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Abstract

DibenzylideneD-sorbitol (DBS) has remained a wethown low molecular weight
gelator of organic solvents for over 100 years. As such, it constitutes a very early
example of supramolecular gels. It has found widespread applications such as personal

care products and higlech appcations.

Despite the versatility of DBS as an organogelator and industrial feedstock, none of

its existing derivatives could gel water. Herein, functionalization of the aromatic
Owingso6 with various functi onaibed.Nones and
of the synthesized derivatives HdBS-COOH andDBS-CONHNH 2 could undergo

gelation in waterDBS-COOH formed a stable hydrogel by pstvitching while the
DBS-CONHNH 2 formed stable hydrogels across a wide range of pH values by-a heat

cool cycle.CD spectroscopy and SEM were used to show that these functionalities

control the aggregation mode of the parent DBS.

DBS-COOH and DBS-CONHNH2 hydrogels demonstrated a significant uptake of
dyes from model polluted water and hence we call them supramolecwiangels.
DBS-COOH demonstrated higher affinity towards methylene blue at ambient
conditions butDBS-CONHNH2 demonstrated a pependent selectivity towards
various dyes. Lead, cadmium and mercury were significantly adsorbé&aBBy
CONHNH_2 .The maximummetal loading of 1:1 molar ratio was obtained at neutral
ambient pH condition and 2:1 molar ratio at basic pH. The adsorption processes fit

pseudesecondorder kinetic and the Langmuir isotherm models.

DBS-CONHNH2 were used to recover precious metals frarmodel mine tailing

with greater selectivity towards precious metals than edntindant metals. The
adsorbed precious metals were reduced in situ to nanoparticulate form. Interestingly,
the hydrogdINPs exhibited higher conductance and electrocatalgtivites than

bare gels and/or carbon electrodes.

Solubility of the APIs in water was enhanced by forming complexes witbB&
CONHNH 2 while the mechanical stability and morphology of the native hydrogel was
influenced by the presence of APIs. APIs wetleased under basic pH conditions in

a controlledmanner
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1 Chapter 1- Supramolecular Envirogels: Emerging

nanosorbents for water purification

1.1 Introduction

Water is one of the abundant natural resources the earth is endowed with, yet the world is
Athirstyo, with the scarcity of safe water b
21% century. Water is an essential commodity for both fauna amd. fEven though, water
constitutes about 70% of the Earthos surfac
Therefore, despite the numerous large bodies of water that surround humanity, only 2.5% is
available in a useable form as freshwater wahilarger percentage has no direct usefulness to

man because of its high salt content. However, 68% of this meagre amount of freshwater is
frozen in the ice cap, leaving about 30% for the diversity of human uses (such as agriculture,

recreation, industrigirocesses, drinking and domestic purposes).

Freshwater might have been assumed infioyjteour predecessors in past centuries when the
population was sparse, but the Earth can no longer supply water that will be sufficient for her
inhabitants’ Since late 19 century, a little under a billion (748 million) people from different

parts of the World do not have access to improved sources of cleartavateet their basic

needs’ Nearly half of this population are in s@aharan Africa. Therefore, it has been
projected that if this trend continues in the region, the number of people that task o
improved sources of clean water would have risen to 547 million by the end of* 2015.
According to the World Health Organization (WHO), an improved source of clean water is
characterized by (i) a significantly increased probability that the water is safe (ii) easy
accessibility (iii) protective measures against potential seunfecontaminatio. It is
important to empéasise the prais@orthy jobs done by the United Nations (UN); an
organization that proposed in its Millennium Development Goals (MDGs) to reduce the
number of people that lack access to improved sources of safe water by half by 2015, a target
that was metn 2010% Nevertheless, due to the increasingly alarming impacts of climate
change, increasing water scarcity, population growth and urbanization, it has been speculated
t hat by 2025, half of t he wo rstrabsed arepsoifpthel at i o
existing trends persi§tHence water demand will increase against the finite volume of global
water in the near future if no drastic measures are taken to control global population or devise

waterpurification technologies that will help sustain the available water.

31



Chapter 1 Supramolecular envirogels: Emerging nanosorbents for water purification/ Babatunde Okesola

Because the s&@abf the weHbeing of humanity hinge on the state of the environment, a close
relationship has been established between the quantity of water consumed and the alarming
annual death rate caused by watdated diseases and chemical poisoning. For instamoe

than 3 million people are estimated to die annually from walated diseases such as

diarrhoea as a result of unsafe drinking water, lack of sanitation and hand Kygiene.

1.2 Causes of global water scarcity

A number of factors have been identified as potential reasons for the scarcity of freshwater;
primarily among them are agriculture, climate change and poll(tion.

1.2.1 Agriculture

Agriculture 1is the <chief Acul pritdd among
responsible for global watescarcity. Freshwater is consumed in a variety of agricultural
practices ranging from fertilizer and pesticide applications to irrigation of farmlands. Irrigation,
which is the artificial supply of water to farmland so as to aid crop growth, especially in
drought, accounts for about 70% global freshwater consumption. The Food and Agriculture
Organization of the United Nations (FAO, 208Tgs reported that because of the need to meet

the rising demands for foods and industrial raw materials, digmieus under severe threat

with respect to global freshwater scarcity. Considering the trend of declining global water, the

future of water and food is uncertdin.

1.2.2 Climate change and pollution

The i mpact of <c¢climatic variability on the
overemphasized. Clinchange can occur as a result of natural occurrences or anthropogenic
activities. Because there is a direct connection between climate and water cycle, variation in
climatic factors such as temperature, wind, precipitation and sunshine have sigmiigcactt i

on the Wor | ¥ &ensorfand anorkesst reported that an increase in water
temperature leads to a higher rate of freshwater withdrawal from rivers, lakes, reservoir, and
oceans via evaptranspiration and as a result of this, the-peiffification ability of the water

is compromised, leading to an increase in whtene diseases. The temperature of water
bodies can be increased by the direct impact of climate change lfgrongndirectly from

human activities in the form of thermal pollution. Increase in the sea level (due to global
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warming), also leads to higher freshwater salinity; an event that contributes to global water
scarcity. The vul nehwatd tolclimatg varwlbility tvanies frdnaong h 6 s
region of the World to another with respect to seasondlity.

The indiscriminate release of harmful substances directly or indirectly into water bodies is
known as water pollution. Any substance which is present in the environment at a quantity
beyond the tolerance level, causefesive effects, impairs the quality of the environment,
reduces the quality of life and is capable of causing death, is called a pollutant. Water pollutants
can be categorised into biological, chemical and radiological pollutants on the basis of their

constituentst? 13

1.2.3 Biological water pollution

Biological water pollution occurs when large numbers of harmful microorganisms (bacteria,
viruses and fungi), worms, algae, protozoa etc. are present in water. Decaying organic matter
in wastewater, which results from animal and human wastes, are potential sources of these
microorganismé? 4 It has recently been reported that 2.5 billion people lack access to
improved sanitation, hence 1 billion people (9 out of 10 dwellers of rural areas) engage in open
defecatior® > Open defecation is responsible for a vicious cycle of disease and poverty that is
prevalent in low and middle income countries. For instance, if thatfegens are released

into water bodies, it results into an epidemic of wdiame diseases such as diarrhoea, typhoid,
cholera and onchocerciasis upon exposure to the contaminated water. WHO estimated that
about 1.8 billion people use sources of suettewthat are contaminated by faecal discharge
and this has led to a high death rate, especially child mortality rate among inhabitants of the

affected geographical locatiofs®

1.2.4 Chemical water pollution

The industrial revolution brought to humanity both benefits and associated woes. Many of the
largest global water pollutants come from chemical, petrochesnjpadticides, metal smelting,

food processing, textile, pharmaceutical, pulp and paper industries. According to the toxics
release inventory (TRI) published by the United State Environmental Protection Agency (US
EPA), more than 2.95 million metric tongltazardous chemicals are discharged yearly from
about 2000 industrial communities into the environment, and about 43,360 metric tons have
been documented as canamiucing substancé$. Crude oil and petroleum products,
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metalloids (nitrate, perchlorate, and phosphate), chlorinated solvents, metals and their
compounds, pesticides and herbicides (e.g DDT), dyes and dyestuffs, endocrine disruptors and
pharmaceuticals are the most prominenbagithe chemicals that contaminate global waters
when discharged deliberately or unintentionally into the environfient.

The presence of pharmaceutical compounds as parent compounds or metaboditagquatib
environment is increasingly becoming an environmental concern, hence attracting global
attention!® 2° Because drugs are not usually completely assimilated into human or animal
bodies after use, they are often introduced into sewage systems by human excretion and
soil/ground water by animal excretion as liquid manure. Therefore, pharmacetdizeis
surface water as a result of incomplete removal during sewage treatment -affl fram
agricultural siteg! Disposal of unused drugs and direct discharge of effluents from
pharmaceutical industries are alternative routes by which they also enter into aquatic@ystems.
Their presence in the rivers, lakes, and oceans could elicit adverse health risks to the aquatic
animals and the people that feed on harvested fish from such?itergsaquin1.0 ?* and
sulphanilamidel.1 (Figure 1.21)?° are examples of antibiotics of which adverse effects on
aquatic organisms have been repoffed.

H
= O O
2
(1.0 N NJ
o
F
OH O NH,

(1.1)

Figure 1.21 Chemical structure of LevaquinOand Sulfanilamidd..1

In recent times, RG&Omez and Puttmann demonstrated that wastewater treatment plants are
active dischargers of pharmaceuticals swash the analgesic tramadal2 and 1.3 the
anaesthetic lidocaind.4, the antidepressant venlafaxing.5 and their metabolitesQ-

desmethyltramaddl.6 and1.7 andO-desmethylvenlafaxing.8into surface watef’
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(1.8)

OH

Figure 1.22 Chemical structure of (&g-tramadoll.2 (b) Stramadoll.3(c) lidocainel.4 (d)
venlafaxine 1.5 (e) R-O-desmethyltramadoll.6 (f) SO-desmethyltramadoll.7 (g) O

desmethylvenlaflaxin&.8

Heavy metals are another class of chemical water pollutants. These are metallic elements or
metalloids wih relatively high densities. Their densities are greater than 4 gfamore than

five times the density of watéf.Prominent in this ategory of toxic metals are mercury (Hg),

lead (Pb), cadmium (Cd) and arsenic (As). Heavy metals enter water bodies as a result of
geogenic factors or anthropogenic activities. For instance, heavy metals such as arsenic enter
groundwater from the naturabgrces in the form of arsenaten oxide?® Human beings
discharge heavy metals into the environment through industrial processes such as battery
manufactuing, mining, smelting, electroplating, metal finishing, refining, forging, automobile
exhaust® The alarming rate of heavy metal discharge into the environment is a global concern
because they are resistaotdegradation, and thus bd@cumulate in the food chathThey

cause health hazards to plants and animals upon exposure. Such hazards include reproductive
disorders, congenital disorders, cancer, brain retardationlesimrgy*?> Heavy metals enter

the blood, kidney, liver, bas, brains and muscles through the gastrointestinal tract or nasal

tract33
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1.2.5 Radioactive water pollution

Naturally occurring radionuclides such as those from the family of the uré288nmuclear

fission chain; uraniur238 €3%), uranium234 (3%), radium226 f?°Ra) and rado222

(?*°Rn) and those from the family of the thorit#82 series; thoriur232 €32Th), thorium230

(*°Th), thorium229 f2°Th), radium228 €?%Ra) and lea®08 f°%PDb) are usually present in
different concentrations idrinking water, as they are normally released from rocks and
minerals that constitute the aquifér® Even though, thorium is-8 times more abundant than
uranium in the earthés crust, it rarely exi
descendant, radiw228is more highly radiotoxic, hence a critical contaminant in water. The
betagamma emitter, potassiua® (*°K) of primordial origin and the cosmogenic tritiurH(

or T) which occurs in rain water as tritiated water are also widely distributed in wates $odie
Besides the predisposition to radiotoxicity caused by nature, anthropogenic activities such as
radioactive fallout triggered by accidents or nuclear expheshave added significantly to the
discharge of radioelements into rivers, oceans, streams and lagoons. A recent example is the
massive contamination of water in Tokyo during the Fukushima Daiichi nuclear plant
accident’ It is important to note that radionuclides can become ionisedspiading electrons

in various organs in the body such as lung, kidney and also the DNA, thereby disrupting their
functions which gives rise to organ dysfunctions and genetic disorders in the humaf body.
Therefore, WHO has set out a provisional guidance for a maximum concentratiooflevel
uranium in drinking water as 30 ug/l (ppb) based on its chemical toxicity, corresponding to a
233 concentration of 186 mBg/l which is about 16 times lower than the reference level (3 Bg/l)
for its radictoxicity. Also, the amount of £234 present in war is greater or equal to that of

the U2383°

1.3 Conventional methods for water purification

In order to remove toxic substances from contaminated water systems, conventional
physicochemical methods such as chemical precipitation, coagtilatcalation, ion
exchange, solvent extraction and filtration, evaporation, electrochemical treatment, oxidation
processes and membrane methods have beerféddowever, dl of these conventional
methods are characterized with some inherent drawbacks such as limited concentration of
pollutants, generation of large amount of toxic sludge, and high capital costs. Therefore,

adsorption of water pollutants onto solid materialsurrently attracting global interest due to
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features such as; simplicity, ease of operation and handling, regeneratioty cearplete
removal of pollutants and economic feasibiffyActivated carbon (AC) is an adsorbent which

has demonstrated heiguccess in the past century due to its high surfacé'aeemmercial

AC is often obtain by carbonisingaw materials such as wood, bitumen, and anthracite.
However, the use of commercial activated carbon for removing pollutants from water is
gradually disappearing because its regeneration and reuse is*¢@sigyefore, a number of
non-conventional srbents such as zeolite, cyclodextrin, chitin, chitosan, mineral clay and
sawdust are currently being considered as replacements for commercial AC due to factors such
as lowcost, high abundance, high adsorption capacities and berfigAftRamakrishnat al

(2012) have recently reviewed the use of nanomaterials such as carbon nanotubes, graphene,
dendrimers, metal nanoparticles and polymer nanocomposites as emerging ad$orbents
environmental remediatiott Nonetheless, these materials are expensive and difficult to make.

1.4 Supramolecular gels; emerging nanosorbents for water purification

Gels are colloidasoft materials which demonstrate the continuous flow properties ofdiquid
phase materials and the rheological properties of-pblacse materials on the analytical time
scale>? Gels are easily recognised soft materials with a wide range of different applications,
for example, being used in cosmetigdarmaceutical preparation, as greases/lubricants,
electrolytes, sealants and in the food industfy.A scientifically acclaimed and emerging
class of gels ca#d supramolecular géf® encompass all gel materials that are formed via the
interplay of noncovalent interactions hydrogen bonds, van der Waals forcadyophobic

ef feft s,t atcki-dipge, charganaresfereand coordination interactions. Common
among this class are the low molecular weight gelators (LMWG), also known as molecular
gelators>? %° Low molecular weight gelators are organic compounds with a molecular weight
below 2000 Da having the potential to gel organic solvents or water. They are known as
organogelators if they gel organic solvents and hydrogelators if they gel @a&zrthe past
century, a wide range of molecular building blocks including peptides, ureas, sugars, steroids
and bile acids, lipids, nucleobases, and simple alkanes have demonstrated their potential as

efficient gelator$®62

In this type of supramolecular gel, the molecideale information incorporated into the
LMWG molecules is translated into the nanofibres via a hierarchicahsséimbly process,

and tle fibres tangle with one another to form an extended nanofibrillar network which
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immobilizes a large volume of solvent under the influence of capillary forga®r(

Reference source not found.®®
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Figure 1.4.1 ON/OFF switching of supramolecular gelation

Light, pH switching, heatool cycle, solvents, analytes, ligands, oxidant and sonicitien

alia other factors capable of switching on or off the gelation of potential LMWGs biese
widely demonstrated. For example, a molecular hydro/organogel is formed when a hot solution
(hydrosol or organosol) of a LMWG is cooled to a certain temperature, known as phase
transition temperaturelge). Intriguingly, gels of LMWGs in water or ganic solvents have

been investigated for higiech applications in area as diverse as nanomedicine, catalysis, drug
delivery, light harvesting, cell culturing, tissue engineering, nanoelectronics, templating and
sensindg* % These applications, among many others, are attributed to the inherent properties
such as the responsiveness, tunabliitycompatibility and easy modification of the molecular
motifs of the gelators, and the dynamics of supramolecular interactions that uphold the three

dimensional sethssembled nanofibrillar networks.

As part of global efforts tailored toward combatihg trapid pace of environmental damage,
supramolecular gels have attracted some attention in the past decades as emerging nanodevices
for water purification. These materials can therefore be referred tsummmolecular
envirogels a generic term coined fohe first time to describe supramolecular gels capable of
sequestering pollutants from the environment. There are many different LMWGs with different
structures that are capable of forming supramolecular envirogels. As such, the use of
supramolecular emogels to remove oils, dyes and heavy metals from water are discussed in

subsequent sections.
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1.4.1 Supramolecular envirogels for oil spill remediation

Marine pollution mostly through accidental discharge of crude oil and petrochemicals is a
serious environmeat problem confronting the 21century. For instance, waterways have
witnessed an alarming rate of oil spills since 2000, especially the 5 billion barrels of crude oil
released in the Gulf of Mexico in 20%®.This is problematic from both the economic
perspective through wastage of valuable-remewable oil and the alarming impacts on health
through he consumption of sea foods obtained from oil polluted seas, impacts on climate
change as a result of the accumulation of the volatile hydrocarbons in the stratosphere and
devastating effects on the delicate balance of marine ecosystem due to the t@sicloal®’
Conventional methods for rewhiating oil spills include; absorption, dispersion,
bioremediation and solidificatio¥¥.”® Sorbents are solids that absorb the oil, dispersants
emulsify the diand solidifiers are polymeric materials that gel the oil. However, they are not
economically viable for a large scale solution, or themselves leave behind toxic residues which
bioaccumulate through food webs. Therefore, low molecular weight gels offeriging
potentials for congealing oil spills owing to their inherent properties such as; (i) selective
gelation of oil phase from eiater biphasic mixture (ii) simple synthesis at low cost (iii)
environmental benignity (iv) thermoreversibility to faclié oil recovery from the gel (v)

recyclability and reusabilit{/

The use of small organic molecules to gel oil and oil spills have been known since 1970s but
they are not usually cited in literatures. An early example of gelling oils with small organic
molecules was demonstrated by Saito in 1§76.the original patent, certain derivatives\sf

acetyl amino acids was wiked with noni polar organic solvents such as kerosene with
stirring at an elevated temperature (120 °C). Interestingly, a stable gel was formed within 2
min as the solution cools to room temperature. As a proof of principle fepilifemediation,
asolution ofN-lauroylglutamic acidU -ai-n-octylamide (1 g) in benzene (5 mL) selectively
gelled about 25 g of heavy oil suspension in the presence of seawater within 20 min. The
aromatic solvent was also entrapped with a small amount of water. THdiesblpil was

filtered off through a wire gauze (20 mesh). As such, this technology should extend the frontier
of knowledge in the area of esbill remediation but there was no follayp research in this

area until 1985 when the use of acetalizeddrbiol derivatives (structures and chemistry of
sorbitol derivatives are comprehensively discussed in Chapter 2) to gel crude oil in the presence

of seawater was patented. For instance, when a slick of kerosene on the surface of seawater
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was treated by sprayg with a mixture of hydrophilic solvents suchNisnethyt2-Pyrrolidone

(NMP) and hydrophobic solvents such as liquid palm oil contai®i#igdibenzylidené D 1

sorbitol (DBS) and polyoxyethylene lauryl alcohol ether (1%) for 10 min. In this way, the oil
phase was selectively gelled by DBS within 10 min, leading to recovery of 100% of the
kerosene with only 1% water content. In another composition, 6 wt% @(p;4
methylbenzylidenep-sorbitol enables the 95% recovery of gasoline in seawater with only
0.3% water content. The immobilised oil was scooped off the surface of the seawater using a
net having 2 mm x 2 mm mesh opening and easily recovered by either dilution or distillation.

In the past decades, several molecular building blocks such as slegéudsa amino acid
amphiphiles, aromatic amino acids,-tiydroxykN-alkyloctadecanamide, and glucosamines
have been wekxploited to fabricate envirogels for this applicatibhow-molecularweight

gelators may find redife applications such as moppind leaking on contaminated surfaces

and perhaps enhance safety associated with transportation of oil. This approach has been
extended to oil spill remediation via a phasdective in situ gelation of the oil from an-oll

water biphasic mixture.

The firstexample of phasselective gelation of oil from civater mixture was reported by
Bhattacharya and emorkers’® In theirinvestigation, an amino acitl-lauroykL-alaninel.9
(Figurel.4.2) was synthesized and its ability to selectively gel aromatic, aliphatic hydrocarbons
and commercial oils such as kerosene, petrol and paraSiweire demonstrated. In this case,

a requisite amount of the gelator was added to the biphaswatdl mixture either by
dissolving the gelator in the solvent mixture by heating, or by adding its ethanolic solution. As
a result of this, the cjphase waselectively gelled leaving the agueous phase unaffected.
Interestingly, the oigels remained stable for one week. Moreover, the presence of NacCl,
CuSQ, KMnO4 and other impurities had no significant effect on the selective gelation event.

o)
P
N
: OH
(1.9

Figure 1.4.2 Chemical structure dfi-lauroylL-alaninel.9

Dastidar and cavorkers reported a series of organic salts that demonstrated selective gelation
of oils from oikwater mixture” ® For instance, one of the gelatdr<20a (Figure 1.4.3)
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selectively congealed petrol, keeoe, cottonseed oil, sunflower oil and coconut oil in a
biphasic o#water mixture. The traditional heathagoling circle with or without some drops

of methanol added was employed to achieve gelation process. Interestingly, the presence of
inorganic saltdid not significantly affect the gelation process. Similarly, another series of
organic saltsl.207 1.22 (Figure1.4.3) synthesized by the authors exhibited pksalective
gelation of petrol or coconut oil frotheir mixture with water. The preferential dissolution of

the gelators in the epphase mediated the phassective gelation. It is noteworthy that such

two component gels are not usually strong due to the weak intermolecular interaction(s)
between the tav components and such, the gels might not be able to withstand the rigour of

separating the immobilized oil from the mother aqueous liquor.

4-Cl b X =3-Cl ¢ X=4-Br
3-Bre: X =4-Me f:X = 2-Cl
2.

. a: X
COO HyoNR,  d: X
g: X Br h: X =3-Me i: X = 2-Me

| (1.20
L A
X - + R —
COO HyNR, -
(1.20)
h: X =4-Cli: X = 3-Cl j: X=2-Cl
o, k: X=4-Brl: X=3-Brm:X = 2-Br
AN 0{0]0) H2NR2 n: X=H
X[
7 (1.22

Figure 1.4.3 Chemical structures of organic salt based geldt@@ 1.21and1.22

In 2006, Dastidar and eworkers developed a combinatorial library of 40 primary ammonium
monocarboxylate salts derived from cinnamic acid derivative8 and n-hexadecyl amines
1.24 (Figure 1.44).”° A few among theml.23ac exhibited selective gelation of petrol,

kerosene and diesebfin their corresponding mixtures with water (as showrignrel.4.4d).
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(1.23 OH
| o) a: X = 4-Cl
b: X = 4-Me
| N c: X = 4-Br
b
<P

Figure 1.44 Chemical structures of cinnamic acid derivatile®3 (a-c) that form gelwith
primary aminel.24and (d) the photo of phaselective gelation of commercial oils from their

mixtures with water [Reproduced from ref. 79].

John and cavorkers® reported a class of sughased gelators that efficiently immobilized
diesel, mineral oil, silicone oil, crude oil fractions (alkanes with 9 carbon atoms) and
mixture of hydrocarbon solvents (aromatic and aliphatic) from their mixtuitbswater at

room temperature. In this case, a solution of selected gelafFand1.26 (Figure1.4.5) in
ethanol at a high concentration was added to 1:1 mixture of oil and water. The gelator
spontaneously migted into the oiphase thereby forming strong and smlpported gels at
room temperature. Interestingly, the purity of the gelator or the presence of impurities or pH
conditions (basic, acidic or neutral) did not have any significant effect on theogglaticess.
Hydrogenbonding was the prime intermolecular interaction that mediated selective gelation.
John and cavorker$! have recently demonstrated how essential the philosophy of green

chemistry is in designing and developing materials, especially molecular gelators for
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environmental remediation. As such, sujasedgelators are ideal candidates for such-eco

friendly oil-spill remediation and design of biorefinery.

a:R=C3H7
b: R=C/Hqs
(1.25
QH OH i ¢:R = C,H
R O\)\/?\/\ T T s
(1.26) T 77 07 "R diR=C7Hys
0 OH OH

Figure 1.4.5 Chemical structures of sugbased gelators.25and1.26

Phaseselective gelation systentkat involve a heatingooling cycle or addition of a €o
solvent are not especially practical for a #ifal applications. The heatinrgooling method is

not applicable to oil recovery from sea while the use esalgents leads to further addition of
large volume of toxic carrier solvents into the &&@herefore, Fang and aworkers reported

a family of cholesterebased gelatord.27 (Figure 1.4.6a-c) that exhibited superior phase
selective gelation of xylene and / or kerosene from their mixtures with water at room
temperaturé® In both cases, the gelators demonstrated remarkableogetédtihe oiphase by
simple mixing with the otwater mixture and neither heating nor addition of @alwvent was
required. Interestingly, one of gelatdr@7a(Figurel.4.6a) demonstrated selective gelation of
xylene at a temperature as low as 0 °C and an&tB&bcould only gel kerosene between 25

i 30 °C. The rheological properties of the gelator / xylene systems show that exhibited an
enhanced mechanical strength. Therefore, if we want to think of suitatndiédates for a real

life immobilization of oil slick in the presence of water under ambient conditions without

introducing a secondary pollutant, the gelatb&/ac would probably be ideal.
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a:n=2,LL;b:n=3,LL;c:n=2,DD

Figure 1.4.6 Molecular structures of the diacid amides of dicholesteqghenylalaninaté.27.

In 2009, Fang and eworkers have also reported the ability of A(L$Yype cholesteryl
derivatives1.28 and 1.29 (Figure 1.4.7) to selectively gel chloroform, tetrachloromethane,
toluene or xylene from their mixtures with water at room temper&tureall cases, neither
heating nor addition of a esolvent was employed. Interestingly, the gelators exhibited a
significant resistance to salts, confirming their possible suitability for difeapplications.
However, it should be noted that they did not exhibit gelation of crude oil and it is important

to be able to translate gelation events precisely inferdiit solvents.
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(1.29

Figure 1.4.7 Molecular structures of cholestettyased gelators.28and1.29

Interestingly, Prathap and Sureshan reported a novel approach which is practical-tifea real
scenario ofoil spill recovery from sea using a sugmsed organogelatét.In this case the
gelator1.30 (Figure 1.4.8) was initially dissolved in a small volume of commercial petrol or
diesel and aerially sprayed onto themilase of the oiMvater biphasic mixture such that the
carrier solvent and the oil slick are both immobilised byg#le The gelator demonstrated an
efficient gelation of the oilayer at 2 to 4 wt % minimum gelation concentration for the petrol
but a much lower concentration for the diesel (0.75 wt %). The gels were exceptionally strong
as they could be taken out oktlwater surface with forceps, could withstand the weight of a
metallic coin for several days (as shownFigure 1.4.8a-d) and exhibited a high elastic
modulus (~100,000 Pa). The presence of NaCl and other ionetdidfect the gelation system.

It was further demonstrated that hydrogmmding is the driving force for the phaselective

gelation.
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Figure 1.4.8 Molecular structure of the sughased gelatdt.30Q (a) Biphasic mixture of diesel

and water. (b) Introduction of a gelator solution into the biphasic mixture. (c) The solidified oil
phase (d) Removal of congealed oil phase. (e) Isolated gel. (f) Recovery of diesel by distillation.
(9) A 3 wt% gel holdinghe weight of a litre of a dilute CuSQ@olution. (h) The gel after
removing the CuS@solution. (i) A metal coin (1 Euro) on the surface of a 1.5 wt% diesel gel
on the surface of water. (j) The gel disc formed on the surface of water being taken with hand

[Reproduced from ref. 82]

Despite the rapid progress that has been reported in this field of application, supramolecular
envirogels that can exhibit instant phasdective gelation of oils from their biphasic mixtures

with water are still rare. Therefer Fang and cworkers have recently demonstrated two
simple gelatord.31aandb (Figurel1.4.9) that exhibit efficient and instant gelation of petrol,
kerosene, diesel, silicone oil, pump oil and pure organieatdvand which they claim to be

ecofriendly 8°

46



Chapter 1 Supramolecular envirogels: Emerging nanosorbents for water purification/ Babatunde Okesola

OAc a:R= HZC—Q
0]
AcO
AcO OR H,C
NHAc b:R=
- W,

Figure 1.49Ch e mi c al s {glycosiés oM-axetyl glu€osaming.31aandb)

In the initial investigation, the gelation @f31aand1.31bin petrol and diesel respectively
were carried out using the traditional heatougling method. Strong gel§ 6-10* Pa) were
formed in both cases with critical gelation concentrations (CGCs) ranging from3)328 wt

/vol. In order to demonstrate the piaatity of these systems to a real life situation, a
concentrated solution of the gelators in THF was added by syringe at the interface of 0.8:2
mixture of diesel / petrol and water in a glass vial at room temperature. Interestingly, gelation
occurs withinl0 s and full strength gels were formed within 45 s. The oils were recovered from
the gels by distillation and the gelators reused more than three times without losing their
gelation ability. It was further established that neither the presence ofrsdlfts biphasic

mixtures nor low temperature-(B °C) affected the gelation of the oil phase.

In 2013, Lee and Rogers demonstrated the use-bydéxystearic acid (:BISA) xerogels

to adsorb notpolar solvents and various commercial oils from their omeg with watef® The
xerogels were prepared by evaporating the solvent component of the organogetS#t it

low boiling solvents; acetonitrile, pem& and diethyl ether under atmospheric pressure for at
least 24 h. A known amount of the xerogel from acetonitrile was suspended in the oil phase of
the simulated oil spill consisting 3 g of oil and 3 g of water or sea water in a 10 mL beaker.
The setup was left undisturbed for about 1 h and the mass gained was measured afterwards.
Interestingly, the xerogel increased in weight by 459 + 33 wt % and 583 + 42 wt % in diesel
and gasoline respectively against 3.85 + 0.5 wt % and 5.23 £ 1.2 wt % in distdledamater
respectively. However, the xerogels ofHH3A from pentane is not as effective as that of the
gelator from acetonitrile due to the differences in the gel networks formed in both solvents.
The xerogel from diethyl ether was not used because\eng fragile. The xerogels are
thermoreversible, therefore the adsorbed oil can be simply recovered and the xeusgel re

This study demonstrated that drying gels from different solvents really does yield xerogels with

different propertie$ not just smple powders.
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1.4.2 Supramolecular envirogels for sequestering dyes from water

Gels are patrticularly good candidates for dye removal because they are solvated, yet highly
porous materials with nanoscale fibres. This ensures a high surface area of contaantthetwee
solid-like network and the liquidike phase, potentially offering attractive pollutant extraction.
Furthermore, they are amphiphilic, making them suitable for removing dyes as the hydrophilic
moiety interacts with water while the hydrophobic corecald the dyes or vice versa. The

gelators are easy to synthesize, cheap and the gels are reversible i’ nature.

In 2007, Banerjee and wemorkers reported the synthesis of phergitahe based
bolaamphiphilic hydrogelatol..32 (Figure 1.4.10) which exhibits divalent hydrogelation
induced by divalent metals within a physiological pH range-762 on sonication, hence the

resulting gels werealled smart metalkbydrogels®

O \/

N
\O\ NH, OH
o (1]
N 99
(NBB NaO,S SO;Na =

(PY

(1.32)

Figure 1.4.10Chemical structure of a) phenylalanine based bolaamphiphilic hydrogela®or
(b) crystal violetCV (c) naphthol blue blackiBB and (d) pyren®Y

Interestingly, the dried gel (xegel) of this molecule demonstrate efficient uptake of crystal
violet CV (cationic dye), naphthol blue blad¥BB (anionic dye) and pyrenY (nortionic
dye) Figure 1.4.10) - it sequestered 63, 84 and 2.8 mggpectively from their aqueous
solutions over a period of 24 h. As such, this was first among the various low molecular weight
organo/ hydrogel s, otherwise known as supr amo
suitability of this material for a ed-world water purification process is limited by its
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responsiveness to pH as the pH values of polluted water are not always within a physiological
range®® However, the supposed limitation has been harnessed to tailor the hydrogels for the
entrapment and contfetl release of a biological molecule, vitamifp.BAt a lower pH (pH 2),

the metallehydrogel transformed into a precipitate and sol but completely into sol at a higher
pH (pH 9), hence vitamin B is released at pH 9. The ability of this material to destrate

this application is predicated on the entrapment of the adsorbate within the porous framework

of the gel (as shown iRigure1.4.11) 1 this was demonstrated using TEM.

Figure 1.411TEM image ofthe metallb y dr ogel prepared from bol a
pH 6.5 in the presence of vitamin B12 showing the trapped vitamin moleculés thithgel

nanofiber network. [Bproduced from ref. 88]

At about the same time, Kang and-workers demonstrated the ability of a silanated
terpyridinebased metall@rganogelatof..33(Figure1.4.12a) which exhibited strong affinity

and high uptake for the various model dye candidabesic blue 4BB41, crydal violetCV

and bromocresol gredCG (anionic) Figurel.4.12).°° The gelator formed stable organogels
with andwithout divalent metal ions in a wide range of organic solvents when prepared via the
traditional heatool cycle. The presence of metal ions did not have any effect on the
morphology of the fibrillar network. However, the amount of@héandBB41 adsorbd onto

the xerogels of.33decreased from 115 and 141 #tg 90 and 116 mgin the presence of

Cu?" and to 93 and 70 mggn the presence of Zhrespectively. Conversely, for the anionic
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dye,BCG, the maximum uptake increases from 87 rggl59 andl62 mgg' in the presence

of CU* and Zrt* respectively. It is assumed that the xerogel is neutral in the absence of the
metals but becomes cationic when doped with metal salts, hence electrostatic repulsion
between the cationic dyes and the cationiccgald be a reason for the declining uptake while

the reverse is the case for the anionic dye. The hydrophobic interaction between the aromatic
moieties of the gelator and that of the dyes was reasoned to be the principal driving force for

the adsorption j@cess.

(BCG)
Figure 1.4.12 Chemical structure of (a) terpyridifased metallmrganogelatot.33(b) basic
blue 41BB41 and (c) bromocresol gre®&CG

A family of dipeptide organogelators which selectivedyied aromatic organic solvents in the
presence of water via a heaol cycle have been reported by Das anevockers®! The
authors demonstrated that structural variation also affects the strpobperties relationsps

of the organogelators as they differ not only in their fibres network morphologies but also dye
uptake abilities. In order to demonstrate the effect of molecular architecture on the dye uptake
efficiency of the gelators, the xerogels of dipeptidsedyelatorsl.34 1.35and1.36(Figure

1.4.13) were interacted with aqueous solutions@f and rhodamine 6GRh6G (Figure

1.413).
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Figure 1.4.13 Chemical structures of dipeptide gelatdr34i 1.36and rhodamine 6@Rh6G

It was interesting to observe the highest uptake of crystal violet onto the xeroh &4 (QfL.7

mgg?) and1.35(14.3 mgg') over a period of 10 anthb h respectively while the other gelators
only adsorbed -9 mgg!. However, it took a longer time for both xerogels to adsorb 13.1 and
9.4 mgg' of Rh6G, respectively. It is noteworthy that, the presence of tryptophan moiety as
one of the peptide units the two gelatord.34and1.35was attributed to the better uptake of
both dyes than the nenyptophan based gelat@r36 However, it should be noted that some

of the toluene might be expected to leach from the organogel into the purified water, which
would obviously be undesirable for application of this technology. Furthermore, the loading

levels were relatively low.

A library of tripeptide based hydrogelatdrs37ac (Figure 1.4.14) among many others were
synthesized and the ability of their wet hydrogels to capture and remove rhodarRinB, B
reactive blue ARB4 and direct red 8RS80 (Figure 1.4.15) from water was reported by
Banerjee and cavorkers??
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Aol e
(1.39) \O

(a) R4=—CH,CH(CH3), R,= —CH,Ph
(b) R1=—CH,Ph Ro=—CH,CH(CH3),
(© R1=—CH,CH(CH3), Ro=—CH,CH(CH3),

Figure 1.4.14 Chemical structures of phenylalanihased tripeptide gelatois37ac

Unlike the pH responsive metalltydrogels earlier reported by the auth@rthe tripeptide
hydrogelators formed thermoreversible hydrogels at basic pH (pH1BLS. Hovever, below

pH 11.5, the gelators remained insoluble in water; this may imply that the presence of excess
of hydroxide ion has a synergistic benefit on the-aglfregation of these tripeptides into anti

p a r a-sheet suprdmolecular conformations.

NH2

O HN N’<\
Tl
(RB4 I oy ©
|
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Figure 1.4.15 Chemical structures of (a) rhodamineRBB, (b) reactive blue &B4 and (c)
direct red 8RS80

The hydrogels of gelatdr.37bdemonstrated removal of each of the dyes from their aqueous
solutions as it adsorbed 7.4, 9.8 and 10.6 tggRhB, RB4 andDR80 over a period of 28,

30 and 32 h, respectively. Surprisingly, despite the fact that hydrophobic interactions are solely
responsible for the adsorption DR80 onto the hydrogel nanofibres,vitas better adsorbed
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than RhB and RB4 in which both hydrophobic and aemhse interactions drive their
adsorption. Complete adsorption of the three dyes from their equimolar agueous mixture of
was achieved within two days. Interestingly, the spent gelaters regenerated by dropwise
addition of 1 M HCI. The gelator peptides precipitated out when the pH was adjusted to 7.5,
leaving behind the organic dyes in the aqueous medium and the gelator wasdiitereshed
repeatedly with deionized water andedtiHowever, it should be noted that acidic conditions

may well be expected to lead to cleavage of the Boc group on these gelators, and therefore
multi-cycle reuse may become difficult.

In 2010, Das and eworkers investigated the tunability of a singawgelatorl.38precursor

to furnish a hydrogelatat.39 organogelatol.40 and ionogelatof.41(as shown irFigure
1.4.16).%% Quaterization of the amine group of tHe38with methyl iodide and a further ion
exchange with chloride ions produced tha9whereas coupling of the same precursor with a
long-chain acid yielded th&.4Q Interestingly, when the same amine was coupled watftiéc
acid, it yieldedL.41which is capable of immobilizing a wide range of ionic liquids (IL), hence

it is termed an ionogelator and the resulting gels, ionogels.

e N
N ¢ O=¢’ CreMas >\C15H31
O _CH - HN'
EH CHz 1)Mel, KaCOy 1y v~ QM2 CisHaCOOH, DEQ
DMAP, HOBT
CieHas™ & [18]-crown-6, CH,Cl, / NHC 6Ha3
HN 2) Cl ion exchange N a
H N
139 (1.38 B
1.
COOH (1.40
O/ ,DCC
DMAP, HOBT
o O
& o
H\N’C\H CieHas
CH,
(14D

Figure 1.4.16 Tuning the amphiphitity of a nongelator (a) to (b) a hydrogelator, (c) an
organogelator and (c) an ionogelator by simple chemical modifications

53



Chapter 1 Supramolecular envirogels: Emerging nanosorbents for water purification/ Babatunde Okesola

To this end, xerogels of the organogels and hydrogels (but not the ionogels) were then used to
remove various dyes from water. Tio@ogels of the ILBMIMPF ¢ (Figure1.4.17) prepared
via a traditional heatool cycle were used to sequesids (0.01 mM) and\BB (0.01 mM)

from their aqueous solutions.

N
S ©
PFg

BMIMPFg

Figure 1.4.17 Chemical structure of imidazolitmased ionic liquid

It was observed that more than 90% of bothGkeand theNBB were adsorbed by the ionogel
within 8 h and 20 h respectively. On the other hand, the organog&l4Grhade in toluee

slowly adsorbed 50% of both dyes within 6 h and 20 h, respectively. It was suggested that the
excellent performance of the ionogel could be a result of the inherent ionic character of the

ionic liquid used to make the gel.

A two-component gelator system which chiral amphiphilic lithocholic acid.42 (Figure
1.4.18a) and the nononic surfactant dodecyl (dimethyl) amine oxitl&3 (Figure 1.4.18b),

which are not capablef achieving gelation in their own rights to has been reported. This
mixture electrostatically form an intermediate complex which forms a pH responsive chiral
supramolecular gel in water at room temperature, when mixed in the right stoichiometric ratio
asshown inSchemel.4.1.°* The xerogels of the twoomponat hydrogel demonstrated an
excellent affinity and adsorption of amido black 10B (also known as naphthol blue black)
adsorbing 202 mgtjof the dye from its aqueous solution within 15 h. However, the nanofibres
of the gel only adsorbed a slight amount adthyl redMR, chrome azurol £AS (Figure
1.418) and Rh6G, which suggests that the adsorption MBB is primarily driven by

hydrophobic interaction between the nanofibres and the dye molecules.
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(1.42)

Figure 1.4.18 Chemical structures of (a) amphiphilic lithocholic atid2 and (b) dodecyl
(dimethyl) amine oxidé&.43(c) methyl redMIR (d) chrome azurol £AS

I o~

> A4

Schemel.4.1 Formation of a complex hydrogelator from two nongelators and the subsequent

formation of a chiral aggregate.

Song and cavorkers have also recently demonstrated thatrggphonsive hydrogels and
metallohydrogels of lithocolateLLC") formed when an agous solutions is mixed with

solutions ofLC" is mixed with solutions ddlifferent monovalent cations, exhibited a very high
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adsorption capacity and efficiency for cationic dyes; methyleneNdii€0.87-1.10 g ¢') and
Rh6G (1.12 1.42 g ¢*) within 20 min.%®

A family of novel pHtunable hydrogelators among which are compouhddg and 1.45
(Figure 1.4.19) having a urea and two aromatic rings with nitro/ nitrile and carboxylic acid
functional groups appended were reporteddih2by Hayes and eworkers?® Methylene blue

MB (Figurel.4.19) was used as a model candidate for the adsorption studies. In this case, the
adsorption was done in an unconventionaf asthe basic solutions of the gelators were added

to the aqueous solutions of the dye and acidification using a diluted solution of HCI added
dropwise or slow hydrolysis of gluconblactone to induce the in situ gelation of both gelators

in the presencef the dye. As a result of this, the hydrogels demonstrated extremely high
adsorption efficiencies, with maximum dye uptakes of 1020-fnggking them the most
effective hydrogels amongst the various supramolecular gels reportediage for extracting

dyes from water.

COOH COOH
NC
NJ\N COOH N N COOH
H H H u
(1.45
(1.49
NH,
oGSt .
N & N~ O‘
(MB) Cl | |
X~ (1-PyA
H
H2N\/\/N\/\/\N/\/\NH2
(s i

Figure 1.4.19Chemical structure of urea based gelatodgdand1.45 (b) methylene blu®iB,
(c) 1-pyrenemethyl aming-PyA and (d) spermineSP)

It was further demonstrated thaetgel nanofibres are highly selective towards the nature of
the aromatic moiety in the chemical structure and the charge of the dye. Intercalation was

adjudged to be the main driving force for the adsorption of methylene blue onto the hydrogel
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nanofibres de to its planar geometry whereas aaade interaction between the amine group

of the dye and the carboxylic acid groups of the gelator were suggested to be responsible for
the 62 % ofl-pyrenemethyl amin&-PyA (Figure1.4.19c) adsorbed by the gel fibrels order

to counterinvestigate the validity of the proposed intercalation hypothesis, spei®itne
(Figure1.4.19d), a tetracationic amine was interacted with the hydrfigees but there was

only very small amount of spermiis# adsorbed. This is the justification that other dyes were
adsorbed purely by inclusion/intercalation into the gel fibres. Interestingly, the inclusion of
methylene blue into the gel fibres hadmsfgant impact on the strength of the fibres as the
length of the fibres decreases from 10 um to 600 nm when RIB%as added as measured

by TEM.6

In an attempt to optimise the structymeperty relationships and dye uptakfficiency,
analogues of compourid4d4andl.45were synthesizeslch that the number of the acid groups
increase from 2 to 4 as shown in the structure of the bis aanisheaticureal.46ac with a
bola-amphiphilic structuréFigure 1.4.20).°” The hydrogels of the derivatised gelators were
formed via a pkswitching protocol. Their minimum gelation concentrations were lower than
that of the parent bigromatic urea and the mechanical stability of the hydrogels were
enhanced. Interestingly, the hydrogels of the bis araidenaticurea did not demonstrate dye
adsorption capability at gelator concentration > 20 mM in contrast to the parent analogues,
possibly because of the change in aggregation mode at higher commestndiich impaired
permeability within the gel network required for the intercalatioMBt®® However, at a lower
gelator concentteons, the hydrogels of the bis amideomaticurea gelatorslemonstrated a
more effective molar uptake of the dye than the pareraroisatic urea gelators due to the
increase in the number of available sites for intercalation; i.e., the aromatic #&sigpem

molecule.
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Figure 1.4.20 Chemical structure of bis amiggomaticurea based hydrogelatdrgi6ac

In 2013, Sukul and Malik reported the design of thermoreversibt®rbponent hydrogels
comprisinga purine nucleobase, adenihé7 and tricarboxylic acid4.48 and1.49 (Figure
1.4.21).°° Interestingly, the interactions between aderind each of theitarboxylic acids
produced hydrogels with different morphologies. For instance, the hydrogels comprising the
1,3,5tris (4-carboxyphenyl)benzerie48yielded slim beHlike nanofibres having diameters of

ca 20-100 nm while those of biphen@l , 4tdcattoxylic acidl.49had large beltike fibres

with diameter of 5000 nm.

COOH

COOH

NH,
N X
N
<1
N N/
H COOH
(1.47) HOOC

Figure 1.4.21 Chemical structure of (a) adenih&l7(b) 1, 3, 5tris (4-carboxyphenyl) benzene
1.48(c) biphenyt3 ,  4ribarboxyic acid1.49

Such morphological variations have been attributed to differences aomifi@rmations of the
aromatic ring of the aci-dsstabki hgr mat weanof
rings incompoundLl.48is restricted due to flipping of the benzene plane, hence the reason for

the formation of slim nanofibres, whereas extte-d st acking occurs in
compoundL.49which gives rise to the formation of large fibres (as show®cimemel.4.2).
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Longitudinal n-7 stacking is
restricted due to flipping of

— the benzene plane.
NH,
B
e L
y
H

Extended longitudinal
m-w stacking,

Schemel.4.2. Plausible modlling for the formation of different size of belt for different gel

and their growth in the longitudinal direction. [Reproduced from ref. 99]

These bicomponent gelator systems demonstrated a high efficiency for dye adsorption
capability when the hydrogelgere contacted with aqueous solutiondviid, CV andRh6G

for a period of 48 h. The maximum uptakeMi , Rh6G andCV onto the hydrogel%.48was

6.3, 7.2 and 7.9 mg of dye / g of gelator respectively while 6.0, 7.2 and 7.5 mg of the same
dyes was adsorbemhto 1.0 g of gelatat.49 Hydrophobic interactions have been propounded

as the driving force for the adsorption process.

In 2013, a pHresponsive &symmetric cyclohexanbased hydrogelatdr.50(Figure1.4.22)

was designed by Feng andworkers!®The hydrogels were prepared by-gtitching; under

basic conditions, #carboxylic acid groups become deprotonated and subsequent addition of
HCI led to instantaneous gelation due to the reprotonation of the gelator. It was further
demonstrated that the pHpH value at which the gel begins to lose its integrity) increased
from 3.6 to 6.4 as the gelator concentration increased until a plateau was attained. Interestingly,
the wet hydrogels demonstrated rapid adsorption of methylene blue whmr2when mixed

with aqueous solutions of the dye, making the hydrogel the kiuetically efficient among

its kinds as many gels usually take- 20 h to adsorb similar dyes. The nanofibres of the
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hydrogels decorated with dye were filtered off to obtain clean water. In order to understand the
mechanism underpinning the adsorptioteractions between dyes and hydrogel nanofibres,
the Langmuir isotherm model was used to estimate the most approptiditerieqn curve by
plotting thereciprocal of the equilibrium concentration of the dye against the against the
experimental amount alye adsorbed per unit hydrogel. From the isotherm, the maximum
amount of dye adsorbed was estimated as 47 hagd the correlation coefficienfRas close

to 1. As such, although uptake was very fast, only relatively low level of dye loading were
achieved. In order to demonstrate the recyclability of the hydrogels, the gelator was dissolved
in basic aqueous medium followed by acidification and the dye was recovered by repeated
washing with chloroform. Amazingly, the hydrogel with this simple approastodstrated a
higher recyclability (90%) than that of the conventional adsorlaatitvated carbon (73.5%).
However, it should be noted that repeated washing is not an environmentally friendly protocol.

OH

ZT
O

HO

(1.50

Figure 1.4.22 Chemical structure d@>-symmetric cyclohexanbased hydrogelatdr.50

1.5 General features of supramolecular envirogelators

Supramolecular envirogelators are structurally diverse, nonetheless, they share common
features such as (i) amphiphilici§) nanostructuring (iii) molecular programming (iv)
insolubility and (v) biocompatibility with regards to their design and applications. Due to the
importance of these parameters, their roles and relevance are described in the following

subsections.
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1.5.1 Amphiphilicity

Amphiphilicity!®t 192 js an indispensable requirement for the -ssembly of a molecular

building block to occur in water or mixtures of water and organic solvents. An amphiphile is a

mol ecul e that cloomviamg&06 bh nd rdatpda(itydriophgbic)and w
parts. They can seissemble in solution or at the interface between tvxests to form

myriads of molecular architectures such as micelles, vesicles, bilayers and gels. Generally, the
hydrophilic part always resides in the aqueous phase while the hydrophobic core is
preferentially immersed in the nonpolar solvents or in theTdis concept has been widely

exploited by many authors in the past century, especially in oil spill remediation technology
whereby a LMWGs, selectively gels an oil slick from the surface of water leading to phase
separation with little or no water beingcorporated into the resulting gel matrix (as shown in

Figure1.5.1).7% 82103104 The immobilized oil can be recovered by distillation.

Figure 1.51 Gelation of bulk diesel in the presence of water, and its quantitative recovery
through vacuum distillation. Photographs: 1) diesel and water form-pltage system; 2) gel
forms instantaneously upon addition of gelator by syringe; 3) Owing totridegth of the
diesel gel, the flow of water is stopped upon inversion of flask; 4) Diesel gel remains after
removal of the bottom water layer; 5) The entrapped diesel is recovered by vaculleti@hsti

6) Recovered diesel. fproduced from ref. 80].

The hydrophobic effect is the primary factor underpinning -sgijregatiort®> 1 |t is
noteworthy that a balance between the hyldilap and hydrophobic units is vital to the
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controlling of the morphology and the spatiotemporal structure of the resulting nanostructured
gekphase materidf” 1% Moreover, by tning the amphiphilicity of the molecular building
blocks (gelators), sedissembly can be controlled. In most cases, this is done by an inter
conversion between the hydrophilic and hydrophobic regimes. Such conversion is usually done
reversibly or irrevelibly by chemical modification. In this way, the transformation of LMW
organogelators to more biocompatible hydrogelators have been demonstrated by some authors
in this field1°*1! For a representative example, Das anavookers tuned the amphiphilicity

of a single norgelator to obtain a hydrogelator, an organogelator, and an ionogelator (Figure
1.4.16)% It is important to mention that such modification is a very useful approach for
increasing the existing library of LMWG as most LMWGs are usually discovered

serendipitously. It also significantly increases the scope of their afimtis&’

As being discussed in section 1.4.2 of this thesis Chapter, some supramolecular envirogels have
recently demonstrated high uptake of dissolved organic @y&8§ % °7 112 and inorganic

(heavy metals)® 4 pollutants from water in the past decades due to their amphiphilicity. In
most cases, the hydrophilic part of the envirogedrentts with water while the hydrophobic

part preferentially interact with the pollutants, thereby enabling their better performance than

the conventional hydrophobic adsorbents such as activated carbon.

1.5.2 Nanostructuring

The hierarchical seldssembly of lov molecular weight gelators is a sophisticated
supramolecular approach for fabricating complex supramolecular architectures that
spontaneously produce orderly assembled molecular compdtreiisis nanofabrication
approach is can also be refer to as nanostructuring. Nanostructupsgrieeease the surface
area of nanofibres; thus, the inherent sbkd fibrillar network of a supramolecular envirogel

is a potential highly accessible surface for high uptake of pollut&iisie to the structure
property relationships of these nanofibres,-asembled nanofibrillar networks (SAFiNs)
with a desired macroscopic properties can be desitfiethe morphology, hence the
mechanical propertseof a fibrillar network can be engineered by controlling fibre and network
formation!!” For example, the storage or elastic modulti§is dependent on the correlation

|l ength 3, i . e. aver adgigureh®83 h é&sze,ofnfimpernhe
determined by the average mesh size of SAFiNs, increagb$the gel decreasé®
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Fibers—

Nodes =

Cayley Tree Like Network

Figure 1.5.2 lllustration of fibre networks commonly observedsupramolecular materials. a)
Interconnecting fibre network consisting of fibres and joints (or nodes) with closed loops. b)
Cayley tredike network (left) with open loops, and spherulite. [Reproduced from ref. 118].

It is noteworthy that there are twdférent types of fibre networksingle fibre network and
multi-domain networks, obtainable when gelation is completed. Single fibre network emerges
when numerous fibre networks mutually interpenetrate and are interlocked with one another to
form a homogeeous SAFIN, therefore the mechanical strength is strbigyie 1.5.3a). On

the other hand, a muldiomain fibre networks is a collection of disjointed single fibre networks.
Hence, multidomain fibre networkusdaly ex hi bit a high value of

properties Figure1.5.3b).
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(a) Interconnecting
network

Single fiber

networks w

(b) Mutually exclusive
spherulites

Domain
network

Figure 1.53 lllustration of (a) single fibre (b) mutdomain fibre networks

Dueto the mechanical strength requirements for the applications of a supramolecular envirogel
in water purification processes and also the need for the stability of the nanofibres under the
weight of adsorbed pollutants, it is important that the networlssipfamolecular envirogels

be engineered to suit this purpose. Approaches such as supersaturation/supercooling, thermal
processing, seeding, additives and ultrasound have been widely employed to tune the network

and rheological properties of functional moitar gelst” 119123

Besides tuning the mechanical properties of nanofibres, the specific surface area of a
supramolecular envirogel nanofibrillar network can also be tuned by simple chemical
modifications which in turn affect the nanostructuring processes. Feng awdrkers
employed the nitrogen adsorption technique to investigate the structure effect it spec
surface area nanofibrillar networks. Interestingly, it was observed that the BET surfaces for the
xerogels of Gsymmetric benzenbased gelatot.51 (Figure1.5.4) decrease from 14.7%p!

to 3.8 ntg! when he carboxylic acid group och51Giwas replaced with a terminal diglycol
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group to obtain the gelat@r51G2 As a result of the relatively large surface area of the xerogel
of 1.51GJ, the amount of cationic dyes uptake onto the xerogdlbdfG1was abou80 times

the amount adsorbed onto the xerogel .6fG2124

(1.51)

G; R=COOH
O
G2 R =

Figure 1.54 Chemical structures of&&ymmetric benzene based gelators
1.5.3 Molecular programming and molecular recognition

Molecular recognition underpin of biological systems and mediates interactions for instance,
between receptdrgand, anigen-antibody, DNAprotein, proteifprotein, enzymesubstrate

and RNAribosomet?® Molecular recognitioris the specific interaction between two or more
molecules mediated by complementary 1woralent interactions such as hydrogen bonding,

van der Waals forces, me't ad n dc oeolreddi tnracl® toant, i cs
Molecular recognition involves information storage and readout at the macroscopic level.
Information can be molecularly programmed into the building blocks. Such information could
include the nature, number and arrangement of the bindirsg sitéhe ligands enveloping the
substraté?’ The advent of supramolecular chemisty*?° has birthed numerous artificial

systems wherein the concepts of molecular recognition are emgfydtiinterestingly, van
Eschandcavor ker s have emphasised that gelation
par excellenceod6d. I n order to fluandt dther sup
researchet$? 13 in this field have reported that molecukarale information such as chirality
programmed into a gelator is usually translatetb and expressed by the supramolecular
nanofibres. In the light of this, supramolecular envirogels havingl@ermined energetics
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and geometry can be designed from the molecular level. For example, a number of authors
have demonstrated that LMWGs adsore class of dye better than another due to electronic
interaction and geometric differencs% 134 Wayne and cavorkers demonstrated that
isophthalic acid based hydrogelat@rS2(Figurel.5.5) exhibits high selectivity for the uptake

of cationic dyesmethylene blue and methyl violet and a negligible uptake of indigo carmine,
an anionic dye- suggesting selective interactions between LMWG and dye. It was also
hypothesised that intercalation is a key part of the mechanism underpinning the seledteve upta

of cationic dyes as the aliphatic tetracation spermine shows <1 % dftake.

O O

HO OH

O NH

NH
OzN/O/ (1.52

Figure 1.55 Chemical structure of isophthalic acid based hydrogela&#

Programming the selissembly properties of a supramolecular envirogelator via the molecular
geometry and intermolecular interactions is a paradigm of supramolecular devices purposed

for selective and efficient capture of pollutants.

1.5.4 Nanoporosity

In most cases, applications of gel matrices are diffuditren!® A high porosity and the
consequent large surface arathwnore specific adsorption sites are the fundamental important
characteristics of a good adsorbent. When a LMWG is nanostructured by gelation in an
appropriate solvent, a nanonet having a mesh
shown inFigure1.5.3a) >® 136 Extraneous materials can diffuse into, thgh and out of the gel
SAFIN. The mesh size of the fibrillar networks controls the dynamics and mechanisms of
diffusion in the gel®’ It is important to note that the size of theuking mesh depends on the
nature of the gelator, gelator loading, solvent and the gelation process entplgading
techniques sth as scanning electron microscopy (SEM), transmission electron microscopy
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(TEM) and atomic force microscopy (AFM) are commonly used tools for measuring the mesh
size of molecular gels (really all kinds of get¥) 12° However, these techniques have inherent
limitation such as sample preparatioaduced damage or alteration to the morphology of the
gels. When the samples are dried prior togmg, they collapse internally. With the advent of
environmental scanning electron microscopy (ESEM), it is possible to image a gel in its native
(wet) state or by converting it into an aerogel through drying under a reduced pressure without

any disruptiont*°

In the hunt for noanvasive techniques, the use of nuclear magnetic resonance (NMR)
spectroscopy for the characterizationgets has recently withessed enormous growth. Spin
relaxation times, magic angle spinning (MAS), nuclear Overhauser enhancements (NOE) and
pulse field gradient (PFG) are the NMR measurements commonly used nowadays to gain
detailed insight about the moleaulorganization, specific interactions and internal mobility of
constituents in a géf! Adams and Igget al have recently demonstrated the use of PFG
NMR spectroscopy to analyse the SAFIN mesh size in micellar solutions and in stable
molecular hydrogels formed upon addition of@a a solutiorof naphthalene diphenylalanine

1.53 (Figure 1.5.6).%8 Dextran guests of various masses agdrodynamic radii (R,) were

used to probe diffusion in both the networks of the precursor micellar solutions and the
hydrogels. Interestingly, the diffusivities of smaller dextran having a nominal mass 6 kDa, and
glucose, through the two networks are iamto their dilute aqueous solutions and no
retardation was observed. Similarly, for the dextran having a nominal kas$00 kDa and

2Rh < 40 nm, the diffusivity was only slightly restricted in both cases compare to its dilute
agueous solution. Howev, the heaviest dextran having an approximate mass and
hydrodynamic diameter 3300 kDa and 84 nm respectively was almost completely retarded by
the gels, making this consistent with the mesh size of the gell@®@ nm) but the restriction

was much weaken the micellar solution, probably due its very sHoed networks. It was

also observed that the mesh size decreases in the micellar solutions but increases in the gels
when the gelator concentration was doubled. Increased fibre aggregation at higher
concentrations was concluded to be the reason for this observation.
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(1.53

Figure 1.5.6 Chemical structure of naphthalene diphenylaladisa

With this information, new applications can be envisaged for supramiateenvirogels. For
instance, bacterial contamination of drinking water is a significant problem. Bacteria are
relatively large objects (micrescale) whereas the mesh size of a nanostructured envirogel
certainly prevents the diffusion of objects in escef 100 nm. As such, the envirogel should

act as an effective barrier to the passage of biological toxins. Indeed the ability of a LMW
hydrogel to act as an effective barrier has recently been demonstrated by Xensorliers

In this case, enzymiastructed hydrogelation was employed to build gel nanonets in the
pericellular space of a cancer HelLa cell. The nanonets could obstruct extracellular mass
exchange, in this case eviacluding the blockage of a dye having an average mass of 277 Da

from entering into the cell.

1.5.5 Others

When a LMWG undergoes gelation in an appropriate solvent, phase separation between the
6Osolliikdked nanof i br es*ghedtfore, the nasofibtes cambie filtexdtic u r s .
and recycled afterward. Hence, the o6insolub

worthy of note while designing a LMWG for water purification process.

It is expedient that an emggel be watecompatible, hence biocompatible. Therefore,
biocompatible molecular motifs such as peptides, sugar and nucleic acids are potential building
blocks essential for designing supramolecular envirogels for water purifi¢4tion.the other

hand, organogelats that are capable of sequestering pollutants from water can sometimes be
tuned by simple chemical modification to obtain a gelator capable of forming gels in
biocompatible media without losing their adsorption efficietfCy.
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1.6 Thesis aims

Supramolecular Envirogels hold a great promise ogvintheir inherent properties such as
large surface area, specificity for selectivity, high porosity and tunability. Several molecular
building blocks have been designed into supramolecular envirogels in the past decades,
however many of them are not slite for realife water purification processes due to their
dependence on pH, mulitep synthesis and poor biocompatibility. Therefore, in this project,
pioneer hydrogelators of 1,3:2dbenzylidined-sorbitol (DBS) will be synthesized and
characterized The hydrogelation of the gelators will be investigated and the hydrogels

characterized using various techniques.

In the second and third phases of the project, the ability of the hydrogel nanofibres to sequester
various types of dye and heavy metalsnira model polluted water will be probed under
various pH conditions. Batch and flewrough benctscale adsorption methods will be
employed. Parameters such as selectivity for pollutants, maximum pollutant uptake, adsorptive
kinetics and isotherms, limiof pollutant removal, regeneration and reusability will be

investigated.

Amongst metal waste, there is a particular awakening of researchviratstes (waste electrical

and electronic equipment) in the past decade brings along with it, a significantmécono
incentive for gold recovery not only from the ores and consumer electronics but also from
wastewater near, for example, min&st** However, the conventional leaching method, which
involves the use of inorganic cyanides, to recover gold from spent liquors often results in
contamination of the environment via leaka¢fésTherefore, developing environmentally
benign process for binding silver and gold from water, reducing them and togweem into

a more useful nanostructured gold and nanoparticles is not only important from a green
chemistry point of view but could also lead to a more technologically viable nanodevices.
Although several techniques exist for converting noble metalartoparticles?¢ > we rarely

find any that could function as a sedfducing and stabilizing agent for silver and gold
nanoparticles synthesis withoutdagg external reducing agents such as sodium borohydride
(NaBHs) i this area will be reviewed in full in Chapter®erefore, the ability of the DBS
based hydrogels to act as potential templates fitureduction, capping and binding of silver

and gdd in an aqueous mediuna s i mpl e and veritable techni ¢

wealthd, will be exploited. We wil-norgaicen i nv
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hybrid nanomaterials via electrochemical and electroconductivity techniquesder to
determine whether in the process of decontaminating the waste we have created new hybrid

soft /hard electronic nanomaterials
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2 Chapter 2 - Dibenzylidene D-sorbitol and the newborn
DBS-based hydrogelators

Most of the information in this Chapter has been published. For example, a
review of DBS and its derivatives has recently been published 8oft Matter, 2015,
11, 47681 4787. An article on DBSCOOH, one of the novel pioneer DB$ased
hydrogelators has been published irSoft Matter, 2013, 9 8730- 8736 and also
featured in ChemistryWorldmagazine on August 30, 2013.

2.1 Introduction

DBS i s a chiral l ow mol ecul ar -sweipghdt
conformationi it can be considered that the sorbitol backbone is the body and the
phery | ri ngs afFigure2.1l)elt isSawnhite, grgstallingé substance derived
from the naturally occurring hexose sugars@bitol®? and can be syhesized by a
condensation reaction betweersbrbitol and benzaldehyd®. In the earliest repits,

DBS was synthesized by Meunier who proposed that thecatadlysed condensation

of D-sorbitol and benzaldehyde yielded a mixture of two isomeric diacetals, each
having a unique solubility in boiling water and different melting points, one of which
formed a gel while the other did nétin 1926, Thomas andl8 also investigated the

gelation potential of DBS in organic solvents and wter.

Figure 2.11 Chemical structure of DBS

Since mid20" century,a number of studies have explored the reactivity, and hence
the structure of DBS. Wolfe and-emrkers®* re-investigated DBS and by congarn

of the free alcohols into variety of esters were able to demonstrate that it existed as a
single species having both the meramd the trsubstituted derivatives (MBS and
TBS, Figure 2.12) of the protected Borbitol as byproducts rather than being a

mixture of isomers as reported earlier.
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Figure 2.1.2 Structure of (a) 1;8nonobenzylidend®-sorbitol (MBS) (b) 1,3:2,4:5,6
tribenzylideneD-sorbitol (TBS)

Treatment with lead tetracetate demonstrated the presence of a glycol group within
the DBS structure, which suggests it has either 1,2,3,4 or 3,4,5,6 acetal
functionalisation patterns Figure 2.13a and b). When anequivalent of
triphenylmethyl chloride was reacted with DBS, a manityl derivative was formed
which confirmed the presence of a single primary hydroxyl group in the structure of
DBS against the possible 2,3:4JBcetal derivative which would have twarpary
hydroxyl groups [Figure 2.1.3b), supporting the proposed structure of 1,3:2,4
dibenzylideneD-sorbitol.

By subjecting the molecule to acid hydrolysis, they converteaasizon protected
sugar DBS into theidenzylideneprotected fivecarbon sugar Ixylose. Therefore,
the observation of this product rather than foaebon sugar Earabinose confirmed

the acetal functionalization pattern of DBS as 1,2,3,4 not 3,4,5,6.

O O OH
O O ®_<05:0
HOw,, O>_© HO ""'//o>_©
(b)

(@) OH

Figure 2.13 Proposed chemical structures (a) 1,2dRenzylideneD-sorbitol (b)
3,4,5,6dibenzylideneD-sorbitol

Even though the backbone was wedkablished, the exact pattern of attachment of

the benzylidene moieties to the backbone resthielusive. In 1944, Angyal and
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Lawler confirmed the structure of DBS as having a 1,3:2,4 connection pattern. This
was achieved by careful hydrolysis of DBS to yield -@&dnobenzylidend®-
sorbitol*” a compound that has previously been structurally established and reported
by Vargha!®® This compound has been shown to form via the rearrangement of a less
stable intermediate, 2/®onoberylideneD-sorbitol1>°

It is important to note that the carbon atoms within the ring structure of DBS are
themselves new chiral centres. Knowing that their formation is thermodynamically
controlled, it can be assumed thhe bulky phenyl groups occupy the equatorial
positions as shown irF{gure2.11). As such, Brecknell and emorkers explored the

use of NMR to validate the definitive structure of DBS, and finally assigned it as
1,3[R):2,4(5-dibenzylideneD-sorbitol (shown irFigure2.1.1).16°

2.2 DBS and its derivatives: A chronicle &fynthetic strategies

Since the early1970s the synthesis of DBS has attracted numerous patents with
respect to the variation of reaction media, choice of catalysts, stoichiometric balance

of the reacting species and product purification procediés.

In 1973, Akazome and eworkers kickstarted this field by demonstrating a process

of preparing DBS in which case an aqueous solution of sorbitol and bemnxddeas
dispersed in a large volume of cyclohexane and the reaction was performed at an
elevated temperature furnishing water under the azeotropy of cyclohexane, thereby
causing the reaction to proceed while separating water from the reaction system to
obtain the crude product as a slurry in cyclohexX&heowever, the formation of a
considerable amount of MBS and trace amounts of TBS -@sdzucts was observed.

It has been reported that MBS has a deleterious effect on the industrial applications of
DBS. Therefore, it is important it is removed as fully as possible. However, its remova

from the crude product is always complicated and difficult.

Uchiyama improved on the previous invention such that practically no MBS was
formed. This was achieved by splitting the reaction procedures into two stages. In the
first stage, reactants weredted to 50 70 °C!* When the conversion reached-10
40%, water and additional amount of acid catalyst were added, and the reaction
performed undr controlled concentration conditions at room temperature. The

product was obtained as an aqueous suspension.
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In 1985, Machell disclosed a method in which sorbitol was initially mixed with mineral
acid, and in the subsequent step, an effective amount afanatic aldehyde was
incrementally added to the homogeneous aqueous solution of sorbitol at an appropriate

rate to allow a substantially spontaneous reaction to é&cur.

Murai and ceworkers demonstrated a method for making DBS and its derivatives
using benzaldehydes, acetal derivatives of benzaldehydmriitol and an acid
catalyst in a reaction solvent medium comprising a mixtdireydrophobic solvent
(such as cyclohexane) and a hydrophilic polar organic solvent (e.g., alcbltlés)
hydrophobic solvent helps precipitate the product while the hydrophilic solvent helps
dissolve the reacting speciésThe reaction was performed under forced agitation
conditions in the gel/solid phase. This method was fudbeeloped with the use of
long chain amines for the neutralization stejp is supposed that the surfactdike

properties of these bases help control solubilities during reaction anelpy&fk

In the hunt for more environmentally friendly reaction conditions, Salome and co
workers reported an alternative approach to DBSIhey used water as the solvent
medium and arylsulfonic acid as the catalyst. This allowed the authors to synthesise
DBS and simple derivatvéisn good purities (.90%). E
Salome appears to be environmentally friendly through its use of water, Gardlik and
co-workers improved on the method using-@ aliphatic alcohols with no
hydrophobic cesolvent!® The crude DBS was purified by simple washing with
alcohol to remove the monand triacetal derivatives geeviouslydemonstrated by
Uchiyamaet alin which case the authors increased the perceptaijg of the a crude

DBS from 95 to 98 % by simple washing with a mixture of aliphatic alcaffolBhis

approach yielded DBS (and metabsituted halogenated derivatives) largely free of
solvent, catalyst impurities or mono and-dubstituted byproducts. However,
Gardli kds approach wuses relatively | arg
Salley patented a method in whichl2 wt% (@mpared to reactants) of a glycol
solvent was present during the reaction
agent 0, and also noted that i t-g, whichesenc

could effectively be condensed down to a singtgpse step-’

In 2001, Lever and cworkers reported the addition of surfactant to the reaction as a

way of enhancing solubility, which can be particularly suitable for the formation of a
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more hydrophobic DBS derivativésthe solubility of these derivatives is lower in

polar solvents’?

In 2006, Xieet al'®®demonstrated the use of Lewis acid catalysts such as, Zi&Tb,
SnCh, Bi(OTf)s, FeCk and BR either in addition to the Brated acid catalysts more

typically used, or in replacement for them.

Given the inherent drawbacks associated with the some of the previously reported
methods; (i) use of large volume of organic solvents, (ii) difficult purification
processes, (iii) largesage of acid catalysts, (iv) high cost of operations, and (v) long
reaction times, Uppara and -amrkers recently patented an improved synthetic
method for DBS and its derivativé$. The authors used an ionic liquid as reaction
medium and catalyst for the reaction between various benzaldehydessamuliil.

The products were obtained in good yield (>60%) and high purity without any trace of

residual acid or alkaline residues following neutralization.

It should be noted that when derivatives of DBS are synthesised, this can either be
done by (i) modificabt n of t he aromatic O6wingsé, or
groups on the sorbitol Obackboned of th

been employed.

In 2007, Fenget al™ reported a different synthetic method for making DBS and
numerous new derivativeBigure2.21). Similar to the method of Gardlét al (vide
suprd,'’® a dual solvent reaction medium (cyclohexamethanol) and acid catalyst
(p-TSA. 3H0) were employedh the syntheses of various derivativieat DearStark
apparatus was incorpordtehereby circumventing the problem of solvent recycling.
The crude product was neutralized by sodium carbonatsC@®¢® sodium chloride
(NaCl) anchexadecanstearyl dimethylaminé an approach similar to that previously
reported by Kobayashi describaldlove'®® The products were obtained in good yield
(69-99%). When using different benzaldehydes to react with sorbitol, it is noteworthy
that electron withdrawing substitusne.g., CN, N@ promote faster reactions than
electrondonating ones (e.g., OH, OMe), as a consequence of the eledthoinawing

effect rendering the aldehyde more electrophilic and hence, more rééctive.
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Figure2.21Chemi cal structure of DBS modi fied

The nitro groups were converted to amino groups by Pd/C catalysed hydrogenation
reaction. Further derivatization of the amino groups of the amino BBS, - NO
dicyclohexylcarbodiimide (DCC) mediated amide coupling with carboxylic acids
yielded DBS amide derivatives (as showrstheme2.2.1).

| X
5% PdIC, H, HzN.—/ o
o]

o THF, 25 °C
o/ _ o/ i X
]  70%- 95 %yield . OJ\ONHZ
| /N02 "'/OH Z
“OH 7
R'CO
0- 25 °C pyridir?eH /DCC/
30 - 80 % yield
Y
:<R O
R = Aryl, alkyl HO "

Scheme2.21 Formdion of DBS amido derivatives.

In 2008, Stan and eworkers reported the syntheses and gelation behaviours of
cationic organogelators based on 1,3d@4D-(p-ammoniumbenzylidend)-sorbitol
(Figure2.22, p- DBS-NH3") counterbalanced by the carboxylate anions of one four of
natural fatty acids; stearic acid (SA),-higdroxystearic acid (HSAkrythro9, 10
dihydroxystearic acid (DHSA) andrythro, erythro-9,10,12,13tetrahydroxystearic

acid (THSA)!® Although salt formation impaired the inherent gelation ability-of p
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DBSNHdue to the disruptive et f edtafdbdi ntgh &
benzylidene groups, the complex with HSA formed stable organogels in chloroform,
ethanol, ethyl acetate and acetonitrile. This could be attributed to the fact that HSA, a
natural fatty acid and active component of castor oil, is an active gelatts @nn

right. These saltype gelators can be considered as examples ofctwgponent

gelst’’

R-COO HjN-

HO NH, OOCR

R= -C17H35; SA
-(CH5)19CH(OH)-(CH>5)e-CH3; HSA
-(CH,)-(CH)(OH)-CH(OH)-(CH,),-CHs; DHSA

-(CH5)CH(OH)-CH(OH)-CH,-CH(OH)-CH(OH)-(CH5)4-CH3; THSA

Figure 2.22 Structure of cationic organogelasaderived from Bsorbitol and natural

fatty acids

In addition to modifying the aromatic wings of DBS, there has been significant number
of interest in functionalizing the free alcohol groups of the DBS backbone. This is not
surprising as this approach wagen demonstrated in the earliest reports in which such
derivatisation helped elucidate the structure of BBG&enerally, the primary atdol

is more reactive than the secondary, and hence more easily modified using methods
such as tosylation, esterification, etc. In order to demonstrate this, Fengwotkeos
reacted acid chlorides with DBS (with or without modified wings) to furnishonor
bis-esters, depending on the molar ratio of base and acid chloridé’usedhe
presence on one equivalents@bstituted pduct was formed, whereas when more
acylating agent was present, the-8isubstituted product was obtaine8cheme
2.22).
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70 - 80 oC
40 -80 % yield
| SR
=
Ri—
R'COCI / NaH / DMF
0-100C

Scheme2.2.2 Esterification of the fre@ydroxyl groups of DBS and derivatives with

acid anhydride and/or by acylation.

In 2009, Stan and eworkers demonstrated the functionalization of the primary and
secondary alcohol groups of the sorbitol backbone with acrylate groups, potentially
capable of polymerization. The DB®ased organogelator, 1,3:#&-(0-
benzylidene),6-bis-(carbonylaminoethylmethymethacrylai@)sorbitol Figure

2.23, IEM-DBS) was synthesized by reacting 3 moles of DBS with 1 mol2 of
isocynanatoethylmethacrylate and dibutyltin dilaurate as a catalyst in THF under argon
at 60 °C. This derivative of DBS has been exploited as a dental composite by the same
author yide infrg).*’®

Figure 2.23 Chemical structure of IENDBS [Adapted from ref. 23]
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In an attempt to find a replacement for waxes commonly used in the formulation of
personal care product®ich pharmaceuticals, due to their inherent brittleness, Malle
and Luukas have recently patented esters of DBS in which the modification lies on the
primary alcohol of the sorbitol backbotiéVarieties of ester groups with a range of
alkyl chain lengthsKigure 2.24 (a-d)) were attached to these groups. In this case, a
derivative ofDBS is reacted with an acid chloride such as stearoyl chloride, isostearoyl
chloride or isohexadecanoyl chloride in an aprotic solvent such as acetonitrile,
tetrahydrofuran or ethyl acetate in the presence of a tertiary amine and the reaction
mixture reflked for 510 h. For the diesters (such as showFRigure 2.24d) having

tails of different chain lengths, two different acid halides were simultaneously or

sequentially reacted with the DBS derivatives.
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Figure 2.24 Chemical structures of DBS derivatives with modified "tails"

This approach was also used to tether together the primary alcohol units of two DBS
molecules in order to form bolaamphiphté4® (two-headed amphiphiles) with DBS

head groupsHigure 2.25 (a-)). In this case, a diacid chloride such as sebacoyl
chloride were reacted with DBS-ddagoxylvat i \
silicone (also known as TegomerSt 2342) were reacted with the DBS derivative

under microwave conditions for ab@@ min. The potential advantages of these novel
materials in formulating cosmetics over conventional thickeners and dispersants lies

in their high transparency, good adhesion to supports, appropriate flexibility and good
strength.
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Figure 2.25 Chemical structures of DBBased bolaamphiphiles

Most efforts tedate have focused on modifying the substitution pattern of the
substituents appended onto the benzylidene ring and / or the free hydroxyl groups of
the sugar backbone but Xie and-workers have demonstrated that even the first
carbon atom of the sorbitol skeleton is not unmodifidBlén a novel approach, tin
mediated allylation of glucose&s¢heme2.23, A) with allyloromide in an aqueous
medium was employed to synthesise aflgtbitol Scheme2.23, B). The allyt
sorbitol was subjected to catalytic reduction to yielskropyl sorbitol Scheme2.2.3,

C). Dehydrocondensation reaction of 1 mole of the modifiebiteds with 2 moles of
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various substituted benzaldehydes yielded the novel DBS derivaiiebsre2.2.3,

D and E).
I I
CHO HOHC HOHC
H——0 H——OH H——OH
Hl oy DrCH2CH=CHp, Sn  H——0oH  Hy/Pt H——OH
> _—
L Ethanol-water, RT HO——H HO——H
HO H 70% vyield

| JR P
H——OH °Y H——OH H——OH
CH,OH CH,OH CH,OH

Methanol, RT, 24 h R
90% yield

A O\ B Ox c
p-TsOH. H,0
p-TsOH. H,0 Methanol, RT, 24 h
R 90% vyield

R = CH3CH2, CH3CH20H2, OCH2CH2CH3

Scheme2.2.3 Synthesis of Bidl, 3: 2, 4(4-alkyl/alkoxylbenzylidenejl-allyl sorbitol
(D) and Bis1, 3: 2, 4(4"-alkyl/alkoxylbenzylidene)l-propyl sorbitol (E) from glucose
(A).

As described in this section, syntheses of DBS are well established. The compound is
of industrial importance, and as suttfere have been a number of attempts to enhance
the methodology in terms of making it more environmentally friendly, for example by
changing solvents and catalysts. At heart, however, the synthesis is a relatively
straightforward onatep process, and piication can be achieved through simple
optimised washing procedures, with no chromatography being required. Furthermore,
DBS is a versatile building block for further synthetic modification. As has been
di scussed, the ar omat kerable&cege fognsodificatidn, ad B S
do the free hydroxyl groups of the sorbitol backbone. Obviously such derivatisation
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can impact, either positively or negatively, on gelation potential, and in order to
understand the ways in which this can occur, it ialuid understand the gelation

mechanism of native DBS, as explored in the following section.

2.3 Insight into the Molecular selfassembly of DBS: Computational
and experimental concepts

As discussed in the Chapter 1 of this thesis, for supramolecular gdatmeur, a
potential gelator must be capable of forming -selinplementary ncoovalent
interactions which lead to the formation of ediemensional nanostructures called
nanofibrils while the nanofibrils tangle together to form nanofibres. The nanofibres
support a sampispanning threelimensional network with solvent as the major

component.

Several investigations into the molecular ss§embly of DBS have shed light on the
mechanisms underpinning the safflsembly processes that mediate its gelatioan In
attempt to understand the gelation of DBS, many authors have employed experimental
and in silico approaches. In essence, the buttdiKg structure of DBS has two
potenti al mol ecul ar recognition moti f s:
the structure between®H/6-OH groups of one molecule and th€51/6-OH or the

t en (10) me mber acetal-" rsngc koifnganoort he
interactions between the aromatic O6wing
those of anotherCuriosity to establish the precise structure and mechanism of DBS
aggregation has triggered some controvérsyo me aut ho-f sspaokbbBag
the major driving force responsible for the molecular assembly of DBS, while others

emphasise the interplayf b-ot &8t acki ng and hydrogen boc

Yamasaki and cavorkers demonstrated that the polarity of a solvent can have a
remarkable effect on the nature of the hydrogen bonding responsible fassethbly.

In low polarity solvents, intraand intermagécular Hbonding of DBS was favoured,
whilst in high polarity solvents, #onding between DBS and the solvent, which does
not underpin gelator assembly, instead became favétidedorder to probe the roles

of the free OH in selassembly, a selective conversion of each of tRdH5group and

the terminal éhydroxyl group into methoxy groups to obtaimntethoxy and 6

methoxy DBS respectively was demonstrafdte 5methoxy derivative of DBS was
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synthesised thragh the reaction of-gluconal, 5lactone with two equivalents of
benzaldehyde dimethyl acetal to first yield the intermediate 3;8ibghzylideneL-
gluconic acid. This was further reacted with NaH and Mel to give 3;5:4,6
dibenzylideneL-glucono acid métyl ester, then finally reduction of the carboxylic
acid with LiAIH4 yielded 5methoxyl,3:2,4dibenzylidenep-Sorbitol. (Scheme
2.31).

OCHj4
OCH;4
HO_ >
L-gluconal, 5lactone
NaH, CHjl
LiAIH,

A

Scheme2.31 Synthesis 0DBS derivative functionalised selectively as an ether in the
5-position. Note: the priority order of the numbering changes on conversion from

gluconic acid to the sorbitol derivative.

Yamasaki et &t observed that no gelation occurred whes terminal (60OH group)
was protected, while gelation still occurred with th®©B group protected. This
observation suggests ti&OH is more important for the sedssembly of DBS, most
probably because it forms an intermolecular hydrogen bond withicetal groups of
another molecule of DBS. The authors also used IR, UV, and CD spectroscopies to
establish that; (i) the-®H group either hydrogebonds intramolecularly to an acetal
oxygen, or intermolecularly to the surrounding solvent and is indeteitivadved in
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the molecular recognition pathways that underpin gelation, (ii) t#6group is
intermolecularly hydrogebonded to an acetal oxygen and supportsassémbly,

(i) the phenyl groups are ordered side by side around the aggregate axis;) and
helical fibres are formed. The authors concluded that whilst this model, where H
bonding primarily contributes towards DBS sa#fsembly, is corroborated by the
available experimental data, it might not be the only correct nitfdel.a separate
study, it was noted that, if the®@H group is functionalized with a hydrogen bonding

acceptor or donor moiety, gelation can still occtr.

In 1999, Watase et & investigated the ground state dimerization of DBS molecules

in relatively polar alcoholic solvents using fluorescence spectroscopy. It was
concluded from this study that the saffisembly of DBS was mediated by stacking

of the molecules on top of one another to form a molecular fibre. TheheByl ring
overlapped that of another molecule, while the-gfhényl ring overlapped that of
another molecule within a distance of 0.35 nm. It was further establigttee bame

authors thathe stabilization of DBS gel is not only a function of the interplay of the
non-covalent interactions but rather a molecular structural balance that favours the
formation of crystaf$?i indeed, the solubility of gelators is known to be of primary
importance in controlling their ability to form solveeto mp at i bl-ei yed o

phase colloidal material&%'es

In 2003, Wilder and cavorkers for the first time used a computational apprdach
molecular mechanics calculations and molecular dynamics simulatiordgetermine
the configuration of DBS and the intermolecular intemaiwhich underpin its self
assembly®® Molecular mechanics alhyis of a single DBS molecule produces an
energy minimized structureFigure 2.31). However, conformational searches to
explore structural variation showed four other possible eamigimized structures

of DBS (Figure 2.32), suggesting that the molecular configuration of DBS can
potentially switch between several la@mergy structures. This provides a significant
challenge for modelling as subtle changes in (e.g.) spleemlerivatisation of DBS,

may favour or disfavour one or other of these conformations.
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’-é""’ L™

Figure 2.3.1 Energy minimized configuration of DBS as determined by Wilder et al.
through the use of molecular meais; two different angles are shown. Phenyl rings
are in an equatorial positions;CH group forms intramolecular hydrogen bond with
acetal oxygen, and-®H group shows rotational flexibility C = black, H = grey, O =

white. [Images adapted from ref. 189

With respect to intermolecular interactions, these authors found that for the initial
energyminimized configuration of DBS, the only interaction in the dimer was the
formation of a hydrogen bond between th®Id group of one DBS molecule and an

acetal aygen of the other in agreement with the model proposed by YamaSaki.

For the alternative energpi ni mi zed conformations of D
interactions (between phenyl groups in the equatorial position) were also present, in
some agreement with the results of Itag&kiThe authors therefore concluded that
bothHbondi ng amderactions must be consi di
selfassembly, as well as the degree of fluxionality of DBigyre2.3.3). However,

it should benoted that these computational calculations and simulations were carried
out in a vacuum, and hence did not take solvent effects into accaahtent may

well be expected to affect the relative strengths ofeavalent interactions and hence

the confomation of DBS.
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(a) (b)
(c) (d)

Figure 2.32 Alternative energyminimized structures of DBS as determined by
Wilder et al. through molecular mechanics, showing that DBS is flexible and can adopt

several lowenergy conformabns [Image reproduced from ref. 189

3;7 DT F
F&£&F

Figure 2.33 Left: DBS dimers of initial energyinimized configuration (as
determined by Wilder et al.) before and after energy minimization; the formation of
intermolecular hydrogen bonds are shown for (b) and (d) by a dashed line. Right:
dimers formed by alternativenergyminimized configurations of DBS; potential
edgetof ac-e i"nteractions can be seen -tb-or ( a

face i'nteracti ons @asreproguces fraamdf. 189n (d) . [ |
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In 2013, Alperstein and Knaffiused quantum mechanics to determine the molecular
configuration of a single molecule and a dimer of DBS, and reported that thg-energ
minimized conformation of a single DBS molecule had phenyl rings in an almost
equatorial position, in close agreement with the results of Wilder, but in contrast, they
found that the 8DOH group points towards the®@H group with an intramolecular
hydrogen bond forming between them. By employing molecular mechanics and
molecular dynamics simulations to probe the predominant- iatrd intermolecular
interactions in DBS as a gelator for polypropylene, an industrially relevant system,
they found that the maj intermolecular interaction was hydrogen bonding between
the O6 and HO6 groups, with O5/HD6 and O5/HOS5 interactions also contributing.
This agrees with the reports from Yamasaki and Wilder about the importance of the 6
OH group, but in this case thmoposed destination of the intermolecular hydrogen
bond is different. The authors reasoned that due to thends, DBS forms a rigid
structure, which might ai d fiindkreag acoi ma
observed in their gelation simulatioas\d they argued that the main contribution from
phenyl groups was to stiffen the molecular structure. It is noteworthy that the
hydrogen bonding interactions were much stronger in the hydrophobic environment of
polypropylene, suggesting that the naturéhe solvent can affect the intermolecular
interactions in DBS fibre formatiol t hi s may al so be-"t he

interactions were less significant in this simulation.

Song and cavorkers® used SEM to experimentally demonstrate that the nanofibres

of the xerogels of a derivative of DBS; 1,3:243,4-dichlorobenzylidenep-sorbitol

(DCDBS) exhibited different structures in polar solvents {helical fibre aggregates)

and nonrpolar solvents (ropéke helical fibres) Figure 2.34). They also used

molecular mechanicso show that the gelator molecules adopted a plbymear

conformation in polar solvents, causing the molecules to stack on top of each other,

wi t-h "'nteractions b-assgmbégpoibilhl sufyge:
i nt er act iininidual maleewes from bendmng, leading to the observed

nonhelical fibres. However, in nepolar solvents Fbonding between the ®H and

an acetal oxygen was found to be the driving force responsible for thessethbly;

with the intermolecular intactions having different effects on each side of the

molecule, hence twisting the fibres in a helical way to minimize energy.
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Figure 234SEM i mages of DCDBS xer ogdn3v/v)mad e
(b) ethylene glycol, (c)4octanol and, (dp-dichlorobenzene.

In terms of DBS derivatives, Song andworkers reported that the precise positioning

of the substituenbtbsodbnDBBedat emat nes 6wh
gels or not as demonstrated by 1,3:@2,4,6trimethylbenzylideneD-sorbitol

(2,4,6 TMDBS, Figure2.35a) and 1,3:24li (2,4,5trimethylbenzylideneD-sorbitol
(2,4,5TMDBS; Figure2.35b).12The former is an efficient organogelator but the later

does not form gels in the solvents tested. The inability of the later could be attributed

to the subtituents at the mefaosition sterically disrupting the interactions between

one molecule of DBS and another during gelatiar alternatively could be due to

the substitution inducing conformational changes or slight differences in overall

solubility.

Figure 2.35 Chemical structure of (a) 2, 4,ToMDBS (b) 2, 4, 5TMDBS
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Taking these experimental and theoretical results in combination, the following factors

clearly emerge:

(1) DBS is a relatively fluxional mlecule with a number of loWying energy
conformationsi the relative populations of these will be affected by a
number of factors, and sedbsembly may specifically favour any of these
conformations.

(i) In nonpolar solvents hydrogen bonding, predominafitym the 60H
group play a key role in underpinning safsembly.

(i) In polar, protic solvents, hydrogen bonding becomes less significant, owing
to competition for these interactions from the solvent, anebssiémbly is
primarily driven by stacking and/@olvophobic interactions between the
aromatic faces of the gelator.

Clearly, DBS is a versatile and responsive gelator which can, to some extent, adapt to
the environment in which it finds itself. This means that as a gelation system it has a
relatively lroad scope, and clearly synthetic derivatisation, can extend this yet further.

In order to probe the structural and solvent effects on gelation in more detail, a number

of important studies have been carried out, as described in the following section.
2.4 DBS-based gelators: Effects of medium on gelation
2.4.1 DBS-based Gelators: Medium Effects on Gelation

As described above, DBS is a highly versatile gelator, indeed it has demonstrated
exemplary ability to induce gelation in a wide range of organic solV&ri§ 92194
monomers> 1% polymer melts;?2% oils,>*4liquid crystalsz® and ionic liquids®® This
unusual ability is governed by factors such as the concentration of DBS, temperature,
solvent polarity, chirality and the positioning of substituemtshe benzene rings. All

of these factors have significant effects on, for instance, the phase transition

temperature and the rheology of the resulting gel.

2.4.2 Solvent Effects on DBS Gelation

Solvent effects have been of considerable interest Hplgesematerials. In general
terms it is often considered that a gelator must be sufficiently soluble for it to be

compatible with the solvent, but sufficiently insoluble forsel§ s embl vy 4 nt o
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l i ked net wor KB 1820p208 Most galaissit onaalkhifeedge between
solubility and precipitation. DBS is somewhat unusual in the breadth of solvents
which it can immobilise, and given the industrial importance, the gelation properties
have been widely explored in a range of organic solventsany authors> 184192194

206 209211 However, there are fewer studies in which a rational approach to

understanding solvent effects on its gelation is attempted.

In 1995, Yamasaki and Tsutsuraported that solvent polarity could have a significant
effectonsela s sembl y, tuning the relativ-e i mp
stackingt®2However, they did not fully quantify the effects of saltven gelation, and

their results still make it hard to understand why DBS is unable to form gels in highly
polar, hydrogen bonding solvents, such as water. Nonetheless, their pioneering work
set up much of the understanding of the gelation behaviour 8fiDi®th in terms of

nanoscale morphology and rheological performance.

In fact, as early as 1991, rheological analysis had been used to show that the time
requires for DBS to form stable organogels in esters of diacids such as dimethyl
phthalate, dibutyl pthalate, and dibutyl adipate depended significantly both on the
solvent polarity and the concentration of DBSThe minimum concentration of DBS
required to induce gelation, the gl transition temperature and the mechanical
propertieof the resulting organogels all depended on the polarity of the sétvéit.

In a recent extension dhis early work, Liu and cavorkers investigated DBS
organogels in liquid paraffin (LP), diisodecyl phthalate (DIDP) and poly (ethylene
glycol) (PEG).%° Interestingly, regardless of the polarity of the of the solvent used,
theelasticmoduli@ ) of t he r esul tcal bujthegpeakedransitoma i n
temperature increased significantly with solvent polaFtgire2.4.1b). This suggests

that the thermodynamics of nucleation/assembly change with solvent, but the
mechanical naturefdhe network, once assembled, is equivalently independent of
solvent. This would suggests that solvent primarily affects network growth. However,
both of these parameters increase with the concentration of the gelatibre network

becomes more heayientangledKigure2.4.1a).
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Figure 2.4.1 The dependence &6

on

PEG/DBS
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DIDP/DBS

137.8

"C/min
DBS=1wt%

LP/DBS

t he
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Temperature ("C)

temperatur e at

2 °C min* (a) LA DBS gels containing 0.07 wt%,2 wt% and 1 wt% DBS. (b) 1
wt% DBS in LA DBS, DIDR DBS and PEGDBS gel systems, respectively. The

strain amplitude and frequency are 1.0% and 1 Hz.

In sharp contrast, Santos andworkers demonstrated that the choice of organic

solvent did have signidant effects on the rheology of DBS organogels by using

chlorobenzene, mineral oil, ethylene glycol, glycerol and ethanol as model sélents.

As shown inFigure2.4.2, the elastic moduliGo )

of

t he

organogel

tested solvents are in the order of chb@wzene > ethylene glycol > glycerol > mineral
oil > ethanol and the stiffness are 12.6, 10.7, 7.3, 4.0 and 3:6x(16) respectively.

This order seems difficult to rationalise as it does not simply correlate with solvent

polarities. It was suggest#uat including hydrogen bonding effects could account for

this, although a mulparameter approach of this type was not applied in any

guantitative way.
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Figure 2.4.2 Storage modulusGo ) v e r s uysfor tay ahlqrobenzene, (b)
ethylene glycol, (c) glycerol, (d) mineral oil, and (e) ethanol containing 2% DBS. The
storage modulus3 p of ethylene glycol was also measured at lower frequencies using

a rotationarheometer. [Adapted from ref. 1p2

In thelate 1990s, Watase and-amrkers proposed that a weak gel would be formed

if the solvent has little or no tendency to form interactions with the aggrégatés.

a relatively simplistic approach, the authors attempted to correlate the gel forming
ability with the hydrogen bond density of the solvent. In low hydrogen bonding
solvents, the gels formed tidower strength. However, despite the extremely high
dielectric constant (U = 80) and pol ari
although the use of water as asmivent enhanced the strength of its ethanol gel. In
order to clearly understd the gelation of the highly versatile DBS, the use of multiple

solvent parameters will be required.

Deng and cavorkers have demonstrated the gelation ability of DBS in over numerous
organic solvent®¥? They showed thaDBS generally precipitated out of ngolar
organic solvents (exceptxylene), but was able to form stable organogels in glycerol,
ethylene glycol, propylene glycol, propanol, butanol, octanol and benzyl alcohol.
However, when dissolved in highly pokolvents such as DMSO or DMF, the gelator
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remained soluble. These observations are consistent with a view in which the solvent
compatibility of the gelator must be just right in order for gelation to occur. In highly
polar solvents, the interactions betwd®2BS and solvent becomes stronger than that
between one molecule of DBS and the other, thereby leading to the formation of a
weak gel or a homogeneous solution, whereas if the solvent is too apolar, the gelator

is unable to dissolve.

The qualitative undstanding of Deng and ewmorkers was put onto a more
guantitative footing by the landmark research of Raghavan awdodeers, who
published a powerful predictive gelation model for DBS in a wide range of organic
solvents using a multi parameter treatmérof solvent propertie¥d? By fitting
practicallyobtained data from the gelation of DBS at given temperatures and
concentrations, into OHansen spacebo, w h
parameters (HSPs) they could generatedbac®lour ceordinated mapsHigure?2.4.3)

of gelation performance. Hansen space takes account of solvent polarity, and the
ability to accept and donate hydrogen botitiEhese parameters had previously been
used to model the performance of other low molecular weight get&tafsing this
approach, it became possible to predict the region of Hansen space where DBS will
either remain soluble (S), form gels slowly (SG), form gels instantly (IG) or remain
insoluble (I). The distarc(Ry) from the centre of the sphere effectively determines
the degree of compatibility between gelator and solvent, the speed of gelation and the
mechanical properties of the resulting gels. As iRcreases, DBSolvent
compatibility and speed of gelatiolecrease while the mechanical properties increase,

up to a point when the gelator ultimately becomes insoluble. This is in agreement with
the simple qualitative solubilitgriven model of selhissembly and gelation, in which
sufficient insolubility to nuleate gel fibres, and sufficient compatibility of the fibres

with the solvent, are both essential characteristics. The authors also considered the
effect of DBS concentration on the Hansen Space treatment, and as would be expected,
found that the insolubtl region became increasingly dominant as the concentration

of DBS was increased.
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Figure 2.4.3 Results for DBS in various solvents, plotted iD 3Hansen space for 5%

DBS. The axes represent the thre@stm solubility parametersd dispersive, gl=

polar, and d = hydrogerbonding interactions). Each solvent is represented as a color
coded point on these plots. The results show a pattern of concentric spheres, i.e., the
central sol (S) sphere in blue]lowed in order by spheres corresponding to slow gel
(SG) in green, instant gel (IG) in red, and insoluble (1) in yellow. Therdmates for

the centre of the S sphere and the radii of each sphersleraed. [Reproduced from

Ref. 213

Rogersandowor ker s al so demonstrated the i mpoc¢
acceptor/donor character in determining whether DBS will form a solution, transparent

or an opaque gel properties which are connected strongly to gelator solubiftity.

They found that individual HSPs, especidlyn e hy dr ogenhstranglyd i n g
influences the physical propertieshn of t
than that of DBS will yi aladopaguetgét’alniss par e
also noteworthy that unlike for polymer gel counterparts, the appeararieBSf
organogels is dependent on both the distance between the HSPs for DBS and the HSPs
of the solvent and the directionality ldansens distance (R

The byproducts of DBS synthesis; monand triacetals (MBS and TBS) also have

the capability to induethe gelation of organic solvents and / or water. In 1999, Watase
and ceworkers demonstrated with the use fluorescence spectroscopy to show that for
TBS, the 5, 80-bezylidene groups interacted with 1ghd 2,4benzylidene groups
thereby disrupting the-- s t a ¢ k-iamd@,4berfzylidene §roups. As a result of

this interaction, the organogels of TBS are less stable than those of the DBS as revealed
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by the Tqel values and rheological measurements. In order to further establish the
general solvationitferences between the trio (MBS, DBS and TBS), Song ard co
workers investigated the structegelation relationships among the gelators by using

30 organic solvents and watétlt was observed that the gelator with more hydroxyl
groups (MBS) could gel water due to increasing hydrophilicity and those with more
aromatic rings could gel aromatic solvents most efficiently because the aranmatic
enhances the-"stirndgmegtalctafontshe et ween gel a
MBS could also gel longhain alcohols such as hexanol, decanol and dodecanol or
aromatic alcohols such as anisole and benzyl alcohol, hence it is an ambidextrous
gelator. It is important to mention that hydrogen bonding interaction is the main
driving force for the formations of the gels by MBS, DBS and TBS!¢

2.4.3 DBS Gels formed in a Polymeric Medium

Instead of using simple solvents for gel formation, it is possible to use a liquid phase
which is more functional in naturan the case of DBS, polymer melts have been quite
widely investigated as the DBS network can potentially enhance the mechanical
properties of the polymer (see following section for applications of this technology).
In this way, polymer gels using polymer matrices including but not limited to isotactic
polypropylene (iPP3* poly(propyleneglycol) (PPGY 198203217 poly(ethyleneglycol)
(PEG)?? poly(dimethylsiloxane) (PDMSY¥? poly(propyleneoxide) (PPQO
poly(styrene) (PS), poly(methylmethacrylate) (PMMZX),silicone fluidst® 218
copolymers and triblock polymet¥, have been reported. The morphological and
thermal properties of some polymer gels do not differ significantly from that of the
organogels in simple organic solvents as evidenced in the phase transition temperature
of the resulting gel and the shapes/sizetheir nanofibres®” For example, Wilder

and ceworkers demonstrated that the nanofibrils of PPG/DBS gel systems were 10
70 nm in diameter witla primary nanofibrillar diameter of 10 nm; identical to those

of gels of DBS in lowmolarmass organic solvents.

In large part, the polymeric melt phase does effectively behave just like a solvent. For
example, it has been reported that PEG derivatives with a peme#mbxy group at

one end, being less polar, tend to enhance the speed of gelation, which indicates that
606sollvieknee6 ef fects al so appPW°Indeedtcdpgingg el a

one end of PEG as a methyl ethed wiéarly modify its hydrogen bond potential and
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affect its solventike parameters. Asis commonly found in organic solvents, the speed

of gelation, elastic modulusGf ) a ngdl/gelsad transition temperature of
polymer/DBS gel systems increases vdthincrease in DBS concentration. Spontak

and ceworkers demonstrated with PPG/DBS systems that an increase in DBS
concentration will consistently promote an increaseécin unt i | t he cor
reaches about 4 wt%, at which po® p | at e ainceease beyondt4iwtain

the PPG systems yielded a heterogeneous matrix which indicates a saturated gel
network (i.e. the gelator effectively becomes insufficiently soluble for further network

formation)19%. 1%

However, the miecular weight of the polymer can affect the stability of the*4el.
Mercurio and ceworkers demonstrated thatethhigher the molecular weight of
poly(propyleneglycol) (PPG), the less the amount of DBS required for onset of
gelation*” It was suggested th#te solubility of DBS decreased significantly as the
molecular weight of PPG increased and it was argued that this underpinned the
observed behaviour. It should also be noted that the gelation process in polymer
matrices is particularly timdependent, radring a fixed period of time to attain

equilibrium, depending on the concentration of ¥8S.

2.5 Applications of DBS and derivatives: The most patented
supramolecular gelators of all time

DBS has a long history of industrial use, and as such, this compound has attracted
more patents than any other low molecular weight gelators, and hrasrbpyed in

a wide range of different industrial sectors. Furthermore, as gel chemists increasingly
consider higktech applications for these responsive-asfembled materiaf$®s 22

222 DBS and its derivatives are well placed for poterfiiiire use, given the long
history of precedent, and studies to expand the scope of DBS applications are well
underwayt’® 22!

2.5.1 Personal and health care products

DBS has long been employed in the formulation of cosmeticsKiggre2.5.1) due
to its ability to gel the cosmetic condiments, thereby imparting tbeéugt with the
desired thickness, adhesion, strength, and consistency and its use in the field is

widespread.
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In developmen of simple DBS technology, between 1979 and 1982, Rbeéh
patented DBSnediated gelation of glycols with acidic aluminium antipeesy salts,

in which DBS was used to give a clear solid antiperspirant composition, with suitable
stick hardness and adhesion. However, it was noticed that these formulations were not
stable over time, did not have adequate shelf life and deterioratete\atted
temperatures. These drawbacks could be adduced to the instability ofrtfesritiered

acetal ring of DBS in acidic medi#&. Therefore, several patents were developed in
which less reactive solvents were used and stabilizing agents were added into the DBS
gel. Schamper et al describe the use offadtsowhich would be less reactive in the
presence of acidic antiperspirant salts and a gel stabilizer such as zinc acetate. This
formulation was an improvement over the earlier versions as it retards degradation of
the gel sticks and enhanced stability edtvated temperaturé®. Stabilizing and
coupling agents such as guanidif@polypropylene glycol éters of fatty alcohol&8
N-(2-hydroxyethyl) fatty acid amides, zinc and magnesium acé&fatslicone
elastomers® and amino acid salt8! have also been used to stabilize deodorants
containing DBS gels in the past decadetemonstrating the vitality of this area of

industrial research ante significant market for these products.

The use of DBS derivatives in formulating other personal care products has also
recently begun to find expression. For examaple, Malle and Luukas have recently
patented a library of DBS estefsidure 2.24 andrigure 2.2.5) which demonstrated

tremendous ability as thickeners for lipophilic media. The lipstick sticks made with
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these esters exhibited better properties such as transgafiexibility, good adhesion

to supports, good coverage, good stability, glossiness and adequate strength over more
conventional waxy lipstick¥? Similarly, DBS has recentlbeen used as esloluble
thickener in oHin-water emulsions that is currently finding application in products as

diverse as milky lotion, cream, foundation, sunscreen and makeupbase.

In terms of healthcare, Furuishi andworkers patented a pharmaceutical formulation
containing an organogel, a fatty acid ester and a glycerolglycerin fatty acid ester that
incorporates drugs, such as nmarcotic analgesgcfor external applicatiorté! The

use of DBS with 30% ethanol as gel presented good skin permeability, together with
high drug release, leading to efficient transdermal abstrbapharmaceutical
composition. A recent patent uses DBS to formulate pseudoephedrine, preventing easy

extraction of the API for use in the synthesis of illicit driags

Applications of DBS and its derivatives in healthcare are not simply limited to drug
delivery systems but also explored in clinical testing laboratories. Graper and co
workers have demonstrated that the use of DBISa blood compatible and shear
sensitive gel, can facilitate the separation of serum from the cellular portion oftlood.

In this patent, a block copolymer was gelled by DBS in the bottom of a tube and a
blood sample was added on top. Thermoreversible, sheaensitive properties of

the obtained gel enables the formation of a viscous liquid when centrifuged, with the
gel being capable of recovering and reforming once centrifugation is complete. At this
point, the reformation of a solidgel barrier helps separate the solid and the liquid

constituents of blood according to their densities.

2.5.2 Polymers with Embedded DBS Networks for Enhanced Performance

DBS-based compounds are widely used as nucleating and clarifying agents in plastic
or themoplastic material§ indeed this remains one of the primary industrial
applications of this class of materféi>>*° Importantly, the presence of DBS or

DBS derivatives shortens processing times, improves the mechanical properties and
reduces the 0haz*% DBShacts &seasnecleatiregtagent] eyl s .
dissolving in the molten polymer and homogeneously dispersing in the polymer

matrix, and on cooling forms a thermoreversible nanofibrillar network in the polymer,
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resulting in faster and more organized caygfrowth of the polymer matrix, which
leads to the desirable propertt¢* In addition, in thecase of polyolefins it exists in
epitaxial interaction between the nucleating agent and the polymer which also
influence the efficiency of the nucleatiéth. There have been a number of

developments of this technology which are described in more detail below.

Titus and ceworkerg* patented a polyolefin composition with improved charit

which is desirable in certain plastic products such as syringes, made by injection
moulding. The presented polyolefin composition contained fluorinated DBS as
clarifying agent, which contributed to the improved clarity, resistance to shrinkage and
heatdeterioration, without loss of mechanical and chemical properties. Other patents
had proven the ability of DBS and derivatives to improve transparency and reduce
moulding shrinkage of polyolefins that make them suitable for packaging, containers

for cosmelcs, transparent doors and electrical component ffafts.

Despite its efficiency as a nucleating/clarifying agent for polyolefin production, DBS
is not suitable for food packaging due to the transfer of taste and odour to the food.
On researching this problem, Reketsak*° found that substitution on the aromatic
rings to make bislialkylbenzylidene sorbitols is crucial for the performance of this
type of compound as clarifying agents and also overcome the organoleptic problems
associated with the native DBS (unsubstitutéd).a result, the commercial product
sold under the trade name Millard®3988 (1,3;2,4bis(3,4
dimethylbenzylidene)sorbitoF{gure2.5.2) led to compositions with suitable taste and
odour transfer properties for fdopackaging.Xie et at®! have also made DBS
derivatives, in this case having an atiybup attached to the first carbon of the sorbitol
chain which have found applications in polyolefin formulation with an improved

organoleptic profileigure2.5.2b).
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Figure 2.5.2 Chemical structure of (a) Millard®3988 (b) Structure dllyl-1:3, 2:4

DibenzylideneD-Sorbitol

Simultaneous use of DBS as a nucleating agent, and poly(ethylene glycol) (PEG) as a
plasticizer, in order to improve the rate of crystafiian of poly(lactic acid) (PLA)

has been reported by You and-workers®! Due to the presence of the DBS
nanofibrils that acted as heterogeneous nucleating sites for crystallization, it was
possible to observe a crystallization peak after cooling, even at a very high cooling rate
( 4 0 e Qfi thenafore enabling rapid polymer processing. The influence of DBS
selfassembly on the liquitiquid phase separation and crystallization of ultrahigh
molecular weight polyethylene (UHMWPE)/ liquid paraffin (LP) blends was also
studied and confirmedhat DBS nanofibrils can be an effective heterogeneous
nucleating agent and accelerate the crystallization of UHMWPE. Furthermore, the
competition between the liquitquid phase separation and crystallization of
UHMWPE can be controlled by the amount of 8°

In addition to simplymodifying the kinetics of polymer crystallisation, DBS gel
networks can also play a more active role in directing the structure of polymeric
materials. Indeed, the 3D fibrillar networks of DBS organogels can be used-as self
assembled templates for the ymokrization of a monomer, inducing its crystal
orientation and contributing to the formation of nanoporous polymer matrix, suitable
for a variety of applications, after the removal of the DBS scaffold (as shown in
Scheme.5.1).196 253256
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Gelatlon Polymerlzatlon Extraction

Scheme?2.51 Schematic represttion of (a) a homogeneous solution containing
DBS molecules, (b) the formation of DBS nanofibrils, (c) polymers within DBS

organogels and (d) porous polymers after DBS organogel extraction.

Lai and Tseng demonstrated the polymerization of styrene u88gd a templat&®

DBS nanofibrils were formed in styrenellbwed by the freeadical polymerization

of the monomer in the presence of a chemical dinker, divinyl benzene. The
obtained material remained transparent and homogeneous and it was proved that the
DBS fibrils remained intact in the final producshowing that the thermal
polymerization process did not affect the DBS network. Subsequently, a nanoporous
polymer was successfully obtained by solverdiated extraction of the DBS,
suggesting the feasibility of DBS as a templiates has also been denstrated for

other low molecular weight gelatot®.?°® The concentration of DBS influences the
crystallization and the morphology of the resulting polymer. In a similar manner, Lai
et al demonstrated that the gelation of DBS in methyl (methacrylate) (MMA), a
hydrophilic monomer, takes a longer time to attain equilibrium than the hydrophobic
styrene monomer due thein situ hydrogen bonding interaction between DBS and
the MMA and as a result of this, the average pore diameter of the resulted porous
material was larger than the diameter of the nanofibres of the gel satipl2009,

Lai and ceworkers carried out BET analysis of the namprinted polystyrene which
showed that the specific surface area (32Igyof the templated polymer was about

six times that of the untemplated counterpArt.

Another approach using DBS derivative 1,3:@i@,4-dimethylbenzylidene]p-
sorbitol to orientate the crystallization of polypropylene (PP), reported better

orientation when 0.4%instead of 1%) of the DB8ased gelator was used. This was
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attributed to the fact that low concentrations of the gelator produce longer fibres which
could be more effectively aligned and organized, leading to a good orientation of the

polymer chain?®?

It is certainly clear that DBS offers a low cost method for rincation of polymer
matrix properties.Obviously, there is significant further scope for the active
templating of polymer matrices with DBS and its derivatives in which the nanoscale
network introduced activity or function to the overall system rather Huaply
modifying kinetics and structureThis approach to modifying wedstablished
materials with a seldssembled nanoscale network offers high potential for future
high-tech applications, a number of which are currently being explored for DBS and

othe selfassembled ggbhase materiaks®

2.5.3 Dental composite

Dental composites can be obtained by photopolymerization of several dimethacrylate
monomers, such as bispherolglycidyl dimethacrylate (bi$&sMA) and urethane
dimethacrylate (UDMA). However, polymeric composites are vulnerable ittksige

and incomplete vinyl conversion that can lead to the presence of free monomers or
unbound species and cause oral health problems. In order to overcome this problems,
DBS and DBS derivatives have been used to gel dental monomers, resulting in a
redu@d volumetric shrinkage and increased vinyl conversion for
photopolymerizatiori®® 262 Clearly this application is related to other examples of

DBS-modified polymers.

kul ctkt et al . -hisgpanethokyBeBzylidetelp-8orbizo| (MeGDBS)

and 1,3:2,4dis-(benzylidenes,6-biscarbonylamineethylmethacrylatePp-sorbitol
(IEM-DBS) to gelate bissMA and UDMA 178263 They verified that regardless of the

type of DBS derivative, the use of 2 wt% of organogelator contributed to increase vinyl
conversionFurthermore, it was observed that in the presence of I3 (2 wt%)

the samples revealed a compact structure, most likely due to the additional methacrylic
groups that contribute to a better compatibility with the polymer matrix. Wilder and
co-workers ado designed a dental composite consisting DBS, photopolymerisable
ethoxylated bisphenol A (EBPADMA) and zirconiumodified amorphous calcium
phosphate (ZACP) suitable for assisting the remineralisation of tédtBesides,

increasing the monomer conversion rate (by increasing viscostiinly radical
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termination and enhancing free radical propagation), introduction of DBS into the
dental composite, also enhanced the strength and reduced shrinkage of the
nanocomposite. However, the incorporation of DBS retarded the leaching of calcium
andphosphate ions from the -ACP 262

2.5.4 Gel Electrolytes for Future Battery Technology

Many of the examples of applications described above are established technologies,
used in the real world. However, there are a number of developing potential
applications of DBS derivatives which are of great interest. Amongst these, the
dewelopment of gel electrolytes has been of great interest in the past decades due to
the inherent drawbacks with the use of liquid and solid electrolytes in energy storage
technologyi an area of vital technological importance in a world increasingly filled
with mobile devices and energy storage problems. Liquid electrolytes use volatile
organic solvents which may lead to leakage and volatilization problems, while solid
electrolytes present much lower conductivity when compared to their liquid

counterparts. @s offer a potential solution to this dichotomy.

In this regard, recently Raghavan aneloarkers have demonstrated the combination

of a DBS derivative; 1,3;2;8 i s (ddnetdyldenzylidene)sorbitol (MDBS) with a
nanoparticulate material, fumed silica jFSuspended in propylene carbonate (PC)
containing lithium perchlorate salt (LiCl{pas a source of lithium ions for lithiuran
batteries®® FS did not form a gel in the mentioned solvent, but helped rigidify the
resulting oganogel via noitovalent cros$inking between the silanol ($9H) groups

of FS and the free hydroxyl gr oulpisk ed |
el ectrol yte -Iwiikkehd hiiognhi cOlciognududct i vi ty, ar
window and g@od interfacial stability against LiF{gure 2.53). This clearly
demonstrates how the schiéte/liquid-like properties of gel phase materials can be

harnessed within this application.
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fibrils

Figure 2.5.3 Schematic depicting the synergistic interaction between FS'IRCi

electrolyte and MDBS and thiesulting freestanding gel. [Rproduced from reR64.

Very recently, gel electrolytes comprising various concentrattyn®BS in poly
(ethylene glycol) (PEG) containing iodide/iodine/If) redox couples have been
devised by Lai and Chéff. The molecular weight andhé¢ end groups of the PEG
influenced the ionic mobility and hence the conductivity of the hybrid organogels. A
low molecular weight PEG with terminal methyl groups exhibited the highest
conductivity, energy conversion and stability because it does not gmder
intermolecular interactions with other components in the gel. It was further
demonstrated that the addition of DBS to PEG increased the thermal stability of the
gel and led to better dissolution of the electrolyte ions, therefore making it possible to

obtain similar high conductivity for these electrolyte gels as for liquid electrolytes.

The ability of DBS to immobilise organic solvents can also be applied to electrolyte
systems used in dygensitized solar cells. Mohmeyer et al demonstrated that liess po
gelators than DBS, such as metbybstituted DBS (MDBS) and dimethstibstituted

DBS (DMDBS), were optimal to solidify the polar organic solvents, like 3
methoxypropionitrile, frequently used in dye sensitized solar #ells. addition,
DMDBS proved to have a high@ge value and viscoelastic behaviour than MDBS,
making it an appropriate gelator for thedectrolyte systems. The quasilid-state

dye sensitized solar cells yielded identical overall solar energy conversion efficiency
using DMDBS gel electrolyte as the cell which used liquid electrolyte, combined with
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excellent thermal stability. With thes®vel designs in hand, the application of DBS
organogelbased electrolytes in a more biologically related area such as enzymatic
electrochemical processes is being expléfeéor instance, the development and
characterization of an amperometric detector based on getigcb@henyl octylkether
(NPOE) with DBS has been report&and the obtained electrochemical response was

in the range of a typical enzymatic electrode.

It is clear that this field offers significant potential for higith application of DBS
gels. It seems likely that as the area develtpsre will be an increasing focus on
introducing activity into these electrodes via DBS modification, rather than simply

using the gel matrix for immobilisation of the overall electrode.

2.5.5 Liquid -Crystal Gels

The use of low molecular weight gelators tamobilize liquid crystals and the
associated properties has attracted significant scientific attention in the past @&cades.
269270 The presence of a nanoscale gel network is able to impact on liquid crystal
properties such as switching times and voltages, and the liquid crystal organsgsation

also able to impact upon the nanoscale morphology of the gel.

In 2000, Jansen and -ewrkers demonstrated that DBS could be used to gel liquid
crystals in order to obtain a thermeversible and electreesponsive hybrid soft
material having electroptical characteristics appropriate for use in projection
systemg® 27t The developmet of a white lightscattering film constituted by a
commercial liquid crystal, LEE7 and DBS, caused the orientation of the liquid crystal
molecules in the direction of the electric field when an alternating current electric field
was applied, leading tdhe alignment of the molecules and consequently the
transmission of light§cheme2.5.2). 2’2 The gel plays a key role in controlling the
phasediagram of these materials to provide the desired elegitioal properties. On

the contrary, Kato and eworkers expressed a preference for gelators which possess
a mesogen within their network, unfortunately, DBS was not their preferred

embodiment forhe inventiorf* 273
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== Liquid crystal
»~ Gelator fibers

Scheme2.5.2 Schematic representation of the orientation of liguigstal molecules
in the presence of DBS nanofibrils, when an electric field is applied. (Adapted from
Ref22)

In an interesting patent, DBS gel was used to enhance the performance of liquid crystal
displays (LCDs) when deposited onto an optical olefin film in the presence of rough
strippable layers’* The strippable layers, mostly polymers, are attached to the optical
film in order to protect the surfaces against damage during storage, handling and
transport and later removal by usdb8S was incorporated as a nucleation agent and
also to adjust the rate of crystallization of the strippable layer. However, the DBS also
initiated a rough surface at the interface between the strippable layer and the optical

film, thereby providing the esired adhesion.

It has been demonstrated that when confined on the microscale, the nanoscale network
morphology of DBS derivatives can be modified, simply by the dimensions of the
confining spacé’ It is to be expected that this observation will be of importance in
applications where such gehase materials are applied in optical or electronic device

technology.

The compatibility of DBS with a variety of different solvents and other media suggests
it has significant potential for further development in optical applications. This
assumption can be based on the fact that DBS gels are transparent dadncan
nanoscale, nehght-scattering network as well as the rheology and dynamics of the
gel network in term of switchability and responsiveness of the optical materials.

It seems likely that in the future, DBS, and modified versions of it have a lofeto of

in terms of introducing activity into gel electrolytes in order to achieve simple
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advances such as higher efficiency and capacity as well as innovative and new multi
functional energy storage devices. In particular, the ability of gels to bridge Ibetwee
hard and soft materials, for example being compatible with both biological?tfissue
2ifand electrode stace$® means there is significant potential for being able to use
these types of materials in a biological setting at the rapidly developing and all

important interface betweeelectronic and biological systems.

2.5.6 Environmental remediation

The use of DBS and its derivatives for selective gelation of oil from an aqueous
admixture, as a model oil spill remediation technology has been known since 1985
according to a pateAt It is interesting to note that the use of gels in this way hexs be

an area of some activity amongst academic scientists working on gels of late, including
some high profile publications (as discussed in Chapter 1 of this the&$isy. In the
original patent, the ability of DBS and its derivatives to solidify some organic liquids
was exploited to entrap ailylayer in the presence of seawater. For instance, when a
mixture of hydrophilic solvents such aN-methyl2-pyrrolidone (NMP) and
hydrophobic solvents such as liquid palm oil containing 5 % DBS and polyoxyethylene
lauryl alcohol ether (1 %) was sprayeder a layer of kerosene on the surface of
seawater for about 10 min. Interestingly, DBS rapidly and selectively gelled the oil
layer within 10 minutes, leading to the recovery of 100 % of the kerosene with only 1
% water content. It should be noted thiliRlhas since been reported to cause cancer,
although it does rapidly biodegrade and has low toxicity to aquatiédit@ther
additives may be preferable. The use of 6wt% 1,3d{gkmethylbenzylidenep-
sorbitol in another composition contributes to 95% of recovery of gasoline in seawater
with only 0.3% of water content. The gelled oil was gEgbwith a net having 2 mm

x 2 mm mesh opening and easily recovered by either dilution or distillation. These
results, together with the high hardness of the gels make this approach a potentially

powerful and simple technology for reclaiming spilled oolni water.

Even though, DBS has been known for over 100 years and its derivatives have
demonstrated their prowess in various higth applications as discussed above, none

of its derivatives till date has demonstrated highly effective and versatileogeiati
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water. Therefore, in this Chapter of the thesis, the syntheses and gelation properties of

new derivatives of DBS, including novel pioneer hydrogelators will be discussed.

This general overview about DBS and its derivatives has recently been published

elsewhere by our group.

2.6 Results and Discussion
2.6.1 Synthesis of DBS and its derivatives

DibenzylideneD-sorbitol and its derivatives were synthesized by modifying a method
reported elsewher@? This method involves condensation / dehydration reaction
between an appropriate benzaldehyde derivatives (2 moles)-soibiol (1 mole) in

the presence of an organic acid catalggiluenesulbnic acid (as shown iBcheme
2.6.1). The reactions were carried out in a mixture of large volume of cyclohexane and
a little volume of absolute methanol at 70 °C. The hydrophobic solvent (cyclohexane)
is necessaryot only to precipitate the product but also to form a solvent azeotrope

with the condensed water and the hydrophilic solvent (methanol).

R
O
g @)
OH OH o
2 + HO ; OH Cyclohexane/me;[hanol= (@) o
OH OH p-TsOH. 3H,0, 70 °C, 4 h
R 70-80% ""’//OH R

OH
R= H, NOZ’ F, Br, CH3S, COOCH3

Scheme2.6.1 Synthetic scheme for DBS and its derivatives

In all of the condensation / dehydration reactions, MBS and TBS were also formed,
however, in a smaller yield. By taking advantage of the increased hydrophilicity of
MBS and the hydrophobicity of TBS, the crude products were purified by washing
with warm water (50C) and dichloromethane (DCM) to selectively remove MBS and
TBS respectively. Similarly, the unreacted starting materials and the catalyst were
removed from the crude products by washing with cold ethanol. The various DBS
derivatives DBS, DBSF, DBSBr, DBS-SCH3, DBSNO2, and DBS-COOCH?3)
synthesised were obtained in excellent yields-§d0%). The products were

characterised by NMR spectroscopy where resonances for the formed aromatic rings
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were observed between 7.27.5 ppm in DMSGd® for DBS, DBS-F, DBS-Br and
DBS-SCHs except forDBS-COOCH3 which appeared between 7.5.8 ppm in the

same solvent. Another diagnostic signal corresponding to the benzylic proton appeared
as asingletat 5.7 + 0.1 ppm. Additional peak corresponding tondBS-SCHs and
DBS-COOCH3 appeared as singlet at 2.5 and 3.8 ppm, respectively.

Interestingly, in this modified version of the method of Fehgl'’* surfactants were

not used to extract the target products neither were the final product neutralised with a
base. It is important to mention that neutralization of the acid catalyst with NaOH
always leaves alkaline impurities in the product, thereby ihgnitits gelation

potential*™

The advantages of this method outweighed those of the conventional patented
methods. The synthetic benefits included: shorter reaction time (lesg thaurs),
high product yield (>70%) and low yields of -pyoducts. It is also a relatively

sustainable technique as the solvent can in principle easily be separatedised re

In order to further explore the synthesis of DB&ed hydrogelators, some toe

derivatives above were further derivatised as discussed in the following subsection.

2.6.2 Synthesis of DBS acid (DB OOH)

)

HO

© Methanol / NaOH,q o)
O  Reflux,6h,100%

OH
'OH

o o DBS-COOH

DBS-COOCHs3 O
Scheme2.6.2 Synthetic scheme for the synthesi&S-COOH

HO

The methylester deritim@e of DBS OBS-COOCH3) was hydrolysed to obtain
dicarboxylic acid DBS compoundBS-COOH; as shown irScheme2.6.2). It is a

standard method to transform methyl esters to carboxylic acids using a basic catalyst
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at room temperatur&® However,DBS-COOCH3 was not soluble in a methanolic
solution of sodium hydroxide (NaOH) at room tempemtufherefore, a high
temperature approach was employed. In this @B& COOCH3 was dissolved in a

1:1 mixture of methanol and NaOH (1.0 M). The reaction mixture was refluxed for 6
h. The mixture turned colourless (from a white precipitate) due to digsolf the

ester as the reaction progressed. The formation of a colourless solution on cooling the
reaction mixture could be attributed to the formation of sodium carboxylate (Na
OOGCDBS-COONa"). The solvents were removed under vacuum and the resakie w
diluted with deionized water. Acidification of the aqueous solution to pH 3 with 1.3
M NaHSQ, caused thdBS-COOH to precipitate out of the solution as a white
gelatinous substanc&he white precipitate was filtered, washed thoroughly to remove
the windesirable salts and the product obtained in quantitative yield. Appearance of a
broad signal at 13.0 ppm in tHel-NMR spectrum of DBSCOOH confirms the

transformation of ester group to the carboxylic acid group.

2.6.3 Synthesis of DBS hydrazide (DBSCONHNH?2)

O

H,NHN

@) Tetrahydrofuran, NH,-NH,. H,O0 O

O  Reflux, 10h,80%

NHNH,
HO

O
~ DBS-CONHNH2

DBS-COOCH3 o
Scheme2.6.3 Synthetic scheme for DBS hydrazide.

As part of our efforts to increase the hydrophilicityp&S- therefore its hydrogelation

ability and also to exploit the dynamics of its chelating poteMIBS-CONHNH 2

was derived from th®BS-COOCHs3 by a hydrazinatiot§* reaction. The synthetic

route for ouDBS-CONHNH 2 is shown inScheme2.6.3. In this case, auspension of

the DBS-COOCH3 and excess hydrazine monohydrate were vigorously reacted in
THF under reflux (65 C) for 10 h. After
filtered, washed with denized water thoroughly and adried to afford thelesired

compound in high yield (80%). Excess of hydrazine was easily removed with
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deionised water after the reaction due to its high polarity and can in principle be reused,
however, its low cost would not make its recovery cost effective on a smalf%cale.
'H-NMR spectrum of the product shows the presence of two separate singlet signals
at 4.5 and 9.9 ppm in addin to other signals found in the spectrum of the ester
analogue. This newly formed signals corresponds to the primary amine and the amide
bonds respectively ddBS-CONHNH .

2.6.4 Synthesis of amineDBS (DBSNH?2)

H,oN

Hy(g), 10% Pd/C, RT

O Tetrahydrofuran, 6 h, 80 %
HO

NH,

HO "OH NO,

Scheme2.6.4 Synthetic scheme for amisioBS

Amino-DBS derivative was synthesized from DBS-NO: using a similar method to

that reported by Raluca and-amrkers?? In this case, the nitrderivative ofDBS

was dissolved in THF and catalytically reduced with hydrogenngtee presence of

10% Pd/C. The reaction was allowed to proceed at ambient temperature for 6 h. The
yellow precipitate productpBS-NH2 was obtained in high yield (90%). A singlet
signal at 5.1 ppm which corresponds to the formation of a primary amirmevem
observed in théH-NMR spectrum of the new product in DMS#,

2.7 Gelation studies
2.7.1 Organogelation of DBS and its derivatives

The relative gel forming ability of each of the novel gelatbBS-F, DBS-Br, DBS-

NO2, DBS-SCHs andDBS-COOCHz3, was assessed/ laissolving a known quantity

of each potential gelator in different solvents contained in transparent sealed vials. The
samples were sonicated and heated to form a clear homogenous solution and then
allowed to cool to room temperature. In some caseswgrigd form. A simple and

reproducible tube inversion method was used to ascertain gel formatmnif the
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content of the vial did not flow under gravity upon inversion for a period of several
minutes, then it was assumed to have formed &4€hable 2.7.1.1 shows th@BS,
DBS-F, DBSBr, DBS-SCH3 andDBS-COOCH3 are efficient organogelators as they
only form stable gels in a range of organic solvents and oils but in not water. However,
DBS-NO2 did not exhibit efficient gelation in most solvents investigated but
efficiently gelled oils such as silicone oil, sunflower oil and olive ibitan therefore

be referred to as an oleogel and hence may be suitable for food processing
applications®® It was also interesting to observe that none of the gelatcFabite

2.7.1 formed gels in cyclohexane and water because cyclohexane is too apolar to
dissolve the gelators and probably because water, thargh polar, lacks the
threshold solubility requirements to dissolve the gelators. As such, this observations

exemplified the significant roles played by solvents in gelation e¥&hnts.

Table 2.7.1 Gelation ofDBS and its derivatives in various solvents. [gelator]= 10 mM

Sol venDBE¢ DB S C RS N Q- F-DBS Br

ator s COOCH DBS DBS DBS
Wat er | I I I I I

Et hano CG CG CG S CG CG
DCM CG P CG P CG CG
Tol uen CG CG CG TG G G

THF CG S CG S CG CG
DMF S S S S S S

DMSO S S S S S S

Aceton CG CG CG S CG CG
Et hyl a CG P CG P CG CG
e

Cyclah | I I I I I

e

Aceton CG CG CG S S S

SilicoCG P CG CG CG CG
Xyl ene CG CG CG CG CG CG
Ol i ve TG P TG TG TG TG
Sunfl o TG P TG TG CG TG
oi |

I= insoluble, CG= clear gel, P= precipitate, TG= translucent gel, S= solution

2.7.2 Hydrogelation of DBSand its derivatives

None of the derivatives @BS in Table2.7.1 could form stable gels in watbut they
allformedgelsinwatee t hanol mi xtures down to O 70%

Surprisingly, the ds formed in the presence of water were more thermally stable than
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those formed in pure ethanol as demonstrated by the-plaaisétion temperaturéyel

values (as shown irFigure 2.7.1). Although this observatiorappears to be
counterintuitive because they formed solutions in polar solvents like dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), but precipitated in pure water (also a
polar solvent). DMF and DMSO are bothiddnd acceptors while water is both H

bord acceptor and donor though. The rationale behind this could be adduced to
solvophobic effects and the enhanced strength could be attributed to hydrogen bond
donoracceptor interactions between the pendant hydroxyl groups of the gelators and
the water moleules. It is important to note that as %(Hincreases the gelators
become less solubleit forms a solidlike network until a threshold (70%) level is
attained. As such, some water enhances the hydrophobic effect and gelation, but too
much leads to comete insolubility and hence precipitation rather than gelation. This

is in-line with the viewpoint that gels are colloidal materials that are likely balanced

on a knifeedge between dissolution and crystallisatiof?

120
100 * ok
DBS
L 80 x K o * ¥
ECL 60 $ e 0O k %k DBS-NO2
& g s ¢ ¢ DBS-COOCH3#
40 ® DBS-SCH3
20 ® DBS-F
. DBS-Br
0 50 100 150

% Water composition

Figure 2.7.1 Effect of water as a esolvent on the thermal stability of the hydrogels
of DBS and its derivatives. (* implies no gelation at the 3&Homposition; # implies
6 mM of DBS-COOCH3 was used while 10 mM was used for others).

Moreover, the aggregation BBS in water / ethanol mixture was further investigated
with circular dichroism spectsgopy. As indicated inFigure 2.7.2, the chiral

aggregation oDBSis controlled by the ratio of the two solvents. For example, gelation
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of DBS in 50% water composition gives rise to a much stronger sighal«222.5

nm) than obt ai n&e220nm) suggesing annaote orgeeed pac¢kmg
structure oDBS molecules in the presence of wafér®! This would agree with the

view that the presence of water lowers the solubility and drives the assentisof

into pseudecrystalline solidl i ke f i bres. 't i s mxeR66WOT
nmismord i kely to be a fingerprint ofnxthe
= 220.5 nm which is more likely to reflect chiral aggregation of the sugar backbone.
Therefore, this is in agreement with some literature which suggest hydrogen bonding
is domirant in less polar media and aromatic stacking becomes more important as the

polarity increase¥? 18°

250
200 DBS/EtOH
=11]
S 150
E DBS/EtOH-water
< 100 (50%:50%)
b=
= 0 ] :
50180 200 220 240 260 280 300
-100

Wavelength /nm

Figure 2.7.2 Circular dichroism spectral for a gel BPBSin pure ethanol (blue line)
and ethaneivater mixture (50:50).

When searching for derivatives that could gel water, we serendipitously discovered
that DBS hydrazide @ BS-CONHNH2) and the DBS acidOBS-COOH) could
actually gel water without the addition of any organiesotvent. This is probably
because the two hydrophilic functional groups imparted the n&8B® with the
threshold hydrophilicitthydrophobicity balance regred for hydrogelation to occur.

It can be suggested that this shBBS in Hansen space from being in the insoluble
region into one of the gébrming areas. Therefore, the duo can be considered as the
pioneer DBSbased hydrogelators. DBS hydrazide fedrstable hydrogels across a
wide range of pH (20) by the simple and traditional heatol cycle. On the other
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hand, DBS acid formed pHinable hydrogels by pidwitching, as fully discussed in
Section 2.7.3. Interestingly, the duo congealed water (&l molecule / gelator)
at very low concentrations (minimum gelation concentration, MGC = 0.2% wt/vol),

hence they can be refeffred to as 06supe

2.7.3 pH-induced hydrogelation of DBSCOOH

The traditional heatool method of geinaking was not suitable for DBS dicarboxylic
acid OBS-COOH) due to its poor solubility in all of the solvents chosen for this
experimat, even at elevated temperature. However, it was found>B&COOH
undergoes deprotonation under basic pH condition to form a homogenous solution in
water. In this case, a known quantityl@BS-COOH was added to d®nized water

(0.5 mL) and sonicateaf 10 minutes. Thereafter, NaOH (20 pl, 0.5 M) was added to
deprotonate the gelator and the solution was further sonicated until a clear solution
was obtained. In order to induce gelation of the carboxylatedifferent acidification
protocols were empi@d. On the one hand, an aqueous HCI solution (30uL, 0.5M)
was placed in a separate sample vial and thenadeDBS-COOH basic solution was
added to the vial containing the HCI solution as quickly as possible to aid mixing. A
gel was formed immediately.dwever, the gel formed was inhomogeneous due to
microgel formation. The spatial inhomogeneitythie hydrogel could be attributed to

the imbalance between the kinetics of gelation and kinetics of mixing. It is assumed
that the speed of gelation is fastean the speed of mixing, thereby impairing the
ability of the gelator molecules to become closely packed. On the other hand, the
gluconati-lactone (GdL) protocol reported by Adams état’ was applied to induce

the gelation oDBS-COOH. In this case, a known quantity of GdL was added to the
basic DBS-COOH solution and shaken thoroughly until no solid GdL remained
undissolved. Thereafter, the solution waswaéd to stand while the solution slowly
acidified and gelation took place oveB4 depending on the ratio of the GdL to the
gelator concentration and the volume of 0.5 M NaOH used to basiBB5eCOOH
solution. In this case, slow acidification is drv by GdL hydrolysis. Glucord-
lactone lends itself to this application due to its high water solubility, as well as its
ability to undergo slow hydrolysis in water to give gluconic acid (as sho8oheme

2.7.1). This method has previously been #&&d induce the hydrogelaton of peptide

based LMWG. As epected, as the concentration DBS-COOH increases, more
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volume of 0.5 M NaOH was required to completely dissolve the gelator, therefore, a

high concentration of GdL (or HCI) was added to the solution to induce gelation.

HO OH OH O
HO M
\Q%O%o Mo —— HO A on
HO 6H OH
GdL Gluconic acid

Scheme2.7.1 Hydrolysis of GDL to gluconic acid

Change in pH values of the aqueous GdL solution at various concentrations of GdL
with no DBS-COOH was measuredF{gure 2.7.3). It is clear that tb pH of the
aqueous solution of GdL decreases with
GdL as it is hydrolysed and the final pH of the solution is 4. This-ouaversion is

most significant at high pH or when the solution is heated. The ratehiah it
dissolves and mixes in water is faster than the rate at which it undergoes hydrolysis,
which is a reason for the uniform pH change throughout the solution, leading to the

formation of uniform/ homogeneous hydrogéfs.

12 -
10 -
8 4
pH 6 -
4 4

2 -

0 T T T T 1
0 20 40 60 80 100

[GAL] (umol)

Figure 2.7.3 Variation of pH with the amount of GdL after hydrolysis for 12 h.

As a result of the slow hydrolysis of GdL, the kinetic of gelation, and hence assembly
of LMWGs can be monitoredrigure2.7.4 shows how UWis techngue was used to
monitor selfassembly of DBSCOOH in the presence of situ hydrolysed GdL over

a period of ti m@.DBFCGOOH fsomi280 nm to 96 nrrhcan be-
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attributed to {fhetiackolnhge merntweein t he a

gelator.
3
25 20 min
—40 min
2 2 60 min
§ 1.5 ——70 min
é’ 1 ——80 min
o .
& ——90 min
< 0.5 .
—100 min
0 ——110 min
05 220 320 420 120 min

Wavelength / nm

Figure 2.7.4 UV-Vis spectra for timalependent selissembly ofDBS-COOH
induced with GdL

Intriguingly, this system therefore offers the potential of making an ideal hydrogel with
no spatial inhomogeneity. From an application point of view, this protocol should be
important in areas where material properties such as optical clarity, uniform strength
and uniform porosity are desirable. However, it should be noted that gluconic acid will
be residual within the gel. It may in principle be removed by washing though. For the
purpose of our experiment; uniform porosity of the hydrogel network is paramount.
Moreover, Hayes and eworkers have also reported that slow kinetics of gel

formation are necessary to obtain stable hydrogels with longlgb&ervicelife.%

DBS-COOH formed stable gels at concentrations as low as 0.16% w/v, making it a
superhydrogelator. It is important to mention that 10:1 molar ratio of G&IS-

COOH is required to form a stable hydrogel.

2.8 Effects of substituents on the clal aggregation of DBS gelator

Circular dichroism (CD) spectroscopy is a versatile tool for investigating chiral
aggregation in supramolecular g&s$3® In order to compare the assembly of the
different DBS gelatorsthe chiral aggregation @BS, DBSF, DBS-Br, DBS-NO,

DBS-SCHsz, DBS-.COOCH3in ethanoiwater 1:1 mixtureandDBS-COOH andDBS-
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CONHNH?_2 in water was investigated using this technique. In all cases, hot solution
of each of the gelator was prepared in ethaveder 1:1 mixture and was transferred

into quartz cell with path length of 1 mm. The gels were alloveedet at room
temperature and circular dichroism (CD) was measured between wavelength of 200
and 400 nmFigure 2.8 1(af) shows that changing the substituent appended on the
aromatic wings results in a remarkabléeration to the sign of the CD bands which

would suggest they can significantly modify the chiral organisation of the fibres.

The gel ofDBS and DBS-F exhibited a strong CD band at wavelength 220 nm and
another weak band at 260 nm. This would suggesatbmatic stacking in the gels
have CD bands at 260 nimperhaps because they are less polar and assembled into
helical stacks in 50/50 ethanol/watBBS-Br exhibits a strong negative CD baad

245 nm. However, the CD spectra DBS-SCHs andDBS-COOCH3 gels exhibit
bisignate CD spectra having negative CD bands at 223 and 255 nm and positive CD
signals at 260 and 285 nm with crossover taking place at 255 and 267 nm respectively.
As such, this observation could have been interpreted to mean an invefrsion o
supramolecular aggregate to a direction opposite to tHaBSfCOOCHs3 andDBS-
CONHNH?: as this is a common phenomenon with chiral aggregates when influenced
by ambient factors such as solvent polarity, temperature and speed of gétation.

But that is not the case wilbBS-SCH;s as its bisignate CD signals are not directly
opposite to those of the ester nterpartsTherefore, it could mean thBtBS-SCHz
molecularly packed in a completely different orientation. On the other hand, the CD
spectrum oDBS-NO:2 hydrogel reveals additional long wavelength absorption at 350
nm which can be attributed to the nigooup. Nitregroup is a chromophore which

has the tendency to exhibit a CD band especially in an asyrmreatironment due

to nY * ®ransition.
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Figure 2.8.1 CD signal for the gel of (d)BS, (b) DBS-F, (c)DBS-Br, (d) DBS-NO2,
(e) DBS-SCH3, (f) DBS-COOCHs3 in water / ethanol (50: 50)gelator] = 0.1%

wt/v

ol.

In order to investigate effect of hydrazide functionality on the aggregation pattern of
DBS-CONHNH:2 and carboxylic acid group oBBS-COOH, hydrogel of DBS-

CONHNH 2 was prepared as described abbutthere was no addition of ethanol. But

in the case 0DBS-COOH, a cold hydrosol consisting of a homogenous aqueous

solution of DBS-COONa and GdL was transferred into quartz cell. In both cases,

transparent hydrogels were formed at room temperatureagveriod of 6 h and CD

was measured between 190 and 350 nm. It is noteworthy that a gelator concentration

of 0.2% wt/vol was used in both cases. As such, partial but transparent hydrogels were
obtainedFigure2.8.2a shows thabBS-CONHNH 2 exhibitsa bisignate CD spectrum

having a negative CD band at 248 nm and positive CD band at 275 nm with crossover
taking place at 250 nm. In addition to the first positive CD b&R5-CONHNH 2

exhibited a second positive Cottband at 202 nm with crossover at 235 nm. This

could be attributed to the assembly of the sugar backbone. The bisignate CD bands

indicate strong exciton coupling between chromophores. It is also important to note
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that the negative CD band at 248 nm andpbsitive CD bands at 275 nm imply a
left-handed scred e nse of t he el ecet rionntiecr atcrtai nosnist il
neighbouring chromophores. As such, this is an indication of helical organization of
the aromatic chromophoré®.22 DBS-COOH exhibited a weak positive CD band at

280 nm and an intense negative CD band at 260 nm with-avesst 270 nmKigure

2.82b. The broad CD band at 228 nm corresponds to gluconic acid which results from
hydrolysis of GdL2* It is important to note that the observed differences between the

CD spectra oDBS-CONHNH2andDBS-COOH hydrogels further suggest that the
substituent on the hydrogels (like in the 50:50 EtODHyels) can control chiral

organisation.
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Figure 2.8.2 CD signal for the gel of ()BS-CONHNH 2, (b) DBS-COOH

Interestimgly, scanning electron microscope imagegre2.8.3 (af)) further shows

that various functionalities produce sasembled nanofibres networks with different
morphology. The hydrogel dDBS in 50:50 EtOH:HO is made up of very thin
nanofibres having diameter of ca. 5 nm and some bundles of fibres having diameters
of 817 10 nm. On the other hand, gegBS-NO2y i el d e d -sipeatmanbtubesl| b
having diameters between-35 nm and several micron long. As such, the geometry

of DBS-NO:2 gel fibres is similar to those of nitrochalcones organogelators previously
reported by Mesini and eworkers and it was confirndeby the authors that the
alignment of the fibres in this way is due to the participation of the voluminous nitro
group in the assembly proce8sDBS-F, DBS-Br and DBS-SCHs yielded tightly
packed nanofibres having diameters betweeh@Bnm. Howevernanofibres oDBS-
COOCHs are similar to those of the unmodifi&BS probably because they have

similar solubility profile.
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Figure 2.83 SEM image of the dried xerogel of @BS (b) DBS-F (c) DBS-Br (d)
DBS-NO2 (e) DBS-SCHs (f) DBS-COOCH3 from 50:50 EtOH:HO. [gelator]= 0.4%
wt/vol; Scale bar: 100 nm.

Similarly, bothDBS-CONHNH 2 andDBS-COOH hydrogels give twisted nanofibres

of well-defined structures and widtkigure2.84a and b) Figure2.84a shows that

the nanofibres odDBS-CONHNH 2 hydrogel are thin (ca. 10 nm) and monodispersed
which could suggests good compatibility with water and as such, may be ideal for a
broad d applications. On the other hal@BS-COOH hydrogel comprises of ribben

like nanofibres having diameter and pitch of about 15 and 5 nm respectively.
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Figure 2.84 SEM image of the dried xerogel of @BS-CONHNH2 (b) DBS-COOH
100% H20. [gelator]= 0.4% wt/vol; Scale bar: 100 nm.

Change in supramolecular chirality and aggregation mode of LMWGs gels networks
due to variation in appended substituents groups to an aromatic ring has been reported
by Liu and ceworker?° In this case, two pyrernctioralized gelators were
designed such that the pyrene group was linked-gtutamide directly PyCO0) and

with three methylene spaceRyC3) respectively. Organogels of the two molecules
exhibited different fluorescence, aggregation modes, supramolecutalitghiand
responsiveness of chirality to polar and +pmtar solvents as measured by SEM and

CD spectroscopyHigure2.85). It was suggested in the article thabbind between

ami de groupst ammkdi nNg bet ween the pyrene
formation while the spacer between the amide and the pyrene ring regulated the two
interactions and as such, influenced #esembly mode as well as the resulting

supramolecular chirality.

On these premises, it can be concluded that substituent groups on mbdfted
gelators regulate the solubility, aggregation mode and supramolecular chirality of the
DBS backbone.
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PyCO in DMSO
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Figure 2.85 Chemical structures of pyreffienctionalized gelatorByC0 andPyC3,
photos of their fluorescent organogels, CD spectral and SEM images of their
organogels inoluene. [Reproduced from ref. 290

2.9 Kineticsof hydrogelation of DBSCOOH and DBSCONHNH:

The kinetics of fibre growth bpBS-COOH andDBS-CONHNH 2 was investigated
as they are transformed from a solution phase to a gel phase. Circular dichroism (CD)
was used to follow the kinetics of the growth loé tselfassembled fibrillar network
(SAFINSs) resulting from hydrogels (as showrFigure2.9.1). The gelator hydrosols
were transferred with pipette into the CD cuvette prior to kinetic studies, and data were
collected at 5 and 1 min intervals DBS-COOH andDBS-CONHNH 2 respectively.
It is important to mention thd@dBS-CONHNH 2 has the tendency to undergo instant
hydrogelation, therefore, the cuvette was incubated at 1@Bi6€to the transfer of
its hot hydrosbinto the cuvette and the kinetic studidsvas observed that gelators
DBS-COOH and DBS-CONHNH:2 had CD bands aR59.5 nm and 275 nm
respectively and this c¢an -sheet comformationb ut e
resul ting fsrtoanc ktilnegg 'of t he aromati c ri ng¢
noting that the molecular scale property (chirality) of the varigaktors are
transcribed up to the macroscopic scale material as they transform from solution phase
to gel phasé
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It should also be noted that fBIBS-COOH there was an incubation period prior to
assembly as the pH lowers and before nucleation (which is a random stochastic event)
occurs. Thee was also a short incubation time RBS-CONHNH 2, but there was no

pH change required in this system and its nucleation was much faster.

150 (@)
100
2 50 - f\
P 502 300
z 0 t
2100 i
=150 - | [ m
-200 - GdL—~ DBS acid ve
-250 -
Wavelength /nm
250
200 l
\
@150 )\ (b)
S|
£ \ t
- 100 i
2 504 W\ m
o]
200 =250 300
=50 -
-100 - Wavelength /nm

Figure 2.9.1 Time-dependent kinetic studies of the growth of EBS-COOH (b)
DBS-CONHNH2 into 3-dimensional fibrillar network using CD spectroscopy.
[gelator] = 0.1% wt/vol.

The kinetic data obtained from CD spectroscopy was treated with a statistical model
based on Avrami equations. These exponential and logaridguations (2.9-2.9.3)
were originally proposed to describe the crystal growth of polymer melts. This model

has been previously applied to other low molecular weight gelators by some &tithors.
296
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p 8 A (2.9.1)
I1mi— 1178110 (2.9.2)
X(®)=(1(t)-1(0)/(I(D)-1(0)) 4.9.3)

According to Weiss and eworkers, X is the volume fraction of the gel phase, k is the
fibre growth rate constant, n is the Avrami exponent and t is time. The most important
parametern provides quantitative information about the nucleation meshaaind
growth, while the Avrami rate constaktprovides a quantitative check on the course

of assembly; it can be used to compare the nucleating abilities of different systems.
The value of k depends on nucleation and grenath constants. The growthteas
unique for every material and depends on crystallization temperature. It is assumed
that the growth rate is not influenced by nucleatidmhe theoretical values of Avrami
exponent, n, range from4d.depending on the nature of the crystal grovitte higher

the Avrami number the greater the degree of brancHing.value of 1 is usually

considered to represent pure ahmensionalgrowth.
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Figure 2.9.2 Kinetics of gelation of (apBS-COOH and (b)DBS-CONHNH2 based

on Avrami model.

Figure2.9.2a and b shows that the values of the Avrami epon as deduced from

the slopes of graphs are approximately 1.1 and 1.0D88COOH and DBS-
CONHNH_2 respectively. These values imply a ortémensional and interface
controlled growth pattern or a twdimensional and diffusion growth pattern. The
slightly higher value of n fobDBS-CONHNH 2 hydrogel could as well mean that its
fibores are more branched than the fibres resulting from the acid analogue. This
hypothesis is partly validated by the TEM images of the hydrogels (as sh&vwguig

2.93).
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Figure 2.93 TEM images of the dried xerogel of (BBS-COOH and (b)DBS-
CONHNH 2

2.10 Thermo-reversibility and pH stability of DBSCONHNH:
hydrogels

In order to probe the regpsiveness of the chiral aggregateBBS-CONHNH 2
hydrogels to temperature, variable temperature circular dichroismC)T was
carried out on the hydrogel. I nt enx® St in
275 nm was observe#igure2.101. The VT-CD spectrum of the hydrogel showed a

slow decrease in intensity from 20 °C to 40 °C but more sharply at elevated
temperature presumably due to the breaking of intermolecular bonds. The observed
disassembly o€hiral aggregate suggests that the band can indeed be assigned to the
assembled form of the gelator rather than the inherent chirality of the individual

molecule or the presence of artefacts.
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Figure 2.101 Spectra of VICD of DBS-CONHNH2 hydrogel; [gelator] = 0.05%
wt/vol

In order to probe the effect of pH on the thermal responsiven&BSTCONHNH 2
hydrogels, a tube inversion method was used to determifigetielues across a range

of pH values (2L2) T pH values were adjusted with HCI (0.1 M) or NaOH (0.1 M).
Figure2.102 shows thaDBS-CONHNH 2 formed stable hydrogels across the wide
range of pH values investigated and e values ¢a. 68 °C) are insigniiantly
affected by pH. As such, this mak&3S-CONHNH: hydrazide hydrogelators
capable of pHndependent gelation and open up significant potential scope of
applications foDBS-CONHNH .
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Figure 2.102 (a) Effect of pH on e values and (b) photo of stable hydrogel®BIS-
CONHNH 2 across a range of pH. [gelator] = 6 mM

In sharp contrast to this observation, in 2005 Sreenivasachary and Lehn demonstrated
a pHdependent hydrogelation of guanosine hydragigure2.103).2°° The authors
reported that gaunosine hydrazide only underwent thermally induced hydrogelation in
the presence of monocationic species under neutral and slightly acidic pitdorend

but not basic pH.

HZN\ O

Iz

OH OH

Figure 2.103 Chemical structure of guanosine hydrazide

2.11 Summary and Conclusions

DibenzylideneD-sorbitol is a remarkably versatile low molecular weight gelator
which has been knowior well-over 100 years and found many applicationshas
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remained most patented LWMGs till date with over 100 derivatives. Therefore, it can
be considered one of the best examples of supramolecular system, known even before

the field or the terminologgmerged.

DBS, DBS-F, DBS-Br, DBS-SCHs, DBS-NO2 andDBS-COOCH3 were synthesised
by an acidcatalysed dehydration condensation reaction with MB and TBS
derivatives as byproducts which were easily removed by washiDS-NO2 and
DBS-COOCH3 were further onverted toDBS-NH2, DBS-CONHNH2 and DBS-

COOH via one synthetic step in quantitative yields.

DBS, DBS-F, DBS-Br, DBS-SCHs, DBS-NO2 and DBS-COOCH3 demonstrated
versatile and efficient sedissembly across a wide range of organic solvent by the
interplay of noncovalent interactions predominantlylHondi ng asndac’ki n
Although, they could not gel water but the thermal stability of their gels in ethanol
water mixture increases as %@Hcomposition increasésbecause ethanol promoted
the solubility n the admixture while water contributed to thébbhding interaction.
However, DBS-CONHNH:2 and DBS-COOH formed stable hydrogels in water
without adding ethanol as a-solvent and as such, the two could be considered novel
pioneeDBS-based hydrogelatorsDBS-CONHNH 2 formed gel by heatingcooling
cycle while the pH responsii@BS-COOH formed hydrogel by acidifying its basic
solution with HCI or GdL.As such, it is hopeful that the birth of these new
hydrogelators will extend the scope DBS to more a lologically i relevant

applications.

Techniques such as SEM and CD spectroscopy show that substituent groups appended
on t he ar omBBSihave sigmficantgirdliEence® dn aggregation mode and
supramolecular chirality of the gels.

Having synthesizedand characterised these gelators, the hydrogelDBRS-
CONHNH2 and DBS-COOH in particular will be probed for some biologically
relevant applications in subsequent Chapters of this thesis
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3 Chapter 37 Supramolecular envirogels: Nanosorbents

for sequesering dyes from water

Some of the results from this Chapter have been published i6hem. Commun.
2013, 49, 111641166 andAngew. Chem. Int. Ed.2014, 53, 124612465

3.1 Introduction

As described in detail in Chapter 1, dyes are not only useful to texdilstries but

also industries such as paints, plastics, rubbers, printing ink, leather, drug, food, paper
and cosmetic®C It has been reported that about 128 tons of dyes are discharged daily
into the aquatic environmefftt Dyes even in low concentrations, present harmful and
deleterious effects on the quality of our environment. Basic 1&d 8nd congo red

3.2 (Figure3.11) have been rated the most toxic among the various classes3f dye.

303
O NH,
(L
N
NH, ClI SOz Na* O

‘ Q ¢N SO3_Na+
ne
| H,N
(J -
HoN NH,

3.1

Figure 3.11 Chemical structures of basic re@49 and congo re@.2

When dye is discharged as untreated industrial effluent into rivers, lakes, and oceans,
it does not only affect the aquatic life and the food ciabut alsopredisposes human
beings to certain health related problems such as cancer, abnormal structural genetic
alteration, vomiting, cyanosis and liver dysfunctf8hSeveral methods such as
biological2°¢3%° chemicaf®® 3° and physicaft® 32 methods have been widely
employed to remove dyes from water. Among these methods, adsorption is the best

owning to its simplicity, ease of operation and handling, regeneration,-toear
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completeremoval of pollutants and economic feasibility. Activated carbons have been
well exploited in the past centuries as efficient adsorbents for various colouring
matters. Also, certain neconventional adsorbents such as activated clay, alumina and
zeolites @ currently finding expression in environmental remediattddowever,
certain limitations such as high cost of disposal of the spent adsorbent, low pollutant

uptake and lack of seltagty remain with their application.

In recent years, attention has begun to focus on the use of gels for environmental
remediatiorf® 9% 134 Gels are particularly good candidates for dye removal because
they are solvated, yet highly porous materials with nanoscale fibres. This ensures a
high surfacearea of contact between the sdiie network and the liquidike phase,
potentially offering attractive pollutant extraction. Furthermore, they are amphiphilic,
making them suitable for removing dyes as the hydrophilic moiety can interact with

water whie the hydrophobic core adsorb the dyesice versa

It is noteworthy that most currently reported tovolecularweight envirogelators
used for removing dyes from water are stronglyg#pendent, principally because the
de/protonation of a carboxylic acigroup ()Ka ca. 4-5) plays a vital role in their
hydrogelation, which only occurs at lower pH values. It is also noteworthy that their
syntheses require multiple steps and not easily amenable teupcdletherefore
becomes imperative to develop hydrisgeapable of sequestering dyes from water,
having set the following criteria for their design; (i) simple synthetic procedures, (ii)
pH-tolerant gels, (iii) well defined nanostructures, (iv) simple-asfembly and (v)

selective pollutant uptaké?

3.2 Result and discussion

A simple synthetic strategy mapped out for designing a new class of envirogelators
was achieved as disssed in Chapter 2 of this thesis. However, the hydrog@8 &f

COOH andDBS-CONHNH_: are the candidates of greatest interest for this purpose
due to the fact that they are absolute hydrogelators, i.e., orgaschant is not
required for their hydrogetimn, as this might constitute a secondary pollutant in the
water. UnfortunatelyDBS-COOH being a carboxylic acid based gelator, also exhibits

one of the negative features inherent in the previous envirogelators which contain
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carboxylic acid functional gups and are, as such, highly pH dependent, only forming
effective gels under conditions of controlled acidification, typically with@5l As

such, the gels are pH intolerant. Therefd&S-CONHNH2 envirogels were our
primary focus for this application due to its fpblerance. The pkolerant envirogel

may be appropriate for dye adsorption across a wide range of pH. Hydrazide
functionalty is similar to a carboxylic acid analogue in that it has similar degree of
hydrophilicity in its neutral state. However, this neutral state has greater pH
stability3®* More so, it should be noted th@BS-CONHNH: forms gels at
biologically relevant pH values we therefore suggest that this hydrazide
functionalization approach system may be effective and hence a reptackme
carboxylic acids in a wide range of other hydrogelators, to make them mere pH
tolerant. Surprisingly, there have been very few reports of hydrogelators incorporating

an acylhydrazide functional grodgy 34315

Further to the comprehensive discussion @BS-CONHNH:2 in Chapter 2, th
method employed by Xu and-eeorkers!®was used to investigate the effect of pH on
the mechanicgbroperties oDBS-CONHNH 2 hydrogels. In this case, the hydrogels
were submerged in aqueous solutions under acidic (pH 4), neutral (pH 7) or basic (pH
12) conditions for over 10 h. Oscillatory strain and frequency sweeps were used to
probe the rheologicalrpperties of the hydrogels. Interestinghigure 3.21 shows

that the maximum storaged. 12,000 Pa) and loss modudia. 980 Pa) of thédBS-
CONHNH_2 hydrogels are effectively identical under the various pH comdit
investigated.Figure 3.22 shows that the critical shear straica(7.5%) for the
hydrogels also remains unaltered regardless of the ambient pH conditions. This
provides quantitative confirmation of the hypesis thaDBS-CONHNH 2 hydrogels

are pHtolerant. It is worthwhile mentioning again that qblerant supramolecular

hydrogels are very raré®
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Figure 3.21 Dynamic frequency sweeps of the hydrogel®8S-CONHNH 2 after
soaking in (a) acidic (pH 4) (b) neutral (pH 7) and (c) basic (pH 12) aqueous media.
[gelator] = 0.4% wt/vol; strain = 0.2%
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Figure 3.22 Dynamic strain sweeps of the hydrogels @BS-CONHNH: after
soaking in (a) acidic (pH 4) (b) neutral (pH 7) and (c) basic (pH 12) aqueous media.
[gelator]= 0.4% wt/vol; f = 1 Hz
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3.2.1 Batch adsorption of dyes onto DBshased envirogels

The ability of DBS based envirogels to sequester dyes of various kiméshylene

blue MB, acid blue 25AB25 and naphthol blue bladdBB, CR (Figure3.23) and

congo red3.1 (Figure 3.11) from water was demonstrated &wis dye uptake
efficiency, kinetics and isotherms. Prior to the adsorption studies, pVBStock
solution of the dyes were prepd by dissolving a requisite amount (depending on the
percentage purityAB25 45%, CR 54%, NBB 80%, and MB 98%) of the dyes in water.
For instance, acid blue (45% dye content), 6.7 mg (3.90 mg dye) was weighted and
dissolved in a 100 mL volumetric flasBtandard solutions of the dyes were prepared

from the stocks to plot the working curves (Appendix 2).

Yosow c@

O HN
MB ‘ N
AB25 _
02N
NH2 OH
NaO3S SO3zNa

Figure 3.23 Chemical structure of methylene blldE), naphthol blue blackNBB)
and acid blue 254B25)

3.2.2 Probing dye adsorption onto DBSCOOH hydrogel nanofibres

Although DBS-CONHNH2 gels were thought to be optional, we also initially
investigatedBS-COOH hydrogels for this application of dye uptake. Hydrogels of
DBS-COOH were prepared as previously dissed in Chapter 2 of this thesis. A
requisite amount (4 mg) of the gelator was dissolved in deionized water (1 mL) and
NaOH (50uL, 0.5 M) was added to deprotonate the gelator and thereby enables its
solubility in water. After sonication for about 15 mi@dL (10 mg) was added to
acidify alkali solution of the gelator and gelation was allowed to proceed under static
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condition at ambient temperature. In order to probe its dye uptake poteidiadt a
solutions (8 mL, 281M) of MB the vials containing thbydrogel. The system was
allowed to stand at ambient temperature undisturlbégule 3.24a). A UV-Vis
spectrophotometer was used to measure the absorbance of & dgenaining in

the supernatant aqueous solatiabove the gel periodically over 24 hours and the
concentration extrapolated from the calibration curves. The plot of absorbance against
thel maxshown inFigure3.2.4b reveals a significance decrease in the catnagon of

the MB molecules remaining in the aqueous solution as the solution diffuses into the
gel networks and as such demonstrated a maximum loading of 125 M &g of
gelator. On the other hand, basic solutionDBS-COOH (as prepared above withou
GdL) was added to aliquot solutionldB and HCI (0.5 M, 20QuL) was added to the
mixture. Interestingly, instant gelation was observed in the preseht oh addition

of HCI. However, as twice the maximuwB loading onto a preformedBS-COOH
hydrogelwas obtained for hydrogel formed in sita maximum loading of 300 mg/g.

As such, DBS-COOH hydrogel like other previously reported carboxylic acid
envirogelators demonstrated a strong binding affinity for the cationic M.
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Figure 3.24 (a) Photo ofMIB adsorption ontdBS-COOH hydrogels (b) UWis
spectral for the timelependent adsorption studies of methylene blue at ambient

conditions.

The effect of extraneous substance (GdL), used tap&BS-COOH hydrogel, on

rate of adsorbin$ylB ontoDBS-COOH hydrogel was investigated. This was done by
preparing two samples 8BS-COOH hydrogel with a fixed amount (3 mg) bBS-
COOH gelator but with 10 mg and 20 mg GdL respectively. While a dye ealuti
containing 20 mg GdL but no hydrogel was used as the control. Theléipsndent
adsorption studies were carried out over a period of Hghre3.25 shows that the
presence of GdL may slightly have effect the adsorption oMB unto theDBS-
COOH hydrogel. This may be because the gluconic acid resulting from the hydrolysis

of GdL is interacting to some extent wB .
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Figure 3.25 Effect of GdL on the kinetiof MB adsorption ontaDBS-COOH
hydrogel

In order to further investigate the mechanism underpinning its dye adsorption, Acid
blue 25 AB25), a molecule having primary amine functionality unllB which only

has tertiary amine groups, was interacted WBS-COOH hydrogel nanofibres for
about 24 hFigure3.26 shows that the hydrogel adsorbed 60%ABR5 within 24 h

under ambient conditions. This suggests the hydrogel could demonstrate a significant
uptake of amineébased dye molecule. Similar observations have been previously
reported by Hayes and-eeorkers?® HoweverMB and tpyrenemethyl amin&-PyA

(Figure 1.4.19) were used in their studies.
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Figure 3.26 UV-Vis spectral for the timelependent adsorption studies of Acid blue
25 (AB25) ontoDBS-COOH hydrogels at ambient pH condition
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The mechanism underpinning interactions betwiegd and DBS-COOH could be
attributed to either intercalafioof MB into the nanofibres or by an acid base
interaction between the amine group of the dye molecule and the carboxylic acid group
of the gelatorA comparison of SEM imageFigure3.27) of DBS-COOH hydrogels

with and withoutMB showed no significant difference in fibre structure, suggesting
that acid base interactions at the fibre periphery are probably the main cause of dye
adsorptior’!’ Intercalation would likely cause a significant change in fibre
morphology as recently demonstratecHayes and cavorkers?® 3¢ However, in that

case the authors induced the gelation of the gelators in the preséfiBeanid hence
adsorption took place as seksembly proceeds whereas in our case dyes were
adsorbed onto prrmed hydrogel nanofibres. This might explain the contradiction
between the two set of independent experiments.

Figure 3.27 Scanning electron microscope (SEM) images of (a) native andgb)
encapsulate®BS-COOH xerogel; Scale bars: 100 nm

3.2.3 Dye adsorption onto DBSCONHNH 2 hydrogels

Hydrogels oDBS-CONHNH 2 were prepared as previously discussed in Chapter 2 of
this thesis. A requisite amount (4 mg) of the gelators was dissolved in deionised water
(1 mL) ard sonicated; heatingooling cycle was employed to prepare hydrogels of
DBS-CONHNH 2. Aliquot solutions (8 mL) of each of the dye solutions with different
initial concentrations was added to each of the vials containing the gels. The systems
were allowed tostand at ambient temperature undisturbed. The general batch

adsorption process is schematically represent&thure3.2.8.

140



Chapter 3i Supramolecular envirogels: Nanosorbents for sequestering dyes from water/ Babatunde
Okesola

Figure 3.28 Schematic design for a teh adsorption model

A UV-Vis spectrophotometer was used to measure the absorbance of the dye
remaining in the supernatant aqueous solution above the gel periodically over 24 hours
and the concentration extrapolated from the calibration curves. The abs®mas
measured at the maxi mu ofedrts dye PR (498 nm),wa v €
MB (661nm), AB (601 nm) and NBB (619 nm). The plot of absorbance against the

| max Shown in Figures 3.2.3 and 3.2.4 reveals a significance decrease in the
concentration ofhe dye remaining in aqueous solution as the solution diffuses into the

gel networks. It should be noted that in the absence of any specific interactions
between gel nanofibres and dye, the absorption of the supernatant should decrease
88.9% owing to simle dilution effects from the clean solvent present in the gel. In

many cases the dye concentration decreased by significantly more than this factor.
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Figure 3.29 UV-Vis spectral for the timeepenent adsorption studies of (a)
methylene blue (b) Acid blue25 (c) congo red and (d) naphthol blue blaco&%o
CONHNH2 hydrogels under neutral pH condition.

12
—t=0 1
@ 09 e
— a .
= —— =
208 o 508 —t=2h
3 207
506 ——t=4h 306 - ——t=4h
£ £05
204 t=6h —.g 04 - t=6h
< 02 '<8 03 t=18h
: ——t=18h 02 -
- 0.1 —t=24
0 = ‘ . 0
=24
B A 400 500 600 700 800
avelength (nm) Wavelength (am)
0.6 1
0.9
NG ——=on
< Y- R
- t=0h § 0.6 - t=1h
——t=2h 205 ——t=2h
O
t=4h ‘é 04 - t=4h
t=24h = g; ——t=18h
—_ : ——t=24h
0ol ; =24h 0.1 7
« control
400 500 600 700 800 0 g ;
Wavelength (nm) 400 500 600 700 800

Wavelength (nm)

Figure 3.210 UV-Vis spectral for the timelependent adsorption studies of (a)
methylene blue (pH 9nd (b) Acid blue25 (c) congo red and (d) naphthol blue black
(pH 4) ontoDBS-CONHNH 2 hydrogels.
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The percentages of individual dye adsorbedBS-CONHNH 2 hydrogels increase

from 33%CR, 40%MB, 176 AB25, and 10%N\BB over a period of 72 h to 80%,

97% , 100%, and 100% respectively within a period of 24 h by changing the pH of the
aliquot solutions of various dyedhe initial dye concentrations used for this
experiment are 30 e0OR,MBINBB, andAB25aeasmectively. ¢ M 1
Drop-wise addition of 0.5M HCI to the aqueous solutiorA8225, NBB, CR and 0.5

M NaOH to the aqueous solution B, enhanced the affinity ddBS-CONHNH 2

for these dyes. It is important to mention tG& changed coloufrom red Bmax= 499

nm) to blue émax= 590 nm) and underwent selfgregationatp 5. Ther ef o1
precise uptake dZR ontoDBS-CONHNH 2 hydrogel at this pH value was difficult to
quantify butFigure3.211.

DBS-CONHNH, envirogel

t=48 h

Figure 3.211 Congo red changes colour at acidic pH and was significantly adsorbed
ontoDBS-CONHNH 2 envirogel nanofibre after 48 h

Hydrogels ofDBS and DBS-COOCH3 prepared in wateethanol mixture (50:50)
were alsable to efficiently adsorb 93% and 91%CGR respectively, but they showed

no significant affinities foMB, NBB andAB25 under this experimental condition.

Interestingly, DBS-CONHNH2 demonstrates ambidextrous ability for dye uptake
under various pH coritibns. In order to consider the effect of pH on dye adsorption,

it is informative to consider the structures of the dyes, and their functional groups. It
should be assumed that all sulfonic acids, as strong acids, exist in anionic form across
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the entirepH range, however, the amine groups (and phenols) will be protonated or
deprotonated dependent on th€apvalues of the dyes. It can be suggested that the
dyes are best adsorbed by the envirogeBRS-CONHNH:2 in their lowest charged

state. FOMB, this will be at high pH, where the amines are not protonated and it only
has +1 charge. For the other dyes it will be at low pH, where the amines are protonated,
and can therefore somewhat counteract the negative charge of the sulfonate(s).
Notably, AB25 has twoamine groups where&¢BB only has one (and phenol), and

this possibly explains why the former dye is better adsorbed than the later as it will
have a lower net charge. This suggests that when highly charged, these dyes prefer to
be solvated in aqueous stibn rather than interacting with the supramolecular
envirogel fibres through simple hydrogen bond dmade type interactions. As such,

the gel fibres are able to distinguish between different types of dye (@asee and
sulfonatebased) under differénconditions of pH!? In order to vindicate this
hypothesisreactive blue RB4 (Figure3.212) i an anthraquinone dye with sulfonic

acid group, was interacted with the envirogel nanofibres under the ambient neutral
condition. Interestingly, about 64% of the initial dye concentration (0.5 g/l) was
adsorbed within 18 h, perhaps agsault of acidbase interactions between the amine

on the periphery of the nanofibres and sulfonic acids of the dye molecule.

O NH,

cl

H N:<

O HN N4<\ N
T

so;H  ©

Figure 3.212 Chemical structure of reactive bludB4

For a representative exgle, transmission electron microscopy was used to
investigate the interaction of NBB with the gel nanofibres. The patches and dark spots
along the fibres suggests a close interaction of the dye with the gel nanofibres (as
shown inFigure3.2.13). It should be noted that the image is unstained, so the patches
could not be attributed to staining effects and are more likely due to the heavy atoms

present in the dye.
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Figure 3.2.13 TEM image of driedBS-CONHNH 2 xerogel withNBB adsorbed

Infra-red spectroscopy is an informative technique for monitoring interactions within

a nanostructured material. Interestingly, adsorptiddBB shifted the NH stretch of
DBS-CONHNH 2 gdator from 1617 cn shifted to a higher wavenumber bg. 20

cm! while the GH peak of the sorbitol backbone shifted from 3314 to 3382 c¢cm
(these values are assigned with caution as they tend to overlap the characteristic peaks
of the NH and OH group®sf NBB). The C=0 peak was also shifted from 1644'cm

to a higher wavenumber ma. 20 cm! while the C=C shifted from 1572 chto a

lower wavenumber bya. 15 cm! (Figure3.2.14a).
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(@)

(b)

Winanurber cm 1

Figure 3.214 IR spectra for dried xerogel @BS-CONHNH2 (a) with (green line)
and (b) without (pinkNBB

Interaction betweeBDBS-CONHNH 2 and the adsorbedBB was further explored by
UV-Vis spectroscopyrigure3.215 shows the spectra &fBB in solution and when
adsorbed onto the hydrogel DPBS-CONHNH2. The broadening diBB spectrum

and the bathochromic shift from 627 to 646 nm suggest a significant interaction
between the dye moleculecananofibres oDBS-CONHNH 2.

— ro
th B LA

<
< Lh

Absorbance (a.u)

500 600 700 800
Wavelength (nm)

Figure 3.215 UV-Vis spectra forNBB in solution (grey) and on gel nanofibres
(orange)

3.2.4 Adsorption efficiency of dyes onto DBSCONHNH 2 envirogels
In order to determine the maximm dye uptake by the envirogelsBS-CONHNH 2,
concentrated solutions of the dyes were interacted with the gel nanofibres. An aliquot
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of the supernatant was taken and diluted to measmaentration of the dye molecules
remaining periodically using UWis spectroscop)All experiments were run so that

the gels were becoming effectively saturated with dye by the end of each run. The dye
uptake capacity of the envirogel increased with time until it nearly becomes a plateau
suggesting saturation of the emgel with dye (as shown in Appendix B).

The maxi mum amount of dye adsorbed per
from EQGuatidon

N 0 &€ O Qufd (Equation3.2.1)
Qi s the aywuadswofbed (mg/ g), m iseceitshe w
the equilibrium concentratiien tdfe dye ti
concentration (mg/ L) i n solution, and \

treated.

Figure3.216s hows t he maxi muB, A8 & 6 RabnNdB Bunpdt eark e
various pH conditionsMB(I8m5a mgd s igc) pnvh sl Z
adsorbeAB26A 056 @R(/~ g)500 MBE JOOamdy/ g)
adsorbed better undeémappcbdori ma@&u Rtadckoen dios
given becauseaggregderweninsehé absence
Besides the fact t hat these values are
suprleencoul ar envirogel s,-depgemnndemt dseearoencstti
various dyeBBEoEKNHBOVEIEHhegel system qui't
acfdnctionalized gelators which can onl

conditiony asp®wfewidous]
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Figure 3.216 Maximum dye adsorption ont®BS-CONHNH:2 envirogel under

various pH conditions

It is difficult to calculate an accur at
purely obtained from commerci al source
percentage purityenvir wgel abeervaed adaor
amount sisafggeye i ve t hat ev-asgembledul et w
net work has activity. This is predicate
within the gel 1yetawaerels dpiitkdeeisdyesI|taedm iwgihtlh

hi gh surface area in order to maxi mize

3.2.5 Adsorptive kinetics of dye adsorption onto DBSCOOH and DBS
CONHNH 2 envirogels

The kinetics of dye moleculehydrogel interactions was investigated byirig the

kinetic data into pseudo firstrder kinetic model of Lagereen and pseudo secoddr

kinetic models. It should be noted that the kinetics of adsorption was investigated
under the pH condition most suitable for high uptake of various. dyaordng to
Bhattacharyya and Shari@when t he adsorption proces:
through a boundafiyrstt hendern armsd ptsteaadbi
Equa3idbdow2 ds in most cases.

d :
d—?: K1(9,-9,) (Equat o2
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By expression in a |inear form, this gi
K .
| 9ga.-g = 94g,- ﬁs , (Equatipors
Ki= adsorption constant (Il / min)
The pllogg -qfagatsnsaul d give a straigbgt |

obeys pseuvder fKrséti cs.

y=-0.0173x +2.8108
3 4 R2 = 0.9755

0 T T T T 1
0 20 40 60 80 100

time/ h

Figure 3.217 Pseudo firsbrder kinetic ofMB adsorption ontdBS-CONHNH:2
envirogel under basic conditior¥B] = 1.27 g/l, [gelator] = 0.8% wt/vol
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Figure 3.218 Pseudo firsbrder adsorptive kinetic of (&§BB (b) AB25 onto DBS-

CONHNH_2 envirogel; NBB] = 1.21 g/l, AB25] = 1.51 g/l and [gelator] = 0.8%
wt/vol

F r oFigure3.217 a nkigure3.218, it was obserlwed gt hat

agatynisetl ded a fair c®r@0e8pntidoweverffipgse

ki netics was al savoiud e sytiied alt ead bted teae fii

According to Ho and Mckay (1998°p s eudo-os ek ndet i cs i s di
equaBi ama. 2. 5

d 2 .
it:que-qt (Equat o &

Upon application of boumndaO®ytmodpdi t owad
i ntegration this results in;
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t 1 .
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system a sFigwel3.aMa nEigure3.220. It was al so obs
pseudo-os@eonddsorption kinetics yieldec
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Figure 3.219 Pseudo secordrder kinetic ofMB adsorption ont®BS-CONHNH >

envirogel under basic condition; [MB] = 1.27 g/l, [gelator] = 0.8% wt/vol
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Figure 3.220Pseudo secondrder adsorptive kinetic of (&§BB (b) AB25 ontoDBS-
CONHNH_2 envirogel; NBB] = 1.21 g/l, AB25] = 1.51 g/l and [gelator] = 0.8%
wt/vol

In all cases, the kinetic data gave the best fit with pseudo secdadkinetics R O

0.99). This is often the case with adsorption of pollutants from water, apdrssithe

view that chemically specific interactions between the gel nanofibres and the pollutant
dyes underpin the adsorption procg$s®?° All dyes showed significant rates of
uptake, however, at pH 2A4B25 andNBB were taken up significantly more quickly
(K2~ 2.2 x 10 g mg* h'}) than MB at pH 12 (K~ 1.0 x 16* g mg* h'%).
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3.2.6 Adsorptive isotherms for dyes ond DBS-.CONHNH 2 envirogel

The adsorption mechanism for the interactions between envirogel and dye was also
investigated. Langmuir and Freundlich isotherm models were used to compute the
adsorption isotherm fits. To do this, a range of concentration of ality@osolutions

(107 90 mg/l) were added to a fixed concentration of gelator (0.8% wt/vol) assembled
into envirogels. The adsorption process was allowed to proceed at ambient temperature
for a period of time until there was no further change in the aasoebof the aliquot

dye solution. At this point adsorption equilibrium is said to have been attained. Using
the Langmuir isotherm model;

1_ 1 1
—=—+

% %max 9mah’

t./ (Equation 3.2.6)

ge is the amount of dye adsorbed (mg/g) unto hydrogeax is the maximum
adsorption capacity according to Langmuir chemisorption (mg/g)is cthe
concentration (mg/l) of dye molecules remaining in the solution at equilibrium and b
is the energy of adsorption (I/mg). The plot ofeMs 1/ should yieldsa straight line
for a chemisorptive behaviour in which there are specific interactions between the dyes

and the solidike network303 318

According to Namasivayan and Kavitf4,the Langmuir equation can be further
extended to obtain an equation for the dimensionless paramefercgfed the

equilibrium parameter or segadion factor.

R.=1 /+00, (Equation 3.2.7)

Co = Initial dye concentration (mg/l)
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Figure 3.221Langmuir isotherm for the adsorption of (4B, (b) NBB and (c)AB25
ontoDBS-CONHNH 2 envirogel
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On the other hand, thter eund !l i ch i sot herm descri bes
system. Il ts mat hematical exp3.easgdlon i s
3.2.9

Q =K;C" (Equ&t ipo 18
When | ineari zed becomes;

1 .

L o, g =L olq)<f+ﬁ L 0,6 (Equat io®
Ki= Freundlich constant, n = heterogenei
Bot hamkd n are the Freundlich constants
adsorption intensity respectively.
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Figure 3.222 Freundlich isotherm for the adsorption of (B, (b) NBB and (c)
AB25 ontoDBS-CONHNH 2 envirogel under optimum pH conditions
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As shown in Table 3.2.1, the adsorption of the various dyes@R&®CONHNH 2
envirogels fits the angmuir isothermR? ~ 0.999) better than the Freundlich isotherm

(R? 00.95). Surprisingly, the maximum dye uptake capacity.§Jor MB, AB25 and

NBB are 1250, 1250 and 909 (mg)gespectively as extrapolated from the Langmuir
isotherm appears to be higher than the experimentally obtained values. This could be
adducedto perhaps an incomplete equilibrium process during the experimental
determination of the maximum dye uptake. The values @®&5 and rO1, therefore

the adsorption of various dyes onto the envirogel nanofibres is favourable. Moreover,
the low valuesof the energy of adsorption, b signifies beneficial adsorption with

minimum energy requirement for all the hydroge{® interactions.

Table 3.21 Summary of the adsorptive isotherm parameter forRB&-CONHNH:2

interactions
Langmuir isotherm Freundlich isotherm
Dye Solution Qe b(lg) R R? Kt n R?
pH (mg/g)
MB 11.2 1250 0.10 0.45 0.98 194 0.5 0.95
AB25 24 1250 0.11 0.38 0.99 295 0.35 0.94
NBB 24 909 0.12 0.40 0.99 179 0.4 0.96

3.2.7 Recyclability and re-usability of DBS-CONHNH 2 envirogels

In order to probe the selectivity of the envirogel, an aqueous solution containing both
AB25 (60 puM) and NBB (25 uM) was interacted wittbBS-CONHNH 2 envirogel
nanofibres under the optimum pH catah. It was revealed that a mixture AB25

and NBB could be simultaneously adsorbed from the acidic solution by thé gel
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reflective of reaworld conditions where mixtures of dyes may be presEigfu(e

3.223).

].6 7 |
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Figure 3.223 UV-Vis spectra for adsorption of an equimolar mixtureA825 and
NBB ontoDBS-CONHNH:2 envirogel at pH 2.5

In order to recycle the envirogels, it was proposed that reversing the pH candition
may be a simple way of desorbing dyes from envirogel nanofibigare 3.224a

shows that envirogel nanofibres saturated wlB25 andNBB released the dyes when
exposed to a supernatant basic solution (NaOMH1 M). This cycle was repeated
several times with 100% dye recovery after which the percentage recovery declined to
about 80%. However, there was little or no visible damage to the macroscopic gel

integrity (Figure3.2.24b).
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Figure 3.224(a) desorption of dyes from envirogel nanofibres under basic conditions

(b) repeatability of adsorptiedesorption cycling

Therefore adsorptiedesorption, withAB25 and NBB being adsorbed in acidic
conditions and then desorbed under basic conditions offers a simple mechanism for
envirogel recycling. It is important to mention that the gels were exposed to deionised

water for about 2 h between each cycle.

3.2.8 Flow-through experiment

In order to extend the scope of this adsorption experiment to a real life case study and
explore the porosity of the envirogel, a column (as a laboratory model for a water filter)

adsorption experiment was carried out. AlthougBS-CONHNH2 demonstrated
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efficient dye uptake under batch adsorption process but it was because its instant gel
formation, it was difficult to make a uniform hydrogel@BS-CONHNH:2 in our in-

house column and as such there was a massivedsdialsion of dyes through the gel
nework. Tlerefore, DBS-COOH was used for this purpose due to the ease of in situ
gel formation. In this case, a glass column (although 10 mL syringes were also used at
some points) with an inner diameter of 10 mm and 20 cm height was filled with the
premade DBS-COOH solution containing glucon@-lactone (GdL). The gelation

was allowed to proceed as the GdL is hydrolysed in the solution (as sh&wguia

3.2.25) for the column hydrogel.

Figure 3.225 Scheme for a laboratory model for a-galsed water filter. (a) basified
DBS-COOH solution (b) stableDBS-COOH hydrogel (c) influx of dye NIB)

solution and (d) collection of clean water effluent

Deionised water was allowed ftow through the virgin column hydrogel before
introducing the aliquot solution B into the column. This was done to fill any voids

in the gel network and the column. The presence of void on the column walls might
cause notuniform diffusion of dye saition through the column waléddy diffusion.

A correct gelator concentration was required to make a uniform column hydrogel.
Several concentrations were trie@®.3% wt/v, 0.4% wt/v, 0.44% wt/v, 0.5% witlv,
0.57% wt/v and 0.67% wt/However, it was obseed that concentrations below 0.5%
wt/v yielded a highly porous hydrogel, leading to a rapid diffusion of the dye through
the gel network. On the other hand, concentrations above 0.57% wt/v formed tightly

packed fibrous networks, leading to limited ponpsits a result of this straitened pore
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sizes, it took more than one week for 40 mL of clean effluent (void of dye molecules)
to be collected at the column exit. Hence, 0.57% wt/v was found to be the optimum

gelator loading for this experiment.

The feed saltion of MB of known initial concentration was introduced from the
column inlet. The aqueous dye solution was allowed to flow through the column under
gravity. The effluent from the exit stream was collected in labeled 15 mL centrifuge
tubes at desired ietvals (although not constant) of time. The concentration of the dye
solution emerging from the col umnwwas e:
= 664 nm with the aid of UWis spectrophotometer and then interpolated into the

calibration curve.
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Figure 3.226 Breakthrough (a) volume and (b) time for the filtration of MB solution
throughDBS-COOH envirogel filterbed

Figure 3.226 shows the way in which the dyeolecules are distributed when an
aqueous solution containing a constant concentratibiBomigrates into the hydrogel
network until the adsorbate dye emerges in the exit stream. When the adsorbate is first
introduced into the clean filter bed, the hygiebbecame saturated at the inlet interface

of the bed and assumed equilibrium with the dye molecules in the aqueous inlet stream.
The concentration of the dye molecules decreased gradually as the aqueous solution
flows through the bed and the amount rerirgy at the exit stream becomes negligible.

The volume and time attained before a significant amount of the adsorbate is first
detected in the effluent are taken as the breakthrough volume and time respectively. It
is obvious fromFigure 3.226 a and b that it took about 12 h (ca. 75 mL) for the
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breakthrough point to be attained. After the breakthrough point, the concentration of
the adsorbate dye in the effluent stream rose steeply and become constant to assume
the sigmoidal shape (Shape) at the saturation point, until all M& was simply

eluting as the gel column was saturated.
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Figure 3.227 Adsorption rate foMB ontoDBS-COOH under a gravity flowthrough

model

It is shown Figure 3.227) that the adsorption increases steeply until the supposed
maximum loading capacity is attained. The maskIBf adsorbed is computed to be
50 mg MB/ g ofDBS-COOH. This value is expectdd be less when compared with
batch adsorption (ca. 125 nwWB/ g of DBS-COOH due to lower contact time and

availability of active sites.

It is important to mention that any attempt to apply pressure to aid the flow through of

the aqueous solution resultiedinternal collapse of the gel network.

3.3 Conclusion and Summary

In order to kickstart the applications of the novel pionB&S based hydrogelators in

a more biologically relevant areBBS-COOH and DBS-CONHNH 2 were used to
remove pollutant dyes from wet In this initial studyDBS-COOH hydrogels like
other pHdependent carboxylic acid based hydrogelators reported in literature,

significantly adsorbed methylene bludg), a basic cationic dye from water under
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ambient condition but acid blue 2BE25), an anionic dye, to a lesser extent. Acid
base interactions were proposed as the underlying mechanism underpinning adsorption
of the dyes ont®BS-COOH hydrogel nanofibres.

On the other hand)BS-CONHNH 2, a pHtolerant hydrogel, demonstrated a-pH
dependenselective dye uptake towards methylene {M8), acid blue 254B25),
naphthol blue blackNBB) and congo redGR). A significant amount oMB was
adsorbed under basic pH condition whi@25, NBB and CR were efficiently
adsorbed under acidic pH conditidhis hypothesized that hydrogen bonding acid
base type of interactions mediated the interaction betweeimydiregel nanofibre
interaction, and hence dye adsorption. Interestingly, techniques such as TEM, FTIR
and U\LVis spectroscopy shows there wereviolis interactions betweddBB and
DBS-CONHNH 2 hydrogel nanofibres at optimum pH condition.

Furthermore, adsorptive kinetic and isotherm studies reveal that uptake of dyes onto
DBS-CONHNH:2 hydrogel nanofibres fit pseudo secemrder kinetic and the
Langmur model better than pseudo fistder kinetic and the Freundlich model. As
such, both the kinetic and the isotherm parameters suggest that dye uptake onto the
hydrogel nanofibres is a chemisorptive adsorption process rather than a physiosorptive
phenomeann. The ability ofDBS-CONHNH:2 envirogel to simultaneously sequester

acid dyes from their multicomponent agueous mixture suggests its potential for a real
life water purification applications. The hydrogel could be recycle and reuse many
times by a simplevashing with NaOk&g,.

Due to the inherent nanoporous meshes in the hydrog8B8$fCOOH andDBS-
CONHNHp_2, they could be designed into a laboratory beswdle nanofilter for water
purification. DBS-COOH solution could easily be loaded into column and amif
hydrogelation obtained bl BS-CONHNH 2 exhibited instant gelation and hence it
was difficult to obtain uniform gel formation when loaded into the column. As such,
DBS-COOH demonstrated better adsorptionMB as the aliquot solution of the dye
elute through the gel column and clean water obtained as effluent until the whole

column became saturated with dye.
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Having established the adsorptivity@BS-COOH andDBS-CONHNH 2 envirogels
towards various dye by using model polluted water, it is hoped thatthiges would

be carried out in the future using water obtained from river(s) polluted with various
dye. Furthermore, a mechanically robust hybrid hydrogels comprising agarose/alginic
acid/hyaluronic acid and®BS-COOH/DBS-CONHNH:2 could be designed into a

column for separation science applications.
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4 Chapter 417 Supramolecular envirogels: Nanosorbents

for capturing heavy metals in water
41 66 Heavy -MMdidnamer® 6 6

606Heavy metal 66 is one of the chemical
literature, policies, regulations and newspapers, with a diversity of definitions that do

not have basis in IUPAGCompendium of Chemical Terminoloty,leading to
confusion and imprecise communication for over 70 years. This ambiguous misnomer
which had previously been used t ay?mean
323 was used for the first time by Bjerrum to provide a chemical definition for a certain
classofelement&*l n 2002, Duffus not only noted
term but also higlghted various ways people have defined this pri&$bere are

more than 35 inconsistent definitions composed by different authors who
independently used factors such as elemental density, atomic weight, atomic number
and chemical properties as the yardsticks for classifying certain elements as heavy
metals. For instance, Bjerrum defines heavy metals as those elements with density >
7.0 gtm? 324 while other authors used densities ranging from-3750 g/cni and

atomic mass 23 40 g/mol as the threshold levels for their definitiéh8ecause
66heavinessdd is currently | ikened to 0
bogeyman used to describe some environmentally harmful elements such as mercury,
lead, cadmium ar seni ¢c and their compounds. Ho
describe elements such as arsenic and tellurium is an aberration from the standard
IUPAC classification and distribution of elements in the periodic table as these
elements are metalldé32° 326 The use of this itdefined term has been condemned by

some author€™®*2and some famous textbooks in tox
Toxicology will not use this term at aff® Moving from semantics to pragmatics,
Hubner et al have reported what has been suggested as alternatives to this widespread
term 33! A clarion call to return to the periodic table has been raised by H&8sd10

preferred the fundamental classification of etents into s p-, d, and f block

elements while Phipps reiterated the biologically significant properties blodk

elements and also, the strong interactions between high atomic numbkcip
elements and sulfur, which often leads to toxigfyiNieboer and Richardson have

used the preference of metals for certain ligands as a basis foryahgseiktals into
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based Pearson6s s o$n thss methoth d cladsification wihich ¢ o n

appears to be more acceptable, Class A metabsack elements) are also referred to

as 6har d met al sé6 and

intermediate properti€¥’ The hard sblock metals bind poorly to soft ligands such as
sulfur and rather form ionicalpound complexes with hard ligands such as oxygen
donors®3** The soft, high atomic number plock metal ions on the other hand, exhibit
strorg affinity for soft ligands and form stable complexes, thereby making them threats

to the environment and toxicants to living organisms. Borderline metal ions bind to

Cl as

S

B

as

6soft

either hard and soft donor ligantf$. It is noteworthy to mention that the

aforementioned classifications are based on empirical results, howdapmaq,

used calculated orbital electronegativity (COE), a theoretical concept to classify
metals. According to this author, metals with COE above 1.45 are Class A, while those

with COE below-1.88 are Class &° However, this system of classification is not all

encompassing, as elements such as arsenic and tellurium are not accounted for,

therefore, some authdf8prefer to list individual elements in their articles rather than

using any of the controveas terms.
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Figure 4.11 The periodic table showing the classification of metals into: Class A:

hard metals (dark grey); Class B: soft metals (light grey); and Borderline: intermediate

metals (intermediatergy). Reproduced from réf.
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(Cd), mercury (Hg) andrsenic (As) among others, their presence in the biosphere has
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caused more harm than not, to both plants and animals. As much as it is important to
use scientifically definable terminology to represent these potential pollutants, it is
equally not unesséial to intensify efforts towards getting rid of them from the
ecosystems and grouping them together is useful for public understanding of the
science and the environment. Exposure to Pb, Cd, Hg and As can occur through
contaminated air, water, food andils@nthropogenic activities such as mining,
electronic waste recycling, wood treatment and battery production are the major
sources of harmful metals and metalloids. The role of these elements in human health
cannot be oveemphasized as some of them apstemic toxins with neurotoxic,
carcinogenic, teratogenic, and fetotoxic effdétdhe chemistry, uses and life
threatening effects of these elements (Pb, Cd, Hg and As) will be discussed briefly in

the following sections.

4.2 Chemistry and Toxicity of Lead, Cadmium, Mercury and

Arsenic

4.2.1 Lead (Pb)

Lead is a soft, silvery white or grayish, metal which belongs to group 14 (IVA) of the
periodic table. As one of the oldest known metals, its existence is dated back to the
Bronze Age prior to the emergence of Roman Emi3fBure elemental lead rarely
exists in nature but rather as ores such as galena (PbS), cerussite)(RbG@site
((PbSQ) and Itharge (PbO). Lead has four stable isotog&%b, 2°Pb, 2°’Pb and
208py),20%pp, 207Pp and?®®Pb are stable products of radioactive decay process. The two
primary oxidation states of are Pland PB*. The former predominates the inorganic
chemistry oflead while the latter is commonly adopted by various organoféads.
Lead in +2 oxidation state is a soft class B metal while +4 oxidation state is borderline
hard/soft (as shown iRigure4.11). Like other metals, lead exhibits properties such

as malleability, ductility, formability, low melting point, resistance to corrosion and
have been applied for a variety of applications such as lead vats, cooking utensils, pots,
vessels, water piping, statues, glazes, glass, pencil, coins, cosmeti¢scanehand
engineering, ammunitions, medicines, automobile, ornaments and seals from
antiquity 33833’ The use of tetraethyl lead as an dmocking additive in gasoline was

common until 1995 when its use was completely barimethe US Environmental
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Protection Agency followed by other developed countries, while its use as an additive
in pigments and paints was phased by the Consumer Products Safety Commission

in 197832 However, the use of leaded gasoline in developing countries like Nigeria is
currently unabatedf® Despite increasing efforts towards eradicating lead in the

environment, the lead storage battery is currently rated the most common source of
leag339 340

The toxicity of lead has been known since antigtfitrhe upswing of use of lead and

its toxicity in the environment became tremendous following the Industrial
Revolution, especially in developing countries because of lack of regulatory measures
against éad exposur&? However, efforts to stem the tide of its prevalence in our

environment are currently increasing.

Lead poisoning can occur via the air, soil, food or water, often by inhalation or
ingestion of lead. Drinking water is often contaminated from environmental sources
such as effluents from industries and erosion or froomicipal drinking water
distribution systems such as leaching of lead from pfffe82 343 344 For example, a
O6pl umbi sméd (lead poisoning) epi demi c,
occurred in 2010 in Nigeria as a result of leaching af feam pipes into tap watéf?®
The current permissiblevel of lead in drinking water is set at 15 ppb (15 pg/L) by
the United State Environmental Protection Agency (US EPA), nonetheless, adherence
to this value is debatable, as the leaching of lead from pipes cannot be ruled out and
also, many of people in théS drink from well water systems that do not comply with
the EPA action level In fact, some organizations have proposed that no amount of
lead is safe for biological systems. Several authors have extensively reviewed close
relationships between lead andhigalth3> 338 For instance, the effects of acute lead
poisoning among adults and children have been wigglorted? 338 346 347 Children
are the most vulnerable to lead poisoning due to factors such as an immature blood
brain barrier at the formative statf&,3*® higher basal uptake of lead and their oral
exploratory behaviours which predisposes them to direct ingestion of lead #fist.
Lead poisoning has been established as a major cause of encephalopathy in children.
Not only have studies shown that Blood Lead Level (BLL) > 10 pg/dl impaired the
Intelligence Quotient (IQ) of children but it has also been demonstrated that dose
dependent effects of lead on the IQ of children is alim@ar relationship, as lower
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lead exposure results in a greater rate of brain dysfunction than higher expb¥dre.
Geographical location, societal and economic status of children influence the exposure
of children to | ead. Chil dr en dherasikoft he
lead poisoning®* Leadinduced cognitive dysfunction in adulthood has been
extensively reviewed®® ¢ Impairment of cognitive function such as visuospatial
ability, executive function, verbal memory, and dexterity are attributed to prolonged
exposure to lead, especiallyadrkplaces®’ Cognitive decline has been linked to the
destructive effects of lead on brain structwkich results in cerebral ischemia,
decrease in brain volume and these leads to attention deficits, impaired motor function
and dementia if not managed at an early stay@23%° Besides neurotoxicity and
cognitive impairment, lead is also known to cause osteoporosis and dental caries due
to its ability to interact with vitamin D, thereby depleting actiitamin D level in the

body3%! It has been proposed that its mechanism of neurotoxicity proceeds via the
disruption of intracellular G&.3%2 Other problems include cardiovascular dised¥es,

renal failure®®® General symptoms of lead poisoning include; anaemia, hypertension,
high blood preasre, vomiting, loss of weight, loss of appetite and abdominal ¥lic.

The halflife of lead in the body is location dependent. For instance, thdifieatff

lead in the blood is about 36+5 days while it varies from a yearctadés in bone¥:

35361 As such bonesaregenerhy t he O06storage house60

4.2.2 Cadmium (Cd)

Like lead, Cd is a noessential soft, lustrous, silvarhite, malleable, ductile and
corrosion resisting metal. It belongs to group 12 and thieck in the periodic table
sharing the gae family with zinc (an essential element) and mercury. Cd does not
exists freely in nature but commonly exist as CdS also known as greenockite, CdO or
CdSQ . It is often found in association with other metals such as zinc (Zn) and lead
during mining proess. The natural abundance of Cd is about 2 ppm and stable isotopes
include!®Cd, %8Cd,1%Cd, !Cd, *%Cd, 3Cd, *4Cd and'!®Cd but among these eight

(8) isotopest*?Cd and'*‘Cd are the most common. However, the massive presence of

Cd in the envirament is as a result of anthropogenic activities.

Cadmium is a class B metal as showrrigure4.11. Due to its distinctive metallic

properties, it has earned itself many applications in industries such@d Iditteries,
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electragalvanizing, electroplating, stabilizers for plastics, paints and pigments, glass
and ceramic wares, laboratory reagent and catalyst, and in electf8ibsrefore,

about 13,000 tons of Cd are produced annually worldwidénlyndrom the
aforementioned applicatio® Biological cadmium contamination can occur from
foods. The use of phosphate fertilizers has been reported as one of the mags sour

of cadmium toxicity. Cd is an active component of phosphate rocks, therefore, when
phosphate fertilizers are applied to crops, Cd is absorbed and becomes accumulated in
the crop and further transfer to humans via food chaiié’

Inhalation and ingestion are the major routes for the uptake of Cd into biological
systems. Tobacco constitutes 50% of the total Cd exposure, therefore, it has been
demonstrated #t smokers of tobacco products are prone to a higher body burden of
Cd than norsmoking individuals’® 37! Children are not exempted from Cd toxicity

as recent investigations have shocosh t ha
jewellery exceed the regulated environmentally safe level, therefore, oral mobilization
of Cd in their saliva as a resof oral exploratory behaviour is inevitatifé.Common
nonoccupational sources of Cd contamination in driglwater include, zinc plated
water storage tanks, leaching of Cd from soldered water pipes or leaching from
contaminated soil. When Cd is absorbed into the body, it is usually bound to a thiol
containing protein such as metallothionein, leading to amageeof about 60%
deposition in both the kidneys and liver while the rest is widely distributed all over the
body. The haHife of Cd in the blood is estimated to be-¥88 days. However, this

does not represent the time taken for complete removal afo@dthe body as it has

been estimated that the héfé for clearance from the body is over two (2) decaties.

The epidemic of cadmium poisoning which happened in Japan between 1912 and 1959
remains an indelible ordeal in the history of humanity. This occurrence gave birth to
itai itai; a local term used to represent the excruciating pain peopleesliffera result
of cadmium poisoning which occurred downstream of the Jinuz River basin in
Japart’4 A report has recently show that even though many decades have passed, the
residual effects of cadmiunojsoning still linger in the Toyama aré®.Besidestai
itai diseaseseveral other problems triggered by Cadmium poisoning €Riftor
instance, several authors have established a strong relationship between cadmium
exposue and health problems such as oxidative sf€$& male infertility 38384
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hypertensiorf®> 36 epigenetic change of DN/ impairment of mitochondrial related
activities383%2kidney damagé® 3% cancer® **¢diabetes®’ and disruption of heme

synthesis®®

Mechanisms of Cd toxicity are multifactorial as the toxicity is organ dependent.
Nonetheless, Cd impairs the functions of various organs by disrupting their modes of
operation. For instance, €@dduced cytotoxicity which leads to cell degeneration
and/or transmutation is indirectly provoked by oxidative stress on DNA. The
consequences of this include;induction of cellular proliferation, inhibition of the
apoptotic mechanisms and blocking of the repair mechanisms of the DNA. Generally,
oxidative stressccurs when the level of antioxidants in the body is depleted either by
redox metals such as chromium and copper or HaBctive metals such as lead and
cadmium, leading to the excessive generation of reactive oxygen species (ROS) such
as superoxide rachls (@), hydroxide radicals (HQ and hydrogen peroxide
(HZOZ)-366 399

4.2.3 Mercury (Hg)

Mercury is a chemical element otherwise known as quicksdmdrformerly known

as hydrargyrumlt is a heavy, silvery, highly toxic,-dlock metal which shares the
same group (12) wh cadmium and zinc in the periodic table. Mercury is a unique
metal, being the only one which exists as a liquid under the standard conditions for
temperature and pressure. A large number of organic and inorganic compounds of
mercury both in +1 (mercurouand +2 (mercuric) oxidation states exist. The organic
compounds of mercury, also known as organomercurial compounds such as
methylmercury, are much more toxic than the inorganic analogues. Mercury is a
naturally occurring metal but does not exist freglynature, but rather as the ore
cinnabai(HgS). Unlike lead and cadmium, huge amounts of mercury are often released
into the environment from rocks, soils and volcanic eruptions. However, the amount
of mercury released into the environment by human &esveven outweighs that
released by natuf®® The anthropogenic sources of mercury include; burning of coal
and oil, pyrometallurgical process, incineration of municipal and hospital wastes,

mining discharge, industrial discharge and agricultural w4$té¢
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The enormous benefits of mercury since antiquity, especially in the fields of medicine
and chemistry cannot be underestimated. Merguayg historically used medically,

albeit often unsuccessfully, to treat venereal diseases such as syphilis, dental caries,
trachoma diseases, skin diseases, hand infections and as diureff& éftg.

Despite the acute toxicity of mercury, the use of mercury is commonplace in our
society nowadays. For example, the use of dental amalgam currently attracts serious
controversy as some researchanssider it biocompatibf&*while others are towing

their weight against its us$€>#%” Mercury is currently a constituent of batteries,
fluorescent light bulbs, thermometers, barometers, diffusion pungpslao as an

electrode in electrolysis.

The toxicity of mercury is known since ancient times, but the most devastating
catastrophes related to mercury poisoning in previous history include; Minamata Bay
which occurred in Japan in 1957 as a result of meeating locally harvested fish from
rivers previously contaminated by methymercury discharged in waste water from a
chemical plant (Chisso Co Ltd¥Similar occurrences in Niigata and Iran in the 1960s
and 1970s respectively have been repdiit@&ymptoms such as hearing loss, gait
abnormality, ataxia, erosive bronchitis, respiratory insufficiency, tremor, excitability
(also known as nreurial erethism), loss of weight, loss of memory, insomnia,
excessive salivation, and tunnel vision are commonly associated with mercury
poisoning?®**2Inthe UK, the saying Omad as a ha
mercury for making felt for hats which caused neurological daniageercury

poisoning is stild]l known today as oO0Mad

The route of absorption of mercury depends on whether itg@nomercurial or an
inorganic compound. Organomercurials are absorbed in the intestinal tract, but much
more inhaled as vapour. The absorption rate of elemental Hg is less compared to
organic analogues and absorption occurs mainly through inhalatiolitthetingested

dose. Organic and elemental Hg are lipophilic and can cross the blood brain barrier,
kidneys and placental barriers but the inorganic counterparts ¢afto®is a result

of the ability of organic mercury to cross placental barriers, several cases-nafaist
effects of prenatal exposure have been reported, especially from the contaminated fish

consuming community in Japan and victims of merquoisoned wheat in Iraft? 41
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418 Besides being a neurotoxin, other organ damage done to the body hjcorga
mercury include oxidative stress, kidney damage, lipid peroxidation, and liver
impairment!® The biological haHife of mercury in the brain is about 60 days while

it is several years in the bodf: 4?1

4.2.4 Arsenic (As)

Arsenic is a multifaceted element having diverse chemical properties which are
predicated upon its ability to exist in different oxidation states and bonding
configurations, thereby giving rise to numerous inorganic and organic compounds
which exist as solids, liquids or gases. Its reactivity is a function of the electronic
configuration of its partially filled valence shell with which it both acts as an electron
donor and also participate in covalent interactions by sharing of electronseithisr

a metal nor a nemetal but exhibits properties of both groups, therefore is classified
with other group V elements such as boron, as aeflhed metalloid??Its oxidation

states varies from +5 t8. Despite its high electronegativity (higher than nitrogen but
similar ©o phosphorus), arsenic has a greater tendency to lose electrons (oxidation
potential) than both nitrogen and phosphorus, a property which enables it to exhibit

cationic charactet?® 423

The applications of arsenic in human endeavour apaical as it is a potential life
terminator and also a potential life saver. For example, the tasteless, odourless, white
sugarlike powder Arsenic trioxide (A€s) was used in ancient time for eliminating
enemies and aged relatives. It has also besthinametallurgy, pyrotechnics, warfare,
pigment and pairft?> 424 The same supposed poishas as well been used in past
decades under the trade name TRISENOX ® as an effective drug against chronic
promyelocytic leukemia®® In the early 28 century, Salvarsan was discovered as an
effective drug for treating syphilf€® The use of orgnoarsenicals such as roxarson in
livestock feeds was recently banned in U.S but its use still remains in other
countries*?’ Arsenic is still currently finding applicains as herbicides and fungicides

for wood preservatioff® It is also used as a component of semiconductors, light

emitting diodes, lasers and transistors.
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Arsenic has been adjudged one of the most toxic elements. However, the toxicity
strongly depends on the oxidation state. For instancg jg\moretoxic than AS* but
organoarsenicals are not toxic. The major cause of human arsenic toxicity is
contamination of drinking water from geological oridfiFor example, the notorious
perennial arsenic toxicity in Bangladesh and southern India is attributed to the massive
concentratiorof inorganic arsenics which leach from rocks into tube viéllarsenic
toxicity can also occur through dietary and wine intake. The mysterious epidemic of
arsenic poisoning which resulted from drinking contaminated beer at a bar somewhere
in Manchester in 1900 led to over 6,000 casuatfie$3? The World Health
Organisation (WHO) has recommended 10 part per billion (ppb) as the safe level for
As in drinking wate.*** Accumulation 6 arsenic in the body can result in thickening

and discoloration of skin, numbness in hands and feet, paralysis, blindness, cancer of
the bladder, lungs, kidney, liver and prostate as arsenic has the potential to inhibit
many enzymes, especially those ilwed in cellular mechanisms and DNA

synthesis/repait28 42°

4.3 Shifting paradigm: conventional adsorbents vs supramolecular

envirogels

The use of metals to either trigger theagion of low molecular weight gelatétéor

tune the properties of the resulting gel is a-fastving area which has earned itself a
special name among the various classes of supramoleculat®y€lsis class of gel is
referred to as supramolecular metallodé¥sAmongst such systems, the use of silver
(Ag) to trigger the gelation of small organic molecules and afterward tune the
properties ofhe resulting gel has been widely report&d>*43° For example, Wu and
co-workers synthesized and triggged the gelation of a pyridyased gelatod.1
(Figure4.31) in toluene by adding an ethanolic solution of AgOTTf to the solution of
the gelator, with interactions between the pyridine ligand and Ag(l) beingnsise

for assembling a linear complex capable of gelation. The resulting metallogel also
demonstrated an anion sensing ability as it underwent-sog@fansition upon the
addition of 1.44°
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OC4gH33
C46H330

C16H330 | N
4.1

Figure 4.3.1 Chemical structure of metallogelatbn

Hanabusaet al demonstrated the reinforcemenf organogels derived from
intermolecular interactions between compou#@® and 4.3 (Figure 4.32) by
incorporating Cé&" into the gel*! The Tgel values increased on the adiaiit of CuCh

in triethylamine to the gel. The stability enhancement could be attributed to a strong

metatligand interaction between the metal and the gel fibres.

O O

Figure 4.3.2 Chemical structure of gela®4.2and4.3

Several authors have demonstrated*@md Cd mediated metallogel formation and
their potential applications in areas such as catalysis and anion SEA&h
number of palladium mediated metallogel formations have also been reported over the
last decade. Nanofibres inherent within the gel network are potential solid supports for
immobilizing catalysts. The first example of a-Petallogel- caalysed organic
reaction was demonstrated by ¥ual A wet metallogel off.4and4.5 (Figure4.3.3)
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doped with [Pd(en)(kD)2](NOs3). and Pd(OAg) in dimethyl sulfoxide (DMSO) was
used to catalyse the oxidationkm®nzyl alcohol to benzaldehyde with a high turnover

rate. Intriguingly, the metallogel remained stable, even after several $fles.

o /NU O

N~

‘ N 4.4 | P 45

H

Figure 4.3.3 Chemical structuresf gelator4.4and4.5

Other metals that have been used in in the past decades for metallogel formation

include iron (Fe}* 40 cobalt (Co)**! and lanthanide®?>4%3

Most significantly, the use of heavy metals to induce metallogelation of LMWGs has
recently been reported. Weial reported a family of hydrogelatorBigure4.3.4).4%

All the gelators were screened for gelation individually and in the presencé*dh Pb
water and organic solvents. Odly6bis an efficient hydrogelator both in the presence
and absete of PB* (Figure4.3.4b). Surprisingly, it rapidly formed a stable metallo
hydrogel when mixed with Pb(OAc3H-0 in water. Hydrogelatet.6b demonstrated

a higher selectivity for Pfin the presence of many dient metals.
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Figure 4.34 (a) Chemical structures of ligaddé and (b) metallenydrogels o#.6b/
PR

It was also shown that the presence ofRimhances the thernreversibility of the
metallohydrogel of4.6b. Interestingly, the metaltbydrogel of4.6b demonstrated a
significant degree of responsiveness to EDTA anespiiching as it degraded when
contacted with EDTA (a better chelator for Pb tHa@b) and disintegrated to a sol
under acidic conton - protonation of the carboxyl group cleaved4h@&Pb complex.

This further justifies the importance of Pb as a trigger factor for métgtloogelation

of 4.6b. The residual concentration of Plin the 1:0.5 sample was as low as 76 pM.
As such, tis material might provide a basis for capturing and removing lead from

contaminated water.

Similarly, at about the same time Schneider and/atkers designed a metal binding

hairpin peptide VKVKVKV -CGPKEGVKVKVKYV -NH2) whose hydrogelation was

triggered bycomplexation with monomethyl arsonous acid (MMA), Zn@dCb,

HgClL or Pb(NQ)..%*° Interestingly, addition of stoichiometric amounts of metal ions
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to the peptide sol ut-haopn wkich sdfadserdbledinto a mp |
rigid selfsupporting hydrogels as measured by rheoldgguie 4.35). It was
hypothesized that formation of the nanostructural architecture is predicated on the
foldability of the peptide which is triggered by the chelation of heavy metal ions to the
two free cyst ei ntyrhofthepeptde.SCD Spieoscody and gpass h e
spectroscopy were used to confirm a 1: 1 niepaptide stoichiometry. TEM imaging

shows that hydrogels formed in the presence of MMA arfdi@ns are composed of
elongated, and twisted fibrils with high order laminates. Considerindgabwious
processes and synthetic costs of this peptide, it is important to mention that for a

sustainable water purification system, aloest material is desirable.
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Figure 4.35 (A) Image of 1 wt% pepdie bulk samples in pH 7.4 buffer (50mM BTP,

150 mM NacCl) at 25 °C in the presence and absence of 1.0 equivalent of MMA, ZnCl
CdCh, HgCk and Pb(NQ@)2. (B) Oscillatory rheological dynamic time sweeps of 1
wt% peptide in pH 7.4 buffer (50 mM MBTP, 150 mNRCI) at 25 °C: reduced
peptide, oxidized peptide, and reduced peptide in the presence of the metal ions

introduced as their indicated salts.
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Mercury(ll) has also recently been used to trigger the organogelation of a library of
quinoxalinonebased molecute 4.7-4.10 (Figure 4.3.6).1*3 14 Complexes of the
ligands with Hg" form stable gels in organic solvents following the traditional
sonication and heaol cycle. Surprisingly, instantaneous gelationdo#-4.10 by
mixing of aqueous solutions of Figwith methanolic solution of the ligands were
observed. Similarly, aqueous solutions ofCdli?*, Cd*, B&*, C?*, Zr?*, and Ag

was independently added tbe organosol o#.7 but no gelation occurred. The
preference o#t.7 for gelation with H§* could be attributed to the linear geometry of

the resulting comple®.11(as shown irfFigure4.3.6).
NH. O NH_ _O
Ly O
N Br N
4.7 4.8
NH__O Br NH_ _O
oy oJ
F N N
4.10
4.9
CLL
r?l O
Hg
|
T
|
411 N

Figure 4.3.6 Chemical structures of quinoxalinone based gelators

As a proof of realife applications, water samples (river, tap and bottled) contaminated
with Hg?" were examined. The concentrations ofHg the water amples were too

low to detect so, Hg(OAg)was added to the water prior to analysis. Geldtad
formed stable gels when contacted with each of the treated waters, however, gelation
was not observed without pteeatment. Furthermord,.7 was able to redie 3800

ppm Hg* to 289 ppm byin situ gelation of contaminated water. The gels also

demonstrated resistance to various anions. As such this system can détect Hg
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contaminated water via a spontaneous gelation mechanism and also potentially

mitigate againisthe pollution.

In 2014, Sengupta and Mondal demonstrated a dual purpose gel based approach for
removing both toxic metals and dy&81In this case, when aqueous solutions of lead
acetate and cadmium nitrate were separately added to a DMF solution of pyridine
pyrazole based tris amide gelat#rl2 (Figure 4.37), gelation was observed on
standing for few minutes. Addition of more than 1.5 equivalent of metal ions to the
gelator solution led to precipitation. Similarly, the authors also reported the ability of
the gelators to respond to the presence of silver salaiar?>’ Interestingly, besies
responding to the presence of silver salt in water, the ligand also transformiet#\g

into nanoparticles. Coordination of the metal ions with the pyrigyrazole moiety

of the gelator could be attributed to the metallogelation observed. The RbhdQdy

based gels also demonstrated efficient adsorption of cationic dyes. However, it is

important to note that DMF is not biocompatible thoftsh.

412

Figure 4.3.7 Chemical stucture of pyridinpyrazole based trsmide gelator

Even though supramolecular envirogels hold a promising potential for sequestering

pollutant from water resulting from their inherent properties such as large surface area,
high porosity and tunability, many of them might be 4ocompatible Furthermore,

there are only very few examples of supramolecular gels that can remove heavy metals
from water. Therefore, this project explores the potential of a library of derivatives of

a simple gelators based on 1,3:8idenzylideneD-sorbitol as naosorbents for

removing lead (Pb), cadmium (Cd), mercury (Hg) and arsenic (As) from a model
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polluted water. Parameters such as selectivity, maximum uptake, adsorptive kinetics,
adsorptive isotherms thermodynamics, limit of removal, regeneration and figyisabi

of the envirogels will also be discussed.

4.4 Result and discussion
4.4.1 Screening of DBS based envirogels for the uptake of Pland Cd?* ions

The capabilities of the gels of various derivativeD&S, DBS-NO2, DBS-SCHs,
DBS-COOCH3, DBS-COOH and DBS-CONHNH:2 to sequester hazardous metal
ions, PB* and Cd" ions from their aqueous nitrate solutions at ambient pH and
temperature were investigated. It is important to mention that the geBfDBS-

NO2, DBS-SCHs and DBS-COOCHs were prepared in wat@thanol mxture
(60:40), and are henceforth referred to, alongside the geIBSCOOH andDBS-
CONHNH 2 which were prepared in just water, as envirogels in this chapter. Aliquot
solutions of PB" and Cd* (600 mg/ 1) were allowed to interact with the envirogels for
about 24 h under ambient conditions of pH and temperature. This was achieved by
standing the pollutant solution over the gels in sealed vials. The residual metal
concentrations in the agueous solution were then measured with inductuglgd

plasma masspectrometry (ICRVS).

Interestingly, all of the hydrogels demonstrated a significant uptake leveftéiRb

Cd?* ions from aqueous solutions willBS-CONHNH 2 hydrogel demonstrating the
highest affinity for both metal ion§igure4.4.1). The maximum level of Pbuptake

onto DBS, DBS-NO2, DBS-COOCHs3, DBS-SCHs, DBS-COOH and DBS
CONHNH 2 were 208 (0.36), 142 (0.31), 191(0.44), 120 (0.26), 103 (0.22) and 458
(1.05) mg/ g (mol mot) respectively while for Cd, they were 162 (0.52), 120 (0.48),
147 (0.62), 121 (0.48), 163 (0.65) and 312 (1.32) m@ig mol?) respectively. It
should be noted that Cd (112 g niphas a lower atomic mass than (207 g Hhélb
which can explain this difference. Generally, all thiatges are capable of capturing
the metal ions due to coordinate bonds between the metals and the lone pairs of
electron on the oxygen atoms of the hydroxyl groups and possibly the acetal &Rygen.
As might be expected, the maximum uptake of metal ions observeDHES&
CONHNHp_? is probably attributable to the peripheral amine group and, the most

effective ligand for metal ion coordination. As such it was proghtisat these ligands
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are effectively displayed on the surface of the nanofibres and yield a nanostructure

with significant affinity for these heavy metal ions.

mPb
mCd

= 200 -
E 150 -
2 50 T
S & ©

%
F &
& & ¢ ¢
QQ;::' 9 P

Gelators

Figure 4.4.1 Maximum uptake of a) Pb(blue kar) and b) C# (orange bar) ions onto

the envirogels of various gelators

It is perhaps surprising that the envirogeDBS-COOH shows little uptake of the
metal ions. This could possibly be attributed the presence of gluconatedaih®n
(Figure4.4.2), the end product of GdL induced hydrogelatiod&S-COOH, being

a better chelator than the protonal8S-COOH within the gel fibres. As such, the
metal ions would become concentrated into the supernatant agrpkexges formed
would be water soluble. The fact that gluconate is very soluble in water makes its
removal from the hydrogel, prior to adsorption of metal ions, by simple washing easy.

OH OH O
HO\/'\/?\)L i

Figure 4.4.2 Chemicéstructure of gluconate anion
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Consequently, on washing and removal of GdL prior to metal adsorption, the
maximum uptake of PH and Cd" increased from 80 to 103 and 163 mg/ g
respectively. The enhanced uptake could be attributed to the fact that imWadieut
physiological pHDBS-COOH becomes partially deprotonated, hence the carboxylate

becomes an additional binding site for the metal ions.

4.4.2 Envirogels of DBSCONHNH2 vs conventional adsorbents

The ability of the envirogel 0DBS-CONHNH2, the most déctive among the
envirogels, to bind heavy metals was compared with those of the conventional
adsorbents. Aqueous solutions oPGEd(NGs)2), PPt (Pb(NG)2), HF (Hg(NOs)2)

and AsOsz were therefore interacted with the envirogel and the conventional
adsorbents for about 24 h under ambient conditions. However, a low concentration of
As>0Os was used for the adsorption study due to its low solubility in water.
Interestingly, the maximum uptake of the heavy metals onto the envirogeBSof
CONHNH2 was 312 1.32), 458 (1.02), 760 (1.80) and 156 (0. 50) mg/ g (mol/ mol)
respectively while a commercially renowned conventional adsorbent (activate carbon
(AC)) only uptake of 8, 30, 10 and 5 mg/ g respectivelgyre4.4.3). This shows that

the maximum uptake capacities of the various metal ions onto the envirogel are
significantly larger than those of activated carbon. Starbork 8Qstarchderived
carbonaceous mesoporous matefidfnd partially crostinked polyacrylic acid were

also tested for removal of these metal ions but they had no better performance than
AC. It is noteworthy that unlike others heavy metalsch are cationic, and water
soluble, As species are anionic which cannot interact so welDB&CONHNH 2.

As such, less is adsorbed onto the gel nanofibres than the other heavy metals.
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Figure 4.4.3. Maximum uptake of hazardous metal ions onto (a) MEBNHNH,
(blue bar) (b) Activated carbons (orange banags of adsorberit= 4 mg

It is noteworthy that as much as it is important for an adsorbent to have a large surface
area for effective pollutant ugta and a large pore volume; factors that make activated
carbon a global adsorbent for contaminants, it is equally important for an adsorbent to
have a highly reactive surfa¢®. The chemical structure of thgelator of DBS-
CONHNH2 has additional functionalities such as the primary amine)MHich are
presumed to act as binding sites, and are located on the periphery of tH&kesolid
nanofibres of the resulting hydrogels, for binding the metal ¥n$herefore, the
highly reactivé®® hydrazide (CONHNH) functional group makes the nanofibres of
DBS-CONHNH: a better adsorbent than conventional counterparts and the reported
up-to-date best adsorberf467

4.4.3 Effect of pH on the uptake of Cd*, Pb** and Hg?* ions onto DBS
CONHNH 2 hydrogels

Like chitosai®® 464 and chitirf® which areversatile adsorbents for environmental
remediation, the nitrogen atoms of the amine may also be protonated which would
then prevent the lone pair of electrons from effectivieigracting with a metal ion.

As such, the system may be pH dependent. The pH dependency was therefore

investigated by quantifying the degree of metal extraction at different pH values.
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The maximum amount of P Cd* and Hg* adsorbed ontdBS-CONHNH:
hydrogel fibres increases with increasing pH. Lowest uptake (125 mg Cd/g, 285 mg
Pb/g, and 300 mg Hg/g) of the metal ions was observed at acidic pH (pH 4) while 313
mg Cd/g, 458 mg Pb/g and 760 mg Hg/g were observed under near neutral pH
conditions (pH 6.5)and a further increase to pH 8 led to a further increase in the
amount of Cé', P and Hg* being extracted to 542, 762 and 905 mg/g respectively
(Figure 4.44). These high levels of metal extraction at pH 8 peticularly

remarkable and suggestive of a highly porous, solvated and interactive gel

nanostructure.
1000 - 905
T 762 760
5 800 A an
£
S 542
g 0007 458 = pH 4
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= 400 { 313 285 300 mpH 6.5
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Figure 4.4.4 Effect of pH on the maximum uptake of bCd** and Hg" onto the
hydrogels oDBS-CONHNH:

It is important to mention that at higher pH values (> 9), Pb and Cd solutions form
white precipitates which may be attributed to the transformation of the metal ions
(M?2%) into hydroxides; (M(OH)" and (M(OH}),**®and as such ugke onto the gel no

longer occurred.

The low metal uptake at low pH (high acidic) condition is predicated on the fact that
the amino groups of the gelator were becoming protonated, thereby leading to a
reduction in the number of available binding sitesh@&smetal ions have to compete
with H* for binding sites. Therefore, inhibition of the mobility of metal ions to the
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surface of the hydrogel nanofibres as a result of an electrostatic repulsion between the
protonated amino group®BS-CONHNH3*) and the met ions can explain the

reason why metal adsorption capacity of the nanofibres diminishes with decrease in
pH. At higher pH values, the nitrogen atoms of the amino groups are deprotonated and

can undergo chelation with the metal ions on the surface gietheanofibre.

4.4.4 Selectivity of DBSCONHNH 2 hydrogel for hazardous metals over

beneficial metals

It is not only required that an ideal adsorbent for water purification demonstrates a
high uptake of pollutants from water, but also exhibits their Seteaptake in the
presence of other beneficial components of water. Epidemiologically, essential metals
such as calcium are invaluable for healthy living as their deficiencies in drinking water
can trigger disorders such as osteoporosis, osteomalaciayaedensiort/® The
ability of DBS-CONHNH 2 hydrogel nanofibres to selectively adsorl#*Pind Cd*

ions from an aqueous solution of metal ions containirfg, Plaf* ions (20 mgt) and

a 50fold excess of both Naand C&" ions (1000 mgt) was trerefore investigated.
Interestingly, the nanofibres selectively adsorbed 80% &f &i060% of Cd* with

an insignificant percentage of Nand C&*ions being removed (as shownFRigure

4.45).

Therefore, thisighly selective heavy metal binding makes the hydrogel a potential
adsorbent not only for a relifle applications in water purification but also in chelation

therapieg’t 472
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Figure 4.45 Selectivity of DBS-CONHNH 2 hydrogel nanofibres for Pband Cd*

ions in an aqueous metal solution containing exce$ahhC3&* ions

The ability of DBS-CONHNH 2 to discern between toxic and beneficial metasi
coul d be attributed to t he chemical
classification®3* 4”3 Pi** and Cd* ions are regarded as soft acids while the hydrazide
could be regarded as a soft base. TRHD-LUMO transfer of electrons between the
soft base and the soft acid underpins the Lewislaas# interactions between ligand
and toxic metalé’>4’> Howeve, sblock metal ions such as Nand C&" are hard
acids with small ionic radii and therefore, in a competitive environment, they will be

less preferably adsorbed by softer ligands such as hydrd%ide.

It is also notewrthy that the higher selectivity 8BS-CONHNH 2 for PI?* ions than

Cd?* could be attributed to the difference in their ionic radii. The ionic radius f Pb

is 119 pm while that of Cdis 95 pm. The smaller the ionic radius, the greater the
tendency to ecome hydrolysed (and the harder the metal ion) which leads to reduced
adsorptiorf.’” This would also agre with the preferential uptake of HigFigure4.4.4)

which is the largest of these three heavy metal cations.
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4.4.5 Limit of Pb2*, Cd?**and Hg?* ion uptake onto DBSCONHNH 2 hydrogels

It has always been a general preetio adsorb toxic metals from water when they are
present in large quantities but investigating the efficiency of an adsorbent with an
extremely low concentration of toxic metal is relatively rare. The United States
Environmental Protection Agency (US EPhas enacted maximum contaminant
limits for lead, cadmium and mercury in drinking water as 15, 10 and 2 ppb
respectively?> 478 479 |t therefore becomes imperative for us to probe the ability of
DBS-CONHNH 2 hydrogels to detect and remove toxic metals from their extremely
diluted aqueous solutions. It is inteiagtto see that the hydrogel was able to reduce
PI?*, CP* and Hg" ions in water from initial concentrations)(bf 120, 180 and 629

ppb to final concentrationss)lof 0, 3 and 2 ppb respectivellfigure1.4.17). These
values are found to comply with the U.S EPA regulated safe level for each of these

toxic metals.

Table 4.4.1 Comparison between the limit of toxic metal detection (LDL)OBS-
CONHNH2 hydrogel and theregulated threshold limits in drinking water.

Experimental results were obtained on {RIB and dilution effect has been accounted

for.
Element | Experimental LDL US EPA Safe Level
(ppDb) (ppDb)
lo (Ppb) tl(ppb)
Hg 629 2 2
Pb 120 0 15
Cd 180 3 10

It is important to mention that the initial concentrations in this experiment were chosen

arbitrarily to represent random polluted samples.

189



Chapter 4i Supramolecular envirogels: Nanosorbents for capturing heavy metals in water/
Babatunde Okesola

4.4.6 Probing interactions between DBSCONHNH2 ligand and metal ions

In order to understand the ligantetal interactions responsible for the adsorption of
Pl?* and Cd* ions onto the envirogel nanofibres, techniques such a¥igMnfrared
and Xray photoelectron spectroscopies were used to characterise therhigéadd

complexes formed.

When Pb was addoed ontoDBS-CONHNH 2 envirogel at higher pH values, the gel
became yellowish after 72 h (as showrrigure4.4.6a). However, no colour change

was observed for Cd under similar conditioRgyure 4.4.6b shows the Uwisible

spectra 0DBS-CONHNH 2 before and after Pb uptake at pH 8. The band observed at
288 nm of the virgin ' tpesitonoftha aramatic engsaof t r i
the gelator. After adsorbing Pb onto the gel nanofibres, the band shifted to 302 nm
which suggests a slighlteration to the electronics of the gelator. The newly emerged
band at 466 nm is assumed to be due to charge transfer between the hydrazide moiety
of the gelator iMBS-CONHNH 2-Pb and the metal ion.

2.5 -

(b)

2 u
1.5
——with Pb

1 -without Pb

Absorbance

220 420 620
-0.5 - Wavelength/ nm

Figure 4.4.6 (a) Photo oDBS-CONHNH 2 envirogel 72 h after Pb uptake (b) bXis
spectra 0DBS-CONHNH 2 with (blue line) and without (orange line) Pb adsorbed at
pH 8.

Infrared spectroscopy was used to probe the interaction between nanofiDi&S-of
CONHNH?_2 envirogels and metal ions. The spectra of the xerogel (i.e. lyophilized) of
DBS-CONHNH 2, DBS-CONHNH2 7 Pb andDBS-CONHNH2 1 Cd are shown in
Table4.4.2. The band at 3315, 1097, 3178, 1644, 1600, 1019, 1573 and 1333 cm
corresponds to the vibrational frequency oHQ(stretching), & (stretching) of
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alcohol, NH (stretching), C=0 (stretching),-N (bending), GO (stretching) acetal,

C=C (aromatic) and @ (stretching) respectively for the dried xerogel RBS-
CONHNH_2. However, the spectra f@BS-CONHNH 2-Pb show that the band of O

H, N-H (stretching), NH (bending) and &N shifted to 3309, 3200, 1620 and 1368 cm

! respectively while foDBS-CONHNH2i Cd, the bands shifted to 3281, 3205, 1615
and 1338 cm respectively. Th observed red shifts show that there is a significant
interactions between the hydrazide (and OH) group on the surface of the nanofibres
and the metal ions.
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Table 4.4.2FT-IR data for key functioal groups oldBS-CONHNH 2 xerogels before
and after PB and Cd* uptake

Functional group | DBS-CONHNH; | DBS-CONHNH;- | DBS-CONHNH;-
xerogel (cmt) Pb xerogel (cd) | Cd xerogel (cri)

OH(stretch) 3315 3309 3281

N-Hstretch) 3177 3200 3225(overlap with

OH)

C-Otretcnyalcohol | 1097 1095 1090

Czo(stretch) 1644 1645 1646

N-H sbend) 1600 1620 1615

C-Ogstretchyacetal | 1019 1021 1020

C=C (aromatic) | 1572 1573 1574

C-N 1333 1368 1338

X-Ray photoelectron spectroscopy (XPS) is a-imasive and powerful technique

for investigating how metal ions bind to ligands. The chemical state of an element
determines its XPS pattern and, hence, binding energy (BE). The binding energy of
the photoelectron is characteristic of the element from which the electron is ejected.
As auch, XPS spectroscopy is a reliable technique that can be used to distinguish
different forms of the same element in a matéfalTherefore, XPS was used to
characterize the xerogels DPBS-CONHNH:2 and its complexes with Pband Cd*

ions.
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Schemel.4.1 shows the XPS spectra for frE8S-CONHNH 2. The narrow scan N

1s and O 1s were deconvoluted into two peaks corresponding to two different types of
oxygen and nitrogen, each represented by a different binding energy. The two peaks,
396.5and 401 eV under the nitrogen signal can be attributed toaN&i NH groups
respectively. StructuralypBS-CONHNH 2 has three types of oxygen;@GC, O=C
and-OH but two peaks were observed on the O 1s deconvoluted spectra probably
because of overlap of<C and CO-C as they tend to have similar binding energies.
The two peaks, 532.5 and 530 eV under the oxygen signal are attributed to ©=C / C
O-C andi OH respectively. The narrow scan of C 1s was deconvoluted into two peaks;
284.9 and 287.8 eV corresponglito two or more types of carbon against the many
types of carbon on the structure of the gelator; adventitieGs C=C (aromatic), €

O / GOH / N-C=0 respectively®: 482 |t is important to mention that the observed

peak at BE of 283 eV could be attributed to a charging effect.

Figure1.4.19 Chemical structure of urea based gelafofgland1.45 (b) methylene
blueMB, (c) I-pyrenemethyl amin&-PyA and (d) spermineéSP) andFigurel1.4.19

shows the XPS spectra f@BS-CONHNH2 i Pb and DBS-CONHNH:2 i Cd
complexes. After Pb and Cd" ions adsorption, new C 1s, O 1s and N 1s peak at BE
of 280, 527.8 and 395.5 eV respectively is observed. More so, the N 1s peak at BE of
396.5 eV shifted to 398.5 eV which confirms a significant interaction between the
gelator NH appendage andhe metal ions leading to the formation PBS-
CONHNH21 Metal complexes. The small shift 0.5 eV) in the BE of O 1s peak at

530 eV suggests that the contribution of lgazkygen interaction to Bbadsorption

on the envirogel nanofibres was mainlyagh a physical adsorption via electrostatic
attraction or a weak chemical interaction. The Pb 4f peaks at BEs of 134.5, 137.2,
139.5 and 143 eV suggest that Pb exists in different chemical states on the surface of
the nanofibres. For example, the BE439.5 and 143 eV correspond to Phgiand
Pb(4%/2) which belong to P ions respectivel§®3 On the other hand, the three Cd 3d
peaks at binding energies of 400, 405.5 and 412.3 eV are charactértfc ions.

BEs at 406 and 412 eV with a separation of 6.8 eV correspond to sz
Cd(3d2) orbit of Cd* respectively’®* These observations and those from other
spectroscopic techniques therefore confirm the formation of direct chemical
interactions betweeRBS-CONHNH 2 and M*.
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(@)

(b)
(i) (ii)

(i)

Figure 4.4.7 (a) XP spectrum for the xerogels of (a) nathBS-CONHNH:2 (b)

deconvoluted spectra of the narrow scan of (i) O 1s (ii) N 1s and (iii) C 1s.
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