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ABSTRACT

In this thesis, single wall carbon nanotubes (SWNTs) were embedded into the
polyamide layer of RO membranes. Functionalisation of SWNTs was performed to
improve their distribution in the polyamide layer. To study the functionalisation
reactions of SWNTs, model reactions were undertaken. Anthracene-9-carboxylic acid
was the model substrate of the SWNTs because of the similarity of its aromatic
properties. The produced amine compounds from the model substrate reactions were
explored for formation of supramolecular structures. Benzene-1,3,5-tricarboxylic acid
chloride (TMC) was used to synthesise benzene-1,3,5-tricarboxamide (BTA)

derivatives as supramolecular motifs.

Four BTA molecules, with varingin aliphatic chain lengths, were synthesised and
characterised. Supramolecular structures were formed through the self-assembly
process in a chloroform solution. Due to the chain length differences between the
molecules, different self-assembled shapes were observed. Thus, this self-assembly
behaviour as a function of time was investigated for the shortest and longest aliphatic
chain molecules. This self-assembly was investigated by monitoring the change in
fluorescence, FT-IR and SEM as a function of time. It was found that the long-chain
molecule showed faster self-assembly and with greater overlap between the aromatic
rings, due to the flexibility of the long-chain molecule. Moreover, the molecule with

the long chain showed higher fluorescence and longer fibre formation on a substrate.

After investigating the self-assembly behaviour and the influence of chain length on
the model substrate, the functionalisation reaction progressed to the SWNTs in order
to embed them into the polyamide layer of the RO membrane. The influence of chain
length on the distribution of SWNTs into the polyamide layer was investigated as well.
Two molecules with different aliphatic chain lengths were synthesised and separately
grafted to SWNTs. Raman and FT-IR showed successful grafting of SWNTs with the

synthesised molecules.

Synthesis of the polyamide layer was performed by the interfacial polymerisation
method. TMC (0.1 wt%) in the organic phase was allowed to react with m-
phenylenediamine (MPD) (2 wt%) in the aqueous phase on the top surface of the
polysulfone (PSf) layer, forming a thin polyamide film. To modify the polyamide

v



layer, the two grafted SWNTSs were dispersed separately in the organic phase prior to
the polymerisation. Two modified polyamide layers, with a variety of mass loadings
of grafted SWNTs, were synthesised. Characterisation of the modified polymers was
obtained by Raman, FT-IR, AFM and SEM.

Membrane water flux and salt rejection were determined using 2000 ppm sodium
chloride as the feed solution. The modified membranes showed an improvement in
water flux, but there was a decrease in salt rejection. For example, an improvement in
flux from 24 to 32 Lm™> h™' for SWNTs-free membrane and modified membrane with
5 wt% SWNTs respectively was observed, while for the same membranes the salt

rejection decreased from 73% to 67%.

Further investigation of the chain-length influence was obtained by the model reaction.
Anthracene-9-carboxylic acid was used to mimic the SWNTs and synthesise the model
reaction molecules. The model membranes were synthesised using the model
molecules as a mimic for grafted SWNTs. The flux and salt rejection of the model

membranes were determined under the same conditions as the modified membranes.
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1.1 Introduction

Fresh water is being consumed in vast quantities by the world population. However,
the increase in population around the world is not only the reason for the decline in
fresh water resources. There are also other factors contributing to the rise in the global
shortage of fresh water, such as pollution and climate change [1-3]. Despite that, there
are 1.4 billion cubic kilometres of water in the world, with fresh water available as
rivers, lakes and ground water being less than 2% of that, as shown in Figure 1-1 [4-
6]. The polar ice caps have locked up 1.74% as fresh water, while the remaining 96.5%
is salty water in the global oceans [7]. These resources are unequally distributed across

the globe [8].

“ Oceans; 96.5%\

& Polar Icecaps;
1.74%

Groundwater;
1.7%

& Other including

rivers, lakes and
atmospheric
water; 0.06%

Figure 1-1. Relative amounts of Earth’s water resources, showing the majority of water is salty.
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Approximately one billion people lack access to safe drinking water, and 26 countries
do not have sufficient water resources to sustain agriculture and economic
development. There are some regions with water scarcity, including a significant
portion of the Middle East, North Africa, Australia, parts of Central and South Asia,
and the southwestern areas of North America [6, 8]. In addition, it is expected that
human population will increase by 40-50% over the next 50 years, with increases in
industrialisation and urbanisation activities, which will increase the demand on fresh
water resources [ 10]. Therefore, addressing this fresh water need requires a search for
alternative sources. The shortage of fresh water has led to the invention of a number

of technologies to provide reliable sources of purified water.



These technologies are divided into two types [11]. The first type is thermal process
technology, which includes multi-stage flash (MSF), multi-effect distillation (MED)
and vapour compression desalination (VCD). The second type is membrane-based
processes, which involve electrodialysis (ED), reverse osmosis (RO) and
nanofiltration (NF) [12-14]. Figure 1-2 presents schematic diagrams for the
widespread desalination technologies across the world. As seen, RO, MSF and MED
produce over 90% of the global desalinated water. RO plants capacities represent 41%
of the total desalination capacity, and MSF plants represent 44%, have the largest

capacities of water desalination technologies [6, 15].
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Figure 1-2. Schematic diagram of major desalination technologies and their relative
contributions to worldwide installed capacity for seawater and brackish water desalination.
MSF accounts for 44.4%, RO 41.1%, MED and other thermal methods 8.4%, ED and other
methods 6.1% [15].

The main challenges to expanding desalination technologies are the costs of
infrastructure and energy. Even though RO is competitive with MSF regarding the
volumes of clean water that can be produced, RO technology costs less in energy than
MSF. The energy costs range from 3.6-5.7 kWh m™ for RO, while MSF costs
23.9-96.0 kWh m™ [15]. The improvements in RO membranes during the last few



decades have led to a reduction in energy consumption and the widespread use of RO

desalination across the world [16].

1.2 Reverse osmosis desalination (RO)

Reverse osmosis desalination depends on the osmosis phenomenon, which has been
used by human beings since the early days of mankind [17]. The osmosis phenomenon
has been used to preserve food for long periods by adding salt to it. According to the
osmosis phenomenon, food dehydration would have occurred due to water molecules
moving from the food, as the low concentration part, to the salt, as the high
concentration part. As a result, the interior food environment would be converted to a
saline environment, leading to the death or inactivity of any bacteria or organisms in

the food [18].

In 1748, Abbe Nollet (French cleric) discovered the osmosis phenomenon and
explained it in the first publications on osmosis [19, 20]. However, the attention of
scientists was attracted by the ability of membranes to prevent salt molecules from
permeating the membranes [21]. The experimental membranes, at that time, were

animal membranes (bladders) and plant origin membranes (onions) [22].

Osmosis is a net movement of water molecules across a semipermeable membrane due
to the difference in osmotic pressure across the membrane. Osmotic pressure is a result
of concentration differences in the liquids on either side of the membrane sides [18].
As illustrated in Figure 1-3, the semipermeable membrane allows water molecules to
pass through the membrane from fresh water to high salt concentration water [23-25].
When external pressure is applied to overcome the osmotic pressure it forces water
molecules to pass the semipermeable membrane in the opposite direction to osmosis

and this is the RO process [11, 26-28].
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Figure 1-3. Illustrates water movement across a selective membrane from lower salt
concentration to higher salt concentration according to the osmosis phenomenon [18].

The water flux, J; , direction through the membrane is linked to the pressure and

concentration gradients across the membrane by the equation:
Ji =A(bp — Am)  (1-1)

where Ap is the pressure difference across the membrane, A is the osmotic pressure
difference across the membrane, and A is a constant. The water flows by the osmosis
phenomenon from the dilute to the concentrated salt solution side when Ap < Am. The
flow will not occur when Ap = Armr. In the opposite direction to the osmosis
phenomenon, the water flows from the concentrated salt-solution side to the dilute side
when Ap > Am through the application of an external pressure higher than the osmotic

pressure [8, 26, 29, 30].

The osmotic pressure can be thermodynamically defined by the equation:
= -2, (1-2)
4

where 7 is the osmotic pressure, Vj, is the molar volume of water, X, is the molar
fraction of water, T is the operating temperature, and R is the ideal gas constant [8,

31].

In dilute solutions, the osmotic pressure can be estimated using van’t Hoff’s law,

which is in the same form as the ideal gas law:



= —%RT or m = CRT (1-3)

When non-ideality and dissociation of the ions in solution are taken into account, van’t

Hoff’s law [30] can be rewritten as:
m =IPCRT (1-4)

where the dissociation parameter i, is equal to the number of ions and molecules per
mole of solute produced by dissolution of the solute. The correction factor @ represents

the non-ideality [8].

The osmotic pressure value depends on the salt concentration in the feedwater. Total
dissolved solids (TDS) is used to define the feedwater. Water with TDS more than
15000 ppm (mg/L) is defined as seawater. Brackish water has TDS ranging from 1500
to 15000 ppm. Table 1-1 shows the TDS range for different feedwaters.

Table 1-1. Feedwater characterisation by salt content [8]

Minimum TDS (ppm) Maximum TDS (ppm)

Seawater 15000 50000

Brackish water 1500 15000
River water 500 1500
Pure water 0 500

For RO desalination to occur, the external applied pressure must exceed the osmotic
pressure of the feedwater. To achieve reasonable fluxes (> 12 m™>h™) for seawater and

brackish water, the applied pressures are 55-65 bar and 10-30 bar respectively [16, 32].

1.2.1 RO desalination mechanism

From the nineteenth century, there have been attempts to understand the permeation
behaviour of membranes. Due to the ability to separate undesirable species and control
the rate of flux through the membranes, permeability is the most important property of
membranes, with a number of mechanisms proposed [22, 26, 33]. Until the mid-1940s,
there was one mechanism more popular than others, due to its closeness to normal
physical experience. The pore-flow model attributes the permeability of membranes
to the presence of tiny pores that are responsible for permeate movement through them

by pressure-driven convective flow. The filtration occurs due to the exclusion of one



permeate by some pores, while the other permeates move through the membrane pores

[26].

During the 1940s, the solution diffusion model emerged as an explanation for
understanding the transportation of gases through polymeric films. In the 1960s to the
early 1970s, there was a strong debate about the transporting mechanism in a reverse
osmosis membrane. However, by 1980 the solution diffusion model had become

widely accepted for understanding membrane permeation [25, 26, 33-35].
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Figure 1-4. Molecular motion through membranes can be explained by solution-diffusion, or by
a flow through permanent pores models [26].

The solution-diffusion process occurs when the water molecules dissolve into the
water-swollen polymer matrix at the upstream surface of the membrane [36].
Subsequently, molecule diffusion from the concentrated side of the membrane to the
less concentrated side will happen as a result of the concentration gradient or chemical
potential. Figure 1-4 schematically illustrates molecular motion through membranes

by solution-diffusion and flow through permanent pores [26, 36].

In spite of reverse osmosis membranes having a dense active polymer layer with no
visible pores, the transfer of molecules through the membrane from concentrated to
less concentrated sides occurs via the free-volume elements. Figure 1-5 schematically

shows the motion through the polymer. Free-volume elements are tiny spaces between
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the chains of polymer of around 2-5 A in diameter. These pores appear and disappear
due to the thermal motions of polymer molecules on about the same timescale as

permeate motion while traversing the membrane [26].

Jump length A

Figure 1-5. Schematic representation shows the motion of a CO, molecule between polymer
chains through the appearance and disappearance of pores due to the thermal motion of
polymer molecules [37].

Lonsdal et al. used the solution-diffusion mechanism to derive the water flux

equation as follows [26, 33, 35]:
Jw = A(AP — Amr)  (1-5)

_ Dw CwVw
Rth

A (1-6)

where |, = water flux, D,, = diffusion coefficient of water in the membrane, C,, =
concentration of dissolved water in the membrane, ¥, = partial molar volume of
water in the external phase, R; = the gas constant, T = absolute temperature, t =

active layer thickness.
AP = P' — P" = the applied pressure difference across the membrane

Am = ' — "' = the osmotic pressure difference across the membrane



The salt flux is described by the equation following [26, 33, 35]:
Js= ZEAC, (1)

D, = the diffusion coefficient of salt in the membrane

K, = the partition coefficient of salt between membrane and solution

AC, = C'y — C"; = the salt concentration difference on the two sides of the membrane

The salt rejection (R) could be obtained from [26, 33, 35]:

' DsKsRsT  C'g—Cr 1
R=1- —"=1- 222 x—"72X (1-8)
Crs Dy Cy Vi Crg AP—AJ]

There are some observations that can be made from water and salt flux equations.
Firstly, water flux increases with an increase in the applied pressure, and an increase
in the active layer thickness will lead to a decrease in water flux. On the other hand,
there is no relationship between pressure drop and salt flux, while there is a strong
negative influence on salt flux from an increase in the active layer thickness [33]. In
the last equation, regardless the membrane thickness (t), the salt rejection (R) can be

calculated by measuring the salt concentration on the two sides of the membrane [33].

1.2.2 Thin Film Composite membranes (TFC)

Reid and Berton synthesised cellulose acetate films as the first applicable membrane,
which had good salt rejection of better than 98% in 1959. Improvement of the
membrane by Loeb-Sourirajan led to the creation of an anisotropic cellulose acetate
membrane, which had ten times better flux without sacrificing salt rejection. A few

years later, the first RO plant was installed [26].

In the mid-1970s, John Cadotte had synthesised a thin film composite membrane
(TFC) via the interfacial polymerisation method. As demonstrated in Figure 1-6, a
composite membrane includes three layers. The first layer is a thin active layer that is
prepared on a support substrate, which is stabilised on a non-woven layer. The layers
are described under the following subheadings: support backing, porous support and

thin active layer.
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Figure 1-6. Schematic representation shows the motion of a CO, molecule between polymer
chains through the appearance and disappearance of pores due to the thermal motion of
polymer molecules [37].

1.2.2.1 Support backing

Non-woven polyester fabric is used as the support backing for the thin film composite
membrane [38, 39]. The stability of polyester against harsh conditions, either chemical
or physical, lead to the utilisation of polyester as the support backing of the TFC. Its
tolerance to acids, oxidising agents and solvents makes polyester the preferred support
backing in thin film composites [40-42]. The thickness of polyester layer ranges from
120 pm to 150 pum [43].

1.2.2.2 Porous support

The second layer is the porous layer, with a thickness of about 40 um [35, 43]. There
are several materials used as the porous support layer in TFC membranes, such as
polypropylene, polyethersulfone, polycarbonate, polyphenylene oxides and others
[44]. However, polysulfone (PSf) is widely used due to a number of advantages, such
as low price, wide availability, and stable physiochemical properties. Moreover, the
easy soaking of PSf in amine solution during the interfacial polymerisation process is
one of the important features of PSf. Hydrophilicity is also a significant advantage of
PSf[45-47]. Figure 1-7 shows the porosity of the PSf layer. The pore size of PSfranges
from 200 A to 40,000 A for the upper and lower sides respectively [48].
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Figure 1-7. SEM image for cross-section of PSf showing that upper side pores are smaller than
the lower side pores [49].

1.2.2.3 Thin active layer

The thin or active layer in TFC is a polyamide that is responsible for rejection of salt
while still passing of water molecules. In the 1970s, Cadotte and his co-workers
synthesised a polyamide layer on a porous substrate via an interfacial polymerisation
process by reacting trimesoyl chloride (TMC) and meta-phenylenediamine (MPD)
[22, 26, 50]. The reaction process is illustrated in Figure 1-8.

coc coci
TMC in hexane oc.c,[:j\coa . ch
3 3 Interface
H N H N
MPD in water ZU e Itj/ M2 Support

Interfacial
polymerization
“HN NHOC
{ O Ucot{uu NHOC P coJF
| U U
g° COOH

Figure 1-8. Interfacial polymerisation for m-phenylenediamine (MPD) and trimesoyl chloride
(TMC). Two structures may occur, crosslinked and linear structures, which have unreacted acid
chloride groups that subsequently hydrolyse to carboxylic acid groups [11].

Interfacial polymerisation is generally performed by reacting a polyfunctional amine

11



in aqueous solution on a porous layer with an organic solution containing
polyfunctional acid chloride. It is widely believed that the interfacial polymerisation
reaction takes place at the organic side of the interface due to the negligible solubility
of acid chlorides in water and the fairly good solubility of amines in organic solvents
[35, 51, 52]. Usually, the polymerisation is incomplete and a number of amine and
carboxylic functional groups can be unreacted, as illustrated in Figure 1- 8 [35]. The
surface of the synthesised thin active layer is described as a rough surface with ridges

and valleys, as seen in Figure 1-9.

Figure 1-9. SEM images of (a) PA membrane, (b) magnified image of square outlined region in
(a) showing the surface morphology of the PA membranes with ridge-and-valley structures[S3].

The thin active layer exclusively determines the water permeability and solute
rejection efficiency of the membrane. The support backing and porous support layers
do not contribute to the separation process and their role is to provide mechanical

support to the active layer.

1.2.3 RO membrane development

The performance and quality of the membrane affects the energy consumption of the
desalination processes. As shown in Figure 1-10, more than 80% of the energy is
consumed in applying high pressure to the RO membrane to overcome the osmotic
pressure and obtain a reasonable water flux [54]. Reduction in energy consumption

has been a significant driving factor in the development of desalination processes.
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Figure 1-10. Power usage in RO seawater plant with high consumption energy for the high
pressure pumps [54].

There are some technologies that have been suggested to reduce energy consumption,
for example using renewable energy. Solar cells are one of the renewable sources that
can be used to reduce the consumption of energy, and at the same time be friendly to
the environment, with less pollution [55, 56]. However, this solution will not be

discussed because it is beyond the scope of this thesis.

In addition, the membrane has been modified in order to discover new membrane
generations with higher capabilities for rejecting impurities, high resistance to any
possible fouling processes, high resistance towards chemical additives, and that can be
operated at lower pressures without sacrificing the high flux rate. In order to obtain
these properties, a number of monomers and additives have been used to promote RO

membranes. These will now be briefly discussed.

1.2.3.1 Monomers

There are a number of monomers have been utilised to improve water separation
properties through the active layer, as shown in Table 1-2. However, TMC and MPD
are still commonly used in the synthesis of the polyamide active layer. MPD-derived
polyamide has a higher salt rejection compared with polyamides made from other
amines such as 1,2-phenylenediamine, 1,4-phenylenediamine and piperazine [57-59].
TMC is commonly used for polyamide layer fabrication among different acid chlorides
due to its ability to form a three-dimensional cross-linked structure of polymers. It can

also increase the hydrophilicity of the active layer polymers by hydrolysing the acid
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chloride groups to carboxylic groups [11, 57, 58].

Table 1-2. Monomers that have been used to improve the active layer separation properties,
adapted from [60].

Amine monomer Chemical structure Acyl chloride monomer Chemical structure
(abbreviation) (abbreviation)
Piperazine (PIP) / \
HN NH Trimesoyl chloride
\ / (TMC)
M-Phenylenediamine (MPD) HoN NH, cloc coct
t ]/ cocl
NH, Isophthaloyl chloride
P-Phenylenediamine /O/ (IPC)
(PPD) " oo
NaOsS .
0 5-isocyanato-
Sulfonateet(li1 gﬁlrs(lil(l)fggl))/(arylene 0 E - isophthaloyl chloride
(SPES-NH,) t° O § ) e 1o - -
. /\\ cioc cocl
NH,
O
HaN mm-Biphenyl tetraacyl
" chloride
C—N—< >—NH2 mm-BTEC
3,5-diamino-N-(4- s ( ) O
aminophenyl)benzamide HoN cioc coci
(DABA) cocl
Ho\/\N/\/OH l
Triethanolamine OH om-Biphenyl tetraacyl coc
(TEOA) chloride cloc.
O~ O (om-BTEC)- O
Methyl-diethanolamine !
(MDEOA)
cocl
HoN NH, cioc
1,3-cyclohexanebis(methylamine) /\O/\ .
(CHMA) NH, op- Biphenyl tetraacyl con

chloride
(op-BTEC) cioc

ol

m-phenylenediamine-4-methyl
(MMPD)

cocl
cocl

Cychlohexane-1,3,5-

CHy
HO ~ CFs Fe P tricarbonyl chloride
FiC CF, (HTC)
Hexafluoroalcohol-m- Hy oo ococ e
Phenylenediamine HoN c NH;
(HFA-MPD)

5-chloroformyloxy-
isophthaloyl chloride
(CFIC) cloc

o

"

cocl

It was proposed that the excessively tight cross-linking and low free volume of the
polymer would reduce the permeability of the polyamide layer derived from MPD-
TMC. To overcome this issue, incorporation of new amines with MPD during the
interfacial polymerisation process was attempted. For instance, adding sulfonated
cardo poly(arylene ether sulfone) into MPD solution led to a significant improvement

of water flux of the polyamide membrane due to poly(arylene ether sulfone) improving
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the hydrophilicity of the membrane. Salt rejection was also improved because of the

high degree of cross-linking and the copolymer chain stiffness [61, 62].

1.2.3.2 Additives
Additives used during the interfacial polymerisation process can affect the structure of
the membrane, such as the cross-linking density and porosity, and therefore the

permeability properties.

The addition of surfactants such as sodium dodecyl sulphate (SDS) to the diamine
aqueous solution improves the absorption of the diamine solution in the support layer.
As it is widely believed that the polymerisation occurs on the organic side, the
surfactants are able to help the diamine monomer to move from the aqueous phase into

the organic phase, so efficiency of polymerisation can be improved [63].

In the interfacial polymerisation reaction, the pH of the solution decreases due to the
formation of hydrochloric acid as a result of the reaction between the diamine and acid
chloride monomers. The membrane structure and properties are negatively influenced
by the pH. The removal of the hydrochloric acid produced is achieved by adding some
acid acceptors, for example triethylamine. Camphor sulfonic acid (CSA) is used as an
additive to maintain and overcome any pH change through hydrochloric acid

production [64-66].

The water flux of the polyamide layer can be increased by adding alcohol molecules
to the aqueous diamine solution [67]. Isopropyl alcohol (IPA) addition increased the
water flux by two and a half times over the initial result, as reported by Qiu et al. [68].
The flux enhancement was attributed to the swelling effect of IPA, which expanded
the distance between molecular chains of both support and top layers. The flux also
corresponds to the change in the polarity, which enhances the interaction between the
membrane and water molecules. Salt rejection was not significantly affected by adding

alcohol molecules [68].

1.3 Nanotechnology and water desalination

Nanotechnology has produced new classes of functional materials, known as
nanomaterials. Due to applications of nanomaterials in different areas, nanotechnology

has garnered a great deal of public interest. For example, in membrane-based
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desalination technology, nanomaterials have been used to improve mechanical,
chemical and thermal stability, as well as to enhance the separation performance of the
nanomaterial membranes developed, known as nanocomposite membranes.
Nanoparticles of materials such as zeolite [69, 70], silica [71, 72], silver [73] and TiO,
[74, 75] have been used as fillers in the polyamide when forming the nanocomposite

membranes.

Increasing attention, however, has been paid to utilising carbon nanotubes (CNTs) in
water filtration. This is due to the similarity between the fluid transport properties of
CNTs and water transport through biological membrane channels [76]. Biologically,
water passes through the cell membrane via special proteins called aquaporins (AQP).
These nanoscale protein channels serve as water-filled pipes across the membrane,
with a high water flux rate that effectively block everything else, even individual
protons. Therefore, water molecules are transported freely through aquaporins,
depending on the relative change of pressure inside and outside the cell membrane [77-

81]. Figure 1-11 illustrates the transport of water through AQP.

Figure 1-11. Schematic representation of water molecule transportation through aquaporins
(AQP) across the cell wall.

The similarity between CNTs and AQP led to initiation of research into simulating
biological transport of water through the membrane. As a result, in 2004, there was the
first report on the investigation of fluid flow in a CNTs membrane [2, 82]. Multi-wall
carbon nanotubes (MWNTs) were synthesised and well aligned by catalytic chemical
vapour deposition (cCVD) on the surface of a quartz substrate. The MWNTSs were spin
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coated with polystyrene to seal the inter-tube gaps. Next, plasma etching was used to

open the tips of the MWNTs, as demonstrated in Figure 1-12.

Figure 1-12. Multi wall carbon nanotube membrane (A); schematic target membrane structure
with polystyrene embedded between MWNTs (B); the cleaved edge of the CNTs-PS membrane
after exposure to H,O, plasma oxidation (C) [82].

After this report, water transport in a solid polystyrene film membrane incorporating
7 nm diameter MWNTs was reported [83]. The flow velocity was four to five orders

of magnitude higher than the expected value [84].

Another experiment on fluid used for construction with a CNTs membrane has been
reported using nanofabrication techniques. In that membrane, double-wall carbon
nanotubes (DWNTs) with sub-2 nm nanotube pore and silicon nitride were used
instead of MWNTs and polystyrene, respectively. Figure 1- 13 illustrates the synthesis
process. cCVD was used to grow a vertically aligned array of DWNTs, followed by
encapsulation of the nanotubes by low pressure chemical vapour-deposition silicon
nitride (Si3N4). The excess silicon nitride was removed by ion milling and the

nanotubes were opened with reactive ion etching.
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Figure 1- 13. Schematic of the fabrication process steps starting from the substrate step (1) to
the last step (7), (B) SEM cross-section of the as-grown DWNTs, (C) SEM cross-section of the
membrane, illustrating excellent gap filling by silicon nitride [85].

Testing of the membrane showed the flow to be three to four orders of magnitude
higher than the theoretical calculation [85]. Ion rejection was studied via transport of
ions of various valencies through negatively charged groups at the openings of the
plasma treated carbon nanotubes. The ion exclusion was dominated by electrostatic
interactions (Donnan exclusion) between fixed membrane charges and mobile ions,
rather than steric effects. Unfortunately, the result showed insufficient ion rejection for

desalination [86].

In 2008, water transport through template-grown carbon nanopipes about 44 nm in
diameter assembled using a non-catalytic CVD process was reported. Structural
imperfections such as branching, tortuosity and pore misalignment were avoided by
the presence of the template. The flow factor enhancement over the predicted value

was about 20 [2, 87].

Ion rejection for aligned carbon nanotubes was also investigated by Majumder’s group.
Two methods demonstrate the selectivity of different ion species, namely alteration of
pore size by CNTs tip-functionalisation and voltage based gate control. These methods
have demonstrated the potential of altering pore properties to enhance selectivity [88,

89].
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The previous attempts to fabricate CNTs with polymers to obtain an effective
desalination membrane included multiple complex steps, such as catalytic growth of
CNTs onto expensive substrates, polymer filling of the inter-tube spaces, substrate
removal and CNTs tip opening via etching. Moreover, the size distribution of CNTs
diameters is still not small enough to complement the simulation studies performed
[2]. To overcome these issues, in a patent, Ratto et al. disclosed the blending of CNTs
into cross-linking agent solutions such as trimesoyl or isophthalic chlorides, to
formulate a composite polymeric membrane. The CNTs need to be functionalised with
octadecylamine to improve solubility in organic solvents. In this way, CNTs were
effectively embedded into the active layer, which is formed on a micro-porous
polyethersulfone support by conventional interfacial polymerisation, as illustrated in

Figure 1-14 [90].
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Figure 1-14. Schematic cross-section of CNTs embedded in TFC membrane [90].

This membrane can easily be adapted into current filtration and RO systems. Water
filtration occurs through both the conventional polymeric layer and the embedded
CNTs pathways. Test results showed enhancement of the properties of the fabricated
membrane with embedded CNTs, compared with a non-fabricated CNTs embedded
membrane. The water flux increased by nearly double, from 26 L m™ day” bar” to

44 L m™day ' bar”', while salt rejection rose slightly from 96.19% to 97.69% [2, 90].

This patent presents a new approach applicable for fabricating the polyamide
membrane with CNTs. Transport of CNTs and separation of the polyamide membrane

were combined in a producible nanocomposite membrane.
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Due to the potential importance of CNTs applications in water desalination, the

structure and properties of CNTs will be addressed in the following section.

There are several challenges related to embedding of CNTs in polyamide membrane.
Theses challenges lead to unfavourable results occurring when CNTs are included in
interfacial polymerisation process. One of these challenges is the agglomeration which
is attributed to the low dispersion of CNTs in solutions. The agglomeration of CNTs
makes them unable to uniformly spread out through the membrane. Most of published
research has preferred to disperse CNTs in aqueous phase due to the difficulties of
dispersion in organic phase. However, the remove of excessive aqueous phase (during
the membrane preparation) by Appling a rubber roller on the support layer surface
causes a removal of large amount of CNTs together with the amine solution (aqueous
phases). Another challenge is the lack chemical interaction between CNTs and the
polyamide membrane causing a potential leaching out the membrane during the

filtration process.

In order to overcome these challenges, CNTs should be disperse in the organic phase
to avoid a remove of large amount of CNTs together with the excessive aqueous phase
and chemically bonded to the polyamide membrane. Therefore, CNTs should be
surface-modified in order to improve the dispersion quality in organic phase and create

chemical bonding with polyamide membrane.

1.4 Carbon nanotubes (CNTs)

Carbon is one of the most significant applied elements, forming more compounds than
any other element. In fact, the classification of carbon is non-metallic in the periodic
table of elements, and it can bond in different ways to form four allotrope structures
[91]. There were only two forms of carbon-crystalline materials known, graphite and

diamond, until the late twentieth century [91].

Diamond crystals are formed under high temperature and pressure, and have a cubic
crystal system. The isomer structures consist of a ‘spatial network of tetrahedral,
covalently-bonded carbon atoms’. These structures are linked by sp’-bonded (sp’
hybridised) atoms. Co-ordination of the four valence electrons in carbon crystals is

completely satisfied in all dimensions, making diamonds isotropically strong [92].
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Graphite, which is formed under low pressure and temperature, has a structure
consisting of planar sheets with hexagonal, honeycombed networks of carbon atoms.
These atoms are sp> hybridised, and just three out of the four valance electrons are
bonded covalently between neighbours in a planar sheet. The fourth electron is a
mobile n-electron. The resulting material is conductive, with strong bonding in the
plane and weak bonding between layers called ‘van der Waals bonds’ [92, 93].
Graphite, therefore, is weak between its planes, and is known to be a soft material

because of its capability to slide along the basal planes [92].

The belief that there were only two carbon-crystalline allotropes was shattered in 1985.
A group of scientists at Rice University discovered closed, cage-like carbon molecules
— in other words closed-shell, all-carbon molecules subsequently called fullerenes, of
which the football-shaped Cg is the most well-known [94]. After the discovery of
fullerene, there was a deluge of research studies characterising different types of

fullerenes produced through the electric-arc method, thus creating synthetic fullerenes.

Advances in Transmission Electron Microscopy (TEM) resulted in the recognition of
different carbon cluster structures. In 1991, these experiments resulted in the discovery
— totally by accident — of carbon nanotubes by Sumio Ijima. The carbon nanotubes
were a by-product found at the cathode during electric-arc experiments to produce Ceo
molecules. The carbon nanotube structure can be imagined as an elongated fullerene
molecule. The geometry of CNTs structures consists of 12 pentagons and millions of

hexagons bound by two members of the fullerenes at the ends [95].

CNTs are frequently depicted as cylindrical sheets of graphene closed at either end
with a hemisphere of fullerene, which shows that, at some point during the growth
process, nucleation of pentagon rings occurs to initiate the closing mechanism [92,
95]. As seen in Figure 1-15, based on the direction of rolling up the graphene sheet
relative to its diameter and helical geometry, the resultant carbon nanotubes can be
either metallic or semiconducting, which can be distinguished depending on the

difference in energy configuration.
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Figure 1-15. (left) Graphene sheet demonstrating how the chiral vector is described, (right)
armchair, zigzag and helical carbon nanotube structures [96, 97].

CNTs can be present as either single isolated tubes, called Single Wall Carbon
Nanotubes (SWNTs), or as a series of concentric nanotubes. The latter are known as
either Double Wall Carbon Nanotubes for two concentric CNTs (DWNTs), or Multi-
Wall Carbon Nanotubes (MWNTs) for nanotubes with greater numbers of concentric

tubes, as seen in Figure 1-16 [92, 96, 98].

Figure 1-16. (A) a single-wall carbon nanotube (SWNTs) and (B) a multi-wall carbon nanotube
(MWNTs) [96].

Carbon nanotube technology has been one of the most studied subjects since its 1991
discovery. In the field of nanotechnology, widespread research continues on utilising
their exceptional — and unique — physical, optical, electrical and therapeutic properties

for biomaterial substances [95].

22



1.4.1 Functionalisation of carbon nanotubes

Carbon nanotubes need to be functionalised to improve their distribution in the
polymer used to construct the water purification membrane. This functionalisation can
be divided into two main subdivisions depending on whether covalent or non-covalent

bonding occurs between the CNTs and the polymer.

Non-covalent chemical bonding, the first functionalisation type, is a physical
adsorption and/or wrapping of polymers to the surface of carbon nanotubes as
illustrated in Figure 1-17 [99-103]. This adsorption is attributed to m -stacking
interactions and van der Waals forces [104] with conjugated polymers, due to organic

polymers containing heteroatoms with a free electron pair [105].

The main advantage of this kind of CNTs functionalisation is that the conjugated
system of the CNTs side walls will be not destroyed [106]. Consequently, the final

structure will have the same properties as the original material [104, 105].

Figure 1-17. Some possible wrapping arrangements of a polymer on CNTs - a double helix (top)
and a triple helix (middle) and multiple parallel wrapping strands (bottom) [99].

The second functionalisation is the covalent chemical bonding (grafting) of polymer
chains to CNTs. A strong chemical bond between CNTs and polymers is established
in this type of modification. In covalent functionalisation, there are two fundamental
methodologies, depending on polymer chains attached on the carbon nanotube surface.
The ‘grafting to” approach is the first method that involves synthesis of a polymer with
a specific molecular weight terminated with reactive groups or radical precursors. As
a result, the attachment of polymer chains to the surface of nanotubes occurs through

a substitution reaction. This method has encountered some issues, so polymer grafting
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to the CNTs surface is not often used. The high steric hindrance, and relatively low
reactivity of macromolecules are the main disadvantages of this method [104]. Figure

1-18 shows a schematic illustration of the ‘grafting to’ approach.
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Figure 1-18. Oxidation of CNTs and derivatisation reaction with amines or alcohols [105].

‘Grafting from’ is the second method of covalent modification. In this approach, the
polymer grows from the nanotube surface via in situ polymerisation of monomers that
is initiated by chemical species immobilised on the sidewalls and the edges of CNTs.
Figure 1-19 illustrates an example of this approach. This kind of polymerisation is
called surface-initiated polymerisation. In comparison with the ‘grafting to’ approach,
this method utilises the higher reactivity of monomers that makes efficient,

controllable, designable, and tailored grafting feasible [104, 105].
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Figure 1-19. ATRP ‘grafting from’ functionalisation approach of carbon nanotubes[105].

1.4.2 Carbon nanotubes functionalisation and model reactions

Polyacene molecules such as anthracene, tetracene and pentacene can be used to mimic
the side wall of CNTs, due to the similarity in their aromatic structure. CNTs are
depicted as a cylindrical sheet of graphene [107, 108], which is a single layer of sp®
carbon atoms densely packed in a honeycomb crystal lattice [109-112]. Georgin and
his co-workers used anthracene-9-carboxylic acid as a model substrate to mimic the
aromatic network of MWNTs [113]. For biological applications, the '*C-labelling of
MWNTs process and conditions were investigated by using anthracene-9-carboxylic
acid as a model substrate, as seen in Figure 1- 20. They applied the same process and
conditions to MWNTs, and '*C-labelled MWNTs, as an active radiology material,

were successfully obtained [113].

25



COQH *oN *COH
1) SOCI2 Pd° 1) KOH
2) pH =5

2) Cu N 3
B)
Step 1 HO,C— &
1) SOCl,, 70°C Step 2
Co H 2) CUMCN HOzc_ 14 CN —_—
: 1) Pd(PPhg),
3) Centrifugations Q Zz
_COZH & Wash (X 5) C02 CsF, Toluene ” 3
N4 100°C  N'“C
99.10% Bq/mg 2) KOH - 25°C
3)pH=5
4) Centrifugations
Controls & Wash (x 5)
Without SOCI; : < 100 Bg/mg
Without Pd(PPhg3)4 : < 200 Bg/mg Step 3
Without CsF : 18.10% Bg/mg 7—'4CO,H 1) KOH - 80°C
s 2)pH=5
COH 3) Centrifugations 14, c— %
& Wash (x 5)
45.10% Bg/mg 48.10% Bg/mg

Figure 1- 20. (A) Anthracene-9-carboxylic acid was used as a model substrate for the
development of the labelling process, (B) The process of *C-labelled MWNTSs showing radiology
activity [113].

In this project, in order to improve the distribution of SWNTs in the polyamide layer
of a desalination membrane, SWNTSs were functionalised with different aliphatic linear
diamines. The aliphatic chain lengths of the diamines were two, four, six and eight
carbon atoms. The length of the chain affected the reaction yield, which therefore
affected the quantity of the molecules grafted to the SWNTs. As a consequence, the
distribution of SWNTs in the polymer could be affected. A model reaction was used
to investigate the chain length effect on the reaction, using anthracene-9-carboxylic
acid as the mimicing substrate of the acid treated SWNTs. Figure 1- 21 illustrates the
analogous amidation reaction process for both SWNTs and anthracene-9-carboxylic
acid. The amine group in the aliphatic molecules and the carboxylic acid group were
reacted through the amidation reaction. The reactions were performed by using HATU

as the coupling reagent in the presence of DIPEA as a base, and the solvent was DMF.
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Figure 1- 21. Schematic representing the amidation reaction for SWNTs and anthracene-
9-carboxylic acid with amine group in the aliphatic molecules using HATU and DIPEA base in
DMTF solvent.

Despite the model reactions being performed in identical conditions, the quantity
yields were not equal. The yield of the short-chain molecule with two carbon atoms
was 98%, while the other yields were 86%, 75% and 65% for molecules with four, six
and eight carbon atom chain lengths respectively (see Chapter III, section 3.5). It was
observed that the reactivity of the amine group decreases with chain length increase.
This observation led to the expectation that the quantity of molecules grafted to the
SWNTs will not be equal even under identical reaction conditions. Accordingly, the
long-chain molecule will be grafted to SWNTs in lower quantities than the short-chain
molecule. Therefore, the functionality of SWNTs will be lower with the long-chain
molecule than the short-chain molecule, and distribution in the polyamide membrane

could be reduced as well.

It was worth exploiting the model reaction products to form a supramolecular
assembly. The synthesis of supramolecular assemblies was obtained by reacting model
reaction amine products with benzene-1,3,5-tricarboxylic acid chloride (trimesoyl

chloride, TMC) to produce BTA derivatives. Benzene-1,3,5-tricarboxamide (BTA)
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derivatives as supramolecular motifs are capable of self-assembly through hydrogen

bonding forming a supramolecular assembly.

1.5 Thesis objectives

1- Modified the polyamide membrane by adding SWNTs which will be dispersed
in organic phase during the interfacial polymerisation process.

2- The functionalization reactions of SWNTs will be mimicked by using
anthracene-9-carboxylic acid as a model of the aromatic wall of SWNTs.

3- The produced compounds from the model reactions will be exploited to prepare
BTA compounds. The ability of BTA compounds to assemble themselves in
chloroform and form supramolecule will be investigated.

4- The modified membrane will be characterised and investigate the imbedded of
SWNTs in the polyamide membrane.

5- The membrane performance (flux and salt rejection) will be tested before and

after loading the modified membrane with different amount of SWNTs.

1.6 Thesis outline

Water desalination is a promising source of fresh water for the future, especially with
the high rate of water consumption. Thus, the thesis project was designed to contribute

to the global effort to address the water shortage issue.

Reverse osmosis (RO) technology was chosen due to the low cost and ease of setup in
comparison to other desalination technologies. In order to improve RO efficiency and
reduce its energy consumption, the RO membrane was subjected to different changes
to achieve this objective. Nanotechnology is a promising method of improving RO
membranes through the synthesis of nanomaterials with unique and exceptional
properties. Carbon nanotubes (CNTs) are amongst the nanomaterials possessing great

ability for water transportation and promising separation capability.

In this project, an RO membrane was modified by embedding single wall carbon
nanotubes (SWNTs) into the polyamide membrane. Functionalisation of SWNTs was
needed to improve the distribution of SWNTs in the polyamide membrane. The model
substrate was used to study the functionalisation reaction of SWNTs. The results of

the model substrate reactions were invested into the formation of supramolecular
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structures. The resultant amines were reacted with benzene-1,3,5-tricarboxylic acid
chloride (TMC) to synthesise benzene-1,3,5-tricarboxamide (BTA) derivatives as

supramolecular motifs.

The materials produced in this project were characterised by various instruments. The
essential theory behind each instrument is briefly described in Chapter II. The starting

materials and solvents are also described in this Chapter.

In Chapter III, the supramolecular structure synthesis and characterisation are
presented. Four molecules were synthesised with differences in the aliphatic chain
length. Interestingly, the supramolecular structures were formed through the self-
assembly process with different self-assembled shapes, which was attributed to the
chain length differences. Thus, the self-assembly process was investigated for the
shortest and longest aliphatic chain molecules among the synthesised molecules. Their
self-assembly was investigated by monitoring the change in fluorescence, FT-IR and

SEM as a function of time.

Water desalination is presented in Chapter IV. Functionalisation of SWNTs was
performed in order to improve the SWNTs distribution in the polyamide membrane.
Interfacial polymerisation was the method used to synthesise the polyamide
membrane. The functionalised SWNTs were dispersed in the organic phase prior to
the polymerisation. SWNTs were functionalised with two molecules containing
different aliphatic chain lengths to investigate the influence of the chain length on the
distribution of the SWNTSs in the membrane polymer which as consequence affect RO
efficiency. Characterisation of functionalised SWNTs and the modified polymer was
done using Raman, FT-IR, AFM and SEM. Membrane performance was tested by
water flux and salt rejection measurements. Further investigation of the chain length
influence was obtained through the model reaction. Anthracene-9-carboxylic acid was
used as a model reaction molecule to mimic the SWNTs. The model membranes were
synthesised by using the model reaction molecule derivatives. The flux and salt

rejection of the model membranes were measured.

Chapter V summarises the findings from this project. As a result of these findings,
future investigations are recommended. A number of projects are suggested based on

the findings.

29



1.7 References

N —

(98]

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

Seitz, J.L., Globale Issues. 2008.

Lee, K.P., T.C. Arnot, and D. Mattia, 4 Review of Reverse Osmosis Membrane
Materials for Desalination-Development to Date and Future Potential. Journal
of Membrane Science. 370(1-2): p. 1-22.

Seitz, J.L., Global issues: an introduction. 2007: Wiley-Blackwell.

Loéwenberg, J., J.A. Baum, Y.-S. Zimmermann, C. Groot, W. van den Broek, and
T. Wintgens, Comparison of Pre-treatment Technologies Towards Improving
Reverse Osmosis Desalination of Cooling Tower Blow Down. Desalination,
2015. 357: p. 140-149.

El-Dessouky, H. and H. Ettouney, Teaching Desalination-A Multidiscipline
Engineering Science. Heat Transfer Engineering, 2002. 23(5): p. 1-3.

Miller, J.E., Review of Water Resources and Desalination Technologies. Sandia
National Labs Unlimited Release Report SAND-2003-0800, 2003.

Shiklomanov, I.A. and J.C. Rodda, World Water Resources at the Beginning of the
Twenty-First Century. 2004: Cambridge University Press.

Fritzmann, C., J. Lowenberg, T. Wintgens, and T. Melin, State-of-the-art of
Reverse Osmosis Desalination. Desalination, 2007. 216(1-3): p. 1-76.

Shiklomanov, I.A., World Water Resources. A new appraisal and assessment for
the 21st century, 1998.

Shannon, M.A., P.W. Bohn, M. Elimelech, J.G. Georgiadis, B.J. Marinas, and
A.M. Mayes, Science and Technology for Water Purification in the Coming
Decades. Nature, 2008. 452(7185): p. 301-310.

.Li, D. and H. Wang, Recent Developments in Reverse Osmosis Desalination

Membranes. Journal of Materials Chemistry. 20(22): p. 4551-4566.

Darwish, M.A. and H. El-Dessouky, The Heat Recovery Thermal Vapour-
Compression Desalting System: A Comparison With Other Thermal
Desalination Processes. Applied Thermal Engineering, 1996. 16(6): p. 523-
537.

Almulla, A., A. Hamad, and M. Gadalla, Integrating Hybrid Systems With Existing
Thermal Desalinationplants. Desalination, 2005. 174(2): p. 171-192.

Van der Bruggen, B. and C. Vandecasteele, Distillation vs. Membrane Filtration:
Overview of Process Evolutions in Seawater Desalination. Desalination, 2002.
143(3): p. 207-218.

Humplik, T., J. Lee, S. O’hern, B. Fellman, M. Baig, S. Hassan, M. Atieh, F.
Rahman, T. Laoui, and R. Karnik, Nanostructured Materials for Water
Desalination. Nanotechnology, 2011. 22(29): p. 292001.

Greenlee, L.F., D.F. Lawler, B.D. Freeman, B. Marrot, and P. Moulin, Reverse
Osmosis Desalination: Water Sources, Technology, and Today's Challenges.
Water Research, 2009. 43(9): p. 2317-2348.

Qasim, M., N.A. Darwish, S. Sarp, and N. Hilal, Water Desalination by Forward
(direct) Osmosis Phenomenon: A Comprehensive Review. Desalination, 2015.
374: p. 47-69.

Cath, T.Y., A.E. Childress, and M. Elimelech, Forward osmosis: Principles,
Applications, and Recent Developments. Journal of Membrane Science, 2006.
281(1-2): p. 70-87.

Zhang, C., Sub-nanometer Porous Membrane Based on Cyclic Peptide-Polymer
Conjugate and Block Copolymer. 2015.

Kucera, J., Reverse Osmosis: Design, Processes, and Applications for Engineers.

30



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

2015: John Wiley & Sons.

Voicu, S.I., Pharmaceutical Applications of Polymeric Membranes. Handbook of
Polymers for Pharmaceutical Technologies: Processing and Applications,
Volume 2, 2015: p. 173-194.

Koltuniewicz, A. and E. Drioli, Membranes in Clean Technologies. 2008: WILEY -
VCH.

McCutcheon, J.R., R.L. McGinnis, and M. Elimelech, Desalination by Ammonia-
carbon Dioxide Forward Osmosis: Influence of Draw and Feed Solution
Concentrations on Process Performance. Journal of Membrane Science, 2006.
278(1-2): p. 114-123.

Xie, M., J. Lee, L.D. Nghiem, and M. Elimelech, Role of Pressure in Organic
Fouling in Forward Osmosis and Reverse Osmosis. Journal of Membrane
Science, 2015. 493: p. 748-754.

Duan, J., Y. Pan, F. Pacheco, E. Litwiller, Z. Lai, and 1. Pinnau, High-performance
Polyamide  Thin-Film-Nanocomposite — Reverse  Osmosis Membranes
Containing Hydrophobic Zeolitic Imidazolate Framework-8. Journal of
Membrane Science, 2015. 476: p. 303-310.

Baker, R-W., Membrane Technology and Applications. Second Edition ed. 2004,
England: McGraw-Hill.

Yang, Y., J.J. Pignatello, J. Ma, and W.A. Mitch, Effect of Matrix Components on
UV/H>0; and UV/S:0s 2— Advanced Oxidation Processes for Trace Organic
Degradation in Reverse Osmosis Brines From Municipal Wastewater Reuse
Facilities. Water research, 2016. 89: p. 192-200.

Kazner, C., S. Jamil, S. Phuntsho, H. Shon, T. Wintgens, and S. Vigneswaran,
Forward Osmosis for the Treatment of Reverse Osmosis Concentrate from
Water Reclamation: Process Performance and Fouling Control. Water
Science & Technology, 2014. 69(12).

Pappenheimer, J.R. and A. Soto-Rivera, Effective Osmotic Pressure of the Plasma
Proteins and Other Quantities Associated with the Capillary Circulation in the
Hindlimbs of Cats and Dogs. American Journal of Physiology--Legacy
Content, 1948. 152(3): p. 471-491.

Fiscus, E.L., The Interaction Between Osmotic and Pressure Induced Water Flow
in Plant Roots. Plant Physiology, 1975. 55(5): p. 917-922.

Alexander, S., P. Chaikin, P. Grant, G. Morales, P. Pincus, and D. Hone, Charge
Renormalization, Osmotic Pressure, and Bulk Modulus of Colloidal Crystals:
Theory. The Journal of chemical physics, 1984. 80(11): p. 5776-5781.

Soltanieh, M. and W.N. GILL', Review of Reverse Osmosis Membranes and
Transport Models. Chemical Engineering Communications, 1981. 12(4-6): p.
279-363.

Roh, L.J., J.-J. Kim, and S.Y. Park, Mechanical Properties and Reverse Osmosis
Performance of Interfacially Polymerized Polyamide Thin Films. Journal of
Membrane Science, 2002. 197(1-2): p. 199-210.

Shen, J. and A. Schifer, Removal of Fluoride and Uranium by Nanofiltration and
Reverse Osmosis: A review. Chemosphere, 2014. 117: p. 679-691.

Fujioka, T., N. Oshima, R. Suzuki, W.E. Price, and L.D. Nghiem, Probing the
Internal Structure of Reverse Osmosis Membranes by Positron Annihilation
Spectroscopy: Gaining More Insight into the Transport of Water and Small
Solutes. Journal of Membrane Science, 2015. 486: p. 106-118.

Sherwood, T.K., P.L.T. Brian, and R.E. Fisher, Desalination by Revers Osmosis.
Ind. Eng. Chem. Fundamen, 1967. 6(1): p. 2—12.

31



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Smit, E., M.H.V. Mulder, C.A. Smolders, H. Karrebeld, J. Eerden van, and D. Feil,
Modelling of the Diffusion of Carbon Dioxide in Polyimide Matrices by
Computer Simulation. Journal of Membrane Science, 1992. 73(2-3): p. 247-
257.

Huang, S.-H., C.-J. Hsu, D.-J. Liaw, C.-C. Hu, K.-R. Lee, and J.-Y. Lai, Effect of
Chemical Structures of Amines on Physicochemical Properties of Active
Layers and Dehydration of Isopropanol Through Interfacially Polymerized
Thin-film Composite Membranes. Journal of Membrane Science, 2008. 307(1):
p. 73-81.

Lee, H.S., S.J. Im, J.H. Kim, H.J. Kim, J.P. Kim, and B.R. Min, Polyamide Thin-
film Nanofiltration Membranes Containing TiO; Nanoparticles. Desalination,
2008. 219(1-3): p. 48-56.

Lohokare, H.R., Y.S. Bhole, and U.K. Kharul, Effect of Support Material on
Ultrafiltration Membrane Performance. Journal of Applied Polymer Science,
2006. 99(6): p. 3389-3395.

Benavente, J., M. Oleinikova, M. Munoz, and M. Valiente, Characterization of
Novel Activated Composite Membranes by Impedance Spectroscopy. Journal
of electroanalytical chemistry, 1998. 451(1-2): p. 173-180.

Kavon. Holytex Nonwovens. Available from:
http://www .kavonfilter.com/contact.html.

Porter, M.C., Handbook of Industrial Membrane Technology. 1990: William
Andrew Publishing.

Ghosh, A.K. and E.M.V. Hoek, Impacts of Support Membrane Structure and
Chemistry on Polyamide—Polysulfone Interfacial Composite Membranes.
Journal of Membrane Science, 2009. 336(1-2): p. 140-148.

Kim, H.I. and S.S. Kim, Fabrication of Reverse Osmosis Membrane via Low
Temperature Plasma Polymerization. Journal of Membrane Science, 2001.
190(1): p. 21-33.

Prakash Rao, A., N.V. Desai, and R. Rangarajan, Interfacially Synthesized Thin
Film Composite RO Membranes for Seawater Desalination. Journal of
Membrane Science, 1997. 124(2): p. 263-272.

Kim, H.I. and S.S. Kim, Plasma Treatment of Polypropylene and Polysulfone
Supports for Thin Film Composite Reverse Osmosis Membrane. Journal of
Membrane Science, 2006. 286(1-2): p. 193-201.

Cadotte, J.E., R.J. Petersen, R.E. Larson, and E.E. Erickson, A New Thin-Film
Composite Seawater Reverse Osmosis Membrane. Desalination, 1980. 32(0):
p. 25-31.

Xu, Z., S. Ye, G. Zhang, W. Li, C. Gao, C. Shen, and Q. Meng, Antimicrobial
Polysulfone Blended Ultrafiltration Membranes Prepared with Ag/CuO
Hybrid Nanowires. Journal of Membrane Science, 2016. 509: p. 83-93.

Takeshi, M., Progress in Membrane Science and Technology for Seawater
Desalination — A Review. Desalination, 2001. 134(1-3): p. 47-54.

Petersen, R.J., Composite Reverse Osmosis and Nanofiltration Membranes.
Journal of Membrane Science, 1993. 83(1): p. 81-150.

Cadotte, J.E., R.S. King, R.J. Majerle, and R.J. Petersen, Interfacial Synthesis in
the Preparation of Reverse Osmosis Membranes. Journal of Macromolecular
Science: Part A - Chemistry, 1981. 15(5): p. 727-755.

Kim, H.J., Y. Baek, K. Choi, D.-G. Kim, H. Kang, Y.-S. Choi, J. Yoon, and J.-C.
Lee, The Improvement of Antibiofouling Properties of A Reverse Osmosis
Membrane by Oxidized CNTs. RSC Advances, 2014. 4(62): p. 32802-32810.

32



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68

Ang, W.L., AW. Mohammad, N. Hilal, and C.P. Leo, 4 Review on the
Applicability of Integrated/Hybrid Membrane Processes in Water Treatment
and Desalination Plants. Desalination, 2015. 363: p. 2-18.

Byrne, P., L. Fournaison, A. Delahaye, Y. Ait Oumeziane, L. Serres, P. Loulergue,
A. Szymczyk, D. Mugnier, J.-L. Malaval, R. Bourdais, H. Gueguen, O. Sow,
J. Orfi, and T. Mare, A Review on the Coupling of Cooling, Desalination and
Solar Photovoltaic Systems. Renewable and Sustainable Energy Reviews,
2015. 47: p. 703-717.

Kargari, A. and M.M.A. Shirazi, Water desalination: Solar-Assisted Membrane
Distillation, in Encyclopedia of Energy Engineering and Technology. 2014,
CRC Press.

Kim, J.H., E.J. Moon, and C.K. Kim, Composite Membranes Prepared From
Poly(m-animostyrene-co-vinyl alcohol) Copolymers for the Reverse Osmosis
Process. Journal of Membrane Science, 2003. 216(1-2): p. 107-120.

Saha, N.K. and S.V. Joshi, Performance Evaluation of Thin Film Composite
Polyamide Nanofiltration Membrane with Variation in Monomer Type. Journal
of Membrane Science, 2009. 342(1-2): p. 60-69.

Kim, CK., J.H. Kim, LJ. Roh, and J.J. Kim, The Changes of Membrane
Performance with Polyamide Molecular Structure in the Reverse Osmosis
Process. Journal of Membrane Science, 2000. 165(2): p. 189-199.

Lau, W.J., AF. Ismail, N. Misdan, and M.A. Kassim, 4 Recent Progress in Thin
Film Composite Membrane: A Review. Desalination. In Press, Corrected Proof.

Chen, G., S. Li, X. Zhang, and S. Zhang, Novel Thin-film Composite Membranes
with Improved Water Flux From Sulfonated Cardo Poly(arylene ether sulfone)
Bearing Pendant Amino groups. Journal of Membrane Science, 2008. 310(1—
2): p. 102-109.

Chen, G., S. Li, X. Zhang, and S. Zhang, Novel Thin-film Composite Membranes
with Improved Water Flux From Sulfonated Cardo Poly(arylene ether sulfone)
Bearing Pendant Amino Groups. Journal of Membrane Science, 2008. 310(1-
2): p. 102-109.

Duan, M., Z. Wang, J. Xu, J. Wang, and S. Wang, Influence of Hexamethyl
Phosphoramide on Polyamide Composite Reverse Osmosis Membrane
Performance. Separation and Purification Technology, 2010. 75(2): p. 145-
155.

Ghosh, A.K., B.-H. Jeong, X. Huang, and E.M.V. Hoek, Impacts of Reaction and
Curing Conditions on Polyamide Composite Reverse Osmosis Membrane
Properties. Journal of Membrane Science, 2008. 311(1-2): p. 34-45.

Saha, N.K. and S.V. Joshi, Performance Evaluation of Thin Film Composite
Polyamide Nanofiltration Membrane with Variation in Monomer Type. Journal
of Membrane Science, 2009. 342(1-2): p. 60-69.

Yang, F., S. Zhang, D. Yang, and X. Jian, Preparation and Characterization of
Polypiperazine Amide/PPESK Hollow Fiber Composite Nanofiltration
Membrane. Journal of Membrane Science, 2007. 301(1-2): p. 85-92.

Liu, M., S. Yu, J. Tao, and C. Gao, Preparation, Structure Characteristics and
Separation Properties of Thin-Film Composite Polyamide-Urethane Seawater
Reverse Osmosis Membrane. Journal of Membrane Science, 2008. 325(2): p.
947-956.

.Qiu, S., L. Wu, L. Zhang, H. Chen, and C. Gao, Preparation of Reverse Osmosis

Composite Membrane with High Flux by Interfacial Polymerization of MPD

and TMC. Journal of Applied Polymer Science, 2009. 112(4): p. 2066-2072.

33



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

3.

&4.

85.

Lind, M.L., A.K. Ghosh, A. Jawor, X. Huang, W. Hou, Y. Yang, and E.M. Hoek,
Influence of Zeolite Crystal Size on Zeolite-polyamide Thin Film
Nanocomposite Membranes. Langmuir, 2009. 25(17): p. 10139-10145.

Lind, M.L., B.H. Jeong, A. Subramani, X. Huang, and E. Hoek, Effect of Mobile
Cation on Zeolite-polyamide Thin Film Nanocomposite Membranes. Journal
of Materials Research, 2009. 24(05): p. 1624-1631.

Singh, P.S. and V.K. Aswal, Characterization of Physical Structure of Silica
Nanoparticles Encapsulated in Polymeric Structure of Polyamide Films.
Journal of Colloid and Interface Science, 2008. 326(1): p. 176-185.

Jadav, G.L. and P.S. Singh, Synthesis of Novel Silica-polyamide Nanocomposite
Membrane with Enhanced Properties. Journal of Membrane Science, 2009.
328(1-2): p. 257-267.

Lee, S.Y., H.J. Kim, R. Patel, S.J. Im, JJH. Kim, and B.R. Min, Silver
Nanoparticles Immobilized on Thin Film Composite Polyamide Membrane:
Characterization, Nanofiltration, Antifouling Properties. Polymers for
Advanced Technologies, 2007. 18(7): p. 562-568.

Kim, S.H., S.-Y. Kwak, B.-H. Sohn, and T.H. Park, Design of TiO, Nanoparticle
Self-assembled Aromatic Polyamide Thin-film-composite (TFC) Membrane as
an Approach to Solve Biofouling Problem. Journal of Membrane Science,
2003. 211(1): p. 157-165.

Kwak, S.-Y., S.H. Kim, and S.S. Kim, Hybrid Organic/Inorganic Reverse Osmosis
(RO) Membrane for Bactericidal Anti-Fouling. 1. Preparation and
Characterization of TiO, Nanoparticle Self-Assembled Aromatic Polyamide
Thin-Film-Composite (TFC) Membrane. Environmental Science &
Technology, 2001. 35(11): p. 2388-2394.

Noy, A., H.G. Park, F. Fornasiero, J.K. Holt, C.P. Grigoropoulos, and O. Bakajin,
Nanofluidics in Carbon Nanotubes. Nano Today, 2007. 2(6): p. 22-29.

Berger, M. Nanotechnology water pump imitating cell pores 2007 [cited 2011
30Nov]; Available from:
http://www.nanowerk.com/spotlight/spotid=3246.php.

Hampton, T. Navigating the Body’s Water Channels, Scientists Gain Insights Into
Disease 2004  [cited 2011 30Nov]; Available from: http://jama.ama-
assn.org/content/292/13/1537 full.

Hummer, G., Water, Proton, and Ilon Transport: from Nanotubes to Proteins.
Molecular Physics, 2007. 105(2-3): p. 201-207.

Sui, H., B.-G. Han, J.K. Lee, P. Walian, and B.K. Jap, Structural Basis of Water-
Specific Transport Through the AQPI1 Water Channel. Nature, 2001.
414(6866): p. 872-878.

Kalra, A., S. Garde, and G. Hummer, Osmotic Water Transport Through Carbon
Nanotube Membranes. Proceedings of the National Academy of Sciences,
2003. 100(18): p. 10175.

Hinds, B.J., N. Chopra, T. Rantell, R. Andrews, V. Gavalas, and L.G. Bachas,
Aligned Multiwalled Carbon Nanotube Membranes. Science, 2004. 303(5654):
p. 62-65.

Majumder, M., N. Chopra, R. Andrews, and B.J. Hinds, Nanoscale
Hydrodynamics: Enhanced Flow in Carbon Nanotubes. Nature, 2005.
438(7064): p. 44-44.

Sutera, S.P. and R. Skalak, The History of Poiseuille's law. Annual Review of Fluid
Mechanics, 1993. 25(1): p. 1-20.

Holt, J.K., H.G. Park, Y. Wang, M. Stadermann, A.B. Artyukhin, C.P.

34



Grigoropoulos, A. Noy, and O. Bakajin, Fast Mass Transport Through Sub-2-
Nanometer Carbon Nanotubes. Science, 2006. 312(5776): p. 1034-1037.

86. Fornasiero, F., H.G. Park, J.K. Holt, M. Stadermann, C.P. Grigoropoulos, A. Noy,
and O. Bakajin, lon Exclusion by Sub-2-nm Carbon Nanotube Pores.
Proceedings of the National Academy of Sciences, 2008. 105(45): p. 17250.

87. Whitby, M., L. Cagnon, M. Thanou, and N. Quirke, Enhanced Fluid Flow through
Nanoscale Carbon Pipes. Nano letters, 2008. 8(9): p. 2632-2637.

88. Majumder, M., N. Chopra, and B.J. Hinds, Effect of Tip Functionalization on
Transport through Vertically Oriented Carbon Nanotube Membranes. Journal
of the American Chemical Society, 2005. 127(25): p. 9062-9070.

89. Majumder, M., X. Zhan, R. Andrews, and B.J. Hinds, Voltage Gated Carbon
Nanotube Membranes. Langmuir, 2007. 23(16): p. 8624-8631.

90. Ratto, T.V., J.K. Holt, and A.W. Szmodis, Membranes with Embedded Nanotubes
for Selective Permeability. 2008, Google Patents.

91. Ajayan, P., J.C. Charlier, and A. Rinzler, Carbon nanotubes: From
macromolecules to nanotechnology. Proceedings of the National Academy of
Sciences, 1999. 96(25): p. 14199.

92. Ajayan, P.M., Nanotubes from Carbon. Chemical Reviews, 1999. 99(7): p. 1787-
1800.

93. Iijima, S., Carbon Nanotubes: Past, Present, and Future. Physica B: Condensed
Matter, 2002. 323(1-4): p. 1-5.

94. H. W. Kroto, J.R.H., S. C. O'Brien, R. F. Curl, R. E. Smalley Buckminsterfullerene.
. Nature, 14 November 1985. 318(6042): p. 162-163

95. Iijima, S., Helical Microtubules of Graphitic Carbon Nature, 7 November 1991.
354: p. 776-778

96. Terranova, M.L., V. Sessa, and M. Rossi, The World of Carbon Nanotubes: An
Overview of CVD Growth Methodologies. Chemical Vapor Deposition, 2006.
12(6): p. 315-325.

97. Baughman, R.H., A.A. Zakhidov, and W.A. de Heer, Carbon Nanotubes-the Route
Toward Applications. Science, 2002. 297(5582): p. 787-792.

98.Qiu, J., Y. Li, Y. Wang, and W. Li, Production of Carbon Nanotubes from Coal.
Fuel Processing Technology, 2004. 85(15): p. 1663-1670.

99. O'Connell, M.J., P. Boul, L.M. Ericson, C. Huffman, Y. Wang, E. Haroz, C. Kuper,
J. Tour, K.D. Ausman, and R.E. Smalley, Reversible Water-Solubilization of
Single-Walled Carbon Nanotubes by Polymer Wrapping. Chemical Physics
Letters, 2001. 342(3-4): p. 265-271.

100. Chen, J., H. Liu, W.A. Weimer, M.D. Halls, D.H. Waldeck, and G.C. Walker,
Noncovalent Engineering of Carbon Nanotube Surfaces by Rigid, Functional
Conjugated Polymers. Journal of the American Chemical Society, 2002.
124(31): p. 9034-9035.

101. Star, A., J.F. Stoddart, D. Steuerman, M. Diehl, A. Boukai, E.W. Wong, X. Yang,
S.-W. Chung, H. Choi, and J.R. Heath, Preparation and Properties of Polymer-
Wrapped Single-Walled Carbon Nanotubes. Ange. Chem., 2001. 113(9): p.
1771-1775.

102. Kong, J. and H. Dai, Full and Modulated Chemical Gating of Individual Carbon
Nanotubes by Organic Amine Compounds. The Journal of Physical Chemistry
B, 2001. 105(15): p. 2890-2893.

103. Chen, R.J., Y. Zhang, D. Wang, and H. Dai, Noncovalent Sidewall
Functionalization of Single-Walled Carbon Nanotubes for Protein
Immobilization. Journal of the American Chemical Society, 2001. 123(16): p.

35



104.

105.

106.

107.

108.

109.

110.

111.

112.

113

3838-3839.

Tasis, D., N. Tagmatarchis, A. Bianco, and M. Prato, Chemistry of Carbon
Nanotubes. Chemical Reviews, 2006. 106(3): p. 1105-1136.

Spitalsky, Z., D. Tasis, K. Papagelis, and C. Galiotis, Carbon Nanotube—Polymer
Composites: Chemistry, Processing, Mechanical and Electrical Properties.
Progress in Polymer Science, 2010. 35(3): p. 357-401.

Curran, S.A., P.M. Ajayan, W.J. Blau, D.L. Carroll, J.N. Coleman, A.B. Dalton,
A.P. Davey, A. Drury, B. McCarthy, S. Maier, and A. Strevens, A Composite
from  Poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) and
Carbon Nanotubes: A Novel Material for Molecular Optoelectronics.
Advanced Materials, 1998. 10(14): p. 1091-1093.

Van Lier, G., C. Van Alsenoy, V. Van Doren, and P. Geerlings, 4b initio Study
of the Elastic Properties of Single-walled Carbon Nanotubes and Graphene.
Chemical Physics Letters, 2000. 326(1-2): p. 181-185.

Wilder, JJW.G., L.C. Venema, A.G. Rinzler, R.E. Smalley, and C. Dekker,
Electronic Structure of Atomically Resolved Carbon Nanotubes. Nature, 1998.
391(6662): p. 59-62.

Popov, I.A., K.V. Bozhenko, and A.l. Boldyrev, Is Graphene Aromatic? Nano
Research, 2012. 5(2): p. 117-123.

Li, X., X. Wang, L. Zhang, S. Lee, and H. Dai, Chemically Derived, Ultrasmooth
Graphene Nanoribbon Semiconductors. Science, 2008. 319(5867): p. 1229-
1232.

Zhang, Y., Y.-W. Tan, H.L. Stormer, and P. Kim, Experimental Observation of
the Quantum Hall Effect and Berry's Phase in Graphene. Nature, 2005.
438(7065): p. 201-204.

Novoselov, K.S., A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos,
L.V. Grigorieva, and A.A. Firsov, Electric Field Effect in Atomically Thin
Carbon Films. Science, 2004. 306(5696): p. 666-669.

. Georgin, D., B. Czarny, M. Botquin, M. Mayne-L’Hermite, M. Pinault, B.
Bouchet-Fabre, M. Carriere, J.-L. Poncy, Q. Chau, and R. Maximilien,
Preparation of 14C-Labeled Multiwalled Carbon Nanotubes for
Biodistribution Investigations. Journal of the American Chemical Society,
2009. 131(41): p. 14658-14659.

36



CHAPTERII

37



2.1 Materials

Sigma Aldrich supplied all diamines (1,2-diamine, 1,4-diamine, 1,6-diamine and 1,8-
diamine), anthracene-9-carboxylic acid, di-fert-butyl dicarbonate, trifluoroacetic acid
(TFA), triethyl amine (TEA), N, N-diisopropylethylamine (DIPEA), NN
dimethylformamide (DMF), benzene-1,3,5-tricarboxylic acid (trimesic acid, TMA),
and thionyl chloride. In addition, drying reagent MgSQj, sodium hydroxide (NaOH),
sulfuric acid H,SO4 (98%) and nitric acid HNO;3 (70%) were purchased from Sigma-
Aldrich.

Toluene (98%), benzene-1,3,5-tricarboxyl acid chloride (trimesoyl chloride, TMC)
and m-phenylenediamine (MPD) were purchased from Sigma-Aldrich.

O-(7-Azabenzotriazol-1-yl)-N,N,N', N'-tetramethyluronium hexafluorophosphate
(HATU) was purchased from GL Biochem (Shanghai) Ltd.(China). Carbon nanotubes
(CNTs) were purchased as single-wall carbon nanotubes (SWNTs) from Carbon
Solutions Inc. (USA) (AP-SWNT).

Polysulfone (PSf) membranes supported by polyester layer were purchased from GE.
n-Hexane (96%) was purchased from Scharlau. Methanol was purchased from Merck.
Sodium dodecyl sulphate (SDS) was purchased from BDH while Campor-10-sulfonic
acid (CSA) was purchased from Fluka. Isopropanol (IP) was purchased from Vetec.

Dichloromethane (DCM) was distilled in presence of calcium sulphate as a drying

reagent and in a dry nitrogen atmosphere [1].

All chemicals were used as received without further purification.
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2.2 Instruments

2.2.1 Stirred cell

Salt rejection and water flux were measured by using a Sterlitech HP4750 unit. This
stirred cell, as illustrated in Figure 2- 1, is made from stainless steel with high chemical
resistance for aqueous and non-aqueous solutions. The maximum pressure that this
stirred cell is able to withstand is 69 bar (1000 psi) which makes it suitable for reverse

osmosis filtration.
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Figure 2- 1. Schematic of stirred cell showing the cell parts [2].

In this device water was forced to pass through a membrane disc. Concentration

gradients is effected the flow of water through the membrane. Due to that the stirrer is
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used to reduce the concentration gradients effect.

The water that passed through was collected via the permeate tube into a conical flask.

A balance was used to continually weigh the permeate water per time under 16 bar

pressure.

All flux and salt rejection measurements were made 50 min. after starting the
experiment to obtain steady state permeate flux ( J,,,). The measurement of steady flux
(/) through membrane area (A) was obtained by collected permeate volume (AV)
during a period of time (At) [3, 4]. Formula (1) is used to measure the flux value and

each membrane flux is presented by the average of the last 10 flux values.

AV

]w = Tar (2'1)

~ AAt
An example of such an experiment of water flux as a function of time is shown in
Figure 2- 2. In general, the steady permeate flux was observed after 20 min. from

starting the experiment.
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Figure 2- 2. Stirred cell water flux result of membrane embedded with SWNTs. The feed
solution was 2000 ppm of NaCl. The flux was measured as a function of time.
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Salt rejection was determined via the formula:

R =(1-2)x100 (2-2)
F

where Cp is the permeate concentration and C is the feed solution concentration [3,

41.

The calculation of salt rejection (R) was performed by measuring the conductivity of
the permeate which was converted to concentration (ppm) using a calibration curve.
The calibration curve was obtained by measuring the conductivity three times for six
different concentrations of sodium chloride solution include the blank solution (0, 20,
40, 60, 80, 100 ppm). The average conductivity of these solutions verses the

concentration is shown in Figure 2-3.

250

y = 1.8988x +2.3651
200 R2=0.9996

150

100
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50

0 20 40 60 80 100 120
concentration (ppm)

Figure 2-3. Calibration curve for the conversion of NaCl conductivity to concentration.
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2.2.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) has been commercially available since 1965
which was 30 years after the initial demonstration of SEM [5]. This technique is a type
of electron microscope that utilises a beam of electrons to study the morphology and
chemical composition of solid objects. A schematic structure of SEM is illustrated in
Figure 2-4. Lanthanum hexaboride and tungsten are commonly used as electron beam
sources. The beam is focused by magnetic lenses to a very small resolution to obtain
high magnification of the sample surface. The magnetic lenses give an ability to
improve the scanning resolution and magnification. Impacting the sample surface with
the focused electronic beam generates different types of reflected electrons with
different energies as a result of various processes such as elastic scattering, inelastic
scattering (secondary electrons) and the emission of electromagnetic radiation with x-
ray frequency. Specialised detectors are used to detect these types of reflected

electrons. The surface images are obtained by detecting the secondary electrons.

Electron Electron Gun
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I | “| Magnetic

L1111 1[[18 |—Lens
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Electron
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Figure 2-4. Schematic diagram of SEM parts and the electron beam path from gun to sample

[6].
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Clear surface images can be obtained by increasing the number of secondary electrons.
Therefore, a conductive metallic layer is often placed over the surface of any sample
being studied by using a sputter coater. In this thesis, all samples are coated with a
gold layer for 30 seconds using a Quorum, Q300TD instrument. Once the samples are

coated the SEM images were taken by using an Inspect F50 instrument.

2.2.3 Raman spectroscopy

Since 1928 when the first Raman scattering observation was recorded by Raman and
Krishnan, Raman spectroscopy has been widely utilised in material characterisation.
CNTs are one of the martials that can be characterised with Raman and this provides

valuable information about its structure and lattice defects [7].

A Raman spectrum can be collected when a laser light is absorbed by the sample and
excites it to a higher energy state. Relaxation of excited molecules to lower energy
happens by releasing the absorbed energy as a photon. Depending on relaxation
pathway to the original state, there are two types of photon which can be observed;
namely elastic (Rayleigh) and inelastic (Stokes and anti-Stokes) as seen in Figure 2-5

.Stokes scattering is observed which has lower energy than the laser light [8, 9].
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a

Figure 2-5. (a) Different relaxation to lower energy of excited molecule as light scattering, (b)
spectrum of CCly, using an Ar" laser at 488 nm showing Stokes, anti-Stokes and Rayleigh

scattering [10, 11].
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Raman spectra of CNTs have three dominant bands shown in Figure 2-6. The most

dominant band is the graphitic band (G-band) which appears around 1500-1606 cm.

The G-band is related to sp’ hybridised vibrations. The second band can be seen at

1350 cm” which is the disorder band (D-band) which is related to disorder or

amorphous carboneous material or to carbon lattice defects. The radial breathing mode

(RBM) which is a characteristic band of single wall carbon nanotubes (SWNTs) occurs

from coherent vibrations of CNTs atoms [9, 12, 13].
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Figure 2-6. Raman spectrum at 532 nm laser of pristine SWNTs showing RBM, D and G bands.

The nanotube’s diameter (d) can be determined by using RBM because its frequency

depends linearly on the diameter of the CNTs using the following formula:
w, = 223.75/d (2-3)
where w, is RBM frequency and d is the tube diameter [14, 15].

In this thesis, a Witec Alpha 300R instrument using a 40X objective (numerical
aperture 0.6) and 532 nm (Elaser =2.33 €V) was used to collect the spectra. Raman
spectra were recorded with typical integration times between 10 and 20 s and three

accumulations.

SWNTs were dispersed in ethanol or DMF before being dropped on a clean glass slide.

Solvent evaporation was achieved by keeping the sample in an oven at 60 °C overnight.

2.2.4 Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy was first developed in 1946 by utilising radar technology which
was developed during the Second World War for military purposes. NMR
spectroscopy is one of the most powerful tools available to chemists and biochemists

for the elucidation of chemical structures[16].
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NMR spectroscopy relies on the magnetic properties of the atomic nucleus. The most
common nuclei in NMR are (‘H, C, "F, "N and *'P). A tiny magnetic dipole is
created when the positive charge spins on axis. The magnetic dipole is determined by
spin quantum numbers (I). Nuclei with spin quantum numbers I # 0 are NMR visible
nuclei. In the case of I= + )4, the energy of these two spin numbers are the same in the
absence of external magnetic field. An energy difference will exist if an external
magnetic field is applied as illustrated in Figure 2-7. The lower energy nuclei are
aligned with external magnetic field while the nuclei aligned against the field will have

higher energy [17-19].
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Figure 2-7. Schematic diagram showing splitting of nuclei spin states in an external magnetic
field [20].

When the nuclei are irradiated by electromagnetic radiation (radiofrequency) the
nuclei in lower energy will absorb the electromagnetic energy and be promoted to the
higher energy state. This flipping from one energy state to another induces a voltage
that can be detected by a tuned coil of wire and amplified before being displayed as
signal. The NMR spectrum is a plot of radiofrequency absorption verses the resonance
frequency [21, 22]. Figure 2- 8 shows the 'H NMR spectrum of N-(anthracene-9-

carbonyl) hexandiamine (3c).

46



3 .
I
h
(multiple, m)

f .
(singlet, s) h (broad singlet, bs)
(doublet, d) g c
e l d ]
(triplet, t)
//
I ' ! 7/ T . | . |
9 8 3 ! !
ppm

Figure 2- 8. Partial "H NMR (600 MHz) spectrum of NV-(anthracene-9-carbonyl)hexandiamine
(3¢) showing the peaks shapes and descriptions; s = DMSO.

In this thesis, NMR spectra were recorded on a Bruker AVANCEIII 400MHz or
600MHz. The solvent peaks were used as reference signals. Solvents used included
CDCls, ds-DMSO and CD3;0D which have residual undeuterated signals at 7.26 ppm,
2.50 ppm and 3.31 ppm respectively [23].

2.2.5 Contact Angle (CA)

The solid liquid interface, which may be called wetting, has attracted scientists’
attention for more than two centuries. The definition of contact angle is the angle that
is formed by the intersection of liquid-solid interface and liquid-vapour interface as
demonstrated in Figure 2- 9 [24]. A surface with low contact angle is described as a
hydrophilic surface, while a high contact angle describes the surface as hydrophobic

surface (less hydrophilicity)[25].
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Figure 2- 9. Illustration of contact angles formed by liquid drops on smooth solid surface.

Contact angle measurements were obtained in air at room temperature with a water
droplet. Membranes were attached to a glass slide facing-up with double sided sticky
tape. The prepared membrane sample was placed on a horizontal platform and a Milli-
Q water droplet was placed on the sample and a camera captured the image. The

contact angle was calculated by the installed program on the instrument.

2.2.6 Fourier Transform Infra-Red (FT-IR) spectroscopy

FT-IR spectroscopy is used as an analytical technique to identify the functional groups
in different chemical structures. There are three regions of FT-IR based on the
wavelength of IR light. These regions are far infrared (4-400 cm™), near infrared
(4000-14000 cm™) and the most applied region, the mid infrared (400-4000 cm™).
Once the sample is irradiated by IR light, the functional groups absorb the radiation at

different frequencies depending on their chemical functionality [17, 19].

One particular FT-IR technique is attenuated total reflectance (ATR) which was
employed in this thesis for organic products and membrane samples. Membrane
samples were placed active-face down on the ATR crystal and held in place by a
clamp. KBr disks were used to characterise SWNTs. Pre-heated KBr powder was
ground with SWNTs (Img in 1g of KBr) until a homogenous powder mixture was
obtained. After that, the homogenous powder was pressed using ten tons for 5 min to
obtain the KBr disk. Another technique used NaCl windows to identify the acid
chloride groups on the functionalised SWNTs in toluene/hexane solvent mixture. The

mixture was placed in between two NaCl disks before insert in FT-IR instrument.

The FT-IR instrument that used in this project was Perkin Elmer Frontier.
Experimental parameters were spectral range with 400-4000 cm™, number of scans 64

and 4 cm™' resolution.
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2.2.7 Fluorescence

The emitted light from any compound as a result of light absorption is called
luminescence. Fluorescence is one of the two categories of luminescence. This
phenomenon was explained by Gabriel Stokes for the first time in 1852. Nowadays,
there is a remarkable interest in the use of fluorescence in many disciplines including

biological studies.

Fluorescence emission occurs after light is absorbed by a fluorophore in certain
compounds. Light absorbance leads to the excitation of these compounds which raises

electrons to a higher energy level.

Sy

Internal Conversion

S1 1

N2
Absorption me) T
1

M hv — hVP/

hvy A Phosphorescencel

e + = — ===} -4

Figure 2-10. Jablonski diagram and luminescence process, figure adapted from [26].

The exited electron pathway after being excited up and returning down to the ground
state (S,) is illustrated in Figure 2-10. Once the electron is exited to higher energy level
(S1, Sy) the return to the ground state (Sy) directly from excited state occurs by
releasing the absorbed energy as light, which is known as fluorescence. The lifetime
of fluorescence is very short (10 to 10™® s) while phosphorescence takes longer

lifetime (10™* or longer) which occurs from triplet state (T)).

In this thesis, the fluorescence instrument was Cary Eclipse Fluorescence

Spectrophotometer (Varian, Australia). The investigated compound was dissolved in
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chloroform with a concentration of 2 mg mL™" and placed in 10 mm quartz cuvettes at

room temperature. The excitation wavelength was 380 nm.

2.2.8 Thermogravimetric analysis (TGA)

TGA is a method of thermal analysis which measures the weight loss of the sample as
a function of temperature or time. The thermal change in the sample can be associated
with phase transitions or degradation processes. TGA data is presented as a
characteristic curve as each material shows a unique pattern at specific temperature
[27]. Data collection is done while the sample is subjected to a programmed heating

in certain atmospheres of gas such as N or air.
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Figure 2-11. TGA curve of the TFC membrane supporting layer; polysulfone coated on
polyester layer. First degradation step (75%) is attributed to the polyester layer while the
second degradation step (20%) is attributed to polysulfone layer.

The TGA curve is plotted as mass loss of the sample as a function of temperature.
TGA curve form is illustrated in Figure 2-11, showing how to calculate the weight

change in TGA curve as a function of heating flow.
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The results of TGA were recorded using a Perkin Elmer STA8000 instrument. Around
2 mg of the sample was placed in the pan which is suspended from sensitive balance

arm inside a furnace with heating rate 20 °C/min.

2.2.9 Atomic Force Microscopy (AFM)

Scanning probe microscopy (SPM) techniques started with AFM as reported in 1986
by Binnig, Gerber and Quate [28]. The AFM has opened the way to many applications
as it can be utilised to characterise materials (conducting or insulating) on a nanometer
scale in an ambient environment [29]. The surface sample characterisation is obtained
through ultraweak van der Waals interaction between the atoms at the tip of the probe
and the sample surface as illustrated Figure 2-12. Due to the changes in the sample
surface morphology the tip which is attached to the end of a flexible cantilever, deflects
as the morphology of the sample changes during scanning [30]. The deflection of the
cantilever is measured using a laser beam reflected from the back of the cantilever into

a four-quadrant photodiode [28].

Four-quadrant

Oscillating
Photodetector Laser ) )
Drive Piezo

e Cantilever
2z b
y Sample
x
Piezo Scanner
Tube

Figure 2-12. Schematic of AFM showing the basic components of the instrument [28].

The reflected laser beam spot position on the photodiode depends on the cantilever

deflection. Imaging the surface is achieved by rastering the tip across the surface, using
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piezoelectric movement which can be moved in the x-, y- and z- directions [28, 29].
The obtained surface image can be presented as a two or three dimensional (2D or 3D)

profile as seen in Figure 2- 13.

Figure 2- 13. AFM images (a) 2D and (a’) 3D profile of TFC membrane.

The membrane surface roughness is quantified using two parameters which were root
mean square roughness (RMS or Rq) and surface area difference (SAD) [31-33]. The

SAD calculation is defined as

% SAD = Y.(surface area of the sample) . 1] x 100 (2_4)

Y(projected surface area)

The Rq parameter calculation is illustrated in Figure 2- 14 and defined as

Ro= [tz @lax  @29)

where Z? (x) the function that describes the surface profile analysed in terms of height

(Z) and position (x) of the sample over the evolution length L[34, 35].
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Figure 2- 14. Representation of Rq roughness measurement based on the mean line [34].

a

In this work, membrane samples were prepared by washing with isopropanol to
remove water and then exposed to ambient conditions for 2 hours till dryness was
obtained. A square sample (1 cm®) of the membrane was attached to an AFM stub with
a tape. AFM images were obtained in tapping mode in air at ambient temperature with

a Bruker Multimode VIII AFM with NanoScope V controller.
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3.1 Introduction

Building very large uniform structures from small molecules using non-covalent
interactions is known as self-assembly and is a key method of construction within
supramolecular chemistry. Individual molecules, in some conditions, can aggregate or
assemble to form nano/microstructures. These structures may possess different shapes,
such as micelles, vesicles, tubes, wires and helixes, giving rise to the wide expansion
of supramolecular chemistry in recent decades [1-4]. In 1987, the Nobel Prize was
given to Jean-Marie Lehn (sharing with D.J. Cram and C. Pedersen) for his work in
the field of supramolecular chemistry. He defined supramolecular chemistry as
‘chemistry beyond the molecule’ [5]. In other words, secondary interactions of the
molecule as a whole influence how these molecules interact with each other.
Depending on the individual molecule’s functionality, a number of spontaneous
secondary interactions (forces) could be involved in the aggregation of the molecules.
There is a variety of interaction forces, such as n-m stacking, van der Waals, dipole-

dipole, and hydrogen bonding.

Moreover, molecules involved in supramolecular chemistry have functional groups for
non-covalent interaction, but can also have other properties such as such as stimulus-
sensitive chromogenic dyes [6], polymerisable moieties [7, 8] and photoresponsive

groups [9, 10].

In supramolecular chemistry, benzene-1,3,5-tricarboxamide (BTA) is one of the
simplest and most versatile motifs [11]. BTA is a disc-like molecule consisting of three
arms radiating from a central core. The preferred formation of BTA’s derivatives are
helical structures [11, 12], which are stabilised by strong hydrogen bonds from the
three amide groups and m —r stacking using aromatic ring [13, 14]. Depending on the
nature of the substituents on the arm, BTA’s derivatives are able to form a variety of
materials, such as hydrogels and organogels, which can have a variety of applications

[15, 16].

One of the useful groups of substituents are the anthracene derivatives, which have
enormous applications. Since 1833, when anthracene was isolated from coal tar,
anthracene and its derivatives have been used in a number of fields. For example, they

have been used as sensors and markers in biological and supramolecular systems due
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to their unique spectroscopic properties [17]. Moreover, they are used in mobile
phones, car stereos and solid-state lighting as organic light-emitting diodes (OLEDs)
[18].

In this work, a series of new BTA derivatives involving anthracene as the substituent
at the end of the arms were synthesised. Anthracene was chosen since it mimics
reactivity of SWNTs (see Chapter I, section 1.4.2). The distance between the core
(BTA) and the edge of the molecule (anthracene) was altered by using aliphatic chains
of various lengths. The influence of this distance on the self-assembly process was
investigated by following the changes in fluorescence, FT-IR, and SEM as a function
of time. The synthesised molecules will be labelled 9AC-R-BTA, where R indicates
to the aliphatic chain length, and 9AC is anthracene substituted at 9- position.

3.2 Synthesis and characterisations

Different aliphatic diamines with various carbon chain lengths (ranging from two to
eight carbon atoms) were used to synthesise the BT A derivatives. The synthesis of the
various anthracene amine derivatives, containing different chain length, is shown in

Figure 3-1.
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HN™ “NH, ¥ o)J\o)J\o A RNTONT O

1(a-d)
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1a, 2a, 3a: R = C,H, Ocy, O

1b, 2b, 3b: R = C4Hg Tr4 RTNH
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Figure 3-1. Synthesis of anthracene amine derivatives starting with aliphatic diamines.
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In the first step of the reaction series, the diamine was allowed to react with di-tert-
butyl dicarbonate to protect one of the amine groups in the diamine. As result, the
amine group is protected by the Boc group, with good yields (95% for 1a - 41% for
1d). In the following step, protected-diamine was allowed to react with anthracene-9-
carboxylic acid utilising the coupling reagent HATU. The products were washed and
recrystallised from methanol yielding (98% for 2a - 65% for 2d). Subsequently,
liberation of the amine group from the Boc group was achieved by using TFA with the
liberated amine used without purification. Several of these compounds have been

reported in literature spectral data matched that reported.

COOH cocl
socl,
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HOOC COOH CloC COcClI

Y

H
T e (U
o \H o) TEA
HN_ O
5a: R = C,H,
5b: R = C4Hg
L sencm,
5d: R = CgHyg

Figure 3- 2. Synthesis of BTA derivatives using amine compounds with TMC.

The synthesis of 9AC-R-BTA molecules was performed by allowing the liberated
anthracene amine derivatives to react with benzene-1,3,5-tricarboxylic acid chloride
(trimesoyl chloride, TMC) as presented in Figure 3- 2. The preparation of trimesoyl
chloride was performed via chlorination reaction of benzene-1,3,5-tricarboxylic acid
with thionyl chloride being used to convert the carboxylic acid to an acid chloride
group in the presence of a trace of DMF as a catalyst. Then, the liberated anthracene
amine derivative was mixed with benzene-1,3,5-tricarboxylic acid chloride in dry

DCM with TEA and heated under reflux overnight. After workup of the reaction no
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further purification was applied. A number of characterisation methods such as 'H and
C NMR, FT-IR and HRMS were applied to identify and confirm the synthesised

structures.

However, due to the aggregation of BTA derivatives, longer characterisation methods
such as °C NMR were challenging and hence '"H NMR, FT-IR and mass spectroscopy
were used to characterise the BTA molecules using freshly made samples and with

quick measurements before significant amount of aggregation had occurred.

3.21 'HNMR

A molecule with a short aliphatic chain (9AC-2-BTA) was the first synthesised
molecule. A partial 'H NMR spectrum in deuterated chloroform (CDCls) is illustrated
in Figure 3- 3. 9AC-2-BTA exhibited two multiplet peaks at 6 3.77-3.79 and 6 3.93-
3.96 ppm respectively, which were assigned to the methylene group resonances.
Aromatic ring proton resonances appeared as multiplets at & 7.50-7.57 ppm, two
doublets at 6 7.97 ppm and 6 8.04 ppm, a broad singlet at 6 8.10 ppm and another
singlet peak at & 8.54 ppm. This pattern is typical of a 9-substituted anthracene and
BTA core.
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Figure 3- 3. Partial "HNMR spectrum (600 MHz) of NV,N’,N’’-| N-(anthracene-9-
carbonyl)ethandiamine]benzene-1,3,5-tricarboxamide (9AC-2-BTA) in CDCl;, (S = CHCI;).

Five days later, the '"HNMR spectrum of 9AC-2-BTA in CDCl; no longer displayed

the same '"H NMR spectrum, as seen in Figure 3- 4.
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Figure 3- 4. Partial '"H NMR spectrum (600 MHz) of 9AC-2-BTA in CDCI; after standing in
chloroform solution for five days at room temperature; (I= impurity).

Such a dramatic change was unexpected and we were concerned about decomposition
of the compound or aggregation occurrence. However, it is known that BTA’s
derivatives are capable of assembling themselves via intermolecular interaction into a
reversible self-assembled structure [13, 19, 20] which would have a significant impact
on the '"H NMR spectrum. Therefore, it was hypothesised that heating up the solution
could disrupt the self-assembled structure returning the '"H NMR spectrum to that seen
in Figure 3- 3 . The "H NMR sample therefore was heated to different temperatures up
to 66 °C. Unfortunately, no significant changes in the 'H NMR spectrum were
observed indicating the high stability of the assembled structure, even at 66 °C, as seen

in Figure 3- 5.
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Figure 3- 5. Partial '"H NMR spectra of 9AC-2-BTA after standing five days measured at
different temperatures; (I= impurity).

3.2.2 FT-IR

The disappearance of 'H NMR peaks after leaving the sample for five days raised the
issue of stability of the compound in a chloroform solution at room temperature.
Therefore, FT-IR spectroscopy was used to confirm that the molecule was still intact
in the sample. BTA derivatives such as 9AC-2-BTA possess the ability to assemble
themselves in solution through interaction forces such as hydrogen bonding and =-
stacking [13, 19]. An ATR-FTIR spectrum of 9AC-2-BTA as seen in Figure 3-6 was
obtained by evaporating drops of solution on the surface of the ATR-FTIR crystal.
Inspection of Figure 3-6 shows the appearance of new bands that were not seen in the
anthracene compound spectrum. For example, the existence of hydrogen bonding
between the molecules was confirmed by the N-H stretching band at 3328 cm™. The
appearance of bands at 3075 cm™, 2926 cm™ and 2854 cm™' were attributed to aromatic

C-H stretching, and symmetric and asymmetric vibrations of CH,, respectively [21-
23].
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Figure 3-6. ATR-FTIR spectra for N-(anthracene-9-carbonyl)ethandiamine and 9AC-2-BTA.

However, carbonyl and C=C bands appeared in both spectra at different locations. The
9AC-2-BTA showed an enhanced C=C band at 1715 cm™ with the carbonyl band at
1668 cm™, while these bands appeared for the anthracene compound at 1677 cm™ and
1632 cm™ respectively [19, 22, 24, 25]. It has been reported that the presence of bands
at 3323, 3075, 1668 cm™' indicate to assembly of BTA derivatives which suggests that
compound was still intact and decomposition had not occurred [19, 26]. However,
further characterisation was performed to investigate the self-assembly of the

synthesised compound.

3.2.3 SEM

Scanning electron microscopy (SEM) was used to obtain visual images of the self-
assembled structure of the synthesised compound. After five days of the chloroform
solution standing at room temperature, drops of the solution were placed on a silicon
wafer surface. After evaporation, the surface was imaged at different sites on the
silicon wafer and showed fibers as seen in Figure 3- 7. Variation in fibre length was
observed, as seen in Figure 3- 7 (a). In addition, aggregation between fibres occurred,
as shown in Figure 3- 7 (b) and (c). It can be seen in Figure 3- 7 (d) that two fibres

aggregate and are involved in larger fibre formation.
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Figure 3- 7. SEM images showing fibres formed from self assembly after standing in chloroform
solution for five days at room temperature.
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3.2.4 Self-assembly of other molecules

Other compounds with variations in aliphatic chain length between the BTA core and
anthracene were synthesised as demonstrated in Figure 3- 8. The fibres formed from
the synthesised molecules in chloroform at room temperature were characterised using
SEM images. As seen in Figure 3- 8, all synthesised compounds formed fibres on the
silicon surface after evaporation of the chloroform solution. The shape of the fibres
was variable, depending on the aliphatic chain length that connected the anthracene to
the BTA core. For instance, the molecule with the four carbon atom chain length
formed fibres which aggregated together to create longer fibres, as shown in Figure 3-
8 (a). A star-like shape was observed for the molecule with the six carbon atom chain
length, as seen in Figure 3- 8 (b). Long chain molecules with eight carbon atoms
formed long fibres, as presented in Figure 3- 8 (c). The variation in fibre shape and
length provided inspiration to perform more investigations about the influence of

aliphatic chain length on fibre growth as a function of time.
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Figure 3- 8. SEM images of synthesised fibres on a silicon surface after evaporation of
chloroform, (a) 9AC-4-BTA, (b) 9AC-6-BTA, (c) 9AC-8-BTA.
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3.3 Self-assembly behaviour investigation

The investigation of self-assembly behaviour was conducted for two synthesised
compounds with two and eight carbon atom chain lengths, namely 9AC-2-BTA and
9AC-8-BTA. In 10 mL of chloroform, 20 mg of the synthesised compound was
dissolved. At room temperature, the self-assembly behaviour of the compounds as a

function of time was investigated.

During the self-assembly process, a diverse range of non-covalent interactions is
involved. As illustrated in Figure 3-9, the synthesised compounds have three potential
types of noncovalent interactions - hydrogen bonding interactions between amide
groups, van der Waals interactions between aliphatic chains, and n-m stacking
interactions between the aromatic rings. The self-assembly behaviour as a function of
time was investigated by utilising three different techniques namely fluorescence, FT-

IR and SEM.

n-mstacking
nydrogen bonding

_O 4 yan der Wag/s O

Figure 3- 9. The compound structure shows three potential aggregation forces — 7-r stacking
between the core and anthracene moieties, hydrogen bonding between amide groups, and van
der Waals between the aliphatic chains.
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The first technique used was fluorescence spectroscopy. Due to the presence of
anthracene moieties in the synthesised structure, the compound was able to emit
photons due to fluorescence. The advantage of using fluorescence spectroscopy was
the ability to study the self-assembly process in the liquid phase. Changes in
fluorescence spectra during this time reveal valuable information, which improves the

understanding of the growth behaviour.

FT-IR was another technique used to study the self-assembly behaviour of the
synthesised compounds. BTA derivatives form fibres with hydrogen bonding as one
of the main interaction forces between the BTA derivatives. FT-IR spectroscopy is a
sensitive technique for investigating the hydrogen bonding in BTAs [19, 27]. The
behaviour of fibres during the growth period was studied by observing hydrogen

bonding through changes in the FT-IR spectra.

Scanning electron microscopy (SEM) was used to obtain images of fibres during the
study period. The change in fibre shape was observed in order to investigate fibre
growth as a function of time. SEM images were taken for the BTA derivatives after
evaporation of the chloroform from the silicon surface. Different sites of the solution
droplet were imaged for each sample. The images provided information to understand

the growth behaviour of the fibres.

3.3.1 Fluorescence spectroscopy

Fluorescence is a useful tool for investigating n-r stacking between the aromatic rings.
In order to obtain a clear understanding of anthracene n-n stacking, a brief introduction

is presented.

Generally, the polyacene moieties are able to pack themselves through m stacking
between the aromatic rings. Three types of n-m stacking arrangement can be formed
by polyacenes, namely face-to-face, edge-to-face, and end-to-face, as seen in Figure

3- 10 [28-32].
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Figure 3- 10. n-7 stacking geometries of anthracene (a) face-to-face, (b) edge-to-face, (¢) end-to-
face, figure was adapted from [33].

Due to the importance of face-to-face n-n stacking in the field of organic optical and
semiconductor materials, control of the m-m stacking arrangement is a challenging
subject for the development of organic optoelectronic devices. There have been several
attempts to control n-m stacking arrangements of polyacenes. For instance, the steric
effect of substituents has been utilised to prevent CH-m contact and improve the n-n
stacking arrangement [34-37]. The interaction between the substituents, such as
halogen-halogen and chalcogen-chalcogen interactions, also played a significant role

in the construction of the n-n stacked arrangement of polyacene compounds [38-46].

The hydrogen bonding interaction has also been used to enforce a face-to-face stacking
arrangement of aromatic rings. MacGillivray and his colleagues used hydrogen
bonding to design the n-m stacked arrangement of anthracene compounds. The n-n
stacking or overlapping was largely increased by the anthracene derivative bearing
hydrogen bonding sites [47]. Interestingly, there is a correlation between emission
peak shift and the degree of overlap between the anthracene moieties. Zhang reported
that the emission of an anthracene derivative was strongly related to the overlapping
area of the anthracene moieties. An increase in overlapping area produces a greater red
shift in the emission peak [48]. Depending on the overlapping angle values (¢) between
the longitudinal axes of the monomer transition moments, J-aggregation (slipped-
stacking) is induced when the angle 0° < < 54.7°, whereas an angle of 54.7°< ¢ < 90°

produces the H-aggregation [49], as seen in Figure 3- 11. Interestingly, generally in
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BTA derivatives the angle was reported with values of 36.8°,42.4" and 45.5°, which
supported J-aggregation [50]. Park and his colleagues obtained a J-type aggregation
of a BTA derivative. The red shift in the photoanalysis, and the calculated angle

between the transition moment and the aggregate axis confirmed the aggregation type

[51].

H-aggregate J-aggregate

E Monomer 3

Wavelength Wavelength Wavelength

Figure 3- 11. Typical arrangements of H- and J-aggregates for a n-conjugated molecule
(monomer) and corresponding effects in the fluorescence spectra [52].

Anthracene derivative aggregation in solution has also been an important subject due
to its potential applications, such as fluorescence imaging and light-emitting devices
[49, 53-56]. Synthesised anthracene derivatives having an amide group show 7-m
stacking between anthracene molecules due to the formation of hydrogen bonds
between the amide groups. The change in n-m stacking was reflected in the
fluorescence emission of the molecule [54, 57]. For instance, Duan and Liu reported
that the combination of hydrogen bonding of amide groups and n-n stacking of the
anthracene derivatives enhanced the fluorescence emission intensity of the compound.
Moreover, the position of the substituted amide group on anthracene was found to be
an important factor in its properties. Anthracene with substitution at the 9-position
showed increased fluorescence emission in comparison to other positions. This was
attributed to the different packing arrangements of the anthracene moiety. In addition,
a red shift was observed for other anthracene derivatives and attributed to J-type

aggregation [58].
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3.3.1.1  Fluorescence analysis of 9AC-2-BTA self-assembly

In order to investigate the behaviour of the short chain length compound’s (9AC-2-
BTA) self-assembly via n-m stacking between the aromatic rings and H-bonding
between amide groups, the fluorescence spectra were recorded as a function of time.
The compound was dissolved in chloroform with a concentration of 2 mg mL™', and
the first fluorescence spectrum obtained immediately after solution preparation
(0 hours) as seen in Figure 3- 12. An emission peak appeared at 440 nm, which is

attributed to isolated anthracene moieties, as reported in the literature [59, 60].
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Figure 3- 12. Fluorescence emission spectra of 9AC-2-BTA in chloroform at various self-
assembly times at room temperature with concentration (2 mg mL™).

The effect of a 24-hour aggregation time caused slightly red-shifted emission. With
longer aggregation times (48 — 96 hours), a further shift of the emission peak to 463
nm was observed. Quenching of fluorescence emission intensity by around 80% was

also observed at these longer aggregation times.
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Quenching of the anthracene moiety fluorescence was attributed to the restriction of
intermolecular motion as a result of aggregation of the 9AC-2-BTA molecule in
solution. Motion restriction could be caused by hydrogen bonding between amide
groups, which are at the 9-position on the anthracene moieties. Face-to-face m-n
stacking can also restrict the intermolecular motion of the anthracene moieties. This
restriction of motion enhanced charge transfer through the m-orbital overlapping of
anthracene moieties, which caused quenching of the fluorescence emission intensity

[33, 61].
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Figure 3- 13. Fluorescence spectrum shifted from 440 nm at 0 hours to 456 nm at 24 hours
which indicates aggregation occurrence within 24 hours. To determine the red shift subtraction
of the 24 hrs from the 0 hrs spectra was performed.

The red shift in the fluorescence intensity was initially observed at 24 hours. To
determine the red shift in fluorescence spectra at 24 hours, the 24 hour fluorescence
spectrum was subtracted from the 0 hour fluorescence spectrum. As seen in Figure 3-

13, the fluorescence spectrum shifted from 440 nm at O hours to 456 nm at 24 hours.
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A further shift in the emission peak to 463 nm was observed beyond 24 hours (48-96
hours). It has been discussed that the J-aggregation type, which is illustrated in Figure

3- 11, causes the red-shift in the fluorescence emission [58].

3.3.1.2 Fluorescence analysis of 9AC-8-BTA self-assembly

The longer-chain compound 9AC-8-BTA was dissolved in chloroform at 2 mg mL™
concentration. The fluorescence analysis was conducted for the solution with different
aggregation times, as shown in Figure 3- 14. The first fluorescence emission showed
a maximum peak at 427 nm at 0 hours, which agreed with the anthracene monomer

emission in the literature [59, 60].
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Figure 3- 14. Fluorescence emission spectra of 9AC-8-BTA in chloroform (2 mg mL™") with
various self-assembly times at room temperature.

As seen in Figure 3- 14, initially there was a slight increase in fluorescence intensity
at 427 nm for aggregation times from 0-0.75 hours. This increase, with no change in
the wavelength, was attributed to packing of the anthracene moieties through hydrogen

bonding of the amide groups that were substituted at the 9-position on the anthracene.
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At 15 hours, the fluorescence intensity showed a slight decrease, and at 24-72 hours,

quenching of fluorescence by around 80% was observed.

Quenching of fluorescence was attributed to the aggregation of anthracene moieties
through hydrogen bonding and m-m stacking (face-to-face), which perturbed the
electronic nature of the anthracene. This aggregation restricted the molecules’ motion
and enhanced the charge transfer through the m-orbital overlapping of anthracene

moieties [33, 62-65].
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Figure 3- 15. Red shift was not observed in fluorescence spectra in time up to 15 hr which was
shown by subtractions of 0.25 hr, 0.75 hr and 15 hr spectra from 0 hr spectrum.

The fluorescence emission showed a red shift from 427 nm at the initial aggregation
time (0-15 hours) to 472 nm at 24-72 hours. The red shift was attributed to the J-
aggregation of anthracene moieties, as represented in Figure 3- 15. At the initial
aggregation time (0-15 hours), there was an absence of anthracene moiety aggregation.
Subtraction of spectra at 0.25, 0.75 and 15 hours from 0 hours, as seen in Figure 3- 15,
confirmed this absence of aggregation. However, for longer aggregation times (24-72

hours), the fluorescence showed a red shift of 45 nm, which was attributed to the J-
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aggregation of anthracene moieties through the m-m stacking (face-to-face) and
hydrogen bonding of substituted amide groups at the 9-position on the anthracene

moieties [33, 62-65].

3.3.1.3 Fluorescence analysis differences

Despite the aggregation of both compounds being carried out in equivalent conditions,
such as concentration, temperature, solvent and aggregation time, there was a
difference in the fluorescence behaviour. According to the chemical structure of the
compounds, as seen in Figure 3- 16, only the aliphatic chain length between the BTA
core and the anthracene is different. The increase in aliphatic chain length increases
the flexibility of the compound [66-69]. Therefore, the compound with a longer chain
length (9AC-8-BTA) is more flexible than the short chain compound (9AC-2-BTA).
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Figure 3- 16. Chemical structures of the investigated aggregation compounds showing the
difference only in the aliphatic chain length.

Zhang and his colleagues reported that the flexibility of the molecule affected the
anthracene moiety emission. It was found that the flexibility of anthracene compounds
was related to the overlapping area between the stacked anthracene moieties. Greater
red shift in the emission peak was caused by larger overlapping area of the more

flexible compound[48].

Due to the variation in flexibility of the investigated compounds, the red shift for 9AC-
8-BTA was almost double that of 9AC-2-BTA. The shift was 23 nm for 9AC-2-BTA,
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whereas for the more flexible compound 9AC-8-BTA it was about 45 nm. This shows
that the overlapping between the anthracene moieties in the more flexible compound
9AC-8-BTA was larger in area than in the less flexible compound 9AC-2-BTA, as
illustrated in Figure 3- 17. Therefore, the self-quenching occurred faster in the flexible
compound 9AC-8-BTA than in the less flexible compound 9AC-2-BTA. Quenching
was observed at 48 hr in the 9AC-2-BTA, while 9AC-8-BTA showed quenching at 24
hr.

9AC-8-BTA 9AC-2-BTA

Figure 3- 17. Scheme showing the effect of flexibility of the compounds on the overlapping area
(a > b) between the anthracene moieties.

Table 3-2. Fluorescence intensity of the flexible compound (9AC-8-BTA) and the less flexible
compound (9AC-2-BTA); (Al = arbitrary units).

9AC-2-BTA 9AC-8-BTA
Time Maximum Peak (nm) Intensity (Al)| Maximum Peak (nm) Intensity (Al)

0 hrs 440 174 427 435
24 hrs 442 174 472 134
48 hrs 463 34 472 130
72 hrs 463 31 472 131

Furthermore, the intensity of the fluorescence was different for each compound. Table
3-2 shows that the intensity of the fluorescence at 0 hr was 174 and 435 for the less
flexible compound (9AC-2-BTA) and the flexible compound (9AC-8-BTA)
respectively. Even after quenching, the flexible compound shows higher fluorescence
emission than the less flexible compound. This may be attributed to the long chain
giving the anthracene moieties more free motion than the short chain, even after

aggregation.
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3.3.2 FT-IR spectroscopy

Fluorescence data was limiting, as no change was observed in fluorescence intensity
with an aggregation time longer than 24 hours, due to fluorescence quenching.
Therefore, FT-IR was used to investigate the growth behaviour of the aggregation
through hydrogen bond formation. Hydrogen bonds are formed when a donor (D) with
an available acidic hydrogen atom interacts with an acceptor (A). The acceptor has to
be carrying available non-bonding electron lone pair to be able to form hydrogen
bonds. The strength of the hydrogen bonds depends mainly on the solvent, as well as
number and sequence of both the hydrogen-bond donors and acceptors [71-73].
Hydrogen bonding is widely used in self-assembly processes because hydrogen bonds
are directional and moderately strong [73]. It is known that BTA derivatives are self-
assembled via hydrogen bonding as one of the most useful interaction forces [19, 27].
As illustrated in Figure 3-18, the three amide bonds are capable of forming hydrogen
bonds between the BTA molecules, which builds a columnar stacking of the molecules

[74, 75].
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Figure 3-18. Hydrogen bonding interaction of BTA derivatives resulting in self-assembly of the
derivatives.

Observation of changes in the FT-IR spectra was used to follow the growth behaviour
of aggregates as a function of time. As for the fluorescence studies, the two molecules

were dissolved separately in chloroform at 2 mg mL™ concentration.
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The solutions were left at room temperature during the investigation. A drop was cast
on the FT-IR crystal at various times after the initial preparation of the chloroform

solution.

3.3.2.1 FT-IR analysis of 9AC-2-BTA self-assembly

The self-assembly behaviour of the aggregates was studied by observing the change in
the FT-IR spectrum as a function of time. It can be seen in Figure 3- 19 that the 9AC-2-
BTA compound shows bands at 3310 em™, 1660 cm™ and 1530 cm™, which were
attributed to the N-H stretching, hydrogen bonded C=O0 stretching (amide I) and amide
IT (N-H bending and C-N stretching vibrations), respectively [19, 22, 24, 25]. The other
bands are listed in Table 3-3.
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Figure 3- 19. ATR-FTIR spectrum of freshly made solution of 9AC-2-BTA in chloroform at
room temperature.
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Table 3-3. ATR-FTIR peaks observed for 9AC-2-BTA compound.

band/cm’’ Assignment References

3078 Aromatic C-H stretching [21-23]
2926 Asymmetric vibrations of alkyl chain [22, 76]
2854 Symmetric vibrations of alkyl chain [22, 76]
1715 Aromatic C-H out of plane vibrations/

Aromatic C=C enhanced by C=0 conjugation [21-23]
1456 Ring breathing vibration [21-23]
1160 Symmetric bonding of aliphatic CH, (22, 77]

Standing in chloroform solution at room temperature caused a change in the
ATR-FTIR spectrum over time. The changes mainly occurred at the N-H band and the
carbonyl band regions. Therefore, they will be discussed separately in the following

sections.
Carbonyl bands

It has been reported that the compounds contaning amide groups can show more than
one carbonyl band between 1600 cm™ and 1700 cm™ [78-81]. These bands occur due
to the variable distances and geometries of the hydrogen bonds [82, 83]. The carbonyl
associated with ordered hydrogen bonding is located at lower wavenumbers than the

carbonyl associated with disordered hydrogen bonding.
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Figure 3- 20. ATR-FTIR spectra of 9AC-2-BTA as a function of time.

Inspection of Figure 3- 20 reveals that the carbonyl band at 1660 cm™ changed as a
function of time. At aggregation times less than one hour (0 hr) the carbonyl band
appeared at 1660 cm™, whereas shifts to higher frequencies were observed at 24 hrs
and 48 hrs. Two bands can be distinguished at aggregation times as long as 72 hrs and
96 hrs. A new carbonyl band appeared at 1678 cm™, in addition to the 1660 cm™ band,
which can be attributed to carbonyl groups with disordered and ordered hydrogen

bonded carbonyl groups respectively.

It is known that the BTA derivatives form a columnar structure of fibres as a result of
self-assembly [74, 75]. These fibres may aggregate and twist around each other after
long aggregation times, forming bundles. Fibre twisting changes the length and
geometric structure of the hydrogen bonds, and due to this, disordered hydrogen bonds

appear [82, 83].

Further investigation of the change in geometric structure of the hydrogen bonds can
be obtained by inspection of the change in amide III band intensity at 1285 cm™, which
corresponds to the disordered structure [84-86]. The amide III band is attributed to N-
H bonding and C-N stretching vibration [84-86]. Inspection of Figure 3- 20 reveals

that the amide I1I intensity at 1285 cm™' increased as aggregation time was increasing.
Y ggreg g
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This was attributed to the increase in the disordered structure of hydrogen bonds as a
function of aggregation time. This change in the amide III intensity was consistent
with the change in the amide I band from ordered to disordered hydrogen bonds.
Therefore, this change in the geometric structure of the hydrogen bonds can be

attributed to the fibres twisting and forming bundles.

Moreover, n-n stacking between the aromatic rings can be observed at 1593 cm™,
which is due to the benzene ring skeleton vibrations. The intensity of this band
increased as the aggregation between the molecules through n-n stacking increased as

a function of time [76].
N-H band

Hydrogen bond alteration can also be observed by inspection of the N-H band at
3310 cm™, as illustrated in Figure 3- 21. The shift to higher frequency from 3310 cm®
"t0 3319 cm™ and 3322 cm™ at 24 hr and 48 hr respectively was observed, while no
further shifts were observed at 72 hr and 96 hr. This shift to higher frequency of the
N-H band also indicates changes in hydrogen bond distances and geometries during

the aggregation period.
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Figure 3- 21. ATR-FTIR spectra of 9AC-2-BTA N-H band at 3310 cm™ showing a shift to high
frequency.
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3.3.2.2 FT-IR analysis of 9AC-8-BTA self-assembly

The molecule with the longer aliphatic chain, (Cs) 9AC-8-BTA, has an ATR-FTIR
spectrum as seen in Figure 3- 22. Bands at 3270 cm™, 1642 cm™, and 1534 cm™
represent the N-H stretching band, hydrogen bonded C=O stretching (amide I), and
amide II (N-H bending and C-N stretching vibrations), respectively [19, 24, 25]. The
other bands are listed in Table 3-4.
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Figure 3- 22. ATR- FTIR spectra of freshly made solution of 9AC-8-BTA in chloroform at room
temperature.
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Table 3-4. ATR-FTIR peaks observed for the 9AC-8-BTA compound.

band/cm’’ Assignment References

3065 Aromatic C-H stretching [21-23]
2930 Asymmetric vibrations of alkyl chain [22, 76]
2856 Symmetric vibrations of alkyl chain [22, 76]
1712 Aromatic C-H out of plane vibrations/

Aromatic C=C enhanced by C=0 conjugation [21-23]
1442 Ring breathing vibration [21-23]
1159 Symmetric bonding of aliphatic CH, (22, 77]

The changes in FT-IR spectra bands as a function of time were investigated. Like 9AC-
2-BTA, bands at 3270 cm™ and 1642 cm™ showed changes within the investigation
period. Therefore, following the changes in these bands will assist in understanding
the growth behaviour of the investigated molecule. In the following sections the bands

will be discussed separately.
Carbonyl bands

The 9AC-8-BTA FT-IR spectra in the region from 1600 cm™ to 1700 cm™ as a function
of time are displayed in Figure 3- 23. In the first spectrum, which was recorded
immediately after dissolving in chloroform (represented as 0 hr), a carbonyl band was
observed at 1642 cm™. There also was small shoulder at 1677 cm™. As mentioned
before, carbonyl bands can have more than one band, depending on distances and
geometries of hydrogen bonds [83, 84]. These bands are ascribed as carbonyls
associated with ordered hydrogen bonding, which is located at lower wavenumbers

than the carbonyl associated with disordered hydrogen bonding [82, 83].
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Figure 3- 23. ATR-FTIR spectra changes of 9AC-8-BTA as a function of time.

Leaving the molecules in the chloroform solution for less than 24 hours produced no
shift in the band at 1642 cm™. However, a shift to 1658 cm™ was observed after 24
hours in the solution, which is consistent with the fluorescence results. Aggregation
times longer than 24 hours showed an increase in the shoulder intensity at 1677 cm™
due to the disordered hydrogen-bonded carbonyl. This change in the carbonyl band is
attributed to the fibres twisting around each other to form bundles. As a consequence,

lengths and geometries of the hydrogen bonds are changed.

Further inspection of Figure 3- 23 revealed that there was an increase in the intensity
of the 1284 cm™' band as the aggregation time increased. This band was attributed to
N-H bonding and C-N stretching vibration, namely amide III [84-86]. Due to the
sensitivity of this band to the change in geometric structure of the hydrogen bonds, it
was used to confirm the change in the hydrogen bond structure from ordered to
disordered as a result of the fibres twisting. The observed changes in amide III were
consistent with the changes in amide I, confirming the change in the hydrogen bond

geometry.

Moreover, n-n stacking between the molecules was investigated by observing the
intensity change in the band at 1593 cm™, which is due to the benzene ring skeleton

vibrations [76]. As seen in Figure 3- 23, the intensity of this band changed through the
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investigation period as a result of forming BTA fibres through n-n stacking between

the aromatic moieties.
N-H band

The change in the hydrogen bonds can also be observed by inspection of the N-H band
at 3270 cm’', as illustrated in Figure 3- 24. The shift to higher frequency, from 3270
cm’™ to 3297 cm™, was observed only after 24 hours in the chloroform solution, while
no further shifts were observed for longer standing times. This shift to a higher
frequency for the N-H band also indicates the changes in hydrogen bond distances and

geometries during the aggregation time.
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Figure 3- 24. ATR-FTIR of 9AC-8-BTA at various aggregation times showing shift of N-H band
at 3270 cm™.

The conclusion from the FT-IR results was that aggregation of the BTA molecules was
formed through hydrogen bonding. The geometric structure of the hydrogen bonds
changed as a function of time. Twisting of the formed fibres around each other to form
bundles and longer fibres was considered to be the reason for the structural change in
the hydrogen bonds. In the following section, SEM images have been used to visualise

the fibre growth and twisting.
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In addition, n-n stacking between the aromatic moieties contributed to formation of
the fibres. Compared with the fluorescence results, the red shift as a result of the
J-aggregation between aromatic moieties occurred at an aggregation time of 24 hours
for all molecules investigated. This was consistent with the intensity increase of the -
n stacking band at 1593 ecm™, which was initially observed at 24 hours, as seen in

Figure 3- 20 and Figure 3- 23.

3.3.3 SEM analysis

The next technique that was used to study aggregation was SEM. It was used to
visualise the aggregation behaviour of the molecules as a function of time. The
chloroform solution droplet was placed on a washed silicon wafer surface and left to
evaporate at room temperature. Aggregates were observed with different shapes and

at different positions on the surface after solvent evaporation.

Due to the importance of solute distribution on the surface during the evaporation of
solvent in many scientific and industrial processes, controlling the distribution has
been attempted previously [87-91]. For instance, protein crystallographers are
attempting to use evaporation driven convection to assemble two-dimensional protein
crystals. In the paint industry, a variety of additives are used to ensure a high level of

pigment remains in solution and is well dispersed following drying processes [92, 93].

The aggregation of solute on a surface is thought to occur by a physical process, which
is called the coffee-stain mechanism. The coffee-stain mechanism explains the
formation of rings by solution droplets, where the evaporation is faster on the outer
edges of droplets than on the inside surface, as illustrated in Figure 3- 25. The contact
line is pinned and evaporation causes a flow within the droplet that drives the solutes

to the outside, where they are deposited and form the rings [74, 94].

87



Evaporating Solute Flow Evaporating

Contactline

Coffee-stain

VAN

Figure 3- 25. Solute flow showing that differential evaporation rates at the edge and middle
drive the solute to the edges, leading to the coffee-stain formation [95].

The chemical structure of the solute also influences the solute aggregation when a drop
is cast on the surface. The ability of the solute to assemble itself through n-n stacking
and hydrogen bonding is essential to obtain uniform aggregates [96]. Van Hameren
and his colleagues designed a compound consisting of three porphyrin moieties that
were connected to the BTA core via amide bonds [74]. The ability of these BTA
derivatives to form columnar stacking via n-n stacking and hydrogen bonding caused
an improvement in porphyrin aggregation. In contrast to other porphyrin compounds
[97, 98], highly uniform patterns of linear aggregates were formed upon chloroform
solution evaporation. Consistent stacking of bundles was obtained, with lengths up to

almost 1 mm [74].

3.3.3.1 Self-assembly of short-chain compound 9AC-2-BTA

SEM images were used to study the aggregation behaviour of 9AC-2-BTA in
chloroform. Droplets of chloroform solution were placed on a clean silicon wafer
surface. The aggregation time in chloroform was varied between these samples,
starting from less than one hour (0 hr), 24, 48, 72 and 96 hrs. Investigation of aggregate
behaviour was obtained by imaging the centre and the edge of where the droplet was

placed on the wafer.

At the droplet centre, there was no observation of 9AC-2-BTA aggregates at O hr,

whereas some small aggregates appeared after 24 hrs, as seen in Figure 3- 26.
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Numerous aggregates appeared, albeit small in size, after 48 and 72 hrs aggregation
times, while at 96 hrs fewer aggregates were observed. The appearance of aggregates
at 24, 48 and 72 hrs may be attributed to the time being sufficient to form reasonable
size aggregates, while short aggregation time was not. At 96 hrs, large aggregates were
formed, but according to the coffee-stain mechanism, the aggregates were shifted to

the droplet edge by solvent flow.

At the droplet edge, fibres were observed for all aggregation times, even at O hr, as
shown in Figure 3- 28. Very few fibres were observed (scale bar is 50 pm) at O hr,
which may be due to insufficient time to form large aggregates in the solution. The
shape (length and width) and the quantity of fibres increased as aggregation time

increased.

The solute flow to the droplet edge (contact line) caused a shift of aggregates from the
centre of the droplet to the contact line. Figure 3- 27 illustrates the formation of linear
fibres rather than the ring shape of the contact line (according to the coffee-stain
mechanism), which may be attributed to the fact that there are not enough compound
present in solution to form a ring shape during the evaporation. The prior aggregation
of compounds in the solution (according to the fluorescence results) was also thought

to partially trap the solvent, hindering retraction of the contact line [74].
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Figure 3- 26. SEM images of 9AC-2-BTA at the centre of the chloroform droplet for different
aggregation times.

90



Evaporating

droplet

[T

Figure 3- 27. The formation of linear fibres instead of a ring shape as a result of aggregation
occurring in the chloroform solution.
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Figure 3- 28. SEM images of 9AC-2-BTA at the edge of the chloroform droplet for different
aggregation times.
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3.3.3.2 Self-assembly of longer-chain compound 9AC-8-BTA

The aggregation behaviour of 9AC-8-BTA in chloroform was also investigated by
SEM. In a similar manner to previously outlined, droplets of chloroform solution were
placed on a clean silicon wafer surface, with aggregation times starting from
immediately upon dissolving (0 hr) to 0.25, 0.75, 15, 24, 48, 72 and 96 hrs.
Investigation of the aggregate behaviour was obtained by imaging the centre and the

edge of where the droplet was placed on wafer.

At the centre of the droplet, with short aggregation times (0 hr and 0.25 hr), there was
no observation of aggregates, but at 0 hr some impurities were observed as seen in
Figure 3- 29. Small aggregates were seen at 0.75 and 15 hrs, while fibres were
observed for times longer than 15 hrs as shown in Figure 3- 29. The formation of small
aggregates and fibres at the droplet centre in comparison to the edge is attributed to
the low concentration in the centre compared with the edge. According to the coffee-
stain mechanism, as illustrated in Figure 3- 25, at the contact line (droplet edge) solute
concentration is higher than the middle of the droplet due to the solute flow to the fast

evaporation point of the solvent at the edge [74].

At the droplet edge, the 9AC-8-BTA was able to form very long fibres with length
around 1 mm at 96 hrs of aggregation in chloroform. For shorter times, aggregates
were observed. However, small and short fibres were seen for aggregation times longer
than 0.25 hr, as seen in Figure 3- 30. Due to the presence of molecule aggregation and
insufficient compound in the solution before drop casting on the surface, pinning of
the contact line occurred less often than in the 9AC-2-BTA [74]. Therefore, retraction
of the contact line was hindered by partial pinning of the molecule at the solvent front.
The partial pinning caused a flow of aggregates to the contact line, forming growing

fibres orientated to the solvent front.
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Figure 3- 29. SEM images of 9AC-8-BTA at the centre of the chloroform droplet at different
aggregation times.

94



Figure 3- 30. SEM images of 9AC-8-BTA at the edge of the chloroform droplet at different
aggregation times.
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3.3.3.3 The effect of chain length on self-assembly

The flexibility of the compound increases with the increase in aliphatic chain length
[66-69]. Therefore, the compound with the longer chain length 9AC-8-BTA is more
flexible than the short chain compound 9AC-2-BTA. The flexibility of the molecule
influences its self-assembly behaviour. For example, fluorescence quenching occurred
for the more flexible molecule 9AC-8-BTA in less than 24 hours, while the less
flexible molecule 9AC-2-BTA needed more than 24 hours to show quenching, as seen
in Figure 3- 31. The red shift was greater for the more flexible molecule as a result of

increased overlapping between the aromatic rings [48].
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Figure 3- 31. Aggregation comparison between synthesised compounds using quenching
percentage as a function of time (Lines added to guide eye).

Hydrogen bonding interactions were also affected by the flexibility of the molecule.
Figure 3- 32 shows that the N-H band, as the representative band of hydrogen bonding,
showed greater shift to higher wavenumbers for the more flexible molecule [99]. SEM
images showed changes in the shape of aggregates as a function of the aggregation

time for both compounds. Long fibres were observed for the more flexible molecule,
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whereas the molecule with less flexibility was not able to form such long fibres. This
is attributed to more effective stacking between the BTA core and the anthracene

moieties for the long-chain molecule.

= ® -9AC-2-BTA = ® =9AC-§8-BTA
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Figure 3- 32. The comparison between 9AC-2-BTA and 9AC-8-BTA to form fibres through
hydrogen bonding by observing N-H stretching band shifting (Lines added to guide eye).

3.4 Conclusion

New BTA derivatives with anthracene moieties were synthesised. The self-assembly
behaviour in chloroform was investigated by following the changes in fluorescence,
and using FT-IR and SEM images. The distance between the BTA core and the
anthracene moieties influenced the self-assembly of the molecule. It was found that
the long Cg chains showed faster self-assembly and greater overlapping between the
aromatic rings than the short chains, due to the flexibility of the Cg molecule.
Moreover, Cs molecule showed higher fluorescence and longer fibres than the

molecule with less flexible C, based molecules.
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3.5 Experimental section

General procedure for diamine protection

A solution of di-tert-butyl dicarbonate (4.36 g, 50 mmol) in CH,Cl, (20 mL) was added
over a period of 5 hrs to a solution of diamine (100 mmol) and triethylamine (2.78
mL, 20 mmol) in CH,Cl, (40 mL) and stirred at room temperature. After 24 hrs, the

solvent was removed under reduced pressure.

To purify short chain products (R = 2, 4, 6), HCI1 (0.5M, 50 mL) and CH,Cl, (50 mL)
were mixed and shaken in a separation funnel. The aqueous phase was separated,
basified with NaOH (solid) to reach pH 14, and washed with CH,Cl, (50 mL). CH,Cl,

was removed under reduced pressure.

To purify long chain product (R = 8), HCI (0.5 M, 50 mL) and CH,Cl, (50 mL) were
added and stirring for 15 minutes then the flask was placed in an ice bath for 30
minutes. The white solid was removed by filtration, washed CH,Cl,, HCI (0.5 M), and

acetone to obtain the desired compound.

N-(tert-butoxycarbonyl)-1,2-ethandiamine (1a)

The compound la was obtained from di-tert-butyl dicarbonate
(4.36 g, 50 mmol) and 1,2-ethandiamine (6 g, 100 mmol) as oily H,N M\ J<
product (5.2 g, 90%) using general procedure.

'H NMR (400 MHz, D,0) &: 1.47 (s, 9 H), 3.09 (t, J = 6 Hz, 2 H), 3.39 (t, /= 6 Hz, 2
H). C NMR (100 MHz, D,0) §: 27.74, 38.27, 39.58, 81.42, 158.23. IR: v (cm™):
3370 (N-H stretch), 1695 (C=0 amide I), 1523 (N-H amide II), 1390, 1367 (-C(CHs)3).
HRMS calc. for C;H;7N,O, [M+H]" 161.1290, found 161.1290.

N-(tert-butoxycarbonyl)-1,4-butandiamine (1b)
o]
The compound 1b was obtained from di-tert-butyl )<
dicarbonate (4.36 g, 50 mmol) and 1,4-butandiamine (8.81 g, H
100 mmol) as oily product (5.8 g, 66%) using general procedure.

'H NMR (600MHz, CD;0D) §: 1.43-1.5 (m, 13H), 2.65-2.67 (m, 2H), 3.04 (t, J =
6.5 Hz, 2H). °C NMR (100 MHz, DMSO-dq) 8: 27.5, 28.71, 31.16, 40.20, 41.91,
77.65, 156.03. IR: v (cm™): 3360 (N-H stretch), 1690 (C=0 amide I), 1520 (N-H
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amide 11), 1391, 1365 (-C(CHs)s). HRMS calc. for CoHaN,0, [M+H]" 189.1603,
found 189.1596.

N-(tert-butoxycarbonyl)-1,6-hexandiamine (1c)

The compound Ic was obtained from di-tert-butyl o
dicarbonate (4.36 g, 50 mmol) and 1,6-hexandiamine HzN\/\/\/\NJ\ o)<
(11.6 g, 100 mmol) as oily product (2.18 g, 45%) using 4

general procedure.

'H NMR (600 MHz, CDCl3) &: 1.31 - 1.34 (m, 4 H), 1.41 - 1.5 (m, 13 H), 2.67 (t, J =
7.00 Hz, 2 H), 3.1 (m, 2 H), 4.5 (bs, 1H). °C NMR (150 MHz, CD;0D) §: 26.42,
26.62, 27.59, 32.53, 41.24, 47.27, 48.12, 78.38, 157.19. IR: v (cm™): 3348 (N-H
stretch), 1690 (C=0 amide I), 1525 (N-H amide II), 1391, 1365 (-C(CH3)3). HRMS
calc. for C;1HasN,O, [M+H]" 217.1916, found 217.1908.

N-(tert-butoxycarbonyl)-1,8-octandiamine (1d)

The compound 1d was obtained from di-zert-butyl dicarbonate (4.36 g, 50 mmol) and

1,8-octandiamine (14.4 g, 100 mmol) as white solid o J<
(0]

HoN JJ\

N
H

(5 g, 41%) using general procedure.

mp = 153-155 'C. "H NMR (600 MHz, CD;0D) &: 1.32-1.47 (m, 19H), 1.63-1.68 (m,
2H), 2.9-2.94 (m, 2H), 3.00-3.04 (m, 2H). °C NMR (100 MHz, DMSO-ds) : 26.27,
26.62,27.37, 28.74, 28.97, 29.16, 29.9,39.15, 40.26 (shoulder), 77.73, 156.04. IR: v
(cm™): 3372 (N-H stretch), 1687 (C=0 amide I), 1519 (N-H amide IT), 1389, 1364 (-
C(CHj3)3). HRMS calc. for C13H2oN>O, [M+H]" 245.2229, found 245.2226.

General procedure for amide coupling

Anthracene-9-carboxylic acid (444 mg, 2 mmol) was stirred in DMF (30 mL) in
presence of diisopropylethylamine (DIEA) (0.35 mL, 2 mmol) and 2-(1H-7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate
methanaminium (HATU) (570 mg, 2.1 mmol) for one hour at room temperature.
Protected diamine (2 mmol) was added to the mixture and stirred for 24 hours. Under
vacuum the solvent was removed and ethyl acetate (30 mL) added. The solution was
washed with aqueous solution of sodium hydroxide (0.5 M, 2x30 mL), hydrochloric
acid (0.5 M, 2x30 mL), brine water (2x30 mL) and dried (MgSO,). Finally, the solvent
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was removed by evaporation. Methanol was used to recrystallise the product.

N,N’-(anthracene-9-carbonyl) (tert-butoxycarbonyl)-1,2-ethandiamine
(2a)

The compound 2a was obtained from N-(tert-butoxycarbonyl)-1,2- A(o O
ethandiamine (320.2 mg, 2 mmol) and anthracene-9-carboxylic acid ° iw— " O
(444.4 mg, 2 mmol) as yellowish solid (714 mg, 98%) using general ° O
procedure.

mp = 194-196 °C. "H NMR (600 MHz, DMSO-de) §: 1.42 (s, 9 H), 3.3 (q, J= 6.3 Hz,
2 H), 3.54 (q,J= 6.3 Hz, 2 H), 6.93 (t, J= 5.5 Hz, 1 H), 7.54 - 7.58 (m, 4 H), 7.98 (d,
J=8Hz, 2H),8.13(d,J=8Hz, 2H), 8.66 (s, | H), 8.8 (t, /= 5.5 Hz, 1 H). °C
NMR (150 MHz, DMSO-ds) §: 28.82, 39.81(shoulder), 40.29, 78.29, 125.9, 126.12,
126.96, 127.68, 127.79, 128.88, 131.21, 133.79, 156.25, 168.93. IR: v (cm™): 3370
(N-H stretch), 1719 (C=C), 1618 (C=0 amide I), 1515 (N-H amide II), 1390, 1365 (-
C(CH3)3). HRMS calc. for C2,H,4N,03Na [M+Na]" 387.1685, found 387.1699.

N,N’-(anthracene-9-carbonyl) (tert-butoxycarbonyl)-1,4-butandiamine

(2b)

The compound 2b was obtained from N-(tert- O
HN—\_/—NH

butoxycarbonyl)-1,4-butandiamine (346.5 mg, 2 mmol) 7<°_§O J O

and anthracene-9-carboxylic acid (444.4 mg, 2 mmol) as O

yellowish solid (679 mg, 86%) using general procedure.

mp = 180 C . "H NMR (600 MHz, DMSO-ds) &: 1.39 (s, 9 H), 1.5-1.55 (m, 2 H), 1.6-
1.65 (m, 2 H), 3.00 (q, J = 6.6 Hz, 2 H), 3.45 (q, J = 6.6 Hz, 2 H), 6.89 (t, J= 5.6 Hz,
1 H), 7.53 - 7.58 (m, 4 H), 7.93 (d, J = 8 Hz, 2 H), 8.12 (d, J= 8 Hz, 2 H), 8.65 (s, 1
H), 8.81 (t,J=5.5 Hz, 1 H). >C NMR (150 MHz, DMSO-d; ) &: 27.11, 27.87, 28.85,
39.58, 40.17, 77.92, 125.8, 126.09, 126.91, 127.54, 127.8, 128.91, 131.24, 134.09,
156.21, 168.55. IR: v (cm™): 3323, 3246 (N-H stretch), 1679 (C=C), 1633 (C=0 amide
1), 1522 (N-H amide II), 1390, 1365 (-C(CHs);). HRMS calc. for CosHasN,O3Na
[M+Na]" 415.1998, found 415.1999.
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N,N’-(anthracene-9-carbonyl) (tert-butoxycarbonyl)-1,6-hexandiamine
(2c)

The compound 2c¢ was obtained from N-(tert- NH O
butoxycarbonyl)-1,6-hexandiamine (402 mg, 2 mmol) (N:\_Fo '
and anthracene-9-carboxylic acid (444.4 mg, 2 mmol) as 7<) _ﬁo O

yellowish solid (588 mg, 75%) using general procedure.

mp= 156-158 °C. "H NMR (600 MHz, DMSO-d;) &: 1.33 - 1.43 (m, 15 H) 1.62-1.67
(m, 2 H) 2.91-2.95 (m, 2 H) 3.44-3.48 (m, 2 H) 6.83 (t,J=5.7 Hz, 1 H) 7.52 - 7.58 (m,
4 H) 7.93 (d, /=8 Hz, 2 H) 8.12 (d, /=8 Hz, 2 H) 8.65 (s, 1 H) 8.80 (t, J/=5.5 Hz, 1 H).
C NMR (150 MHz, DMSO-ds ) 8: 26.58, 26.87, 28.83, 29.58, 30.09, 38.85, 39.05,
77.86, 125.77, 126.09, 126.88, 127.52, 127.79, 128.92, 131.25, 134.14, 156.16,
168.53. IR: v (cm™): 3320 (N-H stretch), 1675 (C=C), 1633 (C=0 amide I), 1525 (N-
H amide II), 1391, 1364 (-C(CH3);). HRMS calc. for C,sH3,N,OsNa [M+Na]”
443.2311, found 443.231.

N,N’-(anthracene-9-carbonyl) (tert-butoxycarbonyl)-1,8-octandiamine
(2d)

The compound 2d was obtained from N-(tert- NH 8
butoxycarbonyl)-1,8-octandiamine (458.7 mg, 2 mmol) <:\\Jo
NH
and anthracene-9-carboxylic acid (444.4 mg, 2 mmol) as o—< O

yellowish solid (583 mg, 65%) using general procedure.

mp = 143-145 C. '"H NMR (600 MHz, CDCl;) 8: 1.29 - 1.49 (m, 19 H), 1.71-1.76 (m,
2 H), 3.10 (bs, 2 H), 3.68 - 3.71 (m, 2 H), 4.5 (bs, 1 H), 6.05 (bs, 1 H), 7.47 - 7.53 (m,
4 H), 8.00 (d, /=8 Hz, 2 H), 8.06 (d, /=8 Hz, 2 H), 8.48 (s, 1 H). °C NMR (150 MHz,
CDCl;) 8: 26.83, 27.1, 28.55, 29.3, 29.33, 29.8, 30.17, 40.29, 40.70, 79.14, 125.22,
125.6, 126.77, 128.15, 128.26, 128.63, 131.24, 132.27, 156.1, 169.58. IR: v (cm™):
3322 (N-H stretch), 1682 (C=C), 1633 (C=0 amide I), 1522 (N-H amide II), 1390,
1364 (-C(CHs)3). HRMS calc. for CogH3sN,O3Na [M+Na]* 471.2624, found 471.2623.

General deprotection procedure

Trifluoroacetic acid (TFA) was used to liberate the protected amine group. DCM (10

mL) was mixed with the protected amine and stirred to dissolve the solid. TFA (2
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equiv.) was added slowly to the solution and the mixture stirred 2 h. The de-protection
reaction was followed by 'H NMR. The solvent was removed after ensuring that the
de-protection reaction was complete. The product was used without any further

purification.

N-(anthracene-9-carbonyl)-1,2-ethandiamine (3a)

The compound 3a was obtained from N,N’-(anthracene-9- O
carbonyl) (tert-butoxycarbonyl)-1,2-ethandiamine (400 mg, M

/5L
1.1 mmol) and trifluoroacetic acid (125.4 mg, 1.1 mmol) as o
yellowish oily product with quantitative yield using general O
procedure.

'H NMR (600 MHz, DMSO-d; ) 8: 3.12-3.17 (m, 2H), 3.71-3.74 (m, 2H), 7.55-7.60
(m, 4H), 7.93 (bs, 2H), 7.97 (d, J= 8.4 Hz, 2H), 8.14 (d, J = 8.4 Hz, 2H), 8.69 (s, 1H),
8.94 (t,J=5.5 Hz, 2H). "C NMR (100 MHz, CD;0D) §: 38.34, 40.22, 125.65, 126.54,
127.84, 129.12, 129.57, 129.63, 132.03, 132.45, 173.28. IR: v (cm™): 3243 (N-H
stretch), 1676 (C=C), 1632 (C=0 amide I), 1544 (N-H amide II). HRMS calc. for
C17H7N,O [M+H]" 256.1341, found 265.1344.

N-(anthracene-9-carbonyl)-1,4-butandiamine (3b)

The compound 3b was obtained from N,N’-(anthracene-9- O
o H,N NH
carbonyl) (fert-butoxycarbonyl)-1,4-butandiamine (400 mg, 1 N O
mmol) and trifluoroacetic acid (114 mg, 1 mmol) as yellowish © O

oily product with quantitative yield using general procedure.

'H NMR (600 MHz, DMSO-ds ) &: 1.68 - 1.7 (m, 4 H), 2.86-2.92 (m, 2 H), 3.47-3.51
(m, 2 H), 7.54 - 7.56 (m, 4 H), 7.72 (bs, 2 H), 7.94 (d, J=8.4 Hz, 2 H), 8.13 (d, J=8.4
Hz, 2 H), 8.66 (s, 1 H), 8.87 (t, J=5.5 Hz, 1 H). °C NMR (100 MHz, DMSO-dy) ¥:
24.96, 26.25, 38.70, 38.80, 125.26, 125.63, 126.52, 127.19, 127.30, 128.47, 130.75,
133.41, 168.21. IR: v (cm™): 3218 (N-H stretch), 1670 (C=C), 1614 (C=0 amide I),
1568 (N-H amide IT). HRMS calc. for C19H2;N,O [M+H]" 293.1654, found 293.1665.
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N-(anthracene-9-carbonyl)-1,6-hexandiamine (3c)

The compound 3¢ was obtained from N,N’-(anthracene-9- O
carbonyl) (fert-butoxycarbonyl)-1,6-hexandiamine (400 mg, N A O
0.95 mmol) and trifluoroacetic acid (108.4 mg, 0.95 mmol) NHz © O

as yellowish oily product with quantitative yield using

general procedure.

'H NMR (600 MHz, DMSO-ds ) &: 1.4 - 1.45 (m, 4 H), 1.57-1.6 (m, 2 H), 1.65-1.68
(m, 2 H), 2.8 - 2.83 (m, 2 H), 3.46-3.49 (m, 2 H), 7.54 - 7.59 (m, 4 H), 7.66 (bs, 2 H),
7.93 (d,J=8.4 Hz, 2 H), 8.13 (d, J= 8.4 Hz, 2 H), 8.66 (s, 1 H), 8.82 (t,J=5.5 Hz, |
H). °C NMR (150 MHz, DMSO-ds ) &: 2.55, 26.12, 27.05, 28.90, 38.85, 39.05,
125.20, 125.58, 126.39, 127.06, 127.26, 128.43, 130.73, 133.56, 172.13. IR: v (cm™):
3229 (N-H stretch), 1679 (C=C), 1633 (C=0 amide I), 1525 (N-H amide II). HRMS
calc. for Co;HasN,O [M+H]" 321.1967, found 321.1958.

N-(anthracene-9-carbonyl)-1,8-octandiamine (3d)

The compound 3d was obtained from N,N’-(anthracene-9- O
carbonyl) (tert-butoxycarbonyl)-1,8-octandiamine (400 mg, <:\\_// " O
0.89 mmol) and trifluoroacetic acid (101.6 mg, 0.89 mmol) as NH, ° O
yellowish oily product with quantitative yield using general

procedure.

'H NMR (600 MHz, DMSO-dq) §: 1.34 - 1.45 (m, 8 H), 1.55-1.57 (m, 2 H), 1.64-1.69
(m, 2 H), 2.77-2.8 (m, 2 H), 3.46-3.49 (m, 2 H), 7.53 - 7.58 (m, 4 H), 7.76 (bs, 2H),
7.93 (d,J=8 Hz,2 H), 8.13 (d, /=8 Hz, 2 H), 8.65 (s, 1 H), 8.79 (t, /= 5.5 Hz, 1 H).
C NMR (150 MHz, DMSO-ds) 8: 25.76, 26.45, 26.98, 28.48, 28.54, 29.00, 38.12,
125.19, 125.53, 126.31, 127.00, 127.23, 128.38, 130.70, 133.56, 168 (one peak
missing). IR: v (cm™): 3318 (N-H stretch), 1676 (C=C), 1633 (C=0 amide I), 1523
(N-H amide II). HRMS calc. for C23HN,O [M+H]" 349.2280, found 349.2289.
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Benzene-1,3,5-tricarboxylic acid chloride (4) 0!

Thionyl chloride (30 mL) was added to benzene-1,3,5-

tricarboxylic acid (4 g,19 mmol) and DMF (anhydrous, 3 drops) ©! ©

and heated under reflux for 3 hours. After that, thionyl chloride © ¢l
was distilled off and DCM (2x30 mL) was added and removed by the distillation
process to totally remove thionyl chloride. The product as yellow oily solution was

obtained.

'H NMR (400 MHz, CDCL) &: 9.06 (s). °C NMR (100 MHz, CDCl;) &: 166.14,
138.19, 135.59. IR: v (cm™): 3085 (C=C-H stretching), 1753 (C=0), 1591 (C=C
stretching). HRMS calc. for CoH3Cl;0;3 [M]"253.0712, found 253.0709.

General procedure for BTA derivatives

Benzene-1,3,5-tricarboxylic acid chloride was dissolved in dry DCM (50mL) and
catalytic amount of TEA was added. Mono amine was added drop-wise and the
solution heated under reflux overnight. Water (50 mL) was added and the organic
phase washed with HCI (0.5M, 2x30mL), NaOH (0.5M, 2x30mL) brine water and
dried (MgSOy,). Solvent evaporated under vacuum. Characterisation was done with the

freshly prepared sample to avoid aggregation.

N,N’,N”’-[N-(anthracene-9-carbonyl)ethandiamine]benzene-1,3,5,-
tricarboxamide (5a)

The compound 5a was obtained from benzene-1,3,5-tricarboxylic S

acid chloride (250 mg, 0.95 mmol) N-(anthracene-9-carbonyl)-

Oy NH

1,2-ethandiamine (1 g, 3.8 mmol) as a waxy product (1.13 g, 90%

) s Y(BY
using general procedure. H’\NH HN A~ ®
SHENNS o
@

'H NMR (600 MHz, CDCl3) &: 3.37-3.8 (m, 6 H), 3.93 - 3.96 (m,

6 H), 6.53(bs, 3H), 7.5 - 7.57 (m, 12 H), 7.97 (d, J=7.8 Hz, 6 H), 8.04 (d, /=7.8 Hz, 6
H), 8.1(bs, 3H), 8.5 (s, 3 H). IR: v (cm™): 3310 (N-H stretch), 3078 (C=C-H
stretching), 1715 (C=C), 1660 (C=0 amide I), 1530 (N-H amide II).
N,N’,N”’-[N-(anthracene-9-carbonyl)butandiamine]benzene-1,3,5,-
tricarboxamide (5b)

The compound 5b was obtained from benzene-1,3,5-tricarboxylic acid chloride (250

mg, 0.95 mmol) N-(anthracene-9-carbonyl)-1,4-butandiamine (1.1 g, 3.8 mmol) as a
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waxy product (0.98 g, 73%) using general procedure. CCO

HN"O
"H NMR (600 MHz, DMSO-d) §: 1.65-1.67(m, 12 H), 3.28- OCNH
3.29 (m, 6 H), 3.47 - 3.5 (m, 6H), 7.55-7.58 (m, 12H), 7.93 - 5 ,@o
7.95 (m, 6H), 8.11-8.13 (m, 6 H), 8.46 (s, 3 H), 8.65(s, 3H), OO A W 5
8.8-8.82 (m, 3 H), 9.5 (t, J=5.5 Hz, 3H). IR: v (cm™): 3300 Q" °

(N-H stretch), 1650 (C=0 amide I), 1531 (N-H amide II).

N,N’,N”’-[N-(anthracene-9-carbonyl)hexandiamine]benzene-1,3,5,-
tricarboxamide (5c¢)

O
The compound 5c was obtained from benzene-1,3,5- HN™O
tricarboxylic acid chloride (250 mg, 0.95 mmol) N-(anthracene-
9-carbonyl)-1,6-hexandiamine (1.22 g, 3.8 mmol) as a waxy P
o o
product (0.98 g, 67%) using general procedure. O@ ONfNH HNﬂ\/NH o
3 g
'H NMR (400 MHz, DMSO-dg) &: 1.30 - 1.51 (m, 12 H), 1.51 - Q

1.62 (m, 6 H), 1.62 - 1.73 (m, 6 H), 3.25 - 3.34 (m, 6 H), 3.48-3.50 (m, 6 H), 7.47 -
7.60 (m, 12 H), 7.94 (d, /=8 Hz, 6 H), 8.11 (d, J = 8 Hz, 6 H), 8.41 (s, 3 H), 8.63 (s,
3 H), 8.73 (t, J = 5.5 Hz, 3 H), 8.80 (t, J = 5.5 Hz, 3 H). IR: v (cm™"): 3280 (N-H
stretch), 3050 (C=C-H stretching), 1713 (C=C), 1648 (C=0O amide I), 1530 (N-H
amide IT). HRMS calc. for C7,H72NgOg [M]" 1139.5411, found 1139.5360.

N,N’,N”’-[N-(anthracene-9-carbonyl)octandiamine]benzene-1,3,5,-
tricarboxamide (5d) 00

The compound 5d was obtained from benzene-1,3,5- e

tricarboxylic acid chloride (250 mg, 0.95 mmol) N-

(anthracene-9-carbonyl)-1,8-octandiamine (1.3 g, 3.8 mmol) bl

o o
as a waxy product (0.96 g, 62%) using general procedure. NH - HN
asr”
ok :

'H NMR (400 MHz, DMSO-d) 8: 1.13 - 1.41 (m, 24 H), 1.49-

1.51 (m, 6 H), 1.57 - 1.59 (m, 6 H), 2.88 - 2.91 (m, 6 H), 3.2 — 3.25 (m, 6 H), 7.44 -
7.5 (m, 12 H), 7.85 - 7.87 (m, 6 H), 8.04 - 8.06 (m, 6 H), 8.3 (s, 3 H), 8.57- 8.6 (m, 6
H), 8.68 - 8.77 (m, 3 H). IR: v (cm™): 3270 (N-H stretch), 3065 (C=C-H stretching),
1712 (C=C), 1642 (C=0 amide I), 1534 (N-H amide II). MS.MALDI calc. for
C3HgaNOg [M]" 1224.5, found 1223.6.
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4.1 Introduction

Water is one of the most essential natural resources for humankind due to its use for
food production, industrial activities, energy generation and human consumption [1].
With the continuous decrease in freshwater supplies, thin film composite (TFC)
membranes have emerged as an attractive solution for water filtration. They have been
widely used due to their low operating temperature and efficiency compared with other
filtration systems, such as thermal distillation and electrodialysis processes [2, 3]. The
TFC membrane consists of three layers: polyester fabric base layer; porous support
layer (such as polysulfone cast on the base layer) and on top of these layers is
polyamide as an active skin layer as illustrated in Figure 4- 1. The performance of the
TFC membrane is mainly dependent on the active skin layer, while the mechanical

support comes from the base and porous layers.

Salt

— Polyamide layer

<— Porous support layer

™~

Polyester layer

H,0

Figure 4- 1. Schematic structure showing the thin film composite (TFC) membrane, with the
active polyamide layer on top, supported by polysulfone, and with polyester as the base layer[3].

Commercially, TFC polyamide membranes are fabricated by an interfacial
polymerisation technique using benzene-1,3,5-tricarboxylic acid chloride (trimesoyl
chloride, TMC) and m-phenylenediamine (MPD) in the organic and aqueous phases
respectively. TFC membranes of polyamide show high salt rejection and water flux
compare to other membranes [3]. The key performance parameters of a TFC

membrane are the flux and salt rejection.
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Nanotechnology has been utilised to improve the properties of TFC membranes.
Recent studies have demonstrated that membrane properties were improved by
embedding nanoparticles in polyamide thin films due to the unique properties of
nanoparticles such as large surface area and large number of functional groups. The
new concept of embedding nanoparticles in the polyamide layer of TFC membranes
has emerged as a thin film nanocomposite (TFN) [4-6]. For example, embedding
zeolite nanoparticles in the polyamide membrane improved the water flux without a
significant decrease in salt rejection[7, 8]. Silver nanoparticles and titanium oxide
nanoparticles also were embedded in the polyamide membrane to improve the

membrane properties such as the water flux, chemical and physical resistance [9, 10].

CNTs have unique thermal, electrical and mechanical properties [11]. Moreover, the
high transport rate of solvents such as ethanol and water through the tubes has caught
the attention of many researchers [12-16]. Given this, CNTs have been embedded in
polymers for ultrafiltration [17, 18], pervaporation [19, 20], distillation [21, 22],
reverse osmosis [23, 24] and forward osmosis membranes [25, 26]. There are,
however, some difficulties with embedding CNTs in membrane polymers, such as

their dispersion in, and grafting with, the polymer.

It is known that agents incorporated by physical methods can be washed away from
membranes during long-term operation and under high pressure [27-29]. As such, it is
quite probable that CNTs physically embedded in membranes will be lost during the
filtration process. The loss of CNTs will negatively influence the membrane’s
performance and properties [30]. Thus, it is preferred that CNTs are grafted to the
membrane via a covalent attachment to the polymer chains. Distributing the CNTs in
the polymer is one of the most difficult steps, especially when CNTs are involved in

the interfacial polymerisation by dispersing in the organic phase.

Very little literature has been published about modified polyamide membranes with
dispersion of CNTs in the organic phase (non-polar solvent). This is due to the
challenge of obtaining high dispersion of CNTs in such solvents. Thus, the distribution

of CNTs in polyamide membrane will be limited.

Shen et al. reported synthesis of thin film nanocomposite membranes containing

functionalised MWNTs. The improvement of MWNTs dispersion in the organic phase

115



was obtained by functionalising the MWNTs with poly(methyl methacrylate).
Morphology studies showed that MWNTs had been successfully embedded in the

polyamide membrane. Membrane water flux and salt rejection also improved [31].

In this work, the interfacial polymerisation between TMC and MPD was chosen due
to its popularity in TFC membrane preparation. SWNTs were covalently attached to
the polyamide membrane in situ during the interfacial polymerisation. SWNTs were
dispersed in the organic phase by functionalising them with organic compounds with
different chain lengths. The effect of chain length on SWNT distribution in the
polyamide was investigated. In addition, there was an investigation of the membrane’s

flux, salt rejection and hydrophilicity.

4.2 Synthesis and functionalisation

Embedding SWNTs in a polyamide membrane via interfacial polymerisation was
performed by functionalising the SWNTs. In the first step, suitable organic reactive
moieties for incorporation into the polymerisation reaction were synthesised.
Characterisation was performed before commencing the next step. Covalent
attachment of the synthesised moieties to SWNTs was achieved by amide coupling
reactions. In the next sections, synthesis of the organic compounds and

functionalisation of SWNTs will be described.

4.2.1 Synthesis of organic compounds

The synthesis of the organic compounds is illustrated in Figure 4- 2, which shows the
synthetic route of the two organic compounds (10a, 10b). The synthesis procedure was
the same for both compounds. The difference between compounds being the aliphatic

chain length, which was either two or six carbon atoms.

116



N
MeOH/H,SO,
?
HO 0 Refluxing 24hr o 0o
> 95%
(0] OH (0] O\
6
Refluxing 24hr| MeOH/NaOH
> 95%
0] Cl (0] OH
SOCI,/CH,Cl,
e (o) - _©O O
Refluxing 12 hr
(0] (0] quant. o} (0]
8 ~ 7 >
+
o _N__N__o
Q DCM/TEA >r YR
2 H Refluxing 24 hr
1 (a,c) (¢} O\
" /O (¢}
HoN N O
N oo DCN\ITFP‘ 9 (a,b)
100%
o SN 9a, 10a: R = C,H,
9b, 10b: R = CgH>
/O (0]
10 (a,b)

Figure 4- 2. Synthetic route of organic compounds synthesis.

Synthesis of the compounds proceeded from benzene-1,3,5-tricarboxylic acid, and a
quantitative yield of trimethyl 1,3,5-benzenetricarboxylate (6) was achieved by
heating benzene-1,3,5-tricarboxylic acid in methanol and sulphuric acid under reflux.
The product was characterised in ds-dimethyl sulfoxide by 'H NMR, showing the
methyl component of the ester functional group at 3.94 ppm as a singlet. FT-IR also
confirmed the ester compound, as an (C=0) ester band was seen at 1724 cm.
Hydrolysis of one of the ester groups was achieved by heating trimethyl
1,3,5-benzenetricarboxylate (6) under reflux with one equivalent of sodium hydroxide

with methanol as solvent, producing dimethyl 1,3,5-benzenetricarboxylate (7).
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Integration of the methyl component of the ester functional group in the 'H NMR
spectrum proved that one ester group in the compound had been hydrolysed. The
appearance of the acid carbonyl band (C=0) at 1699 cm™' next to ester band in the FT-
IR spectrum confirmed hydrolysis of the ester group. Dimethyl
1,3,5-benzenetricarboxylate (7) was heated under reflux in thionyl chloride to convert
the acid to the acid chloride, resulting in dimethyl 1,3,5-benzenetricarboxylate acid
chloride (8). The carbonyl band (C=0) at 1750 cm™ in the FT-IR spectrum indicated

successful conversion of the acid group to the acid chloride group.

Dimethyl 1,3,5-benzenetricarboxylate acid chloride (8) was allowed to react with
protected diamines (1a and Ic) separately in dry DCM with heating under reflux for
24 hours. The produced compounds (9a, 9b) were characterised in ds-dimethyl
sulfoxide by 'H NMR showing peaks as a singlet at 1.37 and 3.94 ppm for Boc and
methyl component of the ester functional groups respectively. The final step was the
de-protection of the amine group from Boc group by adding TFA to the compound
resulting in the production of the free amine compounds. Disappearance of the 1.37
ppm peak in '"H NMR spectrum proved the de-protection of the amine group in
compounds (10a, 10b). In addition to 'H NMR and FT-IR, “C NMR and mass

spectroscopy were used to verify the reaction products.

4.2.2 Functionalisation of single wall carbon nanotubes (SWNTs)

Single wall carbon nanotube functionalisation, as illustrated in Figure 4- 3, started with
acid treatment of the SWNTs by ultrasonicating in a 3:1 v/v solution of H2SO4 (98%)
and HNOs (70%) at a nanotube concentration of 1 mg mL™" for 6 hours, followed by
quenching the reaction by adding 1L of cold Milli-Q water and washing with Milli-Q
water. In this step, carboxylic groups were created on the wall as well as ends of the

nanotube.

118



o 0
H
HO OH H,N. _N_ _O
R
HNO4/H,SO,
_
R
6 hr

0 o
o0 o)

SWNTs SWNTs-COOH 10 (a,b)

0} 0 (0] o
PN -~
N N o
HO N N
HATU/DIPEA DMF/NaOH
_ T
DMF % <|3

SWNTs-R-BTA ester

o) 0 o o) 0 0 o o)
R cl N/R\N cl
N N OH
HO NN H H
sSocl,
[
0~ “OH 0 cl

SWNTs-R-BTA acid SWNTs-R-BTA acid chloride

SWNTs-2-BTA acid chloride R = CyHy
SWNTs-6-BTA acid chloride R = CgH1»

Figure 4- 3. Synthetic route of SWNT functionalisation.

Grafting of the synthesised compounds to the oxidised SWNTs was achieved via an
amidation reaction using HATU as the coupling reagent. In the next step, the ester
groups in grafted SWNTs were converted to acid groups by ultrasonication in a 1:3
v/v solution of 1M sodium hydroxide and DMF at a nanotube concentration of 1 mg
mL™" with heating at 80 'C and stirring overnight as illustrated in Figure 4- 3 (SWNTS-
R-BTA acid). The acid groups, either in the compounds grafted to SWNTs or
unreacted on the carbon nanotubes wall, were converted to acid chloride by heating
under reflux in thionyl chloride overnight. Raman and FT-IR were used to characterise

the modified SWNTs.
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4.2.2.1 Raman

The modification of SWNTs was characterised by Raman spectroscopy due to the
technique’s high sensitivity to nanotube surface changes resulting from modification
as seen in Figure 4- 4 [32]. The pristine SWNT Raman spectrum shows bands at 163
em”, 1334 cm™ and 1590 cm™, which were assigned to the RBM, D and G bands
respectively. The RBM is a band unique to SWNTs which arises from coherent
vibrations of the carbon atoms. The D band is called the disorder band, which is
attributed to sp> hybridised carbon atoms in the nanotube sidewall. The tangential
band, or G band, is caused by movement in opposite directions of neighbouring carbon
atoms [33]. Calculating the ratio of D to G bands indicates the amount of defects on
the wall of CNTs [34, 35]. Due to the similarity in Raman spectrum of the two
modified SWNTs, only SWNTs-2-BTA spectra are presented.
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Figure 4- 4. Raman spectra with 532 nm laser of pristine SWNTs (black line), oxidised SWNTs
(red line) and functionalised SWNTs with synthesised compound (blue line).

The ratio of the D/G bands was calculated determined and the results are provided in

Table 4-5. This ratio increased from 0.06 to 0.25 for pristine and oxidised SWNTs
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respectively indicating that the oxidation process increased the defects and the sp’-
hybridised carbon atoms on the SWNT sidewall. A decrease in the D/G ratio to 0.07
after grafting of the amine compound to the SWNTs through the amide coupling
reaction may be attributed to the presence of aromatic miotes that could increase the

sp” over the sp°.
Moreover, the tube diameter can be evaluated using the following equation:
w, = 223.75/d (4-1)

where w, is the RBM frequency and d is the tube diameter [34, 36]. Using this

equation, the diameters were calculated and collected in Table 4-5.

The pristine SWNTs had a diameter of 1.37 nm; however, the oxidation process for
the SWNTs caused a small shift of RBM frequency from 163 ¢cm™ to 172 cm.
Grafting the amine compound to the SWNTs showed no RBM shift indicating that the
diameter did not change.

Table 4-5. Raman spectra peak position using a 532 nm laser of pristine SWNTs, oxidised
SWNTs and functionalised SWNTs with BTA-2-ester (SWNTs-BTA ester).

RBM D-band G-band D/G SWNTs diameter

(cm™) (cm™) (cm™) (nm)
SWNTs 163 1334 1590  0.06 1.37
SWNTs-COOH 172 1342 1598 0.25 1.30
SWNTs-BTA ester 172 1342 1595  0.07 1.30

Further proof of the SWNTs’ modification was drawn from the Raman spectra shift as
seen in Figure 4- 4. Attachment of functional groups possessing oxygen, such as
carboxylic acid, to the SWNTs causes a frequency shift of Raman peaks to higher
wavenumbers [37]. It has been suggested that it is due to the SWNTs electronic
structure changing by attaching highly electronegative atoms, which cause a change in

the electronic structure of SWNTs [37, 38].

The presence of ester groups in the functionalised SWNTs could not be seen in Raman
analysis. Therefore, FT-IR analysis was used to further investigate the ester group’s

presence and hydrolysis during the functionalisation of SWNTs.
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4.2.2.2 FT-IR

The SWNTs functionalisation process steps were characterised and compared by FT-
IR spectra, as seen in Figure 4- 5. The acid treated SWNTSs showed bands at 3456 cm™,
2920 cm™, 2850 cm™ and 1636 cm™, which were attributed to O-H stretching, C-H
symmetric stretching, C-H asymmetric stretching, and C=O stretching respectively.
These bands appeared in all of the FT-IR spectra examined. Once the synthesised
compounds were reacted with acid treated SWNTs, new bands appeared at 1722 cm™,
1577 cm™ and 1080 cm™ assigned to ester carbonyl group (C=0), amide II and C-O
stretching, respectively. Hydrolysing the ester led to disappearance of the ester

carbonyl group band at 1722 cm™', while a new band appeared at 1200 cm™', this was

assigned to O-H deformation.

4.5 o
- SWNTSs - BTA acid
w0l h P
. _ \ \‘vi/ \ /ﬁ
3.5- . N
1200 cm )
1 : NTs - BTA ester
3.0
;@ |
~— 254 -
= ] 1080 cm |
3
) 207 SWNTs-COOH
= |
E 154
S ] 1
Z 404 ~«—— 3456 cm
1 \ AN 2850 om’ | Pristine SWNTs
0.5 -1
| 2920 cm
0.0

T I T I T I T I T I T I
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4- 5. FT-IR spectra of pristine SWNTs, oxidised SWNTs (SWNTs-COOH),
functionalised SWNTs (SWNTs-BTA ester) and SWNTs after hydrolysing (SWNTs-BTA acid).

The conversion of acid groups to acid chloride groups on SWNTs was investigated by
placing drops of dispersed acid chloride modified SWNTs (SWNTs-BTA-acid

chloride) in toluene between two NaCl disks. The comparison between spectra of
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SWNTs-BTA-acid chloride solution, pure toluene [39] and SWNTs-BTA acid is
shown in Figure 4- 6. The absence of an OH band at 3456 cm™ and the appearance of
the acid chloride carbonyl (C=0) band at 1746 cm™ after thionyl chloride treatment
confirmed the conversion of the acid groups to acid chloride groups. Therefore, the
successful treatment of the acid group with thionyl chloride was confirmed and

attention shifted to construction of polyamide membranes.
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Figure 4- 6. FT-IR spectra of SWNTs-BTA-acid, SWNTs-BTA-COCI in toluene, and pure
toluene recorded using NaCl disks.

4.2.3 Thin layer of polyamide in TFC membrane

The final TFC membrane structure contains a thin top polyamide layer in contact with
the supporting layer surface, as illustrated in Figure 4- 1. Before examining the SWNT
incorporation, conventional polyamide membranes were prepared. Using the
interfacial polymerisation process, the polyamide layer was formed on the top surface
of the supporting layer (PSf). The porous PSf was saturated with MPD aqueous

solution (aqueous phase) and then was covered with TMC in an organic solution

123



(organic phase). At the interface between the aqueous and organic solutions, the
reaction of MPD and TMC resulted in the formation of polyamide as a thin layer on
top of the PSf surface. The adequate solubility of the MPD in the organic phase and
the low solubility of TMC in the aqueous phase resulted in MPD diffusion from the
aqueous phase into the organic phase to react with TMC [40-42]. Initially, a thin layer
of polyamide is formed, but MPD is able to diffuse through the thin layer into the TMC
organic phase and react with TMC, increasing the polyamide layer thickness.
However, the increasing thickness of the polyamide layer limits transport of MPD
through the layer [42, 43]. The self-limiting formation of the dense layer of polyamide
occurs in a short time (seconds) due to the rapid condensation polymerisation between

MPD and TMC [6]. The polyamide forming reaction is illustrated in Figure 4- 7.

COcClI
HoN NH,
-
CloC COClI e
m-phenylenediamine 1,3,5-Benzenetricarbonyl trichloride
(MPD) or Trimesoyl chloride (TMC)

Polyamide COOH

+:©:-8@3Hz©1308£

Figure 4- 7. Polyamide membrane derived from m-phenylenediamine (MPD) in the aqueous
phase and trimesoyl chloride (TMC) in the organic phase via interfacial polymerisation [3].

The embedding of SWNTs in the thin layer of polyamide was achieved by
ultrasonicating functionalised SWNTs in a 4:1 v/v solution of hexane and toluene at
nanotube concentrations of 0, 0.5, 1, 2.5, 5, 10 and 50 wt% based on the weight of the
TMC (0.1 gin 100 mL) in organic solution. Due to the low dispersion of functionalised
SWNTs in hexane, toluene (20% v/v) was added to improve the dispersion of
functionalised SWNTs in the organic phase, and sonication was applied to enhance
SWNT dispersion. Figure 4- 8 illustrates the preparation process of the membranes.

The membranes were examined by FT-IR, and Raman spectroscopies as well as TGA.
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Figure 4- 8. Schematic diagram of the membrane preparation process. The PSf layer was
covered with the aqueous phase (2% MPD) for 5 minutes then after removal of the excess
aqueous phase contact to organic layer (0.1% TMC) was allowed for 60s. In the modified
polyamide layer, SWNTs were dispersed in the organic layer.

As seen in Table 4-6, the prepared membranes were assigned PA-n-#, where PA is
polyamide, n represents the chain length (2 or 6), and # is the concentration (wt%) of

SWNTs in the organic phase.
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Table 4-6. Polyamide membrane content of functionalised SWNTs with short-chain and long-
chain compounds.

Polyamide membranes

No. SWNTs Wt% in organic phase PA/SWNT-2-BTA PA/SWNT-6-BTA

1 0 PA PA

2 0.5 PA-2-0.5 PA-6-0.5
3 1 PA-2-1 PA-6-1
4 2.5 PA-2-2.5 PA-6-2.5
5 5 PA-2-5 PA-6-5
6 10 PA-2-10 PA-6-10
7 50 PA-2-50 PA-6-50

4.2.3.1 FT-IR

The FT-IR spectrum of the polyamide layer on top of the support layer is quite similar
to the FT-IR spectrum reported in the literature [44-46]. The spectrum shows a number

of fingerprint bands as seen in Figure 4- 9.
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Figure 4- 9. FT-IR spectra of polyamide membrane (PA) and polyamide membrane with
SWNTs (PA-2-50).
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The band at 3318 cm™ was assigned to the N-H stretching vibration, while bands at
1663 cm™, 1587 cm™ and 1489 cm™ were assigned to carbonyl stretching bands (amide
I, amide II (C-N stretching and N-H bending in-plane)) and aromatic ring breathing,
respectively [5]. FT-IR spectrum of PA membrane showed almost identical bands

compared to SWNTs loaded membrane as shown in Figure 4- 9.

4.2.3.2 Raman

Raman spectroscopy was used to investigate the involvement of modified SWNTs in
the polymerisation. Raman spectra of a conventional polyamide membrane and
embedded polymer with modified SWNTs are presented in Figure 4- 10. The exposure
of polyamide to Raman laser causes high fluorescence, which limits the identification
of some peaks. Despite the high fluorescence of the polyamide membrane, a peak at

1583 cm™, corresponding to phenyl ring vibration, was observed [47, 48].
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Figure 4- 10. Raman spectra of polyamide (PA), polyamide embedded with 50 wt% (PA-2-50),
and 2.5 wt% (PA-2-2.5) at laser wavelength 532 nm.

127



A G band peak at 1595 cm™ was evident in Raman spectra of the SWNTSs containing
membranes. The presence of this G band in the polyamide membrane with SWNTs

was an indication of successful embedding of modified SWNTs in the thin polyamide

layer.

4.2.3.3 TGA

TGA curves were recorded to further confirm the presence of SWNTs in the
membrane. The scan rate was 20 °C/min in an air atmosphere. Figure 4- 11 shows the

TGA curves of the support layer polyester/polysulfone (PSf), polyamide membrane
(PA), and membranes loaded with SWNTs.
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Figure 4- 11. TGA curves of all membranes, including the support layer (PSf). The scan rate
was 20 °C/min in an air atmosphere.

128



120 A

100 -

80

60 -

Wieght loss %

40 -

20 ~

70 270 470 670 870 1070
Temperature (°C)

Figure 4- 12. TGA curves in air of supporting layer (PSf), polyamide (PA), and modified
polyamide membrane with 0.5 wt% SWNTs in the organic phase.

The support layer (PSf) TGA had two degradation stages[49]. The first one was from
around 400 °C with weight loss of around 80% and was attributed to the polyester layer
[50, 51]. The second degradation stage was above 480 °C, which was caused by the
polysulfone layer degradation [49, 52, 53]. A new degradation stage was also observed
between 480 °C and 550 °C, which was a result of forming a thin polyamide layer on

top of the support layer [54, 55].

The SWNTs’ addition to the organic phase led to a shift of the TGA curves to higher
temperatures. Even with a very low loading of SWNTs, such as 0.5 wt%, a shift was
observed, as seen in Figure 4- 12. It has been reported that the SWNT degradation in
air occurs at around 600 C [56-58]. Thus, the improved thermal stability of the
modified membrane is attributed to the SWNTs present in the polyamide. This is likely
to be a result of utilising functionalised SWNTs with acyl chloride groups on the side
wall and attached moieties to create covalent bonding between functionalised SWNTs

and polyamide chains.
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4.3 Uniformity and Repeatability

Confidence in the results being obtained was verified by measuring the uniformity and
repeatability. Uniformity can be described as the ability to obtain a uniform layer
across the membrane sheet, while repeatability refers to the variation in measurements
made on the subject under the same conditions [59, 60]. The relative standard deviation

(RSD) is used to quantify both the uniformity and repeatability [61, 62].

Three polyamide membrane sheets (a, b and c¢), with a size of 10 cm x 20 cm were
made with 1 wt% of SWNTs concentration in the organic phase following the same
method of polyamide membrane synthesis as described in experimental (Section 4.8).
From each membrane sheet, three small circular membranes with a 5 cm diameter were

cut out and placed in the stirring cell for testing, as explained in Chapter I1.

The ability to obtain a uniform layer across the membrane sheet was evaluated by
measuring the relative standard deviations in flux and salt rejection from three random
sites in the membrane sheet. As seen in Table 4-7, the relative standard deviations
(RSD) were 1.85, 0.92 and 1.86, while salt rejection was 2.14, 6.15 and 3.95 for sheets
a, b and c respectively. There values show reasonable values of uniformity for
polyamide membrane synthesis.

Table 4-7. Flux, salt rejection values and relative standard deviations (RSD) of

polyamide/SWNTs membrane. SWNTs concentration in the organic phase was 1 wt% (feed
water is 2000ppm of NaCl).

Flux (L m?h’! ) Salt rejection %
Membranes a b c a b c
1 17.75 25 20.87 72.76 62.61 62
2 16.44 23.4 20.68 68.93 74.9 68.85
3 20.1 25 24 72.5 69 62
Average 18.10 24.47 21.85 71.40 68.84 64.28
RSD 1.85 0.92 1.86 2.14 6.15 3.95
Total average 21.47 68.17
Total RSD 0.54 3.60

The average value of flux and salt rejection for each sheet (a, b and c) was used to
quantify the repeatability. The RSD was 0.54 and 3.6 for flux and salt rejection

respectively. Reasonable values demonstrated confidence in the results being obtained.
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4.4 Surface and performance membranes characterisation

The surface morphology of the polyamide layer in the TFC membrane influences the
membrane performance for water flux and salt rejection [63]. Thus, the two polyamide
layers modified with SWNTs (SWNTs-2-BTA and SWNTs-6-BTA) were
characterised by SEM, AFM and contact angle to investigate the surface properties,
whereas the water flux and salt rejection of 2000 ppm of NaCl solution were used to

determine the performance of the membranes.

4.4.1 Modified membrane with SWNTs-2-BTA

The first type of modified membrane, obtained by embedding a different mass of
SWNTs-2-BTA, has been described in the experimental (section 4.8).

4.4.1.1 SEM

The SEM images of the top surface of membranes with different mass fractions of
SWNTs-2-BTA (0, 0.5, 1, 2.5, 5, 10, and 50 wt%) in the organic phase are presented
in Figure 4- 13. Image (a) shows the surface of the polysulfone supporting layer before
coating with the polyamide layer. This image shows a smooth surface with some
holes, which is consistent with the reported polysulfone membrane surface images
[63]. The conventional polyamide layer was synthesised on the top surface of the
polysulfone via interfacial polymerisation. The classical surface morphology of
polyamide with nodules (ridges and valleys) is shown in image (b) [64, 65]. However,
the addition of SWNTs-2-BTA to the organic phase caused an alteration in nodule
shape, in which some nodules were connected to each other, forming larger nodule
sizes, as seen in images (c, d and e). Further loading of SWNTs-2-BTA, especially
when the concentration was over 2.5 wt%, caused significant disappearance of the
nodular surface structure, as seen in images (f, g and h). It is thought that the
connection between the nodules increased because of loading the polyamide
membrane with SWNTs-2-BTA. It has been reported that nanoparticles can embed in
the valleys (deeper area) of the surface which caused a disappearance of the classic
surface (ridges and valleys) of the polyamide layer and the nanotubes may be playing

a similar role here [4].
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Figure 4- 13. Top surface SEM images for (a) polysulfone, (b) polyamide, (c) PA-2-0.5, (d) PA-2-
1, (e) PA-2-2.5, (f) PA-2-5, (g) PA-2-10 and (h) PA-2-50.
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4.4.1.2 AFM

Due to the changes that have been seen in surface morphology by SEM, attention was
turned to AFM to quantify surface roughness. Figure 4- 14 presents the AFM images
of membranes with various mass fractions of SWNT-2-BTA (0, 0.5, 2.5 and 50 wt%)
in the organic phase. Roughness parameters are presented in Table 4-8 and are
obtained from the images in Figure 4- 15. The parameter that is abbreviated as (SAD)
represents surface area difference between the three-dimensional (3D) surface area (a,
b, ¢ and d) and two-dimensional (2D) surface area (a’,b’,c’ and d’) while (Rq)
represents the root mean square roughness. The roughness of the surface increased as
a function of SWNT concentration in the organic phase. However, when the
concentration of SWNTs in the organic phase reached 50 wt%, a decrease in
membrane roughness was observed. Such a change in the surface was also seen in
SEM images. It was attributed to the connection between the nodules as a result of
exposure of the interfacial polymerisation to a high concentration of SWNTs in the
organic phase. In addition, Safarpour et al. reported that this roughness decrease could
be attributed to embedding the dispersed nanoparticles in the deeper parts (valleys) of

the surface, which smooths the surface [4].
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Figure 4- 14. (2D, 3D) AFM surface images of (a ,a’) polyamide layer, (b,b’) PA-2-0.5, (c,c’),
(d,d’) PA-2-2.5 and (e,e’) PA-2-50.
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Table 4-8. Roughness parameters of polyamide membranes. Rq represents the root mean
square roughness and SAD represents the percentage of difference between the image’s three-
dimensional surface area and two-dimensional surface area.

Membranes SWNTs % Rq (nm) SAD
PA 0.00 86.4 £8.2 107.4+7.9
PA-2-0.5 0.5 113.4+£19.6 159.3 £18
PA-2-2.5 2.5 131 +32 153.7+21.4
PA-2-50 50 84.8+10.4 49.6 £9.9
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Figure 4- 15. Roughness parameters of polyamide membranes, Rq (red line) and SAD (blue
line). (Lines added to guide the eye).
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4.4.1.3 Contact angle

The contact angle of the polyamide layer surface influences the water flux and salt
rejection of the polyamide layer. Observation of changes in the surface morphology of
the polyamide layer led to an examination of the contact angle to evaluate the
hydrophilicity. The contact angle values are presented in Figure 4- 16, as a function of

SWNTs concentration in the organic phase.
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Figure 4- 16. Contact angle of polyamide (PA), PA-2-0.5, PA-2-1, PA-2-2.5, PA-2-5, PA-2-10 and
PA-2-50 with SWNTs concentration 0, 0.5, 1, 2.5, 5, 10 and 50 wt% respectively. (Lines added to
guide the eye).

The plain polyamide membrane contact angle was around 45, which is consistent with
a previous study [5]. The dispersion of SWNTs in the organic phase in interfacial
polymerisation increased the contact angle of the produced polyamide up to around
75" at 2.5 wt% concentration. This result was consistent with the hydrophobic nature

of SWNTs [5, 66]. However, at SWNTs concentrations higher than 2.5 wt%, the
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contact angle decreased. This may be rationalised by the conversion of unreacted acid
chloride groups on the SWNTs to carboxylic groups which increase the hydrophilicity

and decrease the contact angle, as reported in the literature [64, 67].

4.4.1.4 Flux and salt rejection

The ability of the polyamide layer to reject salt molecules and permit water molecules
to flow through the membrane was measured using a stirring cell as described in
Chapter II. A 2000 ppm of solution NaCl was used to measure the flux and the salt

rejection as a function of SWNTSs concentration in the organic phase.
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Figure 4- 17. Effect of loading of SWNTs-2-BTA in the polyamide membrane on flux and salt
rejection performance. Feed solution was 2000 ppm and N, pressure was 16 bar. (Lines added to
guide the eye).

Figure 4- 17 shows that no significant change in membrane flux was observed in
SWNTs concentrations lower than 10 wt% with a value 21 Lm™h™" measured. Salt
rejection showed a slight increase from 73% to 80% for SWNTs-free polyamide and
membrane with 0.5wt% of SWNTs. At higher concentrations of SWNTs the salt
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rejection presented a slight decrease. The addition of low concentrations of
functionalised SWNTs with acid chloride groups increased the polymer cross-linking,
but higher concentrations of SWNTs may cause defects for polymer cross-linking. At
50 wt% concentration, a significant negative change for flux and salt rejection was
observed. It is thought that the high concentration of SWNTs in the organic phase
disrupts the polyamide layer growth in the interfacial polymerisation. Therefore,

defects in the cross-linking of the polymer were significant, causing low performance.

4.4.2 Grafting with SWNTs-6-BTA

Having examined the effect of grafting SWNTs-2-BTA onto the polyamide layer,
attention was turned to the longer carbon chain analogue SWNTs-6-BTA to see
whether any effect from increasing the carbon chain would be observed. The SWNTs-
6-BTA was incorporated at various concentrations in a similar manner to SWNTs-2-

BTA and the resulting membranes were examined using a range of techniques.

4.4.2.1 SEM

The surfaces of the polyamide membranes were investigated using SEM, as seen in
Figure 4- 18. Images (a) and (b) represent the surfaces of polysulfone (PSf) and
polyamide (PA) respectively, as seen before. Similar to the grafted membrane with
SWNTs-2-BTA, dispersed SWNTs-6-BTA in the organic phase with concentration
0.5,1,2.5,5, 10, 50 wt% changed the membrane surface. An alteration in nodule shape
was observed, as some nodules connected to each other forming larger nodule sizes,
as seen in images (c, d, e, f, g and h). Unlike the polyamide/SWNTs-2-BTA membrane,

no significant change was observed in concentrations higher than 2.5 wt%.
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4.4.2.2 AFM

The membrane surface was also investigated by AFM. As seen in Figure 4- 19, AFM
images were collected for polyamide layers with SWNTSs concentrations 0, 0.5, 2.5
and 50 wt%. The roughness of the surface was quantified by measuring the difference
between the image’s three-dimensional surface area and two-dimensional surface area
(SAD). In addition, the root mean square roughness (Rq) was determined, and the
values are presented in Table 4-9 obtained from the images in Figure 4- 20. An increase
in roughness was observed when SWNTs were added to the organic phase during
interfacial polymerisation. This was consistent with SEM images showing a change in
the membrane surface. This change was attributed to connections between some
nodules. During the interfacial polymerisation, the tubes of the SWNTs connected
some nodules of the polyamide to each other through the reaction of acid chloride
groups on the SWNTs with the amine monomers. The membrane roughness generally
increased as SWNTs concentration increased in the organic phase. This is attributed
to the SWNTs not dispersing well in the organic phase. Therefore, bundles of

aggregated SWNTs were formed, causing a rougher surface.
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Figure 4- 19. (2D, 3D)AFM surface images for (a, a’) polyamide layer (PA), (b, b’) PA-6-0.5, (c,
¢’) PA-6-2.5, (d, d’) PA-6-50.
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Table 4-9. Roughness parameters of polyamide/SWNTs-6-BTA membranes. Rq represents the
root mean square roughness and SAD represents the percentage of difference between the
image’s three-dimensional surface area and two-dimensional surface area.

Membrane SWNTSs % Rq (nm) SAD
PA 0 86.5+ 8.2 107.4+7.9
PA-6-0.5 0.5 137.7+ 6.8 134.7+25.6
PA-6-2.5 2.5 109 +10.2 147.7+ 14.6
PA-6-50 50 195 +24.8 152.3+6
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Figure 4- 20. Roughness parameters of polyamide membranes, Rq (red line) and SAD (blue

line). (Lines added to guide the eye).

SAD %

142



4.4.2.3 Contact angle
Contact angle was used to determine the hydrophilicity of the membrane surface. As
seen in Figure 4- 21, loading the polyamide membranes with SWNTs changed the

contact angle of the membranes.
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Figure 4- 21. Contact angle for polyamide/SWNT membranes with SWNT-6-BTA concentration
0,0.5,1,2.5,5,10 and 50 wt% in the organic phase. (Line added to guide the eye).

The dispersion of SWNTs in the organic phase in the interfacial polymerisation
increased the contact angle of the produced polyamide membranes from around 45°
for SWNTs-free polyamide to around 63° for polyamide/SWNTs with 2.5 wt%
concentration in the organic phase. Due to the hydrophobic nature of SWNTs, the
contact angle continued to increase (hydrophobicity increase) as a function of SWNTs

concentration in the organic phase [5, 66].

The surface properties of both membranes showed some similarities and differences.
in terms of the roughness both membranes showed an increasing up to 2.5% of SWNT.
However, at 50% the roughness of membrane that embedded with SWNT-2-BTA
decreased while embedded membrane with SWNT-6-BTA showed slight increase.
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The contact angle also showed similar behaviour. While the embedded membrane with
SWNT-6-BTA showed an increasing in the contact angle in general, the membrane
that embedded with SWNT-2-BTA showed a decreasing in the contact angle at SWNT

concentration higher than 2.5%.

4.4.2.4 Flux and salt rejection

Membrane performance was determined by measuring the flux of 2000 ppm of NaCl
solution through the membrane at room temperature and 16 bar pressure. Rejection of
salt also was determined to measure the ability of membranes to produce fresh water

from salty water. These membrane properties are presented in Figure 4- 22.
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Figure 4- 22. Effect of loading of SWNT-6-BTA in the polyamide membranes on flux and salt
rejection performance. Feed solution was 2000 ppm and N, pressure was 16 bar. (Lines added to
guide the eye).

The SWNTs-free polyamide showed a flux of around 24 Lm™h”, while the salt

rejection was around 73%. The flux increased as SWNTs concentration in the organic
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phase increased from 0.5 wt% up to 5 wt%. Salt rejection slightly decreased to around
67% at 5 wt% SWNTs concentration. No significant change to performance was

observed at higher concentrations.

4.5 Control membranes

Further investigation of the influence of carbon chain length was performed by
synthesis of model compounds for SWNTs. As described in Chapter I, anthracene was
used as a mimic compound for SWNTs. Given this, Figure 4- 23 illustrates the
synthetic route for utilising anthracene mono amine compounds (3a) and (3c), which
were synthesised as described in Chapter 3, and reacted with the mono acid chloride

compound (8) to produce the model compounds (11a,b).

Having linked anthracene mono amines (3a and 3c) and mono acid chloride
compounds (8) using amide bonds, the esters were hydrolysed to yield carboxylic acids
(12a,b). Heating with thionyl chloride under reflux was performed to convert the acid
groups into acid chlorides (13a,b). All compounds were characterised with 'H and
BCNMR, FT-IR and mass spectroscopy (HRMS) except the acid chloride
compounds, which were only characterised with 'H NMR and FT-IR due to the
potential reactivity of these compounds. Control membranes were prepared following
the same procedure and conditions as the modified membrane, and adding the model

compounds instead of the SWNTs.

However, issues were encountered with the lower solubility of these model compounds
in the organic phase solvent system used for interfacial polymerisation. It was decided

to keep solvents the same for consistency.
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Figure 4- 23. Synthetic route of model compounds containing anthracene in place of SWNTs.

Control membrane performance was examined under the same conditions as the
polyamide/SWNTs membrane tests. Flux and salt rejection for long- and short-chain
compound results are presented in Table 4-10. Generally, the addition of the model
compounds decreased the salt rejection, while the flux increased dramatically as seen
in Figure 4- 24 and Figure 4- 25. For instance, adding the 9AC-2-BTA compound with
0.5 wWt% in the organic phase increased the flux from 24.7 to 88.6 Lm™ h™', while the
salt rejection decreased from 71.6% to zero. The same concentration of 9AC-6-BTA
increased the flux to 29.4 Lm™ h™' and the salt rejection decreased to 49%. At high
concentrations of model compounds, the salt was not rejected at all. This is attributed
to the lack of solubility of the model compound in the organic phase, which caused a
disruption of the polymerisation in the interface area between the organic and aqueous

phases.
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Table 4-10. Control membranes performance results.

Polyamide/9AC-2-BTA Polyamide/9AC-6-BTA
Model compound %| Flux (Lm™ h™) Salt rejection% |Flux(Lm™>h™) Salt rejection%
0 24.7+0.5 71.67+3 24.7+0.5 71.67+3
0.5 88.6 £24.6 - 29.4+£4.7 49 +3.7
1 85+ 41 - 46 + 8.4 14+11
2.5 > 100 - 120+£2 -
5 > 100 - 73 + 35 -
10 > 100 - > 100 -
50 > 100 - >100 -

The short-chain compound (13a) had very low solubility in organic solutions that

were used for polymerisation, which negatively influenced the membrane

performance even at low concentrations.
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Figure 4- 24. Effect of loading 9AC-2-BTA in the polyamide membranes on flux and salt
rejection performance. Feed solution was 2000 ppm NaCl and N, pressure was 16 bar. (Lines
added to guide the eye).
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Figure 4- 25. Effect of loading 9AC-6-BTA in the polyamide membranes on flux and salt
rejection performance. Feed solution was 2000 ppm NaCl and N, pressure was 16 bar. (Lines
added to guide the eye).

4.6 Chain length influence on SWNT distribution in the
membrane

The difference in the distribution of SWNTs in the polyamide membrane at
concentrations higher than 2.5wt% in the organic phase may be attributed to two
factors. Firstly, the quantity of the short-chain amine grafted to SWNTs was greater
than of the long one, resulting in increased distribution in the polymer. According to
the reaction between Mono-Boc-diamine and 9-anthracene carboxylic acid using
HATU as the coupling reagent, in the resulting amide, the short-chain diamine showed
a higher yield than the long-chain diamine as seen in Chapter III. The yields were
98.4% and 75% for the short-chain and long-chain respectively. The higher yield was
attributed to the greater reactivity of the short-chain diamine. The short-chain amine
was grafted to SWNTs in greater quantity than the long one, which increased the
possible reaction sites of functionalised SWNTs and distributed them in the polymer

more efficiently.
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Figure 4- 26. Illustration of molecules grafted to SWNTs (a) short chain (b) long chain, showing
the molecules folding over SWNTs as result of the higher flexibility of the long chain.

Secondly, the chain length of the grafted molecules affected the distribution of the
SWNTs in the polyamide layer. It has been reported that the flexibility of the aliphatic
chain increases with increasing chain length [68-71]. In addition, the aromatic ring
molecules can attach non-covalently to the sidewall of CNTs through n-n stacking [72-
75]. The short-chain molecule has less flexibility, which prevents the molecule folding
over the SWNTs. However, the long-chain molecule could be folded over to interact
with the sidewall of the SWNTs due to higher flexibility in the aliphatic chain and n-
n stacking, as demonstrated in Figure 4- 26. Therefore, the short-chain molecule was
distributed in the polyamide polymer better than the long-chain molecule during the

interfacial polymerisation.
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4.7 Conclusion

SWNTs were successfully functionalised with two organic amine compounds. The
difference between the amine compounds was in the chain length where there were
two or six carbon atoms in the aliphatic chain. Unlike other studies, functionalised
SWNTs were dispersed in the organic layer and embedded in the polyamide membrane
through the interfacial polymerisation technique. Characterisation with FT-IR, Raman
and TGA were obtained for functionalised SWNTs and the polyamide membrane. In
Raman, the G band peak was observed for SWNTs even after embedding in the
membrane. The improvement in thermal stability of the polyamide membrane was
confirmed by the TGA curve after embedding SWNTs into the polyamide. Moreover,
the polyamide membrane surface was investigated by SEM, AFM and contact angle

measurements.

Functionalised SWNTs with SWNTs-2-BTA were able to be better distributed into the
polyamide layer than the SWNTs-6-BTA. The difference in SWNTs distribution in the
polyamide layer was attributed to the SWNTs functionalisation with the different
chain-length molecules. It was thought that due to the differences in reactivity
molecules with the short chain grafted to the SWNTSs in greater quantities than those
with the long chain. In addition, a lack of flexibility of the short-chain molecule

enhanced the distribution of SWNTs into the polyamide layer.

Performance of the membranes was investigated by measuring the water flux and salt
rejection of a feed solution with 2000 ppm of NaCl. Generally, the modified
membranes showed a slight improvement in water flux, but there was a decrease in
salt rejection. For example, the modified membrane with SWNTs-6-BTA showed an
improvement in flux from 24 Lm™ h™' for the SWNTs-free membrane to 32 Lm™ h™'
for the membrane with 5 wt% SWNTs. The salt rejection decreased from 73% for the
SWNTs-free membrane to 67% for the membrane with 5 wt% SWNTs.

The performance of the membrane has not showed big improvement which could be
attributed to that CNTs dispersion was in the organic layer (top layer) during the
interfacial polymarisation. Therefore, the embedding of CNTs in the polyamide at low

loading has limited effect on the membrane performance.
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Distribution of SWNTs into the polyamide layer was improved by grafting SWNTs

with the short-chain mono amine molecule (10a).

The addition of BTA compounds showed negative effect on the membrane

performance which could be attributed to the disruption of polymer packing chains.

4.8 Experimental

Synthesis of Polyamide Membranes

Polyamide membranes were synthesised by an interfacial polymerisation process.
Polysulfone (PSf) support membranes with a size of 40 cm x 20 cm were immersed in
deionised (DI) water overnight then isopropanol (IPA) for 10 min. The membrane was
washed with DI water before being positioned on a PMMA (polymethylmethacrylate)
plate. A silicon rubber gasket and a PMMA frame were placed on top of the PSf
membrane and binder clips were used to hold the plate-membrane-gasket-frame stack
together. 100 mL of 2 wt % m-phenylenediamine (MPD) solution (i.e., 2 g of MPD in
100 mL DI water, along with 2 wt % of camphor-10-sulfonic acid (CSA), 0.15 wt%
of sodium dodecyl sulphate (SDS) and 1 wt % of isopropanol (IPA)) were poured into
the frame and allowed to contact the PSf membrane for 5 min before draining the
excess MPD solution. The frame and gasket were disassembled, and residual solution
between the plate and the PSf membrane was removed using paper towel. Residual
droplets of solution on the top surface of the PSf membrane were removed by rolling
a rubber roller followed by purging with nitrogen gas flow across the membrane
surface. Afterwards, the frame and gasket were reassembled on top of the PSf
membrane, and 100 mL of 0.1% (w/v) trimesic acid chloride (TMC) in n-
hexane/toluene (4:1) were poured onto the frame. After 1 min, the TMC/n-hexane
solution was drained from the frame, and the frame and gasket were disassembled. The
membrane surface was rinsed using n-hexane (10 mL) and DI water to wash away
residual reagents, and the membrane was dried in air at ambient conditions for 1 min.
Finally, the entire membrane was stored in DI water until required for further

experiments.

Addition of SWNTs to the membrane was performed by sonicating the desired amount
of the modified nanotubes into the organic phase just before the polymerisation

reaction. Six different concentrations of functionalised nanotubes were varied between
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0,0.5,1,2.5,5, 10 and 50 wt% based on the weight of the TMC (0.1 g in 100 mL)

dispersed in organic solution.
SWNTs Functionalisation

Oxidation reaction (SWNTs-COOH)

The SWNTs were functionalised with carboxyl groups by Ho. _SWNTs
ultrasonication in a 3:1 v/v solution of HSO4 (98%) and HNOj3 (70%) \[O]/

at a nanotube concentration of 1 mg mL™' for 6 hrs for SWNTs at 0 °C. Quenching
acid oxidation was achieved by adding of 1 L of Milli-Q water. Filtration through a
0.4 um HTTP polycarbonate filter and further washing with Milli-Q water until filtrate
naturalisation was used to recover the CNTs. An oven at 80 C was used to dry the

SWNTs for 24 hours.

Amidation reaction (SWNTs-R-BTA ester)
SWNTs were suspended in a solution of DMF
containing 0.2 mgmL™ carbon nanotubes, 0.25 NN SWNTs
mgmL"' HATU as coupling reagent and 0.14

mgmL' DIEA. A complete suspension was |

obtained by sonicating the solution for 30 min. The desired amine compound was then
added and the sonication continued for another 30 min. The solution was placed in a
heated oil bath at 80 'C with stirring for overnight to complete the reaction. Reaction
termination was obtained by adding 200 mL of methanol and then the solution was

filtered through polycarbonate filter (HTTP) and washed with methanol extensively.

The filtrate was placed in an 80 'C oven to dry the nanotubes.

Hydrolysis reaction (SWNTs-R-BTA acid)

Hydrolysing the ester groups which were attached 0 0

to SWNTs by sodium hydroxide was performed by HO H/R\H SWNTs
suspending the modified SWNTs  with

ultrasonication in a 3:1 v/v solution of DMF and 1M o 0
of NaOH at a nanotubes concentration of 1 mg mL™" for 1 hr. The hydrolysis reaction
was completed overnight with stirring at 80 °C in an oil bath. The solution was then
poured in 200 mL of methanol and was filtered through a polycarbonate filter (HTTP)

and washed extensively with methanol. Nanotubes were placed in an oven at 80 °C
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overnight to evaporate any solution residue.

Formation of acid chloride (SWNTs-R-BTA acid clyoride) o

Acid groups of the either hydrolysed ester groups, or o H/R\” SWNTs

(0]

groups on the sidewall of the nanotubes, were
converted to acid chloride groups by treatment with o X,
thionyl chloride. SWNTs were suspended by ultrasonication for 1 hr in thionyl
chloride solution with a catalytic amount of DMF at a nanotube concentration of 1
mgmL™'.Then the mixture was heated under reflux overnight under nitrogen
atmosphere. Once the reaction was completed, thionyl chloride was distilled off twice
using 20 mL of dry dichloromethane under nitrogen atmosphere. SWNTs were

suspended in organic phase of interfacial polymerisation.

Trimethyl 1,3,5-benzenetricarboxylate (6)

Benzenetricarboxylic acid (8.0 g, 38 mmol) was dissolved in |

0._0
methanol (140 mL) and concentrated sulphuric acid (2 mL) was

added. The solution was heated under reflux for 24 hrs. Solvent was o 0
removed under reduced pressure. The residue was dissolved in _o0 0o

dichloromethane (150 mL) and washed with saturated bicarbonate solution (200 mL)
and the solvent was removed under reduced pressure to give the desired product as a

white powder (9.15 g, 95%).

mp= 148 'C. '"H NMR (600 MHz, CDCls) 3.97 (s, 9 H), 8.85 (s). °C NMR (150
MHz, CDCl3) 52.62, 131.21, 134.59, 165.42. IR: v(cm™):2957(-CH3), 1724(C=0),
1612 (C=C), 1237(C-O). HRMS calc. of C,H;30¢Na [M+Na]" 253.0712, found
253.0711.

Dimethyl 1,3,5-benzenetricarboxylate (7)

Trimethyl 1,3,5-benzenetricarboxylate (2.0g, 9.79 mmol) and MO0

NaOH (0.39g, 9.79mmol) were dissolved in methanol (70 mL) with
heating under reflux for 12 hrs. After that, water (200 mL) was ° °
mixed with the reaction mixture and washed with diethyl ether
(3x100 mL). The aqueous phase was acidified with HCI (1 M) till pH 1 and extracted
with diethyl ether (3x100 mL). The extracted organic phase was dried (MgSOj,), and

the solvent was evaporated to give the desired product which was in quantitative yield.
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mp= 145 "C. '"H NMR (400 MHz, ds-DMSO) 3.90 (s, 6 H), 8.54 (t, J=1.6 Hz, 1 H),
8.59 (d, J =1.6 Hz, 2 H). °C NMR (100 MHz, d;,DMSO) 53.15, 131.25, 132.54,
132.70, 133.51, 133.77, 134.08, 165.13, 165.99, 166.15. IR: v(cm™): 3400(OH),
1728(C=0 ester), 1699(C=0), 1607(C=C). HRMS calc. of C;H;0O¢Na [M+Na]"
261.0375, found 261.0370.

Dimethyl 1,3,5-benzenetricarboxylate acid chloride (8)

Dimethyl 1,3,5-benzenetricarboxylate (2g, 9.7 mmol) was mixed CI 0
with thionyl chloride (30 mL) to which was added with three drops

of DMF as a catalyst. The mixture was heated under reflux for 8 ©

hrs. After refluxing, the excess thionyl chloride was distilled under ~° °
nitrogen and dry DCM (30 mL) was added twice to ensure the removal of thionyl
chloride. The product was obtained in quantitative yield and directly used for further

synthesis.

'"H NMR (600 MHz, CDCl3) 4.01(s, 6H), 8.92 (d, J=1.6, 2H), 8.96(t, J=1.6, 1H). IR:
v(em™): 1762(C=0 Cl), 1728(C=0 ester), 1601(C=C).

General method of amide coupling

Protected diamine (0.5g) was dissolved in DCM (50 mL) and a catalytic amount of
pyridine was poured into the flask. Dimethyl 1,3,5-Benzenetricarboxylate acid
chloride was added dropwise and the mixture was heated under reflux for 2 hrs. After
that, water (50 mL) was added and the organic phase washed with HCI (0.5M, 2x30
mL), NaOH (0.5M, 2x30 mL) and brine water respectively. Finally, the organic phase
dried (MgSO.) before evaporated the solvent.

N,N’-(dimethyl 1,3,5-benzenetricarboxylate) (tert-butoxycarbonyl)-1,2-
ethandiamine (9a)

9a was obtained from dimethyl 1,3,5- o) o]
benzenetricarboxylate chloride (0.6 g, 2.3 mmol) and N- o H/\/
(tert-butoxycarbonyl)-1,2-ethandiamine (0.5 g, 3.3

mmol) as a white solid product (0.75 g, 86%) using 0~ ~o

general procedure.

mp = 106 'C. "H NMR (400 MHz, ds-DMSO) 1.37(s,9H), 3.12(q, J=6.04, 2H), 3.31(q,
J=6.2, 2H), 3.92 (s, 6H), 6.89(t, J= 5.6, 1H), 8.56(d, J= 1.4, 1H), 8.65(s, 2H), 8.90 (t,
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J= 52, 1H). "C NMR (100 MHz, ds-DMSO) 28.67, 40.29 (shoulder), 40.50
(shoulder), 53.14, 78.15, 130.94, 132.19, 132.59, 136.22, 156.23, 164.83, 165.48. IR:
v(em™): 3342(NH), 1737(C=0 ester), 1678,1639(C=0 amide), 1552,1516(amide II),
1392,1367(-C(CH)3). HRMS calc. of C;sH,yN,O,Na [M+Na]" 403.1481, found
403.1485.

N,N’-(dimethyl 1,3,5-benzenetricarboxylate) (tert-butoxycarbonyl)-1,6-
hexandiamine (9b)

9b was obtained from dimethyl 1,3,5- 1% o
o)
benzenetricarboxylate chloride (0.44 g, 1.7 © N i j<
mmol) and  N-(tert-butoxycarbonyl)-1,6-
hexandiamine (0.5 g, 2.3 mmol) as a white solid |

product (0.54 g, 73%) using general procedure.

mp= 195 "C. '"H NMR (600 MHz, ds -DMSO) 1.26-1.31(m, 4H), 1.37(s, 9H), 1.53(m,
2H), 2.90(q, J= 4.3, 2H), 3.28(m, 2H), 3.94(s, 6H), 6.77(bs, 1H), 8.58(s, 1H), 8.68(s,
1H), 8.91(t, J= 3.6, 1H). *C NMR (150 MHz, d;-DMSO) 26.48, 26.68, 28.74, 29.38,
29.9, 34.76, 40.54 (shoulder), 53.14, 77.75, 130.97, 132.14, 132.53, 136.28, 156.05,
164.5, 165.5. IR: v(cm™): 3346(NH), 1725(C=0 ester), 1682,1636(C=0 amide), 1525
(amide II), 1389,1365(-C(CH);). HRMS calc. of C5,H3,N,0,Na [M+Na]" 459.2107,
found 459.2102.

General method of amine de-protection

Trifluoroacetic acid (TFA) was used to liberate the protected amine group. DCM (10
mL) was added to the protected amine and stirred until dissolution occurred. TFA (3
mL) was added slowly to the solution and stirred for 2 hrs. The de-protection
completion was traced by "H NMR. The solvent was removed to ensure that there was

no protected amine left and the product was used without any further purification.

N-(dimethyl 1,3,5-benzenetricarboxylate)ethandiamine (10a)

10a was obtained from N,N’~(dimethyl 1,3,5- o 0
benzenetricarboxylate)  (tert-butoxycarbonyl)-1,2-ethandiamine © N N
(0.5 g, 1.9 mmol) and TFA (3 mL) as yellowish liquid product

o O

(0.54 g, 100 %) using general procedure. |

"H NMR (600 MHz, ds-DMSO0) 3.05 (q, J=5.8, 2H), 3.56 (q, J=5.8, 2H), 3.91 (s, 6H),

155



7.9 (s, 2H), 8.54 (s, 1H), 8.6 (s, 2H), 9.01 (t, J=5.5, 1H). °C NMR (150 MHz,ds-
DMSO0) 37.72,39.05, 52.91, 130.8, 132.24, 132.64, 135.61, 158.86, 165.3, 165.94. IR:
v(em™): 3420(NH), 1784,1728(C=0 ester), 1632(C=0 amide), 1549 (amide II).
HRMS calc. of Ci3H17N>OsNa [M+Na]Jr 281.1137, found 281.1125.

N-(dimethyl 1,3,5-benzenetricarboxylate)hexandiamine (10b)
10b was obtained from N,N’-(dimethyl 1,3,5-

~N
o) 0
benzenetricarboxylate)  (tert-butoxycarbonyl)- NS S N
H
1,6-hexandiamine (0.5 g, 1.15 mmol) and TFA
(3 mL) as yellowish liquid product (0.39 g, 100 (|) o)

%) using general procedure.

"H NMR (600 MHz, ds-DMSO) 1.29-1.37 (m, 4H), 1.52-1.58 (m, 4H), 2.78(m, 2H),
3.3 (q, J=7, 2H), 3.93 (s, 6H), 7.67(bs, 2H) 8.59 (t, J=1.6, 1H), 8.67 (d, J= 1.6, 2H),
8.94 (t, J=5.5, 1H). °C NMR (150 MHz,d;-DMSO) 25.95, 26.41, 27.4, 29.2, 39.07,
39.26, 52.96, 130.9, 132.15, 132.78, 136.19, 158.55, 164.56, 165.45. IR: v(cm’™):
3425(NH), 1782,1716(C=0 ester), 1624(C=0 amide), 1555 (amide IT). HRMS calc.
of C1sH24N207Na [M+Na]" 403.1481, found 403.1487.

Model compounds synthesis

General method of amide coupling

Amine compounds (1g) were dissolved in DCM (50 mL) and a catalytic amount of
triethylamine was added. Dimethyl 1,3,5-benzenetricarboxylate acid chloride (8) was
added dropwise and the mixture was heated under reflux for Shrs. The organic phase
was washed with HCI (0.5M, 2x30 mL), NaOH (0.5M, 2x30 mL) and brine water and

dried (MgSO.). Solvent was evaporated under vacuum.

N,N’-( anthracene-9-carbonyl)(dimethyl 1,3,5-benzenetricarboxylate)

ethandiamine (118) OOO
Ila  was  obtained from  N-(anthracene-9-

H
carbonyl)ethandiamine (1 g, 3.8 mmol) and dimethyl o H/\/N ©
1,3,5-benzenetricarboxylate chloride (0.72 g, 2.8

o )
mmol) as a white solid product (1.24 g, 92%) using g >
o) o)

general procedure.
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'H NMR (600 MHz, ds-DMSO) 3.67-3.7 (m, 2H), 3.73-3.76 (m, 2H), 3.94 (s, 6H),
7.46-7.54 (m, 4H), 7.98 (d, J= 8.5Hz, 2H), 8.11 (d, J= 8.5Hz, 2H), 8.61 (t, J= 1.5 Hz,
1H), 8.65 (s, 1H), 8.75 (d, J= 1.5 Hz, 2H), 8.91 (t, J/= 5.5 Hz, 1H), 9.12 (t, J= 5.5 Hz,
1H). °C NMR (150 MHz, d;-DMSO0) 36.31, 39.18, 53.17, 125.88, 126.02, 126.79,
127.61, 127.71, 128.77, 131.02, 131.12, 132.30, 132.62, 133.72, 136.22, 164.94,
165.49, 168.91. IR: v(cm™): 3310, 3295(NH), 1731(C=0 ester), 1651, 1632(C=0
amide I), 1550, 1545(amide II). HRMS calc. of CogH2sN,O¢Na [M+Na]" 507.1532,
found 507.1521.

N,N’-( anthracene-9-carbonyl)(dimethyl 1,3,5-benzenetricarboxylate)
hexandiamine (11b)

I11lb was obtained from N-(anthracene-9- OOO

carbonyl)hexandiamine (1 g, 3.1 mmol) and
dimethyl 1,3,5-benzenetricarboxylate chloride o~ N
(0.56 g, 2.3 mmol) as a white solid product (0.84

g, 81%) using general procedure.

'"H NMR(600 MHz, ds -DMSO) 1.42-1.47 (m, 4H), 1.6-1.63 (m, 2H), 1.64-1.7 (m,
2H), 3.34-3.36 (m, 2H), 3.47-3.5 (m, 2H), 3.94 (s, 6H), 7.53-7.58 (m, 4H), 7.94 (d, J=
8.5 Hz, 2H), 8.12 (d, J= 8.5 Hz, 2H), 8.59 (t, J= 1.5 Hz, 1H), 8.65 (s, 1H), 8.69 (d, J=
1.5 Hz, 2H), 8.80 (t, J= 5.5 Hz, 1H), 8.96 (t, J= 5.5 Hz, 1H). IR: v(cm™): 3312,
3290(NH), 1735(C=0 ester), 1650, 1630(C=0 amide I), 1549, 1541 (amide II).

General method of hydrolysis reaction

Hydrolysis of the ester groups was performed by heating under reflux the ester
compounds (11a, 11b) (1g) with NaOH (1M, 20 mL) in methanol (30 mL) for 5 hrs.
Then, DCM (50 mL) was added and the organic phase washed with HCI (0.5M, 3x30
mL), NaOH (0.5M, 3x30 mL) and brine water and dried (MgSO,). Solvent was

evaporated under vacuum.

N,N’-( anthracene-9-carbonyl)( dimethyl 1,3,5-benzenetricarboxylic acid)

ethandiamine (12a) OOO

12a  was obtained from N,N’-( anthracene-9-

H
N.__O
carbonyl)(dimethyl 1,3,5-benzenetricarboxylate) ° H/\/
ethandiamine (1 g, 2 mmol) as a white solid product (0.8 g, "o on
85%) using general procedure. 5 5
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'H NMR (600 MHz, ds-DMSO) 3.66-3.69 (m, 2H), 3.72-3.76 (m, 2H), 7.47-7.53 (m,
4H), 7.98 (d, J= 8.6 Hz, 2H), 8.11 (d, J= 8.6 Hz, 2H), 8.6 (s, 1H), 8.64 (s, 1H), 8.7 (d,
J=1.2Hz, 2H), 8.91 (t, J= 5.5 Hz, 1H), 9.02 (t, J= 5.5 Hz, 1H). °C NMR (150 MHz,
ds-DMSO0) 39.21, 39.75 (shoulder), 125.89, 126.01, 126.78, 127.58, 127.71, 128.76,
131.11, 132.18, 132.44, 132.67, 133.74, 135.87, 165.30, 166.70, 168.90. IR: v(cm™):
3380(0H), 3291(NH), 1688(C=0 acid), 1640(amide I), 1554, 1518(amide IT). HRMS
calc. of CagHyoN,OgNa [M+Na]" 479.1219, found 479.1202.

N,N’~( anthracene-9-carbonyl)(dimethyl 1,3,5-benzenetricarboxylic acid)
hexandiamine (12b)

12b was obtained from N,N’-( anthracene-9- OOO

carbonyl)(dimethyl 1,3,5-benzenetricarboxylate) o N/\/\/\/H 0
H
hexandiamine (1 g, 1.85 mmol) as a white solid
product (1.6 g, 88%) using general procedure. Ho oHt
0 0

'H NMR (600 MHz, ds-DMSO) 1.52-1.64 (m, 4H), 1.73-1.77 (m, 2H), 1.81-1.86 (m,
2H), 3.46-3.49 (m, 2H), 3.64-3.68 (m, 2H), 7.5-7.57 (m, 4H), 8.03 (d, J= 8.5 Hz, 2H),
8.08 (d, J= 8.5 Hz, 2H), 8.58 (s, 1H), 8.68 (d, J= 1.5 Hz, 2H), 8.78 (t, J= 1.5 Hz, 1H),
8.84 (t,J=5.5 Hz, 1H), 8.9 (t, J= 5.5 Hz, 1H). >C NMR (150 MHz, ds;-DMSO) 26.75,
26.85, 29.50, 29.52, 36.33, 39.9, 125.69, 126.01, 126.81, 127.44, 127.71, 128.83,
131.16, 132.02, 132.41, 132.54, 134.06, 136.04, 164.91, 166.68, 168.45. IR: v(cm™):
3382(OH), 3295(NH), 1682(C=0 acid), 1643(amide I), 1550, 1520(amide IT). HRMS
calc. of C30HysN,OgNa [M+Na]" 535.1845, found 535.1834.

General method of acid chloride formation

Thionyl chloride was added to the acid compounds (12a, 12b) with a catalytic amount
of DMF and heated under reflux for 3 hrs. The excess thionyl chloride was distilled
off under nitrogen and dry DCM (30 mL) was added twice to ensure the removal of
thionyl chloride. The product was obtained in quantitative yield and directly used for

further synthesis.
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N,N’-( anthracene-9-carbonyl)( dimethyl 1,3,5-benzenetricarboxylate
chloride)ethandiamine (13a)

13a was obtained from N,N’-( anthracene-9-carbonyl)(
dimethyl 1,3,5-benzenetricarboxylic acid) ethandiamine (1 OOO

g, 2.2 mmol) as yellow liquid product (1.1 g, 100%) using o N/\/“
H

0]

general procedure.

IR: v(cm™): 3295(NH), 1722(C=0 Cl), 1645(C=0), o o
1506(amide IT)

N,N’-(Dimethyl 1,3,5-Benzenetricarboxylate) (dimethyl 1,3,5-
benzenetricarboxylate chloride)hexandiamine (13b)

13b was obtained from N,N’-( anthracene-9-carbonyl)( OO
dimethyl 1,3,5-benzenetricarboxylic acid) hexandiamine
(1 g, 1.95 mmol) as yellow liquid product (1.07 g, 100%) o ”/\/\/\/

using general procedure.

IR: v(cm™): 3291(NH), 1720(C=0 Cl), 1643(C=0), ©
1510(amide II).
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5.1 Conclusion

There are two disciplines that have been investigated in this thesis, namely are the self-
assembly of BTA derivatives and RO membrane modification with SWNTs. These
disciplines were addressed because the functionalisation reactions of SWNTs were
studied and simulated by the model reaction. Anthracene was used to mimic the carbon
nanotube wall, due to its aromatic structure. The compounds produced from the model
reactions were utilised to form BTA derivatives. First, the self-assembly behaviour of
the BTA derivatives was investigated, as described in Chapter III. The second
discipline was modified RO membranes with functionalised SWNTs, as described in

Chapter IV. Therefore, this conclusion is divided into two sections.

5.1.1 Self-assembly

BTA derivatives were synthesised and allowed to self-assemble in chloroform. The
anthracene moiety was used as a substituent, connected to the BTA core through the
amide bond, as seen in Figure 5-1. The distance between the BTA core and the
anthracene moiety was adjusted by the aliphatic chain length. Four molecules were

synthesised with aliphatic chain lengths of C,H4 C4Hsg C¢Hi2, and CsHe.

H H
N. N__O
R
0
H
N
R
_NH o}
)
o)

(0]
HN
5a: R = CyH,
5b: R = C4H8
5c: R = CGH12

5d: R = CSH16

Figure 5-1. BTA derivative structure showing anthracene moieties as substituents coupled to the
BTA core through amide bonds.
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These molecules aggregate and form different shapes depending on the chain length.
The influence of the distance between the BTA core and anthracene on the self-
assembly process as a function of time was investigated by observing the change in

fluorescence, and FT-IR and SEM images.

Fluorescence quenching occurred for the more flexible molecule (BTA with CgH¢) in
less than 24 hours, while the less flexible molecule (BTA with C,Hs) needed more
than 24 hours to show quenching. In addition, the red shift was greater for the more

flexible molecule as a result of increased overlapping between the aromatic rings.

Hydrogen bonding interactions were also affected by the flexibility of the molecule.
FT-IR spectra shows that the N-H band, as the representative band of hydrogen
bonding, showed greater shift to higher wavenumbers for the more flexible molecule

than the less flexible molecule.

Very long fibres were formed by the BTA molecule with the long chain in comparison
to the short-chain molecule (C,Hy4). Figure 5- 2 (A) shows that the short-chain
molecule was not able to form very long and uniform fibres on the surface, even after
96 hours of aggregation time in chloroform. In contrast, the molecule with the longer
chain formed longer and more uniform fibres in identical conditions, as seen in Figure

5-2 (B).

Figure 5- 2. SEM images of (A) short-chain molecule and (B) long-chain molecule on silicon
surface after 96 hours of aggregation time in chloroform (presented in Chapter III). Note
different scale sizes.
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The difference in fibre formation was attributed to the molecule flexibility. The
molecule with the long chain was more flexible than the short chain one and was able

to form longer fibres than the short chain molecule.

5.1.2 RO membrane

In Chapter IV, there was an attempt to overcome the poor dispersion of SWNTs in the
organic phase and their agglomeration in the polyamide membrane. To achieve this
aim, two organic compounds were synthesised with the difference between them being
only the aliphatic chain length as seen in Figure 5- 3. Analysis tools such as NMR, FT-
IR and mass spectroscopy were used to characterise the synthesised organic
compounds. SWNTs were covalently linked with the synthesised compounds through
amide coupling. The functionalisation of SWNTs was characterised by Raman and
FT-IR spectroscopes showing the successful functionalisation of SWNTs with the
organic compounds. Interfacial polymerisation was performed to synthesise a

polyamide layer on the top surface of the support layer.

Cl Cl

Iz
Iz

SWNTs-2-BTA acid chloride R = C,Hy
SWNTs-6-BTA acid chloride R = CgH1o

Figure 5- 3. Illustration of the functionalised SWNTs with the organic compounds.

In order to embed SWNTs in the polyamide layer, functionalised SWNTs were
dispersed in organic solution at nanotube concentrations of 0, 0.5, 1, 2.5, 5, 10 and 50
wt% based on the weight of the TMC (0.1 g in 100 mL). The polyamide layer was

characterised with Raman, FT-IR, AFM, SEM and contact angle measurements.
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Figure 5- 4 shows the SEM images of the top surface of the polyamide layer. The
comparison reveals that there is a difference in the surfaces, which was attributed to
the distribution of the functionalised SWNTs. Functionalisation of SWNTs with the
short (C,Hy) aliphatic chain compound showed a decrease in surface roughness, which

was due to more homogenous distribution of SWNTs in the polyamide layer.

Figure 5- 4. SEM images for the embedded polyamide layer with 50 wt% of (A) functionalised
SWNTs with the short-chain compound, (B) with the long-chain compound.

Generally, the water flux was improved by embedding SWNTs in the polyamide layer,
while a reduction in salt rejection occurred. The embedded polyamide with 50 wt% of
short-chain functionalised SWNTs showed a significant increase in water flux from 25
Lm?h" to 60 L m>h", while salt rejection decreased significantly, from 70% to 10%.
This was attributed to the disruption of polymer cross-linkage by embedding a high
loading of SWNTs. It was attributed to the aggregation of CNTs during the
polymerisation which caused a disruption of polymer growing. imperfection in

polymer growing led to low cross linking and therefore poor salt rejection.
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5.2 Future work

The results obtained during this study will inspire future projects. There are two
subdivisions for these future projects, depending on the two discipline results, which

are the self-assembly and RO membrane projects.

5.2.1 Self-assembly

There are four future projects suggested, which depend on the results obtained in

Chapter 11, and there is a different application for each.

5.2.1.1 Forming various shapes

When BTA derivatives are allowed to self assemble under different conditions, such
as different concentrations and solvents, they aggregate to form various shapes such
as micelles, vesicles, tubes and fibres [1-3]. For instance, Lee et al. synthesised a BTA
molecule that was able to form different shapes by changing the solvent. Fibres were
formed in DMSO and DMF with H,O, while bulk and hollow spherical shapes were
formed in mixtures of THF and H,O [4]. Figure 5- 5 shows the different shapes formed

in different solvents for the synthesised molecule.
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Figure 5- 5. SEM images of (10 mM) supramolecules prepared in 50% DMSO-H,O (a), 50%
DMF-H,O0 (b), and 50% THF-H,O (c and d). Transmission electron microscope (TEM) images
of the spheres (e and f). The inset in (b) shows a vial containing gel, figure was adapted from [4].

Successful encapsulation of dyes inside the hollow spherical shape was obtained,
indicating a possible application for drug delivery [4]. An encapsulation experiment
was carried out using the fluorescent Rhodamine B (RB) dye, in order to prove that
hollow spheres were generated. The optical and fluorescence images, as seen in Figure

5- 6, illustrate that the dye molecules were encapsulated inside the spherical structures

[4].
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.100 um

Figure 5- 6. Optical (a) and fluorescence (b) microscope images of the Rhodamine B
encapsulated spheres [4].

For future work, it is recommended to allow the synthesised BTA molecules to self
assemble in different solvents to, potentially, obtain supramolecular structures of
different shapes. For instance, the mixture of THF/H,O (1:1) was used to allow the

synthesised BTA molecules to self assemble and spherical structures were formed.

5.2.1.2 Gel formation to enhance the optical properties

A gel can be formed as a result of self-assembly of the BTA derivatives through
intermolecular interactions, such as hydrogen bonding and n-n stacking [5]. When the
molecules self-assemble, the resulting supramolecular structure can immobilise a large
volume of solvent, leading to gelation of the solvent mass [6]. If the gel is formed in
organic solvents such as hexane, heptane and chloroform, the gel is generally called
an organogel, whereas it is called a hydrogel when water is used as the solvent [5, 6].
The applications for the gel depend on the substituents of the BTA. The presence of
anthracene moieties as substituents in the synthesised BTA derivatives, as seen in
Figure 5-1, imparts optical properties to these molecules, particularly fluorescence

emission.

It is reported that gel formation can enhance fluorescence emission [7-9]. Duan and
Liu synthesised a series of  -glutamate-based dendrons containing anthracene cores.
The fluorescence emission of anthracene moiety is significantly enhanced after
forming the gel when compared to the solution fluorescence emission, as seen in

Figure 5- 7 [9].
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Figure 5- 7. Fluorescence spectra enhancement in the gel phase compared to the solution
phase [9].

Therefore, investigation of the fluorescence emission enhancement of the synthesised

BTA molecules by forming a gel in either organic or aqueous solvents is

recommended.

5.2.1.3 Photoresponsive gel formation

Forming a gel also can be achieved by exposing the synthesised molecules to UV light.
It is well known that anthracene and its derivatives can be transformed into
photodimers after UV light irradiation. Disassociation of the photodimers into
monomers can be obtained after heating or further visible light irradiation, as

demonstrated in Figure 5- 8 [10].

SOOI o

hV]
——
+ -—

OOO th/A s

Figure 5- 8. Photodimerisation of anthracene upon UV light irradiation [11].
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Wang et al. synthesised anthracene derivatives and exposed them to UV light
(365 nm), as demonstrated in Figure 5- 9. Transparent organogels were formed in
several organic solvents, such as THF, cyclohexane and hexane. The organogel

formation reduced the fluorescence intensity due to photodimer formation [10].

(@]
CqoH
O O/_\H)LN/ Mo

Figure 5- 9. Transparent organogel formation in THF after exposure to UV light [10].

Synthesised BTA derivatives, in this project, could form photoresponsive gels. The
exposure to UV light of anthracene moieties in the synthesised BTA derivatives would

form anthracene photodimers, which could potentially produce photoresponsive gels.
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5.2.2 RO membrane

There are three suggested future projects which were inspired by the results obtained

in Chapter IV.
5.2.2.1 Salt rejection

Due to the use of toluene to disperse CNTs in organic phase, the membrane salt
rejection was below 80%. It is recommended that more investigation should be
performed to figure out the mixture percent that improve the dispersion of CNTs in

organic phase and salt rejection.

5.2.2.2 Antibiofouling

Membrane biofouling causes a decline in the water flux, thereby increasing energy
consumption which leads to increased desalination costs. The formation of biofouling
on the membrane surface is attributed to the interaction between the membrane surface
and the foulants. The membrane’s resistance to foulants can be altered by modifying
the surface of the membrane. It has been reported that CNTs enhance the biofouling
resistance of the membrane. This is due to the ability of CNTs to damage
microorganism membranes and disrupt metabolic pathways, accompanied by
oxidative stress. Thus, inactivation and/or death of the microorganisms can occur [12-

15].

SWNTs, specifically, have been utilised in a variety environmental applications as
antimicrobial agents [16, 17]. This property of SWNTs was exploited to improve TFC
membranes, and showed the positive effect of resisting biofouling formation on the
membrane surface. Tiraferri et al. reported that the covalent bonding of SWNTs to the
polyamide layer in TFC membranes reduced the number of bacteria by around 62%

compared to the SWNT-free polyamide layer, as demonstrated in Figure 5- 10 [18].
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Figure 5- 10. SEM images displaying E. coli bacteria at the surface of (A) control membrane
and (C) SWNT-functionalised membrane (some cells with lost integrity are highlighted in
orange). (D) Magnified view of the surface of a SWNT-TFC membrane with E. coli cells [18].

Therefore, a biofouling resistance experiment is recommended to investigate the

antibiofouling property of the membranes synthesised in this project.

5.2.2.3 Forward osmosis desalination

Forward osmosis (FO) is a promising desalination technique due to the very low
hydraulic pressure required. Many potential advantages, such as lower energy
consumption, higher fouling resistance, easier fouling removal and higher recovery of
water are delivered by FO over the pressure-driven processes like RO and
ultrafiltration (UF). Osmotic pressure is the driving force of water molecules across
the semipermeable membrane, as opposed to pressure-driven processes [19, 20], as

illustrated in Figure 5- 11.
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Figure 5- 11. Illustration of FO and RO schemes showing that the water flow is driven by the
osmotic pressure in FO, while external pressure is applied in RO.

TFC has been used as the semipermeable membrane in FO [21-23]. Thus, the modified
TFC membrane with SWNTs, as described in Chapter IV, can be used in FO.
Potentially, water flux and salt rejection for FO can be improved. Moreover, SWNTs

can increase the antifouling resistance of FO membranes.

5.2.2.4 RO membrane modification with graphene

Graphene is a carbon-based nanomaterial that consists of a single-atom-thick sheet of
hexagonal arrayed sp*-bonded carbon atoms [24]. It has received increasing attention
as another option for modifying the polyamide layer in TFC membranes. This is due
to the extraordinary properties of graphene, such as high surface area (2360 m’g™),

excellent mechanical properties and superior hydrophilicity [25].

There have been several attempts to use graphene in TFC membranes which show an
improvement in fouling resistance, water flux and mechanical properties of the
membrane [24, 26-29]. For instance, Yin et al. dispersed graphene oxide in the organic
phase in the interfacial polymerisation method, as illustrated in Figure 5- 12. The
resultant membranes were embedded with graphene oxide, which improved the
membrane performance. The water flux was enhanced by around 33%, while a slight

decrease was observed in salt rejection [25].
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Figure 5- 12. Schematic illustration of embedded graphene oxide in the polyamide layer on top
of the polysulfone layer [25].

The functionalisation process that has been used in this project to improve the
dispersion of SWNTs in polyamide (Chapter IV) can be applied to graphene as well.
A potential high distribution of graphene in polyamide, and water flux and salt

rejection improvements are expected.
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6. Appendices
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Figure 6- 1. "H NMR spectrum of compound 1a.
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Figure 6- 2. ®C NMR spectrum of compound 1a.
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Figure 6- 3. FT-IR spectrum of compound 1a
High Resolution Spectra
Positive ion
13-173_25112013-HOMS02 5 (0.121) AM2 (Ar,2000.00.00,0.70); ABS; Cm (1:50) 1: TOF MS ES+
1004 1580202 161.1294 147
b |
141.0014
1499551
51,9518
1539507
1339908 ) 147,028 X | wow | | ] 167548 171.1508 1wna
1317 2013-HOMSO1 7 (0.155] (Ar,10000.00.00,1.00), ABS; Cm (1:19)
100+ 1580280
161.1290
L ES
141.0014 149.9542
151.9515
153.9507
man 147.0299 | 16,0364 | | 167.5458 1711403 183.1115
130 132 134 136 138 140 142 144 146 148 150 152 154 156 158 160 162 164 166 168 170 172 174 176 178 180 182 184
Accurate Mass Data
+ - —
Observed Mass | Formula [M+H] Calculated mass | Difference iFiT (norm)

(ppm)

161.1290 C7H17N202

161.1290

0.0

0.0

161.1294

C7H17N202

161.1290

25

0.0

Figure 6- 4. Mass spectra of compound 1a.
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Figure 6- 6. C NMR spectrum of compound 1b.
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Figure 6- 7. FT-IR spectrum of compound 1b.
High Resolution Spectra
Positive ion
13-173_25112013-HDMS04 8 (0.172) AM2 (49000 0 00,0.70); ABS; Cm (1:50) 1: TOF MS ES+
1004 189.1597 109e5
-
190.1633
196.1701 1981852
13-173_25112013-HDMSO03 20 (0 416) AM2 (Ar,9000.00.000.70), ABS, Cm (1.50) 1: TOF MS ES+
00 169.159% rpog
120163
196. Ivssg 198.1855
6 7 e 199 o 1 1k 1 1 1% 1 7 e @9 o 91 12 1 1% 15 1% 17 e 1 Ao @

Accurate Mass Data

Observed Mass | Formula [M+H]" Calculated mass | Difference iFiT (norm)
(ppm)
189.1596 C9H21N202 189.1603 -3.7 0.0
189.1597 C9H21N202 189.1603 -3.2 0.0

Figure 6- 8. Mass spectra of compound 1b.
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Figure 6- 10. °C NMR spectrum of compound 1Ic.

40 20 0 ppm

186



PerkinElmer Spectrumt Version 10.4.00
Saturday. § July 2014 11:47 AR

Analyst Analyst
Date Saturday, 5 July 2014 11:47 AM

101

o0+

80 3348\29cm-1
7

60

%T

888.83cm1

o~
50 2928.76cm-1

40
1384 TR

30+

N
188¢.95cm-1
20

36003500 3000 2500 2000 1500 TSR o00 850
cm-1

Figure 6- 11. FT-IR spectrum of compound 1c.

High Resolution Spectra
Positive ion

13-173_25112013- HDMS05 50 (1.004) AM2 (Ar9000.0.000.70); ABS; Cm (1-50) 1: TOF MS ES+
15065

1004 271910
2140809
13-173_25112013-HDMSO05 3 (0.067) AM2 (Ar,3000.00 00,0.70); ABS; Cm (1:50) 1: TOF MS ES+
1004 217.1908 157¢5
LS
2140807
1T T T T T T T T—t—1—7 T T T T T T T T T T Mz
190 192 194 196 198 200 202 204 206 208 210 212 214 216 218 220 22 224 226 228 230 232 264 23 236 240 242 284 246

Accurate Mass Data

Observed Mass | Formula [M+H]* Calculated mass | Difference iFiT (norm)
(ppm)
217.1908 C11H25N202 217.1916 -3.7 0.1
217.1910 C11H25N202 217.1916 -2.8 0.0

Figure 6- 12. Mass spectra of compound 1c.
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Figure 6- 14. *C NMR spectrum of compound 1d.
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Figure 6- 15. FT-IR spectrum of compound 1d.

High Resolution Spectra

Positive ion

13-173_25112013-HDMS08 48 (0.951) AM2 (4+9000.00.00,0.70); ABS; C (1:50) TOF
100+ 252233
[
246.2270
2291420 llﬁf'm
13-173_25112013-HDMSO7 26 (0.537) AM2 (A+9000.00.00,0.70); ABS; Cm (24:48) TOF MS ES+
1004 25226 194e4
2462258
291412 2360721
1 I 2

20 20 251 22 233 2% 25 2% 237 258 29 20 241 202

Accurate Mass Data

203 204 245 246 247 248 249 250 251 252 253 254 255 2% 257 268 29

Observed Mass | Formula [M+H]" Calculated mass | Difference iFiT (norm)
(ppm)
245.2226 C13H29N202 245.2229 -1.2 27
245.2233 C13H29N202 245.2229 1.6 1.2

Figure 6- 16. Mass spectra of compound 1d.
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Figure 6- 17. "H NMR spectrum of compound 2a.
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Figure 6- 18. *C NMR spectrum of compound 2a.
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Figure 6- 19. FT-IR spectrum of compound 2a

High Resolution Spectra
Positive ion

14-021_19022014-06 1 {0.034) AM2 {Ar,8000.0,0.00,0.70); ABS TOF MS ES+
100+ 406.2806 819

387.1701

%

365.1913

355,?724 369.2003
iililiu.“{m&

OJ‘H“HL A S L l;,;giH_Jll_ N

35 a5 360 385 810  3rs 380 385 990 395 A0 405 410 415 420

Accurate Mass Data

Observed Mass | Formuta [M+Na]" | Calculated Difference iFIT (normy)
mass {ppm)
387.1699 C22H24N203Na 387.1685 3.6 2.8

Figure 6- 20. Mass spectra of compound 2a.
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Figure 6- 21. "H NMR spectrum of compound 2b.
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Figure 6- 22. °C NMR spectrum of compound 2b.
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Figure 6- 23. FT-IR spectrum of compound 2b.
High Resolution Spectra
Positive ion
14:021_19022014-02 B (0.153) AM2 {Ar,9000.0,0.00,0.70): ARS: Cers (3:58) TOF M8 ES+
150- 448171 78404
N
4!&|200@
{
WV T A RPN S TE I BTN 1 & UUTEN | NN N S PO S | § R
14.521_19¢2206403 34 {0.564} A2 (A1.6000.0,0.60.0.70); ABS; Cm. {258) TCF MBES+
prYs 2567 4983171 02524
% 4159900
'Exk’wx.ljifllé 'xlxll.ln"itv'gllii . P -
375 380 383 96 205 400 40T 450 418 420 425 30 435 440 445 450
Accurate Mass Data
Observed Mass | Formula [M+Na]" | Calculated Difference iFiT (normy)
mass {(ppm)
415.1999 C24H28N203Na 415,1998 0.2 3.5
415.2002 C24H28N203Na 415.1998 1.0 3.6

Figure 6- 24. Mass spectra of compound 2b.
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Figure 6- 25. "H NMR spectrum of compound 2c.
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Figure 6- 26. °C NMR spectrum of compound 2c.
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Figure 6- 27. FT-IR spectrum of compound 2c.
High Resolution Spectra
Positive ion
14.021,_19002014.04 45 {D.782) AN2 {Ar,2000,0,0.00,2.70): ABS; Cm (258} TQOF WS ES+
3004 446071 6.68e4
B
4432206
479.2020
I\xli\! L NN N | A . Lot S ' bla by
14-024_10022014.85 62 {0.731} AM2 {#,9000.0,0 00,0.70); ABS; G {257) TOF S ES+
100- 44331711
LES
44J.|2510
| A762052
A2.2423 l
bty ] Loy rll[)n AR S S S| T , Lok
420 425 430 435 440 445 450 458 460 465 479 475 460 485
Accurate Mass Data
Observed Mass | Formula [M+Na]” | Calculated Difference iFiT (norm)
mass (ppm)
443.2310 C26H32N203Na 443.2311 -0.2 4.8
443.2306 C26H32N203Na 443.2311 -1.1 5.0

Figure 6- 28. Mass spectra of compound 2c.
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Figure 6- 30. *C NMR spectrum of compound 2d.
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Figure 6- 31. FT-IR spectrum of compound 2d.
High Resolution Spectra
Positive ion
$4-002_54032014-0% £2 (0.731) A2 (A 2CH0.00.00 0.70); ARS; G {R98) TOF 148 B+
Yo Rrdk- 7 82024
#
461.317¢ A72200%
9232107
. ! B ey R il el o .
51 ::Ummm 25 0.442) AM2 (Ar,9000.0,0.00,0.70}; ABS: Gm (256} A7 TOF M?L,s:s
LR
At 278 72366
452318 i 132607 4&3?000

& s ab <o 8 42 4B bs 45 48 47

Accurate Mass Data

. - — gt 11T
W@ W9 40 AN 4in 4T3 AT 415 ATB 470 478 473 400 401 482 ARD 43¢ 485 405

Observed Mass | Formula [M+Na]" | Calculated Difference iFiT (norm)
mass (ppm)
471.2623 C28H36N203Na 471.2624 -0.2 3.3
471.2627 C28H36N203Na 471.2624 0.6 3.6

Figure 6- 32. Mass spectra of compound 2d.
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Figure 6- 33. "H NMR spectrum of compound 3a.

WMLWM

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 ppm

Figure 6- 34. *C NMR spectrum of compound 3a.
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Figure 6- 35. FT-IR spectrum of compound 3a.
High Resolution Spectra
Positive ion
4007152201401 4 {0.085) A2 (A2, 9000.0,0.06,0.70% ABS: Cem {3:58) TOEMS £S3
100 65,1343 $.0594
*
266.1360
14497 10022014-02 19 (0.340) AM2 (A2,2000.0.0.00.0.705: ABS: Cm (3:58} TOF 115 ES¢
100 asi3H 73004
L3S
168 1355
st l‘ L1009% MRt Joee et et ot B e Ry s e s e Pt s .|.;r;;r-;>mlz
2o 26 2as | 2o | 2k | 7 | 76 | 288 | 20 | 22 | 26 | 206 | 28 | 2% | @z | 2r4 | 216 | zm | w0 |z | 2b | a8 | 208

Accurate Mass Data

Observed Mass | Formula [M+H]" Calculated Difference iFiT (norm)
mass {ppm)
265.1344 C17H17N20 265,1341 . 55
265.1343 C17H17N20 265.1341 0.8 0.2

Figure 6- 36. Mass spectra of compound 3a.
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Figure 6- 37. "H NMR spectrum of compound 3b.
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Figure 6- 38. *C NMR spectrum of compound 3b.
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Figure 6- 39. FT-IR spectrum of compound 3b.
High Resolution Spectra
Positive ion
14007, 1002201 4-03 23 (5.492) AMR (47,9000 0,0.00,0.70); ABS; Gm (258} TOF S ESH
100. 2931654 44304
=
304.2028
liFill’lYI\(,A’l e Elllzl‘\I;Inl'lilillxlv;lxl
14-007_ 21 54 35 (D.612) Ak2 500, 709, ABS; Cm (251 TOF MS ES+
1%0- 263.)€85 8228
ES
032544
i i i
e 20 pox | ars | 218 '2§s’1z§o 262 s | 25 | 26 0 20 29z | 294 ":ée PP L S VI A T U T PR P PR

Accurate Mass Data

Observed Mass | Formula [M+H]" | Calculated Difference iFiT (norm)
mass {ppm)
293.1665 C19H21N20 203.1654 3.8 0.8
293.1654 C19H21N20 293.1654 0.0 0.8

Figure 6- 40. Mass spectra of compound 3b.
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Figure 6- 41. "H NMR spectrum of compound 3c.
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Figure 6- 42. *C NMR spectrum of compound 3c.
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Figure 6- 43. FT-IR spectrum of compound 3c.
High Resolution Spectra
Positive ion
14 507_10022014:05 4 {0 049} AM2 {Ar,S000.0,0 00,0.70); ABS; Cm (2:58) TOF M8 ES+
100 21,5058 1275
BR2005
1AL0T,_$0022044-08 24 {0.425) AMZ [Ar S000.0.0.00.0.70); ABS; Cm (3. A2y TOF NS ES?
108 3at.1458 1.18e5
o
32272004
T abe 38 | se | 32 7R P PRI "R *1 2 324 w28 o | ez a4 | A 4
Accurate Mass Data
Observed Mass | Formula [M+H]" | Calculated Difference iFiT (norm)
mass {ppm}
321.1958 C21H25N20 321.1967 -2.8 0.1
321.1958 C21H25N20 321.1967 -2.8 0.0

Figure 6- 44. Mass spectra of compound 3c.
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Figure 6- 45. "H NMR spectrum of compound 3d.
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Figure 6- 46. *C NMR spectrum of compound 3d.
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Figure 6- 47. FT-IR spectrum of compound 3d.
High Resolution Spectra
Positive ion
14027 3403201 45 2(B.O5T) AM2 {Ar,2000.8.0 00,6 70 ABR, Om (258) TOF MS RS+
100 340.2285 €095
.
22
18-032_14052014-04 12 (0.235) A2 (AL60X).0.000,0.70% ABS: Crn (258} TOF NS ES+
100 243.2289 381ed
o E
712688
N N 319.5!40 . N 30“?!33 272558 376?!56 i
Tz | % 0 a38 | ada | 0 | a4z | 044 | S48 | 849 | 20 95z | 384 | 096 M6 | a6a ' 242 364 | 266 | 080 | aro | o72  ar4 3t 3:
Accurate Mass Data
Observed Mass | Formula [M+H]" Calculated Difference iFiT (norm)
mass (ppm)
349.2289 C23H28N20 349.2280 286 1.5
349.2285 C23H29N20 349.2280 1.4 0.6

Figure 6- 48. Mass spectra of compound 3d.
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Figure 6- 49. "H NMR spectrum of compound 4.
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Figure 6- 50. *C NMR spectrum of compound 4.
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Figure 6- 51. FT-IR spectrum of compound 4.
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Figure 6- 52. Mass spectra of compound 4.
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Figure 6- 53. "H NMR spectrum of compound 5a.
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Figure 6- 54. "H NMR spectrum of compound 5b.
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Figure 6- 55. "H NMR spectrum of compound 5c.

Figure 6- 56. "H NMR spectrum of compound 5d.
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Figure 6- 57. "H NMR spectrum of compound 6.
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Figure 6- 58. *C NMR spectrum of compound 6.
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Figure 6- 59. FT-IR spectrum of compound 6.
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Figure 6- 60. Mass spectra of compound 6.
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Figure 6- 62. *C NMR spectrum of compound 7.
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Figure 6- 63. FT-IR spectrum of compound 7.
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Figure 6- 64. Mass spectra of compound 7.
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Figure 6- 66. FT-IR spectrum of compound 8.
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Figure 6- 67. "H NMR spectrum of compound 9a.
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Figure 6- 68. °C NMR spectrum of compound 9a.
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Figure 6- 69. FT-IR spectrum of compound 9a.
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Figure 6- 70. Mass spectra of compound 9a.
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Figure 6- 72. *C NMR spectrum of compound 9b.
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Figure 6- 73. FT-IR spectrum of compound 9b.
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Figure 6- 74. Mass spectra of compound 9b.
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Figure 6- 76. *C NMR spectrum of compound 10a.
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Figure 6- 77. FT-IR spectrum of compound 10a.
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Figure 6- 78. Mass spectra of compound 10a.
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Figure 6- 80. *C NMR spectrum of compound 10b.
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Figure 6- 81. FT-IR spectrum of compound 10b.
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Figure 6- 82. Mass spectra of compound 10b.
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Figure 6- 84. *C NMR spectrum of compound 11a.
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Figure 6- 85. FT-IR spectrum of compound 11a.
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Figure 6- 86. Mass spectra of compound 11a.
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Figure 6- 87. "H NMR spectrum of compound 11b.
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Figure 6- 88. "H NMR spectrum of compound 12a.
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Figure 6- 89. *C NMR spectrum of compound 12a.
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Figure 6- 90. FT-IR spectrum of compound 12a.
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Mass mass {ppm)
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Figure 6- 91. Mass spectra of compound 12a.
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Figure 6- 92. "H NMR spectrum of compound 12b.
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Figure 6- 93. *C NMR spectrum of compound 12b.
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Mass mass {(ppm)
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535.1834 C30H28N206Na 535.1845 -2.1 1.5

Figure 6- 94. Mass spectra of compound 12b.
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Figure 6- 95. FT-IR spectrum of compound 13a.
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