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Résumé

La gélification est un phénomene courant dans lequel une grande quantité¢ de solvant est
immobilisée dans un réseau constitu¢ de relativement petites quantités de substrat. Avec des
propriétés a la fois solides et liquides, un gel est un état unique. L'étude des propriétés et du
mécanisme de la gélification attire I'attention des chercheurs du monde entier. Cependant, de
nombreuses questions restent en suspens, telles que le processus d'auto-assemblage et les
interactions moléculaires dans le systeme de gel, la relation entre les solutions, les gels et les
cristaux et I'organisation moléculaire dans le réseau de gel. L'exploration de ces questions fournira
des connaissances sur le mécanisme de gélification et contribuera a la conception et a la fabrication

de nouveaux gels aux applications diverses.

Cette thése décrit notre étude des gels et de leur relation avec les solutions et les cristaux a
l'aide de sels biliaires, qui sont des molécules amphiphiles naturelles abondantes. La rigidité de la
partie stéroide et 'hydrophobie variable des sels biliaires facilitent 1'é¢tude du processus d'auto-
assemblage. La recherche est présentée a travers trois articles publiés ou soumis au cours de mon

programme de doctorat.

Le premier article explore les interactions moléculaires qui se produisent dans la formation
d'hydrogels moléculaires fabriqués a partir de mélanges de désoxycholate de sodium et d'acide
formique. La spectroscopie de résonance magnétique nucléaire fournit de nouvelles informations
sur la transition gel-sol au niveau moléculaire, l'interaction entre les especes libres/gélifices et

l'interaction des régions hydrophobes des sels biliaires avec le réseau de gel.

Le deuxieme article résume notre exploration de la relation entre les gels et les cristaux, en
particulier la fagon dont les composants moléculaires sont organisés. Les sels d'ammonium d'acide
lithocholique produisent différents modeles d'auto-assemblage, tels que des gels, des fibres et des
cristaux, avec divers anions d'ammonium. L'organisation moléculaire de 1’acide lithocholique dans
différentes conditions est remarquablement cohérente, indiquant qu'il existe une relation intime
entre la gélification et la cristallisation dans ce systéme. Les résultats ont également mis en lumiére

la question de longue date de I'agencement des molécules dans les fibres de gel.

Le troisieme article décrit notre étude systématique de la gélification et de la cristallisation

en utilisant une gamme plus large de sels biliaires. Généralement, avec l'augmentation de

il



I'hydrophobie des sels biliaires, la préférence pour la formation de solutions est progressivement
remplacée par une tendance a produire des gels et finalement des cristaux. Une association bord a
bord d'anions biliaires est également observée dans différents types de sels biliaires. Les résultats
renforcent notre conclusion selon laquelle les structures moléculaires internes des fibres dans les

gels et dans les cristaux sont étroitement liées.

Mots-clés: Acides biliaires, amines, hydrogel moléculaire, fibres, cristallisation,

spectroscopie de résonnance magnétique nucléaire, organisation moléculaire.
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Abstract

Gelation is a common phenomenon in which a large amount of solvent is immobilized in a
network made up of relatively small amounts of substrate. With properties of both solid and liquid,
a gel is a unique state. Gelation draws attention from researchers worldwide to study its properties
and mechanism. However, many questions are still unraveled, such as the self-assembly process
and molecular interactions in the gel system, the relationship between solutions, gels, and crystals,
and the molecular organization in the gel network. Exploring these questions will provide
knowledge about the mechanism of gelation and contribute to the design and fabrication of new

gels for different applications.

This thesis describes our study of gels and their relationship with solutions and crystals using
bile salts, which are abundant natural amphiphiles. The rigid steroid moiety and the variable
hydrophobicity of the bile salts facilitate the study of the self-assembly process. The research is
presented through three articles published or submitted during my Ph.D. program.

The first paper probes the molecular interactions that occur in the formation of molecular
hydrogels made from mixtures of sodium deoxycholate and formic acid. Nuclear magnetic
resonance spectroscopy provides new information about the gel-sol transition on the molecular
level, the interaction between free/gelated species, and the interaction of hydrophobic regions of

bile salts with the gel network.

The second paper summarizes our exploration of the relationship between gels and crystals,
especially how the molecular components are organized. Ammonium salts of lithocholic acid
produce different patterns of self-assembly, such as gels, fibers, and crystals, with various
ammonium anions. The molecular organization of lithocholates under different conditions is
remarkably consistent, indicating that there is an intimate relationship between gelation and
crystallization in this system. The results also shed light on the long-existing question of how

molecules are arranged in gel fibers.

The third paper describes our systematic study of gelation and crystallization using a broader
range of bile salts. Generally, with increasing hydrophobicity of the bile salts, the preference to
form solutions is gradually superseded by a trend to produce gels and finally crystals. An edge-to-

edge association of bile anions is also observed in different kinds of bile salts. The results
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strengthen our conclusion that the internal molecular structures of fibers in gels and in crystals are

closely related.

Keywords: bile acids, amines, molecular hydrogels, fibers, crystallization, nuclear magnetic

resonance spectroscopy, molecular organization.
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Chapter 1. Introduction

Crystals and gels are self-assembled structures composed of molecules. The present chapter
will start by describing the “glue” that holds molecules together: intermolecular interactions (Part
1). This will be followed by the rules and theories governing the self-assembly in crystallization
and gelation (Part 2). Part 3 will cover the main characterization methods for crystals and gels, and
Part 4 will introduce bile acids and their derivatives as species that can undergo association. Part 5

will describe the content of the following chapters.

1.1 General notions of supramolecular chemistry and intermolecular

interactions

The common view on the difference between crystallization and gelation is that
crystallization involves the formation of highly ordered 3D patterns of molecules, whereas gelation
yields a network of interconnected assemblies.! Despite the apparent differences, these two self-
assembly processes share the same intermolecular interactions, including hydrogen bonding, van
der Waals interactions, electrostatic interactions, n—7 interactions, and other non-covalent bonds.
In addition to these non-covalent interactions between structural units in crystals or gels,
solvophobic effects induced by the presence of the poorly soluble functional groups or moieties in

the molecular structure of the components can also contribute to the self-assembly process.

The structures of certain common gelators are shown in Figure 1.1 as examples to show the
roles of intermolecular interactions in self-assembly, especially in gelation. Amphiphilic molecules
that can be arranged head-to-tail are among the oldest gelators reported, and one of the examples
is the lithium salt of 12-hydroxystearic acid (a).>* From the molecular structure, we can see that

several interactions can potentially be involved in the aggregation process:
Electrostatic interactions between charged groups
Hydrogen bonding between carboxylate groups and hydroxyl groups

van der Waals interactions between alkyl groups



Many gelators contain aryl groups. For example, 2,3-bis-n-decyloxyanthracene (b) can cause
gelation of alcohol (methanol, ethanol and n-propanol) by associating, mainly driven by n— ©
interactions and van der Waals interactions.* Certain cholesteric derivatives such as
dihydrolanosterol (DHL; ¢) are also effective gelators.> In addition to being able to form hydrogen
bonds and other molecular interactions, cholesteric derivatives have rigid polycyclic structures that
are thought to help form different domains in the micelle, facilitate the formation of higher-order
structures,®’ or help reduce entropic losses upon aggregation.'® Other interesting gelators include
dibenzylidene-d-sorbitol (DBS; d), which has good gelation efficiency in organic solvents and

11,12

water, owing to its potential to engage in m— 7 stacking, its ability to form hydrogen bonds, and

its high molecular rigidity.'°

o o)
WO_ Li*
(0]

OH
(a) (b)

Lithium 12-hydroxy stearate 2,3-Bis-n-decyloxyanthracene

(c) (d)

Dihydrolanosterol Dibenzylidene-d-sorbitol
(DHL) (DBS)

Figure 1.1. Structures of different molecular gelators.

Work described in this thesis mostly involves self-assembly that happens in an aqueous
environment. Therefore, it is necessary to look in detail at the role of hydrogen bonding and
hydrophobic effects on self-assembly. Hydrogen bonding is considered to be quasi-covalent due
to sharing of a proton between two electronegative atoms (e.g., N, O, F). In ice (Figure 1.2a), the

intermolecular O---H distance between hydrogen-bonded molecules of water is 0.176 nm, which
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is larger than the covalent distance corresponding to O—H bonds (0.1 nm) but lower than the sum
of the van der Waals radii of O and H (0.27 nm). Other hydrogen bonded structures are shown in
Figure 1.2. The directionality of hydrogen bonds is also between that of van der Waals interactions
and that of covalent bonds, as is the case of the binding energy w(c): van der Waals interactions =
1 kT < hydrogen bonds = 10 kT < covalent bonds ~ 100 kT at room temperature (k7 =4.11 x 102!
J at 289 K) (Figure 1.3). The hydrogen-bonded angle (¢) X-H---X (X represents the
electronegative atoms, e.g., N, O, F) is generally between 140° and 178°. The case of ¢ = 180° is
statistically unlikely in hydrogen-bonded geometries.!'® Researchers continue to build interesting
self-assembled structures or networks using hydrogen bonds, and more details will be discussed

later in this chapter.!*!7



(a)

H
H— H 7 NG
H F . d\ >
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F- H . .
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Figure 1.2. Examples of different hydrogen bonds and different hydrogen-bonded structures. (a)
3D structure in ice (modified from ref. !> with permission). (b) 1D structure in HF. (c) 2D structure
in formamide. (d) Intramolecular hydrogen bond. Figure partly adapted from ref. 20 with
permission. Copyright (2011) Elsevier Inc.
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Figure 1.3. [llustrative diagram showing the orientational dependence of different types of bonds.
The parameter w(o) is the binding energy. Figure adapted from ref. 20 with permission. Copyright
(2011) Elsevier Inc.

Another important aspect of hydrogen bonding is the hydrophobic effect, which is a vital
driving force when self-assembly occurs in an aqueous environment. Water cannot form hydrogen
bonds with hydrophobic moieties of molecules, such as alkyl chains. Moreover, molecules of water
tend to contact each other and to form hydrogen bonds. To avoid breaking these hydrogen bonds
when nonpolar molecules are added, the water molecules need to reorientate themselves and create
a new arrangement that provides suitable cavities to include the foreign nonpolar species. Figure
1.4a shows a model water molecule called TIPS (TIP: transferable intermolecular potential). The
charges are distributed on tetrahedral arms: two positive hydrogen atoms and two virtual negative
sites around the oxygen atom to represent its Lewis pairs.'®!° The water molecules can form more
ordered structures around the hydrophobic solutes, which is considered entropically unfavored for
the water (Figure 1.4b). Therefore, energy is needed to transfer hydrocarbons from the bulk liquid
to the water. The free energy of transfer increases in proportion to the surface areas of the foreign

molecules or the portions that cannot engage in hydrogen bonding.?°



A close relative of hydrophobic effects are hydrophobic interactions, which correspond to
the tendency of hydrophobic molecules to show stronger attractions in water than in free space.
Hydrophobic interactions are an entropic phenomenon rather than a bond. The interactions involve
the rearrangement of hydrogen bond configurations when hydrophobic solutes come closer and
share the solvation zone created by surrounding molecules of water. By comparing the structure of
water at hydrophobic interfaces and at hydrophilic interfaces, we can see that at a hydrophobic
interface, each water molecule needs to be more ordered to fully engage in hydrogen bonds.
However, at a hydrophilic interface, molecules of water will need to be positionally ordered on the

surface, but they are still free to adopt various orientations (Figure 1.4).

All these intermolecular interactions will link the individual molecules together in a process
of modular construction that yields larger and more highly-ordered structures. The rules and driving

force for the assembly process will be introduced in the next section.
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Figure 1.4. (a) Water molecule model TIP5 (TIP: transferable intermolecular potential) in which
the charges are distributed on tetrahedral arms. Red: oxygen (O), white: hydrogen (H), and
green: two virtual negative sites representing the oxygen’s Lewis pairs (L). (b) An example of
a water cage formed around a hydrophobic molecule. (¢c) Water structure at an extended
hydrophobic or vapour surface. (d) Water structure at an extended hydrophilic electronegative
surface. Reproduced from ref. 19, 20 with permission. Copyright (2018) AIP Publishing.
Copyright (2011) Elsevier Inc.

1.2 Self-assembly and molecular arrangement: Gelation and

crystallization

1.2.1 Phenomenon of gelation and behavior of molecules that can form gels



“Gelly-like” or “gel” states are widespread in nature, such as in the tissue of plants and
animals. In 1861, Thomas Graham described the gelled state as follows: “While the rigidity of the
crystalline structure shuts out external impressions, 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 of “gel” is still open for discussion, and researchers worldwide continue exploring and
developing this area. Generally, a “gel” is usually a description for the solid-like system mainly
comprising liquid. The self-supporting property of gels comes from the presence of interconnected
structures that form an open network, which holds the gelled liquid within available spaces.
Molecules in gels can generally be divided into two types: the gelators that form the network, and
the solvent trapped in the network. In some cases, additives such as certain ions need to be included
in the gel system to facilitate gelation. Commonly, these additives are considered as gel conditions,

and the focus is still on the gelators and the solvents.

Based on the nature of the gelators involved, gels can be divided into polymeric gels and
small-molecule gels. Gel networks in polymeric gels are usually dependent on the polymers, such
as polyethylene glycol (PEG),?? polyvinyl alcohol (PVA),? and polyacrylic acid (PAA),>*
chemically or physically crosslinked together. Polymeric gels arise because of association or
entanglement of the polymer chains. In contrast, the fibrous or tubular structures that give rise to
small-molecule gels are produced by aggregation of the individual molecular components to form
larger self-assembled structures. In most cases, these low-molecular-weight gelators (LMWGs) are
amphiphilic molecules that can form specific secondary or higher structures due to intermolecular
interactions such as hydrogen bonding, hydrophobic interactions, van der Waals interactions, n— 1t
interactions, and other effects. The characteristics of LMWGs, such as their flexibility, chirality,
substituents, and many other properties, will potentially influence their interactions and packing

patterns, leading to different morphologies and properties.

Amphiphiles are important members of the large family of LMWGs. The self-assembly
pattern and gel properties of amphiphilic LMWGs are directly related to the structure of the gelator
and polarity of the solvent. For head/tail(s) amphiphiles, namely those with hydrophilic heads and
hydrophobic tails, the influences of structure (head structure,? tail length,?® substitution group,?’
and head/tail orientation®) on the self-assembled structure have been widely examined. For these

amphiphiles, it is relatively easy to calculate the packing parameter by considering the chain



volume v, the chain length /c, and the headgroup area ay (Figure 1.5a). The preferred packing
geometry of head/tail(s) amphiphiles will change with the packing parameter (Figure 1.5b). The
Hydrophile-lipophile balance (HLB) is generally in proportion to the packing parameter, showing
the variation from oil-in-water (O/W) micelles to inverted water-in-oil (W/O) micelles (Figure
1.5b). A detailed analysis of different structures and “mesophases” formed by head/tail(s)
surfactants in aqueous environment as a function of the packing parameter (v / ( ayl. )) is shown

in Figure 1.5c.
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Figure 1.5. (a) The hydrocarbon interiors in micelles and the calculation of the packing
parameter. (b) Changes in the preferred packing geometry of head/tail(s) amphiphiles as a
function of the packing parameter under the effect of the chain volume v, the chain length Ic,
the headgroup area ao, and the distance from the hydrocarbon-water interface to the location of
the lateral repulsive forces between headgroups D. (c) Different structures and “mesophases”
formed by head/tail(s) surfactants in aqueous media corresponding to the packing parameter (L:
lamellar, M: micellar, H: hexagonal (cylindrical), C: cubic subscript I: normal structure;
subscript II: inverted structure). Figures reproduced from the ref. 20 with permission. Copyright

(2011) Elsevier Inc.
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Amphiphiles with complex structures such as bile acids can have various functionalities,
resulting in diverse patterns of self-assembly. The complexity of the structures of these amphiphiles
also makes it hard to define a suitable packing parameter. To gain knowledge about these

complicated amphiphiles, researchers continuously explore the influence of substituents,?=° the

1 32,33

extent of protonation/deprotonation,®' and the molecular structure on the patterns of self-
assembly.** More self-assembled structures derived from bile salts and their derivatives will be
presented in Part 4 of this introductory chapter. Also, Chapters 2-4 show the results of our studies
of how substituents, counterions, temperatures, and other factors exert an effect on the self-

assembly of bile salts.

1.2.2 Introduction to theories of gelation and crystallization

This section will introduce theories of gelation and crystallization from a thermodynamic
perspective. As the foundation of gelation and crystallization, the nucleation process is discussed
first, including the driving forces of nucleation, the fundamental factors influencing nucleation,
and different nucleation models. The second part of the section will focus on the relationship
between gelation and crystallization, emphasizing the development of crystallite components such
as fibers in the gel. Different fiber-branching patterns are compared in several respects, including
crystallographic mismatch as a mechanism for branching, factors influencing the nature of fibers,

and their relationship with macroscopic properties.

1.2.2.1 Nucleation

A crucial concept shared by gelation and crystallization is nucleation. Nucleation is defined
as the formation of new thermodynamic phases from an old one caused by thermal fluctuations at
the atomic level.>> The driving force in nucleation is the difference in chemical potential (Ax)
between the mother phase (umother) and the ordered phase (ucryswi) of a crystal.’® Since Ay =

Umother — Hcrystal » 10 the supersaturated system (Au >0), nucleation and crystalline phase growth

proceed until the phase equilibrium is reached, at which Au =0, and ,u,ifother = Ucrystal-

Therefore, the Au can be expressed as eq. 1

Ap = tmother — Uerystal = Hmother — Hffothe (1)

11



For the chemical species i crystallized from the solution, its chemical potential z; is related
to the absolute temperature 7, its activity a;i (or concentration Cj), and Boltzmann constant & as

shown in eq. 2:

W = up + kTlna; =~ u + kTInG; (2)
In eq. 2, p is the chemical potential in the standard state (a; = 1). Based on eq. 1 and eq. 2,

the thermodynamic driving force can be expressed as eq. 3:

Mu/kT =1n (@i/a{®) ~In (G/CIT)  (3)
An essential concept of supersaturation o is introduced to these equations to describe the

condition better:

o= (a-a®)/a" = (G- G/ @)

Thus, eq. 3 can also be expressed as follows:

Au/kT =In(1+0) =0 (6 <1) (5)

Nucleation processes are typically classified as homogenous and heterogeneous.
Homogenous nucleation involves no foreign surface during the process. Usually, it requires large
supersaturations o, whereas the heterogeneous nucleation needs dust particles, the walls of the
container, or other foreign solids as the substrate for the formation of nuclei at lower
supersaturations.>>3” In crystal nucleation, the nucleus needs to reach a size (critical nucleus size,
r*) above which the nucleus will be stable and can continue to grow. This stable nucleus size is
smaller in a more highly supersaturated solution, facilitating crystal nucleation and the formation
of more crystals.*® Classical nucleation theory (eq. 6) explains the bulk free energy change AG
during homogenous nucleation. In eq. 6, r is the radius of the spherical nucleus; Q is the volume
of the growth units; 47r*/3Q represents the number of growth units in a spherical cluster with radius
r; 0 18 supersaturation (eq. 4); and y.r means the surface free energy between the crystal phase and
fluid phase.

—4mr3
3N

AGhomo = kT In(1 + o) + 4nry.s (6)

_ 3
We can see from eq. 6 that the first term % kT In (1 + o) will decrease AG, owing to the

formation of a more stable crystalline phase with lower chemical potential than the mother phase

12



(See “Volume energy” in Figure 1.6). On the contrary, the second term 4nr2ycf represents the
increase in interfacial free energy accompanying the increased interface due to the new crystalline
surface (Figure 1.6). Under the influence of these two opposed factors, AG reaches the maximum
AGpom at a critical nucleus radius 7* = 2 y.¢/(kT In(1 + 0)), namely the nucleation barrier (eq.
7):

161y p0?
3[kT In (1+0))?

(7)

Suitable foreign substrates will decrease the nucleation barrier for heterogeneous nucleation,

AG;;omo =

resulting in the introduction of factor f'in eq. 8 (Figure 1.6b):

AGpeter = fAGnomo (8)
Factor f'is related to the structural match m between nuclei and substrate (eq. 9), m is defined
on the basis of the surface free energy between substrate and fluid (yss), substrate and crystal (ysc),
and crystal and fluid (ycr), as well as the contact angle @ of the nucleus on the substrate (eq. 10,

Figure 1.7a):

fOm) ==x (2= 3m +m?) 9)
mzys;—_:“%cose (-1<m<1) (10)

In the -1 < m < 1 range, f(m) decreases (from 1 to 0) as m increases (Figure 1.7b). For a
perfect match, yse = 0 and m = ys¢/¥V¢r - If Y5t = yer, then m — 1, f'— 0. This corresponds to the
case when the new crystal is highly coherent with the substrate (Figure 1.7c). In other words, the
crystallographic orientation {hk/} of the new phase is congruous with the strongest average
interaction between the new phase and the substrate. If the structural match is poor, m will decrease
(Figure 1.7d). If there is no correlation between the new phase and substrate, then m - —1 (f —
1). This case is equivalent to homogenous nucleation, as the substrate does not influence the

nucleation.>’

Eq. 5 can also be expressed as eq. 11, where AH ;¢ is the molar dissolution enthalpy of the

nucleating phase and T¢q is the equilibrium dissociation temperature:

AHgiss
Au/kT =In(1+0) = ﬁ(nq —T) (11)

13
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Figure 1.6. (a) Schematic representation showing the dependence of nucleation barrier AG*on
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the radius r according to classical nucleation theory. (b) Comparison of homogenous and
heterogeneous nucleation barrier AG* as a function of the radius r, where r* is the critical nucleus
size. Figures adapted from ref. 34!

Society. Copyright (2010) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with permission. Copyright (2016) American Chemical

Typically, the substrates in heterogeneous nucleation will be foreign bodies such as
impurities or the walls of the container. However, there is a special “heterogeneous” nucleation
where the substrate is the existing parent crystal surface. When 6 is small, ysr = ycr and eq. 10 can
be rewritten as eq. 12. The newly introduced specific mismatch free energy ymis = Vsc 1S the energy
Then we can calculate the AG,,;;based on eq. 7 and eq. 8 (eq. 13):

m =YL o 1 _mis (1)
Yef Yef

. 161tyc3f.(22
AGmis = [ sprm o (1)

Crystallographic mismatch nucleation and growth describe the orientation deviation between
the daughter crystal with the parent crystal. This process can be influenced by fundamental factors,
including supersaturation o, specific mismatch free energy ymis, and impurities. The importance of
mismatched nucleation, especially in gel formation and how different factors can influence it, will

be introduced in the following part.

14



1.2.2.2 Development of fibrous network in gels

Researchers have been trying for many years to build bridges between the study of
supramolecular gel and crystals since both gelation and crystallization involve nucleation and the
development of ordered aggregates, such as fibers in the gel system. The concept of “crystal
network” was also introduced in the field of supramolecular gels, as a way to describe aggregates

of associated crystallites.>¢4
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Crystal Crystal
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Figure 1.7. Illustration of (a) contact of crystal with the substrate and different types of surface
free energy. (b) The plot of factor fas a function to m (blue line). The red line is the first derivative
of f(m). The -1< m <I range is within dashed lines. (c, d) Interfacial structural match between
nuclei and substrate with good match (c) and poor match (d). Figures adapted from ref. *>!4! with

permission. . Copyright (2010) (2013) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The topological definition of a gel is a partly ordered structure in which junctions (nodes) are
interconnected by edges, which usually correspond to fibers but can also be other entities. The
junctions can be transient, resulting from temporary physical contact of the fibers, or permanent,
which can be further divided into (1) fiber tip branching, (2) fiber side branching, and (3) fiber side
merging (Figure 1.8). Usually, there will be a combination of different junctions in a gel system,

and the division of the branch types is to facilitate analysis of the various possibilities.

Fiber side merging usually exists in cases where the gelator is polymeric. In typical cases,
the polymer chain is stiffened but still has limited flexibility. The rigid parts contribute to the
formation of nuclei by primary self-epitaxial nucleation. After this step, other stiffened chains will

attach to the primary nucleus, and a similar process continues to create thicker fibers (Figure 1.8).
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Figure 1.8. Schematic illustration of the side merging by self-epitaxial nucleation in a hydrogel
network. Figure adapted with permission from ref. ', Copyright (2007) American Chemical
Society.

The other two branchings (fiber tip branching and side branching) are commonly seen in the
growth of small-molecule gels and are closely related. Since this thesis mainly focuses on the
gelation and crystallization of small molecules, this section will specifically compare and discuss

fiber tip branching and fiber side branching.
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Fiber tip branching belongs to supersaturation-driven structural mismatch at the tip of the
crystal or fibers, which usually happens at high supersaturation. It usually generates wide-angle
crystallographic mismatch branching (WA-CMB) as a spherulitic pattern or open interconnected
fiber network (Figure 1.91I). We can also clearly see the WA-CMB of N-lauroyl-L-glutamic acid
di-n-butylamide (GP-1) from in situ microscope photos (Figure 1.911I).

When the supersaturation o is relatively low, AG,,,; will be large (eq. 13), creating difficulty
for the crystallographic mismatch nucleation. In this case, for a needle crystal, the largest effective
surface supersaturation appears around its side faces because the faces grow slowest in these
directions. Consequently, crystallographic mismatch nucleation happens on the side faces of the
crystal, defined as side branching. This pattern is also called “small-angle” crystallographic
mismatch branching (SA-CMB). Both spherulitic and open interconnecting fiber networks can be
generated in SA-CMB (Figure 1.911). The in situ microscope photos also show the SA-CMB
branching process of GP-1 (Figure 1.911I).

In some cases, the supersaturation ¢ is very low, making a high crystallographic mismatch
nucleation barrier (AG,,;s). The nucleation is mainly dominated by the ideal structural match and
strong interactions between the newly nucleating phase and the parent crystals.***!**> Fibers grown

under this condition may have even fewer branches (Figure 1.101I-a).

Many factors can influence the crystallographic mismatch nucleation and growth.? This

introduction will focus on several important factors.

Supersaturation o can affect crystallographic mismatch nucleation by changing AG,,;, (eq.
13). High o will decrease AG,,,;,, facilitating crystallographic mismatch nucleation. The difference
in o is a crucial point differentiating tip branching (WA-CMB) and side branching (SA-CMB)
(Figure 1.10I). Other conditions may also influence mismatch nucleation through o; for example,
slow surface integration will increase the supersaturation, making it easier for crystallographic

mismatch nucleation to occur.

In addition, specific mismatch free energy ymis is in proportion to AG,,; (eq. 13).

Crystallographic mismatch nucleation will be much easier on surfaces having low values of ymis.

Moreover, adsorbed impurities may perturb the interfacial structural match between the new

layers and the substrates. This disturbance will lower m, promoting mismatch nucleation.
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Thermal conditions such as the temperature difference (A7) between the starting and gelation
temperature can also influences the outcomes.*® This effect is also related to supersaturation o, as
shown in eq. 11. Larger values of AT will increase o, making it easier for WA-CMB to occur

(Figure 1.111).

We have seen examples of distinct topological microstructures of fiber networks arising from
tip and side branching. For a bulk gel, its mechanical properties and behaviour, including
toughness, strength, and friction, are rooted in the entanglements and cross-links between fibers.**
These topological microstructural differences can affect the entanglement and interpenetration of

fibers, consequently influencing their macroscopic properties, as the example shown below.

In Figure 1.11, the gel system is 3 wt% GP-1 in propylene glycol (PG). The topological
structure of the fiber network can be tuned from spherulitic (WA-CMB) to fibrillar (SA-CMB) by
controlling the temperature (Figure 1.111, eq. 11). The fibrillar network can interconnect and
entangle. However, the spherulitic network is unable to interpenetrate and tends to form
boundaries. Compared to the entanglement of fibrillar structures, the interactions at the boundary
between spherulitic domains are weaker but may keep a certain degree of the interaction in
displacements. Therefore, spherulitic networks tend to have lower elastic moduli (less rigid) but

are more resistant to strain.

To sum up, different crystallographic mismatch nucleation patterns can lead to different

topological microstructures of networks and macroscopic properties of the gel.
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Figure 1.9. Comparison of fiber tip branching (left

() nucleation and on (II) wide-angle/small-angle crystallographic mismatch branching (WA/SA-CMB).
(IIT) In situ observation by optical microscopy showing the fiber network formation and branching
process of N-lauroyl-L-glutamic acid di-n-butylamide (GP-1) in 1,2-propanediol. The left side of Figure
III shows the WA-CMB pattern with (a) the formation of primary fibers initiating from a nucleation
center. The formation of GP-1 fibers and the branching process is shown by the sequence (a), (c), (e), in
which the time interval between two neighbouring photographs is 0.4 s (¢ = 6.92, T = 330 K). The right
side of Figure III shows the SA-CMB pattern, with the formation of GP-1 fibers and the branching
process appearing in panels i—iii, in which the time interval between two neighbouring photographs is

0.2 s (c=2.17, T =333 K). Figures adapted from ref. 39 with permission. Copyright (2005) Springer-

Verlag Berlin Heidelberg.
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Figure 1.10. (I) Two branching models of the formation of a gel network, showing (1) side
branching at a low supersaturation ¢ and (2) tip branching at high supersaturation . Dashed arrows
denote the growth direction of fibers, and dotted lines mark the growth front surface of the
spherulite. (IT). Micrographs showing fibers and the evolution of the fiber network formed by GP-
lin a 1,2-propanediol solution with increasing supersaturation. (a) Unbranched GP-1 fibers. (b)
SA-CMB and GP-1 fiber network. (¢) WA-CMB and GP-1 fiber network (c and T listed in the
images). Figure adapted from ref. 39, 42 with permission. Copyright (2005) Springer-Verlag
Berlin Heidelberg. Copyright (2006) American Chemical Society.
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1.3 Characterization of gels and crystals

Gels have mechanical properties as bulk materials, which can be characterized using a
rheometer or by direct observation (such as the inversion of vials containing the gel). There are
many methods to study the microstructure of gels and the molecular interaction within them,
including optical microscopy (with polarized light), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), and X-ray diffraction
(XRD). The study of atomic and molecular structure in crystals is mainly based on XRD, and the

technique also plays an important role in the characterization of gels.
1.3.1 Macroscopic characterization

1.3.1.1 Vial Inversion

Almost a hundred years ago, Jordon Lloyd made the following famous statement about gels:
“The gel is easier to recognize than to define...if it looks like Jell-O, it must be a gel!”* Even now,
the most direct way to check for gelation is to invert the vial and see whether the material will flow
under the force of gravity. If the material can resist and keep its original shape, the self-supporting
material is usually considered a gel. A similar test of gelation is the dropping ball method, in which
a small metal ball is placed onto the surface of the gel and observed to remain in position or drop
to the bottom.*® Both vial inversion and the dropping ball method can provide visual assessment of
gelation. However, these methods cannot provide quantitative results. Also, the results may change
with conditions, like the size of the vial, sample mass, size/weight of the metal ball, waiting time,

and others, making it quite challenging to compare the results from different labs.

1.3.1.2 Rheometry

Rheological methods study the response of objects to stress. The above-mentioned vial
inversion tests the response of the material to gravity by “table-top” rheology,*’ but to get
quantitative results, a rheometer is needed. Deformation is one of the most important properties in
rheological studies. Deformation can be divided into flow (irreversible deformation) and elasticity

(reversible deformation).*®

The measurements of flow properties are determined by the material’s
resistance to flow under shearing. Elasticity is evaluated from the deformation of material under
stress. When materials can display both flow and elastic properties under shearing, they are called

viscoelastics.
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Figure 1.12 shows the definition of shear stress t and shear strain y in a two-plate model, in
which the sample is placed between two plates and sheared with the movement of the upper plate.
The stress plotted versus time will be a sinusoidal curve with shear-stress amplitude ta. A similar
plot for strain will reveal the strain amplitude ya (Figure 1.12b). The difference in mechanical
properties of the sample will be reflected in the time lag in the sinusoidal curves of the preset
parameter (shear strain) and measuring result (shear stress). For extreme rigid samples, the phase
difference 6 = 0 (ideally elastic deformation behaviour). Gel-like samples have 0 < ¢ < 45°, and
fluid samples have 45° < 6 < 90° (Figure 1.12b). Complex shear modulus G* = 1 / ya is also
introduced to describe the sample’s entire viscoelastic behaviour. The vectors of G* on the x-axis
and on the y-axis are the storage modulus G’ (elastic portion) and the loss modulus G (viscous
portion) (Figure 1.12¢). The viscous behaviour occurs owing to internal friction in the fluid. The
deformation energy will dissipate and become unavailable for the sample. However, under force,
the internal structure will be stretched and extended for elastic behaviour, storing the elastic portion
of energy inside, which will become the driving force for the sample to recover its original shape.
For gel studies, G’ > G” is the criterion of gelation, indicating the formation of interconnected
structures in the samples. The crossing point of G’ and G” is also used to determine many gel
properties, including the gel-sol transition temperature,*’ yield stress,*® and recovery of the gel.’!
Figure 1.13 shows two different geometries of shearing rheometers and the determination of yield

stress based on the G’, G” data plot.
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Figure 1.12. (a) Two-plate model of material between the movable upper plate and stationary
bottom plate. The shear stress T is defined using shear force F and shear area A. The shear strain
v is defined using deflection path s of the upper plate and the distance h between the plates. (b)
Phase difference 6 between preset shear strain and resulting shear stress for ideal elastic
deformation behaviour and viscous flow behaviour. (¢) Shear modulus G* is defined with shear-
stress amplitude ta and strain amplitude ya. Projection of G* towards x-axis storage modulus G’
is the elastic portion of the viscoelastic behaviour. Projection of G* on y-axis loss modulus is the
viscous portion. Angle & is the phase difference as in (b). Figures adapted from ref.. 1417193 with
permissions. Copyright (2021) RSNA, (2016) Academic Press, (2018) Macmillan Publishers
Limited, part of Springer Nature.

24



(@)

Parallel Plate Cone and Plate

| 00000000000000000000000..

1000 ”
100 | 000000000000000000000000058

10

1 *
0.1 ! 02283
001 { oG .

0,001 °G” Yield stress(G =G ")
0,0001

G, G "'/Pa

0,1 1 10 100
Osc. Stress/Pa

Figure 1.13. (a) Two different geometries of shearing rheometers. (b) Rheological data plot of

the storage modulus G’ and loss modulus G” with oscillation stress. Adapted from ref. ' with

permission. Copyright (2013) Royal Society of Chemistry.

1.3.2 Microscopic characterization

1.3.2.1 Microscopy
Optical microscopy, especially with polarized light, can provide images of the native

structures of crystals and gel fibers (Figure 1.14).°>> However, given the wavelength of visible
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light, the theoretical limit of resolution for an optical microscope is 0.2 um. To analyze the
nanoscale structures of gels or crystals, researchers need an electron microscope, including

scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

Figure 1.14. Optical microscopic images of i-PrNH3" lithocholate crystal and fibers under
normal light (left) and polarized light (right).

For both SEM and TEM, the sample need to be dried under vacuum before the measurement,
and other treatments such as coating and stain are often necessary. The sample structures may
change during all these pre-measurement procedures. For example, the gels may collapse, and
crystals may break. In general, however, electron microscopy can still provide important nanoscale
structural information for the samples. The fibrous structure in supramolecular gels is observed
using SEM (Figure 1.15). The TEM images of lithium 12-hydroxystearate gel also clearly show
different helical structures (Figure 1.16).
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Figure 1.15. SEM micrograph of gold-coated chia seed fibers. at (i) 4,400X magnification. (ii)
30,000X magnification. (iii) 150,000X magnification, showing fiber diameter of ~50 nm. Figure
adapted from ref. '®> with permission. Copyright (2018) Nature Publishing Group.

Figure 1.16. TEM images showing the effect of optical isomerism on the direction of the twist in
fibrous aggregates of lithium 12-hydroxystearate. (a) D-form, right-handed twist. (b) L-form, left-
handed twist. (c) DL-form, no twist. Figure adapted from ref. 6

(1965) ACS Publications.

with permission. Copyright
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1.3.2.2 Nuclear magnetic resonance (NMR)

Compared to TEM or SEM, NMR is a non-destructive characterization method, especially
suitable for testing intact gels. NMR phenomena can be observed in nuclei having non-zero
magnetic moments, such as 'H, 3C, N, “F, and many others.’* Generally, according to the
quantum theory, the interaction of these nuclei with external magnetic field leads to a nuclear
energy level diagram with discrete energy values (eigenstates). The total number of the possible
eigenstates (energy levels) can be calculated from 27 + 1 using the spin quantum number /. For the
proton ("H), I = 1/2, there are two eigenstates (spin states) for 'H. The energy difference between
these two spin states is AE = yhB, = hv,. In this equation, # is the reduced Planck’s constant 7 =
h/(2m); h is Planck’s constant; y is the magnetogyric ratio; By is the strength of the magnetic field;
and vo is the Larmor frequency. The radiofrequency can match the energy difference between the
spin states. Therefore, the nuclear spins can absorb specific radiofrequency (RF) to transit between
energy states (resonance frequency). Besides, the different nuclei in the molecule may have
different local magnetic fields Blocal affected by the chemical environment. As a result, the
resonance frequency can change, indicating different chemical environments. The comparison of
the resonance frequency relative to a reference standard such as tetramethylsilane (TMS) in the
magnetic field will give different positions, namely the chemical shift. The position of the peak is
reflected as the chemical shift in the NMR spectra, and the peak width is related to the molecular

reorientation rates and 7> relaxation (spin-spin relaxation) time.

Based on these principles of NMR,** 'H NMR spectroscopy is one of the most commonly
used NMR techniques, and it can be used to study the immobilization of the gelators into the “solid-
like” gel network. As small molecules are immobilized into the large gel network, their molecular
reorientation rates decrease, and 7> relaxation (spin-spin relaxation) decreases.’> As a result, the
peaks of these immobilized species will broaden and even merge with the baseline. The peak
integration difference in conventional '"H NMR can be used to study the mobile and solidified
species (Figure 1.17). In the research in Figure 1.17, both the dendron and diamine will be visible
in the solution state at 80 °C, whereas only the free diamine peaks can be seen after gelation at 40

°C.
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In addition to '"H NMR specroscopy, *C NMR spectroscopy can be used to study micelle
formation and gel formation. For example, Yoshio and colleagues explored the aggregation

patterns of sodium deoxycholate (NaDC) based on the '*C NMR chemical shift.*®

G2
diamine \

80 °C (sol)

30 °C (gel)

32 30 28 26 24 22 20 1.8 16 1.4 1.2
0 [ppm]

Figure 1.17. "H NMR spectra for the system G2-COOH/1, 4-CH, molar ratiol: 1.3. [dendron]= 18
mM, solvent = toluene at 80 °C (gel) and 30 °C (sol). Adapted from ref. '®” with permission.
Copyright (2009) Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

Nuclear Overhauser effect (NOE): NOE is the change of peak intensity of a nuclear spin
(j) when irradiating its neighboring nuclear spin (i) with a specific pulse. It is caused by cross-
relaxation and magnetization transfer between dipolar-coupled spins (i and j).>’>° The cross-
relaxation efficiency largely depends on the distance between the spins (rj) as the cross peak
intensity Ayog < 1/ rg-. The NOE experiment will provide distance information of two nuclear
spins, specifically when the distance is less than 5 A. This spatial relationship of two close nuclei
can be easily seen in two-dimensional nuclear Overhauser effect spectroscopy (2D-NOESY) in
terms of cross-peaks. For example, Tamesue and colleagues® designed a hydrogel system
containing host polymer cyclodextrins (CDs) and guest polymer with azobenzene (Azo), which
can change from gel to sol with UV irradiation (A = 365 nm). They used NOESY spectra to study
molecular changes during the gel-sol transition. In the gel system, the inner protons of the CD unit

showed correlation peaks to those from the trans-azo group, suggesting the azo groups were inside
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the CD unit for the gel state. However, after the UV irradiation (A = 365 nm), there is no correlation
between CD protons and the cis-azo in the sol state (Figure 1.18). 2D-NOESY can provide much

insight into the threading/dethreading process in studies of self-assembly.

Saturation Transfer Difference (STD) NMR spectroscopy: The above application of
NOE focuses on the influence of distance (rij) between nuclear spins. Another essential factor that
contributes to NOE is the molecular correlation time (tc). Small molecules (molecular weight <

1000 Da) with short 1. show positive NOE, while the large ones such as proteins show strong
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Figure 1.18. (a). Schematic illustration of the interactions of the a-CD unit (cylindrical shapes) with
azobenzene moieties (yellow shapes) upon irradiation with UV (365 nm) and visible light (430 nm)
or heating at 60 °C. 2D-NOESY spectra of CD/Azo groups in the polymers before (b) and after (c)
UV irradiation (A = 365nm) in D2O. Figures adapted from ref. 60 with permission. Copyright (2010)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

negative NOE. If a small molecule irreversibly binds to a large molecule, it will behave as a part
of it, exhibiting negative NOE as a result. Such a change in NOE behaviour is called transferred
NOE. For a small molecule that interacts reversibly with the large molecule, the NOE is still
positive, but the binding interaction can be revealed by saturation transfer difference (STD) NMR

spectroscopy. *1:%2

30



STD NMR studies the dynamic, reversible interaction between small molecules and large
ones, making it a powerful tool to explore the binding of ligands to target proteins.®* The
mechanism of STD NMR is shown in Figure 1.19. There are spectra from two conditions, and the
binding information is in the difference spectra of these two conditions. The protons of the large
protein receptor were irradiated with a radiofrequency pulse (on-resonance), leading to the
selective saturation of the protein magnetization. The saturation will quickly spread across the
protein via spin diffusion ("H-'H cross-relaxation, intramolecular NOE), transferring to the bound
ligand as well (intermolecular NOE and chemical exchange). As a result, the peak intensity of the
bound ligand will increase compared to that of the reference spectrum (off-resonance without
saturation of the protein magnetization). So, the positive peak in the difference spectrum indicates
the specific protein-ligand interaction. When the bound ligand dissociates from the protein to the
solution, its saturation state can persevere since its longitudinal relaxation (77) rate is usually much
slower than its dissociation rate. Hence, the protein can saturate newly bound ligands, and the
population of saturated ligands (free and bound) will increase. What is worth noticing is that the
difference in 7; in different ligand protons may affect the STD-NMR results and need to be

evaluated in some cases.®* More details will be covered in Chapter 2.

The gel network-gelator relationship is analogous to the protein-ligand mentioned above:
gelators will self-associate to create a large network which can be saturated with irradiation.
Meanwhile, the gelator is involved in interacting with the network by association or dissociation.
With the help of STD NMR, researchers have conducted many inspiring experiments, such as
monitoring the incorporation of different additives to the fibrous gel network®® and exploring the

selective interaction of dopamine with the hydrogel. ®
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Figure 1.19. Schematic representation of the mechanism of saturation transfer difference (STD)
NMR spectroscopy. Figure reproduced from ref. 63 with permission. Copyright (2005) Bentham
Science Publishers Ltd.

In addition to the methods of 'H NMR and '3*C NMR spectroscopy introduced above,
including NOESY, and STD NMR, there are many other NMR techniques for studying self-
assembly. Examples include diffusion-ordered NMR spectroscopy (DOSY), which can monitor
the diffusion of species in the gel system,’”%® high resolution magic angle spinning (HRMAS)
NMR to study the role of solvent in gelation,*® and rotating frame nuclear Overhauser effect

spectroscopy (ROESY), in cases where NOE is weak.”’

1.3.2.3 X-Ray/Neutron Scattering Methods

X-rays are electromagnetic radiation with a wavelength range from less than 0.1 A to over
10 nm.”"7? X-rays with a wavelength close to the interatomic distances in crystals can serve as a
light source and generate diffraction patterns after interacting with the electron clouds of the atoms
in the sample. These X-ray diffraction (XRD) patterns are the keys to revealing the spatial

relationship and molecular arrangement in the crystalline samples. A similar principle also applies
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to neutron scattering. The speed of neutrons is adjusted to achieve the wavelength (= 1 A)
comparable to atomic distances in the crystal. Elastic neutron scattering is based on the interaction
with nuclei, not the electron cloud, making neutron scattering more sensitive to light atoms than
the X-ray method. However, the intensity of neutrons is lower than that of X-rays. Therefore, it

usually requires bigger crystal samples and longer data collection times.

For crystal samples of sufficient size (ideally 150-250 microns), single-crystal XRD can
provide detailed information about molecular arrangement and structural parameters.”® For gel
samples, the molecular arrangement within a fiber might be ordered. However, the alignment of
the fibers in gels is essentially random, unlike the highly ordered arrangements in crystals. Thus,
gel samples will not show a well-defined diffraction pattern in XRD, making it difficult to directly
get the packing patterns of molecules in gel samples. To study the molecular arrangement in the

gels using XRD, two approaches are usually taken:

The first strategy is to obtain the crystals of the gelator under conditions similar to those that
cause gelation. Single-crystal XRD analysis of gelator crystals provides a model that can help
suggest what molecular arrangement is favored in the gel. With this method, Kim and colleagues
got an insight into the molecular arrangement of hydrogelator cucurbit[7]uril (CB[7]) in fibrous
structure from the single-crystal XRD of CB[7] needle crystals.”* The CB[7] molecules form
zigzagged columns owing to C-H --- O hydrogen bonds. The water/hydronium ions between the
columns will “glue” them together to form thicker units, followed by the bundling process that

finally leads to the observed fibrous network (gel) (Figure 1.20).

Another method is to use small-angle X-ray scattering (SAXS), which detects the scattering
intensity at small angles (20 <2°) (Figure 1.21). In this case, the resolution is nanoscale instead of
atomic scale as in wide-angle XRD (WAXS), and the technique provides parameters related to
aggregation, such as shape, size, and surface-to-volume ratio. Experimental SAXS data from gel
samples can be compared with the fit of the calculated model (helical, cylindrical, spherical, and
so on) to get information about the shape and size of aggregates in the gel system. Likewise, small-
angle neutron scattering (SANS) can be used to study gels. Draper and coworkers” used small-
angle scattering techniques to study the packing of low-molecular-weight gelator 2NapFF with its

selective deuterated analogs (Figure 1.22). Through comparing the experimental scattering results
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and the fitting to models, they found that all three analogues pack into a cylinder model, with
similar radii (4 nm to 4.3 nm), consistent with the cryo-TEM result (Figure 1.22).
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Figure 1.20. (i) Molecular structure of cucurbit[7]uril (CB[7]). (ii) X-ray crystal structure of
CBJ[7]. Colour codes: gray C, blue N, red O, white H. Guest molecules of acetone are omitted for
clarity. a) Organization of CB[7] molecules on the ab-plane. b) Packing in the bc-plane. (iii)
Schematic representation of the hierarchical assembly of CB[7] gel. Figures reproduced from ref.

74 with permission. Copyright (2007) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1.21. Schematic comparison of SAXS with WAXS. q value (momentum

transfer in reciprocal-space) corresponds to a real-space distance (d). Figure from ref.

Copyright (2013) Anton Paar GmbH, Austria.
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Figure 1.22. Comparison of SAXS data for (A) 2NapFF, (B) 2dNapFF, (C) 2NapdFdF at 10 mg/mL

in D>O (empty circle: data, blue lines: fit to a cylinder model, red: deuterated sections). Figure

reproduced from ref. 75 with permission. Copyright (2020) Elsevier Inc.

1.3.2.4 Other spectroscopy methods

In addition to all the characterization methods introduced above, many other methods,

including infrared spectroscopy (IR), fluorescence spectroscopy, and circular dichroism (CD)

spectroscopy, can provide useful and interesting information about the structural changes and
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intermolecular interactions that arise in gelation/crystallization. The fourth part of this introductory
chapter will present specific examples of the use of these methods in the study of bile acids and

their derivatives.

1.4 Bile acids and their derivatives: structures, properties, and

applications

1.4.1 Structures of bile acids

Bile acids are amphiphilic molecules that widely exist in the digestive system of vertebrates
and humans to facilitate the absorption of fat and other fat-soluble nutrients.”®’” Owing to their
natural abundance and biocompatibility, bile acids and their derivatives are promising for use as
components of functional material, especially for medical applications. Bile acids have been used
to design and prepare interesting materials useful as stimulus-responsive drug delivery
nanocarriers,’>” dental materials,*®! gels,3>% and CO, absorbents.>’> The bile acid-based
materials exhibit various physical and chemical properties, rooted in the structures and arrangement
patterns of bile acids and their derivatives. This section will start with the structures of bile acids

and their packing patterns, followed by several examples of bile acid derivatives.

Based on the biosynthetic routes, primary bile acids are synthesized from cholesterol in the
liver. Secondary bile acids are converted from the primary bile acids by colonic bacteria in the
intestine (Figure 1.23a).8”%8 Both primary and secondary bile acids are often conjugated with
glycine or taurine, forming the conjugated bile acids.?”%’ Bile acids are steroid compounds with a
rigid skeleton made of three six-membered rings and one five-membered ring. Cholic acid is the
most hydrophilic among the non-conjugated bile acids; the hydrophobic methyl groups and the
hydrophilic hydroxyl groups are arranged on the convex and concave sides, respectively, of the
steroid skeleton, resulting in a “facial amphiphilicity” (Figure 1.23b). Bile acids with fewer
hydroxyl groups may only have a hydrophilic “edge”. The rigidity of the steroid skeleton, the
number and the position of the hydroxyl groups and the degree of protonation of the carboxylic
acid group on the lateral chain affect hydrogen bonding and the structures resulting from self-

assembly.
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Bile acids are different from the simple head-tail amphiphiles, making it challenging to
calculate the packing parameters (Figure 1.5 in part 2) for packing geometry prediction.
Fortunately, in bile acids, the rigid polycyclic structure limits the number of accessible
conformations; moreover, the position of hydroxyl groups and the directionality of hydrogen-bonds
contribute additional “rigidity” into aggregates composed of bile acids. These structural features

make bile acids uniquely interesting candidates for the study of molecular packing and

morphology.
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Figure 1.23. (a) The structures of bile acids and their biosynthetic pathways. (b) Structure of bile

acids. The numbers indicate some specific carbon positions.

38



1.4.2 Micelles of bile salts

Bile acids usually exist as sodium salts in the gastrointestinal tract, known as bile salts. Bile
salts form micelles in the body for the digestion of fats in food. The micellization of bile acids is a
good starting point to explore bile acid self-assembly. The driving force of the micellization of bile
salts is the formation of intermolecular hydrogen bonds and the creation of hydrophobic
interactions.’™! Compared to classical amphiphiles, bile salts show a broader transition range
instead of a single critical micellar concentration (CMC), indicating a continuous micellar
aggregation phenomenon.’>** The CMC values measured for bile salts depend on temperature,’>-*
ionic strength,”>% the specific bile salt used,”>*° and even the detection techniques used for the
measurements.”> At ambient temperature, the CMCs of trihydroxy bile salts are higher than those
of the dihydroxy bile salts, and in the dihydroxyl bile acids, chenodeoxycholate shows slightly
higher CMCs than deoxycholate salts.?®%37%8 For example, Norman et al. measured the first-stage
association of bile salts based on the solubilization of 20-methylcholanthrene in aqueous
solutions.”® The CMCs of the sodium bile salts measured under their experimental conditions
follow the order cholate (12 mM) > chenodeoxycholate (6 mM) > deoxycholate (5 mM) >
lithocholate (1 mM), reflecting the influence of the number and position of hydroxyl groups on the
association process of bile salts.”®!% The stepwise micellization process, including primary and
secondary bile acid micelles (Figure 1.24), has been studied by different techniques.®%!°1:192 In the
standard model, the primary micelles are formed through hydrophobic interaction of the convex
faces. At higher concentrations, the primary micelles can form secondary micelles through
hydrogen bonding. This model was further confirmed by Bohne et al. based on a study of the
quenching of excited triplet probe molecules, depending on the state of association of bile salt
aggregates.!?>19 The result revealed that the binding sites of primary aggregates are hydrophobic
and well-protected, while the secondary micelles have binding sites that are relatively hydrophilic
and more exposed to the aqueous solution. 1919 Using fluorescence probe molecules was also a
powerful way to help estimate and compare the different aggregation dynamics of bile acids.®
Inspired by the previous investigation of how bile salt aggregates interact with probe molecules,
Meier and colleagues used chiral selective guest molecules to explore the primary and secondary
micellization process for cholate and deoxycholate and the interesting change of chiral selection

during each step of this process. °
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According to the primary/secondary micelles model, the initial aggregates are formed by the
interaction of hydrophobic faces. A similar interaction pattern is also postulated in the disk-like
model of bile acid aggregation (Figure 1.25C).!** In addition to the models of primary/secondary
micelles,'*! and disk-like micelles!® discussed above, a helical micelle model was also proposed.
105-107 The structure of the helical micelle is similar to inverted micelles with nonpolar groups
facing the aqueous environment (Figure 1.25D). This model is based on the small-angle X-ray
scattering (SAXS) results, and it also assumes the coherence of the micellar structure with the
helical crystalline structure reported for rubidium deoxycholate.!?¢!7 In sum, the micellar
structures of bile salts have not been determined unambiguously and further work is needed. As a
result, the aggregation of bile salts from preliminary stages to the formatiuon of higher-order
assemblies continues to draw the attention of many researchers exploring various topics, including

the self-association patterns of cholesterol derivatives and the role of bile acids in digestion. '

Primary aggregate I

hydrophobic
site

Hydrophilic site

Figure 1.24. Schematic illustration of primary aggregation (in the circle) and secondary aggregation
of bile salts. The dark areas correspond to the position of the hydroxyl and carboxyl groups, and the
aggregation number of 4 and relative positioning of the bile salt monomers is arbitrary. Figure

reproduced from ref. ' with permission. Copyright (1996) American Chemical Society.
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Figure 1.25. Schematic representation of different micellar models. (A, B) Different primary
micelles. (C). Disk-like micelle. (D). Helical structure observed from the top. Figure reproduced

from ref. '%° with permission. Copyright (2010) Elsevier Ltd.

1.4.3 Higher-order structures of bile salts
Forming higher-order structures involves intermolecular interactions such as hydrogen
bonds, ionic interactions, and hydrophobic interactions as bridges to connect smaller subunits

produced by initial aggregation of bile salts.

The influence of pH on behaviour of bile salts has been studied in different ways, especially
for deoxycholate.!'” ! Lowering the pH of aqueous solutions of sodium deoxycholate (NaDC)
decreases solubility, can increase the viscosity, and can even lead to gelation of the system.
Previous work in our group explored the gelation of aqueous solutions of bile salts induced by
exposure to CO2.>? Carbonic acid formed by the reaction of CO» with water can protonate some of
the carboxylate groups in NaDC. Gelation then results from interconnecting micelles through
hydrogen bonding between the protonated carboxylate groups, yielding a transparent gel. Higher
CO: concentrations can produce fiber bundles, resulting in an opaque gel (Figure 1.26). The
gradual protonation of the carboxylate groups in aqueous solutions of NaDC with CO2 was also
characterized using Fourier transform-infrared (FT-IR) spectroscopy. The aggregation of bile salts
can be promoted with reduced repulsion among the charged heads at lower pH values or higher

ionic strength. !!2

Because of the distribution of hydroxyl groups and methyl groups on the a and 3 faces of

cholate, respectively, cholates can form a bilayer structure in which the molecules are organized in
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Figure 1.26. (A) TEM images of micelles in 10 mM aqueous solution of NaDC. (B) TEM image
of fibers in an aqueous solution made by mixing of NaDC (10 mM) and CO» (4 mM). (C) TEM
image of thick bundles of fibers in an aqueous mixture of NaDC (10 mM) and CO; (40 mM). (D)
Schematic representation of the formation of hydrogels from aqueous solutions of NaDC and
further aggregation with increasing contents of CO». Figures reproduced from ref. 32 with

permission. Copyright (2019) American Chemical Society.

an a-face-to-a-face fashion.!'3"!'> More specifically, the hydroxyl group at the C-3 position of one
cholate links the two hydroxyl groups (C-7 and C-12) in the other two molecules related by a 2-
fold screw axis (Figure 1.27).!'3"!15 This bilayer structure was first discussed in the crystalline state
of cholate and its derivatives.!'>!' In 2009, Qiao and colleagues obtained uniform, right-handed
nanohelices of calcium cholate in an aqueous environment (Figure 1.27).!!*> Based on the high-
resolution TEM, SAXS, and FT-IR results, they proposed the possible molecular packing pattern
as consisting of bilayer strips of cholate connected through metal-carboxyl coordination (Figure
1.27).115 Other metal ions, such as Cu®*, Co?*, Zn**, Cd**, Hg*", and Ag" can also form interesting
structures or even generate hydrogels when mixed with bile salt solutions.!'>"'!"® The metal ions

play essential roles in connecting the bile salt aggregates together as a network.!!>1!7
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Figure 1.27. Schematic model of the nanohelix. (a) Molecular structure and backbone of cholate
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illustrating the facial amphiphilicity and molecular size. (b) The molecular aggregate as the
minimum constitution unit of a bilayer type of cholate host framework (blue dotted lines: hydrogen
-bonds). (c) TEM image of nanohelix and scheme of twisted nanoribbon composed of parallel,
longitudinal strips. (d) Top view of the molecular model. (¢) Corresponding cross-section view.

Figures reproduced from ref. !> with permission. Copyright (2009) American Chemical Society.

1.4.4 Functionalized bile acids

The previous examples are based on the self-assembly of natural bile salts. However, bile
acids can be modified easily to give unnatural derivatives, and functionalization of bile acids has
been carried out by many researchers.?® The reactivity of the carboxyl group and hydroxyl groups

makes them particularly easy to modify. Examples of functionalized bile salts are provided below.

Modifications of the carboxyl group or functionalization at C-24 of bile acids/salts were
reported in studies involving both crystallization and the formation of gels. Sada et al. compared

crystals of cholic acid with bishomocholic acid (compound 2 in Figure 1.28a) and achieved the
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controlled expansion of a molecular cavity in the crystals using elongation of the side chain at C-
24 (Figure 1.28b).!"” The C-24 functionalized bile acid gelators also show interesting stimuli-
responsiveness. For example, a picolinic acid-conjugated bile acid derivative (compound 3 in
Figure 1.28a) can form a gel in the presence of Cu?" in organic and aqueous solvent mixtures.'?°
The gel-sol transition of this system can be triggered by many factors such as the presence of
additional reagents, heating, and sonication (Figure 1.28c). Another example is a phenanthroline-
functionalized cholic acid (compound 4 in Figure 1.28a), which was an effective gelator for
methanol-water; however, in the presence of Zn?>*, the white gel became a transparent liquid at

room temperature.'?!

Modifications of the hydroxyl groups of bile acids usually start from the functionalization of
hydroxyl on C-3, as it is more accessible. The example of naphthoylamine-substituted cholic acid
(NaphC) in Figure 1.29 shows that its self-assembled structure changes from scrolls or tubules into
ribbons by heating, and the transition from single-wall tubules to rolled sheets occurs with the
addition of NaCl.'?? Zhao et al. functionalized C-3 with the B-NH> group to form crystals with
higher guest inclusion with methanol than the previous bile acid in inclusion compounds.'?* The
formation of larger channels in this C-3 functionalized bile acid crystal is related to the ammonium-
carboxylate interaction and the rigidity of the bile acid moiety.'?* Other substitution groups on C-
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3 of bile acids such as p-tert-butylphenylamide,'?* phenylalanine,'>> and D-mannose'?® were also

reported.
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Figure 1.28. Examples of derivatives of bile acids functionalized at C-24. (a) Structures of cholic
acid and its derivatives 2, 3, and 4 functionalized at C-24. (b) Schematic illustration of an expanded
host cavity by elongation of the cholic acid. (c¢) Sonication-induced gelation caused by treating
compound 3 with CuSOy4 (1:1) in aqueous MeOH (30%). Figures reproduced with permission from
ref. ! Copyright (2001) American Chemical Society and ref. '2° Copyright (2015) Elsevier Inc.
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Figure 1.29. Multistimuli response of C-3-substituted derivative NaphC. Cryo-TEM micrographs
showing the structures forming in a buffer solution at pH 8.5 (a), pH 12.3 (b) pH 12.3 after 24 h
(c), pH 12.0 and NaCl 20 mM (d), and pH 12.3 and 55 °C (e). The arrows between the micrographs
indicate the direction and the triggering parameters of the structural transitions. A schematic
representation of the structures is in the top right of each micrograph. (f). Chemical structure of
NaphC. Figures reproduced with permission from ref. 30 Copyright (2019) American Chemical
Society and ref. 22 Copyright (2015) Royal Society of Chemistry.

Bile acids can be substituted at C-3 and C-24 by groups such as adamantyl and
triethylamine.'?” They can also be substituted by grafting polymers at different positions. Figure
1.30 shows the grafting of poly(ethylene glycol) chains to different bile acids. These nonionic
surfactants can form spherical aggregates potentially useful as drug carriers (Figure 1.301).!2® There

is also design of star-shaped block copolymers with a cholic acid core and pendant amine groups
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(Figure 1.3011).'?° The poly (allyl glycidyl ether) (PAGE) and polyethylene glycol (PEG) blocks

contribute to the thermoresponsive properties of the material.

R,
R4 HN

CA(EG,), :R,=R,= (EG),-OH O

DCA(EG,);:R, = H,R,= (EG),-OH

LCA(EG,); R, = H,R,= H n
0

NH,

Figure 1.30. (I). Pegylated bile acid structures (left) and TEM micrographs of freeze-fractured
CA(EGs)4 samples (right). (II) Structure of CA-(PAGE-NH2-b-PEG) with a cholic acid core and
poly (allyl glycidyl ether) (PAGE) and poly (ethylene glycol) (PEG) blocks. Figures reproduced
with permission from ref. '2%, Copyright (2012) American Chemical Society and ref. '?. Copyright
(2021) Elsevier Ltd.

The dimer, trimer, and oligomer of bile acids also showed promising results in self-assembly
studies (Figure 1.31). For example, Zhang et al. studied hydrogel formation by mixing cholic acid
dimer with various acids.’! Synthesized bile acid trimers have also proved to be effective

hydrogelators in the presence of acetic acid.'**!3! The properties of oligomeric bile acids were
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influenced by the repeating units and the spacer between them.!3>!3* The bile acid oligomers can
fold into nanocavities and defold under stimuli such as the polarity of the solvent'** and metal

ions.!'?
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Figure 1.31. (a) Chemical structure of a dimeric derivative of cholic acid. Copyright (2016) Royal
Society of Chemistry. (b) Related trimer derived from bile acids. Copyright (2001) Wiley-VCH
Verlag GmbH, Weinheim, Fed. Rep. of Germany. (c) Cholate oligomers that fold/unfold with
different solvents. Copyright (2005) American Chemical Society. Figures reproduced from ref.
85.130.134 with permission.

Owing to unique features of their structures, bile acids/salts and their derivatives provide
many valuable tools for studies of self-assembly. The biocompatibility and abundance of bile acids

make them promising candidates for biomedical applications like drug delivery and tissue

engineering.
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1.5 Research objectives and the content of the thesis

The objectives of this thesis include to understand gelation mechanism at the molecular level
by spectroscopy and to explore conditions of gelation and crystallization by using various salts of

bile acids.

This thesis contains five chapters, including this introductory chapter (Chapter 1) and the last
chapter of conclusion and perspectives (Chapter 5). Chapters 2-4 are research manuscripts
published or submitted to peer-reviewed journals. All the work presented has been mainly
performed by the author of the thesis under the supervision of Prof. Julian Zhu and Prof. James D.
Wauest. Our collaborators in the department of chemistry also contribute to the characterization and
analysis of the results. Dr. Cédric Malveau helped with the NMR experiments and is the co-author
for the research paper in Chapter 2. Dr. Thierry Maris contributed to the XRD measurements and
the crystal structure analysis. Dr. Meng Zhang provided valuable suggestions on some designs of
the experiments. Because of their contributions, Dr. Meng Zhang and Dr. Thierry Maris are co-
authors for the research papers in Chapters 3 and 4. The thesis aims to understand better the
relationship between gelation and crystallization at molecular level. The unique structure of bile
acids makes them ideal candidates for a detailed, systematic study of molecular arrangements in
gels and crystals. Hopefully, our research will shed light on the relationship between gelation and

crystallization and inspire the design of new materials based on bile acids.

Chapter 2 shows the application of nuclear magnetic resonance (NMR) spectroscopy to
understand the gelation process on the molecular level. We used different NMR techniques to probe
hydrogel formation, and we analyzed molecular interactions in mixtures of sodium deoxycholate

(NaDC) and formic acid.

Chapter 3 presents our systematic study of the aggregation of a series of ammonium salts of
lithocholic acid in an aqueous environment. The nature of the aggregation changes from gelation
to crystallization as the ammonium counterions are varied, and we analyzed the molecular
arrangement by using X-ray diffraction (XRD) to reveals the intimate relationship between gelation

and crystallization in this system.

Chapter 4 explores the relationship between crystallization and gelation in mixtures

containing a broader range of bile acids and alkylamines. The effects of the hydrophobicity of bile
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acids and the alkyl chain length of amines on self-assembled structures were examined in detail.
The bile salts show a strong preference for edgewise association in the anisotropic growth of

crystals and fibers.

Chapter S is an overall summary of the work in this thesis and the perspectives for further
exploration of the gelation and crystallization relationship and the potential design of bile acids-

based materials.
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Chapter 2. Using Nuclear Magnetic Resonance Spectroscopy
to Probe Hydrogels Formed by Sodium Deoxycholate

Abstract

Hydrogels of bile acids and their salts are promising materials for drug delivery, cellular
immobilization, and other applications. However, these hydrogels are poorly understood at the
molecular level, and further study is needed to allow improved materials to be created by design.
We have used NMR spectroscopy to probe hydrogels formed from mixtures of formic acid and
sodium deoxycholate (NaDC), a common bile acid salt. By assaying the ratio of deoxycholate
molecules that are immobilized as part of the fibrillar network of the hydrogels and those that can
diffuse, we have found that 65% remain free under typical conditions. The network appears to be
composed of both the acid and salt forms of deoxycholate, possibly because a degree of charge
inhibits excessive aggregation and precipitation of the fibrils. Spin-spin relaxation times provided
a molecular-level estimate of the temperature of gel-sol transition (42 °C), which is virtually the
same as the value determined by analyzing macroscopic parameters. Saturation transfer difference
(STD) NMR spectroscopy established that formic acid, which is present mainly as formate, is not
immobilized as part of the gelating network. In contrast, HDO interacts with the network, which
presumably has a surface with exposed hydrophilic groups that form hydrogen bonds with water.
Moreover, the STD NMR experiments revealed that the network is a dynamic entity, with
molecules of deoxycholate associating and dissociating reversibly. This exchange appears to occur
preferentially by contact of the hydrophobic edges or faces of free molecules of deoxycholate with
those of molecules immobilized as components of the network. In addition, DOSY experiments

revealed that gelation has little effect on the diffusion of free NaDC and HDO.

This chapter has been published as a research article: Puzhen Li, Cédric Malveau, X. X. Zhu,
and James D. Wuest. "Using Nuclear Magnetic Resonance Spectroscopy to Probe Hydrogels
Formed by Sodium Deoxycholate." Langmuir (2021).
(https://doi.org/10.1021/acs.langmuir.1c02175)
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2.1 Introduction

Certain small molecules can associate reversibly in solution to form complex fibrillar
structures that immobilize the solvent and yield gels.!” In the case of water, small-molecule
gelators are typically amphiphilic compounds with hydrophilic regions to ensure adequate
solubility, along with hydrophobic regions to induce association in aqueous media. Important

7-13

examples of hydrogelators include bile acids and salts, which are steroids with multiple

1415 such as facilitating the digestion of fats and the

functions in mammals and other vertebrates,
absorption of nutrients with poor solubility in water. Because bile acids and salts are biocompatible
and abundant, their hydrogels are promising materials for use in drug delivery, cellular
immobilization, and other applications.!®! Our group has worked extensively in these areas and
has examined hydrogels formed by derivatives of bile acids in conjunction with carboxylic acids,*?

the sequestration of CO2 by hydrogels of bile acid salts,?* and other topics.?*

A common bile acid salt, sodium deoxycholate (1), can form hydrogels under particular
conditions of concentration, temperature, pressure, pH, and ionic strength.>>37 Like other
derivatives of bile acids, sodium deoxycholate (NaDC) is characterized by a degree of facial
amphiphilicity, and its steroidal structure has an extended convex hydrophobic surface with axial
methyl groups, as well as an opposing concave surface that exposes hydroxyl and carboxylate
groups. The self-association of NaDC in water to form micelles has been studied in multiple ways,
and the size and shape of aggregates depend on concentration. Various models have been
advanced,*® and primary association above an initial critical micellar concentration of about 10
mM appears to yield small aggregates consisting of a few molecules held together by interactions
of their hydrophobic faces. Further association at higher concentrations may then produce larger

secondary micelles and leads ultimately to hydrogelation.
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However, no current model of association accounts for all observations, and detailed
information about aspects of the process of hydrogelation is not available, such as how the gelator
and water interact at the molecular level. Learning how aqueous solutions of NaDC form gels will
not necessarily explain how all hydrogelators work. However, the well-defined tetracyclic
structures of NaDC and other bile acid salts limit the possible patterns of molecular association and
ensure that aggregates in solution, in gels, and in the solid state will all have an important degree
of structural similarity. As a result, studies of NaDC and related compounds promise to yield a

highly detailed understanding of hydrogelation in a system of particular interest.

For further information about hydrogelation induced by NaDC, we turned to NMR
spectroscopy, which can be used in diverse ways to probe the structure of gels and the interactions
of their components.*** The rotational correlation time, which is the time needed for a molecule
to rotate by 1 radian, is longer when molecules are ordered within the fibrillar structures that give
rise to gels than when they are free. As a result, certain signals in the NMR spectra of gels are
broadened and can merge with the baseline to become invisible. In this way, integration of selected
peaks can provide important information, such as the ratio of molecules that are incorporated in
gelating networks relative to those that are free. Another valuable technique for studying gels is
saturation transfer difference (STD) NMR.* In STD NMR, selected nuclei in a macromolecular
structure are saturated, and magnetization is transferred by spin diffusion to other parts of the
macromolecule, as well as to small molecules in close proximity (< 5 A). Signal intensities
measured with selective saturation (/sat) will differ from those recorded without saturation (/o),
and the difference spectrum (/stp = /o - IsaT) will identify molecules that received saturation transfer
by spin diffusion through the nuclear Overhauser effect. STD NMR was originally developed to
study the binding of ligands by proteins, but it is also useful for probing gelation, as illustrated by
analyses of fibrillar networks formed by hydrogelators derived from amino acids.*>*¢ In addition,
standard measurements of relaxation times and diffusion coefficients by NMR spectroscopy can
provide complementary information about the assembly of gels. NMR spectroscopy has already
been used to examine aggregates and hydrogels formed by NaDC and other bile acid salts,*’* but

our work extends these earlier studies and provides valuable new information.
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2.2 Materials and Methods

2.2.1 Preparation of Samples.

NaDC and formic acid were purchased from Sigma Aldrich and were used to prepare stock
solutions in D0 for NMR experiments and in H>O for other studies. The solutions were mixed in
various ratios and diluted to give the desired concentrations. To form hydrogels, the molar ratio of
NaDC to formic acid needs to be approximately 5:1. The resulting mixtures were heated to produce
solutions, which were then allowed to cool to 25 °C. Under typical conditions, the pH of the
solutions was in the range 7.3—7.5. Samples for NMR experiments were prepared directly in
standard 5-mm NMR tubes or in coaxial 5S-mm NMR tubes containing an inner tube with outside
and inside diameters of 3 mm and 2 mm, respectively. All 'H NMR experiments were performed
using a Bruker Avance 11 400 NMR spectrometer, operating at 9.4 T (400 MHz frequency for 'H),
or a Bruker Avance 500 NMR spectrometer, operating at 11.74 T (500 MHz frequency for 'H).

2.2.2 Measurements of Spin-Spin Relaxation Time (73).

The T relaxation time of HDO was measured with the standard CPMG pulse sequence.’*!
Temperatures were calibrated by using the temperature-dependent difference between the chemical
shifts of the CH> and OH signals of ethylene glycol. Samples with three different nominal
concentrations of NaDC and formic acid were prepared (Table 2.1). The samples were kept in
NMR tubes for more than 12 h to ensure complete gelation. Values of 7> for HDO in the samples

were measured between 25 °C and 55 °C at intervals of 5 °C. For each data point, the sample was

kept at the desired temperature for 20 min before measurements were made.
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Table 2.1. Data Related to Measurements of Spin-Spin Relaxation Time (72)

Sample NaDC (mM)?* Formic acid (mM)? Sample state Tger-so1 (°C)
S1 20 4 Solution -
S2 50 10 Transparent gel 42
S3 100 20 Opaque gel 42

*Nominal concentration, corresponding to the sum of acid and salt forms

2.2.3 Integration of Variable-Temperature (VT) 1D '"H NMR Spectra.

VT 1D 'H NMR spectra were recorded on a Bruker Avance II 400 NMR spectrometer at
temperatures between 25 °C and 55 °C. Gels produced by mixing solutions of NaDC and formic
acid in D>O were prepared in the outer part of coaxial 5-mm NMR tubes, with solutions of maleic
acid in D70 in the inner part as an internal standard. Samples were first stabilized and analyzed at
25 °C, and then the temperature was increased to 55 °C at a rate of 5 °C/min and kept at 55 °C for
5, 15, or 30 min for the gels to melt completely. The temperature was then quickly decreased to
25 °C, and an NMR spectrum was recorded every 5 min to follow the gelation. The heating-cooling
process was repeated three times for each sample to check the effect of thermal history. Values
obtained by integrating peaks derived from NaDC, formic acid, and HDO in gelated states are
reported as the averages from 20 spectra of NaDC/formic acid gel samples at 25 °C after the
melting-gelation process. Changes in the integrations in the course of melting and gelation were

measured and compared with integrations measured for the gels.

2.2.4 Saturation Transfer Difference (STD) NMR Spectroscopy.
Sample S2 (Table 2.1) was analyzed by STD NMR spectroscopy, using a Bruker Avance II

400 instrument. Selective saturation was achieved by using a train of 40 Gaussian pulses with a
duration of 50 ms. The saturated NMR spectra were collected with on-resonance irradiation at 0
ppm (STDon) and off-resonance irradiation at 40 ppm (STDofr). The longest saturation time was 20

s. Because saturation transfers magnetization from the gelating network to species bound to it,
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differences in intensity between the STDon and STDofr spectra identify species that interact with
the network. The spin-lattice relaxation time (71) of different protons was also measured before the

STD NMR experiments.

2.2.5 Diffusion Ordered NMR Spectroscopy (DOSY).
Samples for DOSY analysis were prepared by combining NaDC and formic acid in D20 in

a 5:1 molar ratio to give mixtures with nominal concentrations of NaDC in the range 10—100 mM.
DOSY data were recorded at 25 °C using a Bruker Avance 500 NMR spectrometer with an STE-
LED pulse sequence (stimulated echo with longitudinal eddy current delay). The gradient range
was from 2.3 to 45 G/cm, and the number of gradients was 8. As controls, solutions of NaDC with
the same concentration used in the corresponding NaDC/formic acid gels were also examined by

DOSY.

2.2.6 Rheological Measurements.

An AR 2000 rheometer (TA Instruments) with a 40-mm steel cone and plate was used to
measure the rheological properties of gels prepared in H>O. Samples were melted to give
homogeneous solutions and were transferred to the center of the rheometer plate. The samples were
tested with 0.1% oscillatory strain at 20 °C until the values of the storage modulus (G') and the loss
modulus (G") reached plateaus. To determine the gel-sol transition temperature of samples
rheologically, once the G' and G" values reached the plateaus, the samples were heated to 65 °C
with temperature increments of 1 °C. The samples were equilibrated at each temperature for 1 min,

and the strain was kept at 0.1%.

2.2.7 Polarized-Light Optical Microscopy.
Gels were prepared in H2O and were then melted. The resulting liquids were transferred to
glass slides, placed under cover slips, and kept at 25 °C to allow the gels to reform. The samples

were then observed using a Zeiss Axioskop polarized-light optical microscope.

2.3 Results and Discussion

Under specified conditions, adding formic acid to aqueous solutions of NaDC induces
gelation. Suitable conditions were explored by using different concentrations of NaDC and various

ratios of formic acid. When the concentrations of NaDC and formic acid were 50 and 10 mM,
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respectively (corresponding to about 2% NaDC by weight), colorless transparent gels were formed
overnight at 25 °C (Figure 2.1). NaDC/formic acid ratios above 5 yielded solutions that did not
produce gels at 25 °C, and lower ratios led to precipitation. Because formic acid (pKa 3.75) is
substantially more acidic than deoxycholic acid (pKa. 5.89 above the critical micellar

concentration),’>3

each added equivalent of formic acid transforms an approximately equal
amount of NaDC into the corresponding acid form. Under the conditions studied, hydrogelation
requires an approximately 1:4 mixture of deoxycholic acid and the corresponding salt form, and
formic acid is converted almost entirely into formate. To simplify discussion, we will refer to the
nominal concentrations of NaDC and formic acid, which correspond to the sums of the acid and
salt forms. When the NaDC/formic acid ratio was kept at 5, and the concentration of NaDC was
increased to 100 mM, a colorless opaque gel was formed at 25 °C (Figure 2.1). An optical
micrograph of this material under polarized light showed a fibrillar texture (Figure 2.1). We suggest
that the higher concentration increases the density of fibrils, which can associate to form bundles

large enough to scatter visible light, thereby creating an opaque gel instead of the transparent form

produced at 50 mM.

Transparent gel Opaque gel

Increase
concentration

=

NaDC 2 wt% (50 mM) NaDC 4 wt% (100 mM)
+ formic acid (10 mM)  + formic acid (20 mM)

Figure 2.1. Hydrogels formed when solutions of NaDC and formic acid in H>O are mixed in a
5:1 ratio. The images show the transparent gel formed when the nominal concentration of NaDC
is 50 mM, the opaque gel produced at 100 mM, and the fibrillar texture of the opaque gel, as

revealed by polarized-light optical microscopy.
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NaDC and formic acid were mixed in a 5:1 ratio in D,O at three different nominal
concentrations of NaDC (20, 50, and 100 mM) to give samples S1, S2, and S3, respectively. Spin-
spin relaxation times (72) of HDO in the samples were measured at various temperatures, and the
resulting data are summarized in Table 2.1 and Figure 2.2. Both samples S2 (50 mM) and S3 (100
mM) gave gels at 25 °C and showed non-linear increases in 72 in the range 35-45 °C; in contrast,
sample S1 (20 mM) was fluid, and 7> increased linearly with temperature. In samples S2 and S3,
the marked increase in 7> denotes transition from a gel to a solution. The resulting data were fitted
to a sigmoidal curve, and a plot of the first derivative showed that Tgel-so1 1s 42 °C for both samples
S2 and S3 (Table 2.1). The storage modulus (G') and loss modulus (G") of the gels were also
determined at different temperatures (Figure 2.S1). From these measurements of macroscopic
behavior, Tgel-sol (the point at which G' and G" become equal) is about 42 °C, which is the same as
Tsel-sol determined at the molecular level by NMR spectroscopy (Table 2.1). These values are also
consistent with estimates of Tgel-sol for a related NaDC/HCI gel system (~40 °C), based on changes

in specific conductivity.>*
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Figure 2.2. Spin-spin relaxation times (7>) of HDO as a function of temperature, as measured by
NMR spectroscopy in samples prepared by mixing solutions of NaDC and formic acid in D20 in a

5:1 ratio, using three different nominal concentrations of NaDC.

To determine the proportion of molecules that are bound as part of the fibrillar network in
NaDC hydrogels and those that remain free in solution, we used VT 'H NMR spectroscopy to track
signals assigned to NaDC, formate, and HDO, and we analyzed how their integration varies during
the course of melting and gelation (Figure 2.3). Initial experiments were carried out with sample
S2 (nominally 50 mM NaDC) in coaxial NMR tubes with a solution of maleic acid in D>O as
internal standard. Integrations and chemical shifts for all peaks were monitored. The chemical
shifts of all species except HDO were essentially unchanged by variations in temperature; however,
the integrations of all measurable protons in NaDC increased as a result of melting. This can be
attributed to disassembly of the network present in the gelated state and formation of a solution.
Subsequent cooling induced reformation of the gel within 5 h at 25 °C, and integration of NaDC
signals decreased and returned to the value observed before heating. The results were reproducible

in several heating-cooling cycles and were not affected by the length of the incubation time at
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55 °C. The consistency of our observations confirms that under the conditions chosen, regeneration
of the gel is not seeded and accelerated by deoxycholate aggregates that survive melting.>> In
contrast, integrations corresponding to formate and HDO remained nearly constant during the
process of melting and reformation of a gel, as shown in Figure 2.S2. This suggests that the fibrillar
network formed by associated molecules of NaDC and deoxycholic acid has a mainly hydrophobic
interior that cannot immobilize significant quantities of small polar species such as formate and

water.

—=— 5 min
—+— 15 min
—+— 30 min

-

o

o
T

©
o
T

~
o
T

Normalized NaDC Integration in S2
(o)} [0}
o o

Figure 2.3. Changes in the integration of NaDC signals (nominal concentration 50 mM) as
hydrogels were heated, melted, and reformed by cooling, as measured by VT 'H NMR
spectroscopy as a function of time. Integrations were normalized with respect to maleic acid as an
internal standard. Melts were held at 55 °C for 5 min (black squares), 15 min (red circles), and 30
min (blue triangles). For each incubation time and for each sample, the melting-cooling procedure

was repeated three times.
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Opaque gels, which were formed at a higher nominal concentration of NaDC (100 mM),
were also examined by VT 'H NMR spectroscopy (Figure 2.S3), and quantitative analyses of
integrations using both 50 mM samples (S2) and 100 mM samples (S3) are summarized in Table
2.2. In both S2 (transparent gel) and S3 (opaque gel), the integration of signals attributed to NaDC
decreased by approximately 35% in the gelated state relative to the melt. This value can be
considered to measure the fraction of molecules immobilized in the fibrillar network. Because the
bulk samples contain NaDC and the corresponding bile acid in a ratio of 4:1, the observed changes
in integration establish that the fibrillar network does not consist of the acid form alone, but must
incorporate both the free acid and its salt. This is an important conclusion, because it suggests that
effective gelation requires that the fibrils have a degree of charge, possibly to prevent excessive

aggregation and precipitation.

Table 2.2. Decreases in the Integration of Proton Signals in VT 'H NMR Spectra as Hydrogels

Derived from NaDC are Reformed After Melting and Incubation

Decreased integration (%) at different
incubation times

Sample Species Average (%)
5 min 15 min 30 min
NaDC 35.9 36.6 33.6 354+1.6
S2
formate 6.5 4.1 5.4 54+1.2
(50 mM)
HDO 1.7 2.6 33 25+0.8
NaDC 35.1 34.8 34.5 34.8+0.3
S3
formate 2.9 7.5 4.5 50+£23
(100 mM)
HDO 2.4 4.1 2.8 3.1+09

To further explore the structure and dynamics of hydrogels formed by NaDC, we used STD
NMR experiments to examine the transfer of magnetization from the fibrillar network to species
free to interact with it (Figure 2.4). Differences in the intensity of signals of free species observed

in on-resonance spectra (Isat) and in off-resonance experiments (Io) reflect interaction of the
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species with the network (Figure 2.4A). The ratio (Io-Isat)/lo gives the fractional STD response,
which is represented by nstp. The value of 7 for formic acid (~22 s at 25 °C) is much larger than
those of HDO (~4 s at 25 °C) and NaDC (~1 s at 25 °C), so formate should reach higher plateau.
However, the corresponding value of nstp proved to be almost zero (Figure 2.4B), confirming that
formic acid induces gelation by converting an approximately equivalent amount of NaDC into the
corresponding acid but does not interact in a significant way with the resulting network. This
conclusion is consistent with the absence of marked changes in the integration of formate in VT

"H NMR experiments in which NaDC hydrogels are melted and reformed (Table 2.2).
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Figure 2.4. (A) STD NMR spectra of a hydrogel formed by NaDC under standard conditions
(nominal concentration 50 mM), showing the off-resonance spectrum (red), the on-resonance
experiment (blue), and the difference (black). The difference spectrum is increased in scale by a

factor of 10. (B) Values of nstp for different species as a function of saturation time. The curve
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labeled “NaDC sum” represents the summed integrations of all detectable protons in the NMR

spectrum of NaDC (in salt and acid forms).

In contrast, Figure 2.4B shows that free HDO and NaDC interact with the fibrillar network
of the gel. This finding establishes that the network has a hydrated surface, on which exposed
hydrophilic OH, COOH, and COO" groups form hydrogen bonds with water. In addition, the
network is a dynamic entity, with molecules of deoxycholate associating and dissociating
reversibly. The behavior of HDO and NaDC can be assessed in more detail by using eq 1 to
examine how nstp depends on the saturation time ¢, on the saturation rate constant ¢ that measures
how rapidly exchange reaches a steady state, and on ¥, which is the value of nstp when the
saturation time is infinite. Higher values of 71 make nstp reach its plateau value more slowly. To

remove the influence of different values of 71 on 3, values of n34X - § (which represents the initial

slope at zero saturation time) were calculated and compared.’® Similar values of ni¥ - § are
observed for HDO (1.1 x 102 s™") and NaDC (1.2 x 102 s™!, as measured for all detectable protons).
The rate constant observed for NaDC is much slower than the one measured for exchange involving
aggregates in solution, which occurs in the microsecond domain.>’ This difference supports the
conclusion that the STD NMR experiments probe the exchange of NaDC between the structure of

the gel and the aqueous phase.

Nstp = U%%X(l — e_&) (1)

Close analysis of the values of ¢ for specific protons of deoxycholate provides additional
insight. Figure 2.5 provides individual plots of nstp as a function of saturation time ¢ for four
individual protons, and Table 2.3 compiles the corresponding values of n¥4X - §, which vary from
0.7 x 102 s71t0 2.2 x 10" 5”1, The smallest value corresponds to CH: a to the carboxyl group and
the largest value to one of the axial methyl groups. This is consistent with the hypothesis that
exchange occurs preferentially by contact of the hydrophobic edges or faces of free molecules of
deoxycholate with those of molecules immobilized as components of the fibrillar network. The

apparent mode of preferred exchange provides an intriguing suggestion that the growth of fibrils
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or crystals composed of deoxycholate may occur in an analogous way, by adding individual
molecules or micellar clusters to existing assemblies in ways that maximize the contact of

hydrophobic surfaces.
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Figure 2.5. (A) Assignment of certain specific protons in NaDC. (B) Plots of nstp as a function of

saturation time for HDO, formate, and selected protons in NaDC in sample S2 (50 mM).
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Table 2.3. Adjusted Rate Constants for Exchange (n545 - 8) for Different Assigned Protons in

NaDC in Sample S2 (50 mM)

Proton signals HDO NaDC
23 12 3 19
Rate constant 1.1+04 0.7+0.3 1.2+0.1 14+02 22+04
¥ 6 (kx 102 57)

DOSY NMR experiments were carried out to study the diffusion of HDO and NaDC in
hydrogels. Figure 2.6 shows that the diffusion coefficients of both components of the gels are
similar to those measured in aqueous solutions of NaDC at the same concentrations. However, it
is important to note that DOSY experiments only assess the behavior of molecules that remain free
to diffuse in solution. As shown by VT 'H NMR spectra, about 35% of the molecules of NaDC are
immobilized as components of the fibrillar network, thereby preventing their diffusion but making
them invisible in DOSY experiments. The measured diffusion coefficient of NaDC reflects only
the part that remains dissolved in aqueous solution. Although STD NMR experiments show
binding of HDO to the fibrillar network, the concentration of pure water (55.5 M) is much higher
than the nominal concentration of NaDC (50 mM), so DOSY experiments cannot distinguish the

small fraction of molecules of water bound to the gel network from those that remain free to diffuse.
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Figure 2.6. Plots of diffusion coefficients (D) as a function of the nominal concentration of NaDC,
as measured by DOSY experiments for NaDC (Figure 2.6A) and HDO (Figure 2.6B). Values
shown in blue correspond to diffusion measured in solutions of NaDC in D>O, and those in red
correspond to diffusion in mixtures produced by adding formic acid in the standard 1:5 ratio.

Gelation occurred at nominal concentrations of NaDC > 40 mM.
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2.4 Conclusions

Bile acids and their salts occupy a special position in the realm of hydrogelation because their
well-defined structures restrict how associated molecules can be positioned with respect to
neighbors, thereby ensuring that their organization in gels, solid forms, and other states will be
closely analogous. We have used various tools of NMR spectroscopy to probe hydrogelation
induced by these compounds, with NaDC chosen as a representative example. Integration of signals
in the spectra of hydrogels produced by mixtures of NaDC and formic acid has revealed that most
molecules of NaDC and the corresponding bile acid remain free under typical conditions (65%).
The fibrillar network of the gel is composed of both the protonated and unprotonated forms of
deoxycholate, and the presence of charge may help prevent excessive aggregation and
precipitation. Spin-spin relaxation times showed that a molecular-level estimate of Tgel-sol (42 °C)
matches values obtained by macroscopic methods. Formic acid is needed in the system to ensure
partial protonation of NaDC and subsequent gelation; however, STD NMR spectroscopy has
established that formate is not incorporated to a significant degree as a component of the fibrillar
network of the gels. In contrast, interaction with HDO indicates that the network has a surface with
exposed hydrophilic groups. In addition, STD NMR experiments showed that free molecules of
deoxycholate associate reversibly with the network by interactions of complementary hydrophobic
regions. This observation suggests that fibrils or crystals composed of deoxycholate may grow in
an analogous way. In these ways, NMR experiments have provided a deeper understanding of

hydrogelation and the associative behavior of NaDC and related derivatives of bile acids.

Notes. The authors have no competing interests to declare.
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Figure 2.S1. Graph showing how the storage modulus G' (black squares) and loss modulus G" (red
circles) of a hydrogel prepared from NaDC (100 mM) vary as a function of temperature.
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Figure 2.S2. Changes in the integration of signals of formate and HDO as a hydrogel formed from
NaDC is heated, melted, and reformed by cooling, as measured by VT '"H NMR spectroscopy as a
function of time. (A) Plot showing the integration of signals derived from formate. (B) Plot
showing the integration of signals derived from HDO. In both plots, integrations were normalized
with respect to a solution of maleic acid in DO as an internal standard, and the nominal

concentration of NaDC used in the experiment was 50 mM. Melts were held at 55 °C for 5 min
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(black squares), 15 min (red circles), and 30 min (blue triangles). For each incubation time and for

each sample, the melting-cooling procedure was repeated three times.
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Figure 2.S3. Changes in the integration of signals as a hydrogel formed from NaDC is heated,
melted, and reformed by cooling, as measured by VT "H NMR spectroscopy as a function of time.
(A) Plot showing the integration of signals derived from formate. (B) Plot showing the integration
of signals derived from HDO. (C) Plot showing the integration of signals derived from NaDC. In
all plots, integrations were normalized with respect to a solution of maleic acid in D20 as an internal
standard, and the nominal concentration of NaDC used in the experiments was 100 mM. Melts
were held at 55 °C for 5 min (black squares), 15 min (red circles), and 30 min (blue triangles). For

each incubation time and for each sample, the melting-cooling procedure was repeated three times.
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Figure 2.S4. "H NMR spectrum of a hydrogel formed from a 5:1 mixture of NaDC and formic acid

in D>0. Signals assigned to certain specific protons are labeled.
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Chapter 3. Probing the Relationship Between Gelation and
Crystallization by Using Salts of Lithocholic Acid

Abstract

Hydrogels derived from lithocholic acid (LCA), other bile acids, and their salts are promising
materials for drug delivery, cellular immobilization, and other applications. We have found that
ammonium salts of LCA are particularly useful for probing the mechanism of hydrogelation and
for understanding the relationship between molecular organization in gels and crystals. The well-
defined amphiphilic steroidal structure of the lithocholate anion favors a consistent pattern of
association under different conditions. However, the nature of the resulting aggregates can be
controlled by systematically varying the ammonium counterions, giving rise to hydrogels, mixtures
of fibrils and crystals, or only crystals under essentially identical conditions of assembly. By using
tools for studying gels in tandem with methods of crystal engineering, we have developed a detailed
understanding of the association of ammonium lithocholates. In particular, our work suggests how
molecules of lithocholate are arranged in networked fibrils that give rise to hydrogelation, provides
evidence that gelation and crystallization are intimately related in this system, and helps explain in

molecular detail why certain salts give rise to gels and others favor crystallization.

This chapter has been published as a research article: Puzhen Li, Meng Zhang, Thierry Maris, X.
X. Zhu, and James D. Wuest. "Probing the Relationship Between Gelation and Crystallization by
Using Salts of Lithocholic Acid." Crystal Growth & Design (2021).
(https://pubs.acs.org/doi/10.1021/acs.cgd.1c01182)
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3.1 Introduction

Gels are semisolid materials in which large amounts of liquid are immobilized within
nonfluid networks.!> The materials are uniquely useful because they combine a degree of solid-
like resistance to deformation (elasticity) with a liquid-like ability to change shape (viscosity). Of
special importance are hydrogels, which result when the incorporated liquid is water.>® Hydrogels
are widespread in nature and occur in the human body in diverse forms, such as cartilage, tendons,
and the vitreous humor of the eye. In addition, synthetic hydrogels have a vast range of industrial
applications. The broad utility and diverse behavior of hydrogels provide ample motivation to learn
how the materials are formed, how the associative properties of hydrogelators depend on their
molecular structures, and how improved gels can be made by design. Many families of
hydrogelators have been studied extensively; nevertheless, the structures they adopt remain
unclear, and the relationship between gelation and other manifestations of molecular association

such as crystallization continues to be investigated.

Typically, gelation occurs when dissolved substances interact to generate complex
interconnected fibrillar structures that immobilize the surrounding solvent. Potential gelating
agents include polymers, as well as small well-defined molecules that can associate reversibly to
form extended networks.”!® In particular, water can be gelled by various classes of small
amphiphilic molecules that have polar regions to ensure adequate aqueous solubility, along with
hydrophobic features to induce aggregation. In general, families of small-molecule hydrogelators
have been discovered serendipitously, and factors distinguishing effective gelators from substances
that prefer to remain in solution, crystallize, or precipitate in other forms remain obscure.
Occasionally, compounds that form gels can also be induced to crystallize, although rarely under
the conditions used for gelation.!”?° In addition, gels have sometimes been observed to yield
crystalline precipitates on standing, showing that in certain cases gelation is favored kinetically but
not thermodynamically.>'#* In general, however, the kinetic and thermodynamic relationship

between gelation and crystallization remains unclear.*~

Most known small-molecule hydrogelators have structures that are flexible, can adopt
multiple conformations, and have functional groups that can allow molecular association to occur
in many ways. Moreover, compounds can usually crystallize in various polymorphic and solvated

. u s i i i S X studi 1
forms.*® As a consequence, there is no compelling reason in most cases to expect studies of single
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crystals by X-ray diffraction to reveal the structure of the fibrillar networks of gels in molecular
detail, even when crystals of the gelator are formed within the gel itself or under similar conditions.
So far, these circumstances have made it impossible to reach fully compelling conclusions about

how molecules are ordered in complex assemblies of the type that cause hydrogelation.

To acquire a deeper understanding of the structure of hydrogels and to probe the relationship
between gelation and crystallization, we elected to study families of small-molecule amphiphiles
with structural features that force molecular association to occur according to a consistent pattern.
If such compounds can be induced to form both hydrogels and crystals, structural studies carried
out by X-ray diffraction will simultaneously reveal how the molecules are organized in the fibrillar
structures of gels. Such studies may not reveal how all hydrogelators work; however, a finely
detailed portrait of the behavior of a particular series of compounds will emerge, allowing
molecular structure and properties to be correlated in a way that is likely to yield valuable new

insights about gelation and crystallization.

In seeking suitable systems for study, we were drawn to bile acids and their salts,**~>> which
are natural steroids present in mammals and other vertebrates to serve various purposes, such as
facilitating the digestion of fats and the absorption of nutrients with poor solubility in water.>¢>%
Examples include lithocholic acid (1) and deoxycholic acid (2), which will be abbreviated as LCA
and DCA, respectively. As illustrated by LCA and DCA, bile acids have amphiphilic structures in
which an extended convex hydrophobic surface is combined with hydrophilic hydroxyl and
carboxyl groups. This amphiphilicity allows bile acids, their salts, and other derivatives to form
biocompatible hydrogels that are promising materials for use in drug delivery, cellular
immobilization, and other applications.”®* Our group has worked extensively with these
materials, and we have examined hydrogels formed by derivatives of bile acids in conjunction with
carboxylic acids,®® the sequestration of CO2 by hydrogels containing bile acid salts,* and related

topics. 16768

1 (LCA; X = H)
2 (DCA; X = OH)
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3.2 Results and Discussion

LCA has low solubility in water at pH 7, but solutions of the corresponding NH4" salt with
concentrations of about 50 mM (2 wt%) can be obtained by warming aqueous mixtures made by
combining LCA and NH3 in a 1:16 molar ratio. Cooling the solutions to 25 °C led reproducibly to
the formation of hydrogels, which were characterized by standard methods, including optical
microscopy, electron microscopy, and rheological measurements. Analogous results were observed
when NH; was replaced by MeNH> and EtNH>, again in 16-fold molar excess relative to LCA.
Optical micrographs of the three hydrogels are shown in Figure 3.1, electron micrographs appear
in Figure 3.2a—c, and rheological data are included in the Supporting Information. In all cases, the
micrographs confirm that ordered fibrillar structures are formed by association of the ammonium

69

lithocholates, at least in a dried state,”” suggesting that crosslinking or entanglement of the

aggregates underlies the observed hydrogelation.
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Figure 3.1. Fibrillar textures in hydrogels formed by three ammonium lithocholates under standard

conditions, as imaged by optical microscopy under normal light (upper row) and polarized light

(lower row). (a) NH4" salt. (b) MeNH3" salt. (¢) EtNH3" salt.
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Figure 3.2. Morphologies formed by ammonium lithocholates, as imaged by scanning electron

microscopy. (a) NH4" salt. (b) MeNH3" salt. (¢) EtNH3" salt. (d) PrNH3" salt. (e) i-PrNH3" salt. (f)

Cyclopropylammonium salt.

Further experiments revealed that cooling aqueous solutions of the PrNH3" salt under the
same conditions yielded an ungelled mixture of fibrillar structures and acicular crystals, and
solutions of the BuNH3" salt produced only crystals (Figure 3.3). Faster cooling did not promote
the formation of gels. The dependence of the outcome on the length of linear alkyl chains led us to
examine the behavior of ammonium salts with branched chains. The i-PrNH3" salt gave an ungelled
mixture of fibrils and acicular crystals similar to the one formed by the PrNH3" salt, whereas the
cyclopropylammonium salt yielded a hydrogel (Figure 3.3). Scanning electron micrographs of
dried samples (Figures 3.2d—f) confirm that the cyclopropylammonium salt behaves unlike the i-

PrNH;* and PrNH; " salts.
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a b c d

Figure 3.3. Products obtained when solutions of four ammonium lithocholates were prepared and
cooled under standard conditions, as imaged by optical microscopy under normal light (upper row)
and polarized light (lower row). (a) PrNH3" salt. (b) BuNH;" salt. (¢) i-PrNH3" salt. (d)

Cyclopropylammonium salt.

When viscous mixtures produced initially by cooling aqueous solutions of the i-PrNH;3" salt
were kept at 25 °C for extended periods, no significant changes occurred, and both crystals and
fibrils were still present after several months. This suggests that converting the fibrillar components
of gels into crystals is not favored thermodynamically in the lithocholate system or is simply very
slow at 25 °C, despite the presence of solvent and the potential ability of existing crystals to act as
seeds. In addition, gentle warming of aqueous mixtures containing crystals and fibrils of the i-
PrNH;" salt led to selective redissolution of the fibrils, but subsequent cooling again produced a
mixture of crystals and fibrils, and the presence of residual crystals did not seed crystallization of
the entire sample. This observation is consistent with the hypothesis that crystals and fibrils are
formed by closely related processes and have similar thermodynamic stabilities, at least in the case

of the i-PrNH;3" salt of LCA.

These initial observations demonstrated that the behavior of ammonium lithocholates is

sensitive to small structural changes. RNH3" salts cause hydrogelation when R is compact (H, Me,
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Et, and cyclopropyl), induce the formation of both fibrils and crystals when R = Pr or i-Pr, and
yield only crystals when larger alkyl groups are present (R = Bu). Crystallization is also favored
by salts of all other butylammonium isomers (Figure 3.4), as well as by primary ammonium salts
with larger alkyl groups such as pentyl and cyclohexyl. Replacing primary C3 alkylammonium
cations (PrNH;3" and i-PrNH3") with secondary or tertiary C3 analogues (EtMeNH:>" or MesNH")
prevented crystallization, and optical micrographs of cooled solutions exhibited fibrillar textures
like those shown in Figure 3.1. Solutions of the EtMeNH;" salt gradually yielded hydrogels during
storage at 25 °C for one month, whereas solutions of the Me3NH" salt were viscous but remained
fluid under similar conditions. In these ways, ammonium lithocholates show unique behavior. In
no other case has a family of homologues been reported to form gels, fibrils, crystals, or mixtures
of these forms under essentially identical conditions. This provides a special opportunity to explore
how preferences for gelation and crystallization depend on small changes in structure, and it allows

the boundary between the two alternative modes of molecular organization to be mapped in fine

detail.

Figure 3.4. Structures obtained when solutions of butylammonium lithocholates with branched

alkyl chains were prepared and cooled under standard conditions, as imaged by optical microscopy

102



under normal light (upper row) and polarized light (lower row). (a) sec-BuNH;" salt. (b) iso-

BuNH;" salt. (¢) fert--BuNH3" salt.

Among the ammonium lithocholates, the PrNHs" and i-PrNH3;" salts are particularly
noteworthy for three reasons: (1) Under identical conditions, the compounds yield both crystals
and fibrillar structures characteristic of gels; (2) the compounds differ by a single atom of carbon
from salts that normally give only gels or crystals; and (3) as shown in Figures 3.3a and 3.3c, the
compounds tend to crystallize as thin needles with extended morphologies related to those of the
fibrils involved in gelation. As a result, the propylammonium salts appear to mark the boundary
between gelation and crystallization in the lithocholate system, and both types of organization are
observed simultaneously. The well-defined tetracyclic structure of lithocholate is expected to
enforce a consistent pattern of molecular packing. As a result, we reasoned that the structures of
the PrNH3" and i-PrNH;" salts, as determined by X-ray diffraction using crystals grown under
conditions that also produce fibrils, would help reveal how molecules are organized in the fibrils.
In addition, such structural studies promised to help reveal why lower homologues (with fewer
CHa> groups) and higher homologues (with more CH» groups) show divergent tendencies to form

gels or crystals.

Crystals of the i-PrNH3" salt of LCA proved to have the composition LCA™ i-PrNH3" « H,O
and to belong to the monoclinic space group P2;. Additional crystallographic data are provided in
Table 3.1, and views of the structure appear in Figure 3.5. The structure can be described as
consisting of layers in which adjacent lithocholate anions are aligned head-to-tail with the c-axis
(Figure 3.5a). The layers are terminated by OH and COO™ groups, and within the layers each anion
is surrounded by six neighbors (Figure 3.5b). In this way, the hydrophobic steroidal core of
lithocholate anions is segregated from hydrophilic regions. The six- and five-membered rings of
lithocholate adopt normal conformations, and the side chain is partially extended, as indicated by
the torsion angles C17-C20-C22—C23 and C20-C22-C23—-C24, which are 153° and 71°,
respectively (see the structure of LCA for numbering). The OH and COO" groups of lithocholate
form multiple O-H---O and N-H---O hydrogen bonds with i-PrNH3" cations and ordered
molecules of water. Specifically, each i-PrNH3" cation interacts with the COO™ groups of three
lithocholate anions to form three N—H---O hydrogen bonds with N---O distances in the range 2.79—
2.86 A. In addition, each COO™ group engages in three N-H---O hydrogen bonds with i-PrNH;3"
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cations, and an O—H---O hydrogen bond is formed with water (do--.o = 2.801(2) A). Packing of
lithocholate anions in the layers creates small cavities that accommodate the methyl groups of i-

PrNH3" cations (Figure 3.5c¢).

Table 3.1. Structural Data for Ammonium Lithocholates, as Determined by Single-Crystal X-

Ray Diffraction
compound LCA- LCA- LCA- LCA- LCA-
i-PrNH3* e« | PrNH5" BuNHs* PentyINH3;* | c-HexylNH3*
H20
crystal syst monoclinic orthorhombic | monoclinic monoclinic monoclinic
space group P2, P2,2,2, P2, P2, P2,
a(A) 12.2848(2) 7.4151(4) 9.6884(3) 11.0046(3) 11.1747(4)
b (A) 7.0415(1) 10.4713(5) 7.6904(2) 7.5468(2) 7.5361(3)
c(A) 15.9198(3) 32.5598(16) 18.3154(6) 17.3286(5) 17.8459(7)
a (deg) 90 90 90 90 90
p (deg) 109.277(1) 90 100.544(2) 107.764(1) 106.761(2)
y (deg) 90 90 90 90 90
V(A3 1299.91(4) 2528.1(2) 1341.60(7) 1370.52(7) 1439.02(10)
Z 2 4 2 2 2
z' 1 1 1 1 1
Peate (g - cm™) 1.159 1.145 1.113 1.124 1.098
T (K) 150 150 150 100 100
Ri, I>20(]) 0.0277 0.0449 0.0410 0.0437 0.0445
WR, [>20(]) 0.0760 0.1192 0.1109 0.1190 0.1228
APmad Apmin (€ -A%) | 0.238/-0.140 | 0.284/-0.175 | 0.353/-0.333 | 0.577/-0.339 | 0.300/-0.479
GoF 1.016 1.083 1.086 1.051 1.028
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Figure 3.5. Representations of the structure of crystals of LCA™ i-PrNH3" » H2O grown from H>O.
(a) View along the b-axis showing the cross sections of part of two layers of lithocholate anions,
separated by regions in which OH and COO" groups form multiple hydrogen bonds with i-PrNH3"
cations and H>O. (b) View along the c-axis showing a central lithocholate anion surrounded by six
neighbors. (c) View along the b-axis showing how cavities in layers of lithocholate anions
accommodate the aliphatic part of i-PrNH3" cations. In all views, selected ions are shown in space-
filling representations. Hydrogen bonds in Figure 3.5a are indicated by broken lines. Atoms of

carbon appear in gray, hydrogen in white, nitrogen in blue, and oxygen in red.

For comparison, the structure of crystals of the PrNH3" salt of LCA was also determined by
X-ray diffraction. The crystals were found to have the composition LCA” PrNH3" and to belong to
the orthorhombic space group P2:2:12:. Table 3.1 includes additional crystallographic data, and
Figure 3.6 provides a view of the structure. Even though crystals of the i-PrNH3" and PrNH3" salts
differ in space group and unit-cell parameters, the molecular organization is closely similar. Again,
lithocholate anions are hexagonally packed in antiparallel orientations to produce layers terminated
by OH and COO" groups (Figure 3.6). Normal conformations are adopted by the six- and five-
membered rings, and the torsion angles C17-C20-C22—-C23 and C20-C22—C23-C24 (169° and
69°, respectively) show that the side chain is partially extended. Each COO" group takes part in two
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N-H---O hydrogen bonds with PrNH3" cations (dn--0=2.717(4) and 2.783(3) A), as well as one
O-H---O hydrogen bond with the OH group of an adjacent lithocholate anion (do---0=2.694(3) A).
Each PrNH;" cation forms three N—H---O hydrogen bonds, two with COO" groups and one with an
OH group (dn--0= 2.809(3) A). Packing of the lithocholate anions leaves insufficient volume
within the layers to accommodate the alkyl groups of the PrNH3" cations, which are located entirely

in the interlamellar region.

Figure 3.6. Representation of the structure of crystals of LCA™ PrNH3" grown from H>O, as viewed
along the g-axis. The view shows that lithocholate anions are aligned in an antiparallel manner to
define layers bounded by regions in which OH and COO" groups form multiple hydrogen bonds
with PrNH3" cations. A space-filling representation is used to highlight a single lithocholate anion,

hydrogen bonds are indicated by broken lines, and atoms are shown in their standard colors.

Further evidence that crystalline ammonium lithocholates adopt a consistent pattern of

molecular organization was obtained by determining the structures of crystals of the butyl-, pentyl-,
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and cyclohexylammonium salts. Crystals of the butylammonium salt proved to have the
composition LCA~ BuNH3" and to belong to the monoclinic space group P2i. Additional
crystallographic data are presented in Table 3.1, and a view of the structure appears in Figure 3.7.
As observed in the i-PrNH3" and PrNH3" salts, the structure of the BuNH3" salt consists of layers
in which lithocholate anions are hexagonally packed in antiparallel orientations. The steroidal core
of lithocholate adopts its standard conformation, and the side chain is fully extended (the torsion
angles C17-C20-C22—C23 and C20-C22—C23—C24 are 173° and 172°, respectively), The layers
are separated by hydrophilic regions in which OH and COO" groups form hydrogen bonds with
BuNH3" cations. Each COO™ group engages in two N-H---O hydrogen bonds with BuNH3" cations
(dn--0=2.735(2) and 2.804(2) A), as well as one O—H---O hydrogen bond with the OH group of
an adjacent lithocholate anion (do--0 = 2.611(2) A). Each BuNH;" cation forms three N-H:--O
hydrogen bonds, two with COO™ groups and one with an OH group (dn--o = 2.804(2) A). The
structures of the pentylammonium and cyclohexylammonium salts are closely analogous and are

presented in the Supporting Information.

Figure 3.7. Representation of the structure of crystals of LCA™ BuNH3" grown from H»O, as
viewed along the b-axis. The view shows that lithocholate anions are aligned in an antiparallel
manner to produce layers bounded by regions in which OH and COO" groups form multiple

hydrogen bonds with BuNH;3" cations. A space-filling representation is used to highlight a single
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lithocholate anion, hydrogen bonds are indicated by broken lines, and atoms are shown in their

standard colors.

Without exception, crystals of the i-PrNH3", PrNH3;", BuNH;", pentylammonium, and
cyclohexylammonium salts of LCA have similar layered structures, demonstrating that
homologous ammonium lithocholates have a pronounced tendency to conserve a single pattern of
molecular association. This conclusion is reinforced by the observation that the same pattern is also
found in crystals of LCA itself and in other salts grown under various conditions.”””*> The
preference is strong enough to be maintained despite differences in counterions, even when water
is replaced by other media of crystallization. Clearly, the characteristic shape and amphiphilicity
of lithocholate anions strongly favor the formation of layered structures composed of hexagonally-
packed antiparallel molecules. Related structures are also adopted by other bile acids and salts.”*"”
Moreover, crystals of the alkylammonium lithocholates all have similar morphological preferences
for forming needles or elongated thin plates. These consistent structural similarities suggest that
aggregates formed under other conditions, such as fibrils present in hydrogels formed by the NH4",
MeNH;", EtNH3", and cyclopropylammonium salts, have the same molecular organization.
Similarly, fibrils co-deposited along with crystals from solutions of the i-PrNH3" and PrNH;3" salts

may also be structurally analogous. In addition, it is possible that related structural preferences help

determine how molecules are ordered in micellar aggregates formed by the salts in water.

To test the hypothesis that crystals and fibrils produced by ammonium lithocholates have
closely related structures, we compared the simulated powder X-ray diffraction pattern of crystals
of the PrNH3" salt of LCA grown from water with the pattern recorded for mixtures of fibrils and
crystals obtained by freeze-drying bulk samples. The patterns proved to be closely similar (Figure
3.8), and related patterns were also observed for crystals and fibrils derived from aqueous solutions
of the i-PrNH;3" salt (Supporting Information). These findings are consistent with the hypothesis
that fibrils and crystals composed of the PrNH3" and i-PrNH3" salts of LCA have similar molecular
arrangements; however, other minor phases also appear to be present, and the relative contributions
of fibrils and crystals to the overall diffraction patterns cannot be fully established. Solids obtained
by freeze-drying gels derived from the NH4", MeNH3", EtNH3", and cyclopropylammonium salts

were found to have only low degrees of crystallinity (Supporting Information).
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Figure 3.8. Simulated powder X-ray diffraction pattern (red) for crystals of the PrNH;3" salt of LCA
grown from water and experimental pattern (blue) recorded for a mixture of crystals and fibrils, as

obtained by freeze-drying the product resulting from cooling an aqueous solution of the salt.

As the alkyl group R in RNH3" salts of LCA becomes larger, solubility in water generally
decreases, thereby creating conditions that favor bulk precipitation rather than the formation of
fibrillar structures with large exposed surfaces of high energy. By comparing the structure of the i-
PrNH;3" salt with those of the PrNH3", BuNH3", pentylammonium, and cyclohexylammonium
analogues, we identified a feature that may explain in molecular detail why the preference for
gelation changes to a preference for crystallization as the group R increases in size. When R is
compact (H, Me, Et, i-Pr, and cyclopropyl), it can be nestled within the hydrophobic layers of
lithocholate anions, but larger groups can only be accommodated in the interlamellar region. In all
observed structures, the c-axis is approximately orthogonal to lamella composed of lithocholate

anions, and hydrophilic OH and COO" groups are primarily exposed on surfaces parallel to the ab-
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plane. As a result, the most stable ordered aggregates in aqueous media are expected to be those
with the largest exposed (001) surfaces, and preferential growth of micelles, fibrils, or crystals
should therefore occur along the a- or b-axes. In principle, growth can occur by adding molecules
to the surface individually or as preformed micellar clusters. In either case, the well-defined
amphiphilic structure of lithocholate mandates a single mode of organization that favors markedly
anisotropic growth of aggregates. As the alkyl groups of RNH3" become larger, however, the ab-
surfaces of lamella become less hydrophilic, growth becomes less conspicuously anisotropic, and

crystallization competes sucessfully with the formation of fibrils and gels.

Additional information about the association of ammonium lithocholates was obtained by
indexing the faces of individual acicular crystals of the i-PrNH3" and BuNH;3" salts (Figures 3.5
and 3.7). In both cases, direct measurement of the dimensions of crystals showed that growth along
the b-axis is at least 10 times faster than that along the a- or c-axes. The observation of slow growth
along the c-axis is consistent with the hypothesis that (001) faces of ordered aggregates are
hydrophilic and correspond to the surfaces of lowest energy in aqueous media. In contrast, the
(010) faces expose the primarily hydrophobic edges of lithocholate anions and are therefore
expected to be surfaces of high energy. Because fibrils composed of ammonium lithocholates
appear to have similar internal molecular organization, they are expected to show a strong
preference for anisotropic growth in which individual molecules or micellar aggregates are added

fastest to surfaces that expose the hydrophobic edges of lithocholate anions.

Studies of the evolution of fibrils and crystals by optical microscopy and scanning electron
microscopy confirmed that their formation is closely related. Although cooling aqueous solutions
of various primary Cs alkylammonium lithocholates yielded only crystals (Figures 3.3b and 3.4),
the secondary C4 diethylammonium salt appears to form both fibrils and crystals (Figure 3.9a).
Many have aspect ratios that exceed 50:1, sub-micron diameters, and an ability to accommodate
significant curvature without fracturing. In addition, the fibrillar structures display a tendency to
form sheafs and bundles, and larger crystals often incorporate regions suggesting that growth has
occurred by oriented attachment, in which neighboring crystallites unite by growing together at

suitable angles and distances.
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Figure 3.9. (a) Optical micrograph (upper image) and scanning electron micrograph (lower image)

showing fibrils and crystals formed by cooling an aqueous solution of the EtoNH>" salt of LCA.
Yellow arrows identify selected areas of significant curvature. (b) Analogous images of crystals

formed by cooling an aqueous solution of the pentylammonium salt.
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Further evidence suggesting that fibrils and crystals result from similar processes of
molecular association has been obtained by examining crystals of the pentylammonium salt of
LCA. Optical and electron micrographs in Figure 3.9b show crystals at various stages of highly
anisotropic growth. Every large crystal can be seen to be terminated by one or more characteristic
spicules located primarily at the corners of the crystals, where growth is presumably favored by
diffusion. The spicules may arise from preferred growth of crystals along the direction of the
hydrophobic edges of lithocholate molecules (b-axis), as established rigorously in the cases of the
structurally analogous i-PrNH3" and BuNH;" salts. As the spicules grow, starting primarily from
opposite corners, space between them is filled in. Crystals in the image are viewed along the
direction of slowest growth and are dominated by exposed (001) faces, which have the highest
density of polar OH and COO~ groups in contact with the surrounding aqueous medium. The
images in Figure 3.9b thereby establish a plausible link between crystallization and the formation

of fibrillar structures characteristic of gels.

3.3 Conclusions

Ammonium salts of LCA provide a special opportunity to explore hydrogelation and to probe
the relationship between gelation and crystallization in molecular detail. The well-defined
amphiphilic steroidal structure of the lithocholate anion ensures that a consistent pattern of
molecular organization is likely to be maintained under diverse circumstances. However, the result
of aggregation can be controlled by systematically varying the ammonium counterions, giving rise
to hydrogels, mixtures of fibrils and crystals, or only crystals under essentially identical conditions
of assembly. By using optical microscopy, single-crystal X-ray diffraction, scanning electron
microscopy, and other methods, we have drawn a detailed portrait of molecular association taking
place near the boundary between gelation and crystallization. In particular, our work helps reveal
the internal structure of networked fibrils that give rise to hydrogelation in the ammonium
lithocholate system, suggests that gelation and crystallization are closely related in this system, and
shows in detail why certain alkylammonium salts give rise to gels, why others favor crystallization,

and why the tendency to crystallize increases as the alkyl group becomes larger.

Our findings do not necessarily explain how other gelators work. However, the approach that
we have taken, in which tools used to study gels are employed in tandem with the methods of

crystal engineering, is likely to continue to provide valuable insights. In using this approach, we
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have identified families of compounds able to form gels or crystals under similar conditions, and
we have established their preferred patterns of molecular association by structural analyses using
single-crystal X-ray diffraction. The boundary between gelation and crystallization can then be
mapped by altering the components in logical ways. Using salts in studies of this type is
advantageous because the primary gelating ion can be kept constant. In this way, new structural
analogues do not need to be made by complex syntheses, and variation can be introduced simply

by changing the counterion.

3.4 Experimental Section

3.4.1 Materials.

Lithocholic acid (LCA, 95%), ethylamine (70 wt % solution in water), N-ethylmethylamine
(97%), propylamine (98%), isopropylamine (99%), cyclopropylamine (98%), trimethylamine (40
wt % solution in water), butylamine (99%), sec-butylamine (99%), isobutylamine (99%),
pentylamine (99%), cyclohexylamine (99%), and tert-butylamine (99%) were purchased from
Sigma-Aldrich (Oakville, ON, Canada). Ammonium hydroxide (30 wt % solution in water) was
purchased from EMD Chemicals Inc. Methylamine (40 wt % solution in water) was purchased
from Fisher Scientific Company. All reagents were used as received. Hydrogels and stock solutions

of amines were prepared with water purified by a Milli-Q system.

3.4.2 Sample preparation.

A weighed amount of LCA was mixed with water purified by a Milli-Q system, and a stock
solution of amine was added. The mixture was warmed and sonicated until a solution was
produced. The resulting nominal concentrations of LCA and amine were typically 50 mM and 800
mM, respectively. Samples were allowed to cool to 25 °C and kept at that temperature for at least
24 h before gelation or crystallization phenomena were examined. Essentially complete
deprotonation of LCA requires only one equivalent of amine. Excesses were added to increase the

solubility of ammonium lithocholates or the rate of dissolution.
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3.4.3 Illustrative preparation of bulk samples of crystalline ammonium

lithocholates (LCA- BuNH3").

LCA (0.0094 g, 0.025 mmol) was mixed with water (0.60 mL) purified by a Milli-Q system.
An aqueous solution of butylamine (1.0 M, 0.40 mL, 0.40 mmol) was added, and the resulting
mixture was warmed at 60 °C and sonicated until a solution was produced. The solution was
allowed to cool to 25 °C and was kept at that temperature for 24 h to permit crystallization to take
place. The mother liquors were removed by pipette, and the solid was washed with cold water (3
x 0.5 mL) and dried in vacuo. This yielded LCA" BuNH3" (0.0086 g, 0.019 mmol, 76%) as a

colorless solid.
3.4.4 Rheological studies.

Rheological properties of the hydrogels were measured using a TA Instruments AR 2000
rheometer, with an acrylic cone geometry 60 mm in diameter. All measurements were conducted
with a fixed gap of 68 pm between the cone and the plate. Hydrogels were warmed to produce
homogeneous solutions before the rheological tests. Aliquots of the solutions were transferred to
the center of the rheometer plate, and a very small oscillatory strain of 0.1% was applied at 20 °C
to record the storage moduli (G’) and loss moduli (G’’) until a plateau was reached. Oscillatory
frequency sweep studies of the hydrogels were conducted in the linear viscoelastic region at 20 °C
with a constant strain of 0.1%, for a scale from 0.1 to 100 Hz. Oscillatory strain sweep experiments
were performed at 20 °C from 0.01% to 100% with a constant frequency of 1 Hz. Oscillatory stress

sweep experiments were performed at 20 °C from 0.1 to 100 Pa with a constant frequency of 1 Hz.

3.4.5 Polarized optical microscopy.

Samples were transferred to a glass slide, placed under a cover slide, and then observed at

25 °C using a Zeiss Axioskop polarized-light optical microscope.

3.4.6 Scanning electron microscope.

Samples for analysis were transferred to Al mounts, placed under vacuum at 25 °C, and
coated with Pt. The coated samples were then imaged using an FEI Quanta 450 field-emission
scanning electron microscope at the Facility for Electron Microscopy Research at McGill

University.
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3.5 Supporting Information

3.5.1 Additional Crystallographic Information

Data were collected at 150 K using a Bruker Venture Metaljet diffractometer with GaKa
radiation (A = 1.34139 A) or at 100 K using a Bruker Smart APEX II diffractometer with an
Incoatec Microfocus CuKa source (A = 1.54179 A). The second instrument was used for
compounds LCA™ pentyINH3" and LCA™ c-hexyINH3". The cell lattice parameters were determined
using reflections taken from three sets of 104 or 180 frames measured and harvested within the
APEX3 suite of programs.' Integration of frames was performed using SA4/NT,! and a semiempirical
absorption correction was applied with SADABS.? The structures were solved using a dual space
and intrinsic phasing approach with SHELXT,? and the refinement was carried out using SHELXL-
2018/3.* In crystals of LCA™ c-hexyINH3", the c-hexyINH3" cation was found to be disordered and

was refined using a model with three different orientations.

X-ray powder diffraction patterns were recorded using a Malvern Panalytical Empyrean-3
diffractometer with CuK« radiation. The measured patterns were compared with calculated patterns
using Mercury software.® The patterns were modeled using a profile with a unique value of FWHM

adjusted to match the profiles of the experimental patterns.
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3.5.2 Thermal Atomic Displacement Parameter Plots

Figure 3.S1. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of LCA™ i-PrNH3" « H>O. The ellipsoids of non-hydrogen atoms are drawn
at the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size.

Intermolecular hydrogen bonds are shown as dashed lines.
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Figure 3.S2. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of LCA™ PrNH;3". The ellipsoids of non-hydrogen atoms are drawn at the
50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. An

intermolecular hydrogen bond is represented by a dashed line.
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Figure 3.S3. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of LCA” BuNH3". The ellipsoids of non-hydrogen atoms are drawn at the
50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. An

intermolecular hydrogen bond is represented by a dashed line.

119



Figure 3.S4. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of LCA™ pentyINH3". The ellipsoids of non-hydrogen atoms are drawn at
the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. An

intermolecular hydrogen bond is represented by a dashed line.
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Figure 3.S5. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of LCA™ c-hexyINH3". The ellipsoids of non-hydrogen atoms are drawn at
the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size.
Intermolecular hydrogen bonds are shown as dashed lines. (a) View with all disordered parts

included for the cyclohexyINHs". (b)—~(d) Separate views for each disordered part.
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3.5.3 Indexing Crystal Faces

i-PrNH;" Salt of LCA

HKL Faces & Distances:
FACE 0-1 0 0.095
FACE 010 0.148
FACE 001 0.013
FACE 0 0-1 0.006
FACE 100 0.014
FACE -1 00 0.017
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BulNH3* Salt of LCA

HKL Faces & Distances:
FACE 0-10 0.251
FACE 010 0.493
FACE 100 0.044
FACE -1 00 0.038
FACE 0 0-1 0.026
FACE 001 0.019
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3.5.4 X-Ray Powder Diffraction

—— LCA BuNHj / calculated (SXRD)
—— LCA BuNHj3; / measured (PXRD)
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Figure 3.S6. Simulated X-ray powder diffraction pattern (red) for crystals of the BuNH3" salt of
LCA grown from water and experimental pattern (blue) recorded for crystals obtained by cooling

an aqueous solution of the salt.
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Figure 3.S7. Simulated X-ray powder diffraction pattern (red) for crystals of the i-PrNH3" salt of
LCA grown from water and experimental pattern (blue) recorded for a mixture of crystals and
fibrils, as obtained by freeze-drying the product resulting from cooling an aqueous solution of the

salt.
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Figure 3.S8. Measured X-ray powder diffraction pattern for a sample of the NH4" salt of LCA, as

obtained by freeze-drying the gel resulting from cooling an aqueous solution of the salt.
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Figure 3.S9. Measured X-ray powder diffraction pattern for a sample of the MeNH3" salt of LCA,

as obtained by freeze-drying the gel resulting from cooling an aqueous solution of the salt.
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Figure 3.510. Measured X-ray powder diffraction pattern for a sample of the EtNH3" salt of LCA,

as obtained by freeze-drying the gel resulting from cooling an aqueous solution of the salt.
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3.5.5 Rheological Properties of Gels

100
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NH4OH+LCA  MeNH,+LCA*  EtNH,+LCA:  LCA+cycloPA

Figure 3.S11. Storage moduli (G') and loss moduli (G") of hydrogels prepared from LCA (50 mM)
and different amines (800 mM).
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Chapter 4. Probing the Relationship Between Crystallization
and Gelation by Using Ammonium Salts of Various Bile

Acids
Abstract

Hydrogels formed from aqueous solutions of bile acids and their salts are biocompatible
materials that promise to be useful in drug delivery, cellular immobilization, and other applications.
These materials are considered to result from self-association of the components to give networks
of fibrils; however, the molecular structure of the fibrils has not yet been established with certainty.
Previous work has shown that ammonium salts of lithocholic acid can form both crystals and
hydrogels under the same conditions. Structural analyses of these salts by single-crystal X-ray
diffraction revealed that lithocholate anions are invariably arranged in similar ways, leading to the
suggestion that the fibrils causing hydrogelation have closely related structures. This hypothesis
has now been strengthened by additional studies of the behavior of ammonium salts of lithocholic
acid and other bile acids. In this new work, both crystallization and fibril-induced gelation are again
observed, and the crystals tend to have fibril-like acicular morphologies that reflect rapid growth
by edge-to-edge association of bile anions. When the ammonium cations are small, the crystals
have closely related structures. The observation that simple ammonium salts of many bile acids
consistently favor the same pattern of molecular organization in crystalline solids reinforces the

hypothesis that the fibrils responsible for hydrogelation have analogous internal structures.

This chapter has been summarized as a research article and submitted for publication: Puzhen Li,
Meng Zhang, Thierry Maris, X. X. Zhu, and James D. Wuest. "Probing the Relationship Between
Crystallization and Gelation by Using Ammonium Salts of Bile Acids." Accepted by Crystal
Growth & Design.
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4.1 Introduction

In typical hydrogels, large quantities of water are immobilized by relatively small amounts
of added substances that associate to give rise to entangled or crosslinked fibrillar networks.!® The
resulting gels are uniquely useful because they combine the properties of solids (such as resistance
to deformation) with those of liquids (such as the ability to change shape). Hydrogels are common
in nature, are found in the human body in various forms, including cartilage, tendons, and the
vitreous humor of the eye, and have many industrial applications. The wide-ranging properties and
broad utility of hydrogels provide a strong incentive to understand in detail how the materials are
formed and behave, as a basis for making improved gels by design. Despite extensive research,
however, the internal structures of the fibrillar networks that underlie typical gelation are generally
unclear, and further study is needed to reveal how gelation, crystallization, and other associative

phenomena are related.

Potential hydrogelating agents include both polymers and small molecules that can form
extended networks by association in water.”'* As a source of detailed understanding of
hydrogelation, small-molecule agents are advantageous because they have uniform, well-defined
structures, allowing the properties of gels to be correlated with specific molecular features of the
gelators. Small-molecule hydrogelators are usually amphiphilic compounds with polar regions to
ensure adequate aqueous solubility and with hydrophobic features to induce aggregation. Families
of small-molecule hydrogelators have typically been discovered by accident, and structural
differences between effective gelators and analogues that prefer to crystallize or to precipitate in
other forms are often subtle. In certain cases, gelators can also be induced to crystallize, although
rarely under the same conditions that yield gels.!>?® Occasionally, gels yield crystalline precipitates
on standing, establishing that gelation is favored kinetically in these systems but not
thermodynamically.?** This behavior is not universal, however, and the kinetic and

thermodynamic relationship between crystallization and gelation is not always clear.*#°

Most reported small-molecule hydrogelators have flexible structures and can adopt diverse
conformations. In addition, the compounds often have multiple functional groups that can engage
in intermolecular interactions and cause association to occur in various ways. As a result, gelators
have the potential to crystallize as markedly different polymorphs and solvates.*® For this reason,

structural analyses of crystals by X-ray diffraction cannot always be expected to reveal the internal
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structure of the fibrillar networks of gels in molecular detail, even when the gelator crystallizes
from the gel itself or under similar conditions. However, uncertainty about the relationship between
crystallization and gelation can be reduced or even eliminated by examining the behavior of
families of compounds in which molecular aggregation follows a consistent pattern. Whenever
such families can be induced to crystallize and also to produce hydrogels or related fibrillar
aggregates, structural analyses of the crystals by X-ray diffraction will simultaneously show how

the molecules are likely to be arranged in the fibrillar structures of gels.

47-33 which are

Attractive candidates for studies of this type are bile acids and their salts,
present in mammals and other vertebrates to facilitate the digestion of fats and the absorption of
nutrients with poor solubility in water.>*>¢ The family of bile acids includes lithocholic acid (1;
LCA), deoxycholic acid (2; DCA), chenodeoxycholic acid (3; CDCA), and cholic acid (4; CA),
which increase in hydrophilicity as the number of hydroxyl groups increases. These compounds
have a tetracyclic steroidal structure that includes an extended convex hydrophobic face and an
opposing concave hydrophilic face with hydroxyl and carboxyl groups. The resulting
amphiphilicity gives rise to the formation of biocompatible hydrogels that are promising for use in
drug delivery, cellular immobilization, and other applications.>’ > Our group has worked actively

in these areas,'>4%-63766

and we have studied hydrogels formed by mixing carboxylic acids with
derivatives of bile acids,®® ways to sequester CO. in hydrogels containing bile acid salts,®* and
other topics.®>% Experience with bile acids and their derivatives has shown that a properly adjusted

level of solubility in water is a prerequisite for hydrogelation.
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In earlier work,'> we reported that crystals, hydrogels, or mixtures of crystals and fibrillar
structures characteristic of gels are formed by aqueous solutions of salts LCA- RNH3" under similar
conditions, in a way that depends on the size of the group R. Analysis by single-crystal and powder
X-ray diffraction suggested that crystals and fibrils have closely related structures in this system.
Moreover, typical crystals have acicular morphologies similar to those of the fibrils. The markedly
anisotropic growth of both crystals and fibrils appears to result from preferential edge-to-edge
association of lithocholate anions, which yields assemblies with the largest possible hydrophilic

surfaces in contact with the surrounding aqueous medium.

To test the generality of these conclusions and to further explore the relationship between
crystallization and gelation, we have now examined the structures of additional ammonium salts
of LCA, as well as the behavior of ammonium salts of other bile acids. This extensive new work,
which includes the analysis of eight additional structures by single-crystal X-ray diffraction, has
(1) strengthened evidence of a close structural and morphological relationship between crystals and
fibrils in the previously studied case of LCA, and (2) shown that a close relationship also exists in
the case of other bile acids. This new work has strengthened evidence of a close structural and
morphological relationship between crystals and fibrils in the case of LCA, and our additional
observations show that the relationship also extends to other bile acids. By establishing that a large
set of simple ammonium salts of bile acids all crystallize from water to form structures with closely
related patterns of molecular organization, our results reinforce the hypothesis that hydrogelation
caused by these compounds results from the formation of fibrils with analogous molecular

structures.

4.2 Results and Discussion

The solubility of LCA in water is poor at pH 7. However, previous work showed that
solutions of various RNH3" salts (including R = H and R = C1—Cg alkyl or cycloalkyl groups) with
concentrations of about 50 mM (2 wt%) can be obtained by warming aqueous mixtures of LCA
and RNH> in a 1:16 molar ratio. One equivalent of RNH> is sufficient to deprotonate LCA
quantitatively, and an excess is used to increase solubility or facilitate dissolution. As summarized
in Table 4.1-4.2, cooling the solutions to 25 °C led either to the formation of hydrogels (when R =
H, methyl, ethyl, and cyclopropyl), to mixtures containing both acicular crystals and fibrils of the

142



type associated with gelation (when R = i-propyl and propyl), or only to crystals (when R = butyl,
s-butyl, i-butyl, z-butyl, pentyl, and cyclohexyl). DCA is more soluble in water than LCA, and new
work has shown that gelation or crystallization occurs only when RNH3" salts of DCA incorporate
R groups with at least three atoms of carbon (Tables 4.1-4.2). Related RNH3" salts of CDCA and

CA proved to give solutions under these conditions with all R groups containing fewer than six

Table 4.1 Ability of RNH3" Salts of Selected Bile Acids to Form Aqueous Solutions (S),
Hydrogels (G), Fibrils (F), or Crystals (C) Under Standard Conditions (25 °C, Nominal

Concentration of Bile Acid = 50 mM)

:j’) +m T w +
+ ] -
z |£ |2 | |E |&
T > Z = Z =) Z
< = = o >~ = >
o Q < o 3 5 5
Z g k5 a. o . <
LCA" G G G C+F | C C *
DCA- S S S G G G C
CDCA | S S S S S S *
CA- S S S S S S C

*Salt insoluble in warm water under standard conditions.

atoms of carbon (Tables 4.1-4.2). Hydrogels derived from salts of DCA were characterized by
standard methods, including optical microscopy and scanning electron microscopy. Electron
micrographs of representative lyophilized gels revealed that fibrillar structures are formed, at least
in the dried state (Figure 4.1).°” Data summarized in Tables 1-2 were gathered under the same
conditions to allow comparisons to be made and trends to be discerned. However, the ability of any
particular salt to form solutions, gels, fibrils, or crystals can be expected to depend on the conditions

selected.
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Table 4.2. Effect of Branched Alkyl Chains and Rings on the Ability of RNH3" Salts of Selected
Bile Acids to Form Aqueous Solutions (S), Hydrogels (G), Fibrils (F), or Crystals (C) Under

Standard Conditions (25 °C, Nominal Concentration of Bile Acid = 50 mM)

R=C3 R=Cy4 R=Cs
= —
g | -
S 18 |z | |2 &8 |8 |2 |=
o | & 2 5 5 3 3 4 5
(%) g S o o oL, g o =
LCA | G C+F |C+F | C C C C C *
DCA | S S G G S S S C C
CA- S S S S S S S S C

*Salt insoluble in warm water under standard conditions.

Figure 4.1. Morphologies produced by lyophilizing hydrogels derived from selected
alkylammonium salts of DCA, as imaged by scanning electron microscopy. (a) PropyINH;" salt.

(b) ButyINH3" salt. (¢) PentyINH3" salt.

Table 4.1-4.2 confirm that self-association of ammonium salts of bile acids in aqueous media

generally increases as the salts become less hydrophilic, starting from the most (CA"NH4") to the
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least (LCA hexyINH3"). In this series, a preference for forming solutions is gradually replaced by
a tendency to give gels and finally crystals. Under the conditions used, the most hydrophilic salts
form solutions, salts with marginal solubility induce gelation, and the least hydrophilic salts tend
to crystallize. In addition, Table 4.1 indicates that ammonium salts of DCA are somewhat more
associated than analogues derived from CDCA, although the two bile acids have the same number
of hydroxyl groups and similar solubilities in water at pH 3.°® Moreover, the behavior of
ammonium salts of bile acids is sensitive to small structural changes, as exemplified in the case of
LCA by the transition from gels (cyclopropyINH3"), to mixtures of fibrils and crystals (i-
propyINH3" and propyINH3"), and then to crystals (butyINH3") as the alkyl group is altered slightly
(Table 4.2).

Related behavior is shown by salts of bile acids derived from secondary alkylamines, tertiary
alkylamines, and pyridine, as summarized in Table 4.3. The formation of solutions, gels, fibrils,
and crystals was again observed, depending on the degree of hydrophilicity of the salts and their

tendency to self-associate in aqueous media. Together, the data shown in Tables 4.1-4.3 establish

Table 4.3. Ability of R,NH," Salts, RsNH" Salts, and Pyridinium Salts of Selected Bile Acids
to Form Aqueous Solutions (S), Hydrogels (G), Fibrils (F), or Crystals (C) Under Standard

Conditions (25 °C, Nominal Concentration of Bile Acid = 50 mM)

Secondary Tertiary Pyridinium
ammonium (RoNH:") ammonium (RsNH) | *~
>
- g _ -
> o > —
= = g Y = >
g =
E |2 |2 |E |E B
o o (53 o 8= B
LCA" |F C+F |G * F F F
DCA™ | S S S C S S G
CA” S S S S S S C

*Salt insoluble in warm water under standard conditions.
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that the associative behavior of simple ammonium salts of bile acids straddles the border between
gelation and crystallization. As a result, systematic variation of the bile anion and ammonium
cation can help define the position of the border and reveal why a particular salt lies on one side or

the other.

Structural Analysis of LCA" i-PrNH3". Cooling warm aqueous solutions of LCA™ i-PrNH3"
yielded fibrils and monoclinic P2, crystals of the monohydrate LCA™ i-PrNH3" ¢« H>O, as reported
previously.!> Under these conditions, monoclinic P2; crystals of the anhydrous salt LCA” i-PrNH;"
were observed to appear concomitantly, and the structure was solved by single-crystal X-ray
diffraction. Table 4.4 summarizes additional crystallographic data, and Figure 4.2 shows that the
structures of the monohydrate and anhydrous forms are closely similar. In both cases, neighboring
lithocholate anions are aligned head-to-tail to form layers terminated by OH and COO" groups. In
this way, the hydrophobic steroidal core of lithocholate anions is segregated from hydrophilic
regions. In both solid forms, the six- and five-membered rings of lithocholate adopt normal
conformations, and the side chain is partially extended. In the anhydrous form, the torsional angles
C17-C20-C22—C23 and C20—C22-C23—C24 are 172° and 59°, respectively (see the structure of
LCA for numbering). In the previously reported monohydrate,'® the corresponding angles are 153°
and 71°, showing that small conformational changes accompany the gain or loss of water. In both
solid forms, each i-PrNH3" cation interacts with the COO" groups of three lithocholate anions to
form three N—H---O hydrogen bonds with similar N---O distances (2.74-2.85 A in the anhydrous
form).%° In addition, each COO" group in both forms engages in three N-H---O hydrogen bonds
with i-PrNH3" cations and also forms an O—H---O hydrogen bond. In the anhydrous form, this
hydrogen bond results from the direct interaction of COO- with the OH group at C3 in a
neighboring bile anion, but in the monohydrate the two groups interact indirectly via an intervening

molecule of water.

Understanding of the associative behavior of ammonium salts of LCA, as summarized in
previous work, ' is significantly extended by discovery of the anhydrous form of LCA- i-PrNH3+
and the similarity of its structure to that of the monohydrate. This salt is noteworthy because it
gives rise to fibrils characteristic of gels, as well as to both hydrated and anhydrous crystalline
forms with closely related structures. These observations tighten the connection between

crystallization and gelation involving ammonium salts of bile acids and strengthen the hypothesis
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that molecular organization in both states of matter is analogous. Moreover, the structural similarity
of the hydrated and anhydrous forms suggests that incorporating water in micellar aggregates of
bile salts does not necessarily disrupt standard patterns of molecular association determined by

their unique amphiphilic characteristics.

Table 4.4. Structural Data for Ammonium Salts of LCA, DCA, and CA, as Determined by Single-

Crystal X-Ray Diffraction

compound LCA" LCA- DCA" DCA- DCA" CA- CA” CA”

i-PrNH3* PrNH:* ProNH>" cyclohexylINH3" | octylNH;* hexylNH3* octylNH3* 1-adamantylNHz*
*2 H;0 * H,O0 *2 H:0 * 3.5 H.0

crystal syst monoclinic monoclinic orthorhombic | monoclinic monoclinic monoclinic monoclinic monoclinic

space group P2 P2, P21212 P2 P2, P2 P2, C2

a(A) 12.9687(14) 9.8247(8) 7.5730(3) 10.2444(2) 11.8383(2) 13.9188(2) 13.6675(3) 28.0367(16)

b (A) 6.8993(7) 7.5533(7) 11.0104(4) 7.6716(2) 7.7270(1) 7.9078(1) 7.5914(2) 7.5296(4)

c(A) 14.8695(15) 17.2646(12) 36.2681(14) 18.0614(4) 17.0565(3) 14.5323(2) 16.1130(3) 17.7558(10)

a (deg) 90 90 90 90 90 90 90 90

B (deg) 106.707(6) 96.125(5) 90 90.471(1) 104.126(1) 110.581(1) 97.613(1) 113.990(3)

y (deg) 90 90 90 90 90 90 90 90

V(A% 1274.3(2) 1273.87(18) 3024.1(2) 1419.41(6) 1513.06(4) 1497.44(4) 1657.08(6) 3424.5(3)

VA 2 2 4 2 2 2 2 4

z' 1 1 1 1 1 1 1 1

Peale (g - cm™) | 1.135 1.136 1.164 1.151 1.145 1.170 1.150 1.208

T (K) 150 100 100 100 100 100 100 100

Ri, I>20(]) 0.0748 0.0586 0.0360 0.0344 0.0291 0.0288 0.0802 0.0563

WR2, [>20(I) | 0.1912 0.1314 0.0953 0.0872 0.0758 0.0776 0.2230 0.1396

Apmax! Apmin 0.246/-0.213 0.241/-0.261 0.29/-0.23 0.23/-0.21 -0.17/0.24 0.24/-0.16 0.55/-0.47 -0.39/0.45

(e-A?)

GoF 1.004 1.055 1.069 1.052 1.045 1.027 1.061 1.034
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Figure 4.2. Representation of the structure of crystals of anhydrous LCA™ i-PrNH3" grown
from H>O, showing the cross sections of part of two layers of lithocholate anions, separated
by regions in which OH, COO", and i-PrNH3" engage in multiple hydrogen bonds. A selected
anion is shown in a space-filling representation, and hydrogen bonds are indicated by broken

lines. Atoms of carbon appear in gray, hydrogen in white, nitrogen in blue, and oxygen in red.

Structural Analysis of LCA- PrNH3". When warm aqueous solutions of LCA™ PrNH3" are
cooled, crystals of the known anhydrous orthorhombic P2:2:2; form are produced along with
fibrils, as previously reported.'® In addition, we observed crystals of a new anhydrous monoclinic
P2 polymorph. Structural data obtained by single-crystal X-ray diffraction are presented in Table
4.4, and a view of the structure appears in Figure 4.3. In the new form, the six- and five-membered
rings of lithocholate have normal conformations, and the side chain is almost fully extended. The
torsional angles C17—-C20—C22—-C23 and C20—C22—-C23—C24 are 170° and 179°, respectively (see
the structure of LCA for numbering), whereas in the known P212:2; form,!® the corresponding

angles are 169° and 69°.
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Despite differences in the conformation of lithocholate, both polymorphs have similar
layered structures in which adjacent anions are aligned head-to-tail. In both forms, each COO-
group takes part in two N-H---O hydrogen bonds with PrNH3" cations (dx--0 = 2.723(4) and
2.724(5) A in the new P2; polymorph, and dn...o=2.717(4) and 2.783(3) A in the known P2,2:2,
form), as well as one O—H:--O hydrogen bond with the OH group of an adjacent lithocholate anion
(do--0=2.674(X) and 2.694(3) A in the P21 and P2:2:2 forms, respectively). Each PrNH3" cation
forms three N-H---O hydrogen bonds, two with COO™ groups and one with an OH group (dn--0=
2.787(4) and 2.809(3) A in the P2; and P2:2:2; forms, respectively). In both polymorphs, the
structure of the interlamellar ionic region is maintained by the cyclic hydrogen-bonded array
represented by structure 5. Crystals of LCA- PrNH3" « EtOH grown from ethanol have been
reported to belong to the monoclinic P21 space group and to have a lamellar structure closely
related to those of the unsolvated forms.” In all cases, packing of the bile anions leaves too little
volume within the layers to accommodate the alkyl groups of the PrNH3" cations, which are located
entirely in the interlamellar region. The structure of the new monoclinic P2, form of LCA” PrNH;3"
shows that even when polymorphism arises, the characteristic lamellar arrangement of bile anions

is retained. The conservation of these features reinforces the conclusion that fibrils produced

concomitantly by LCA” PrNH3" have a similar lamellar structure.
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Figure 4.3. Representation of the structure of crystals of the monoclinic P2 polymorph of
LCA™ PrNH;" grown from H,O, showing the cross sections of part of two layers of lithocholate
anions, separated by regions in which OH, COO", and PrNH3" engage in multiple hydrogen
bonds. A selected anion is shown in a space-filling representation, hydrogen bonds are

indicated by broken lines, and atoms appear in standard colors.

Structural Analysis of DCA- Pr2NH:" * 2 H20. Structural analyses of simple ammonium
salts of LCA by single-crystal X-ray diffraction, reported both in previous work,!® and significant
understanding has been added by the new studies of solvates and polymorphs summarized above.
Together, this work shows that lithocholate anions are consistently arranged in similar ways.
Moreover, the observed extends to salts of bile acids other than LCA. A 1:4 mixture of DCA and
dipropylamine in water was warmed to give a solution of the corresponding ammonium salt (~50
mM). Cooling the solution to 25 °C induced the formation of long thin prisms (Figure 4.4a), and
their structure was determined by X-ray diffraction. The crystals were found to have the
composition DCA™ Pr,NH," ¢ 2 H>O and to belong to the orthorhombic space group P212:12i.
Various crystallographic data are provided in Table 4, and views of the structure appear in Figure

4.5.
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Figure 4.4. Representative crystals of ammonium salts of bile acids grown from water, as imaged
by optical microscopy under polarized light. (a) DCA™ Pro2NH> " « 2 H,O. (b) DCA™ cyclohexylNH3".
(c) DCA™ octyINH3". (d) CA™ 1-adamantyINH3" ¢ 3.5 H,O. (¢) CA™ hexyINH3;" « H20. (f) CA
octyINH3" « 2 H,O.
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Figure 4.5. Representations of the structure of crystals of DCA™ Pro,NH," ¢ 2 HoO grown from
water. (a) View along the a-axis showing the cross sections of part of two layers of deoxycholate
anions, separated by ionic regions. (b) View showing how each deoxycholate anion in the layers
has six neighbors aligned approximately along the c-axis. (¢) View along the g-axis showing how

the layers are composed of side-by-side helices (one highlighted in blue), in which each
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deoxycholate anion is linked to the next by O—H:--O hydrogen bonds formed by OH and COO"
groups. Selected anions are shown in space-filling representations, and hydrogen bonds are

indicated by broken lines. Unless indicated otherwise, atoms appear in standard colors.

As in the case of related ammonium lithocholates, '° the structure of DCA” ProNH," is lamellar
(Figure 4.5a). Layers of bile anions are terminated by surfaces parallel to the ab-plane with a high
density of OH and COO" groups, and the layers are separated by intervening ProNH," cations and
molecules of water. The five- and six-membered rings of the steroidal core of DCA™ adopt normal
conformations. In addition, the side chain is almost fully extended, as indicated by the torsional
angles C17-C20—C22—C23 and C20-C22—C23—-C24, which are 180° and 171°, respectively (see
the structure of DCA for the numbering of atoms in the side chain). Within the layers, each bile
anion is surrounded by six neighbors (Figure 4.5b), as observed in related LCA salts.!® Packing of
deoxycholate anions in the layers creates small cavities that accommodate the propyl groups of

Pr,NH," cations (Figure 4.5a).

Deoxycholate anions in the layered structure of the ProNH," salt form hydrogen-bonded
helices that are aligned with the a-axis and packed side-by-side (Figure 4.5c). In the helices, each
anion is linked to the next by O—H---O hydrogen bonds (do---0 = 2.700(2) A), with OH groups at
C3 acting as donors and COO" groups as acceptors. The other OH groups of deoxycholate at C12
do not engage in hydrogen bonding and point toward the interiors of the helices, where they are
isolated from polar parts of the structure. In the ionic interlamellar region, each COO" group also
forms an ionic N-H---O hydrogen bond with a nearby Pro,NH," cation (dn.--0 = 2.767(2) A), as well
as two O—H:---O hydrogen bonds with two ordered molecules of water (do--0o = 2.733(2) and
2.765(2) A). Each ProNH»" cation also forms an N—H:--O hydrogen bond with a molecule of water
(dn--0 = 2.796(2) A), two molecules of water interact directly to form an additional O-H---O
hydrogen bond (do---0 = 2.729(2) A), and one of the molecules of water also serves as donor in an
O-H---O hydrogen bond involving the OH group of deoxycholate at C3 (do--.0 = 2.780(2) A). In
these ways, the structure of the interlamellar region is maintained by the formation of a total of six
N-H---O and O-H---O hydrogen bonds per formula unit DCA™ Pro,NH>" « 2 H>O. Five of these
hydrogen bonds hold the OH group at C3, the COO™ group, Pro2NH>", and two molecules of water
in cyclic array 6. Each deoxycholate anion engages in a total of five hydrogen bonds (1 N-H---O
and 4 O-H---0).
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Crystals of DCA- CyclohexylNH3*. Warming and sonicating a 1:2 mixture of DCA and
cyclohexylamine in water gave a solution of the corresponding ammonium salt with a nominal
concentration of 50 mM. Cooling the solution to 25 °C caused the formation of long thin prisms
(Figure 4.4b). The crystals proved to have the composition DCA" cyclohexyINH3" and to belong
to the monoclinic space group P2i. Table 4.4 summarizes additional crystallographic data, and
Figure 4.3 provides views of the structure. As in the case of related ammonium lithocholates, ' the
structure of DCA" cyclohexyINHs" incorporates layers of bile anions (Figure 4.6a). The steroidal
core of DCA™ has a normal conformation, and the side chain is almost fully extended, with torsional
angles C17—-C20-C22—-C23 and C20-C22—C23—C24 of 171° and 172°, respectively. Bile anions
within the layers are aligned with the c-axis, surrounded by six neighbors, and linked along the b-
axis by O-H:---O hydrogen bonds (do---0 = 2.642(3) A), with OH groups at C3 acting as donors and
COO" groups as acceptors (Figure 4.6b). As observed in the structure of the ProNH," salt,
intralamellar hydrogen bonding produces helical chains that pack side-by-side to create each layer.
Again, the OH groups of deoxycholate at C12 do not contribute to association by forming hydrogen
bonds. Each cyclohexyINH;3" cation interacts with three nearby bile anions by forming N-H:--O
hydrogen bonds with COO groups and OH groups at C3. Although the ProNH," and
cyclohexyINH;3" salts of DCA incorporate significantly different cations and crystallize from water
in different space groups, their structures are closely similar. In both cases, the bile anion forms

layers composed of hydrogen-bonded helices.
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Figure 4.6. Representations of the structure of crystals of DCA" cyclohexyINH3" grown from
water. (a) View along the b-axis showing the cross sections of part of three layers of deoxycholate
anions, with one anion highlighted in a space-filling representation. (b) View along the b-axis
showing deoxycholate anions linked by intralamellar O—H---O hydrogen bonds to form a helical

chain. Hydrogen bonds are indicated by broken lines, and atoms are shown in standard colors.

Crystals of DCA™ OctylNH3*. A 1:1 mixture of DCA and octylamine in water was warmed
to give a solution of the corresponding ammonium salt with a nominal concentration of 50 mM.
Cooling the solution to 25 °C induced the formation of long thin prisms (Figure 4.4c). The crystals

were found to have the composition DCA™ octyINH3" and to belong to the monoclinic space group
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P2,. Additional crystallographic data are presented in Table 4.4, and a view of the structure is
shown in the Supporting Information. The structure is similar to those of other ammonium salts of
bile acids grown from water and is very closely related to the structure of DCA™ cyclohexyINHs",
as suggested by the identity of the space groups and the similarity of unit cell parameters. The
steroidal core of DCA™ in the octyINH3" salt has a normal conformation with almost fully extended
side chains, which have torsional angles C17-C20—-C22—C23 and C20—-C22—-C23—C24 of 176° and
171°, respectively. Again, the bile anions are arranged in layers composed of helical chains aligned
with the b-axis and held together by O—H:--O hydrogen bonds involving OH groups at C3 and
COO groups (do--0 = 2.626(2) A). The OH groups of deoxycholate at C12 do not take part in
hydrogen bonding, and each octyINH;" cation interacts with three nearby bile anions by forming

N-H:--O hydrogen bonds with COO" groups and OH groups at C3.

Bile acids and their derivatives are noted for their ability to form crystals that accommodate
other molecules as guests, and various inclusion compounds have been studied in detail.”’’? In
previous work of this type, CH3(CH2),NH3" salts of DCA with n = 0-4 were crystallized from
aliphatic alcohols, and their structures were determined by X-ray diffraction.”® Crystals of all five
salts proved to belong to the monoclinic space group P2; and to form an isostructural series. In
addition, a related study has shown that other simple alkylammonium deoxycholates crystallize
from organic solvents in the monoclinic space group P2; as layered structures.”* Together, these
earlier reports and our studies of the crystallization of the ProNH>", cyclohexyINH3", and octyINH3"
salts of DCA reveal a consistent pattern of molecular organization in which the bile anion forms
closely related anionic hydrogen-bonded sheets, even though the ammonium cations vary widely

and the crystallizations were carried out under different conditions.

The tendency of simple alkylammonium salts of DCA to crystallize as lamellar structures,
regardless of the identity of the alkyl group or the solvent, suggests that the fibrils in hydrogels
formed by the propyINH;", butyINH3", and pentyINHs" salts (Table 4.1) have a similar internal
molecular organization. If so, the most hydrophilic faces of fibrillar aggregates are expected to be
parallel to (110), and anisotropic growth along the a- or b-axes should give rise to structures that
are favored by stabilizing interactions with the surrounding aqueous medium. In the case of simple
ammonium salts of LCA, !> crystals are known to grow fastest along the direction corresponding to

the purely hydrophobic edges of lithocholate anions. DCA is identical to LCA except for the
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addition of a single OH group at C12, which plays no significant role in controlling the association
of DCA™ cyclohexyINH3;" and DCA™ octyINH3". As a result, crystals of alkylammonium salts of
DCA should also grow fastest in the direction favored by related salts of LCA. This hypothesis was
tested by indexing and measuring crystals of DCA™ Pr,NH," (Figure 4.4a), which confirmed that
growth along the g-axis is typically about 15-20 times faster than along the b-axis, and that growth
in the ab-plane is much faster than that along the c-axis. This observation supports the conclusion
that (001) faces of ordered aggregates are hydrophilic and correspond to the surfaces of lowest

energy in aqueous media.

Crystals of CA- HexyINH3" ¢ H20. The apparent tendency of simple ammonium salts of
both LCA and DCA to adopt similar patterns of molecular organization in crystals and in gels
suggested that salts of CDCA, CA, or other bile acids might also behave in the same way. In
exploring this possibility, we warmed a 1:2 mixture of CA and hexylamine in water to give a
solution of the corresponding ammonium salt with a nominal concentration of 50 mM. Long prisms
appeared when the solution was cooled to 25 °C (Figure 4.4¢) and were found by X-ray diffraction
to have the composition CA™ hexyINH3" « H>O and to belong to the monoclinic space group P2;.
Table 4.4 compiles additional crystallographic data, and Figure 4.7 provides views of the structure.
As generally observed for simple ammonium salts of LCA and DCA, CA™ hexyINH3" forms a
structure that can be described as lamellar, although the bile anions are offset in a way that allows
greater interaction of the OH groups with water and the ammonium cations (Figure 4.7a). The
steroidal core of the bile anion adopts a normal conformation, and the side chain is partially
extended, with torsional angles C17-C20-C22—-C23 and C20-C22-C23-C24 of 63° and 151°,
respectively. Within the layers, bile anions are joined by O—H---O hydrogen bonds involving COO"
groups and OH groups at C12 (do--0 = 2.676(2) A) and C7 (do--.0o = 2.778(2) A) to form helical
chains aligned with the b-axis. Each hexyINH;3" cation forms three N-H---O hydrogen bonds, one
with a molecule of water, another with the COO™ group of an adjacent bile anion, and the third with
the OH group at C12 of another bile anion. Each cholate anion in the structure takes part in a total
of 10 intermolecular hydrogen bonds (2 N-H---O and 8 O—H---O), whereas each deoxycholate
anion in the related structure of DCA™ octyINH3" forms only 5 (3 N-H:--O and 2 O-H---O). This
difference underscores the role of the added OH group in CA in increasing the density of hydrogen
bonds.
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Figure 4.7. Representations of the structure of crystals of CA™ hexyINH3;" » H>O grown from

water. (a) View along the b-axis showing the cross sections of part of two layers of cholate
anions, with one anion highlighted in a space-filling representation. (b) View showing how
cholate anions are linked by O—H:--O hydrogen bonds to form helical chains aligned with the

b-axis. Hydrogen bonds are indicated by broken lines, and atoms appear in standard colors.
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Crystals of CA™ hexyINH3" have a structure similar to those of simple alkylammonium salts
of LCA and DCA, and crystallization again occurs with high anisotropy to produce needles or
elongated thin prisms, as shown in Figure 4.4e. If ammonium salts of CA aggregate fastest along
the hydrophobic edges of anions, as observed in the cases of LCA and DCA, then crystals of the
type shown in Figure 4.4e should be elongated along the b-axis. This prediction was confirmed by
indexing and measuring crystals of CA™ hexyINH3", which confirmed that growth along the b-axis

is about 50 times faster than along the a-axis.

Crystals of CA- OctylINH3* » 2 H20. Previous researchers have reported other structures
incorporating CA or its salts, including alkylammonium salts CA~ CH3(CH2)sNH3" withn =9, 11,
13, and 15.7 These compounds form structures that deviate even more significantly than CA"
hexyINH3" (Figure 4.7) from the characteristic lamellar architectures favored by related
alkylammonium salts of LCA and DCA. To probe the origin of these structural alterations and to
provide a complete series of salts CA~ CH3(CH2).NH3" (n = 5, 7, 9, 11, 13, and 15) for which
structural data are available, we grew crystals of the octylammonium salt by mixing CA and
octylamine in a 1:1 ratio in water, warming to give a solution of the corresponding ammonium salt
with a nominal concentration of 50 mM, and cooling the solution to 25 °C. This yielded long thin
prisms (Figure 4.4f), which proved to have the composition CA™ octyINH3" « 2 H>O and to belong
to the monoclinic space group P2;. Additional crystallographic data are presented in Table 4.4, and
views of the structure are shown in Figure 4.8. The conformation of the steroidal core of the bile
anion is normal, and the side chain is extended, with torsional angles C17-C20-C22-C23 and
C20-C22-C23-C24 of 168° and 161°, respectively. A conspicuous feature of the structure is the
formation of chains in which each bile anion is linked head-to-tail in a slightly offset manner to
two others by a total of four O—H---O hydrogen bonds involving COO~ groups as acceptors and
OH groups at C12 and C7 as donors (do--o0 = 2.732(5) and 2.768(6) A, respectively), as shown in
Figure 4.8a. The chains are aligned with the b-axis and are packed side-by-side to form sheets
separated by molecules of water and partially disordered octyINH3" cations. The resulting structure
may be favored because it places extended octyl groups in close proximity to one another and to
the hydrophobic surface of cholate anions, and it simultaneously creates areas in which the polar
COO" and OH groups of the bile anions can form stabilizing interactions with molecules of water

and the NH3" groups of the cations (Figure 4.8b).
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(b)

Figure 4.8. Representations of the structure of crystals of CA™ octyINH3" « 2 HO grown from

water. (a) View showing part of a chain in which cholate anions are linked head-to-tail in a slightly
offset manner by O—H---O hydrogen bonds involving COO™ groups as acceptors and OH groups at
C12 and C7 as donors, with O---O distances given in A and hydrogen bonds indicated by broken
lines. (b) View along the b-axis showing the cross sections of part of two layers of cholate anions

separated by intervening molecules of water and octyINH3" cations. A single hydrogen-bonded
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chain of cholate anions is highlighted in blue, and the cations are shown as fully ordered. Unless

indicated otherwise, atoms appear in standard colors.

Crystals of CA- 1-AdamantylNH3"* ¢ 3.5 H20. To assess the potential structure-disrupting
effects of even larger ammonium cations, we mixed CA and 1-adamantylamine in a 1:1 ratio in
water under conditions used to make other ammonium salts of CA. Warming the mixture gave a
colorless opaque slurry, and slowly cooling the slurry to 25 °C induced the formation of long thin
prisms (Figure 4.4d), which were found to have the composition CA™ 1-adamantyINH;3" « 3.5 H,O
and to belong to the monoclinic space group C2. Table 4.4 includes additional crystallographic
data, and Figure 4.9 provides views of the structure, which is dramatically different from those of
previously characterized ammonium salts of bile acids. The steroidal core of the bile anion is
slightly disordered but has a normal conformation, and the side chain is partially extended, with
torsional angles C17-C20-C22—C23 and C20-C22-C23-C24 of 59° and 172°, respectively.
Cholate anions are linked head-to-tail to create chains aligned with the c-axis (Figure 4.9a), which
pack to form corrugated sheets parallel to the bc-plane. The sheets stack in a way that pairs the
hydrophobic faces of cholate anions and simultaneously creates large channels that include

disordered 1-adamantyINH3" cations (Figure 4.9b).
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Figure 4.9. Representations of the structure of crystals of CA™ 1-adamantyINH3;" « 3.5 H,O grown

from water. (a) View along the b-axis showing the cross sections of three corrugated sheets

composed of chains of cholate anions linked head-to-tail along the c-axis by hydrogen bonds
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involving intervening molecules of water. One corrugated sheet is highlighted by showing it in a
space-filling representation. (b) View along the b-axis showing six CA™ anions in space-filling
representations that define the cross section of a channel that accommodates disordered 1-
adamantyIlNH;3" cations. CA™ anions are shown as fully ordered, disordered cations are omitted, and

atoms appear in standard colors.

A noteworthy feature of the structure is that cholate anions are not linked directly by
hydrogen bonds to form chains, but rather are connected only by intervening molecules of water
(Figure 4.9a). No cholate—cholate hydrogen bonds are present, even though each bile anion
incorporates a COO™ group and three OH groups. Although the crystallization of simple ammonium
salts of bile acids favors the formation of lamellar structures, other salts can behave differently. In
particular, the unusual structure of CA™ 1-adamantyINH3" underscores the ability of bile acids and
their derivatives to produce crystalline solids in which the components are arranged in many

different ways.

Nevertheless, simple ammonium salts consistently form crystals with a lamellar pattern of
molecular organization and fiber-like acicular morphologies resulting from a preference for side-
to-side association of bile anions (Figure 4.4). This uniform behavior, which results from the
characteristic structural features of bile acids and is observed regardless of the state of hydration
or polymorphism, provides strong circumstantial evidence that ammonium salts of bile acids
induce gelation by forming fibrils with an analogous internal structure. If so, the ability of a
particular salt to form a hydrogel or crystals depends not on how molecules are ordered in the
associated state, but rather on kinetic and thermodynamic factors that control growth. In this model,
fibrils and hydrogels result from exaggerated side-by-side growth, whereas needles and extended

plates are formed when significant growth can also occur in other directions.

Solids produced by lyophilizing hydrogels derived from ammonium salts of DCA (Figure
4.1) proved to be amorphous,’® but additional evidence that gelation and crystallization are
structurally analogous phenomena was obtained by IR spectroscopy. The NH stretching vibration
band in the IR spectrum of the solid from the lyophilized hydrogel of DCA™ butyINH3;" (Figure
4.10a) shows the presence of more free NH groups in the range of 3300-3500 cm™' than in the
spectrum of crystalline LCA” butyINH3", while the hydrogen-bonded NH groups (3070-3350 cm”

1) have similar relative intensities. This difference is less pronounced between the spectrum of
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crystalline DCA” octylNH3" and that of the solid of the lyophilized hydrogel of DCA™ pentyINH3"
(Figure 4.10b). In both cases, the extra C=0 band close to 1700 cm™! confirms the more complex

presence of free and hydrogen-bonded carboxylic groups in the samples made from the hydrogels.

4.3 Conclusions
Simple ammonium salts of the bile acids LCA, DCA, CDCA, and CA offer a family of related

compounds that can be used to probe the phenomenon of hydrogelation and to determine how
molecules are organized in crystals and in the fibrillar structures that give rise to gels. The well-
defined amphiphilic structure of bile anions ensures that consistent patterns of molecular
organization are maintained, and the ammonium cations can be varied to yield hydrogels, mixtures
of fibrils and crystals, or only crystals under closely similar conditions. Single-crystal X-ray
diffraction has confirmed that bile anions consistently favor lamellar arrangements in salts
incorporating small ammonium ions, and preferred edge-to-edge association of the anions tends to
produce acicular crystals that resemble the fibrils underlying gelation. The observation that simple
ammonium salts of various bile acids consistently favor the same pattern of molecular organization
in crystals grown from water reinforces the hypothesis that the fibrils responsible for hydrogelation

have closely related internal structures.
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Figure 4.10. Comparisons of IR spectra of crystalline ammonium salts of bile acids and solids

obtained by lyophilizing related hydrogels. (a) LCA™ butyINH3" (crystalline) and DCA"
butyINH3" (produced from hydrogel). (b) DCA™ octyINH3" (crystalline) and DCA™ pentyINH3"

(produced from hydrogel).
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4.4 Experimental Section

4.4.1 Materials

Lithocholic acid (LCA, 95%), deoxycholic acid (DCA, 99%), chenodeoxycholic acid
(CDCA, 98%), cholic acid (CA, 98%), ethylamine (70 wt % solution in water), propylamine (98%),
butylamine (99%), dipropylamine (99%), pentyamine (99%), hexylamine (99%), cyclohexylamine
(99%), octylamine (99%), and 1-adamantylamine (97%), dimethylamine (40 wt % solution in
water), diethylamine (99%), ethylmethylamine (97%), trimethylamine (99%), and triethylamine
(99%) were purchased from Sigma-Aldrich (Oakville, ON, Canada). Ammonium hydroxide (30
wt % solution in water) was purchased from EMD Chemicals Inc. Methylamine (40 wt % solution
in water) was purchased from Fisher Scientific Company. All reagents were used as received.

Solutions were prepared with water purified by a Milli-Q system.

4.4.2 Sample preparation.

In typical experiments, a weighed amount of the bile acid was mixed with water, a stock
solution of the selected amine in water was added, and the resulting mixture was warmed and
sonicated to give a solution. The resulting nominal concentrations of bile acids were 50 mM, and
the nominal concentrations of amines ranged from 50 mM to 200 mM. The samples were allowed
to cool to 25 °C and kept at that temperature for at least 24 h before gelation or crystallization
phenomena were examined. In the cases of octylamine and 1-adamantylamine, which are poorly
soluble in water, the two compounds were added directly to mixtures of bile acids in water, but the

experiments were otherwise similar.

4.4.3 Illustrative preparation of bulk samples of crystalline ammonium salts of
bile acids (CA™ hexylNH;" « H,0)

CA (0.020 g, 0.050 mmol) was treated with an aqueous solution of hexylamine (1.0 mL, 0.10
M, 0.10 mmol). The mixture was warmed and sonicated at 60 °C to produce a solution, which was
allowed to cool to 25 °C and was kept at that temperature for 1 day to allow crystallization to occur.

The mother liquors were removed, and the crystals were washed with cold water (3 x 0.5 mL) and

dried in vacuo. This yielded CA™ hexyINH3" « H>O as a colorless solid (0.016 g, 0.030 mmol, 60%).
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4.4.4 Attenuated Total Reflection (ATR) Fourier-Transform Infrared (FTIR)

Spectroscopy.

Hydrogels were lyophilized for 48 h and then analyzed using a Bruker Alpha-P ATR FTIR

instrument. All measurements were made at 25 °C.

4.4.5 Polarized optical microscopy

Samples were transferred to a glass slide, placed under a cover slide, and then observed at

25 °C using a Zeiss Axioskop polarized-light optical microscope.

4.4.6 Scanning electron microscope.

Samples for analysis were transferred to Al mounts, placed under vacuum at 25 °C, and
coated with Pt. The coated samples were then imaged using an FEI Quanta 450 field-emission
scanning electron microscope at the Facility for Electron Microscopy Research at McGill

University.

Notes. The authors have no competing financial interests to declare.

4.5 Supporting Information

4.5.1 Additional Crystallographic Information

Reflection data were collected at 100 K using a Bruker Smart diffractometer (three-circle
fixed chi platform) equipped with an Incoatec Microfocus CuKa source (A = 1.54179 A) and an
APEX II CCD detector. The cell lattice parameters were determined using reflections taken from
three sets of 180 frames measured and harvested within the APEX3 suite of programs.! Integration
of frames was performed using SA/NT,' and a semiempirical absorption correction was applied
with SADABS.? The structures were solved using a dual space and intrinsic phasing approach with
SHELXT,? and the refinement was carried out using SHELXL-2018/3.* The Flack parameters were
determined by refining an inversion twin for all structures except for those of CA™ hexyINH3;" *
H,0 and CA™ octyINH;" « 2 H>O.% In these two cases, the Flack parameters were obtained from

quotients of intensity differences in Friedel pairs (Parsons’ z factor).®
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In crystals of CA™ octyINH3" « 2 H>0, the octyINH3" cation was found to be disordered and
was refined using a model with two different conformations (Figure 4.S5). Disorder was also
observed in crystals of CA™ l1-adamantyINH3;" ¢ 3.5 H>O, affecting both the 1-adamantyINH;3"
cation and part of the CA™ anion (Figure 4.S6).

4.5.2 Thermal Atomic Displacement Parameter Plots

Figure 4.S1. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of DCA™ ProNH" « 2 H,O. The ellipsoids of non-hydrogen atoms are drawn
at the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size.

Intermolecular hydrogen bonds are shown as dashed lines.
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Figure 4.S2. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of DCA™ cyclohexylNH3". The ellipsoids of non-hydrogen atoms are drawn
at the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. An

intermolecular hydrogen bond is represented by a dashed line.
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Figure 4.S3. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of DCA™ octyINH;3". The ellipsoids of non-hydrogen atoms are drawn at
the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size. An

intermolecular hydrogen bond is represented by a dashed line.
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Figure 4.S4. Thermal atomic displacement ellipsoid plot with the atomic numbering scheme for
the structure of crystals of CA” hexyINH3" « H>O. The ellipsoids of non-hydrogen atoms are drawn
at the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size.

Intermolecular hydrogen bonds shown as dashed lines.

171



., ) "0
a L.
NB @ff" HE
65'. ...-
AINm 0 A
a cmb

172



9 7 RN=le}
c28 7 cs
F ' c38

Figure 4.S5. Thermal atomic displacement ellipsoid plots with the atomic numbering scheme for
the structure of crystals of CA™ octyINH3" 2 H>O. The ellipsoids of non-hydrogen atoms are drawn
at the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary size.
Intermolecular hydrogen bonds are shown as dashed lines. (a) View with all disordered parts

included for the octyINH3" cation. (b)—(c) Separate views for each disordered part.
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Figure 4.S6. Thermal atomic displacement ellipsoid plots with the atomic numbering scheme for
the structure of crystals of CA™ 1-adamantyINH3" « 3.5 H,O. The ellipsoids of non-hydrogen atoms
are drawn at the 50% probability level, and hydrogen atoms are represented by a sphere of arbitrary
size. Intermolecular hydrogen bonds are shown as dashed lines. (a) View with all disordered parts

included for the 1-adamantyINH3" cation. (b)—(c) Separate views for each disordered part.
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4.5.3 Indexing Crystal Faces

DCA- Pr2NH2" « 2 H20

HKL Faces & Relative Distances to Center of Crystal:

FACE
FACE
FACE
FACE
FACE
FACE

100
-100
010
0-10
00-1
001

0.227
0.599
0.012
0.037
0.013
0.069
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4.5.4 Powder X-Ray Diffraction
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Figure 4.S7. Powder X-ray diffraction pattern of the solid obtained by lyophilizing the hydrogel

produced by cooling an aqueous solution of the propylammonium salt of DCA.
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Figure 4.S8. Powder X-ray diffraction pattern of the solid obtained by lyophilizing the hydrogel

produced by cooling an aqueous solution of the butylammonium salt of DCA.
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Figure 4.S9. Powder X-ray diffraction pattern of the solid obtained by lyophilizing the hydrogel

produced by cooling an aqueous solution of the pentylammonium salt of DCA.
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4.5.5 FT-IR Spectroscopy
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Figure 4.S10. Comparison of FT-IR spectra of DCA, crystals of alkylammonium salts of DCA,
and solids obtained by lyophilizing hydrogels produced by cooling aqueous solutions of
alkylammonium salts of DCA. Small peaks corresponding to DCA in certain lyophilized samples

arise from partial evaporation of volatile alkylamines.
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Figure 4.S11. Comparison of FT-IR spectra of LCA, crystals of alkylammonium salts of LCA, and
solids obtained by lyophilizing hydrogels produced by cooling aqueous solutions of ammonium
salts of LCA. Small peaks corresponding to LCA in certain lyophilized samples arise from partial

evaporation of volatile amines.
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Figure 4.S12. Comparison of FT-IR spectra of crystals of alkylammonium salts of LCA and solids
obtained by lyophilizing hydrogels and mixtures produced by cooling aqueous solutions of
ammonium salts of LCA. Small peaks corresponding to LCA in certain lyophilized samples arise

from partial evaporation of volatile amines.
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Chapter 5. Conclusions and perspectives

5.1 General conclusions

Gelation is a broadly existing phenomenon in the laboratory and nature. Researchers
worldwide have focused on understanding the packing patterns of molecules in crystals/gels and
how molecular structure variations can affect the organization of self-assembly. With all the gel
research in the past hundred years, scientists explored the applications and properties of the gels.
However, some fundamental aspects of gels remain unclear, such as the mechanism and condition
of gelation, molecular interactions, and arrangement in gels. The study of gelation on the molecular
level is quite challenging. It is usually difficult to directly obtain spatial information about the
gelators in the gel network by using XRD or other methods commonly used in crystal analysis. My
Ph.D. research has aimed to provide more information and better understanding about these
essential questions related to the self-assembly of gelators, thereby benefiting the design and

manufacture of gels.

5.1.1 Bile acids: a gelation model system

Bile acids/salts are natural amphiphiles with rigid skeletons and variable hydrophilicity. They
can form different self-assembled structures in the aqueous environment. Therefore, we have used
the bile acids/salts system to understand the gelation process and the relationship between crystals
and gels. It is known the minimum number of aggregation for bile acids is 2, meaning two bile acid
molecules can form the simplest micelle in water by sticking back to back. 1*¢137 The primary
aggregates form secondary aggregates as higher concentrations.® Bile salts form cylindrical
micelles in the gastrointestinal track for the dissolution of fats in food.!3® It was shown previously
that the formation of molecular gels takes place when the molecules reached a certain condition of
“marginal solubility”.>! The insoluble molecular species can precipitate or crystalize, while the
more soluble species yield a clear solution. It was also found that the molecular gels in the
microscopic level have nanofibers and bundles of fibers as shown by TEM.3? The self-assembly of
bile acids and their complexes is a pre-requisite for the gelation process. Then several questions
may be posed on the relationship of gelation and crystallization (precipitation): Is gelation an
intermediate step of crystallization or a final step of thermodynamic process separate from

crystallization? In other words, is gelation a kinetic intermediate, at least in some cases, toward
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final crystallization? What are the internal and external conditions that will lead to gelation,
crystallization, and formation of amorphous precipitates? What the similarity and difference in the
molecular arrangements in hydrogel fibers and crystals? What kind of interactions are involved in

the gelation and crystallization process?

Clearly, bile acids and their derivatives provide a useful and unique model for the study of
molecular gelation and crystallization. In this study, we focussed on the use of different bile acids
with amines with varying substitution groups and different numbers of substitution groups
(primary, secondary, tertiary, and quaternary amines) by changing the hydrophilicity of the pairs
systematically in water in an attempt to find the general trend of the states of the mixtures
(solutions, gels, crystals or precipitates). The observation and analysis should provide insights and

understanding of such processes.

5.1.2 Understanding of gelation at a molecular level

We would like to understand what happed to the molecules involved in the gelation process.
We have previously used FT-IR spectroscopy and observed the importance of the hydrogen-
bonding in the formation of fibers (clear gels) and fiber bundles (opaque gels).!** Higher
concentrations of the system led to the alignments of the fibers with the formation of morphology

similar to nematic liquid crystals. !4

In this work, we chose to use NMR techniques to study the gelation process of a mixture of
NaDC and formic acid. As a non-destructive method of testing, NMR provided some information
on the gelation process in molecular gels. For example, at low concentrations of the gelator (< 4
wt%) in the NaDC gel system, the percentage of molecules of the gelator immobilized in the gel is

only about 35%.

DOSY-NMR revealed that the diffusion coefficients of the species in gels are quite similar
to those in gelator solutions of the same concentration. Different NMR techniques also disclosed
intermolecular interactions and dynamics involving gelators, solvent molecules, and additives in
the gel-sol transition. In addition, NMR experiments also provided valuable spatial information
about the gel. Quantitative analysis of STD-NMR results revealed that the hydrophobic convex
regions of the bile acid were buried inside the fiber, while the hydrophilic parts faced the aqueous

environment. All these NMR-based explorations of gel-sol interactions and other relationships
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have contributed to a better understanding of hydrogels on the molecular level. These results also
enlightened our further investigations on the molecular arrangement of the gelator in the fibers of

the gel.

The information obtained from NMR spectroscopy is rather limited, but it is a step toward
the understanding of the molecular interactions involved in the gelation process. It is worthwhile

to study further the formation of molecular gels by other spectroscopic and microscopic techniques.

5.1.3. Study of crystallization by X-ray diffraction

Studying molecular arrangement in fibrils or gel networks has always been challenging.
Owing to the random orientation of the fibrils in gels, it is of great difficulty to use characterization
methods for crystalline materials, such as XRD, to gain spatial information about molecules in the
fibrils. For some flexible gelators, such as fatty acids, the self-assembled structures may vary a lot
with the conditions, hindering the attempt to deduce spatial information about the gel by
extrapolating from the structure of crystals of gelators. In our experiments with bile salts, however,
the rigid steroid structure of bile acids favors a consistent association pattern. Based on our
observations, ammonium salts of lithocholic acid exhibit interesting aggregation changes as the
ammonium counterions are varied, and hydrogels, fibril/crystal mixtures, or only crystals are all
generated under approximately the same assembly conditions. This shows that the self-assembly
of ammonium lithocholates is closely related to the identity of RNH;3". Gels with fibrous structures
were obtained for hydrophilic and compact R (H, Me, Et, and cyclopropyl). Crystals and fibers
were found to coexist when R = Pr or i-Pr. Larger and more hydrophobic R (butyl and its isomer,
pentyl, and cyclohexyl) were found to favor crystallization. Structural analysis of these different
crystals with XRD revealed a persistent packing pattern in which the lithocholate anions are packed
in an antiparallel manner to form lamellar structures. In this pattern, the hydrophilic surface of
these lamellas consists of a high density of OH and COO" groups, which are exposed to the aqueous
environment or form multiple hydrogen bonds with amines in the interlamellar region. The
direction of fastest crystal growth proved to be along the hydrophobic edges of bile anions. The gel
fibers also showed evidently anisotropic growth as needle-shaped crystals. Through detailed and
systematic study, and through comparison of the patterns of molecular organization adopted by
various ammonium lithocholates, our research has revealed the close relationship between

crystallization and gelation in this system.
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The growth pattern of edge-to-edge association of bile anions was also observed in our study
of ammonium salts of bile acids other than lithocholic acid. Both gelation and crystallization again
occurred under similar conditions, and the family of ammonium salts of different bile acids enabled
us to further explore the boundary between gelation and crystallization. Our results have suggested
that bile anions associate edgewise along the direction of anisotropic growth of fibers and crystals,
generating assemblies with the largest possible hydrophilic surfaces. Our research has also yielded
insights into the influence of specific molecular features on the association patterns of bile salts. It
is observed that the increased hydrophobicity of the salts can facilitate their self-association,

resulting in a tendency to shift from solutions to gels and to crystals.

The goal of my Ph.D. research has been to contribute to the knowledge of the mechanism
and relationship of gelation and crystallization by systematically analyzing the self-assembly
process of bile salts. We strategically took advantage of the rigid steroid structure and the variable
hydrophilicity of bile salts to reveal the close structural relationship between fibrils and crystals.
Our research enhanced the fundamental understanding of gelation on the molecular level using
NMR, XRD, and other characterization methods. In the study of gelation conditions, we found that
the solubility of both bile anions and ammonium cations will affect the morphology. The gelation

usually happened for the salts with marginal solubility.

5.1.4. Kinetics and thermodynamics of gelation

The outcome of mixing of the bile acids with different amines depends on the hydrophilic or
hydrophobic character of the ion pairs and their concentrations. The kinetics and thermodynamics
of the processes of gelation and crystallization is an interesting physical chemistry subject that
needs to be further explored for the better design of molecular materials and to reveal the conditions
needed for the formation of gels and crystals and the possibility of conversion between fibers and
crystals. Even though the crystal structures may provide some clue to the molecular structures of
the fibers in the gels, the preliminary results seem to indicate that the formations of fibers and
crystals may be on different thermodynamic paths, each corresponding to a separate energy
minimum, and the transfer between fibers and crystals may not be achievable over time or through
simple thermal treatment. Moreover, the influence of solubility or hydrophilicity of the amphiphilic
molecules on the gelation and crystallization process is an essential topic to be further explored. In

addition to these theoretical and mechanistic studies of gelation, hydrogels based on bile salts are
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also promising candidates for biomedical applications owing to their biocompatibility and
abundance. Therefore, our research can also contribute to the design and manufacture of gels in

many different practical applications in the future.

5.2 Perspectives

5.2.1 Crystallographic mismatch nucleation and growth study

Our research studied the molecular arrangement of fibers by analyzing the boundary of the
gels and crystals. The trend of moving from the formation of gels to the production of crystals with
increasing hydrophobicity of bile salts was also observed in our systematic study. There are still
many interesting issues to be further explored. For example, what are the factors that predetermine
whether fibers or crystals are formed, and can fibers and crystals interconvert? A study of

nucleation and growth may provide us with more information.

According to the branching theory introduced in Chapter 1, crystallographic mismatch
nucleation and growth will determine the relationship of the daughter fibers/crystals with the parent

1‘39

fiber/crystal.”” The corresponding tip/side branching creates junctions in the gel network in

different ways, shown as the spherulitic or less branched fibrillar network in the gel (Figure 1.9).

One of the crucial factors controlling crystallographic mismatch nucleation is the interfacial
structural match between nuclei and the underlying surface, which acts as a heterogeneous
nucleation seed (Figure 1.7).%*!#! In preliminary experiments, we have explored the use of crystals
of ammonium salts of bile acids as seeds to test the possibility of heterogeneous nucleation in

different systems containing supersaturated bile salts.

These seeding experiments will be continued to allow us to evaluate to what extent the
crystallographic mismatch branching (CMB) theory applies to our bile salt systems. We can also
explore the influences of different bile salt anions and ammonium counterions on the interfacial
structural match, which can be expected to affect the morphology of new crystals/fibers emerging

from the seeds.
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In addition to using existing crystals of ammonium salts of bile acids as seeds to get new
crystals or fibers, we can also examine other factors such as the degree of supersaturation and
temperature on the morphology of the self-assembled structures.***>** Most of the crystals and
fibrillar networks obtained in our research are needle-like with relatively few branches. Spherulitic
structures are also observed, as in the gel formed from deoxycholic acid and propylamine, but they
are typically uncommon in our systems. Monitoring crystallization or formation of fibrillar
networks under various assembly conditions will contribute to crystal/gel engineering knowledge

and inspire new designs of bile acid-related gelators or crystals.

5.2.2 Macromolecular gel systems composed of polymers and small molecules
The gels described in Chapters 2—4 are made of small molecules, and their study provides
valuable information on the molecular association and on the relationship between gelation and
crystallization. Molecular gels have certain advantages over polymeric gels, such as simple gel-
sol transition and easy degradation, contributing the ease in selected applications. However,
molecular hydrogels produced from bile acids and alkylamines are mechanically weak.
Additionally, the cytotoxicity of low molecular weight amines, especially secondary and tertiary

amines,'** may limit the use of these materials in bio-related applications such as cell culture, 43144

145146 or drug delivery.!#”'*®The mechanical properties of gels greatly depend

tissue engineering,
on the density and type of interactions in the interconnected network.**!'*-152 Noncovalent
junctions in molecular gels (such as chain entanglements, hydrophobic interactions, hydrogen
bonds, and even ionic bonds) are generally weaker than covalent bonds and crosslinks in polymeric
gels. Therefore, it is interesting and useful to apply the same gelation conditions by mixing a
polymer with a small molecule or by mixing two different polymers aiming at the condition of
marginal solubility in water. Our plan is to replace the low molecular weight amines with polymeric
amines, such as polyallylamine (PAA), polyethylenimine (PEI), and polylysine (PL) (Figure 5.1).
The polymer chain will affect the movement and spatial relationship of amines. Promising results
were obtained in preliminary experiments, and we obtained gels from some of the mixtures of
polymeric amines and bile acids (Figure 5.2). We will continue working on the hybrid system to

systematically study and compare the influence of chirality, hydrophobicity, repeating units, and

polymer structures on the morphologies and properties of the materials.
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PAA and PEI are widely studied polymers for gene delivery and nanocarriers for drugs or
proteins.'*>!>* These systems may achieve multifunction in drug delivery and transfection.
Hydrophobic drugs can be encapsulated in the bile acid aggregates, while PAA and PEI can
function as the gene carrier. This approach may help us obtain drug/gene carriers without
complicated functionalization and synthesis. The biomedical applications of the hydrogels formed

by polymeric amines and bile acids will be also studied.
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Figure 5.1 Chemical structures of PAA, PEI, and PL. a and € correspond to the peptide bonds

formed through a or € amino groups in lysine.

PL is a biocompatible polypeptide composed of the chiral amino acid lysine (D or L) linked
by a or ¢ amino groups. Study of the self-assembled structures and interactions of different types
of PL with bile acids can provide us with valuable information about the self-assembly of polymers
and small molecules. Macromolecular hydrogels may be useful biomaterials. Poly-L-lysine and
poly-D-lysine behave differently in cell interaction and cellular process, such as cell adhesion,'>

156,157

intracellular degradation, and immunogenicity.'>® By varying the identity of both bile acids
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and polymers, adjusting their ratio, and changing the pH, we can tune the properties of the such

gels for various applications such as cell culture, tissue engineering, and drug/gene delivery.

(b)

Figure 5.2 Fibrillar textures in hydrogels formed by lithocholic acid (LCA) with polymeric

amines at room temperature observed by optical microscopy under polarized light. The pictures
of hydrogels are inserted on the top right conner of each microscope image. (a) Hydrogel of LCA
(50 mM, 2 wt%) + PEI (4 wt%, branched, My = 800 g/mol). (b) Hydrogel of LCA (50 mM, 2
wt%) + PAA (10 wt%, My = 15000 g/mol).
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