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Diss.

The research described in this thesis covers the synthesis, characterization
and the study of the gelation ability of fifteen pyrene based low molecular
weight organogelators (LMOGs). The gelation and gel properties were in-
vestigated by rheometry, scanning electron microscopy, differential scanning
calorimetry, UV-Vis and fluorescence spectroscopy.

The pyrene based LMOGs form complexes with 2,4, 7-trinitrofluorenone
(TNF) and self-assemble non-covalently through -7 stacking, donor-acceptor
and van der Waals interactions to form thermoreversible gels, which remain
stable at least for two years. The strongest gels were obtained in primary al-
cohols whereas the poor solubility of TNF restricted gelation in nonpolar hy-
drocarbons. It was observed that the gelation behavior of the two-component
gelator system can be estimated in both nonpolar and polar solvents by us-
ing the Hansen solubility parameters and distance. The unknown solubility
parameters of the gelators were estimated by a group contribution method.
The gelation ability of the two-component system was found to correlate with
the hydrogen bonding solubility parameter of the solvent.

Electron microscopy showed that the gelation occurs due to self-assem-
bly of the gelators into long gel fibers that form an entangled gel network.
The solvent and the structure of the pyrene based LMOG have a large effect
on the gel structure and; consequently, the properties. The gels with less fiber
bundles and denser gel network were more elastic and had higher stability
and viscosity. The organogels are viscoelastic soft materials showing shear
thinning behavior and a yield point. The effect of the solvent, additives
like pyrene, crosslinker molecule and aluminum nanoparticles, functionality
and alkyl side chain length of the pyrene based gelator on the gel properties
were studied by rheometry. The results of this work indicate that two- and
three-component gelator systems open wide possibilities to control the gel
properties in various solvents.

Keywords: gel, gelator, organogelator, low molecular weight organogelator,
self-assembly, solubility parameters, rheology, scanning electron microscopy
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1 Introduction

The discovery and design of low molecular weight organogelators (LMOGs)
has been an expanding research area in the last few decades due to their
promising physical and morphological properties as well as their potential
industrial applications’™. The LMOGs are small organic molecules which
have the ability to self-assemble into a complex three-dimensional network,
and already at low concentrations turn a wide variety of organic solvents into
gels. Most gels are thermoreversible as LMOGs aggregate through a combi-
nation of non-covalent interactions such as hydrogen bonding, -7 stacking,
donor-acceptor, van der Waals and solvophobic interactions?.

There exists an enormous structural diversity among these gelators;
however, in most reported cases immobilization of the solvent is based on a
single gelator component. In recent years, there has been a growing interest in
two- or multicomponent gelator systems, since the "bottom-up" fabrication
of LMOGs the two-component systems increase the possibility to control the
self-assembly process and gel properties®.

The aims of this thesis were the synthesis of self-assembling materi-
als capable of acting as efficient gelators for hydrocarbons and alcohols, and
investigation of the gel properties and the factors effecting gelation. One
objective was to prepare LMOGs with ability to bind metal nanoparticles or
other molecules into the gel structure. The gelation is based on non-covalent
interactions to obtain thermoreversible organogels. In order to use the gela-
tor to bind other materials than the solvent it is essential to design a system
that forms a gel by such interactions that do not bind readily to the adsor-
bent surfaces, such surfaces are typically very polar compared to the organic
solvent to be gelled. If gelation is based on polar interactions the gelators
contain typically functional groups which form a gel by intermolecular (hy-
drogen) bonding and hence functional groups are not available to bind other
materials into the gel.

Pyrene based LMOGs were discovered about five years before this study
was initiated®. In light of the objectives of this study, two-component pyrene
based low molecular weight organogelators were selected as the base system
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due to the promising properties of the gels based on them. Pyrene based
LMOGs have shown the ability to gelate various solvents below 1 wt-% con-
centration through donor-acceptor and 7-m stacking interactions. The melt-
ing points of the thermoreversible gels, typically 60 - 90 °C, are suitable for
applications. A two-component gelator system enables better control on the
gelation ability and the properties of the gel.

One goal for the work was to elucidate the relationship between molec-
ular structure of the gelators and gel formation. It was tried to understand
the gelation ability of the two-component system in different solvents by cor-
relating the gelation results with solubility parameters that are widely used
to predict solubility of polymers”. In this study, experimental results from
various methods were used to gain information on the properties of the gels
of 15 different pyrene based LMOGs. The experimental research is mainly
focused on the rheological properties of the nanostructural and multidimen-
sional gels. The effect of the solvent, gelator equivalency, pyrene, crosslinker
molecule, functional groups and alkyl side chain length of the pyrene based
gelator on the gel properties have been studied.

This thesis presents the efforts made for understanding the complex
self-assembly process of pyrene based LMOGs and the factors effecting the
properties of the gels of alcohols. The self-assembly of low molecular weight
organogelators is not thoroughly understood in general, the results obtained
in this work constitute a step forward in estimation and control of gelation
ability and gel properties of the two-component gelator system. The methods
utilized in this study include rheometry, UV-Vis spectroscopy, scanning elec-
tron microscopy, differential scanning calorimetry and computer modeling.



2 Review of the literature

2.1 Definition of gel

Gels are common in everyday life and their applications can be found in
many fields such as food processing, medicine, cosmetics, materials science,
hydrometallurgy, lubrication, pharmacology and electronics*®. Lipowitz
was one of the first to report on gelation of aqueous solutions by lithium
urate in 1841°. Although gels are nowadays abundant and widely studied
the definition of a gel is still somehow illegible from the scientific point of
view. In 1861 Thomas Graham!® gave the following description:

While the rigidity of the crystalline structure shuts out external
expressions, the softness of the gelatinous colloid partakes of flu-
idity, and enables the colloid to become a medium for liquid dif-
fusion, like water itself.

In 1926 Dorothy Jordon Lloyd!! stated that the colloid condition, the
gel, is one which is easier to recognize than to define and made the following
statement:

Only one rule seems to hold for all gels, and that is that they
must be built up from two components, one of which is a liquid
at the temperature under consideration, and the other which, the
gelling substance proper, often spoken of as the gelator, is a solid.
The gel itself has the mechanical properties of a solid, i.e. it can
maintain its form under the stress of its own weight, and under
any mechanical stress it shows the phenomenon of strain.

Due to several subclasses of gels attempts to link the microscopic and
macroscopic properties of a gel have resulted many different definitions'?13.
Recently Weiss and Terech gave general criteria to classify a substance as a
gel: (1) it has a continuos microscopic structure with macroscopic dimen-
sions that is permanent on the time scale of an analytical experiment and

11



12 2. Review of the literature

(2) it is solid-like in its rheological behaviour despite being mostly liquid®.
This classification contains no clear statement about the minimum number of
components in the system, but generally a gel consists of two or more compo-
nents, one of which is a liquid, present in a substantial quantity?. The gels
themselves have mechanical properties of solids and under any mechanical
stress the gels show strain. Macroscopically, for the screening purposes the
definition of Lloyd is still practical: if it looks like a "Jello", it must be a
gelll,

2.2 Gelation and classification of gels

Gels are comprised of a solvent and an elastic cross-linked network, which
prevents the solvent form flowing at the microscopic level as the solvent is
trapped mainly by surface tension!. Gels can be classified based on their
origin, constitution, the type of cross-linking that creates the network and
the medium they hold (Figure 2.1). Organogels are gels where the medium is
an organic solvent like hexane or octanol. If the medium is water or mixture
of water with minor component of an organic solvent the gel is called a

hydrogel. If there is no medium at all, the gel is called a xerogel.

Gels
Source ‘ Medium
Natural Artificial Organo Hydro  Aero/Xero

Constitution

Supramolecular Macromolecular

J] Crosslinking

Physical Chemical

Figure 2.1: Classification of the gels?.

Most of the naturally occurring gelators like gelatin and starch are
macromolecular species and they form gels by physical cross-linking, mainly
hydrogen bonding. Synthetic gelator molecules can be divided on the basis of
their constitution into macromolecular and molecular. The gel network from
macromolecules can form through chemical cross-linking or physical interac-
tions (Figure 2.2). Chemical gels are crosslinked covalently and the gelation
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is irreversible. Compounds able to form chemical gels include cross-linked
polymers? and inorganic oxides®. Physical gels are formed by weak non-
covalent interactions such as van der Waals interactions, hydrogen bonding,
m — 7 stacking, donor-acceptor interactions, metal coordination, solvopho-
bic forces and even by London dispersion forces alone®'%'7. Usually the
self-assembly of the gelator molecules is not the result of only one type of
interaction but rather a combination of different interactions. Due to non-
covalent interactions physical gels are thermally reversible and easily lique-
fied by heating. Examples of these systems include mineral clays, polymers,
proteins, colloids and small organic compounds called low molecular weight
gelators (LMWGs). In polymer gels molecular sub-units are relatively large
(Figure 2.2) compared to LMWGs which form a network by self-assembly
of small gelator molecules (usually < 2000 Da) through a combination of
non-covalent interactions®. These compounds are the topic of this thesis and
from now on only organogels based on these compounds will be discussed, and
these will be referred to as low molecular weight organogelators (LMOGs).

Chemical gels Physical gels

Polymers LMWGs

L Ny

=0 N JAN

Figure 2.2: Schematic representation of chemical and physical gels®.

Gelation is not thoroughly understood phenomenon and the design of
new LMOGs is a challenging task where one should consider the events and
intermolecular interactions, which occur during the gelation. There are in-
teractions between the gelator molecules themselves and between the gelator
and the solvent molecules. Gelator molecules aggregate and form long fi-
brous structures. There must be an interaction between the individual fibers
in order to form a 3D-network. However, this interaction should not be too
strong to avoid precipitation or even crystallization. The solvent also has
a crucial role in the gelation process. Gelation of LMOGs is taken to be a
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hierarchical assembly process including the following steps:

1. Dimerization of two individual molecules.
2. Oligomer formation by interaction of dimers with further molecules.

3. Formation of polymer fibrils of approximately the same width as the
molecular building blocks (ca. 1-2 nm) by extension of the oligomers.

4. Fiber formation by bundling of fibrils (ca. 20 - 50 nm width).

5. Interactions of fibers to give an effectively infinite, interconnected net-
work spanning the entire sample (the least well understood aspect of
the gelation process).

6. Immobilization of the solvent by the fiber network, generally by surface
tension effects.

Gelation can be considered to be a competition between solubilization
and phase separation. The growth of gel fibers is usually directional and in
competition with other forms of aggregation such as micelles, lamellae and
crystals?0.

2.3 Structural diversity of low molecular weight
organogelators

A wide diversity of low molecular weight compounds have been discovered
that are able to gelate organic solvents. Traditionally, gelators have been
found serendipitously eg. from failed crystallization attempts. In the recent
years the interest in LMOGs has grown rapidly due to the striking and versa-
tile properties of these systems and many potential applications of such gels.
As the state of knowledge on self-assembly of gelator molecules has broadened
factors effecting on gelation, it has increased interest in controlling gelation
and designing of the new LMOGs.

Any given molecule may have gelation ability if the following general
criteria apply '%2!: 1) the molecule must be partially soluble in the solvent of
choice but not too soluble, otherwise it will simply dissolve, 2) the molecule
must be partially insoluble in the solvent of choice but not too insoluble
otherwise it will simply precipitate, 3) the molecule must have the potential
to form multiple non-covalent interactions with itself, 4) van der Waals forces
are usually present to support the gelation process, 5) these non-covalent
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interactions should occur in a directional manner and 6) there is a factor to
induce fiber cross-linking for network formation.

It was recently estimated that over 1000 low molecular weight gelators
have been reported??. Even though there is a large structural diversity within
LMOGs, they have a common feature that they gelate many organic solvents
through intermolecular self-assembly due to a combination of non-covalent
interactions. LMOGs have been derived from various systems including hy-
drocarbons, fatty acids, saccharides, steroids, amides, amino acids, ureas,
aromatic molecules, metal complexes and dendrimers. Only a brief overview
will be given here to describe various types of LMOGs and the interactions
leading to self-assembly. Several reviews have been published for more ex-
tensive overview of LMOGs!413:20,23-26

2.3.1 LMOGs based on hydro- and fluorocarbons, fatty
acids and esters

A series of elongated hydrocarbons (Coy 1, Cog and Csg) gelate short alka-
nes, alcohols, halogenated liquids and silicone oil (Figure 2.3)1%%7. Gelation
occurs through van der Waals forces and the diversity of the gelated liquids
and the gel stability increase with increasing length of the alkane chain. Long
n-alkanes are structurally the simplest possible LMOGs and their gels with
n-alkanes are the simplest class of organogels that can be formed.

CH3(CHy)11(CF2)9CF3

O'Pr

Figure 2.3: LMOGs based on simple structures include alkanes, fluorocar-
bons, fatty acids and esters.

Semifluorinated n-alkanes, like 2 (Figure 2.3), are capable to gelate
aliphatic and aromatic solvents?®2?. The self-assembly occurs due to the
immiscibility of the fluorocarbon part of the molecule with the hydrocarbon
solvent indicating that solvophopic effects play an important role in gelation.
Significantly higher gelator concentrations are needed for gelation compared
to n-alkanes.
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The fatty acid compound 12-hydroxystearic acid 3 (Figure 2.3) is an
example of functionalised fatty acids that are known to gelate chloroform,
aliphatic and aromatic hydrocarbons3® 32, In addition to van der Waals forces
gelation process is driven by hydrogen bonding. From a series of tetrahydroxy
diesters, the compound 4 with eight methylene connections resulted the low-
est minimum gelation concentration and was able to gelate through hydrogen
bonding both polar and nonpolar solvents including toluene, cyclohexane and
water and even lager and wine?3.

2.3.2 LMOGs based on saccharides

Saccharide based LMOGs gelate solvents through formation of intermolecu-
lar hydrogen-bond based gel network. The monosaccharide derivatives (Fig-
ure 2.4) can be divided into three groups based on their structure: open-
chain®! (5, 6), cyclic® (7) and acetal-protected cyclic monosaccharides®538
(8 - 10). Disaccharide derivatives®® and acetylated cyclodextrins*® have also
been reported to function as organogelators. Many of the saccharide deriva-
tives are able to form a gel in both organic solvents and aqueous mixtures.

OH

Figure 2.4: LMOGs based on saccharides.

Glucose derivative of open-chain monosaccharide 5 (Figure 2.4) is able
to gelate 1,2-xylene; however, addition of a benzoyl group yields 6 which
forms a thermoreversible gel in various solvents such as alcohols, acetoni-
trile, acetone, chloroform and aromatic solvents®*. The gels in aromatic
solvents were clearly the most thermally stable. Cyclic saccharide compound
7 gelates through hydrogen bonding and solvophobic interaction cyclohex-
ane and several aromatic solvents. It can not form a gel in acetone, DMF,
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DMSO, alcohols or water but all these solvents were gelated as a 1:1 mixtures
with water®®. The gelation ability was strongly decreased by unsaturation of
the aliphatic alkyl chain.

Acetal-protected cyclic monosaccharide examples include methyl 4,6-
benzylidene derivatives 8 and 9 (Figure 2.4). The a-manno derivative 8 forms
colorless gels in alkanes, aromatic solvents, carbon disulfide, diphenyl ether
and water3®., FTIR, NMR and X-ray diffraction analyses indicated that gela-
tion occurs through hydrogen bonding, 7-7 and van der Waals interactions.
The a-glucopyranoside derivate 9 gelates alcohols and the similar range of
solvents as the derivative 8 with the exception of alkanes®?. Acetal-protected
10 has also three unprotected hydroxyl groups in the five-membered gluco-
furanose ring and is able to gelate CCly, chloroform, cyclohexane and various
aromatic solvents®®1. The 1,3:2,4-dibenzylidene sorbitol (DBS) is another
well known acetal-protected organogelator??.

2.3.3 LMOGs based on steroids

Steroids are a class of naturally occurring lipids. The first steroid based
LMOGs for hydrocarbon solvents were D-33-hydroxy-17,17,dipropyl-17a-aza-
homoandrostanyl-17a-oxy 11 and its amino analogue (Figure 2.5)*3 The gela-
tion ability of steroids vary with the position of the unsaturated functional-
ities.

HO

OAc

Ho\\“‘»-’i ) .,,,,,//OH

Figure 2.5: LMOGs based on steroids.
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The ALS gelators consist of an aromatic group (A) which is connected
by a linker (L) to a steroid (S) based molecule!. Mukkamala and Weiss*!
prepared a series of anthraquinone-steroid based LMOGs and found that the
functionality and the length of the linker group between anthraquinone and
steroid have a strong effect on the gelation ability. Compound 12 is one ex-
ample of ALS molecules that is able to gelate various hydrocarbons, alcohols,
acrylates and silicone oil (Figure 2.5). Various ALS-type organogelators have
been reported including anthracene*>#, azobenzene*”, porphyrine*® and stil-
bene®® as the aromatic group.

Bile acids derivatives are another type of steroid based LMOGs®’. An
alkyl derivative of cholic acid 13 (Figure 2.5) forms a transparent and ther-
moreversible gel in cyclohexene and several aromatic solvents®!. A silylated
non-cholesteryl steroid LMOG 14 has an unique asymmetric structure due
to the presence of an oxygen bridge which acts as a hydrogen bond acceptor
and is able to gelate hydrocarbons and tetraethyl orthosilicate®?

2.3.4 LMOGs based on amides, amino acids and ureas

Intermolecular hydrogen bonding between N-H and C=O plays an impor-
tant role in gelation with LMOGs based on amides, amino acids, ureas and
urethanes?*. Compound 15 (Figure 2.6) is an example of N-alkyl perfluo-
roalkanamides which forms gels in several organic solvents including aliphatic
hydrocarbons, alcohols, toluene, CCl, and silicone 0il®®. Gelation occurs due
to the incompatibility of perfluoroalkyl and alkyl chains leading to formation
of lamellar aggregates that are stabilized by intermolecular hydrogen bonding
between the amide groups.

O—C1oHop—CO—NH—C1gHa1

)J\ \\\N C Ci1Hzs
\M/\ (CF2)sCF3 O\
N C Ci1Hz3
O—C1oHp—CO—NH—C;oHo4
16

Figure 2.6: LMOGs based on amides.

The hydrogen bonding between the amide groups of adjacent molecules
and van der Waals interaction of the long alkyl chains enable enantio-pure
trans-isomers (1R, 2R and 1S, 2S) of bis-amide derivate 16 (Figure 2.6) to
gelate various solvents like hydrocarbons, alcohols, ketones, esters and min-
eral 0il®»%°. The corresponding cis-isomers did not gelate any of the solvents
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gelated by the trans-isomers and the racemic mixture of trans-16 resulted
weaker gels than the pure enantiomers did. Aromatic bisamide derivative 17
is able to gelate benzene, toluene and p-xylene, but not hexane due to insolu-
bility 5. The analogue of 17 without the amide groups was not a LMOG for
aromatic solvents showing that hydrogen bonding between the amide groups
is required for gelation.

Different functional groups in the amino acid based LMOGs allow for-
mation of gel fibers through hydrogen bonding, dipole-dipole and other van
der Waals interactions. The gelation ability depends on the structure of
the amino acid residue and typically the gelation efficiency increases when
a molecule includes more than one peptide unit?. The solvent also has sig-
nificant effect on the gel fiber network structure as well as on the properties
of the gel®”. Compound 18 (Figure 2.7) is a fatty acid amide of L-alanine
which is able to gelate various aliphatic and aromatic hydrocarbons®®. FTIR
studies showed that the gelation by 18 occurs via hydrogen bonding that is
significantly affected by the polarity and protic nature of the solvent. Elon-
gation of the fatty acid chain increases van der Waals interaction as well as
mechanical strength and thermal stability of the gel.

COOH OH o A 0 CH,Ph o
H )}\ y
N OH
HN \KO HO N CisH3s N OH
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Figure 2.7: LMOGs based on amino acids.

Bis-leucine oxalyl amide 19 is an efficient LMOG for various organic
solvents such as alcohols, dioxane, acetone, THF and water (Figure 2.7)5.
However, its racemate and meso-diastereoisomer is not a gelator. Stabiliza-
tion of the gels is mainly due to intermolecular hydrogen bonding involving
the oxalyl amide fragments and carboxylic groups. Another dipeptide ex-
ample 20 includes a free carboxylic group but also a long alkyl chain and a
phenyl group, and it forms stable gels in various aromatic solvents and carbon
tetrachloride®. Corresponding sodium salt of 20 showed enhanced gelating
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efficiency in aromatic solvents but could not gelate CCly. Other examples
of linear amino acid organogelators include N-alkanoyl-alanine derivatives®!
and terminally protected tripeptides®2:3.

Cyclic amino acid compounds such as valine containing cyclophanes%*
and cyclo(dipeptide)s® have shown gelation ability. Compound 21 (Fig-
ure 2.7) represents an example of cyclic dipeptide of glycine and valine, which
is able to immobilize organic solvents like ethanol, methoxybenzene, soybean
and silicone oil. FTIR and X-ray studies indicated that solvents are gelated
by 21 through hydrogen bonding between the amide bonds. Gelation in
toluene with leucine based gelator 22 containing a naphthalimide group oc-
curs in two phases. Firstly, the molecules are stacked up head-to-tail by
hydrogen bonding and subsequently the columns are assembled into aggre-
gates through intercolumnar 7-7 stacking interactions leading to a gel fiber
network 5.

The lowest molecular mass LMOG currently known is N,N’-dimethylurea
(Myy 88) which is able to form a gel in silicone oil and carbon tetrachloride®”.
Another monourea LMOG derivative 23 (Figure 2.8) gelates water and var-
ious solvents including cyclohexane, benzene, toluene and CCly. The com-
pound 24, containing a longer alkyloxy chain, gelates the above mentioned
solvents, and in addition polar solvents such as methanol, acetone and diox-
ane%. Temperature variable 'H NMR studies showed that both hydrogen
bonding between the amide groups, and m-stacking interaction exist in gels.

(0] (0]
i )k )k
H3C(H2C)14 (CH2)11CH3
R ~ )}\ ~ N NM/\N N/
0 N NH, H H 7 H H
25

23 R= n-CGH13
24 R= n-C14H29

N N
T “(CHy)7CHs
@) 0
N I
N (CH,)7;CH3
\/\N N/
o H H
HN N N NH
o P
(CHy)7CH3
N N/
H H

P 27

Figure 2.8: LMOGs based on ureas.
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Bis-urea derivatives are well known for their gelation ability in organic
solvent. Compound 25 (Figure 2.8) forms a three-dimensional gel network
through hydrogen bonds between the urea moieties in hexadecane, p-xylene,
tetralin, cyclohexanone and n-butyl acetate®. Also geminal bis-urea deriva-
tives™, like compound 26, and tris-urea derivatives '™, like compound 27,
are efficient LMOGs for a wide variety of organic solvents.

2.3.5 LMOGs based on aromatic molecules

Many LMOGs contain aromatic groups such as benzene, pyridine, anthracene
and porphyrin. The m-7 stacking among aromatic moieties contribute to
gelation and often aromatic groups can be considered as the major structural
elements. One of the simplest LMOG based on aromatic molecules are the
di-n-alkoxy-benzene derivatives, like 28 (Figure 2.9) which is able to gelate
acetonitrile, propylene carbonate, DMF and dimethylacrylamide through 7-7
stacking, dipole-dipole and van der Waals interactions ™. Substitution of the
benzene moiety with an anthracene moiety 7 or an anthraquinone moiety "
yields an efficient organogelator for hydrocarbons and alcohols.

28

NZ |
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/
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Ar N N
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Figure 2.9: LMOGs based on aromatic molecules.

Compound 29 (Figure 2.9) is an example of oligo(p-phenylenevinylene)
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(OPV) based organogelators™®. The compound gelates via hydrogen bond
assisted -7 interaction aliphatic and cyclic hydrocarbons, aromatic solvents
and chloroform. Ajayaghosh et al.'™' observed that selective fluorescent
resonance energy transfer occurs exclusively from the OPV gel nanostructures
to entrapped Rhodamine B. The emission of the dye could be switched off in
a thermoreversible fashion which revealed the importance of the self-assembly
in energy transfer and light harvesting.

Compound 30 is composed of a rigid hexaazatriphenylene core and six
flexible aromatic side chains, and gelates nitrobenzene, aniline and (R)-1-
phenylethyl alcohol (Figure 2.9)%2. In the self-assembly the central aromatic
core is stabilized first by m-stacking and the flexible aromatic chains stabilize
the aggregate to create phase separation and thus prevent crystallization.
Perylene bisimide 31 is a semiconductor which is able to gelate various or-
ganic solvents including aliphatic and aromatic solvents, ethers and triethy-
lamine at low concentrations®*%*. The three dimensional fibrous network is
generated from the self-assembly of 31 through hydrogen bonding between
the benzamide groups and strong m-m stacking interaction. Other examples
of efficient LMOGs containing large aromatic groups include pyrene® (see
Chapter 2.4), porphyrin®#7 and phthalocyanine® 0 derivatives.

2.3.6 Metal complex based LMOGs

LMOGs containing a bound metal atom include systems in which the metal
acts as a linker between the ligands. In another class of systems the metal
coordination is not directly involved in linking LMOG molecules together
and gelation is due to other non-covalent interactions. Binding of a metal
ion to a gelator can affect self-assembly modes and allows the gelation ability
to be tuned®'. One of the earlier gelling complexes copper(Il) S-diketonate
32 containing eight paraffinic chains formed green gels in cyclohexane (Fig-
ure 2.10)°2. The role of the copper in the gelation and kinetics of aggrega-
tion were studied by electron paramagnetic resonance (EPR) which has been
rarely used to study gels.

Trisubstituted zinc(II) porphyrin gelator 33 including three long ester
linked alkyl chains and one carboxylic acid gelates cyclohexane at low con-
centration (Figure 2.10)%. The presence of both the free carboxylic acid and
the metal center is essential for gelation because the corresponding tetraester
is not a gelator®. Non-aromatic organogelators 34 and 35 represent iron (T1T)
and aluminum(I1I) complexes of dodecylmethylphosphinic acid that are able
to form a gel in dodecane?. Aggregates are formed by bridging where one
ligand bridges two metal atoms.

A 8-quinolinol platinum(II) chelate derivative 36 gelates various sol-
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Figure 2.10: Metal-complex based LMOGs.

vents including hydrocarbons, alcohols, aromatic solvents, dichloromethane,
acetone, THF, dioxane and DMF (Figure 2.10)%. Strong 7-7 interaction of
the chelate moieties leads to gelation and sol-gel phase transition results in
thermo- and solvatochromic behavior of visible colour and a colour change
in the phosphorescence emission.

2.3.7 Two-component LMOGs

A true two-component LMOG system consists of two molecules in a way
that neither component do not act as a gelator alone®. Such systems can be
formed either from dissimilar but complementary molecules or from similar
molecules that differ only in their structural motifs. A system is also referred
to as a two-component system if the behavior of a one-component LMOG
system can be altered significantly by adding a second component. Addition
of the second component can increase the gelator efficiency®” and the thermal
stability of the gel®®. Sometimes a two-component system is able to gelate
solvents that are not gelated by one-component system®%. The ratio of
the components has typically significant effect on the gel structure and prop-
erties. In two-component gels, initially two distinct components form com-
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plexes that subsequently self-assemble through various non-covalent interac-
tions to form a gel fiber network. A wide variety of systems including sac-
charides?”, steroids® %, amines'!, amides'??, amino acids!?*1%* ureas'®,
aromatic molecules!%, metal complexes!?”’, and in many cases a combination
of these systems'%® 119 have been reported as two-component LMOGs. A few

examples of two-component LMOGs are presented in Figure 2.11.

o) NH,
o]
NH N—
Gt j}\/o 00 e
=—0 HN— CieHas S
CizH \ =0
12125 NH N / \\
o) NH,

Chol

Figure 2.11: Two-component LMOGs.

Hanabusa et al.''! were the first to report a two-component organogela-

tor system in 1993. An equimolar mixture of barbituric acid 37 and tri-
aminopyrimidine 38 derivatives (Figure 2.11) was able to gelate organic sol-
vents including cyclohexane, chloroform, DMF and carbon tetrachloride via
hydrogen bonding.

A well-known twin-tailed anionic surfactant sodium bis(2-ethylhexyl)
sulfosuccinate 39 (AOT) forms spherical reverse micelles in nonpolar solvents
but an addition of a phenol derivative, like p-chlorophenol 40, results in
gelation in isooctane, toluene and hexadecane (Figure 2.11) 12715 However,
ortho-substituted phenols did not form gels, apparently due to the steric
hindrance of the hydroxylic group!'®. Furthermore, a micellar solution of
AOT in n-decane can be transformed into a transparent gel by adding a
trace amount of a bile salt, sodium deoxycholate 7.
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A dendritic two-component organogelator consisting of L-lysine based
dendrimer 41 and diaminododecane 42 (Figure 2.11) forms a gel in toluene,
dichloromethane and acetonitrile''®12°, The individual components form
a complex via acid-amine interaction and 'H NMR spectroscopy indicated
that the complexes are self-assembled into gel fibers through intermolecular
dendron-dendron hydrogen bonding. The acid-amine interaction is a common
interaction in various two-component systems '01:104:121,122

A zinc(II) porphyrin and cholesterol (Chol) derivative 43 gelates aro-
matic solvents such as benzene, toluene and p-xylene (Figure 2.11)%123. The
gelation ability of 43 can be improved by adding [60|fullerene. The gel-sol
transition temperature increases significantly with increasing equivalent of
added [60|fullerene. UV-Vis and CD spectroscopy studies showed that the
optimum ratio was 2:1 43/[60|fullerene when two porphyrin moieties form a
sandwich complex with a fullerene. Despite the size of the fullerene unit also
one component [60]fullerene based amphiphile derivative has been reported
to form gel fibers in methanol 24

Maitra et al.® were the first to report donor-acceptor (charge trans-
fer) promoted gelation in organogels based on a two-component organogela-
tor composed of a pyrene derivative and 2,4,7-trinitrofluorenone (see Chap-
ter 2.4). Later donor-acceptor interaction has been reported in several other
two-component systems including saccharides®”125 anthrylidene derivative
of arjunolic acid?® and dinitrobenzoate derivatives!2¢.

2.4 Pyrene containing low molecular weight gel-
ators

Pyrene is commercially widely used to make dyes and dye precursors. Pyrene
is also one of the most popular molecular probes in fluorescence spectroscopy '
because of many beneficial properties such as efficient excimer formation 128129,
long singlet life time !3°, ready functionalization'®! and the appearance of de-
layed fluorescence'®?. Pyrene and its derivatives have been applied in liquid
crystals 1337135 photonic devices'3%137 and in non-covalent modification of
carbon nanotubes!®®. In the field of gels pyrene has been used as a fluores-
cent tag in low molecular weight gelators to evaluate their minimum gelation
concentration, self-assembly, gel structure and morphology through UV-Vis,
circular dichroism and fluorescence spectroscopy 397143,

There exists a wide structural diversity in pyrene containing low molec-
ular weight gelators. Pyrene derivatives act as one- or two-component hydro-
or organogelators and the gelation ability depends on the linker and the side
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chain attached to the pyrene moiety (Figure 2.12). There can be several side
chains attached to pyrene moiety by linkers. In most cases the self-assembly
of the gelators is driven by the 7-7 interaction between pyrenes and hydrogen
bonding between the side chains.

PYRENE _[ LINKER ]—[ SIDE CHAIN J
m-surface

Figure 2.12: Schematic presentation of a pyrene based gelator which can
include several side chains with linkers.

2.4.1 Pyrene containing low molecular weight organogel-
ators

The Maitra group has carried out pioneering work on pyrene based low
molecular weight organogelators (Figure 2.13) which they serendipitously
discovered while studying pyrene substituted bile acid-based molecular tweez-
ers®851447146 - The minimum gelation concentrations of these materials are
typically below 1 wt-% range and the gel melting points are typically be-
tween 60 - 80 °C. The gels are thermally reversible and they remain stable
for several months at room temperature.

Compounds with reverse amide (44, 45), urethane (47, 48) and urea
linkers (50) are one-component organogelators which are able to gelate var-
ious organic solvents, primarily hydroxylic and hydrocarbon solvents®. In a
reverse amide linker (NHCO) the bonding orientation is reversed compared
to an amide group (CONH). Gelation ability depends on the alkyl side chain
length as compounds 46 and 49 are not able to gel any of the solvents gelled
by their long-chain analogues. The gelation ability depends also on the -
surface area because a naphthalene group instead of pyrene in 44 does not
yield gelation.

Cooperation of m-7 stacking and hydrogen bonding interactions are
necessary for gel fiber formation for many pyrene based organogelators. The
stacking and destacking of the pyrene units during gelation and melting were
observed by temperature-variable UV-Vis and fluorescence spectroscopy. IR
spectroscopy provided evidence for the presence of the hydrogen bonds in
the gel®. Compounds 51 and 52 with an urethane linker and a chiral and
branched side chain gelate only hydrocarbons. Formation of chiral aggre-
gates was observed with optical rotation and circular dichroism (CD). Dif-
ferent enantiomers showed bands with opposite signs while the sol did not
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Figure 2.13: Pyrene based one- and two-component organogelators by
Maitra’s group®®145 and TNF (53).

show any CD band®-!%°, The X-ray crystal structure of a chiral gelator also
indicated the presence of the 7-m stacking, hydrogen bonding and van der
Waals interactions in the gel'4S.

Pyrene derivatives with ester (54, 55, 62, 63, 64), methylene (56 -
58) and ether (59) linker are two-component organogelators as they form
gels only in the presence of 2,4,7-trinitrofluorenone (TNF, 53). TNF is
well known for its ability to form charge transfer complexes. By complex-
ation TNF increases photoconductivity of pyrene derivative 1,4-bis(pyren-
1-ylmethylidene)aminomethylbenzene '*” and polymers'*®. Substantial in-
crease in the charge transfer band with pyrene derivatives (~500 - 600 nm
depending on the gelator) was observed by UV-Vis during gelation due to
formation of the charge transfer complex with TNF and changes in chemical
shifts for the protons of TNF were observed by NMR measurements 3145,

Two-component organogelators with methylene and ether linker gelate
hydroxylic and hydrocarbon solvents but with ester linker only hydroxylic
solvents. Amide (60) and reverse ester (61) linkers result in non-gelators.
Compound 65 with urethane linker and bile acid side chain forms gels with
TNF in chloroform and hydroxylic solvents. The gelation ability of the bile
acid derivatives is also dependent on the position of the pyrene unit in the
steroid backbone®. Tt is important to emphasize that the above mentioned
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one-component organogelators lose their gelation ability in the presence of
TNF. Presumably pyrene-TNF interaction causes improper hydrogen bond-
ing and donor-acceptor interaction geometries which inhibit the gel fiber
growth®. A two-component system including molar ratio of 1:2 of 66 and
TNF (53) produced a gel in styrene-divinylbenzene but precipitated as mi-
crocrystals within 24 h (Figure 2.14)'9.
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Figure 2.14: Two-component organogelator including two pyrene units.

Pyrene substituted dialkyl L-glutamine derivative 67 (Figure 2.15) is
able to gelate benzene and cyclohexane!™®. Fluorescence spectroscopy indi-
cated the formation of fibers via w-interaction between the pyrenes in addi-
tion to hydrogen bonding among the amide groups. Interestingly in organogel
of the binary system with the porphyrin disubstituted dialkyl L-glutamine
derivative energy-transfer from the pyrene to the porphyrin was detected.
Sugar-pyrene based one-component gelators show interesting gelation prop-
erties (Figure 2.15). Compound 68 with glucose residue and sulfonamide
linker to pyrene is an ambidextrous gelator and can gelate water and hy-
droxylic solvents!®'. Hydrogen bonding between the glucose residues is the
driving force for gel network formation but also m-7 stacking between pyrenes
exists.

O OH OH
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H
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Figure 2.15: Pyrene based one-component organogelators.

Pyrene-containing oligo(glutamic acid) based one-component fluores-
cent organogelators 69 - 71 (Figure 2.16) were found to gelate hydrocar-
bon solvents but no gels were observed in alcohols, halogenated or aromatic
solvents'®?. The largest of the gelators (71) showed the lowest minimum



2.4. Pyrene containing low molecular weight gelators 29

gelation concentration. The gelator molecules self-assemble to form helical
columnar assemblies through intermolecular hydrogen bonding between pep-
tide residues and 77 stacking between the pyrene moieties. Pyrene interac-
tion is a necessity for successful gelation because an analogue compound 72
without pyrene moiety did not form gels in common organic solvents. There
is a strong correlation between hydrogen bonding networks of amide groups
and the motion of the pyrene moieties. The fluorescence properties depend
on the flexibility of the pyrene moieties which can be tuned by using an alkyl
spacer between the pyrene and the amino acid moiety (70).
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Figure 2.16: Pyrene-oligopeptide organogelators 69 - 71 and non-gelator
derivative without pyrene 72.

Recently a pyrene containing organogelator with ethynyl linker was re-
ported. Pyrene substitution with rigid 4-ethynylphenylaminoacyl derivatives
results fluorescent compounds with interesting properties (Figure 2.17). The
disubstituted pyrene derivative 73 forms thermoreversible and highly fluo-
rescent gels in cyclohexane, toluene and DMF !5, Gelation is the result of
hydrogen bonding, 7m-7 interactions between pyrenes, and possibly also be-
tween the phenyl subunits. In addition, van der Waals interactions of the
long alkyl chains play an important role. Morphology of the gels was found
strongly dependent on the solvent. However, the tetrasubstituted pyrene
derivative 74 is not a gelator, but instead a liquid crystalline material which
remains stable up to 200 °C.
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Figure 2.17: Ethynyl-pyrene based disubstituted organogelator 73 and tetra-
substituted liquid crystalline material 74.

2.4.2 Pyrene containing low molecular weight hydroge-
lators

Certain pyrene containing LMOGs can gelate also water. Earlier the am-
bidextrous gelator 68 was already introduced. Bhuniya and Kim!%* devel-
oped a series of monosaccharide based one-component hydrogelators using
a methylene linker followed by a reverse amide group (Figure 2.18). Com-
pounds 75, 76, 80 - 83 and 85 are able to form gels in water and gelation
ability is dependent on their amino acid and monosaccharide units. The most
efficient hydrogelator 82 is able to gelate water at 1.04 mM concentration
(53400 water molecules/gelator molecule), and interestingly the hydrogel of
76 is able to sense insulin at low concentrations. The self-assembly of the
gelators is driven by hydrogen bonding and 7-7 stacking interactions as in-
dicated by FTIR and fluorescence spectroscopy studies.

Vancomycin 88 and its derivatives can act as one- or two-component
hydrogelators (Figure 2.19). Vancomycin-pyrene derivative 87 is an efficient
hydrogelator and gelates water at 0.36 wt-% concentration (~23000 water
molecules/gelator molecule). Gel fibers are formed via 77 stacking of the
pyrene moieties and several hydrogen bonds among the peptide groups 5.
Interestingly, hydrogelator 87 exhibits 8- to 11-fold higher activity against
Enterococci than the antibiotic vancomycin 88 itself. Pyrene-alanine deriva-
tive 89 forms only a viscoelastic liquid but as a two-component system with
vancomycin 88 at least 10%fold increase in the storage modulus (G’) was
observed 1%,

A sugar-pyrene gelator 90 with ethyl linker is able to gelate 2:8 mix-
ture of water and DMSO'®". Butylidene group is responsible for the self-
assembly and weak interactions between pyrenes lead to gel formation. No
gelation was reported with derivatives 91 - 93. A hydrogelator 94 composed
of pyrene and an amphiphilic three-branched unit gelates a mixture of wa-
ter and methanol by 7-7 stacking of pyrenes and hydrogen bonding among
reverse amide groups of the linker!'®®. In contrast, 95, with a reverse ester
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Figure 2.19: One- and two-component pyrene-vancomycin based hydrogela-
tors.

linker did not form gel at the same concentration.

Pentapeptide derivates 96 - 99 (Figure 2.22) are hydrogelators under
acidic conditions!®®. For example, compound 96 gelates water when pH is
lower than 2.5 and the gel has the gel-sol transition temperature of 88 °C.
Corresponding pentapeptides without pyrene are not able to form gel in wa-
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Figure 2.20: Pyrene-sugar based one-component hydrogelators.
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Figure 2.21: One-component hydrogelators composed of pyrene and an am-
phiphilic three-branched unit.

ter, but also napthalene (in 98 and 99) or fluorene as an aromatic moiety
yields a hydrogelator. Fluorescence and CD spectra indicated that the bal-
ance between 7-7 interactions and hydrogen bonding of the molecules leads
to gelation. Compounds 96 and 98 resulted in the mechanically strongest
hydrogels according to the rheological measurements. Excellent viscoelastic-
ity is due to the efficient 7-7 stacking of pyrenes, the least steric bulk of the
side chain in 96 and several carboxylic groups in 98.
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Figure 2.22: One-component hydrogelators composed of pyrene and pen-
tapeptide derivatives.
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2.5 Characterization of gels

Gels are very challenging to study due to their relatively disordered nature
and structural properties that extend from the molecular to micrometer scale.
Various experimental techniques have been applied to study self-assembly
and gelation ability of LMOGs, morphology, and thermotropic and rheolog-
ical properties of the gels. Part of the techniques apply to all types of gels
while sometimes the applicability depends on the molecular structure of the
gelator and the solvent. Generally, correlations between the structure of the
gelators and the bulk properties of the gel can be understood by combining
results obtained by several techniques.

2.5.1 Gel formation and phase diagram

The first step is to study the gelation ability of LMOGs in different solvents.
The maximum solubility of the LMOGs corresponds to the saturation point
of the system. This point is also called the critical gelation concentration
(cge) and self-assembly occurs if the gelator concentration is higher than
cge 80161 Tn partially gelated samples the gelator concentration is above cge
and some gel fibers are formed. In such cases the concentration is below the
minimum gelation concentration (mgc) which is needed for sample-spanning
gel network. The mgc value takes into account both the dissolved gelators
and the self-assembled gelators that form the gel network. Both the cgc and
mgc are strongly dependent on temperature and increase with temperature.

Gelation is usually tested by heating a mixture of the gelator or gelators
and the solvent, and the hot solution is allowed to stand and cool down to
room temperature. Inverted test tube method!6?71%* is the simplest and
most commonly applied method to evaluate the state of the sample. If the
sample does not flow under gravitation it is regarded as a gel. More complex
rheological methods can be used to differentiate weak and strong gels from
each other (see Chapter 2.5.5).

The solubility of LMOGs and mgc increase with temperature and fur-
ther characterization of the gels includes determination of the phase diagram,
which is a plot of the gel-sol transition temperature T, vs the gelator concen-
tration (Figure 2.23). The Tys can be determined by the inverted test tube
method, dropping ball technique, bubble motion, temperature sweep rheom-
etry, differential scanning calorimetry and different spectroscopical methods
(fluorescence, IR, EPR, NMR, UV-Vis, CD)!46:165°168 " Tngtead of T, the
sol-gel transition temperature T, as obtained from cooling the sample, can
be used; however, this temperature differs from T, due to hysteresis effects.
The T, corresponds to the temperature at which the gel network is partly
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Figure 2.23: Schematic phase diagram for a gelator. The dashed curve rep-
resents the solubility curve.

2.5.2 Thermodynamics of gelation

A change in the physical state of the sample such as melting and dissolution
can be related to the difference in the heat flow between the sample and ref-
erence cell in differential scanning calorimetry (DSC). The peak temperature
in a heating curve corresponds to the gel-sol transition temperature Ty,. The
enthalpy of the gel-sol transition can be determined directly by measuring
the amount of heat absorbed in an endothermic phase transition %% and it
can provide an insight into the thermodynamics of the gelator-gelator inter-
actions. Both heating and cooling modes can be performed to measure both
endothermic and exothermic transitions for thermoreversible gels. However,
dilute systems such as gels result often in weak and broad and/or multiple
transition peaks and interpretation of the data can be complicated 65166,
Multiple transition peaks can be due to dissolution of gelators, structural
reorganization, conformational rearrangement of the peripheral substituents
and various modes of aggregation 157165170

Another common method ascribes gel-sol transition to melting or dis-
solution of gelator crystals'”™ and at a given gelation temperature T, the
gelator concentration (c¢) corresponds to the solubility of its crystals in an
ideal solution:
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AH,,
RT,

where AH,, is the enthalpy of melting of the neat gelator and R is the gas
constant. Elimination of the constant gives

AH 1 1
L 2.2
Inc (Tg Tm) ) (2.2)

Inc=—

+ constant, (2.1)

where T,, is the melting temperature. The AH,, values from equation 2.2 are
generally slightly higher than values obtained from DSC*:172, Equation 2.2
can be used to determine both the enthalpy (AH,,) and entropy (AS,,) for
the gel-sol transition as

AH, | AS,
RT, R

Inc=— (2.3)
Furthermore, the Gibbs free-energy change and the aggregation con-
stant K at room temperature can be calculated. The aggregation constants

are suitable for evaluating gelation properties and aggregation tendencies of
LMOGs 717,

2.5.3 Supramolecular aggregate formation

Information on the organization of the gelators can be acquired by spectro-
scopic techniques like UV-Vis, CD, fluorescence, IR and NMR. These meth-
ods have generally limited ability to characterize the gel phase due to its solid
nature; nevertheless, unique information can be obtained on intermolecular
interactions that can not be observed by other techniques. Measurements
can be carried out as a function of temperature to obtain information on
the gel formation process by studying spectral changes between the solution
and the gel phases. UV-Vis and fluorescence spectroscopy can be used to
monitor absorption, and fluorescence properties upon gel formation to ob-
tain deeper insight into interactions such as m-7 stacking, charge transfer,
hydrogen bonding®®!3%177177 Increase of the intensity of various bands are
generally observed if the stacking of the aromatic units and formation of the
charge transfer complex occur upon gelation.

Circular dichroism (CD) is a suitable method to study self-assembly
of chiral gelators into helical nanostructures+!™17  Usually a hot sol does
not show any CD band, but different enantiomers result bands with opposite
signs indicating formation of helical aggregates in the gel state®!4°, Infrared
spectroscopy (IR) is an useful method to provide information on the role of
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hydrogen bonding in the process of gelation by studying characteristic peak
shifts between dissolved gelators and gelators in the gel phase 89183,

Information on the gelator aggregate structures and component selec-
tion processes can be obtained by NMR spectroscopy by detecting regiose-
lective changes in both line widths and chemical shifts of NMR active nuclei
upon gel formation 64184 Generally, NMR is used in the solution phase
prior to gelation because motion of a gelator in the gel is restricted and unde-
tectable by NMR. However, it has been reported that the remaining dissolved
gelators and the gelators in the mobile gel fiber regions in the gel phase can
be studied .

Single crystal X-ray diffraction can be applied on crystals of LMOGs
to study organization of the gelators. Single crystal studies!®6:187 are limited
by the difficulty in obtaining suitable crystals for diffraction and correlation
between crystal structure of the gelator and organization in the gel fiber still
remains speculative. Powder X-ray diffraction (XRD) of dried gel samples
can give more precise information on the molecular packing within the gel.
Conformation and packing of the gelator in the gel is known if it matches the
crystalline state by single crystal diffraction or other structural analysis for
the same morphology?”. The information is only useful when the molecular
packing of the single crystal coincides with the gel fibers'®19 The results
must be treated with care as there are several studies where the single crystal
structures do not match the gel diffraction patterns?”!91:192,

2.5.4 Structure of gels

The structural characterization of the LMOG gels is a compulsory step in the
description of gelation. The morphology of the three-dimensional network
of gel fibers and the nature of the connections can be studied by several
techniques at the 0.1 - 1000 nm scales. An extensive picture on the structural
arrangement from the molecular to the supramolecular level can be obtained
by combining methods of microscopy, scattering and spectroscopy.

Optical microscopy provides information about the gel structure
but it is less used probably due to insufficient spatial resolution (diffraction
limit). More widely used direct imaging techniques include scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). A gel sam-
ple is first allowed to dry on a substrate and coated under vacuum with a
thin metallic layer to enhance image contrast. The dried and coated xerogel
is placed in ultra-high vacuum and imaged with an electron beam. Electron
micrographs are therefore images of at least partially collapsed gel struc-
tures since perturbations can occur during drying and coating. Typically
self-assembled fibers, tapes and ribbons are observed.

164,193-195
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A gel can been studied in its native state by cryo-electron microscopy
techniques (Cryo-EM) where rapid freezing is applied for vitrification of the
solvent and to prevent thermal motion of the gelator network causing much
less perturbation in the gel sample!%6. Cryo-EM micrographs show typi-
cally more extended three-dimensional spongelike morphology, in which the
solvent is immobilized and observed as cavities within the gel network 20:197,
Atomic force microscopy (AFM) is also suitable to investigate gel fiber thick-
ness and morphological features of the gel and it is often used along with
electron microscopy techniques46:198,

Structural information can also be obtained by indirect scattering tech-
niques such as small angle X-ray and neutron scattering (SAXS, SANS) 199201,
Radiation scattering is a nonperturbative method utilizing powerful neutron
and synchrotron sources, which are advantageous to study diluted systems
such as organogels. The scattering depends on the shape of the gel fibers
and in contrast to direct imaging methods, interpretation of data is model
dependent. Mathematical analysis can be time consuming and complicated
for heterogeneous systems and some preliminary knowledge of the size and
shape of the gel fibers is required?°2. If the model is correct, scattering tech-
niques provide absolute quantities on the gel fiber diameter and crystallinity
of the gel network in the native state of the gel. Gel formation and melting
can be studied also in real time and as a function of temperature?*®. The
results are a statistical average for the bulk sample, not just for a small area
of it.

2.5.5 Rheological properties of gel

Gel rheology is probably the most important feature of a gel?°. Molecular gels

are solid-like materials showing properties of both solids and liquids. These
materials can be rheologically described as cellular solids, colloidal systems
or soft glassy materials!%2%. Rheology is the study of deformation and flow
of matter under the influence of stress?%>. Rheological experiments provide
information about the deformation of solids and the flow behavior of liquids.
Rheological properties can be measured with rotational rheometers operat-
ing in a rotational or an oscillatory mode. Typical measurement geometries
include parallel plates, cone-and-plate and concentric cylinder systems (Fig-
ure 2.24)206,

Viscosity is a property that describes the resistance of a material to
flow?%. The measurement of viscosity of liquids requires definition of pa-
rameters which are involved in the flow with the parallel plate model (Fig-
ure 2.25). A lateral shearing force F applied to an area A of the liquid leads
to a laminar flow (Newtonian flow) in the liquid layer and the shear stress 7
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Figure 2.24: Typical measuring systems for rheological experiments include
A) parallel plates, B) cone-and-plate and C) concentric cylinder geometries.
The black color depicts the sample material.

(Pa) is defined as

T=7 (2.4)

The top layer flows at velocity v and the layer contacting the stationary
plate has zero velocity. If the thickness of the liquid is h, then the velocity
gradient is defined as shear rate 4 (s7!):

Y= N (2.5)

All materials showing clear flow behavior are referred to as fluids. For
ideal viscous fluids the viscosity 1 (Pas) is defined as the ratio of the shear
stress and the corresponding shear rate:

(2.6)

stationary plate

Figure 2.25: Parallel plate model.
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The flow behavior of a sample is usually investigated by performing
a rotational test at constant temperature to measure the flow curve. The
flow curve depicts the relative dependence of the shear stress 7 against shear
rate 4 and the viscosity curve (n vs %) is derived from the flow curve using
equation 2.6. The viscosity of an ideal viscous (Newtonian) fluid shows no
dependency on the shear rate (the flow curve is a straight line) but in many
real cases the ratio of 7/4 varies with the shear rate and it is called the
apparent viscosity. The effect is called shear thinning if the apparent viscosity
decreases with increasing rate and shear thickening if the apparent viscosity
increases with the increasing shear rate?’?. A few studies on the flow behavior
of a gel can be found in the literature3!183:208-210,

Contrary to viscous fluids, an elastic solid has a definite shape. When
lateral force is applied, the elastic solid instantaneously changes its shape,
but after removal of the force it returns instantaneously to its original shape.
Ideal elastic deformation is described by Hooke’s Law:

T =G, (2.7)

where G (Pa) is the shear modulus and v (dimensionless) is the deformation
(or strain). The deformation is defined as a ratio of the displacement x and
the height of the sample h (Figure 2.25):

X

-z (2.8)

Gels are soft solids which are considered viscoelastic materials because
they show simultaneous behavior of both an ideal viscous fluid and an ideal
elastic solid. Viscoelastic properties can be studied by oscillatory tests where
the material is subjected to shear stress or strain controlled oscillation. The
rate of deformation is determined by the frequency of the oscillation. Gener-
ally, a small deformation is used to prevent destruction of the gel structure.
When a controlled sinusoidal small strain

V() = Yosin(wt) (2.9)

is applied to a viscoelastic material it causes a stress response

7(t) = Tpsin(wt + 9), (2.10)

where 7, is the strain amplitude, 7, is the stress amplitude, w is the angular
frequency (w = 27f, where f is the frequency) and § is the phase shift angle.
The phase shift angle corresponds to the phase shift between v and 7 due to
viscoelasticity. Equation 2.10 can be expressed as the sum of in-phase and
90° out-of-phase components with strain?!!:
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7(t) = G'v,sin(wt) + G"v,cos(wt), (2.11)

where G’ is the storage modulus (Pa) and G” is the loss modulus (Pa). The
G’-value represents the elastic behavior and is a measure of the deformation
energy stored by the sample during the shear process. The G”-value repre-
sents the viscous behavior and is a measure of the deformation energy lost
during the shear process. For an ideal elastic solid, the strain and the stress
are in phase (§ = 0°) and the applied energy is completely stored (G’ =
0). For an ideal viscous fluid, the strain and the stress are 90° out of phase
and the applied energy is completely dissipated (G = 0). The lost energy
can heat up the sample or it is lost to the surroundings. For viscoelastic
materials the behavior is somewhere in between and the phase shift angle is
always between 0° and 90°.

The following expressions for the storage and loss moduli are obtained
by comparing equations 2.10 and 2.11:

G = Zcosé (2.12)
Yo

G = %siné (2.13)

R tan (2.14)

The loss tangent tan ¢ is the ratio of the viscous and the elastic portion of
the viscoelastic deformation behavior. A sample shows liquid character when
tand > 1 (G” > @’) and solid character when tand < 1 (G’ > G”)?%5. Gel
formation can be studied by following the loss tangent and the gel point is
indicated by the tand = 1 point corresponding to the crossover point G’ =
G”.

As the first oscillatory test an amplitude sweep is carried out to find
out a limiting value for linear viscoelastic (LVE) range. The storage (G’)
and loss (G”) moduli are measured at variable amplitudes of controlled shear
strain (strain sweep) or shear stress (stress sweep) at constant frequency.
Typically a frequency of 1 Hz or an angular frequency of 10 rad/s is used. A
sample shows gel character in the LVE range if the elastic behavior dominates
the viscous one (G’ > G”) and liquid character if G” > G’. The LVE range
corresponds to a range where both the G’ and G” are independent of the
applied stress (or strain) and the gel structure remains undisturbed. The
limiting value of the LVE range is usually determined as a point where G’-
curve begins to deviate noticeably from the LVE plateau indicating that the
gel structure is disturbed. The plateau value of the LVE range (G'ryg)



2.5. Characterization of gels 41

describes the rigidity of the gel at rest. The range of the tolerated deviation
from the plateau value (e.g. 5 or 10 %) is defined by the user and the values
which deviate more are outside of the LVE range?.

The limiting value of the LVE range corresponds to the yield point
7, (yield stress) if condition G’ > G” holds (Figure 2.26). The gel shows
reversible viscoelastic behavior and no significant change in the gel structure
occurs at stresses below 7,. Above the yield point the G’ and G” start to
decrease which is attributed to partial breakup of the gel that begins to flow.
The flow point 7 corresponds to the crossover point G’ = G” where the gel
character changes to liquid character and the structure of the gel is breaking
to such an extent, that the gel is flowing. The gel character (G’ > G”) still
dominates in the range between 7, and 74 and it is called the yield zone?".
The flow point is still mostly called the yield point in the literature even
though 7, and 7; usually significantly deviate from each other 76?12,

lg G

N

lg G”

Modulus

LVE range

v Ui Stress

Figure 2.26: Amplitude stress sweep of a gel. The LVE range is limited by
the yield point 7, and the flow point 7 corresponds to the G’ = G” point.

Outside of the LVE range the moduli are decreased rapidly indicating
partially collapsed gel network due to shear force, and this behavior is in the
most cases non-linear. The non-linear behavior of the rheological parameters
can be modeled mathematically but it requires complex calculations and
many assumptions. This is why rheological tests are usually carried out only
in the LVE range?%.

Gel-like behavior of a sample is usually tested by measuring the mag-
nitudes and ratios of the elastic (G’) and loss (G”) moduli as a function of
frequency. The observed dependence in a frequency sweep provides infor-
mation about the relaxation and lifetime of the bonds between the gelator
molecules?!3. A frequency dependence is observed if the bonds have a tempo-



42 2. Review of the literature

rary character. An entangled solution shows a viscous fluid character at low
frequencies (G’ < G”), a cross-over point (G’ = G”) and an elastic solid char-
acter at high frequencies (Figure 2.27 A). This behavior has been observed
for solutions of organogel particles?'*, wormlike micelles?'?, semidilute poly-
mers2! and polymer melts?!”. Viscoelastic soft solids such as gels show
usually only a slight frequency dependence for the whole frequency range

(Figure 2.27 B) and the ratio G’/G” is generally 10 or more3!-2187220,

Modulus
Modulus

Frequency Frequency

Figure 2.27: Typical frequency sweeps for an entangled solution (A) and a
gel (B).

The temperature-dependent behavior of thermoreversible gels can be
studied rheologically by performing an oscillatory temperature sweep. The
intersection of the curves of G’ and G” (G”/G’ = tand = 1) has been exten-
sively used as the sol-gel transition temperature Ty, (gelation temperature)
during cooling and the gel-sol transition temperature Tys (melting tempera-
ture) upon heating even though this point is known to be frequency, strain
and cooling/heating rate dependent 295:216,221-223

Chambon and Winter??* 226 developed a more advanced way to deter-
mine the gelation temperature or time by using the point at which both G’
and G” scale with angular frequency w” (n is a relaxation exponent) so that
the ratio of G” to G’ is frequency independent. This method is more labo-
rious and therefore many researchers still use the crossover point?22:227-229,
The Tys was not affected if a low shear stress (0.2 - 2 Pa) and heating rate
(< 1°C min~') were used'® and the difference in the T, value between
Winter-Chambon and the crossover point methods was only 0.5 °C when an
angular frequency under 2 rad s=! was used?%2,
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2.6 Applications of LMOGs

The LMOGs have received particular interest since they enable reversible
gelation, highly ordered structure of the three dimensional gel network, easy
tunability of the molecular gelator structure and the gel properties. While
some industries are already making use of organogel technology, many of its
potential applications are still in the research and development phase.

The lubrication industry has long used metal salts of 12-hydroxystearic
acid to gelate oil- and grease- based lubricants to restrict their mobility®.
Organogelators can be applied to bind spilled oil and solidification and safer
disposal of used 0il'*?3%, Crude oil recovery can be enhanced by pumping gel
into oil wells® and napalm is prepared by gelating fuel for destructive pur-
poses?3!. Organogels have been used in cosmetics?3%233 and in conservation
of artwork by cleaning oil paintings?3*.

Organogels can be used for molecular recognition which can be ap-
plied in enantioselective catalysis, separation techniques and in the forma-
tion of supramolecular systems?3>. Chiral recognition has been demonstrated
through cooperative interactions between aggregates and gels of bis(ureido)-
cyclohexane derivatives with a coaggregating derivative including azobenzene
chromophore??. Glutamic acid derivatives form functionalized organogels
which can be used for enantioselective separation?®%. Irradiation®”, pH?237,238
and humidity?3? -sensitive organogels can be exploited in sensors.

Organogels have been utilized in preparation of reversed and polymer-
ized aerogels for molecular imprinting?*°. Organogel fibers have been em-
ployed as template structures to prepare various nanofibrous inorganic mate-
rials such as hollow silica®>?* and TiO,%*2. Organogels have been extensively
used to synthesize and stabilize nanoparticles into the gel structure creating
promising materials for potential applications in optics, electronics, ionics,
mechanics, biology, fuel and solar cells, catalyst and sensors®. Organogels
of cholesterol based perylene?*? and oligo(p-phenylenevinylene)?** derivatives
are examples of light harvesting systems which can mimic photosynthesis and
may be used in electronic applications. Liquid crystalline behavior has been
also shown with organogels. The combination of self-assembled organogela-
tor fibers and liquid crystals may lead to design of new anisotropic phase
separated functional materials such as electro-optical displays and organic
electro-active materials?45.

Organogel fibers containing electron-conducting groups enable forma-
tion of molecular wires?'® which have potential applications in the areas of
sensor technology, materials science and catalysis. Several organogel elec-
trolytes based on LMOGs have shown almost identical conductivity as lig-
uids?*6247 Tonic liquid gels with carbon nanotubes are both ion and elec-
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troconductive and have potential for electrochemical applications such as
solar cells, sensors and capacitors?®. Bis-ureathiophene?**?*® and perylene
bisimide®325! derivatives are both organogelators and organic semiconduc-
tors and efficient charge transport within the organogels has been shown.
An isooctane gel including ferrite becomes superparamagnetic under applied
field of 1000 G and may be used as a precursor for microsensors 2.

Organogels have been utilized as reaction medium for photoreactions?°?,
esterifications?>*, fluorescence quenching?® and preparation of new gela-
tors2*®. Dye-doped organogels offer suitable medium for lasing and other
optical applications?®”. Lecithin, amino acid and fatty acid derivatives are
examples of large variety of LMOGs showing potential for drug delivery ap-
plications?3%2%9  However, relatively few are actually applied in practice due
to the lack of information on the biocompatibility and toxicity of LMOGs
and their degradation?8. Organogelation has been applied in structuring
transdermal pharmaceuticals?®’. The edible oil organogels have been demon-
strated potential applications in both the food and pharmaceuticals indus-
tries including the restriction of oil mobility and migration, the replacement
of saturated and trans fats, the stabilization of emulsions, and the ability to
control the rate of nutraceutical release?5!,



3 Results and discussion

3.1 Syntheses

In this study, fifteen pyrene derived low molecular weight organogelator
molecules I - X'V were prepared (Figure 3.1). Two of the compounds, ITT and
V, were known prior to this study. The compounds were synthesized accord-
ing to a modified known route®-!*®. Synthesis procedure for 1-decylpyrene
IT is presented as an example (Scheme 3.1). The decanoyl chloride was
prepared by mixing decanoic acid with excess of thionyl chloride (SOCIy).
It should be noted that the acid must be chosen in advance to have car-
boxylic or ester functionality if a functional group was desired as the end
group in the alkyl side chain. The decanoyl chloride was mixed with pyrene
in 1,2-dichloroethane and addition of titanium tetrachloride (TiCly) in ice
bath resulted Friedel-Crafts acylation reaction and formation of 1-(pyren-1-
yl)decan-1-one.

Molecules containing a keto group next to pyrene were not able to form
gels and therefore the keto group was reduced to methylene group by the
Wolft-Kishner method. The 1-(pyren-1-yl)decan-1-one and KOH were mixed
in diethylene glycol and heated to 180 °C before hydrazine monohydrate was
added slowly keeping temperature at 190 - 200 °C under nitrogen atmosphere
for 12 h. The temperature was slowly raised to 220 °C and after cooling down
1-decylpyrene II was isolated as yellow powder with 88 % yield. All the
new compounds were characterized by elemental analysis and spectroscopic
techniques (IR, '"H NMR, *C NMR and MS). Full synthesis procedures and
characterization data for all intermediate and end products can be found in
the section Ezperimental (Chapter 5.3).

The general procedure for the preparation of pyrene derived LMOGs
is simple in principle, but the purification of the compounds to achieve the
end product in gram scale can be laborious. The purification of compounds
containing functional groups required chromatographic techniques. However,
non-functional gelators can be readily recrystallized from hexane after filtra-
tion through a column of silica.

45



46 3. Results and discussion

X
mn zgwo

m n X p Y Z

I 5 VIl 2 COOH XIl 15 OH CHj XV
|” 18 IX 10 COOH X 10 H OH
V11 X 10 COOMe XIV 10 OH OH
vV 14 XI 10 CONHNH,
VI 16
Vil 22

Figure 3.1: Pyrene based LMOGs I - XV prepared in this work. Previously
known compounds III (56) and V (57).
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Figure 3.2: Coupling reagents 2,4,7-trinitrofluorenone (TNF, 53), 1,3,5-
trinitrobenzene (TNB) and 2,4,5,7-tetranitrofluorenone (TeNF) used in this
work.

3.2 Gelation with two-component gelator sys-
tem

Gel samples were prepared by adding equimolar amounts of a gelator and
2,4, 7-trinitrofluorenone (TNF, 53) into a vial before adding a solvent. The
vial was sealed and the sample was heated up to boiling point of the solvent
to maximize solubility. The sample was stored for 24 hours in the dark at
room temperature before the gelation test result was observed (Figure 3.3).

Gelation tests with a two-component gelator system of pyrene deriva-
tives I - XV and TNF indicated that one component can be present in
isotropic solution but only in the presence of the second component complex-
ation and subsequent self-assembly into gel fibers is possible. Gelation occurs



3.2. Gelation with two-component gelator system 47

0 o

M = /\/\/\/\)I\
_—
OH reflux 3-4h Cl

o) pyrene + TiCly
<5°C

8
O KOH + NHoNH,*H,0 O
99 - (1
1) 190-200 °C, 12h
O 2) 220 5 ‘

[eo)

Scheme 3.1: Synthesis of 1-decylpyrene II.

Figure 3.3: Samples of IT with TNF at 15 mmol kg~! in 1-octanol as a hot
sol (left) and as a gel after cooling down to room temperature (right).

only when both components are soluble enough showing that the system is
a true two-component system. The results from the gelation experiments
are listed in Table 3.1. Gelation with II was studied more in detail and the
results will be discussed in Chapter 3.3.2.

Compounds I - XV did not form a gel in hexane due to the poor
solubility of the polar TNF. The samples remained transparent and insoluble
yellow TNF was observed at the bottom of the vial. Aromatic solvents and
chloroform were not gelated but the samples were dark red colored solutions
indicating the presence of the charge transfer complex of the gelators. These
solvents were not gelated because of too high a solubility of the components.
All compounds formed gels in higher alcohols. Gelators I - VII including
alkyl side chain without functionality formed the strongest gels. Inverted test
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Table 3.1: Visual observations of gelation tests with TNF¢

Gelator Hexane CHCl3 CgHg Toluene Octanol Decanol Dodecanol

I-VII I S S S SG SG SG
VIII I S S S WG WG WG
IX I S S S WG SG SG
X I S S S WG SG SG
XI I S S S WG WG SG
XII I S S S WG WG SG
XIIT I S S S WG G SG
XIV I S S S WG WG G

XV I S S S WG WG WG

a) 15 mmol kg~! gelator and 15 mmol kg=* TNF. SG = strong gel (a spatula does not sink
under its own weight), G = gel (sample does not come out of a test tube by knocking),
WG = weak gel (sample collapses partially by knocking or shaking), S = solution, I =

insoluble or solubility too low.

tube method showed that the gelation takes place usually in a few minutes
at room temperature. If a hot sample was placed on a thermostated plate at
20 °C gelation occurred in seconds indicating that gelation process is mostly
limited by the cooling rate and not by the molecular self-assembly. A gel
melts upon heating to form an isotropic solution and forms a gel again upon
cooling. This process can be repeated arbitrarily many times indicating that
the gel formation is thermoreversible.

The exact mechanism for the gelation of pyrene analogs in the presence
of TNF is not completely understood. TNF acts as a coupling reagent in
the self-assembly and has a key role in the one dimensional growth of the gel
fibers by forming a charge transfer (CT) complex with the pyrene nucleus.
Compounds form red CT gels as depicted in Figure 3.4.

Gelation was also tested by using other coupling reagents than TNF
resulting different charge transfer complexes in color (Figure 3.4). Rather
weak, opaque and bright orange gels were formed when 1,3,5-trinitrobenzene
(TNB, Figure 3.2) was used in 2:1 molar ratio to the gelator. Aliphatic
hydrocarbons can be more readily gelled due to much better solubility of
TNB. Dark green gels were formed with 2,4,5,7-tetranitrofluorenone (TeNF,
Figure 3.2) but the gels precipitated within a few days indicating the com-
plexation was too strong. Aromatic hydrocarbons could not be gelled with
any combination as they dissolved the CT complex too well or prevented the
gelation by complexing to the CT agent themselves.
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Figure 3.4: Gel samples in 1-decanol with background lightning. The gelator
concentration was 30 mmol kg~! including both a pyrene derivative and TNF.
The order of the gelators in set A are from left II, III, VI, IX, XI, X and

XIII. Set B shows the samples of IT with TNB, IT with TeNF and IV with
TNB.

Pyrene forms a bright red CT complex with TNF, but no gelation was
observed in organic solvents. This result demonstrates that an alkyl chain on
the pyrene moiety is essential for gelation. An alkyl chain prevents the free
movement of the solvent molecules by binding them to the backbone of the
gelator chain and increases solubility of the gelator into aliphatic solvents.

3.3 Explanation of gelation using various sol-
vent parameters

The solubility parameters are widely used for selecting appropriate solvents
for given solutes2%?. They have been applied to characterize the solubility of
coating materials?®?, polymers?6%2% and drug molecules?%® in solvents. Ab-
sorption of drug molecules?%” and solvent uptake by crosslinked polymers?2®
can be predicted by solubility parameters. In recent years the dispersibility of
single-walled carbon nanotubes26%27 and graphene?”! have been correlated
with solubility parameters.

The solvent-gelator interactions play a key role in gel formation and de-
termine the properties of the gel. According to a recent report the thermody-
namic driving force for gelation is solution saturation and the solubility of the
gelator controls the gel formation '°. Moreover, the solvent effect on gelation
has been described by correlating the gel-sol transition temperature5%-120-272,
minimum gelation concentration® and gelation number?™ with solubility
parameters and solvent polarity parameters. The complexation and stability
of pyrene complex has been described with solvent polarity and solubility pa-
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rameter?’. Visual observations indicated that gelation ability of the pyrene
based two-component system was limited mostly because of poor solubility of
TNEF. This led to attempts to correlate gelation results with different solvent
and solubility parameters and the results are discussed in this chapter.

3.3.1 Solubility parameters by group contribution meth-
ods

The definition of the Hildebrand solubility parameter?®? is given in terms of
the molecular cohesive energy (E,,;) per molar volume V:

Ecoh \/AHva - RT
0= = d 3.1
\/ V Vv (3:1)

The molar cohesive energy is the energy associated with all molecular
interactions in one mole of the material, i.e. it is the energy of a liquid rel-
ative to its ideal vapor at the given temperature. Solubility parameters are
useful in selection of a solvent for a solute. The use of Hildebrand solubility
parameter J is restricted to nonpolar components”?%2. For the polar compo-
nents Hansen” developed a three dimensional solubility parameter model by
expressing the cohesive energy (E.,) as a sum of energies from dispersion
(Eq4), dipole-dipole (E,) and hydrogen bonding (E},) interactions:

Eohn=E;+E,+E), (3.2)

By dividing with molar volume it can be expressed in terms of total
solubility parameter &;; as a sum of dispersion, polar and hydrogen bonding
solubility parameters, dq, 0, and dj, respectively as follows

Opot = 05 + 62 + 6 (3.3)

To enable two-dimensional plots combined solubility parameters 9, and
d, have been defined?™ as

5y = /0% + 62 (3.4)
50 = £/02 + 62 (3.5)

The partial Hansen solubility parameters (HSP) describe the ability of
a molecule to interact with an another one via intermolecular forces. Hilde-
brand solubility parameter (§) and Hansen total solubility parameter (d;)
are theoretically the same but their numerical values may differ as they are
obtained by different methods. The solubility parameters of non-volatile
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compounds can only be determined indirectly. Inverse gas chromatogra-
phy 276277 swelling measurements "8, intrinsic viscosity measurements”?™
and group contribution are examples of methods applied to estimate unknown
HSPs for an organic compound.

The simplest technique for the determination of solubility parameters
is the group contribution method. No experimental data are needed as
the method is based on the molecular structure of the compounds. Sev-
eral group contribution methods have been proposed by Van Krevelen and
Hoftyzer28%28L Fedors?82, Hoy 283284 Beerbower?® and Stefanis and Panayio-
tou 285286 Example calculations of the Hildebrand and Hansen solubility pa-
rameters of gelators II and TNF can be found in Appendix A. Results of
the calculations of applicable methods are summarized in Table 3.2. Results
for pyrene are also included for comparison as the experimental value for the
total solubility parameter of pyrene was found from the literature 287288,

Table 3.2: Solubility parameters for II, TNF and pyrene obtained by the
various group contribution methods. [§] — MPa!/?

0 5t0t 5d 61) 5h

II

Fedors 21.0

Hoy 196 173 74 5.6
Stefanis (2004) 18.7

Stefanis (2008) 225 225 -0.2 0.1

TNF
Fedors 27.4
Stefanis (2008) 33.5 24.8 219 5.1

Pyrene

Fedors 24.1

Hoy 21.1 16.6 10.1 8.1
Stefanis (2004) 20.0

Stefanis (2008) 24.0 23.1 45 44
Internet source?%? 23.2 228 42 1.7
Experimental 227288 21.7

6 = Hildebrand solubility parameter, §;,; = total solubility parameter, 6; = dispersion

parameter, ¢, = polar parameter and J;, = hydrogen bonding parameter

Application of both van Krevelen-Hoftyzer and Beerbower methods was
not possible as they do not include aromatic carbon and NO, group contribu-
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tions. Hildebrand solubility parameter ¢ can be evaluated using Fedors group
contribution method?®2. Theoretically the method is valid only for liquids
but it is sometimes applied for non-volatile materials as the results compare
well with values obtained by other methods??. The method can give satis-
factory results for relatively simple molecules but appers to be unsuitable for
complex molecules such as gelator molecules in this work.

The method of Hoy contains additive molar functions, auxiliary equa-
tions and expressions for solubility parameters (Table A.2) and gives predic-
tion for HSP’s of II. On the contrary, calculation for TNF fails due to the
missing NOy group contribution. For more detailed information regarding
this method, refer to reference 281.

There are two group contribution methods by Stefanis and Panayiotou.
One of them is used for predicting the total solubility parameter 62%°, and
the method published later is suitable for predicting the Hansen solubility
parameters?®®. Both methods use two classes of characteristic groups: first-
order groups that describe the molecular structure of the compounds and
second-order groups, which are based on the conjugation theory and improve
the accuracy of the predictions. Prediction of § for TNF fails due to the
missing >C=O0 group contribution, and the extended method was found to
be the only group contribution method able to evaluate HSP’s for both IT
and TNF. The extensive use of second-order contributions provides better
description of complex molecular structures including multiring, heterocyclic
or aromatic compounds, which supports the use of solubility parameter values
from this method.

The Stefanis-Panayiotou methods were originally developed for polar
compounds including hydrogen bonding and they may not predict correctly
HSP’s of I1, which is a nonpolar compound without polar or hydrogen bond-
ing groups. This can be one reason for the negative ¢, value of II even
though the ¢, and ¢; of the nonpolar IT are expected to be close to zero.
Theoretically, the solubility parameters cannot be negative as they were de-
fined for volatile compounds by Equation 3.1. However, there should be no
objection to negative values, if it is accepted that gelator’s HSP’s are only
a set of empirical parameters used to characterize the interactions affecting
solvent-gelator solubility and to establish correlations rather than thermo-
dynamic constants. Negative solubility parameter values have been reported
for example for natural rubber?®’ and polymers?%. Tt can also be thought
that negative values represent repulsive forces, which is a physically feasible
explanation.

The solubility parameters were estimated for the CT complex by using
a linear combination ¢;(complex) = ¢(II)d;(II) + ¢(TNF)6;(TNF), where 4
=d, p and h and ¢ = molar fraction = 0.5. The Hansen solubility parameters
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applied in this study are presented in Table 3.3.

Table 3.3: The Hansen solubility parameters for gelator IT and TNEF and
their CT complex. [§] = MPal/?

5tot 5d 6p 6h

II 225 225 -0.2 0.1
TNF 33.5 248 219 5.1
complex 26.2 23.7 109 2.6

3.3.2 Correlations between gelation and parameters of
the solvent and gelators

Gelation was tested with IT and TNF in various organic solvents ranging from
highly nonpolar to highly polar (Table 3.4). No gel is formed if both compo-
nents are very soluble (eg. aromatic solvents), instead the sample remains as
a strongly colored sol. Due to limited amounts of gelators available, aromatic
solvents were not tested for gelation at very high gelator concentrations.

A single parameter scales for solvent polarity are the dielectric constant
¢ and E7. The Er scale is constructed by using the solvatochromic behaviour
of the Reichardt’s dye?°>29, The values of these parameters for different
solvents are presented in Table 3.5. Gels were formed in solvents with e
between 5.8 - 25.3. In highly polar (e = 41.4) or nonpolar (1.9 - 2.2) solvents
the low solubility of at least one of the gelator components restricted or
prevented gelation. However, € values of the solvents in which the result was
solution or partial gel overlapped with the gel range. The correlation between
the dielectric constant and gelation is not clear indicating that dielectric
constant of the solvent alone does not take into account specific interactions
between the solvent and the gelators.

The correlation between gelation and solvent polarity parameter Ep
was found to be more clear. The order of E; values follows an order of 1
< S < G < PG < I from the gelation test results. The only exception in
order were the cycloalkanes. The Er values were 34 - 40 kcal mol~! in case of
solutions and 47 - 52 kcal mol~! for gelated solvents. The correlation between
gelation and the solvent polarity parameter Er is not ideal but it can give at
least an estimation on gelation ability in other than nonpolar solvents.

Unfortunately, the solubility parameters for gelators were not available
in the literature and the values from group contribution method have been
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Table 3.4: Gelation test result of II + TNF, solvent polarity parameters (e
and E7) and solubility parameters (s, d4, 0, and d5,) of organic solvents

solvent sample®  €®  Ep(© 4, 54(Y (5p( 49 5,4
benzene S 228 343 185 184 0.0 2.0
toluene S 238 339 182 18.0 1.4 2.0
chloroform S 4.81 391 19.0 178 3.1 2.7
MIAK S 13.53 N/A 174 16.0 5.7 4.1
cyclohexanone S 16.1 398 196 17.8 6.3 5.1
THF S 752 374 195 16.8 5.7 8.0
ethyl acetate S 6.08 381 18.2 15.8 5.3 7.2
ethylene glycol I 414  56.3 33.0 17.0 11.0  26.0
hexane I 1.89  31.0 14.9 14.9 0.0 0.0
dodecane I 2.01 31.1 16.0 16.0 0.0 0.0
cyclohexane PG 2.02 309 16.8 16.8 0.0 0.2
decalin G 220 312 180 18.0 0.0 0.0
2-methoxyethanol PG 172 52.0 24.8 16.2 9.2 16.4
methanol PG 33.0 554 296 15.1 12.3 22.3
ethanol G 25.3 519 26.5 15.8 8.8 19.4

1-propanol G 20.8 50.7 24.6 16.0 6.8 17.4

1-butanol G 17.84 49.7 23.2 16.0 5.7 15.8
1-pentanol G 15.13 49.1 21.6 159 4.5 13.9
cyclohexanol G 16.4 472 224 174 4.1 13.5
1-octanol G 10.3  48.1 21.0 17.0 3.3 11.9
2-octanol G 813 N/A 20.1 16.1 4.9 11.0
1-decanol G 7.93 477 204 17.6 2.7 10.0
1-dodecanol G 582 475 18.7 16.0(¢ 2.3( 9.4(<

(a) 7.5 mmol kg=! of IT and 7.5 mmol kg=! of TNF after 24 h storage at 25 °C, S =
solution, G = gel, PG = partial gel, I = one or both components insoluble at solvent reflux
temperature. e — dielectric constant, Er [kcal mol~!] = solvent polarity parameter, &;;
= total solubility parameter, j; = dispersion parameter, §, = polar parameter and 6, =
hydrogen bonding parameter, [§] = MPa'/2, (b) Ref 292, (c) Ref 293, (d) Ref 7 and (e)
Ref 294. MIAK = 5-methyl-2-hexanone.

applied here. If the Hansen solubility parameters in Table 3.3 are correct,
then the solvents with HSP’s close to these values should be good solvents.
Moreover, solubility of gelators in a given solvent should decrease the more
solvent’s HSP’s deviate from those of the gelators. This can be easily tested
by calculating the distance in Hansen space, R,, from the the point repre-
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Table 3.5: Solvent polarity parameters € and Er, hydrogen bonding solubility
parameter 05, of the solvent and Hansen distances R, of the gelators for
different gelation test results. Results in highly nonpolar solvents (¢ < 2.2)
are separated and marked with a star (*). N = occurrence

Result N ¢ E; o R.(I)  R.(INF)
kcal mol~!  MPal/? MPal/? MPal/?
I* 2 19-20 31.0-31.1 0 6.5-76 24.1 - 24.6
PG* 1 2.0 30.9 0.2 5.7 23.8
G* 1 2.2 31.2 0 4.5 23.5
S 7 23-161 33.9-39.8 2.0-8.0 45-11.4 17.1-23.0
G 9 5.8-253 475-519 94-194 11.4-223 20.0-219
PG 2 17.2,33.0 52.0,554 164,223 19.8,26.5 19.2,22.0
I 1 41.4 56.3 26.0 28.7 24.8

senting the solvent HSP’s to that representing the gelator or C'T complex
HSP’s. The Hansen distance is given by

Ry = /(62— 601)* + (02— 60)* + (On2 — O)? (5.6)

where the indices 1 and 2 are used to represent solvent and solute. In fact,
Hansen has written the expression with a factor 4 in the first term of equation
to double the dispersion component scale and create a spherical volume of
solubility”. The factor 4 is supported by extensive empirical data but it has
no theoretical foundation. Therefore, the equation 3.6 without the factor 4
was applied in this work. However, all the analysis described below was also
carried out using the factor 4 and the same trend was found in both cases.

Highly different solubility behavior can be expected for the components
in the gelator system. TNF is a polar and hydrogen bonding capable molecule
and pyrene based component II is a nonpolar molecule which does not form
hydrogen bonds. Their charge transfer complex should be somewhere in
between in polarity. Hansen distances of gelators and their complex were
calculated for all 23 tested solvents (Table 3.6) by using solubility parameters
in Table 3.3 and Table 3.4. The R, represents the solubility of a compound
or a complex and the smaller the R, the better the solubility. Table 3.5
summarizes different gelation behavior as a function of ranges of the solvent
parameters and R, of the gelators.

The Hansen distances of TNF are long (R, = 17.1 - 24.8 MPa'/?) and
R,(TNF) > R,(II) except in ethylene glycol, methanol, 2-methoxy ethanol
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Table 3.6: Gelation test result of IT and TINF and Hansen distance R, of the
gelators and their complex II+TNF. The R, values are calculated without
the factor 4. [R,] = MPal/2

solvent R.(II) R.(TNF) R,(II4+TNF)
benzene 4.5 23.0 12.1
toluene 5.1 21.8 11.1
chloroform 8.0 20.1 10.3
MIAK 9.6 18.5 9.4
cyclohexanone 9.5 17.1 7.9
THF 11.4 18.3 10.2
ethyl acetate 11.2 19.0 10.7
ethylene glycol 28.7 24.8 24.3
hexane 7.6 24.6 14.2
dodecane 6.5 24.1 13.6
cyclohexane 5.7 23.8 13.1
decalin 4.5 23.5 12.6
2-methoxy ethanol  19.8 19.2 15.8
methanol 26.5 22.0 21.5
ethanol 22.3 21.4 18.7
1-propanol 19.8 214 17.2
1-butanol 18.0 21.4 17.2
1-pentanol 16.0 21.4 15.1
cyclohexanol 15.0 21.0 14.3
1-octanol 13.5 21.3 13.8
2-octanol 13.6 20.0 12.8
1-decanol 114 21.1 12.6
1-dodecanol 11.6 21.9 13.4

and ethanol, which are the most polar solvents according to the Ep-scale.
This shows that TNF is the limiting factor for gelation in general due to its
low solubility. The solubility of II, TNF and their complex as a function of
solvent polarity parameters € and Ep are presented in Figure 3.5. The solu-
bility of IT and the complex decrease when e or Er increase and correlation
is rather linear but not ideal. There is no correlation between either polarity
parameters and the solubility of TNF. The E; scale separates the different
gelation results more clearly indicating that it takes better account of the
solvent-gelator interactions on the molecular level.

The solubility of the gelators and their complex as a function of the
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Figure 3.5: Effect of polarity of the solvent on the solubility of the gelators IT
and TNF and their complex. Polarity scale of dielectric constant € presented
on the left and E; on the right. Gelation test results: o = gel, ¢ = partial
gel, X = solution and O = insoluble.

solubility parameters of the solvent are presented in Figure 3.6 and Figure 3.7.
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There is no correlation between the dispersion solubility parameter J; and
the solubility of the gelators or the complex. Generally, the solubility of II
and the complex decrease when ¢, and 9 increase. There is a clear linear
correlation with d;, indicating that the solubility is mostly governed by the
hydrogen bonding. Some correlation is also observed between R,(II) and the
polarity solubility parameter d,. The correlation is even more linear than in
the case of € or Er. No correlation between R, (TNF) and any of the Hansen
solubility parameters of the solvent is observed. However, a range of solvent
S (9 - 20 MPal/?) results to gels regardless of R,(TNF) to the solvent. Thus,
the solubility of TNF seems to only depend on the solvent d;, but not on the
HSP-distance. This is supported by the observation, that in gelated alcohols
solubility of TNI remains rather constant even if J, increase.

The solubility of the gelators do not follow above described correlations
in highly nonpolar solvents (¢ < 2.4, Er < 35 kcal mol™!). These solvents
are on the x-axis or close to it because ¢, and 9, of the solvents are zero or
close to zero. Application of HSP’s and Hansen distances seems to work only
in solvents with §, and &), values exceeding 2.0 MPal/2. Hansen developed
his solubility parameters for polar components, thus problems with highly
nonpolar solvents may be expected. The gelation in these solvents can be
better understood by using the Hildebrand solubility parameter § which will
be discussed later.

The solubility of IT and the complex follow the order of I < PG < G
< S of the gelation results if highly nonpolar polar solvents are excluded.
The solubility increases in the opposite order than the solvent parameters
Er, 05, and the combined polar solubility parameter ¢, showing that there
is a correlation between gelation and the solubility of the gelators and sol-
vent parameters. The only exception to this order is 2-methoxy ethanol.
The solubility of TNFEF has the same trend but S and G ranges are partially
overlapped.

The higher solubility of the gelators and the complex means less prefer-
ence for self-assembly and gel network formation and a higher gelator concen-
tration is required for gelation. Partial gel may be observed even though the
applied gelator concentration is above mgc if poor solubility of one or more
gelator components lower the actual complex concentration below mgc. In
highly nonpolar or polar solvents the solubility of one or both gelators is so
poor that no red complex or gelation were observed and the samples remained
transparent.

The samples having the lowest R, (complex) values have the best com-
plex solubility and produced red colored solutions. In these solvents the effec-
tive solubilization of the complex prevents the self-assembly process and no
gel fibers are observed because the gelator concentration 15 mmol kg™ (~0.5
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Figure 3.6: Effect of the solubility parameters of the solvent on the solubility
of IT and TNF. Gelation test results: o = gel, © = partial gel, X = solution
and O = insoluble.

% w/w), is below cgc. Charge transfer and 7-7 interaction are still present as
the solutions are red colored due to complexation?®, but solvophilic attrac-
tion between the complexes and the solvent overcome the effect of van der
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Figure 3.7: Effect of the hydrogen bonding parameter 9, of the solvent on
the solubility of the complex of IT and TNF. o = gel, © = partial gel, x =

solution and O = insoluble.

Waals forces necessary for gelation. In MIAK gelation occurred when gelator
concentration was increased up to 6 % w/w and in ethyl acetate a partial
gel was observed at 9 % w/w. These solvents were not studied further due
to limited amount of gelators available. Also, it was not of interest to study
solvents, which require large amount of gelator to form a gel, but instead to
choose some other, more suitable gelator for these solvents.

For successful gelation the solubility of the gelators and the complex
must be somewhere between too low and too high. It is possible to find re-
quirements for the gelation by using Hansen distances covering all tested sol-
vents. Requirements for gelation in two-component gelator system includes
solubility ranges for both gelator components and their complex:

1. R,(IT) < 22.3 MPal/?
2. 20.0 MPa'/? < R,(TNF) < 23.5 MPal/?

3. 12.6 MPal/?2 < R, (complex) < 18.7 MPal/2

It is noteworthy that R,(complex) can be within the gelation range
but gelation does not occur if the other requirements are not fulfilled. For
example in aliphatic hydrocarbons the solubility of the complex is within the
required range but poor solubility of polar TNF (R, > 24) prevents gelation.
Requirements for solubilities form a window which is presented in Figure 3.8.

The minimum gelation concentrations (mge) of the two-component
gelator system of IT and TNF at 25 °C were 9, 11, 13 and 15 mmol kg~! in
1-butanol, 1-pentanol, 1-octanol and 1-dodecanol, respectively. Figure 3.9 A
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Figure 3.8: The solubility of TNF and complex of IT and TNF depicted by
Hansen distance form a window of solubility for gelation. o = gel, © = partial
gel, x = solution and O = insoluble.

shows that the dispersion solubility parameter d,4 of the alcohol has no effect
on the mgec but there is a linear correlation between the mgc and the polar
solubility parameter d,, the hydrogen bonding solubility parameter 4, and
the combined polar solubility parameter d,. The mgc of the two-component
gelator system falls as the d,, d, and ¢, increase. A correlation between 9,
and mgc has been observed also with cyclo(dipeptide)s® but the mgc was
found to increase with J,. The opposite behavior can be due to different in-
teraction forces as gelation of the cyclo(dipeptide)s is based on intermolecular
hydrogen bonding between the amide groups.

Figure 3.9 B indicates that lower solubility of the complex of II and
TNF results to a lower mge. In lower alcohols solvophobic forces increase and
enhance the self-assembly process. In methanol very low mgc is expected but
not enough complex is formed due to poor solubility of nonpolar IT (R, =
26.5 MPa'/?) and only a partial gel is observed. It is clear that solvophobic
interaction is necessary for gelation but too low a solubility and too strong
a repulsion precipitate the gelators out of the solvent.

The Hildebrand solubility parameter ¢ was developed primarily for non-
polar solvents. Compounds with comparable solubility parameters are likely
to be miscible. More precisely, compounds with A§ < 7 MPal/? are likely
to be miscible whereas compounds with A§ > 10 MPal'/? are likely to be
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immiscible?°%297. The AJ were determined for II, TNF and the complex in
nonpolar solvents which have 8, and d;, values of 2 MPal/2 or less (¢ = 1.9 -
2.4, Er = 30.9 - 34.3 kcal mol™!). The A¢ values in Table 3.7 indicate that
IT is likely to be soluble but TNF is very likely to be insoluble in nonpolar
solvents.

The solubility of the complex is the major factor for gelation. In hex-
ane and dodecane the complex and TNF are probably immiscible and the
samples remained as transparent solutions indicating insolubility. A red col-
ored solution was observed in toluene and benzene in which Aj(complex) <
8 MPa'/2. In cyclohexane and decalin the Ad(complex) values are between
the given limits. Decalin was gelated, but in cyclohexane TNF is not soluble
enough and it was only partially gelated.

The results indicate that gelation behavior of the two-component gela-
tor system in nonpolar solvents is as follows: solutions (S) with Ad(complex)
< 8 MPa'/? and insoluble (I) with Ad(complex) > 10 MPa'/2. Gelation is
possible if 8 MPa!/? < Ad(complex) < 10 MPa'/? and partial gel behaviour
can be expected if AJ(TNF) > 16 MPal/2.

Application of both Hildebrand and Hansen solubility parameters ap-
proaches can provide an useful description of the two-component gelator
system. The Hildebrand solubility parameter § should be applied only to
nonpolar solvents where the application of the Hansen solubility parameters
does not give any benefit over ¢ because d, and J;, of nonpolar solvents are
zero or close to zero. However, it was possible to determine requirements
for gelation including solubility ranges for the components and the complex
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Table 3.7: Gelation test results in highly nonpolar solvents and the difference
of the Hildebrand solubility parameter (Ad) between a gelator component
and a nonpolar solvent. [A§] = MPal/?

Solvent Result™ AJ(IT) AJ(TNF) Ad(complex)
hexane I 7.6 18.6 11.3
dodecane I 6.5 17.5 10.2
cyclohexane PG 5.7 16.7 9.4
decalin G 4.5 15.5 8.2
toluene S 4.3 15.3 8.0
benzene S 4.0 15.0 7.7

(*) 7.5 mmol kg=! of IT and 7.5 mmol kg=! of TNF after 24 h storage at 25 °C, S =
solution, G = gel, PG = partial gel, I = one or both components insoluble at solvent reflux

temperature.

covering the whole solvent range by using only Hansen’s approach.

The solvophobic forces have an important role in gelation and the self-
assembly is strongly influenced by solvent polarity, polar and hydrogen solu-
bility parameters of the solvent. Overall, the bonding between molecules can
be more complex and multidimensional than the solubility parameters sug-
gest since hydrogen bonding, -7 and donor-acceptor interactions also alter
the solubility and the gelation and these are not taken into account in the
solubility parameters. Charge transfer mechanism and 7-7 interaction are
essential for the alignment of the gelator components but the main binding
occurs through the van der Waals forces!%.

3.4 Influence of the gelator and xerogel struc-
ture of the gel

The properties of the 1-octanol gels of II, VI and IX were studied by rhe-
ology. The II and VT formed strong gels with TNF in 1-octanol (Table 3.1)
and the effect of a functional group on the gel properties was studied by using
IX. The frequency sweep measurements of the samples showed gel character
(G’ > G”) over three orders of magnitude of frequencies and both G’ and
G” were relatively independent on the frequency in the linear viscoelastic
range (Figure 3.10). In Figure 3.10, the G’/G” at 1 Hz frequency is ~10 as
expected for a soft viscoelastic solid like a gel. The G’- and G”-curves were
almost parallel throughout the entire frequency range showing a little slope
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indicating that the samples were clearly gels. A slight frequency dependency
of G’ and G” is common for physical gels and is consistent with a viscoelastic
behavior213:298,299

Modulus [Pa]

0
10
10 107 10
Frequency [Hz]

‘U 1(‘)1
Figure 3.10: Example of a frequency sweep curve for a 1-octanol gel of IT
and TNF at 30 mmol kg™ (1 wt-%) gelator concentration (G’ o and G” e).

Figure 3.11 shows typical temperature dependencies of the shear storage
modulus, loss modulus and loss tangent (tan ) for the gels of IT and VI. The
storage modulus (G’) represents elastic behaviour of a material and below the
gel-sol transition temperature (Tgs) the higher G’ indicates the more elastic
gel network?®-2%. The loss modulus (G”) represents viscous behavior of a
material and the loss tangent (tand = G”/G’) describes the ratio of viscous
and elastic properties of the gel?®®. The G’ and G” are fairly insensitive to
temperature at low temperatures but at high temperatures a sharp decrease
of both moduli is observed, which is attributed to the melting of the gel
network. According to tand, the gels remain stable below 60 °C indicating
that no relaxation or other material changes occur until the gels start to melt
above 60 °C. The T, was defined as the crossover point of the elastic and
the loss moduli (G’ = G”), which corresponds to phase angle of 45° or tan o
= 1 value.

The largest G’, the lowest tan o and thereby the highest gel elasticity
were observed for the gel of IT (Table 3.8). The length of the alkyl side chain
had a large effect on the elasticity of the gel network. Gelator VI has eight
carbons longer alkyl chain than IT and the gel elasticity was almost three
times lower. Complexation of TNF and IX leads to formation of gel fibers
including free functional groups which are able to bind for example nanopar-
ticles into the gel structure. However, the functionalized gelator IX formed a
weak gel indicating that a functional group disturbs gel formation probably
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Figure 3.11: Temperature dependency of the storage modulus G’ (o II, O

VI), loss modulus G” (e II, m VI) and tand ( x II, + VI) of 1-octanol gels

of IT and VI during heating.

due to a competing hydrogen bonding through the functional groups. The
elasticity of the gel is significantly reduced by functionality as the G’ was
only 0.22 kPa for gel of IX. Also the loss tangent values showed that viscous
properties become more dominant if the gelator has longer alkyl chain or
functionality.

Table 3.8: The storage modulus (G’) and the loss tangent (tand) at 30 °C
and the gel-sol transition temperature (Ty) as obtained from temperature
sweep runs and the viscosities at 1, 10 and 100 s~! shear rates.

11 VI IX II:IX, 9:1
G’, kPa 44 £+ 4 162 £15 0224+£0.09 247+12
tano 0.17 £ 0.03 0.21 £0.03 0.22 £0.06 0.171 £ 0.007
Tys, °C 69 £ 3 68 £ 3 66 £ 5 68.3 £ 1.2
m, Pas 287 20 £ 3 1.9+ 04 14.3 £ 0.6

o, Pa s 24 +£0.2 1.6 03 0.38 = 0.09 1.6 £0.2
oo, Pas 0.67 £0.04 0.42 +£0.04 0.16 £ 0.03  0.41 £ 0.03

The Ty values were 69, 68 and 66 °C for gels of II, VI and IX, re-
spectively. The length of the alkyl chain does not have a significant effect
on the thermal stability of the gel when the chain length is between Cy -
Cis. Similar results have been achieved for gels of pyrene derived LMOGs
also by inverted test tube method®. However, the alkyl chain length affects
significantly thermal stability when the length is shorter than Cyy or longer
than C;g (Chapter 3.5.3). Functionality in IX lowers thermal stability only
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slightly even though the elasticity was substantially low. The viscosities at
1, 10 and 100 s~! shear rate (Table 3.8) followed the same order of IT > VI
> IX as the elasticity and the thermal stability of the gel.

The adverse effects of the gelator functionality can be prevented with
a three-component system by mixing non-functionalized and functionalized
gelators or pyrene with TNF to keep the functional groups apart from each
other. A strong functionalized gel was achieved by mixing functionalized
and non-functionalized gelators. High gel elasticity and thermal stability
were observed when a gel was prepared from IT and IX at 9:1 ratio. The loss
tangent value indicated that the three-component system had similar ratio
of elastic and viscous properties than the gel of the two-component system
including II and TNF. Functionality had the greatest impact on viscosity
as 5 mol-% of IX in the gel of II and TNF resulted to a 30 - 50 % lower
viscosity.

The morphology of the gels were studied by electron microscopy to
gain insight into the gelator effect on the gel structure. Figure 3.12 shows
the micrographs of 1-octanol gels of 1I, VI, IX and II with pyrene. Micro-
graphs showed that all gelators with TNF self-assemble into gel fibers and
form an entangled network, which immobilizes the solvent. Examination at
high magnification indicated that regardless of the gelator the smallest re-
solved gel fibers were 70 - 80 nm on average which is 10 - 20 times larger
than the molecular dimensions of the gel fiber. Estimated maximum molec-
ular gel fiber thicknesses were 3.9 and 5.9 nm in gels of II and VI which
were calculated by using molecular length of 0.85 nm for pyrene and 1.5 and
2.5 nm for decyl and octadecyl, respectively. Single fiber thickness did not
significantly depend on the gelator but the micrographs at lower magnifica-
tion showed clearly that thicker fibers are composed of thinner fiber bundles.
The thickest gel fiber bundles were up to two magnitudes larger than gelator
molecules themselves.

The gel of IT shows thin gel fibers as well as homogenous and dense gel
network. The occurrence of fiber bundles and regularity of the gel network
increased when VI with longer alkyl chain was used. Even greater gaps
between large bundles and the most regular gel network were observed in the
gel of IX. The more dense the gel network the stronger and more elastic the
gel structure was observed. The more fiber bundles and the more regular gel
network was found by SEM, the weaker the gels and the lower the viscosity.
Addition of small amount of pyrene increases the density and irregularity of
the gel network (Figure 3.12, c).

The results indicate that the length of alkyl side chain or pyrene do
not significantly affect the gel fiber thickness but they both have an influ-
ence on the fiber bundle formation. Thick bundles in gel of IX suggest
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Figure 3.12: Electron micrographs of xerogels of (a) II, (b) VI, (¢) II with
pyrene at 9:1 ratio and (d) IX in l-octanol. Scale bar 1 pm.

that the gel structure is mostly determined by solvent-gelator interaction.
Functional group of IX results high solvent-gelator interaction in 1-octanol
and the gelator molecules are likely to aggregate to form thicker fiber bun-
dles. Lower solvent-gelator interaction results less bundles and more dense
gel network. More elastic gels were observed when solvent-gelator interac-
tion was decreased by using a gelator with shorter alkyl chain or pyrene was
added. The effect of pyrene on the gel properties is discussed in more detail
in Chapter 3.7.

3.5 Solvent and alkyl chain length effects in pri-
mary alcohols

3.5.1 Minimum gelation concentration and gelation num-
ber

The pyrene derived organogelators I, II, V, VI and VII with alkyl side
chains of 7, 10, 16, 18 and 24 carbon atoms, respectively, form strong gels in
higher primary alcohols (Table 3.1, page 48). This shows that the solubility
of the pyrene derivatives or TNF does not restrict the gel network formation
in primary alcohols.

Below the minimum gelation concentration (mgc) no sample-spanning
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gel is formed because the concentration is insufficient to immobilize the sol-
vent. The amount of the gelators in the gel fibers is always lower than the
total amount added as part of the gelators stay dissolved. This indicates that
poor solubility of the gelators is favorable to the self-assembly and low mgc
whereas high solubility leads to high mgc. A sample-spanning gel network is
formed and a sample is regarded as a gel when the gelator concentration is
higher than mgc.

Figure 3.13 illustrates the mge as a function of alkyl chain length of
the pyrene derivative in primary alcohols at 25 °C. The mgc values were 9
- 15 mmol kg=! corresponding to 0.4 - 0.5 wt-% depending on the gelator.
The mgc values were determined by inverted test-tube method in steps of 1
mmol kg=! by diluting the sample until gelation was not observed within 24
h. Usually no difference could be found in the mgc if the chain length was
altered by 2 - 3 carbon atoms. The mgc was not determined for VII (Cyy)
due to precipitation. The mgc was very sensitive to temperature. Gelator
concentration of 1 mmol kg=! lower than the mgc did not result to a gel
at 25 °C but all samples were gelated at room temperature (21 °C). The
gelation number of the gelators represents the maximum number of solvent
molecules that get entrapped per gelator molecule?™. The gelation number

was calculated by using the mgc value at 25 °C and the data are listed in
Table 3.9.
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Figure 3.13: Effect of the solvent and alkyl chain length of the pyrene deriva-
tive on the minimum gelation concentration. <) = 1-butanol, x = 1-pentanol,
o = l-octanol and O = 1-dodecanol.

The mgc decreases and gelation number increases with elongation of
the alkyl chain in all solvents. Clearly, the longer the alkyl chain, the lower
the solubility and the more efficiently the two-component system gelates po-
lar alcohols. The interaction of pyrene derived gelator with polar solvent
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Table 3.9: Gelation number of the gelators I, II, V and VI with TNF in
primary alcohols at 25 °C. Corresponding total gelator concentration in
mmol kg~! is given in parentheses.

Gelator 1-pentanol 1-octanol 1-dodecanol

I,C; 530 (11) 590 (13) 360 (15)

II, Cyy 530 (11) 590 (13) 360 (15)
V, Cig 1130 (10) 640 (12) 410 (13)
VI, C;s 1130 (10) 700 (11) 410 (13)

is weakened more in case of gelators containing longer hydrophobic alkyl
chains, which enhances the gelator assembly leading to higher gelation num-
bers. Zhu and Dordick?”® observed similar behavior in gelation number in
primary alcohols with one-component trehalose derivatives with Cg - Cy3
long alkyl chains. The alkyl chain length had a similar effect also with L-
tryptophan based hydrogelators3’’. An increase in gelator efficiency with
alkyl chain length as well as the loss of gelation ability beyond a certain
chain length has been observed with carbamate derivatives’l. Higher gela-
tion ability can be related also to stronger van der Waals stabilization with
compounds having longer alkyl chains. Generally a long alkyl chain is pre-
ferred for compounds which form organogels3?51:53:392  Gelator efficiency of
simple alkanes', triphenylene3%3, cyclohexane bis-urea3* and tris-amide?®
compounds increase with alkyl chain length. However, an increase of the
alkyl chain length did not increase the gelator efficiency but favored gelation
in more nonpolar aliphatic solvents with tripodal tris-urea derivatives.

Solubility of the pyrene derivatives and the mgc of the two-component
system decrease with the solvent polarity. For example, the mgc of I and II
were 15, 13, 11 and 9 mmol kg~! in 1-dodecanol, 1-octanol, 1-pentanol and 1-
butanol, respectively. Gelator solubility is strongly dependent on the nature
of the solvent, thus a minor change in the polarity of the solvent affects mgc
and the self-assembly of the gelator molecules. Higher polarity leads to lower
mgc and linear correlation was observed between the mgc, dielectric constant
¢ and solvent hydrogen bonding parameter §, (Figure 3.14).

A higher gelation number results in lower mgc as can be seen in Ta-
ble 3.9. The gelation number increases with the polarity of the solvent but
decreases when the molecular size of the solvent increases. This indicates
that not only the solvent polarity but also the molecular size of the solvent
has an effect on the gelation number and mgc. These results are in accor-
dance with a recent report where the self-assembly process of m-conjugated
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Figure 3.14: Correlation between minimum gelation concentration and dielec-
tric constant € and hydrogen bonding solubility parameter J; of the solvent.
x =T and II, o = VL.

oligo(p-phenylenevinylene) derivatives was found to depend strongly on sol-
vent structure and the solvent molecules at periphery of the aggregates played
an explicit role in rigidifying the aggregates and formation of bundles and
gels306,

3.5.2 Yield and flow points

An efficient way to characterize gel stability is to measure the oscillation
stress amplitude sweep where a wider linear viscoelastic (LVE) range in-
dicates a more stable gel. The LVE range is frequency dependent and a
frequency of 1 Hz was used in this work. A gel shows reversible viscoelas-
tic behavior as long as the applied stress is below the yield point 7, (yield
stress). Flow points 7 (flow stress) were determined as the crossover point
where behavior changes to a liquid character (G’ < G”) and the sample starts
to flow. Usually for viscoelastic materials like gels, G’ is an order of magni-
tude greater than G” in the LVE range, demonstrating the dominant elastic
behavior of the system. The transition between the LVE range and the flow
range occurs gradually in gels and the range between the yield and the flow
points is called the yield zone. In the yield zone the gel character is dominant
but also some irreversible gel network breakage occurs®®.

The gels of I, IT and V - VII showed yield points between 3 - 160 Pa and
the flow points were 5 to 10 times higher than the yield points (Table 3.10).
It should be noted that the yield point was determined as a point where 5 %
deviation from the G’fy r was observed. As the yield point is an user defined
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value, it should be regarded as a comparative quantity between different gels
showing wide yield zones.

Table 3.10: Storage modulus of the linear viscoelastic range G’y g, the yield
point 7, and the flow point 7 of the gels of I, II, V - VII in primary alcohols.
Total gelator concentration was 30 mmol kg~!.

Gryp [kPa] 7, [Pa] 7y [Pal
1-Pentanol
I C; 14.1 £ 0.4 28 + 4 200 £ 30
11, Cqy 13+ 3 14.9 £ 0.8 300 £ 130
V, Cs 15.8 £ 1.2 21 £ 2 200 £ 40
VI, Cqs 24 +£ 3 30£5 120 + 4
VII, Cyy 73+ 8 160 + 40 500 £ 50
1-Octanol
I, C; 87+ 0.7 16 = 4 150 £ 8
11, Cqp 6.7+ 1.4 11+3 170 &+ 40
V, Cs 29+ 1.0 5+3 40 + 13
VI, Cys 34+1.1 3609 2048
VII, Cyy 42 £ 4 61 £ 4 340 £+ 50
1-Dodecanol
I, C; 7.5 £ 0.5 16 + 4 120 £+ 30
11, Cqp 6.6 0.5 157+ 1.0 370 £ 80
V. Cy 0.8 £0.2 3.0+£04 30+11

VI, Cyg 0.67£0.10 3.7+£03 20+£3
VII, Cyy 11.6 £ 0.5 35 +4 140 £ 9

The yield points were 15 - 160 Pa in 1-pentanol, 4 - 60 Pa in 1-octanol
and 3 - 35 Pa in 1-dodecanol. The gels in 1-pentanol showed the highest
yield and flow points whereas the lowest values were observed in 1-dodecanol.
Both the yield and flow point follow the order 1-pentanol > 1-octanol > 1-
dodecanol which corresponds to the order of solvent polarity or hydrogen
bonding solubility parameter ¢&; of the solvent. The yield point is the larger
the longer the alkyl chain and the more polar the solvent is (Figure 3.15 A).
In 1-octanol and 1-dodecanol the yield point decreases with the alkyl chain
length up to Cyg but Cyy (VII) showed the highest 7,. This indicates that in
polar alcohols the van der Waals interaction between the alkyl chains is pro-
nounced as the length of the alkyl chain increases resulting to a stronger gel
network, higher yield point and wider linear viscoelastic range. In 1-pentanol
the solvophobic forces towards nonpolar alkyl chains are the strongest and
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an increase in the yield point is observed already from shorter chain length
C1g onwards.
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Figure 3.15: Effect of alkyl chain length on the yield point 7, (A) and the
linear viscoelastic region G’y g (B). x = l-pentanol, o = l-octanol and O =
1-dodecanol.
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The G’y g describes the gel elasticity ©°” and the gel network strengt
The effect of the solvent and the alkyl chain length are similar on the struc-
tural stability than on the yield point (Figure 3.15 B). The G’y g follows
the order of the solvent polarity and the effect is greater with longer alkyl
chains. The lowest G’y g values, and hence structurally weakest gels, were
obtained with VI (Cig) in 1-dodecanol, V (Cyg) in l-octanol and IT (Cyp)
in 1-pentanol showing that the effect of the alkyl chain length on structural
stability is pronounced in more polar solvents.

Compound VII (Cyy) resulted to the most structurally stable gels with
the highest 7, and G’y g values in all solvents. However, it seems that at
certain chain length solvophobic forces dominate as gels of VII precipitate
within a few days after their preparation. All the other gels remained visually
stable at least two years when stored in sealed vials at room temperature.
Some carbamate derivatives also lose their gelation ability beyond a certain
chain length 3!,

3.5.3 Thermal and structural stability of the gel

The gels of I, IT and V - VII melted thermoreversibly showing gel-sol tran-
sition temperatures (T,s) in the range of 51 - 131 °C. Thermally the most
stable gels were obtained in 1-pentanol. The Ty, values were 79 - 129 °C in 1-
pentanol, 54 - 81 °C in 1-octanol and 51 - 69 °C in 1-dodecanol (Table 3.11).
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The highest T, of 129 °C was observed with 1-pentanol gel of I (C;) and
the 1-dodecanol gel of VII (Cy4) resulted the lowest Ty, of 51 °C. Thermal
stability increases in the order 1-dodecanol < 1-octanol < 1-pentanol, cor-
responding to increasing polarity. Figure 3.16 A illustrates the correlation
between Ty, and the dielectric constant of the solvent. The correlation is
similar also with the polarity parameter E;, and hydrogen bonding solubil-
ity parameter 0, (not shown here). Apparently, the higher thermal stability
is due to restricted solvent-gelator interaction and stronger solvophobic in-
teraction which can be attributed to the long alkyl chains of the gelators. In
less polar solvent the solvent-gelator interactions are stronger resulting to a
less thermally stable gel.

Table 3.11: The storage (G’) and loss (G”) moduli at 30 °C and the gel-sol
transition temperature T, determined from temperature sweep measure-
ment*.

G730 GHSO Tgs
kPa kPa °C
1-Pentanol
I C; 51.6 3.9 1286 £+ 0.6

11, Cyy 34.0 3.6 84.7 £ 1.3
V, Cs 29.6 3.0 91 £ 3
VI, Cig 36.6 4.2 85.3 £ 0.9
VII, C,, 69.7 106 79.2 4+ 04

1-Octanol
I C; 41.0 4.2 80.6 = 0.6
11, Cq 38.5 3.1 68.4 +£ 0.4
V, Cs 25.5 2.6 702 £ 1.1
VI, Cg 26.6 3.6 69 £+ 2
VII, Cyy 249 25 54 + 2
1-Dodecanol
I C; 42.1 5.6 69 £+ 2
11, Cqp 25.3 3.0 60.9 = 1.3
V, Cs 126 14 64 + 3
VI, Cqs 70 1.5 62.2 £ 0.8
VII, Cyy 11.1 1.2 51.0 £ 1.3

* The G’ and G” were determined from merged data of three measurements by interpolat-
ing 10 measurement points around 30 °C. The Ty, was determined from each measurement

and the given result is mean + standard deviation.
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Figure 3.16: Effect of the solvent polarity € (A) and alkyl chain length (B) on
the gel-sol transition temperature Tys. In A: $ =1, 0 =II, 0=V, x = VI
and A = VII and in B: x = 1-pentanol, o = 1-octanol and 0O = 1-dodecanol.

Brinksma et al.?'® found similar correlation for thermal stability in
primary alcohol gels of bis-urea cyclohexane derivative. The gelation was
based on hydrogen bonding in less polar solvents in which thermal stability
decreased with increasing solvent polarity. The unexpected opposite behav-
ior of Ty in polar alcohols was reasoned by solvophobic forces between the
two dodecyl chains in the gelator that become dominant over H-bonding.
Also opposite behavior has been observed as the thermal stability of gels
of bis(amino acid)oxalyl amides decreased linearly with increasing dielectric
constant in lower alcohols than heptanol®®.

Solvophobic forces have more significant role in stabilization of gels in
more polar solvents. Percentually T, was roughly 10 % higher in 1-octanol
and 40 % higher in 1-pentanol compared to 1-dodecanol regardless of the
alkyl chain length. The only exception to this was 1-pentanol gel of I (Cr);
however the value obtained is probably slightly overestimated due to solvent
evaporation during the measurement. A comparable increase in the solvent
polarity increases the thermal stability of the gel more in high polarity range
than in low polarity range.

The influence of the alkyl chain on the thermal stability is not straight-
forward. Figure 3.16 B indicates that the length of the alkyl chain affects
the Ty, similarly in different solvents. Generally, T, follows the order C; >
Ci6 > Cig &= C1p > Coy in all solvents. The gelator with shortest alkyl chain
Cr (I) resulted the highest T, and the gelator with longest alkyl chain Cyy
(VII) resulted the lowest T s. The gel-sol transition temperature seems to
decrease with the elongation of the alkyl chain length but gels of IT (Cyg)
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are exceptions. This is due to an interesting result that gelators with chain
length of 10 (II) and 18 (VI) carbon atoms resulted identical thermal stabil-
ity regardless of the solvent even though a large difference in the structural
stability was observed (Figure 3.17). An explanation for this peculiar result
has not been found.

Actually, the length of the alkyl chain does not have a significant effect
on the thermal stability of the primary alcohol gels if the chain length of
the pyrene derivative is between Cjy - Cig. This alkyl chain length range
(Cyo - Cig) is similar to the findings of the Maitra group® but contrary to
their conclusion it is clear that there are cases for which Ty depends on the
alkyl chain length. The thermal stability increases if the alkyl chain length
is shorter than C;g and decreases if the chain length is longer than C;5. The
effect of alkyl chain length is more significant for shorter alkyl chains than
for the longer ones.

At elevated temperatures eventually a breakdown in storage (G’) and
loss (G”) moduli was observed indicating the loss of interconnections of the
gel fibers. At Ty, part of the gel network is dissolved and the remaining part
is incapable to self-support!%°. The cge and mge increase with the temper-
ature and dissolution of the entire gel network occurs when the cge equals
the gelator concentration. From the temperature sweep measurements the
storage (G’3p) and loss (G”30) moduli at 30 °C were determined (Table 3.11).
The chosen temperature is well under the melting range as the lowest Ty, val-
ues were 50 °C or higher. The highest G’3g values and thus the mechanically
strongest gels were found in 1-pentanol while the weakest gels were obtained
in 1-dodecanol. The G’3y values were between 7 and 70 kPa and also fol-
lowed the solvent polarity order of 1-pentanol > 1-octanol > 1-dodecanol
(Figure 3.17 A).

The effect of the alkyl chain length on the structural stability was found
to be partially solvent dependent (Figure 3.17 B). The strength of the gels
decreased with the elongation of the alkyl chain until Ci4 in all solvents as
G’39 followed the order of C; > Cyq> Cy4. But with chain lengths Cig - Coy
the G’3o value increased in 1-pentanol (Cig < Cig < Cayq), remained the same
in l-octanol (Cig = Ci3 = Cyq) and decreased further in 1-dodecanol (Cig
< Cgy < Cig). This indicates that solvophobic forces enhance the structural
stability of the gel the more the higher the polarity of the solvent but too
high solvophobic forces can lead to precipitation as observed with VII (Cyy)
a few days after the gel was prepared.

The solvent effect on T, is much larger than the effect of the alkyl chain
length and more significant with shorter alkyl chain gelators. The Hansen
distance R, illustrates the solubility of the compound and higher R, value
indicates lower solubility. For example, R, of the complex of IT + TNF were
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Figure 3.17: Effect of the solvent polarity € (A) and the alkyl chain length
(B) on the storage modulus G’ at 30 °C in primary alcohols. In A: $ =1, o
=II,0=V,x=VIand A = VII and in B: x = 1-pentanol, o = 1-octanol
and O = 1-dodecanol.

15.1, 13.8 and 13.4 in 1-pentanol, 1-octanol and 1-dodecanol, respectively
(Table 3.6). The solubility of the complex decreases with solvent polarity
resulting in lower mge and higher gel-sol transition temperature. However,
the alkyl chain effect on the thermal stability is counterintuitive because
the elongation of the alkyl chain resulted to lower solubility and mgc as
expected but also to a lower gel-sol transition temperature. This indicates
that stronger van der Waals interaction between longer alkyl chains weakens
the non-covalent bonding between pyrene moiety and TNF inducing lower
thermal stability of the gel. Decrease in thermal stability with the elongation
of the alkyl chain length has not been observed with organogelators before
to my knowledge. The opposite behavior is much more common as observed
with alkanes!6, carbamates®’!, fatty acid derivatives®® and ethylenediamine
derivatives3”.

The effect of the gelator concentration on the gel-sol transition temper-
ature (phase diagram) was not studied in this work as it was already shown
for pyrene derivatives by others®>'49. It is common behavior for LMOGs
that the gel-sol and sol-gel transition temperatures increase with increasing
gelator concentration up to a certain plateau level'91165308 — The effect of
concentration is more significant at low concentration. In this work temper-
ature sweeps were measured at 70 mmol kg™! gelator concentration and the
gelation systems were considered at least in a region well above their mgc 10
- 15 mmol kg~! values if not in the plateau region of their thermal profiles
to minimize the effect of possible minor small error in concentration. As
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a comparison the gel-sol transition temperature of 1-octanol gel of V was
64 °C at 70 mmol kg! in this work and others have observed the sol-gel
transition temperature 52 and 64 °C at 20 and 50 mmol kg~! concentration,
respectively®.

The effect of the gelator concentration on the structural stability can
be estimated by comparing the G’3p value from temperature sweeps and
the G’y g value from oscillatory stress amplitude sweeps. The temperature
sweep measurements were carried out at 2.3 times higher gelator concentra-
tion than stress amplitude sweeps (70 vs 30 mmol kg™'). The higher gelator
concentration resulted to a 2 - 4 -fold increase of the storage modulus in
1-pentanol, a 5 - 9 -fold increase in 1-octanol and a 4 - 16 -fold increase in 1-
dodecanol, if VII (Cyy) is excluded. The increase of the gelator concentration
enhances the structural stability more in less polar solvents. Surprisingly, the
structurally strongest gels at 30 mmol kg~! were the gels of VII but at 70
mmol kg~! no increase was observed in storage modulus or even lower value
was observed in 1-octanol. The storage modulus increased the most with
chain lengths Cy4 - Cis in 1-octanol and 1-dodecanol but with chain lengths
C7 - Cyp in more polar 1-pentanol.

3.5.4 Viscosity

A region of shear-rate-independent viscosity could not be observed at the
shear rates used for gels at 30 mmol kg~! gelator concentration including
equimolar amount of pyrene derivative and TNF. The viscosity (n) of all gels
decreased with the increase in the applied shear rate, showing a similar shear
thinning behavior (Figure 3.18). A sharp drop in viscosity at high shear
rates indicates sample slippage, which restricted the maximum shear rate
that could be applied.

The effect of the solvent and the alkyl chain length on the viscosity were
investigated by measuring flow curves and determining the viscosity values
at 1, 10 and 100 s~! shear rate (Table 3.12).

The viscosity at 1 s~ shear rate was 30 - 190 Pa s in 1-pentanol and
10 - 50 Pa s both in 1-octanol and 1-dodecanol. The solvent effect was ob-
servable and viscosity followed solvent polarity order 1-pentanol > 1-octanol
> 1-dodecanol (Figure 3.19 A). The solvent effect was significant between
1-pentanol and 1-octanol but only small difference in viscosity between 1-
octanol and 1-dodecanol was found. Gelator side chain lengths C; - Cyq
showed no effect on the viscosity but the viscosity was increased with longer
alkyl chains Cig - Coy.

Figure 3.19 B illustrates the viscosity at ten times higher shear rate,
— 10 s71. The solvent effect on viscosity was clearly observed only for gels
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Figure 3.18: Flow curves for 1-dodecanol gels of I (), IT (o), V (O), VI (x)
and VII (A) at 25 °C.

Table 3.12: Viscosity n at 1, 10 and 100 s~! shear rate from flow curves.

T Mo 1100
Pa s Pa s Pa s
1-Pentanol
I, C; 41 £ 12 3.4 4+0.3 0.46 £ 0.02
II. Cyy 40 £+ 20 2.0 £ 0.5 0.25 £ 0.04
V. Cy 30 £ 10 1.9 £ 0.6 0.21 £ 0.03
VI, Cy5 60 4+ 20 6 £ 2 0.095 £ 0.012
VII, Cy, 190 + 30 23 £ 5 0.81 £ 0.11
1-Octanol
I C; 27+ 7 3.1 £0.9 0.61 £ 0.11
II. Cyy 28+ 7 2.4 £ 0.2 0.67 £ 0.04
V, Cis 8+ 2 1.21 &+ 0.13 0.454 4+ 0.005
VI, Ci5 20 + 3 1.6 £0.3 0.42 £ 0.04
VII, Cy, 49 + 7 5.5+ 0.7 0.509 £ 0.014
1-Dodecanol
I C; 23+ 7 1.74 £ 0.09 0.61 £+ 0.06

II, Cyp 208 £0.8 3.0=x0.3 0.91 £ 0.06
V, Cy6 10.7 £ 0.7 097 £ 0.07 0.22 £ 0.05
VI, Cyg 11.7+ 1.0 1.6 £0.1 0.46 £+ 0.04
VII, Cyy 46 £ 5 2703 0.75 = 0.03

of VII (Cyy). The viscosity values for gel of VII were 23, 5.5 and 2.7 Pa
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Figure 3.19: Effect of alkyl chain length and the solvent on the viscosity at
157! (A) and 10 s™! (B) shear rates in primary alcohols. x = 1-pentanol, o
= l-octanol and O = 1-dodecanol.

s in 1-pentanol, 1-octanol and 1-dodecanol, respectively. A small deviation
between solvents can be found in gels of VI (Cyg) but generally no significant
solvent or alkyl chain length effect on the viscosity at 10 s™! shear rate could
be observed with alkyl chains C7 - C15. At 100 s~! shear rate the viscosity was
0.1 - 0.9 Pa s regardless of the solvent or the alkyl chain length of the pyrene
derivative. The results indicate that the solvent and the alkyl chain length
effect decrease with increasing shear rate. More gel fibers are broken down
at higher shear rates and the viscosity of the gel approaches the viscosity of
the solvent.

The downward shear-rate flow behavior of 1-octanol gel of IT was mea-
sured under programmed down-shear rate from 10 - 107® s7!. The shear
stress 7 decreased to 20 Pa at 2 s~! shear rate showing a flow behavior but
increased exponentially reaching 650 Pa at 107% s=!. This behavior is due to
yield stress (yield point) and gives an approximate shear rate range where
the gel starts to show solid-like behavior. Flow behavior started to occur
at higher than 1 - 5 s™! shear rate depending on the gel. Flow curves were
modeled in the flow range (7 = 1 - 1000 s™1) according to Herschel-Bulkley
(HB) model function 7 = 75 + k3". In the HB-model 7 is the shear stress,
Tup is the yield point, k is the consistency coefficient and the exponent n
is dimensionless flow behavior index. In the model n < 1 corresponds shear
thinning behavior, n > 1 corresponds shear thickening behavior and n = 1
corresponds to Newtonian behavior. The Herschel-Bulkley model function
is suited for flow curves including yield point?°® and high regression values
of 0.995 - 0.999 in the flow range were obtained. Application of Ostwald-de
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Waele power-law model function 7 = k4" for flow curves without a yield
point resulted to lower regression values indicating, that the gels cannot be
modeled without taking a yield point into account.

The calculated flow factors are presented in Table 3.13. All gels had flow
index (n = 0.6 - 0.9 Pa) showing shear thinning behavior. The consistency
coefficients (k = 1.2 - 3.3 Pa s) were equal in 1-octanol and 1-dodecanol
but lower (k = 0.2 - 0.8 Pa s) in 1-pentanol. The yield points 74 were of
the same order of magnitude but generally lower than the yield points 7,
from oscillatory stress amplitude sweep measurements (Table 3.10). No clear
correlations between 7 and solvent parameters or alkyl chain length of the
pyrene derivative could be found.

Table 3.13: Herschel-Bulkley model parameters when fitting of the flow
curves was done between 1 - 1000 s~! shear rate range.

T |Pal k |Pa s n R?
1-Pentanol
I, C, 252+ 0.8 05+0.2 0.82 & 0.09  0.999
11, Cqp 8 +3 0.8+ 0.2 0.69 + 0.03  0.997
V, Cys 8 + 4 0.6 +£0.2 0.75 £ 0.06  0.999
VI, Cyg 67 0.19 £ 0.04 0.84 £0.03 0.996
VII, Cyy 47 £ 5 0.5 + 0.7 0.9 +0.2 0.996
1-Octanol
I C; 23 £ 8 1.15 £ 0.07 0.76 = 0.05 0.995
11, Cy 10 £3 3.3+0.3 0.62 &£ 0.03  0.999
V, Cys 3+2 2.8 £ 0.3 0.582 £ 0.013 0.997
VI, Cyg 55 +08 19+£04 0.65 & 0.03  0.998
VII, Cyy 12+ 6 2.1 +£0.9 0.65 & 0.07  0.999
1-Dodecanol
I C; 6+ 2 2.2 +0.5 0.70 &£ 0.05  0.999
I1, Cy 16 + 2 2.3 +0.4 0.74 £ 0.02  0.999
V, Cyg 7T+ 4 1.3+14 0.6 0.2 0.995
VI, Cyg 6.2+13 29+1.1 0.58 & 0.08 0.997

VII, Cyy 17+ 3 1.8 £0.6 0.76 £ 0.08  0.998
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3.6 The effect of TNF equivalency

The Ty and G at 30 °C were determined as a function of molar ratio of
TNF : II and TNF : VI (Figure 3.20). In general, both thermal stability
and elasticity of the gel network are weakened if the ratio is altered from 1:1
indicating the optimum ratio 1:1 for self-assembly and gelation. An alteration
in the gelator ratio has a larger effect on the gel elasticity than on the thermal
stability. An excess of TNF has a greater weakening impact on the gel
properties. This observation is in accordance with results of Moffat and
Smith!*® but differs from Maitra’s group’s result as they did not find any
significant effect on the thermal stability in case of excess TNF .
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Figure 3.20: The gel-sol transition temperature Ty (o II, o VI) and the
storage modulus G’ (W IT, O VI) versus molar ratio of TNF/II and TNF/VI
in 1-octanol. Total gelator concentration 70 mmol kg~

An exceptional behaviour was observed in the thermal stability of the
gel of II. The highest Ty of 75 °C was observed at 0.75 molar ratio and even
at 0.5 ratio Ty was slightly higher than that of 1:1 gel. The storage modulus
indicates the 1:1 ratio to be the optimal molar ratio but different behaviour
in Ty can be due to chain length dependent effect. At some point there
must be a limit for gel fiber growth as fibers can not grow further in one-
dimension if there is only one component remaining in the solution. Shorter
gel fibers form weaker gels but shorter fibers can apparently withstand more
heat. Shorter gel fibers can move more freely and excess molecules of 1T
can be entangled into gel fibers by van der Waals interaction between alkyl
chains increasing the thermal stability. Different behavior is observed with
longer alkyl chain (VI) indicating the effect to be pyrene side chain length
dependent. The effect of shorter gel fibers caused by excess TNF is limited
as the Ty of gel of II decreases with an increase of TNF until 1.25 molar
ratio and remains constant thereafter.



82 3. Results and discussion

3.7 The effect of pyrene

Pyrene (pyr) is the starting material for the LMOG syntheses and some
residual pyrene tends to remain in the end product. Hence, it is of interest
to know, how detrimental the pyrene impurity is for the gel formation i.e.
how well the pyrene has to be removed from the product. The gelation tests
showed that pyrene forms a bright red complex with TNF but the complexes
precipitate and no gelation occurs. An alkyl chain in the pyrene is a necessity
for gelation. The alkyl chains stabilize the gel structure through van der
Waals forces and inhibit the solvent flow. The effect of pyrene on the gel
stability was tested by substituting part of the gelators with pyrene. The
second half of the total gelator concentration was always TNF.

The mechanical strength of the gel network increased and the thermal
stability remained constant in gels containing up to 10 mol-% of pyrene
but both G’ and Ty decreased if the pyrene concentration was increased
further (Figure 3.21). The higher gel elasticity is due to more dense and
more irregular gel network as seen in the micrographs (Figure 3.12). In case
of VI, the G’ was greater than that for the unsubstituted gel even if more
than 10 mol-% pyrene was used but it was clearly seen by eye that the solvent
binding ability decreased at high pyrene concentration. Solvent started to
exude out from the gel when the measuring plate of the rheometer squeezed
the sample before the measurement. This caused the gel to be somewhat
concentrated before the measurement, which partially explains the higher
observed G’ values. At low (< 10 mol-%) pyrene concentrations this effect
was not, observed.
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Figure 3.21: Effect of substituted pyrene on the gel-sol transition temperature
T, (o II, o VI) and the storage modulus G’ (W IT, O VI) of 1-octanol gel.
The mole fraction of TNF is 0.5.

In self-assembly the alkyl side chains come in close contact with each
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Table 3.14: Influence of pyrene on the storage modulus of the LVE range
(G ), the yield point (7,) and the flow point (1) of the gels of IT in the
oscillation stress amplitude sweep test (n = 5). The total gelator concentra-
tion was 30 mmol kg=! (1 wt-%)

o(pyr) Gpyp [kPa tan o 7y [Pa] 7/ [Pa]

0 6.7+ 1.3 0.15+£0.03 162 170 £ 30
0.05 9.8=+0.03 0.135£0.006 20=+3 300 =£ 60
0.10 11 = 2 0.118 £ 0.003 20 £5 190 £ 70
020 29=x1.3 0.113 £ 0.008 7+£3 170 & 20

other and steric effect reduces the possible degrees of freedom of the molecules.
By adding pyrene, complexation with TNF still occurs but steric effect is re-
duced, since pyrene creates gaps in the gelator chain (no alkyl group with
steric hindrance present). The gelator molecules can assemble more freely
and gel fibers are less sterically restricted. Steric hindrance is greater with
longer alkyl side chains and the elasticity of gels is improved more with
pyrene when longer chain pyrene derivative VI was used. At high pyrene
concentration the gels of VI (C;s) were weakened less than the gels of II
(C10)~

A similar behavior was seen in the oscillation stress amplitude sweep
measurements of gels of II and pyrene at lower gelator concentration (Ta-
ble 3.14). Examples of stress amplitude sweeps are presented in Figure 3.22.
The more elastic behavior of the gels containing pyrene can be seen from the
loss tangent values. The loss tangent (tand) is the ratio of moduli which
characterize the viscous and the elastic behaviour of the material: the lower
the loss tangent value the more elastic the material. All samples showed gel
character G* > G” (tand < 1) in the linear viscoelastic range. The maximum
values of the G’ of the LVE range (G} ), the yield (7,) and the flow points
(7¢) were obtained at 0.05 - 0.1 pyrene mole fractions. Interestingly, the
Gyvp and 7, decreased when the fraction of pyrene was increased from 10
to 20 mol-% even though according to the loss tangent value the gel became
more elastic. This inconsistent result is due to slipping of the rheometer
probe because of the exuded solvent.

The flow points were at least 10 times greater than the yield points
showing that gel character and elastic properties are still dominant at much
higher shear stresses than the yield points indicate. At high stresses a col-
lapse of G’ and G” are observed indicating partial breakup of the gel network.
However, at higher stresses the slipping of the rheometer probe is more prob-



84 3. Results and discussion
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Figure 3.22: Influence of pyrene on stress amplitude sweep of the gels of II.
Mole fraction of pyrene 0 (o), 0.05 (x), 0.1 (O) and 0.2 (e).

able which explains why flow point decreased already when more than 5 %
pyrene was used. The results show clearly that it is possible to enhance the
elasticity of the gel with a small amount of pyrene not affecting the thermal
stability significantly. A small excess of pyrene can be used in the synthesis
of LMOGs and if higher gel stability is desired, complete purification of the
pyrene from the synthesis end product is not necessary.

3.8 The effect of crosslinker

In polymers the mechanical properties of the material depend strongly on
the crosslinker concentration. It is well known that even low crosslinker con-
centrations raise the viscosities of polymer melts. Gummy polymers can be
transformed into elastomeric and high strength materials by using intermedi-
ate crosslinker concentrations®®?. The effect of a crosslinker (X'V) on gelation
was tested by substituting a fraction of IT with XV. In the crosslinker syn-
thesis the alkyl chain was chosen to be longer than in II in order to reduce
the steric hindrance. Both pyrenes of XV are available for complexation
which enables a covalent link between separate gel fibers. The desired effect
of crosslinker modification is to provide a gel network that imparts elastic
stability at higher temperatures which is also indicated by a decrease in the
loss tangent. Formation of metastable organogel with TNF and hydrogen
bonding capable crosslinker including two pyrene units has been previously
reported 9.

The oscillatory stress amplitude sweep measurements showed that the
crosslinker increases the stability of the gel (Table 3.15). The storage modulus
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of the linear viscoelastic range (Glyg) and the yield point (7,) are good
indicators of elastic and mechanical stability. The 7, determines the end
point of the LVE range and no significant change in the gel structure occurs
at stresses inside the LVE range.

Table 3.15: Influence of the crosslinker XV on the properties of gel of II. The
storage modulus G’, the yield point 7, and the loss tangent tan d of the LVE
range and the flow point 7; in the oscillation stress amplitude sweep tests
and the viscosity (n) at 1, 10 and 100 s~! in the flow curve measurements (n
= 6). Corresponding values for the gel without crosslinker can be found in
Table 3.8 and Table 3.14.

H(XV) 0.25 0.625 1.25 2.5
GLyp kPa 87 +12 11.6 + 1.2 9+ 2 12 42
7,, Pa 24 + 5 31 + 2 28 + 7 31+ 3
74, Pa 250 + 90 180 =+ 60 160 + 50 250 + 60
tan 0 0.084 £ 0.010 0.075 + 0.010 0.079 + 0.012 0.09 + 0.02
m, Pas 26 + 6 19 + 4 11+3 12.8 + 0.6
o, Pa s 1.7+ 0.5 1.55 + 0.05 126 +0.09 1.7+ 0.2

1100, Pa s 0.36 £ 0.05 0.34 £0.03 0.324 &£ 0.007 0.39 £ 0.04

Gels with a crosslinker had wide LVE ranges. Only 0.25 mol-% cross-
linker in the gel increased the 7, from 16 to 24 Pa and the G} from 6.4
to 8.7 kPa. The gel containing 0.625 mol-% crosslinker had the highest
G}yp and 7, but no further increase in gel stability was observed at higher
crosslinker concentration. There was no clear trend in the flow point with
crosslinker concentration but the elastic properties were dominant up to 5
to 10 times higher stress values compared to a noncrosslinked gel. Wider
LVE range is a sign of the ability of structure to resist greater external
stresses. Lower loss tangents (tand) in the LVE range show that the elastic
properties become more dominant than the viscous properties if crosslinker
is used. The addition of a crosslinker to a gel decreases the loss tangent value
significantly, meaning that the crosslinker brings elasticity to the base gel as
expected. The lowest tand value was observed with 0.625 crosslinker mole
fraction and interestingly the tand slightly increased at higher crosslinker
concentration. Even small amount of the crosslinker hardens the gel to a great
extent. However, slippage of the sample may have affected the measurements
at higher crosslinker concentrations.

According to the temperature sweep measurements, the gel of IT had
the Tgs of 69 °C. The Ty was increased by 2 and 5 °C when 0.625 and 1.25
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mol-% crosslinker were used, respectively. Unfortunately the sample with 2.5
mol-% crosslinker was so rubbery that reliable data could not be obtained
due to slippage. However, the addition of the crosslinker does improve the
thermal stability of the gel and better thermal stability is more obvious at
higher crosslinker concentration than increase in elasticity in the oscillation
stress amplitude sweep measurements.

All the gel samples showed a strong shear thinning behavior, however,
a region of shear-rate-independent viscosity could not be reached. The struc-
tural and thermal stability increase with crosslinker concentration but, inter-
estingly, the observed viscosity values at 1, 10 and 100 s~* were reduced when
higher crosslinker concentration was applied. With 1.25 mol-% crosslinker
the viscosity values were roughly half of the values obtained in gels with no
crosslinker. The crosslinker effect on the viscosity is just the opposite than
observed in polymers and can be explained only by increasing slippage of the
rheometer probe.

3.9 Gel stability

The stabilities of the gels of IT and VI were examined during one year period.
Gels were stored in closed vials in the dark at room temperature and the
measurements were carried out one day after gel preparation (0-sample), and
then after 2, 4 and 8 weeks and finally one year after the gel preparation. The
stability during storage was examined by determining the gel-sol transition
temperature Ty and the storage modulus at 30 °C (Figure 3.23).
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Figure 3.23: Gel-sol transition temperature Ty (e II, o VI) and storage
modulus G’ ( B II, O VI) of the 1-octanol gel as a function of storage time.
Values after one year: Ty (¢ II, < VI) and G’ (» II, > VI) of the gel.

The 0-sample storage moduli after 1 day (G]) were 43.2 and 15.9 kPa
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for gels of II and VI, respectively. During the first 8 weeks the storage
modulus of the gel of II followed well the kinetics of G’(n) = 0.9"/2G/ where
n is storage time in weeks. The G’ of the gel of VI was slightly increased after
2 weeks but decreased thereafter. The gel network of IT was more elastic and
is presumed to maintain structural stability and resistance to external forces
longer. The Ty of the O-samples were 68 - 69 °C showing similar thermal
stability. After two weeks the Ty of gels of IT and VI gels were increased by
2 and 4 °C, respectively. The Ty remained stable afterwards even if lower
G’ were observed. The loss tangent (tand) was 0.17 for gel of IT and 0.23
for gel of VI and the values remained stable during the first 8 weeks.

The properties of the gels were examined next time after one year.
After prolonged storage the G’ were 12.7 and 6.1 kPa for gels of IT and VI,
respectively. The G’ and tan 0 values were ~35 % of the O-sample indicating
that weakening of the gel network occurs slower after 8 weeks than during
the first 8 weeks after gel preparation. After one year the Ty was 63 and
65 °C for II and VI, respectively. The Ty were 3 - 5 °C lower than 0-
samples and 6 - 10 °C lower than the maximum T, values during the first 8
weeks. Two weeks after the gel preparation Ty of the gel of VI was slightly
higher than the gel of IT but after one year the gel of VI had lower thermal
stability. Generally, the gels were structurally and thermally very stable for
the 8 week period. By visual inspection no change in the gel structure or
exuded solvent were observed even after one year. By rheometry the gels
remain thermally stable even though the gels are weakened more in terms of
structural stability. Percentually the thermal stability decreased less than 10
% and the structural stability decreased 30 - 40 % during one year.

The gels of pyrene derived LMOGs proved to be extremely stable
against the effects of acceleration when sedimentation of the sample was
tested with a centrifuge. Only one droplet of solvent was released by cen-
trifuging a 2 ml 1-octanol gel of II and TNF at 30 mmol kg~! concentration
under 1000 g acceleration for one hour. For comparison 40 % of the kerosene
was released from jet fuel gel gelled with 5 wt-% fumed silica (Figure 3.24).

3.10 Spectroscopic properties and gelation ki-
netics

Gelator molecules I - XV are highly UV and fluorescence active and show
characteristic UV-visible absorption bands of pyrene. A very strong absorp-
tion band between 360 - 560 nm was observed when TNF was added to
solutions of pyrene derivatives in 1-decanol (Figure 3.25 A). Wavelengths
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Figure 3.24: Gels of IT and TNF in l-octanol (top) and 5 wt-% Aerosil 200
in kerosine JET Al (below) after 1h under 1000g acceleration.

below 550 nm are very strongly absorbed in the gel where a broad absorp-
tion band causes the red colour of the gels resulting from the charge transfer
complex in analogy to light harvesting antennas in bacteria and plants. The
hot sols were transparent over the entire range. UV-Vis spectra of the gels
exceeded the device range indicating too high a sample concentration (~15
mmol kg™!). However, lower gelator concentration could not be applied be-
cause no gel network is formed and no appreciable change in the spectrum
is observed.
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Figure 3.25: (A) UV-Vis spectrum of 1-decanol gel of IX at 25 °C (solid
curve) and hot sol at 80 °C (dashed curve). (B) Gelation kinetics of gelators
VI, IX - XI and XIII in 1-decanol by UV-Vis. The gelator concentration
was 16 mmol kg™ (A) and 30 mmol kg=! (B) including equimolar amounts
of pyrene derivative and TNF.
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The spectral data is shown here for pyrene based LMOGs including
various functional groups to illustrate the effect of the functional group. The
absorption and fluorescense maxima for the gel were at 480 nm which could
not be used in the kinetic measurements due to excessive absorption. Thus,
the gelation kinetic measurements for gels of VI, IX - XTI and XIII (Fig-
ure 3.25 B) were carried out at 550 nm in order to avoid saturation of the
measurement.

The absorbance at 550 nm increased strongly directly from the start
of the cooling process of a hot sol for gels of X and XI. The rapid increase
in absorbance for gels of VI, IX and XIII was observed but it occurred
after 40 - 90 s after the measurement started. The charge transfer band
is very sensitive to temperature and the absorbance reached the maximum
steady state value at the gelling point within 3 - 5 min for all gels. All
gelators form thermoreversible gels very fast unlike polymeric gelators, where
re-equilibration can take weeks. The effect of finite cooling rate is negligible
on this time scale because there was only a few seconds setup time before
the measurement was started. A kinetic plot showed that the fastest CT gel
formation occurs with gelators VI, X and XI (~3 min to steady maximum
absorption). The gel formation is somewhat slower (4 min) with gelators IX
and XIII containing hydroxyl groups at the alkyl chain end. The results
indicate that strong solvent-gelator interaction slows down CT gel formation
and such an interaction is generally more pronounced with gelators containing
functionality.

The absorbance of 1-decanol gel of X at 550 nm was followed during
both the heating and the cooling cycles and a systematic hysteresis was ob-
served (Figure 3.26 A). The hysteresis curve showed that upon cooling the
self-assembly of the gelator molecules enhances at 55 °C whereas melting of
the gel network begins at 35 °C during the heating. The hysteresis can be
ascribed to the rate of the sol-gel and gel-sol transitions, and its magnitude
depends on the cooling and heating rates. Small hysteresis effect was ob-
served despite of the fast cooling and heating rate (10 °C min~!) showing
the gels form and equilibrate fast. The hysteresis results are in accordance
with rheological temperature sweep experiments in which storage moduli
started to decrease generally around 40 °C (Figure 3.11).

The pyrene ring fluoresces strongly and shows five emission bands at
low concentrations. The third and first bands are highly sensitive to the po-
larity of the solvent. At higher concentrations pyrene is expected to show an
excimer band at 480 nm due to the formation of an excited state dimer. A
broad fluorescence band was observed at 450 - 520 nm with excitation wave-
length 336 nm. The UV-Vis and fluorescence experiments can give general
idea about gel properties even though measurements at higher concentra-
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Figure 3.26: (A) Gelation hysteresis of gelator X in 1-decanol by UV-Vis us-
ing 10 °C min~! heating (o) and cooling ( x) rate. (B) Fluorescence spectra of
1-decanol gel of IX at 25 °C (solid curve) and hot sol at 80 °C (dashed curve)
at 30 mmol kg~! total gelator concentration. The excitation wavelength was
336 nm.

tions are not recommended. The emissive properties of both sols and gels
were studied and showed a strong fluorescence (A4, at 480 nm) resulting
from the excited state complex with TNF (Figure 3.26 B). The fluorescent
intensity of the gels was temperature dependent. According to the fluores-
cence the 1-decanol gel of IX melts completely before 75 °C which agrees
with the UV-Vis and rheology results.

3.11 Thermoanalysis

The phase transitions of the 1-decanol gels of VI, IX and XTI were studied by
differential scanning calorimetry (DSC). The pyrene based LMOGs included
an alkyl chain without functionality (VI) and alkyl chains containing differ-
ent functionalities (IX and XI) to study the effect of the functional group.
The DSC profiles of the gels (Figure 3.27) show several exothermic transi-
tions along with the endothermic transition showing, that many structural
changes take place in the material during heating and the determination of
the transition enthalpy can be complicated. All gels showed gel-sol tran-
sition in the range of 60 - 80 °C. The shape of the DSC profile and the
gel-sol transition temperature depend on the functional group of the pyrene
derivative.

Gel of XTI and TNF (1:1) in 1-decanol showed repeatable endothermic
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Figure 3.27: DSC of 1-decanol gels of VI (solid curve), IX (dashed curve)

and XI (dotted curve) at 30 mmol kg~* total gelator concentration.

peak with transition enthalpy of +0.6 kJ mol™' which is significantly less
than the melting enthalpy of the neat gelator molecules, which were about
40 - 50 kJ mol~?! for the pyrene based LMOGs. The small enthalpy value
indicates that the observed endothermic transition corresponds to dissolution
of the gelators. This low enthalpies were at the limits of the instrument but
the measurements were reproducible. The thermal profiles shown are an
average of three separate measurements. The reasons for the exothermic
phase transitions are unclear and the gel-sol transition enthalpies for gels of
VI and IX could not be determined due to unexplained phase transitions.
The gel-sol transition temperature for the gels were determined by rheology
instead of DSC due to the unclear phase transitions of the DSC profiles.
Multiple phase transitions may be due to various modes of aggregation and
structural rearrangement.

As the energy changes by DSC are measured only at the end of the tran-
sitions, the gel has completely turned into a sol at the temperature where
the enthalpy changes are recorded. Hence, DSC is less suitable for investi-
gating structural changes in a gel. Rheology, inverted test tube and viscosity
measurements can detect much more subtle changes than a complete melt-
ing. Consequently, the gel-sol transition temperatures by these methods are
lower than those obtained from DSC.
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3.12 Xerogel and supramolecular structure

A dual structure was observed at larger scale in the electron micrograph of
the xerogel of XI and TNF (Figure 3.28). A dense gel network included
uniformly 50 nm thick gel fibers and evenly sized spherical clusters of 1.5 ym
in diameter. All gels showed fibrous structure but the diameter of the gel
fibers varied between 20 - 300 nm depending on the pyrene derivative. The
micrographs at higher resolution showed that the thicker gel fibers consist
of multiple thin fibers. A dual structure was observed in gels of gelators
including functional group in the alkyl chain, e.g. in gels of IX - XI and
XIII.

Figure 3.28: Electron micrograph of the xerogel of XI and TNF in 1-decanol.
Scale bar 200 nm.

The enthalpy of formation of the charge transfer complex of XI and
TNF was calculated at PM3 level of theory using Gaussian 033'° in gas phase
at 0 K. The energy of formation for a linear chain structure was -7.4 kJ mol ™!
(Figure 3.29). Another structure included hydrogen bonding between >C=0
and -NHNH, groups had very similar energy of formation (AHy = -7.6 kJ
mol™). In this structure the hydrogen bonds twist the chain structure into
a spherical or helical configuration and the 77 interaction between pyrene
and TNF is broken. The calculated minimum energy structures indicate that
the gelator chain can have two possible structures in the gel. This supports
the observation of the dual structure by SEM.

The calculated energy of formation is an order of magnitude greater
than measured gel-sol transition enthalpy of the CT gel of XI and TNF
(+0.6 kJ mol™!) by DSC. This suggests that the solvation enthalpy of the
gelator is almost as large as the enthalpy of formation of the chain, since
the DSC can only detect the difference of the two. Another possibility is,
that the entropy change is from gel to sol is relatively large causing a positive
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heat release and a smaller detected change of enthalphy than the calculations
suggest. As both mechanisms can be present simultaneously, it is not possible
to evaluate the magnitude of each of them. The magnitude of the measured
change of enthalpy is similar to a typical heat of solvation of organic molecules
into organic solvents, which indicates the gel to sol transition resembles a
dissolution of the components.
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Figure 3.29: Calculated minimum energy structures of XI and TNF: linear
m-m- configuration (left) and hydrogen bonded spheroid or helix (right).

Calculations on larger than dimeric aggregates were unsuccessful due
to the very flat potential energy surface and numerous local minima in these
systems. Crystallization attempts of the CT complexes failed and informa-
tion on the crystal structure is not available so far.

The atomic charges were fitted to reproduce the molecular electrostatic
potential at a number of points around the molecule using the Merz-Kollman-
Singh3"" (MKS) method. In the twisted structure the sum of atom charges
on TNF by MKS method was zero indicating that charge transfer does not
occur. In the linear chain structure the sum was -0.0055 electron charges
showing only a weak CT mechanism. Less than 5 % of the bonding energy
in the linear chain structure can be attributed to CT interaction the rest
being due to van der Waals bonding. According to the calculations, the CT
mechanism cannot be responsible for gelator chain formation nor the gel-
sol transition enthalphy observed. Generally, aromatic complexes show CT
bands but theoretical calculations indicate that charge transfer plays only a
minor role in the stability of the ground state of molecular complexes?%.

However, it may be necessary for self-assembly to first align the molecules
by m-7 interactions so that the short range multipolar field coulombic inter-
actions between individual atoms in the pyrene derivative and TNF can take
over. Atomic charges of TNF (£0.5 electron charges) and pyrene deriva-
tive (up to +0.3 electron charges) create much larger bonding energies than
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0.0055 total electron charge over the entire molecule despite of the larger
surface area. Atomic charges have a short effective range due to the multi-
polar electric field of the system while the 7-7 interactions have much longer
range.

In order for ideal atom-to-atom van der Waals bonding to occur, the
atoms have to be aligned in a way that a positively charged atom always
matches a negatively charged counterpart in the adjacent molecule. This
also explains why any even weakly electronegative substituent on the pyrene
inhibits gelation since it changes the order of negative and positive atoms
in the pyrene system. The match with TNF at the optimal CT complex
geometry is lost in addition to reduction of the m-electron density. Without
any alignment by the -7 mechanism, atoms could form van der Waals bonds
to each other at a random locations of the molecule and no ordered chains
of the molecules would be formed. If there is a longer range 7-7 interaction
available first guiding the molecules into a correct position, then every atom
can find a pair and the atom-to-atom forces can lock the pyrene and TNF
into a minimum energy configuration, which is otherwise difficult to attain
due to numerous other local energy minima in the system. If a solvent is
present, the van der Waals bonding energy will be even higher since there
is bonding between the alkyl chains via solvent molecules. The calculations
were carried out without solvent molecules present while DSC was carried out
with solvent producing approximately an order of magnitude lower enthalpy
than the calculations indicated.

The bonding energy of the twisted structure originates from hydrogen
bonding only unless the solvent is present generating van der Waals bridges
between the alkyl chains. This configuration alone cannot form gel fibers as
it has only one binding site but it can alter the linear gel fiber formation.
Hydrogen bonding at the end of the alkyl chain twists the pyrenes apart
despite of the flexibility available in the alkyl chain (Figure 3.29). Hydrogen
bonding between the functional groups of the alkyl chains must be prevented
to allow a 7-7 interaction and subsequent van der Waals bonding in the
gel fiber while the functional groups are needed for binding other materials.
The hydrogen bonding could be avoided by adding non-functionalized pyrene
derivative or pyrene to the gel to separate the hydrogen bonding groups
preventing mutual interactions as discussed in the Chapter 3.4.

3.13 Nanoparticles in gels

In recent years interest in nanoparticle-gel composites has increased due to
their possible applications as new materials with novel properties3!2. In many
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cases, the attention has been on gel network templated metal nanoparticle
synthesis in which low molecular weight gelator with functional group acts
as a capping agent and binds metal nanoparticles into the gel313318,

The effects of nanomaterial incorporation into the gel of pyrene derived
low molecular weight gelator was examined by mixing aluminum nanoparti-
cles with gelators. Vigorous sonication to disperse 100 nm aluminum nanopar-
ticles (AINP) heated the sample and additional heating to dissolve the gelator
components was not needed. It was found that IT and TNF did not form a
gel in 1-octanol in the presence of uncoated AINP’s. The self-assembly of the
gelators was prevented because the polar TNF was adsorbed on the surface
of the AINP’s.

A strong gel was formed when AINP’s were coated with decanoic or
stearic acid before mixing with the gelator components. Electron micrograph
showed that aluminum nanoparticles remained dispersed in the gel structure
(Figure 3.30). The rheological properties of the gels, including 1 wt-% of the
gelators, were altered only slightly when 10 wt-% coated AINP’s were added
to the gel (Table 3.16). A minor decrease was observed in the viscosity at 1,
10 and 100 s~! shear rates. The yield point of the gel was 14 - 17 Pa with
or without AINP’s in the gel. The flow points were 70 % lower but 20 - 40
% higher G values indicated that the strength of the gel network was
enhanced by AINP’s. The gel of 1-decylpyrene (II) was structurally more
stable when AINP’s were coated with decanoic acid so it may be beneficial
to use the same alkyl chain length in the coating agent as in the pyrene based
gelator.

Figure 3.30: SEM image of 1-octanol gel of IT and TNF including 10 wt-%
decanoic acid coated 100 nm aluminum nanoparticles. Scale bar 200 nm.

These results suggest that nanoparticles can be bound into the organogel
of pyrene derivatives if nanoparticles are first coated with functionalized
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Table 3.16: Influence of decanoic and stearic acid coated Al nanoparticles
(10 wt-%) on the storage modulus of the LVE range (G} ), the yield point
(1), the flow point (77) and the viscosity (n) at different shear rate of the
gel of TI. The total gelator concentration was 30 mmol kg™! (1 wt-%)

no metal  Al/Decanoic acid Al/Stearic acid

Glyp, kPa 6.7+ 1.3 9.6 + 1.0 7.9+ 0.9
7,, Pa 16 4 2 1743 14 4+ 3

7r, Pa 170 £ 30 60 £ 9 49 + 12
m, Pas 28 £ 7 24.7 + 1.4 35 £ 11
o, Pa s 24402  213+£0.13 1.7+0.3

oo, Pas  0.67 £0.04 0.504 £ 0.002 0.45 £ 0.03

pyrene derivative, such as IX, and TNF is added afterwards to achieve gela-
tion. In the preliminary tests the non-functionalized gelator II had to be
used due to the low amount of functionalized gelators available.



4 Conclusions

In this work, fifteen pyrene based functionalized and non-functionalized low
molecular weight organogelators were synthesized and characterized by spec-
troscopic techniques and elemental analysis. The gelation ability of the com-
pounds at room temperature were studied in various organic solvents and
the properties of the gels were investigated by rheometry, scanning electron
microscopy, differential scanning calorimetry, UV-Vis and fluorescence spec-
troscopy.

The compounds I - XV formed thermoreversible gels in the presence of
2,4,7-trinitrofluorenone (TNF) in alcohols due to non-covalent interactions.
The majority of the gels remained visually stable at least for two years. In
chloroform, ketones and aromatic solvents no gelation was observed at prac-
tically useful gelator concentrations and gelation in these solvents was not
studied further due to limited amount of gelators available. Aliphatic hydro-
carbons were not gelated due to the poor solubility of TNF. The polarity of
the solvent and the gelator solubility were found to govern the gelation ability
of the two-component gelator system. The minimum gelation concentration
decreased linearly when the polarity or the hydrogen bonding solubility pa-
rameter 0, of the solvent increased. Theoretical calculations indicated that
the self-assembly of the two-component gelator system is primarly driven
by m-m and charge-transfer (donor-acceptor) interactions between a pyrene
derivative and TNF, but most of the intramolecular binding energy can be
accounted to van der Waals forces.

The results suggest that it is possible to estimate the gelation ability of a
multi-component gelator system without experimental work. The previously
unknown solubility parameters of the gelator components and their charge
transfer complex were estimated by group contribution method. The solu-
bility of the components were further estimated by calculating their Hansen
distances to the solvent which showed that the polar TNF restricts the gela-
tion ability of the two-component gelator system in general. The gelation
abilities of the pyrene based LMOGs are closely related to the hydrogen
bonding solubility parameter of the solvent. The range of Hansen distances
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of II, TNF and their complex were determined for cases when a gelation
occurred. Any solvent or solvent mixture fulfilling requirements of R, (II)
< 22.3 MPa'/2, 20.0 MPa!/? < R,(TNF) < 23.5 MPa!/? and 12.6 MPa!/?
< R,(complex) < 18.7 MPa'/? should form a gel, provided no unaccounted
other effects are present such as m-m complexation with the solvent. Ap-
plication of the Hansen solubility parameters and distance can give a good
estimation for gelation behavior of the two-component gelator system in-
cluding both nonpolar and polar solvents. However, it seemed that gelation
behavior in highly nonpolar solvents can be better understood by using the
Hildebrand solubility parameter because of the restrictions of the Hansen
model in such solvents.

Rheological measurements indicated that the gels were viscoelastic soft
materials showing a shear thinning behavior and a yield point. The effect
of the solvent and the alkyl side chain length of the pyrene based LMOGs
were studied by preparing gels in primary alcohols with pyrene derivatives
with C; - Cyy alkyl side chain lengths. The mechanical strength, viscosity
and thermal stability of the gel depended strongly on the solvent polarity.
The thermal and structural stability of the gels increased with polarity and
hydrogen bonding solubility parameter d;, of the solvent. The solvent effect
was more significant with shorter alkyl side chain than longer ones.

The effect of the alkyl side chain length was found to be solvent de-
pendent. Generally, the mechanical strength of the gel decreased with an
increase in the length of the alkyl chain between C; - Ci5. However, the
strongest gels were obtained with alkyl chain length Co4 but these gels pre-
cipitated within a few days. At 1 and 10 s~! shear rates the viscosity was
independent of the alkyl chain between C; - Ci4 but increased with longer
alkyl chains. At higher shear rates the alkyl chain length effect disappeared
and generally the solvent and the alkyl chain length effect on viscosity de-
creased with increasing shear rate. The gel-sol transition temperature was
independent of the alkyl chain length between Cy( - C;g but increased below
C1o and decreased above Cig3. Remarkably, the thermal stability of the gels
decreased with elongation of the alkyl chain length. This result is opposite to
what has commonly been observed with low molecular weight organogelators.

New insights into relationship between the structure of the pyrene based
organogelators and the rheological properties of the gel were obtained by
combining SEM and rheological studies. Electron microscopy showed that
gel formation is due to self-assembly of the gelators into long fibers, which in
turn stick together to an entangled gel network structure. Solvent-gelator in-
teraction and the structure of the pyrene based gelator component affect the
structure of the gel network. Single gel fiber thickness was relatively indepen-
dent on the gelator but formation of gel fiber bundles and regularity of the gel
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network were gelator dependent. Gels with less gel fiber bundles and denser
gel network were more elastic and had higher viscosities. A gelator includ-
ing a functional group formed less elastic and thermally less stable gel and
had lower viscosity indicating that competing mechanisms over functional
groups disturb the gel network formation. The rheological properties of the
functionalized gels could be significantly improved by mixing them with a
non-functionalized gelator resulting to a three-component gelator system. A
small concentration of pyrene or a crosslinker as a third gelator component
was also found to increase both the elasticity and the thermal stability of
the gel. The gels were extremely stable to the effects of acceleration. During
one year the thermal stability of the gels decreased less than 10 % and the
structural stability 30 - 40 %.

Preparation of the aluminum nanoparticle doped gels showed that func-
tionalized pyrene based LMOGs can be used to stabilize and disperse metal
nanoparticles into the gel matrix. The results presented here show that
pyrene based organogelators in two- and three-component gelator systems
open wide possibilities to controlling the gel properties.



5 Experimental

5.1 Preparation of the gels

The pyrene based gelators were synthesized as described in Chapter 5.3 and
2,4,7-trinitrofluorenone (TNF) was purchased from Apin Chemicals Ltd, UK.
All solvents were of analytical grade and were used as received. The gels were
prepared by weighing equimolar amounts of a gelator and TNF into a vial
before the solvent was added. Molality was used to prepare gel samples
instead of widely used molarity. The determination of molality only requires
a good scale, because masses of both solvent and solute can be obtained by
weighing. Molality is independent of physical conditions like temperature
and pressure, providing advantages over molarity. By determining the gel
concentration based on molality makes the preparation of the gel samples
easier and more accurate.

A small magnet stirrer was added to samples prepared for the rheol-
ogy measurements before closing the vial and the solution was stirred and
heated in a oil bath, if necessary, up to the boiling point of the solvent, until
preferably both components were fully dissolved. The gel was formed when
the solution was allowed to cool down to room temperature.

5.2 Characterization of the gels

5.2.1 Rheology

Rheological properties were determined using a Haake Rheostress1 and Anton-
Paar Physica MCR-301 rheometers using a cone-plate (angle 2°, diameter 25
and 35 mm) and a plate-plate (diameter 50 mm) configurations. A minimum
of three parallel measurements were performed and the average of these was
used as the result and the standard deviation as error limits. The gel samples
were placed on the measuring plate with a Pasteur pipette as a hot solution
and after 5 min the measurement was started. Only exception to this sample
preparation procedure were the gel samples tested for gel stability. These
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samples could not be melted and they were placed on the measuring plate
with a spatula. The tests performed were oscillation frequency, stress ampli-
tude and temperature sweeps and flow curve measurement. The frequency
sweep experiments were carried out at a constant stress of 1 Pa. In the stress
amplitude sweep test the stress was increased from 1 to 1000 Pa using a
constant 1 Hz frequency at 25 °C. From stress amplitude sweep the linear
viscoelastic (LVE) region, the yield and flow points were determined. The
limiting value of the LVE region in terms of the shear stress corresponds to
the yield point and it was determined by using 5 % tolerance in the storage
modulus G’ value. The flow point corresponds the crossover point G = G”.

The thermal stability of the gels was determined by sweeping the tem-
perature from 10 to 80 °C at a rate of 1.2 °C min~! in oscillation mode using
a 1 Hz frequency and stress of 1 Pa. A cover was placed over the measure-
ment head and the gel-sol transition temperature (T,;) was determined by
sweeping the temperature upwards to minimize adsorption of moisture and
loss of solvent. The viscosity was determined by sweeping the shear rate from
0.001 to 1000 s~1) in 1 min at 25 °C. The total gelator molality of 70 mmol
kg™ (2.2 - 3.0 wt-% depending on the gelator) was used for temperature
sweeps and 30 mmol kg™! (1.1 - 1.3 wt-%) for stress amplitude sweeps and
flow curves. The different gel concentration in the temperature sweeps was
used in order to improve the signal to noise ratio in each case.

5.2.2 Scanning electron microscopy

Gel samples (1 - 3 mg) were melted on pieces of silicon wafers and dried at
room temperature for 3 days. Prior to imaging the samples were coated with
a thin layer of gold using Jeol Fine Coat Ion Sputter JFC-1100. A sputtering
time of 30 seconds was used with 1 kV voltage, 10 mA of current and 5 mbar
air as the gas medium producing an about 1 nm thick gold coating.

Micrographs were recorded with RAITH E-Line high resolution field
emission scanning electron microscope operating at 6 kV using 30 um aperture,
6 mm working distance and using ultra high vacuum (< 4 x 10~7 Torr) with
an Everhart Thornley in-lens detector.

5.2.3 Spectral characterization

UV-Vis and fluorescence spectra were measured with a Shimadzu UV-2100
UV-Vis spectrophotometer using a thermostated quartz cuvette with 10 mm
path length at 25 °C. The hysteresis studies were carried out with a heating
and cooling rate of 10 °C per minute.
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The kinetic experiments by UV-spectroscopy were carried out by trans-
ferring a 80 °C hot solution consisting of a gelator and TNF at 2:1 ratio into
a UV cuvette with path length of 1 mm maintained at 25 °C . Less TNF
than 1:1 ratio was used to prevent precipitation of any substance and to re-
duce the very high absorbance level. Absorbance at 550 nm was monitored
against time. Fluorescence spectra were measured using Perkin-Elmer LS-
50B luminescence spectrometer with a 10 mm path length quartz cuvette at
25 °C using 336 nm excitation wavelength.

5.2.4 Thermoanalysis

Thermal transitions for the gels were determined on power compensation type
Perkin-Elmer Pyris Diamond DSC. The measurements were carried out under
nitrogen atmosphere (flow rate 50 ml min~') using 50 ul sealed aluminum
sample pans. The gel samples were melted with a hot-air blower and placed as
a hot solution on a sample pan. Samples were allowed to cool down to room
temperature before sealing the sample pan. The temperature calibration
was made using indium and n-decane standards and energy calibration by
an indium standard (28.45 J g~'). Each sample (10 - 20 mg) was heated
from 25 to 100 °C with a heating rate of 20 °C/min. The uncertainty for
measured temperatures was less than 0.8 °C.

5.3 Syntheses and characterization data

All chemicals and solvents were used as received from sealed containers. 'H
and ¥C NMR NMR spectra were recorded on a Bruker Avance DRX 500 (500
and 126 MHz). The solvent peak for CDCl3 was adjusted to 7.26 ppm in 'H
NMR and to 77.0 ppm in 3C NMR at 30 °C. The IR spectra were recorded
on a Mattson Satellite FTIR spectrometer by using KBr pellets. The melt-
ing points were determined in open capillaries with a Stuart Scientific SMP3
melting point apparatus and are uncorrected. Mass spectra were measured
with Micromass LCT (electrospray MS) or with VG Autospec (electron im-
pact MS). The reference material used for high resolution mass spectroscopy
(HRMS) was leucine enkephalin acetate hydrate for ESI-MS and perfluoro-
kerosene for EI-MS. The elemental analyses were carried out with a VarioEL
ITT CHN elemental analyzer by using sample weights of 1 - 4 mg.

1-(pyren-1-yl)heptan-1-one (Ia): Heptanoyl chloride (7.35 g, 0.05 mol)
was mixed with pyrene (10 g, 0.05 mol) and 1,2-dichloroethane (DCE, 120
ml). The mixture was cooled below 5 °C in a ice bath while adding dropwise
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TiCly (0.15 mol). After stirring overnight at RT 100 ml water was added
into the dark lilac mixture. From the mixture 13 g of DCE layer was sep-
arated, water (15 ml) was added and refluxed for 30 min before DCE was
distilled off. The product was extracted in 3 hours into hexane (300 ml) in a
Soxhlet. The hexane was evaporated to 100 ml and left to crystallize at RT.
The crystallized product was purified further by flash chromatography using
a gradient of CHCl3/Hexane (30:70 to 70:30) to give pale yellow solid (0.96
g, 93 % yield); mp 82-83 °C; IR (KBr): 2941, 2916, 2868, 2854, 1672, 1593,
1504, 1466, 1379, 1250, 1234, 1207, 1178, 849 and 719 cm™!; '"H NMR (500
MHz, CDCl3): 0.91 (3H, t), 1.30-1.40 (4H, m), 1.47 (2H, m), 1.87 (2H, q),
3.20 (2H, t), 8.02-8.32 (8H, m) and 8.86 (1H, d, J 9.3 Hz) ppm; *C NMR
(126 MHz, CDClg): 14.0, 22.5, 25.0, 29.1, 31.7, 42.7, 124.0, 124.4, 124.8,
125.0, 125.92, 125.93, 126.1, 126.3, 127.1, 129.2, 129.3, 129.4, 130.6, 131.1,
133.1, 133.6 and 205.4 ppm; LRMS: m/z 314 (M™); Elemental anal. caled
for Co3HoO: C, 87.86; H, 7.05. Found: C, 87.73; H, 7.03 %.

1-heptylpyrene (I): Water-DCE mixture from Ia synthesis was refluxed
for 30 min before DCE layer was distilled off. Digol (200 ml) was added
and water was distilled off before adding KOH (0.19 mol). The mixture was
heated to 190 °C under nitrogen atmosphere. Hydrazine monohydrate (0.14
mol) was added slowly keeping temperature at 190-200 °C overnight. Gases
were flushed with nitrogen until temperature was 225 °C. The mixture was
cooled to 50 °C and the product was extracted into 5 x 200 ml hexane, filtered
through silica and dried over MgSO,. The extracts were left to crystallize
at RT. Filtering and crystallization processes were repeated several times to
obtain pure white solid (7.08 g, 51 % yield); mp 85-86 °C; IR (KBr): 2947,
2924, 2854, 1468, 837 and 710 cm~'; 'H NMR (500 MHz, CDCls): 0.90 (3H,
t), 1.26-1.36 (4H, m), 1.40 (2H, q), 1.50 (2H, q), 1.86 (2H, q), 3.34 (2H, t),
7.87 (1H, d, J 7.7 Hz), 7.96-8.18 (6H, m) and 8.29 (1H, d, J 9.2 Hz) ppm;
13C NMR (126 MHz, CDCl3): 14.1, 22.7, 29.3, 29.8, 31.9, 32.0, 33.6, 123.5,
124.6, 124.7, 124.8, 125.11, 125.12, 125.7, 126.5, 127.1, 127.2, 127.5, 128.6,
129.7, 131.0, 131.5 and 137.4 ppm; LRMS: m/z 300 (M"); Elemental anal.
caled for Cy3Hyy: C, 91.95; H, 8.05. Found: C, 91.83; H, 8.11 %.

1-(pyren-1-yl)decan-1-one (IIa): Decanoic acid (86 g, 0.5 mol) was first
treated with excess of thionyl chloride (300 ml, 4.2 mol) and refluxed for 3-4
h. Excess of SOCl, was removed by distillation under reduced pressure. The
decanoyl chloride (95 g, 0,5 mol) was mixed with pyrene (101 g, 0.5 mol) and
DCE (1200 ml). To this mixture was added TiCly (150 g, 0.75 mol) drop-
wise with stirring in ice bath below 5 °C during the addition. The brown
complex formed was stirred for further 16 h at RT. The brown complex was



5.3. Syntheses and characterization data 105

cleaved by the addition of water and DCE was distilled off. The product was
extracted into chloroform in a Soxhlet (1500 mL) and washed with water,
saturated sodium bicarbonate (2 x 100 mL) and finally with water. The
chloroform layer was dried over anhydrous MgSO, and concentrated under
reduced pressure. The crude material was purified by recrystallization from
hexane/chloroform 99/1. The pure product (156 g, 84 %) was isolated as yel-
low solid; m.p. 59-61 °C; IR (KBr): 3045, 2920, 1594, 1506, 1466, 1413, 1382,
1254, 1218, 1182, 1063, 958, 842 and 714 cm~!; 'H NMR (500 MHz, CDCl;):
0.88 (3H, t, J 7.0 Hz), 1.29 (10H, m), 1.46 (2H, m), 1.87 (2H, q, J 7.5 Hz),
3.20 (2H, t, J 7.5 Hz), 7.97 - 8.35 (8H, m) and 8.86 ppm (1H, d, J 9.5 Hz);
13C NMR(126 MHz, CDCl3): 14.06, 22.64, 25.03, 29.26, 29.43, 29.46, 29.49,
31.86, 42.74, 123.99, 124.40, 124.84, 124.92, 125.05, 125.91, 125.92, 126.13,
126.34, 127.08, 127.37, 129.23, 129.33, 129.41, 130.61, 131.13, 133.08, 133.54
and 205.44 ppm; HRMS (TOF-ES+): m/z 357.2237 (Calc. for CysHosO +
H: 357.2216); Elemental anal. caled for CosHogO: C, 87.60; H, 7.92. Found:
C, 87.96; H 7.86 %.

1-decylpyrene (II): 1-(pyren-1-yl)decan-1-one IIa (148 g, 0.4 mol) and
KOH (90 g, 1.6 mol) were mixed with digol (800 ml) and warmed to 180
°C. The solution turned brownish in color. To this solution hydrazine mono-
hydrate (40 ml, 0.8 mol) was added slowly keeping temperature at 190-200
°C under nitrogen atmosphere for 12 h. Finally, the temperature was slowly
raised to 220 °C. All the vapours were flushed out with nitrogen flow. The
mixture was cooled to 50 °C. The product was extracted into 3 x 1000 ml
hexane, which were filtered through 50 g of silica and dried over anhydrous
MgSO,. The combined extracts were evaporated to 1000 ml volume and left
to crystallize over 3 days at RT. Additional crop was obtained by evaporat-
ing the hexane down to 400 ml and crystallizing overnight with seed crystals
from the first batch. The pure product (125 g, 88 %) was obtained as bright
yellow solid; m.p. 69-71 °C; IR (KBr): 3039, 2954, 2917, 2850, 1463, 961,
841, 824, 760, 722, 707, 680 and 625 cm~*; 'H NMR, (500 MHz, CDCl3): 0.88
(3H, t), 1.2-1.35 (10H, m), 1.38 (2H, m), 1.50 (2H, q), 1.85 (2H, q), 3.33 (2H,
q), 7.87 (1H, d, J 8.0 Hz), 7.97-8.20 (7TH, m) and 8.29 ppm (1H, d, J 9.0
Hz); 13C NMR (126 MHz, CDCls): 14.10, 22.68, 29.34, 29.60, 29.636, 29.644,
29.84, 31.91, 31.93, 33.60, 124.57, 124.73, 124.75, 125.107, 125.114, 125.70,
126.44, 127.04, 127.19, 127.52, 128.62, 129.70, 130.97, 131.48 and 137.35
ppm; HRMS (70 eV, EI): m/z 342.2355 (Calc. for CysHsp: 342.2348); El-
emental anal. caled for CogHszp: C, 91.17; H 8.83. Found: C, 91.09; H 8.92 %.

1-dodecylpyrene (III): Synthesis and characterization from ref. 85; mp
72-73 °C; IR (thin film): 1465 and 840 cm™!; 'H NMR (300 MHz, CDCly):
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0.88 (3 H, t, J 6.8 Hz), 1.26-1.37 (16 H, m), 1.37 (2 H, q, J 7.5 Hz), 1.49 (2
H, m), 3.33 (2 H, t, J 7.7 Hz), 7.87 (1 H, d, J 7.8 Hz), 8.02 (2 H, m), 8.17
(5 H, m) and 8.29 (1 H, d, J 9.3 Hz); *C NMR (75 MHz, CDCl3): 22.07,
99.36, 29.61, 29.65, 29.68, 29.85, 31.93, 31.98, 33.64, 123.55, 124.59, 124.76,
124.77, 125.08, 125.74, 126.46, 127.07, 127.25, 127.54, 129.68, 130.96, 131.47
and 137.39 ppm; LRMS: m/z 384 (M™); Elemental anal. calcd for CogHsy:
C, 90.75; H, 9.25. Found: C, 90.95; H, 9.33 %.

1-(pyren-1-yl)tridecan-1-one (IVa): Tridecanoic acid (21.4 g, 0.1 mol)
was treated with excess of thionyl chloride (60 ml, 0.84 mol) and refluxed for
3 hours. Excess of SOCly was removed by distillation under reduced pressure.
The acid chloride was mixed with pyrene (0.05 mol) and 1,2-dichloroethane
(DCE, 120 ml). The mixture was cooled below 5 °C in a ice bath while
adding dropwise TiCly (0.13 mol). After stirring overnight at RT 100 ml
water was added into the dark brown mixture and 10 % of DCE layer was
separated for purification and analyses. Water was added and refluxed for
30 min before DCE was distilled off. The product was extracted into hexane
(300 ml) in a Soxhlet overnight. The hexane was evaporated to 40 ml and
left to crystallize at RT. The crystallized product was purified further on a
silica column using 40/60 CHCl3/Hexane as an eluent to give pure bright
yellow solid (1.37 g, yield 69 %); mp 64-65 °C; IR (KBr): 2918, 2845, 1672,
1464, 1211, 1173, 850 and 719 cm~'; 'H NMR (500 MHz, CDCl5): 0.90 (3H,
t), 1.22-1.41 (16H, m), 1.46 (2H, q), 1.87 (2H, q), 3.19 (2H, t), 8.10-8.30 (8H,
m) and 8.87 (1H, d, J 9.3 Hz) ppm; *C NMR (126 MHz, CDCl3): 14.1, 22.7,
25.0, 29.4, 29.46, 29.52, 29.53, 29.63, 29.65, 29.7, 31.9, 42.7, 124.0, 124.4,
124.9, 125.0, 125.92, 125.95, 126.1, 126.3, 127.1, 129.25, 129.33, 129.4, 130.6,
131.1, 133.1, 133.6 and 205.4 ppm; LRMS: m/z 398 (M"); Elemental anal.
caled for CogHs,O: C, 87.39; H, 8.46. Found: C, 87.15; H, 8.69 %.

1-tridecylpyrene (IV): The rest of DCE layer from 1-(pyren-1-yl)tridecan-
1-one ITVa synthesis was refluxed for 30 min and water layer was removed.
Digol (80 ml) was added and DCE was distilled off before adding KOH (0.18
mol). The mixture was heated to 200 °C under nitrogen atmosphere. Hy-
drazine monohydrate (0.093 mol) was added slowly keeping temperature at
180 °C overnight. Temperature was raised to 220 °C before mixture was
cooled to 50 °C and the product was extracted into 7 x 150 ml hexane and
filtered through silica and dried over MgSO4. The combined extracts were
evaporated to 100 ml and left to crystallize at RT. The product was ob-
tained as a white solid (4.7 g, yield 26 %); mp 67-69 °C; IR (KKBr): 2953,
2916, 2868, 2848, 1462 and 839 cm™!'; 'H NMR (500 MHz, CDCl3): 0.88
(3H, t), 1.19-1.34 (16H, m), 1.38 (2H, q), 1.49 (2H, q), 1.86 (2H, q), 3.34
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(2H, t), 7.87 (1H, d, J 7.8 Hz), 7.96-8.18 (7H, m) and 8.29 (1H, d, J 9.2 Hz)
ppm; 3C NMR (126 MHz, CDCly): 14.1, 22.7, 29.4, 29.60, 29.64, 29.7, 29.8,
31.9, 32.0, 33.6, 123.5, 124.6, 124.75, 124.77, 125.1, 125.7, 126.5, 127.1, 127.2,
127.5, 128.6, 129.7, 131.0, 131.5 and 137.4 ppm; LRMS: m/z 384 (M™*); Ele-
mental anal. calcd for CogHszg: C, 90.57; H, 9.43. Found: C, 90.84; H, 9.46 %.

1-(pyren-1-yl)hexadecan-1-one (Va): Modified from Babu’s procedure®.
Palmitic acid (8.2 g, 0.032 mol) was treated with excess of thionyl chloride
(60 ml, 0.84 mol) and refluxed for 3 hours. Excess of SOCI, was removed by
distillation under reduced pressure. The acid chloride was mixed with pyrene
(0.029 mol) and DCE (70 ml). The mixture was cooled below 5 °C in a ice
bath while adding dropwise TiCly (0.054 mol). After stirring overnight at RT
100 ml water was added into the dark brown mixture. Water was added and
refluxed for 30 min before DCE was distilled off. Water was removed and the
product was extracted into hexane (300 ml) in a Soxhlet overnight. 10 % of
hexane solution was left to crystallize at RT. The crystallized product was
purified further on a silica column using 30/70 CHCl;/Hexane as an eluent
to give pure pale yellow solid (0.89 g, yield 70 %); mp 70-71 °C [Babu: 60-61
°Cl; IR (KBr): 2954, 2913, 2848, 1672, 1471, 845 and 715 em~%; 'H NMR
(500 Mz, CDCl5): 0.88 (3T, t), 1.21-1.40 (2211, m), 1.46 (2M, q), 1.86 (211,
q), 3.21 (2H, t), 8.04-8.33 (8H, m) and 8.86 (1H, d, J 9.4 Hz) ppm; *C NMR
(126 MHz, CDCly): 14.1, 22.7, 25.0, 29.3, 29.4, 29.49, 29.50, 29.60, 29.64,
20.7, 31.9, 42.8, 124.0, 124.4, 124.9, 125.1, 125.9, 126.2, 126.4, 127.1, 129.3,
129.36, 129.43, 130.6, 131.2, 133.1, 133.6 and 205.5 ppm; LRMS: m/z 440
(M™T); Elemental anal. caled for CsoHyoO: C, 87.22; H, 9.15. Found: C,
86.79: H, 9.20 %.

1-hexadecylpyrene (V): Modified from Babu’s procedure®. The hexane
solution from 1-(pyren-1-yl)hexadecan-1-one Va synthesis was distilled down
to 70 ml before digol (200 ml) was added and the rest of hexane was distilled
off before adding KOH (0.10 mol). The mixture was heated to 200 °C under
nitrogen atmosphere. Hydrazine monohydrate (2.7 ml, 0.05 mol) was added
slowly keeping temperature at 180 °C overnight. Temperature was raised to
220 °C before mixture was cooled to 50 °C and the product was extracted
into 7 x 150 ml hexane and filtered through silica and dried over MgSQO,.
The combined extracts were evaporated to 100 ml and left to crystallize at
RT. The crystallized product was purified further on a silica column using
99.95/0.05 Hexane/THF as an eluent to give pure white solid (5.9 g, yield
53 %); mp 82-83 °C [Babu: 79-80 °C|; IR (KBr): 2953, 2916, 2848, 1464,
841, 723 and 706 cm™!; 'H NMR (500 MHz, CDCl3): 0.88 (3H, t), 1.22-1.34
(22H, m), 1.38 (2H, q), 1.49 (2H, q), 1.86 (2H, q), 3.34 (2H, t), 7.87 (1H, d,
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J 7.7 Hz), 7.96-8.19 (7H, m) and 8.29 (1H, d, J 9.2 Hz) ppm; *C NMR (126
MHz, CDCl3): 14.1, 22.7, 29.3, 29.59, 29.63, 29.65, 29.67, 29.69, 29.8, 31.92,
31.95, 33.6, 123.5, 124.6, 124.75, 124.76, 125.1, 125.7, 126.5, 127.1, 127.2,
127.5, 128.6, 129.7, 131.0, 131.5 and 137.4 ppm; LRMS: m/z 426 (M*); Ele-
mental anal. calcd for C3aHyo: C, 90.08; H, 9.92. Found: C, 89.53; H, 9.92 %.

1-(pyren-1-yl)octadecan-1-one (VIa): Stearic acid (4 g, 14.1 mmol) was
first treated with excess of thionyl chloride (2.5 g, 21.2 mmol) and refluxed
for 3-4 h. Excess of SOCly; was removed by distillation. The stearoyl chloride
(3.6 g, 11.9 mmol) was mixed with pyrene (2.0 g, 9.9 mmol) and DCE (10
ml). To this mixture was added TiCly (2.25 g, 11.9 mmol) dropwise with
stirring over ice bath. The temperature was maintained below 5 °C during
the addition. The brown complex formed was stirred for further 12 h. The
brown complex was cleaved by the addition of water and dilute HCI. The
product was extracted into DCM (20 mL) and washed with saturated sodium
bicarbonate (2 x 85 mL), dil. HCI and finally with water. The DCM layer
was dried over anhydrous NaySO, and concentrated under reduced pressure.
The crude material was purified further by chromatography over Merck 60
silica gel using DCM-hexane (1:9) as eluent. The pure product (3.25 g, 70
%) was isolated as yellow solid; m.p. 74-76 °C; IR (KBr): 2953-2849, 1672,
1471, 843 and 716 cm~'; 'H NMR (250 MHz, CDCl3): 0.88 (3H, t, J 6.8 Hz),
1.25 (30H, br s), 1.86 (2H, m), 3.21 (2H, t, J 7.5 Hz), 8.00-8.33 (8H, m) and
8.87 (1H, d, J 9.3 Hz) ppm; 13C NMR (63 MHz, CDCl3): 14.11, 22.69, 25.03,
29.36, 29.44, 29.50, 29.62, 29.66, 29.70, 31.93, 42.73, 123.99, 124.40, 124.84,
125.04, 125.92, 126.13, 126.34, 127.08, 129.24, 129.33, 129.42, 130.60, 131.12,
133.05, 133.54 and 205.43 ppm; HRMS (70eV, EI): m/z 469.3383 (Calc. for
C34Hy40: 469.3426); Elemental anal. caled for C34Hy4O: C, 87.12; H, 9.46.
Found: C, 87.09; H, 9.47 %.

1-octadecylpyrene (VI): 1-(pyren-1-yl)octadecan-1-one VIa (0.5 g, 1.07
mmol) was mixed with KOH (0.36 g, 6.4 mmol) and digol (2 mL) and warmed
to 110 °C. The hydrazine hydrate was then added dropwise to the above stir-
ring mixture. This was stirred at 120 °C for 2-3 h. The temperature of the
reaction was raised to 200 °C. After 1 h the reaction mixture was cooled to
room temperature. The mixture was acidified with dil. HCI till neutral to
litmus. The product was extracted in to chloroform and washed with satu-
rated sodium bicarbonate (2 x 85 mL), dil. HCI and finally with water. The
DCM layer was dried over anhydrous Nay;SO, and concentrated under re-
duced pressure. The crude material was purified further by chromatography
over Merck silica 60 using hexane as eluent. The pure product (0.34 g, 70
%) was isolated as white solid; m.p. 83-84 °C; IR (KBr): 3039, 2965-2849,
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1463 and 840 cm™'; 'H NMR (250 MHz, CDCIl3): 0.89 (3H, t, J 6.8 Hz),
1.26 (30H, br s), 1.85 (2H, m), 3.34 (2H, t, J 7.5 Hz), 7.87 (1H, d, J 7.8
Hz), 7.95-8.18 (TH, m) and 8.29 (1H, d, J 9.3 Hz) ppm; *C NMR (63 MHz,
CDCly): 14.11, 22.70, 29.37, 29.61, 29.71, 29.85, 31.94, 33.62, 123.54, 124.59,
124.75, 125.12, 125.73, 126.46, 127.06, 127.23, 127.54, 128.63, 129.70, 130.98,
131.49 and 137.38 ppm; HRMS (70eV, EI): m/z 454.3595 (Calc. for CsyHyg:
454.3599); Elemental anal. caled for C3yHyg: C, 89.80; H, 10.19. Found: C,
89.57; H, 10.27 %.

1-(pyren-1-yl)tetracosan-1-one (VIIa): Tetracosanoic acid (3.5 g, 9.5
mmol) was treated with excess of thionyl chloride (60 ml, 0.84 mol) and
refluxed for 3 hours. Excess of SOCIl, was removed by distillation under re-
duced pressure. Tetracosanoic acid chloride and pyrene (1.7 g, 8.55 mmol)
were dissolved separately in 35 ml of DCE before they were mixed. The mix-
ture was cooled below 5 °C in a ice bath while adding dropwise TiCl, (14.3
mmol). After stirring overnight at RT 50 ml water was added and refluxed
for 30 min before DCE was distilled off. Water was removed and the product
was extracted into hexane (300 ml) in a Soxhlet overnight. 200 ml of hexane
was removed by distillation and the product was left to crystallize at RT.
The crystallized product was purified further on a silica column using 40/60
CHCl3/Hexane as an eluent to give pure pale yellow solid (2.48 g, yield 52 %);
mp 83-84 °C; IR (KBr): 2918, 2848, 1678, 1471, 1464, 847 and 717 cm~%; 'H
NMR. (500 MHz, CDCl3): 0.88 (3H, t), 1.18-1.40 (38H, m), 1.46 (2H, q), 1.86
(2H, q), 3.21 (2H, t), 8.03-8.34 (8H, m) and 8.86 (1H, d, J 9.3 Hz) ppm; 3C
NMR (126 MHz, CDCl3): 14.1, 22.7, 25.0, 29.35, 29.44, 29.49, 29.51, 29.61,
29.65, 29.70, 31.9, 42.8, 124.0, 124.4, 124.9, 125.1, 125.9, 126.2, 126.4, 127.1,
129.26, 129.37, 129.44, 130.6, 131.2, 133.1, 133.6 and 205.5 ppm; LRMS: m/z
552 (M™); Elemental anal. calcd for CyHs60 + %HQO: C, 85.50; H, 10.23.
Found: C, 85.37; H, 10.18 %.

1-tetracosylpyrene (VII): 1-(pyren-1-yl)tetracosan-1-one VIIa (2.2 g, 4.0
mmol) and KOH (1.0 g) were dissolved in digol (200 ml). The mixture was
heated to 200 °C under nitrogen atmosphere. Hydrazine monohydrate (0.5
ml) was added slowly keeping temperature at 180 °C overnight. Temperature
was raised to 220 °C before mixture was cooled to 50 °C and the product was
extracted into 5 x 300 ml hexane and 45 g silica was added. Silica was fil-
trated before hexane was concentrated to 300 ml and left to crystallize at RT.
The crystallization process was repeated with 500 ml hexane and finally the
crystallized product was purified further on a silica column using 99.95/0.05
Hexane/THF as an eluent to give white solid (1.31 g, yield 61 %); mp 92-93
°C; IR (KBr): 2951, 2918, 2848, 1473, 1464, 841, 721 and 708 cm™'; '"H NMR
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(500 MHz, CDCly): 0.88 (3H, t), 1.21-1.34 (38H, m), 1.38 (2H, q), 1.49 (2H,
q), 1.86 (2H, q), 3.34 (2H, t), 7.87 (1H, d, J 7.7 Hz), 7.96-8.20 (7H, m) and
8.29 (1H, d, J 9.3 Hz) ppm; *C NMR (126 MHz, CDCl3): 14.1, 22.7, 29.4,
99.59, 29.63, 29.65, 29.67, 29.69, 29.71, 29.8, 31.93, 31.95, 33.6, 123.5, 124.6,
124.75,124.77,125.12, 125.13, 125.73, 126.5, 127.1, 127.2, 127.5, 128.6, 129.7,
131.0, 131.5 and 137.4 ppm; LRMS: m/z 538 (M™); Elemental anal. calcd
for CyoHsg: C, 89.15; H, 10.85. Found: C, 88.49; H, 10.81 %.

4-ox0-4-(pyren-1-yl)butanoic acid (VIIIa): Succinic acid (04 g, 3.4
mmol) was refluxed with excess of acetic anhydride (5 mL) for 10 h. After
the reaction acetic anhydride and acetic acid were removed by distillation.
A mixture containing pyrene (0.5 g, 2.5 mmol) and above succinic anhydride
(about 0.39 g, 3 mmol) were dissolved in DCE (3 mL) and kept for stirring
on ice bath. To this stirring solution TiCly (0.56 g, 3 mmol) was added
dropwise for 5 min and the stirring was continued for 24 h. The complex
was hydrolyzed by the addition of water and dil. HCI. The product formed
was extracted into EtOAc (15 mL) and washed with water (2 x 5 mL). The
organic layer was dried over anhydrous NaySO, and concentrated under re-
duced pressure. The final product was further purified by chromatography
over Merck silica 60 using acetone-DCM (1:9) as eluent. The pure product
(0.51 g, 68 %) was obtained as pale yellow crystalline solid; m.p. 184-185 °C;
IR (KBr): 3453, 1695, 1665 and 842 cm™'; 'H NMR/(250 MHz, DMSO-d6):
2.76 (2H, t, J 6.0 Hz), 3.49 (2H, t, J 6.0 Hz), 8.12-8.43 (7H, m), 8.57 (1H, d,
J 8.3 Hz) and 8.77 (1H, d, J 9.5 Hz) ppm; *C NMR (63 MHz, DMSO-d6):
28.55, 36.92, 123.47, 123.96, 124.44, 125.97, 126.39, 126.44, 126.72, 127.15,
128.12, 129.14, 129.29, 129.94, 130.63, 132.48, 133.01, 173.89 and 203.18
ppm; HRMS (TOF-ES-): m/z 301.0365 (Calc. for CyoH1305 -H: 301.0865);
Elemental anal. caled for CyoH1303 + 1/4 HyO: C, 78.55; H, 4.28. Found:
C, 78.80; H, 4.52 %.

4-(pyren-1-yl)butanoic acid (VIII): To a reaction mixture containing
4-0x0-4-(pyren-1-yl)butanoic acid VIIIa (0.5 g, 1.65 mmol), digol (2.0 mL)
and KOH (0.74 g, 13.2 mmol) at 110 °C was added hydrazine monohydrate
(0.83 g, 16.5 mmol) slowly and stirred for 2 h at 120 °C. The temperature
of the reaction was increased to 180 °C with continued stirring for at least
50 minutes. The reaction mixture was poured into ice bath and acidified till
neutral to litmus and extracted with ethyl acetate (15 mL, 3 x 5 mL). Organic
layer washed with water (2 x 5 mL) and dried over anhydrous NasSO,4. The
crude product was further purified by column chromatography over Merck
silica 60 using acetone-DCM (5:95) as eluent. The final product (0.31 g, 65
%) was obtained as pale yellow solid; m.p. 182-183 °C; IR (KBr): 3433,
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2920, 2845, 1701 and 843 cm~"; 'H NMR (250 MHz, CDCly): 2.22 (2H, m),
2.52 (2H, t, J 7.0 Hz), 3.43 (2H, m), 7.87 (1H, d, J 7.8 Hz), 7.95-8.20 (7H,
m) and 8.30 (1H, d, J 9.3 Hz) ppm; *C NMR (63 MHz, CDCl3): 26.53,
32.68, 33.27, 123.25, 124.83, 124.86, 124.97, 125.03, 125.17, 125.88, 127.37,
127.50, 128.79, 130.09, 130.94, 131.46, 135.49 and 177.69 ppm; HRMS (706V,
EI): m/z 288.1145 (Calc. for CyoH1602: 288.1150); Elemental anal. caled
for CooHi1609 + 1/2 HyO: C, 80.84; H, 5.76. Found: C, 80.41; H, 5.42 %.

12-0x0-12-(pyren-1-yl)dodecanoic acid (IXa): Dodecanedioic acid (23
g, 0.1 mol) was first treated with excess of thionyl chloride (50 ml, 0.7 mol)
and refluxed for 3-4 h. Excess of SOCly; was removed by distillation under
reduced pressure. The dodecanedioic chloride was used without further pu-
rification. To a reaction mixture containing pyrene (10 g, 49.5 mmol) and
dodecanedioic chloride (14 g, 52.4 mmol) in DCE (20 mL) was cooled in an
ice bath for 15 min. To this stirring solution TiCly (5.7 g, 52 mmol) was
added dropwise for 20 min. The dark brown complex formed was allowed
to warm to room temperature. The stirring was continued until the starting
material disappeared by TLC. The complex was cleaved by the addition of
water and the product was extracted into CHCl;. Washed with water (2 x
5 mL) and dried over anhydrous NaySO4. The solvent was removed under
reduced pressure. The product was further purified by chromatography over
Merck silica 60 using acetone-DCM (1:9) as eluent. The pure product (5.0
g, 25 %) was obtained as pale yellow solid; m.p. 116-117 °C ; IR (KBr):
3425, 3043, 2924, 2889, 2848, 1716, 1666 and 843 cm~'; 'H NMR (250 MHz,
DMSO-d6): 1.18 (10H, br s), 1.26-1.45 (4H, m), 1.71 (2H, m), 2.14 (2H, ¢, J
7.5 Hz), 3.22 (2H, t, J 7.0 Hz), 8.09-8.39 (7H, m), 8.50 (1H, d, J 8.0 Hz) and
8.70 (1H, d, J 9.3 Hz) ppm; ¥C NMR (63 MHz, DMSO-d6): 24.38, 24.48,
28.52, 28.61, 28.68, 28.79, 28.83, 33.67, 42.00, 123.56, 124.06, 124.36, 124.47,
125.99, 126.43, 126.45, 126.77, 127.20, 128.15, 129.22, 129.27, 129.99, 130.68,
132.88, 132.96, 174.51 and 205.09 ppm; HRMS (TOF-ES-): m/z 413.2171
(Calc. for CogHgoO3 -H: 413.2117); Elemental anal. caled for CogHgoO3 + 14
H,0O: C, 50.43; H, 8.76. Found: C, 50.27; H, 8.20 %.

12-(pyren-1-yl)dodecanoic acid (IX): 12-oxo-12-(pyren-1-yl)dodecanoic
acid IXa (0.3 g, 0.7 mmol) and KOH (0.3 g, 5.5 mmol) were mixed with
digol (1 mL) and warmed to 110 °C the solution turned brownish in color.
To this solution hydrazine monohydrate was added slowly and stirred at 120
°C for 2-3 h. Then the temperature was slowly raised to 200 °C. All the
vapours were allowed to escape out under nitrogen flow. The mixture was
cooled to room temperature and acidified with dil. HCI till neutral to lit-
mus. The product was extracted into EtOAc, washed with water (2 x 5 mL)
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and dried over anhydrous Nay;SO4. The crude product was concentrated to
dryness under reduced pressure. The product was further purified by chro-
matography over Merck silica 60 using acetone-DCM (5:95) as eluent. The
pure product (0.19 g, 67 %) was obtained as pale yellow solid; m.p. 110-111
°C; IR (KBr): 3435, 2921, 2846, 1705 and 844 cm~!; 'H NMR (500 MMz,
CDCly): 1.27 (10H, br s), 1.38 (2H, t, J 7.5 Hz), 1.49 (2H, q, J 7.5 Hz),
1.63 (2H, q, J 7.5 Hz), 1.86 (2H, q, J 8.0 Hz), 2.34 (2H, t, J 7.5 Hz), 3.34
(2H, t, J 8.0 Hz), 7.87 (1H, d, J 8.0 Hz), 7.96-8.17 (7H, m) and 8.29 (1H,
d, J 9.5 Hz) ppm; 3C NMR (126 MHz, CDCly): 24.67, 29.03, 29.19, 29.38,
99.54, 29.55, 29.56, 29.79, 31.92, 33.60, 33.88, 123.53, 124.59, 124.75, 124.76,
125.10, 125.11, 125.73, 126.45, 127.06, 127.23, 127.53, 128.62, 129.70, 130.97,
131.48, 137.35 and 179.21 ppm; HRMS (TOF-ES-): m/z 399.2137 (Calc. for
CogH3209 -H: 399.2324); Elemental anal. calcd batch 1 for CogHzo05-+H50:
C, 80.35; H, 8.18. Found: C, 80.52; H, 7.72 %; batch 2 for CogH3000+ 1/2
H,0: C, 82.20; T, 8.12. Found: C, 82.58; I, 7.96 %.

Methyl-12-(pyren-1-yl)dodecanoate (X): 12-(pyren-1-yl)dodecanoic acid
IX (0.3 g, 0.75 mmol) was added to a solution containing 2 mL MeOH and
0.2 mL HySO,4 and refluxed for 4-5 h. After the completion, the reaction the
mixture was neutralized with saturated NaHCO3 and extracted into CHCls;.
The chloroform layer was washed with water (2 x 5 mL) and dried over anhy-
drous NaySOy4. The solvent was removed under reduced pressure and purified
further by column chromatography over Merck silica 60 using CHCl3-hexane
(2:8) as eluent. The pure product (0.28 g, 90 %) was obtained as pale yellow
solid; m.p. 57.5-58.0 °C; IR (KBr): 3455, 3040, 2928, 2852, 1741, 1155 and
841 cm~!; 'H NMR (500 MHz, CDCly): 1.29 (10H, br ), 1.39 (2H, m), 1.50
(2H, q, J 7.5 Hz), 1.63 (2H, m), 1.87 (2H, q, J 7.5 Hz), 2.31 (2H, t, J 7.5 Hz),
3.34 (2H, t, J 8.0 Hz), 3.68 (3H, s), 7.87 (1H, d, J 7.8 Hz), 7.97-8.17 (7H, m)
and 8.29 (1H, d, J 9.0 Hz) ppm; *C NMR (126 MHz, CDCl3): 24.94, 29.12,
29.21, 29.40, 29.54, 29.55, 29.56, 29.79, 31.90, 33.57, 34.09, 51.36, 123.50,
124.56, 124.72, 124.74, 125.08, 125.09, 125.70, 126.43, 127.04, 127.19, 127.51,
128.60, 129.68, 130.95, 131.46, 137.31 and 174.26 ppm; HRMS (70eV, EI):
m/z 414.2551 (Cale. for CogHsz4O9: 414.2558); Elemental anal. caled for
CaoH3402 + 1/2 HoO: C, 84.01; H, 8.27. Found: C, 84.02; H, 8.31 %.

12-(pyren-1-yl)dodecanehydrazide (XI): To a solution containing methyl-
12-(pyren-1-yl)dodecanoate X (0.25 g, 0.6 mmol) in 3 mL methanol was
added hydrazine hydrate (0.21 g, 4.2 mmol) and refluxed for 4 h. After the
reaction the mixture was extracted into chloroform. The chloroform layer was
washed with water (2 x 5 mL x 2) and dried over anhydrous Na;SOy4. Chloro-
form was removed under reduced pressure. The crude material was purified
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further by column chromatography over Merck silica 60 using acetone-DCM
(1:9) as the eluent. The pure product (0.21 g, 80 %) was obtained as white
solid; m.p. 122-123 °C; IR (KBr): 3430, 3300, 2918, 2850, 1631, 1530 and
842 em™L; ' NMR (500 MHz, CDCl5): 1.27 (10H, br s), 1.38 (2H, m), 1.48
(2H, m), 1.60 (2H, m), 1.86 (21, q, J 7.5 Hz), 2.12 (2H, t, J 8.0 Hz), 3.34
(2H, t, J 8.0 Hz), 3.88 (2H, br s), 6.60 (LH, br s), 7.87 (1H, d, J 8.0 Haz),
7.96-8.17 (7TH, m) and 8.28 (1H, d, J 9.5 Hz) ppm; *C NMR (126 MHz,
CDCly): 25.47, 29.25, 29.41, 29.54, 29.55, 29.79, 31.93, 33.60, 34.59, 123.54,
124.60, 124.77, 125.11, 125.13, 125.75, 126.47, 127.07, 127.24, 127.54, 128.64,
129.71, 130.98, 131.49 and 137.36 ppm; HRMS (TOF-ES—+): m/z 415.2757
(Calc. for CogH34NoO +H: 415.2749); Elemental anal. caled for CogHzyNoO
+ 1/2 H,0: C, 79.50; H, 8.33; N, 6.61. Found: C, 79.97; H, 8.11; N, 6.39 %.

1-(pyren-1-yl)octadecan-1-ol (XII): 1-(pyren-1-yljoctadecan-1-one ITIa
(0.1 g, 0.21 mmol) was dissolved in 1 mL of dry THF. This solution was
added dropwise to a stirring suspension of LAH (0.08 g, 2.1 mmol) in 1 mL
of dry THF. The resulting mixture was stirred for 3-4 h at RT. After the re-
action, excess of LAH was neutralized by addition EtOAc and moist EtOH.
The mixture was filtered and filtrate was concentrated and dried. The crude
product was further purified by column chromatography over Merck silica 60
column using EtOAc-DCM (5:95) as eluent. The pure product (0.072 g, 72
%) was isolated as a pale yellow powder; m.p. 85-87 °C; IR (KBr): 3440,
2020, 2850, 1466, 1055 and 842 cm~'; 'H NMR (250 MHz, CDCl;): 0.88
(3H, t, J 6.8 Hz), 1.24-1.61 (30H, m), 2.00-2.13 (2H, m), 5.79 (1H, t, J 6.5
Hz), 7.95-8.20 (8H, m) and 8.36 (1H, d, J 9.3 Hz) ppm; *C NMR, (63 MHz,
CDCly): 14.33, 22.91, 26.49, 29.58, 29.92, 32.15, 39.42, 71.67, 122.79, 123.55,
125.14, 125.20, 125.21, 125.27, 125.43, 126.13, 127.40, 127.72, 127.77, 127.81,
130.84, 130.93, 131.66 and 138.68 ppm; HRMS (TOF-ES+): m/z 493.2900
(Calc. for C34H sONa: 493.3446); Elemental anal. caled for C34HyusO + 1/4
H,O: C, 85.93; H, 9.81. Found: C, 85.89; H, 9.90 %.

12-(pyren-1-yl)dodecan-1-ol (XIII): Methyl-12-(pyren-1-yl)dodecanoate
X (0.1 g, 0.24 mmol) was dissolved in 1 mL of dry THF. This solution was
added dropwise to a stirring suspension of LAH (0.092 g, 2.4 mmol) in 1 mL
of dry THF. The resulting mixture was stirred for 3-4 h at RT. After the
reaction, the excess of LAH was neutralized by addition EtOAc and moist
EtOH. The mixture was filtered. Filtrate was concentrated and dried. The
crude product was further purified by column chromatography over Merck
silica 60 column using DCM-EtOAc (98:2) as the eluent. The pure prod-
uct (0.061 g, 66 %) was isolated as a white powder; m.p. 72-75 °C; IR
(KBr): 3411, 3038, 2920, 2849, 1465, 1057 and 843 cm~!; 'H NMR (250
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MHz, CDCl3): 1.18 (1H, br s), 1.28 (17H, br s), 1.53 (2H, m), 1.86 (2H, q,
J 8.0 Hz), 3.34 (2H, t, J 7.8 Hz), 3.63 (2H, t, J 6.8 Hz), 7.87 (1H, d, J
7.8 Hz), 7.93-8.20 (7H, m) and 8.29 (1H, d, J 9.3 Hz) ppm; *C NMR (63
MHz, CDCly): 25.96, 29.64, 29.81, 30.05, 32.17, 33.05, 33.84, 63.33, 123.77,
124.82, 124.99, 125.33, 125.97, 126.69, 127.29, 127.47, 127.77, 128.85, 129.93,
131.20, 131.71 and 137.60 ppm; HRMS (TOF-ES+): m/z 409.1206 (Calc.
for CogH3,ONa: 409.2507); Elemental anal. caled for CogH3,O: C, 86.99; H,
8.86. Found: C, 86.54; H, 8.43 %.

1-(pyren-1-yl)dodecane-1,12-diol (XIV): 12-ox0-12-(pyren-1-yl)dodec-
anoic acid IXa (0.1 g, 0.24 mmol) was dissolved in 1 mL of dry THF. This
solution was added dropwise to a stirring suspension of LAH (0.09 g, 2.4
mmol) in 1 mL of dry THF. The resulting mixture was stirred for 5-6 h at
RT. After the reaction, excess of LAH was neutralized by addition EtOAc
and moist EtOH. The mixture was filtered. Filtrate was concentrated and
dried. The crude product was further purified by column chromatography
over Merck silica 60 column using EtOAc/DCM (5:95) as eluent. The pure
product (0.068 g, 70 %) was isolated as a pale yellow powder; m.p. 111-112
°C; IR (KBr): 3415, 2920, 2850, 1465, 1057 and 843 cm™'; 'H NMR (250
MHz, CDCl3): 1.25 (14H, br s), 1.54 (2H, m), 2.05 (2H, m), 3.62 (2H, t, J
6.5 Hz), 5.80 (1, t, J 6.3 Hz), 7.97-8.21 (8H, m) and 8.37 (1H, d, J 9.5 Hz)
ppm; ¥C NMR (63 MHz, CDCl3): 25.94, 26.47, 29.61, 29.73, 29.76, 29.81,
33.04, 39.42, 63.33, 71.68, 122.81, 123.57, 125.16, 125.22, 125.29, 125.46,
126.16, 127.42, 127.73, 127.79, 127.83, 130.86, 130.94, 131.67 and 138.69
ppm; HRMS (TOF-ES+): m/z 425.2405 (Calc. for CygH3z4OoNa: 425.2457);
Elemental anal. calcd for CogH3409 + 2 HyO: C, 76.67; H, 8.73. Found: C,
76.29; H, 8.93 %.

1,1’-(dodecane-1,12-diyl)dipyrene (XV): To a reaction mixture contain-
ing pyrene (10.1 g, 0.05 mol) and dodecanedioic chloride (7 g, 0.026 mol) in
dichloroethane (150 mL) was cooled in an ice bath for 15 minutes. To this
stirred solution TiCly (40 g, 0.2 mol) was added dropwise during 4 h at 5 °C or
lower temperature. The dark brown complex formed was allowed to warm to
room temperature. The stirring was continued until the pyrene disappeared
by TLC. The complex was cleaved by the addition of water and the product
was extracted into CHCl3 in Soxhlet apparatus and washed with water (2 x
50 mL) and dried over anhydrous MgSOy4. The solvent was removed under
reduced pressure yielding a mixture of impure 1,12-di(pyren-1-yl)dodecane-
1,12-dione and 12-oxo-12-(pyren-1-yl)dodecanoic acid IXa, which were used
as such in the next reaction.

Digol (200 ml) was added with KOH (25 g, 0.45 mol) and the mixture
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was heated to 180 °C under nitrogen purge. Hydrazine hydrate (10 ml, 0.2
mol) was added dropwise keeping temperature above 180 °C under 20 h.
After all hydrazine was added, temperature was raised to 220 °C for 4 h
under nitrogen flush and the mixture was cooled to 50 °C. Hexane (5 x 500
ml) was added and refluxed for 20 minutes under vigorous stirring for each
batch. The hexane phase was separated and mixed with 10 g of silica, filtered
and evaporated under reduced pressure to 20 ml and then let evaporate to
dryness slowly at normal pressure in a flask in a hood. Colorless crystalline
powder of 1,1’-(dodecane-1,12-diyl)dipyrene XV (2.2 g, 15%) was obtained.

The digol phase was neutralized with 10 % HCI and extracted with
chloroform (3 x 250 ml). The chloroform was washed with 2 x 100 ml of
water and dried over MgSQ,. 75 g of silica was added to the chloroform and
the solvent was evaporated to dryness under reduced pressure. The silica
was eluted with THF-hexane-methanol (19:80:1) over 1.5 kg of Merck silica
60 in a preparative MPLC. The pure product IX (3.5g, 18%) was recovered.

1,1’-(dodecane-1,12-diyl)dipyrene XV (2.2 g, 15 %); m.p. 129-132 °C;
IR (KBr): 3038, 2918, 2851, 1604, 1466, 1418, 1180, 963, 844, 758, 723, 706,
681 and 620 cm™'; 'H NMR (500 MHz, CDCl3): 1.28 (8H, m), 1.37 (4H,
m), 1.48 (4H, q), 1.82 (4H, q), 3.33 (4H, t), 7.86 (2H, d, J 8.0 Hz), 7.96-
8.03 (6H, m), 8.08-8.16 (8H, m) and 8.28 (2H, d, J 9.5 Hz) ppm; *C NMR,
(126 MHz, CDCl3): 29.56, 29.58, 29.61, 29.80, 31.93, 33.60, 123.54, 124.58,
124.75, 124.76, 125.11, 125.12, 125.73, 126.46, 127.06, 127.23, 127.53, 128.63,
129.70, 130.97, 131.49 and 137.37 ppm; HRMS (70 eV, EI): m/z 570.3280
(Calc. for CyyHyo: 570.3287); Elemental anal. caled for CyyHyo: C, 92.58; H,
7.42. Found: C, 92.57; H, 7.49 %.
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Appendix A

Table A.1: Hildebrand solubility parameter calculation for IT using the Fe-
dors method. E,,, is the cohesive energy and V' is the molar volume

Structural groups N N X E., N xV

Compound IT

CHj 1 4710 33.5
CH, 9 44460  144.9
=C< 7 30170 -38.5
=CH- 9 38790  121.5
ring closure 4 4200 64.0
(6 atoms)

conjug. in ring for 8§ 13360 -17.6

each double bond

by 135690  307.8

Compound TNF

=C< 7 30170 -38.5
=CH- 5 21550 67.5
ring closure 3 3150 48.0
(> 5 atoms)

conjug. in ring for 6 10020 -13.2
each double bond

>C=0 1 17370 10.8
Ar-NOy 3 46080 96.0

by 128340  170.6

S(I1) = (E.on/V)Y? = 21.0, 6(TNF) = 27.4
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Table A.2: Equations used to calculate HSP’s by Hoy’s method”

Formulae Solvents Polymers
Additive molar Ft = ENiFt,i E = ZNZ‘Ftﬂ;
functions Fp = ENin,i Fp = ENin,i

V =XN;V; V =%N,V;

Ar = SN Az, AP = sNAY)
Auxiliary loga =3.3910g(Ty /T, )— alP) = 777A(TP)/V
equations 0.1585 — log V'

Ty/Te = 0.567 + Ay — (Ag)2 0 =0.5/AL
HSP B =277 B =277
calculations 0 =(F;+B)/V 6 = (F;+ B/n)/V

1/2
0p = Oy <$Ff¢z—7B>
5n =6, [(a —1)/a]"?
ba = (52— 03— 57)"”"

1/2
Op = O <ﬁﬂ+§/n>
5 =6 [(aP) = 1) /aP)]
ba = (02— 62— 2)"*

1/2

* Fy is the molar attraction function, F}, is its polar component, V' is the molar volume of

the solvent molecule or the structural unit of the polymer, At is the Lydersen correction

for non-ideality, a is the molecular aggregation number, T} is the boiling point of the

solvent, T, is the critical temperature, n is the number of repeating units per effective

chain segment of the polymer and B is the base value.

Table A.3: HSP calculation for IT using the Hoy method. See Table A.2 for
significance of symbols

Structural ~ Groups N x Fy; N x F,; N x A(TP) N xV;

groups N

CHj 1 303.5 0.0 0.022 21.55

CH, 9 2421.0 0.0 0.180 139.95

CHurom 9 2169.0 562.5 0.162 120.78

Carom 7 1407.0 455.0 0.105 51.94
by 6300.5 1017.5 0.469 334.22

a = 1.0903

n = 1.0661 (Sd (Sp 5h (St

17.3 7.4 5.6 19.6
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Table A.4: Calculation for total solubility parameter J of II using the
Stefanis-Panayiotou method 2

Compound IT N N, xF
1st Order groups

CH; 1 -2308.6
CH, 8 -2216.8
ACH 9 -57.6
AC 6  4105.8
ACCHs- 1 10234

2nd Order groups
AC(ACH,,),AC(ACH,), 1 -69.8

by 476.4
Constant, C' 75954.1

5 = (ZN; x Fy +0)*%%7 _56.14 = 18.7
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Table A.5: HSP calculation for IT and TNF using the Stefanis-Panayiotou
method 2

Groups Contributions
Compound II N 04 Op on
1st Order groups
ACH 9 0.9945 -1.73817 1.21788
AC 6 5.0676 0.98214 -1.0443
ACCH,- 1 0.6933 -0.33086 -0.88084
CH, 8 -0.2152 -1.1224 -0.9288
CHj 1 -0.9714 -0.72412 0.29901
2nd Order groups
AC(ACH,,)2AC(ACH,,) 1 -0.3751 0.013012 0.086424
Constant, C 17.3231 2.7467 1.3720

)y 22.5 -0.2 0.1

Compound TNF
1st Order groups
ACH 5 0.5525 -2.6515 -2.1525
AC 4 3.3784 2.4748 0.0336
ACNO, 3 3.4485 13.4514 -2.1501
>C=0 1 -0.4343 0.7905 1.8147
2nd Order groups
C(eyclic)=0 1 -0.2981 0.4497 -0.4794
Constant, C' 17.3231 7.3548 7.9793

by 24.8 21.9 5.0
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