NH; > -SH) the CGC decreases (Fig. 4-8A). Therefore, as the hydrogen-bonding
strength of the solvent decreases, it is less likely to interfere with the dimerization and

longitudinal of 12HSA.
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Figure 4-6 CGC versus carbon number (A), static relative permittivity (B), total HSP
and the dispersive component of the HSPs (C) and the distance in Hansen space (D) for
alkanes.



45

11 11
A | IRl | | ] B o} o ® <&
9- 9=
3 3 o 37 ) R2=0.88
i o R2=084 o
=4 v o o ™
8 2 v v ] 2- 4 O Aldehyde
o s g = O " m Ketone
1 v 14 ) ¢ Ether
R*=0.99 v Nitrile
0 . : 0 - - : - |
0 5 10 15 0 2 4 6 8 1010 15 20
Number of Carbons Static Relative Pemmittivity (g,)
1 "
C o oo0 Dy ¢0o o
9 9=+
g 37 37 R2=0.91
= v R2=0.94 f
o 24T 27 ¥ —"R2=085
8 NBp2= . T v '
; R4=0.85 1_R2=0. 4
4 v v
G T T T G T T T
15.0 15.5 16.0 16.5 170 0 5 10 15 20
8, (MPal-®) 8, (MPal3)
1 1"
E X3 Kol F" ¢ ® ©
9_.
= 3 R2=0.92 3
&
: . R %’REG.ST
8 2|R*=09 v =088 27 "l R?=0.83
o o ™
14 v 14 v
0 : ; : 0 : : - : :
3 4 5 6 7 16 18 20 22 24
8, (MPa0-5) 8, (MPa0-5)
1
G (oo 4 <&
9_
e 37 . 2=
g§ R2=0.87 i] R2=099 R+=0.89
Q 2' v
0}
o [«
1
0 T T
0 5 10 15

R;j (MPa®5)

Figure 4-7 CGC versus carbon number (A), static relative permittivity (B), the
dispersive component of the HSPs (C), the polar component of the HSPs (D), the
hydrogen-bonding component of the HSPs (E), the total HSP (F) and the distance in
Hansen space (G) for polar solvents.



1 1
+A s = = = 8= B® B O - ¢ ©@OD O
9 o Alcoholm  Acid 9+
§ 207 ¢  Amine v Thiol 20+
S
S 1.54 < © 1.5 o°
8 1.0+ 1.0
o I v 051 PTR2=0.75
0.0 T T T 0.0 T T T T 1
4 6 8 10 12 0 1 2 3 4 55 1015 20
Number of Carbons Static Relative Permittivity (e,)
e "o
-- [ o] co e DE 0O S 0D
o- gl
§ 2.07 207
S 15 oo 1.5 s ©
(O]
(6] 1.0 1.0
0.51 %, R?=0.87 051 —r " R?=0.88
0.0 T T T 0.0 T T T
14 15 16 17 18 2 3 4 5 6
84 (MPa%5) 8, (MPa®5)
11 11
E L ¢ 1 Te o Rl Je] F [ R 00 O
9L oL
;:g‘ 2.07 2.07
=
S 15 R 1.54 0®
8 1.0 1.0
0.57 7 R>=0.85 0.5 ,»rTRZ=088
0.0 T T 0.0 T T i T
0 5 10 15 16.5 17.0 17.5 18.0 20 22 24
8, (Mpao.s) 8 (MPEU'S)
1
G N EOGE® m 880
g-
;:g‘ 2.0
=
8— 1.5 o ©
O 1.0
051 ¥ RrR2=090
0.0 T T 1 T
0 2 4 6 6 8101214
Ry (MPal-5)

46

Figure 4-8 CGC versus carbon number (A), static relative permittivity (B), the
dispersive component of the HSPs (C), the polar component of the HSPs (D), the
hydrogen-bonding component of the HSPs (E), the total HSP (F) and the distance in
Hansen space (G) for hydrogen-bonding solvents.
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4.5 Conclusions

HSPs are useful in predicting which solvents are immobilized using LMOGs. The
prediction ability for 12HSA is related to the hydrogen-bonding HSP (i.e., hydrogen-bonding
HSP less than 4.7 MPaY? produces clear organogels). CGC also scales as a function of the
hydrogen-bonding HSP. Solvents with the same functional group, which varied only by chain
length, have linear correlations between static relative permittivity, total HSP, dispersive

HSP, polar HSP and hydrogen-bonding HSP and the CGC.
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5.1 Abstract

Elucidating the molecular structures, responsible for promoting self-assembly of
LMOGs into supramolecular fibers, has been an extensive area of study. Although this has
been a fruitful endeavor, this study illustrates that the chemical nature of the solvent and
solvent-gelator interactions are equally important. The nanostructure, microstructure and
supramolecular structures, of 12HSA molecular gels, are all influenced by the chemical
nature of the solvent, which correlate to the hydrogen-bonding HSP (¢&,). Depending on the
solvent employed, the polymorphic form, arrangement of the carboxylic acid dimers, domain
size, fiber morphology, microstructure, thermal properties and visual appearance of the gel
all differ. Solvents that have & < 4.4 MPaY? result in a hexagonal polymorphic form, with the
001 hlk spacing greater than the extended bimolecular length of 12HSA. This nanoscale
arrangement results in translucent gels that contain fibrillar aggregates corresponding to a
higher crystallinity compared to molecular gels formed in solvents that have a & > 4.4

MPa*?,

5.2 Introduction
Numerous practical applications of organogels, ranging from photovoltaics,* to light

34 controlled drug release,” to

harvesting,® templating reactions,? controlling oils spills,
reversible photoisomerization are being investigated.® However, a lack of fundamental
understanding has impeded the development of these materials. Organogels are thermally
reversible, quasi-solid materials mainly comprised of organic liquids that are broadly
subcategorized into molecular or polymeric gels depending on the size of the gelator.”®°
Molecular gels are further categorized based on their mode of self-assembly and include:

liquid crystals, worm-like micelles,™ platelet crystals***? and SAFiNs. 13141216

In SAFiNs, a meticulous balance between divergent parameters including solubility
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and those intermolecular forces that control epitaxial growth into axially symmetric
elongated aggregates are required.>*"*® In other words, the capability of a molecule to
assemble, resulting in a SAFIN, relies on a precise ratio of gelator-gelator to gelator-solvent
interactions. Even though the direct role of solvent on the physical properties has not been
established, numerous studies have illustrated the importance of understanding solvent-
gelator interactions.®**%2! |t is recognized that as the solvent-gelator interactions increase,
the likelihood of directional gelator-gelator interactions decrease, resulting in thicker

fibers.®?22® Optimal gelation occurs when limited solvent-gelator intermolecular physical

24,25,26,27 28,29

bonds (i.e., hydrogen-bonding, n-it  stacking, dipole-dipole, and London
dispersion forces™) form and the SAFiN is comprised of thin entangled fibers.?? Furthermore,
in supramolecular assemblies of disc-like molecules the shape of the solvent molecule can
facilitate intercalation into the helical stacks, which alters the conformation of the monomers
into the supramolecular structures.*

The balance between solvent gelator interactions, which results in SAFiNs formation,
has become an active area of study with attempts to correlate solvent parameters to gelation
behavior.>#31% Raynal and Bouteiller adapted HSPs commonly used in polymer science, to
evaluate gelation behavior in SAFiNs.*" Their meta-analysis revealed that solvents which
gelled were clustered in Hansen space (Rj) (i.e., the distance between the gelator and solvent
position in Hansen space).®! Later, the hydrogen-bonding HSP (&) was shown to be
positively correlated with the CGC for 12HSA.*® HSPs, are separated into three main
interaction components which sum to the overall energy density, &. The three components of
d; are the hydrogen bonding, &, the polar, &, and the dispersive, & HSP.* Solvents with &, <

4.7 MPa* produce clear organogels, while opaque organogels form between 4.7 MPa'? < &,

< 6.5 MPaY? and solution remained when the &, > 6.5 MPa*?.'® Similar results were obtained
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for pyrenyl-linker-glucono gelators where the CGC was associated with both & and ,.% The
purpose of this study is to examine if solubility parameters are a useful tool in understanding

the nanostructure, microstructure and/or the supramolecular network of 122HSA SAFiNs.

5.3 Methods

Varying the aliphatic chain length and/or the functional group of the solvent was used
to modify HSPs. The selection criteria for solvents were maintained as simple as possible
with the aliphatic chain being linear, saturated, the functional group located in the primary
position and the solvent must be in a liquid state between 10 °C and 30 °C. The only
exception to these selection criteria was the inclusion of ethers and ketones where the
functional group was located in the exact middle of the molecule. HSPs are altered by the
functional group present. For example, solvents with the same aliphatic chain length,
differing only based on the presence of distinctive functional groups alter the HSPs (i.e.,
pentane (& = 14.6 MPa'?, &, = 14.6 MPa'?, &, = 0.0 MPa'?, and &, = 0.0 MPa?); 3-pentone
( & =185 MPa'?, & = 15.8 MPa'?, &, = 7.6 MPa'?, and & = 4.7 MPa'?); and 1-pentanol (&
= 21.3 MPa?, & = 15.9 MPa'?, &, = 5.9 MPa?, and & = 13.6 MPa'?)). The HSPs are also
varied when the functional group is constant but the aliphatic chain length is changed (i.e.,
propanenitrile (& = 21.6 MPa'?, & = 15.4 MPa'?, &, = 14.3 MPa'?, and &, = 5.5 MPa'/?);
hexanenitrile (& = 18.6 MPa'?, & = 15.3 MPa'?, 8, = 9.5 MPa'?, and &, = 4.5 MPa'%); and
nonanenitrile (& = 17.0 MPa'?, & = 15.3 MPa'?, & = 6.6 MPa?, and &, = 3.8 MPa'?).
General categories of the tested solvents include ketones, aldehydes, nitriles, alkanes, thiols,
ethers, amines, carboxylic acids and alcohols. A complete list of the solvents used in this
study and their solubility parameters may be found in Gao et al.™® 2.5 wt% 12HSA was
dispersed in each solvent, heated to 100 °C for 20 min, and stored for 24 h at 20 °C until

further analysis. All solvents and (R)-12HSA were obtained from Sigma-Aldrich (Cherry
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Hill, NJ, USA) with purity greater than 95%.

5.3.1 Free Induction Decay-NMR Measurements

Each sample was subjected to T, relaxation measurement on a Bruker mg20 Series
TD-NMR Analyzer (Bruker, Milton, ON, Canada). A Hahn-echo pulse sequence was used to
measure the Free Induction Decay (FID). The operational pulse length was obtained using the
calibration procedures recommended by the manufacturer. The 90° pulse was 2.6 pus and the
180" pulse was 5.1 ps. This allowed determination of the gain (64) and recycle delay (5 sec).
Tau was selected to be as short as possible (0.5 ms) to minimize chemical exchange and

diffusion effects on the decay curves.

5.3.2 Differential Scanning Calorimetry (DSC)

10 mg to 12 mg of 2.5 wt% 12HSA molecular gels were transferred into Alod-Al
hermetic DSC pans. Due to the volatility of certain solvent, melting and crystallization
temperatures could only be measured for some samples. The DSC chamber (Q2000, TA
instruments, New Castle, DE) was pre-cooled to the 20 °C before the sample was placed into
the chamber, which was continually flushed with nitrogen (0.5 ml/min). The samples were
heated and cooled at 2 °C/min to determine the peak crystallization and melting temperatures
as well, the enthalpy of melt was determined by integrating the transition using the tangent

skimming method available in the software.

5.3.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The carbonyl (~1700 cm™) and hydroxyl (~3200 cm™) signals of the 12HSA gels
were measured using a Thermo Nicolet FT-IR and an Attenuated total refraction (ATR)
prism (Thermo Fisher Scientific, MA, USA). 256 scans were collected at 4 cm™ resolution.

The background used for the IR measurements was the empty cell.
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5.3.4 X-Ray Diffraction

The x-ray diffraction (XRD) or wide-angle x-ray scattering (WAXS) patterns of
12HSA gels in different solvents were obtained by use of a Bruker HiStar area detector and
an Enraf-Nonius FR571 rotating anode x-ray generator equipped with Rigaku Osmic mirror
optic system (~0.06 deg 2q nominal dispersion for Cu Ka; | = 1.5418 A) operating at 40 kV
and 40 mA. All of the data were collected at room temperature over a period of about 300
sec. The sample to detector distance was 10.0 cm and the standard spatial calibration was
performed at that distance. Scans were 4 deg wide in omega (w) with fixed detector, or
Bragg, angle (2qg) of 0 deg, and fixed platform (f and c) angles of 0 and 45 deg, respectively.

In all cases, the count rate for the area detector did not exceed 100,000 cps.

5.3.5 Microscopy

The supramolecular structure was imaged using a Linkham Imagining Station
(Linkham, Surrey, England) equipped with a Q imagining 2560 x 1920 pixel CCD camera
(Micropublisher, Surrey, Canada) and a 10 X Olympus lens (0.25 N.A.) (Olympus, Tokyo,
Japan). Samples were placed on a glass slide and a cover slip was placed on top of the
sample. The slide was transferred into a peltier temperature control stage (LTS120, Linkham,
Surrey, England) and heated to 80 °C and was slowly cooled ( at 2 °C/min to 20 °C) to

observe fiber formation.

5.4 Discussion

HSPs are particularly useful in predicting the capacity of a LMOG to immobilize
different solvents.™®*'*? The strong correlation between HSPs and the CGC moved our
research group to study the effect of HSPs on the physical properties of molecular gels to
provide further insights into the role of solvents and solvent parameters on SAFiNs

formation. Previously, for 12HSA, it was found that the hydrogen-bonding HSP (&)
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positively correlated to the CGC."™ However, the mechanism behind the increase in CGC
remains unknown.

The relaxation time, obtained from pulsed NMR (pNMR), is a measure of a “degree
of crystallinity”. A decrease in the crystalline order is influenced by crystallographic
mismatches, solvent inclusions, different polymorphic forms and high crystal surface area to
volume ratios, which correlate to longer relaxation times.* Not surprisingly, as the relaxation
time increased, corresponding to a decrease in the “crystallinity”, the CGC increased. As a
function of HSPs, the relaxation time did not correlate to static relative permittivity (Fig. 5-
1A), the dispersive HSP (oy) (Fig. 5-1B), polar HSP (¢,) (Fig. 5-1C) nor distance in Hansen
space (Fig. 5-1F). However, a positive correlation between the relaxation time and hydrogen-
bonding HSP (&) (Fig. 5-1D) and the total HSP (&) illustrate that the hydrogen-bonding non-
covalent interactions between the solvent and gelator effect the ability of a LMOG to
assemble into a SAFiN (Fig. 5-1E). Below &, ~4.5 MPa? the crystallinity is unaffected by
changing &, while changes to & between 4.5 MPa'? to 6.5 MPa'?, correlate to a linear
decrease in the crystallinity of the SAFiNs. Beyond 6.5 MPa? there was no correlation
between the two parameters. It is important to note that beyond &, ~ 6.5 MPa’?, 12HSA did
not gel the solvents. Transparent organogels have been observed when &, was below 4.5
MPaY2, correlating to crystal aggregates that are smaller than the diffraction limit of light
(i.e., a fibrillar crystal) and from 4.5 MPa'? to 6.5 MPa?, opaque gels with spherulitic
structures were observed.”> The positive correlation between & and the relaxation time
suggests that increasing o, either causes an increase in the interactions between the solvent
and gelator leading to crystallographic mismatches, increased solvent inclusions and/or a

12

change in the polymorphic form. Beyond &, ~ 6.5 MPa™“ and the gelator becomes soluble in

the solvent and thus incapable of forming a molecular gel. The solvents selected beyond &, ~
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6.5 MPa? include all organic acids, alcohols, and amines as well as short chain ketones (i.e.,

less than 5 carbons).
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Figure 5-1 T, relaxation time as determined using pNMR, as a function of the: static
relative permittivity (A); dispersive HSP (&) (B); polar HSP (&,) (C); hydrogen-
bonding HSP (&) (D); total HSP (&) (E); and distance in Hansen space between the
solvent and the gelator (Rj) (F).

The amplitude of the FID relaxation is proportional to the volume of the crystalline
phase.”* As the static relative permittivity, &, &, and & increase so does the solubility of
12HSA, corresponding to a decrease in the FID amplitude (Fig. 5-2A, C, D, E). The decrease
in the amplitude also correlates with an increase in the CGC, which may be partially
explained by changes in solubility.’® The amount of crystalline material, or solubility, does

not change below & ~ 4.5 MPa? (Fig. 5-2D). However, the amplitude decreases above 4.5
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MPa'’ corresponding to the transition from translucent to opaque molecular gels.
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Figure 5-2 Amplitude of the T, relaxation time as determined using pNMR, as a
function of the: static relative permittivity (A); dispersive HSP (&) (B); polar HSP (&)

(C); hydrogen-bonding HSP (&) (D); total HSP (&) (E); and distance in Hansen space
between the solvent and the gelator (Rj;) (F).

To corroborate the positive correlation between & and the crystallinity, observed
using pNMR, the onset of melt determined using DSC was utilized (Fig. 5-3). The melting
temperature did not correlate well with the static relative permittivity, &y, and Hansen space
(Rj) (Fig. 5-3A, B, F). However, as ¢, and ¢y increase, there is a negative correlation with the
melting temperature (Fig. 5-3C, D). Gibbs free-energy curves have been used to describe

changes in the melting temperatures with crystal perfection.® For each new composition of
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crystal, a new surface area between the gelator and solvent is created.®® As the melting point
increases, the crystal size and/or the crystals perfection is enhanced. Even though there may
be less crystalline mass, the melting point for the 12HSA strands is dependent on either the
crystal size (i.e., larger crystals have less interfacial free energy) or the degree of annealing
(i.e., they have less crystalline imperfections). It is important to note that only the transition

temperatures could be determined on solvent that gelled and that are not too volatile.
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Figure 5-3 Crystallization and melting temperature, as a function of the: static relative
permittivity (A); dispersive HSP (&) (B); polar HSP (&) (C); hydrogen-bonding HSP
(én) (D); total HSP (&) (E); and distance in Hansen space between the solvent and the
gelator (Rj) (F).
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The crystallization and melting enthalpy showed no obvious trends between solvent
parameters and transition enthalpy (Fig. 5-4). This was expected since the samples were
measured at a consistent concentration (2.5 wt%) and the CGC varied depending on the
solvent parameters.® Along with changes in the CGC, numerous contrasting variables affect

the transition enthalpy including: crystal perfect, size, and polymorphic form.®
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Figure 5-4 Crystallization and melting enthalpy, as a function of the: static relative
permittivity (A); dispersive HSP (&) (B); polar HSP (&) (C); hydrogen-bonding HSP
(én) (D); total HSP (&) (E); and distance in Hansen space between the solvent and the
gelator (Rj) (F).

It is clear that certain macroscopic physical properties (i.e., crystallinity and thermal

properties) vary with solvent parameters (Fig. 5-1, 5-2, 5-3, 5-4). However, the cause of the
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macroscopic differences must originate from either the micro and/or nanostructure of the
SAFiNs. Crystallographic mismatches explain both the observed trends in the relaxation time
and the onset of melt. Crystallographic mismatches, in organogels, arise when the
crystallographic mismatch nucleation barrier is low allowing gelator molecules to incorporate
in a sub-optimal configuration onto the crystal lattice resulting in a branch point.*"383940 |f
crystallographic mismatches are responsible for the decrease in crystallinity, then at low &,
fibrillar aggregates should be observed and as the &, increases, the prevalence of mismatches
should increase, causing fibrillar aggregates to decrease in length. To experimentally validate
this theory, micrographs are presented, in order from low to high &, (Fig. 5-5). It is obvious
that at low & (i.e., & < 4.2 MPa'?) there is little effect on the fiber morphology (Fig. 5-5). At
low &, the crystal morphology is comprised of very fine, long aspect ratio fibers. At &,
between 4.3 MPa*? and 4.4 MPa'? the fiber morphology is present however, the fibers

Y2 3 drastic

become thicker and individual fibers cluster into aggregates. Beyond 4.4 MPa
reduction in the fiber length is observed and the crystallites undergo a supramolecular
transition to spherulites, which may be explained by the crystallographic mismatch theory.
The changes observed in the microstructure, as &, increases, correspond precisely to the

changes in relaxation time measured with pNMR (Fig. 5-1D) and to the CGC which was

previously reported.’
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Figure 5-5 Brightfield micrographs of 2.5 wt% 12HSA molecular gels in various
solvents. Hydrogen-bonding HSP is indicated in the upper left corner. The width of the
micrographs is 120 um.

To observe if the nanostructure of the SAFINs is influenced by solvent parameters,
FT-IR was used to study the chemical state of the 12HSA carboxylic acid (Fig. 5-6, 5-7, 5-8).
Three carboxylic acid conformations may be observed. Wave number 1730 cm™ corresponds
to a free monomer, 1720 cm™ represents the acyclic dimer and 1690 cm™ indicates a cyclic
dimer.**** The carboxylic acid peak for 12HSA in amines could not be differentiated from
the amine peak at ~1600 cm™ (Fig. 5-8E). The peak position of the carboxylic acid group was
plotted against the HSPs (Fig. 5-9). The only correlation between solubility parameters and

the chemical state of the carboxylic acid was for &, (Fig. 5-9D). Cyclic dimers (~1690 cm™)

were observed when & < 4.4 MPa'?

corresponding to fibrillar crystals (Fig. 5-5, 5-10) and
the elevated crystallinity (Fig. 5-1). Acyclic dimers were found at 4.4 MPa'? < & < 6.5
MPa'’? corresponding to spherulitic crystals (Fig. 5-5, 5-10) and a decrease in the crystallinity

(Fig. 5-1). This suggests that, at least in part, crystallographic mismatches arise from a sub-
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optimal configuration of the 12HSA head group (Fig. 5-10). Beyond & ~ 6.5 MPa*? 12HSA
was unable to form a molecular gel in these solvents. Two different peaks, associated with
carboxylic acid groups, were observed beyond ~ 6.5 MPaY2. A peak at 1710 cm™ and a
second weak peak at 1650 cm™ were observed and are attributed to dimer formation;

however it is unknown if the dimmer is a 12HSA-solvent dimer, a 12HSA-12HSA dimer or a

solvent-solvent dimer (Fig. 5-8A).
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Figure 5-6 Offset FT-IR spectra of 12HSA molecular gels in alkanes. Solvent chain
length increases from bottom to top.
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Figure 5-7 Offset FT-IR spectra of 12HSA molecular gels in (A, B) nitriles, (C, D)
aldehydes, (E, F) ketones, and (G, H) ethers. Solvent chain length increases from bottom

to top.
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Figure 5-8 Offset FT-IR spectra of 122HSA molecular gels in (A, B) carboxylic acids, (C,
D) alcohols, (E, F) amines, and (G, H) thiols. Solvent chain length increases from

bottom to top.
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Figure 5-9 FT-IR carboxylic acid peak position, as a function of the: static relative
permittivity (A); dispersive HSP (&) (B); polar HSP (&) (C); hydrogen-bonding HSP
(&) (D); total HSP (&) (E); and distance in Hansen space between the solvent and the
gelator (Rj) (F).
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Schematic of 12HSA in a H-bonding or Polar Solvent
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Solvent-Gelator Interaction

Schematic of 12HSA in an Aliphatic Solvent

Cyclic Dimer:

Solvent Excluded from Growing Crystal Interface

Figure 5-10 Schematic representation of 12HSA in a hydrogen-bonding or polar solvent
and 12HSA in an aliphatic solvent

Nanoscale structural changes were studied using different aspects of the XRD spectra
(Fig. 5-11, 5-12, 5-13) including: the short angle d-spacing (Fig. 5-14), wide angle d-spacing
(Fig. 5-15) and domain size (Fig. 5-16). Typically, 12HSA molecular gels have the 001 d-
spacing greater than the bimolecular length of 12HSA (~ 46 A) at low &, and a d-spacing
shorter than the bimolecular length at high &.*® The extended bimolecular length of 12HSA
in molecular gels varies with respect to different solvent properties (Fig. 5-14). As the static
relative permittivity, ¢, and & increase, there is a decrease in the d-spacing (Fig. 5-14A, C,
E). Focusing on &, (Fig. 5-14D) the same trend was observed for the 001 d-spacing and the
relaxation time (Fig. 5-1D), as well as the chemical state of the carboxylic acid (Fig. 5-9D). It
is clear that when the 001 d-spacing is greater than the bimolecular length of 12HSA (d > ~
46 A), then the 12HSA molecules arrange in a cyclic dimer (1690 cm™) (Fig. 5-9D). Beyond
8~ 4.4 MPa’?, there is a decrease in the d-spacing resulting in an acyclic dimer (i.e., 1720
cm™) (Fig. 5-9D). This suggests that interdigitation between 12HSA molecules is a result of

the formation of an acyclic dimer.
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Figure 5-11 Offset short angle (A) and wide angle (B) XRD spectra of 12HSA molecular
gels in alkanes. Solvent chain length increases from bottom to top.
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Figure 5-12 Offset short angle (A) and wide angle (B) XRD spectra of 12HSA molecular
gels in thiols. Solvent chain length increases from bottom to top.
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Figure 5-13 Offset short angle (A, C, D) and wide angle (B) XRD spectra of 12HSA
molecular gels in (A, B) nitriles, (C, D) aldehydes, and (E, F) ketones. Solvent chain
length increases from bottom to top.
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Figure 5-14 Short angle XRD d-spacing of the 001 lamellar spacing, as a function of the
: static relative permittivity (A); dispersive HSP (dy) (B); polar HSP (&) (C); hydrogen-
bonding HSP (&) (D); total HSP (&) (E); and distance in Hansen space between the
solvent and the gelator (Rj) (F).
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Solvent induced polymorphic transitions have recently reported for molecular gels of
12HSA.** At low &, the wide-angle spacing was at 4.3 A corresponding to a hexagonal (~
4.1 A) sub-cell spacing (Fig. 5-11, 5-12, 5-15D)**“® As &, increases, a transition from a
hexagonal to a triclinic parallel sub-cell (strong peak at 4.6 A, and two weak peaks at 3.9 A
and 3.8 A) is observed (Fig. 5-13, 5-15D). The sub-cell transition observed at &, ~ 4.4 MPa'?
(Fig. 5-15D) corresponds to a transition from a cyclic to an acyclic dimer (Fig. 5-9D), a
decrease in the extended length bimolecular length of 122HSA (Fig. 5-14D), a decrease in the
crystallinity (Fig. 5-1D, 5-2D) and a transition from a fibrillar to spherulitic crystal
morphology (Fig. 5-5).

The full-width half-max from the XRD spectra, were used to calculate the domain
size using the Williamson-Hall equation:*’

Kx A

Size

FW (S) x cos(0) =

+ (4 x Strain x sin(0)) (Equation 5-1)

where FW is the full-width half-max, & is the diffraction angle, K is the Scherrer constant, A
is the X-ray wavelength. Since few diffraction peaks were observed we had to assume that no
strain was present and the slope was set equal to zero (Fig. 5-16). From the y-intercept, the
domain size was calculated and plotted against solubility parameters (Fig. 5-17). The domain
size follows a parabolic shape when plotted against the static relative permittivity (Fig. 5-

17A), &, (Fig. 5-17C), & (Fig. 5-17D) and & (Fig. 5-17E). The vertex of the parabola

172

corresponds to &, ~ 4.2 MPa™“ which is the transition for the nanoscopic, macroscopic and

supramolecular changes observed in 122HSA molecular gels.
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Figure 5-16 Williamson-Hall plot to determine the domain size using the full-width,
half-max from XRD patterns. The data shown is for 12HSA in butanenitrile.
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Obviously, solvent affects all levels of structure in molecular gels from polymorphic
nanoscale interactions, to the domains size, microstructure, supramolecular structure and to
the macroscopic properties of the gel (Fig. 5-18). These new insights provide a new level of
tailorability for molecular gels. These drastic changes in the structure will influence practical
applications such as hardness, solvent mobility, rate of bioactive release and tortuosity of

biological scaffolding.
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Figure 5-18 Schematic representation of the levels of structure that are altered as the
HSPs are varied using solvent selection.
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5.5 Conclusions

Numerous reports have worked on elucidating the gelator structures that give rise to
molecular gels. However, this study illustrates that without taking into account the chemical
structure of the solvent and the solvent-gelator interactions, the likelihood of success is low.
The crystalline structure of 12HSA, a structurally simple gelator, is influenced by solvent
properties. Different polymorphic forms, dimer structure, domain size, fiber morphology,
microstructure, thermal properties and visual appearance are all drastically influenced by
solvent parameters. Although this may impede progress on a universal technique for
designing new gelators, the ability to manipulate these structures is invaluable and may open

new avenues in pharmacology, biomaterials and scaffolds.
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6.0 CONCLUSIONS

Organic solvents with various functional groups and aliphatic chain length have
different impacts on the gelation capacity of 12HSA. As a new approach to study molecular
gels, hydrogen-bonding HSP (&) has found particular use in predicting 12HSA molecular
gels formation. Clear gels are able to form in solvents with &, < 4.7 MPa'? while opaque gels
form between 4.7 MPa'? <&, < 5.1 MPa'?%. When &, is greater than 5.1 MPa?, crystal
structures disappear and solution remains. Such trend is consistent with the fact that solvent-
gelator interactions are the key factor in mediating 12HSA molecular gels formation. Due to
the molecular structure of 12HSA, hydrogen bonding is the major intermolecular force that
interacts between 12HSA molecules and brings 12HSA and solvents together. As &, of
solvents increases, solvent-gelator interactions become stronger, which on the other hand has
weakened the gelator-gelator interactions between 12HSA molecules. Gel formation is thus
disrupted leading to the formation of thicker crystalline fibers or the disappearance of crystal
structure when the solvents’ hydrogen-bonding component is too strong. Hence, more
12HSA molecules are required to off-set the interference from solvents and to build up the
supramolecular gels network. This can be confirmed by the positive linear correlation
revealed in this study between CGC of 12HSA in organic solvents and &,. The correlation
between CGC and HSPs is even much stronger when observed within the individual class of
solvents.

The underlying reason for the changes in 12HSA gelation capacity and CGC is
related to the polymorphic transitions that occur in the nanoscopic network structure.
Affected by solvents, 12HSA self-assemble into SAFiNs as two different chemical states:
cyclic dimers and acyclic dimers, which are strongly correlated to ¢&,. Cyclic dimers are

observed when &,< 4.4 MPa"? and acyclic dimers are observed at an elevated &, between 4.4
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MPa'? and 5.1 MPaY2 When &, goes beyond 5.1 MPa?, solution remains. Such trend in
transition between dimers is consistent with the transition between two polymorphic forms
present in 122HSA molecular gels: hexagonal and triclinic parallel, which also occurs at &, ~
4.4 MPa'?. As &, increases, the hexagonal subcell is transformed into the triclinic
polymorphic form. Such modifications of nanostructure induced by solvents result in the
variations in fiber microstructure and macroscopic physical properties that include
crystallinity and thermal properties. Each of these properties is revealed to scale with &,
which corroborates the correlation between & and polymorphic transitions in nanostructure.
In solvents with &, < 4.4 MPa?, 12HSA transparent organogels form containing fibrillar
crystals with the hexagonal subcell. As &, of solvents increases, crystallinity of molecular
gels decreases mainly due to the increasing solvent-gelator interactions. The stronger
interactions between solvents and gelators result in crystallographic mismatches and the
change in polymorphic forms that affect the crystalline order. When &, is greater than 4.4
MPa'’2, transparent fibrillar aggregates are transformed to opaque organogels network with
spherulitic crystal morphology and the triclinic parallel subcell.

Aims of this research are achieved. Each level of 12HSA molecular gels structure
from nanoscopic scale to supramolecular scale is observed to be influenced by the nature of
solvent and solvent-gelator interactions. & has been proved to be closely related to the
solvent induced modifications in 12HSA gelation capacity and structural transition and
therefore can be a very useful tool in predicting and understanding 12HSA molecular gels
formation. In support of the numerous other studies on organogelators, the findings in this
research illustrating the crucial role of solvents in organogel formation will provide critical
insights into the effects of solvent when attempting to design and manipulate the new kinds

of organogels. Since the current research is only focused on the simple solvent system, in the
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future, it is possible to scrutinize the relationship between HSPs and molecular gels formation
using a more complicated solvent system, such as solvent with more than one functional
group, or a mixed solvent system, by means of which the capability of HSPs as a predictive

tool in studying molecular gels formation can be better and more thoroughly evaluated.
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APPENDIX
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Appendix 1 DSC crystallization (A) and melting (B) thermograms of straight chain
aliphatics which have been vertically offset to prevent overlap. The thermograms from

bottom to the top are hexane, heptane, octane, decane, dodecane and tetradecane.
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Appendix 2 DSC crystallization (A, C, E) and melting (B, D, E) thermograms of straight

chain nitriles (A, B), aldehydes (C, D), and ketones (E, F) which have been vertically

offset to prevent overlap. The thermograms from bottom to the top are butylnitrile,

heptylnitrile and hexanitrile (A, B), dodecylaldehyde (C, D), and nonanone and

undecone (E, F).



0.4

0.3

Heat Flow (W/g)

"N y
N

0.2- —_/j\ »
J )
0.0 . : ——— :

20 30 40 50 60 70 80 90

Temperature (°C)

-0.20

0.05

0.00+

0.05

:0.10~ L\/
[T

-0.154

Temperature (°C)

85

Appendix 3 DSC crystallization (A) and melting (B) thermograms of straight chain

thiols, which have been vertically offset, to prevent overlap. The thermograms from

bottom to the top are heptylthiol, hexathiol, octanethiol and decanethiol.



