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Abstract

Abstract

Stimuli-responsive polymeric materials can adapt to various surrounding
environments, convert chemical and biochemical signals into optical, electrical
and thermal signals, or change wettability and adhesion upon external stimuli. In
this thesis, a cotton fabric was modified with a thermo-responsive polymer,

Poly(N-isopropylacrylamide) (PNIPAAm).

For low grafting efficiency sample, *H solid-state NMR techniques were
used to characterize the molecular structure and dynamics of the PNIPAAm
brushes, while still grafted on the cotton fabric surfaces, avoiding the destructive
cleaving procedures. The results demonstrate that the motion of the grafted
PNIPAAm brushes is restricted as the temperature rises above the low critical
solution temperature (LCST), which was estimated to be ~ 34 °C. Variable
temperature (VT) experiments were used to investigate the nature of the
hydrophilic-hydrophobic transitions of the grafted polymer. The *H solid-state
NMR techniques used in this study was proved to be an extremely sensitive and

precise way to probe in-situ the LCST transition of the PNIPAAm brushes.

The grafting efficiency of the polymer on the cotton surface has been
greatly improved after a short-time UV pretreatment coupled with a room
temperature immobilization method. The modified cotton fabric was

characterized by FTIR, XPS, NMR, TGA, SEM and OM. It was shown that the



cotton fibers were covered with PNIPAAm brushes with a high grafting efficiency.
The PNIPAAm molecular brushes were cleaved from the cotton substrate and
characterized by GPC to determine the molecular weight (M,), molecular weight
distribution (PDI) and grafting efficiency. The surface of the temperature
responsive cotton fabric is superhydrophobic with a water contact angle (CA) up
to 140° at 40 °C, and superhydrophilic with a water CA of 0° at room
temperature, and this conversion was repeated many times in a short time period
and a fully reversible transition was observed. More interestingly, this smart
cotton fabric surface can capture moisture from atmosphere at lower temperature
and release water at higher temperature. This concept may provide a new insight

into solutions for fresh water conversion and purification.

This study presents a valuable synthesis and analysis route towards
stimuli-responsive cotton fibers which may be of exceptional applications as
novel intelligent fabrics for the textile related industries. On the other hand, this
smart PNIPAAm modified may also be used to exploit water from dew and mist,
and it may pave the way for solving the problem of water crisis in deserts or arid

areas.
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Chapter 1

1.1 Research background

In the past thousands of years, textiles have been widely used for human
clothing instead of animal fur to protect our body. Having experienced the
periods of keeping warm, making comfortable and pursuing elegant appearance,
a brand-new technical revolution named “smart” appeared recently. In current
time, people are no longer content with the soft surfaces and beautiful styles.
Researchers sustain large efforts to create our clothing materials with high level
that can sense and react to thermal, chemical, light, electrical, stress, magnetic or
other environmental stimuli. We call them “smart textiles”. Generally, they can
be classified as three different species according to their manners of response to
stimuli: passive smart, active smart and very smart. Passive smart materials can
only sense the environmental conditions or stimuli; active smart materials will
sense and react to the conditions or stimuli; very smart materials can sense, react
and adapt themselves accordingly. The conception of “smart textiles” comes
from biomimetic, which aims to develop a “living” surface with various
organism functions. Therefore, three components may present in the smart
materials: sensors, actuators and controlling units. The sensors provide a nerve
system to detect signals, thus in a passive smart material, the existence of sensors
is essential. The actuators act upon the detected signal either directly or from a
central control unit; together with the sensors, they are the essential element for
active smart materials. At even higher levels, like very smart or intelligent

materials, another kind of unit is essential, which works like the brain, with
2
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cognition, reasoning and activating capacities. Active smart and very smart
material, since their capable of responding and activated to perform a function,

fascinated researchers in textile field.

Here are many ways to achieve the goal of “smart”. In the last few decades,
a lot of interest in both industry and academic circle has been directed towards
the modification of the chemical and physical properties of cellulose-based
nature fibers, with the aim of obtaining new functional materials or preparing
high-performance composites based on renewable resources. For this purpose,
great efforts have been devoted to control properties such as wettability,

hydophobicity, and adhesion of the cellulose fibers by surface modification.

With most of the existing surface modification methods, however, it is
rather difficult to control the molecular architecture, molecular weight and its
distribution, and thickness of the grafted polymer mono layer. In this study, atom
transfer radical polymerization (ATRP) technique was used to introduce a
stimuli-responsive polymer chain with precisely controlled length and
polydispersity onto the fabric surface. With this method, it may be possible to
develop new intelligent fabrics with a wide range of covalently anchored

polymer bristles.

1.2 Significance of the study

Poly(N-isopropylacrylamide) (PNIPAAM) is a well-known
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thermo-responsive polymer and has been extensively studied by spectroscopic,
chromatographic and thermoanalytical techniques. However, vast majority of the
researches focused on the solution or gel systems as the polymer structures and
thermo-responsive properties can be easily characterized in such systems by
routine analytical techniques, e.g. thermal analysis, GPC, NMR, etc. More
recently, some papers have been published applying this smart polymer onto
solid substrates to obtain functional material surface. It is practically very
difficult to study the structure and molecular dynamics of the grafted polymer
without ripping it from the solid substrates. Therefore, the mechanism for the
thermo-responsive behavior at molecular level is yet to be further investigated or

confirmed.

The traditional surface modification techniques such as crosslinking,
radiation grafting, and photografting have the problem of controlling the
thickness of the graft polymers or the gel. Surface reconstruction of bulk
polymers often results in long response times, which could vary from minutes to

tens of hours depending on the composition of polymers.

In this study, we grafted PNIPAAmM onto cotton fabric surface by atom
transfer radical polymerization method to develop a new intelligent cotton fabric
with thermo-responsive surface. From this grafting method the synthesis process
could be controlled easily. Cotton fabrics were prepared with both low and high

grafting efficiency. Solid-state  NMR techniques under both static and
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magic-angle spinning conditions has been applied to raw and cotton fabric
samples with low grafting efficiency of polymer to study the physical properties
and molecular dynamics of the chemically bonded PNIPAAmM molecules. This
work offers a possibility to further understanding of the structure and molecular
dynamics of a stimulus-responsive polymer which is grafted on a solid substrate.
The highly grafted smart cotton fabric surface realizes the smart transition
between superhydrophilic and superhydrophobic at different temperatures. This
fabric surface is able to capture moisture from atmosphere at lower temperature
and release water at higher temperature. The process can be repeated many times
in a short cycling time. This cotton fabric can be well applied in textile industry
for a functional clothing material. Moreover, it may also provide a new insight

into solutions for fresh water conversion and purification.

1.3 Methodology

The general methodologies were presented below and the details will be

described in chapters 3, 4, 5 and 6.

Prepare the Cotton-PNIPAAmM samples

The cotton fabric was washed and dried at 40 °C for 24 hours under
vacuum. The cotton surface was first immobilized with aminopropyl
trimethoxysilane (ATMS) molecules and then grafted the initiator (bromide)

groups in present of triethylamine and 2-bromoisobutyryl bromide. The initiator
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modified-cotton fabric (Cotton-A-Br) was inserted in a Schlenk flask, and
degassed by three cycles of vacuum-nitrogen filling. A mixture of Methanol/H,0,
NIPAAmM and Pentamethyldiethylenetriamine were then added into the Schlenk
flask. The reaction proceeded with magnetic stirring at room temperature. After
the reaction, the Schlenk flask was opened to let the air in and terminate the
polymerization reaction. The PNIPAAm modified fabric (Cotton-PNIPAAM) was

thoroughly washed and dried at 40 °C overnight.

Characterization of Cotton-PNIPAAmM

The success of the polymer grafting was confirmed by the combined results

from FTIR, XPS, SEM, OM and Solid-State NMR experiments

The grafting yield was evaluated by three different methods: NMR, TGA,

and gravimetry.

'H solid-state NMR techniques were used to characterize the molecular
structure and dynamics of the PNIPAAmM molecules grafted on a cotton fabric.
This technique is a non-destructive method which allows to quantitatively
characterize the molecular structure and dynamics of the grafted polymer without
cleaving it from the substrate. The structure and dynamics of the PNIPAAmM

brushes were investigated by both static and MAS *H NMR techniques.

The surface wettability of grafted smart cotton fabric was studied by CA,

and the completely reversible conversion between superhydrophobicity and
6
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superhydrophilicity was characterized by DSC.

1.4 Framework of thesis

This thesis stated a PNIPAAm grafted cotton fabric switch between

hydrophilic and hydrophobic by temperature trigger. It comprised seven chapters.

Chapter 1 introduced the research background of investigation, existing

problems, the significance and aim of this thesis.

Chapter 2 summarized the literatures on structures and properties of smart
polymers (temperature, pH, electron and light sensitive polymers), the various
grafting techniques to immobilize such polymers onto a solid surface (physical
adsorption and chemical bonding), and the effects that determine the wettability

of the surfaces.

In Chapter 3, Poly(N-isopropylacrylamide) (PNIPAAm) brushes were
polymerized directly from a cotton fabric by ATRP method. FTIR, XPS, SEM
and solid state NMR (SS-NMR) were used to verify the presence of PNIPAAm.
The covalent bond between the cotton surface and grafted polymer was

confirmed by SS-NMR.

In Chapter 4, *H solid-state NMR techniques were used to characterize the
molecular structure and dynamics of the PNIPAAm molecules grafted on a

cotton fabric. The results demonstrate that the motion of the grafted PNIPAAmM
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brushes is restricted as the temperature rises above the low critical solution
temperature (LCST), which was estimated to be ~ 34 °C. The 'H solid-state
NMR techniques proved to be an extremely sensitive and precise way to probe
in-situ the LCST transition of the PNIPAAm while still grafted on the cotton

fabric.

In Chapter 5, the grafting efficiency of the polymer on the cotton surface
has been greatly improved in this chapter. The modified cotton fabric was
characterized by FTIR, XPS, NMR, TGA, SEM and OM. It was shown that the
cotton fibers were covered with PNIPAAmM brushes with a high grafting
efficiency. The PNIPAAmM molecular brushes were cleaved from the cotton
substrate and characterized by GPC to determine the molecular weight (M,),

molecular weight distribution (PDI) and grafting efficiency.

The surface wettability of a highly grafted smart cotton fabric was studied
in Chapter 6. It exhibits superhydrophobicity with a water contact angle (CA) up
to 140° at 40 °C, and superhydrophilicity with a water CA of 0° at room
temperature. This special fabric surface was also used to capture moisture from
atmosphere at lower temperature and release water at higher temperature. The
reversible conversion between superhydrophobicity and superhydrophilicity can

be achieved by DSC.

Chapter 7 summarized the whole work of the thesis, and some future

studies and potential applications also be presented here.
8
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Literature review

Abstract

Fabrication of a smart interface material using a chemical modification method
has attracted a great attention in the recent years, due to the property of
responding and adapting to various stimuli. Surface is the outmost layer of
materials. Sometimes it can be considered more important than bulk because the
surface properties generally determine the application of materials. Wettability
between solid and liquid phase is an important interface property of the material

surface.

In this chapter, the structures and properties of the most popular smart polymers
including temperature, pH, electron and light sensitive polymers and the various
grafting techniques to immobilize such polymers onto a solid surface will be
summarized, including both physical adsorption and chemical bonding methods.
The two effects: surface free energy and micro-structure which are generally
considered to be the main factors that determine the wettability of the surfaces
will be discussed in details. Some interesting study in literature about the
wettability phenomena in nature will be shown, and moreover, some recent work

of mimicking smart nature surfaces will also be presented.



Chapter 2

2.1 Stimuli-responsive polymer

Life is polymeric in its essence. The most important components of living
cells, proteins, carbohydrates and nucleic acids are polymers. And the
components of synthetic rubber, fiber, plastic, dope and pastern are also
polymers'?. Polymers are defined as a macromolecule composed of many
smaller repeating structural subunits that are typically connected by covalent
chemical bonds®. A typical example is polypropylene which contains repeating
units of monomer propylene (Scheme 2.1). The repeating number n presents the

degree of polymerization.

CHs

Scheme 2.1. Propylene subunit in a polypropylene polymer.

In general, polymers have been divided into two major classes: natural and
synthetic. Since Henri Braconnot did the pioneering work in derivative cellulose
compounds in 1811, polymer science have been developing for over 200 years®.
Synthetic polymer materials such as nylon, polyethylene, teflon and silicone have
formed the basis for a burgeoning polymer industry. The traditional synthetic
polymers have been devoted to the supply of materials with low density, strong
mechanical property, and environmental stability”. In recent years, an advanced

group of polymers has emerged with their own unique chemical properties and
10
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applications in various areas . These polymers are coined with various names,

ground on their physical or chemical properties such as “stimuli-responsive

597-10

2 (13 99 ¢

polymers” , “intelligent polymers”, “smart polymers et al.

Smart polymers could respond with a dramatic property change to very
slight changes in their environment. Nowadays, the properties of the smart
polymers can be specifically tailored by changing their molecular structures.
These very useful artificial polymers have great potential in the biotechnology
and biomedicine applications. Smart polymers are becoming increasingly
prevalent as scientists learn more about the chemistry and mechanisms that
induce conformational changes in polymer structures. Based on this knowledge,

it is possible to devise ways to take advantage of, and control them.

2.1.1 Temperature-responsive polymer

To trigger the environmentally responsive polymers, temperature is the
most widely used stimulus, for the reason that can be easily controlled and
widely applied®”!". Lower Critical Solution Temperature (LCST) is an important
property of temperature-responsive polymers. As the Figure 2.1 shows, Critical
Solution Temperature can be considered as the temperature at which the phase of
polymer and solution is inconsecutive altered according to their composition. For
the polymers which have the Lower Critical Solution Temperature (LCST), they
usually exhibit a homogeneous phase in the solution below LCST, and a phase

separation above that temperature. On the contrary, if the polymers display a
11
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homogeneous phase above a certain temperature point and a phase separation

below that temperature, it is named High Critical Solution Temperature (HCST)

or Upper Critical Solution Temperature (UCST)'*"”.

Temperature

0 Composition 1

Figure 2.1 A plot of typical polymer binary solution phase behavior including both an

LCST a UCST.

The polymers which have a LCST may contain of poly(N-substituted
acrylamide), such as the molecules showed in Scheme 2.2'"'". Among them,
poly(N-isopropylacrylamide) (PNIPAAm) attracted most attentions and has been
extensively studied because this polymer is soluble in water below 32 °C, and
precipitated above 32 °C'® The reason for PNIPAAm appealed more attention is
not only because it has a sharp transition at 32°C, but also because that
temperature is very close to our human body temperature and can be well applied
in the area of medicine and functional materials. The special property of
PNIPAAm was first reported by Scarpa et al. in 1967°°. However, till now, over

thousands of papers have been published related to its thermal sensitive property.

12
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The mechanism of transition was clearly shown in Figure 2.2. At a low
temperature, PNIPAAm is hydrophilic and can be well dissolved in water due to
hydrogen bonds were formed between amide groups and water; however, the at a
high temperature, it turns hydrophobic and phase separation can be observed
immediately after the temperatures increased to above LCST because the
molecules prefer to coil up and the amide groups formed intramolecular

hydrogen bonds.

H2 H H H
N H H 2
+C |C n ~c—c- _FC T%
a |c—o b |c=o C T:O
hH l|\IH N
| | He” O CH,
~CH CH | |
FsC CHa HOOC—|C_|Z/ CHs CH;  CHs
2
H H CHs
_FC _|C n +H2 |
d T:O C —C\
c=o
N € /
HN
\ ~aCH,0H
H c/ 2
N A\
CHs
R

Scheme 2.2. Temperature responsive polymers. (a) poly(N-isopropylacrylamide)

(PNIPAAm); (b) poly(2-carboxyisopropylacrylamide) (PCIPAAm); (c)

poly(N,N’-diethylacrylamide) (PDEAAm); (d) poly(N-acryloyl-N’-alkylpiperazine); (e)

poly(N-(r)-(1-hydroxymethyl) propylmethacrylamide (P(.-HMPMAAm))
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T<LCST
—_—

T>LCST

Figure 2.2. The transition of PNIPAAm molecule conformation in water at low (left) and

high (right) temperatures21.

The present study about the PNIPAAm materials and its derivatives can be

divided into two major classes: hydrogels and surface modification.

PNIPAAm hydrogel has great potential in the application of drug delivery
systems. However, the application of the conventional hydrogel is kinetically
restricted by its long response time. This problem was solved by the emergence

: 22-24
of a new concept of micropore-structure

. This work was first carried out by
Wu et al. By crosslinking PNIPAAm with hydroxypropyl cellulose (HPC), they
successfully get a large pore volume, homogeneous pore size distribution and
faster velocity of permeability. Another study to solve the problem of response
lag was to synthesis the mircogels™. Pelton et al prepared aqueous lattices with

PNIPAAm, and studied the morphology and thermal response ability™®. Since the

14
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pioneering work of Pelton et al, microgels have been studied extensively, and this
system have been well applied in many different areas including environment
protection (the absorbed and release of heavy metal ions), drug delivering and

photoelectric switch, et al.>>*"2*.

Besides the hydrogel, PNIPAAm molecule is also extensively applied on
surface modification of various substrates including polymer, silicon, metal, etc.
L. Liang et al modified the capillary tube surface with PNIPAAm by
photo-grafting  method in  the presence of the  crosslinker
N,N’-methylenebisacrylamide = (BisAAm). @ The  with  photosensitizer
N,N’-diethylaminodithiocarbamoylpropyl(trimethoxy)-silane (DATMS) was
immobilized on glass surface, and then the PNIPAAm molecules was grafted, as
shown in Figure 2.3. As a result of the LCST transition of the PNIPAAm, the
polymer molecules become hydrophilic at lower temperature, and the surface
tension of the capillary tube increases. The height of the water in capillary tube

rose up to 7mm when temperature decreases from 40 °C to 20 °C (Figure 2.4) .
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Figure 2.3.Schematic illustration of photopolymerization on the glass plate: (a)
immobilization of DATMS silane on to the surface of glass plate; (b) formation of
cross-linked PNIPAAm layer on the surface; (c) reversible change of

hydrophobic/hydrophilic surface properties®
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Figure 2.4. Schematic illustration of the change of water meniscus height in capillary tube:

(a) low temperature (20 °C); (b) high temperature (40 °C)%.

3034 L. Jiang’s

The PNIPAAm has also been grafted on the silica surface
group grafted PNIPAAm on both a flat and a rough silicon substrate, and

significantly different contact angles (CAs) was obtained blow and above LCST.

16
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As shown in figure 2.5, this modified rough surface successfully realized a
switch from superhydrophilic to superhydrophobic property, and this progress

can be intelligently controlled by the temperature change™*.

a 63.5° 93.2° b o0° 149.3°

Heati ng up
Heatng up

Cnc:l ing down
Cnu\ ing down

Figure 2.5. Thermal responsive wettability for a (a) smooth and (b)

40 °C

PNIPAAm-modified rough surface™.

PNIPAAm was also grafted to commercial anodic aluminum oxide (AAO)
membranes®. It was found that with the increase of the pore size of AAO, the
CA measured increases constantly at temperature above LCST, and decreases

below LCST.

PNIPAAm was also grafted to aligned carbon nanotubes (ACNT)*® in
order to fabricate a functional carbon nanotube surface. Sun et al. used AFM to
study diameter of PNIPAAm grafted nanotubes. They found a distinct reduction
of the diameter of the carbon nanotubes when temperature was raised above the

LCST.

2.1.2 pH-sensitive polymers

It is well known that a pH-responsive polymer may have two types of
17
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functional groups: weak polyacids and weak polybases. These functional groups
contain ionizable pendants which can accept and donate protons in response to
the pH change in the environment *’. When the degree of ionic concentration
changed, the hydrogen bond inside polymer gels will be broken. This behavior
will induce a rearrangement of the polymer network structure and therefore the

hydrogel swells.

The previous studies on the pH-sensitive polymers were mainly focused on

38-40 41-44

the drug release and gene delivery materials. However, in recent years,
this type of polymer was also applied on solid substrate in order to achieve a
stimuli-responsive surface. Their surface wettability attracted more and more
attentions recently. Leonid et al. modified silicon wafer surface with two
different types of polyelectrolytes with opposite charges by surface-grafted

method. This gradient composition causes a gradient density of charge, and

results in a gradient wettability behavior (Figure 2.6)*.

! .,

(b) Y
J' I pH>9 /7 s
‘\ :" “‘ W\ # "q .:

(a)

pH<3

Figure 2.6. Schematic representation of the switching behavior of the mixed PE brushes

upon the change of pH: low pH (a) and high pH (b)*.
18
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Zhang’s group modified the rough gold surface with pH-responsive
polymer by an electrodeposition method. This functional surface can switch from
superhydrophobic in acid and neutral conditions to superhydrophilic in base

condition. This switch process is fully reversible for many times, and it was also

46,47

proved to exhibit good stability and mechanical properties

= 1504
i
i
= 100-
=
< 501
o0
2
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Figure 2.7. The water contact angle of the modified gold surface at different pH values: (a)
The water droplet on the surface at pH=1, CA about 145°; (b) The water droplet on the

surface at pH=13, CA near 0°%.

2.1.3 Electro- and light-sensitive polymers

The electro responsive polymer was less eye-catching comparing to the
previous-mentioned PH- and temperature-responsive polymer. This kind of
polymers usually consists of polyelectrolyte. The directional movement of the
free ions under DC voltage in solution will induce the deformation of the

48,49

polymer™ ™. Langer’s group did a remarkable work on this topic. (16-Mercapto)
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hexadecanoic acid (MHA) was used to modify the gold surface for the reason
that (I) it could self-assembles on Au (111) into a monolayer; and (II) it has a
hydrophilic end group of carboxylate but with a hydrophobic hydrocarbon main
chain. As Figure 2.8 shows, when the substrate is applied with negative electrical
potential, the negative charged carboxylate groups will locate on the surface
layer because of the electric repulsive force between the negatively charged end
group and the gold substrate. Therefore the surface shows hydrophilic property.
However, when the gold substrate is applied with positive potential, the negative
end groups will feel an attractive force to the substrate, thus the molecular chain

bended and reveal the carbon chain, and exhibited hydrophobic property™.

Hydrophobic
Alkyl Chain

Hydrophilic

Gold Electrode
Precursor - Hydrophilic Hydrophobic

Monolayer Hydrolysis Monolayer Monolayer

Figure 2.8. Schematic diagram of the switch from straight (hydrophilic) to bent

(hydrophobic) molecular conformations™.

Most of the studies related to light-sensitive polymer were conducted on
inorganic substrates such as TiO, and ZnO. Since 1997 Fujishima’s group
published a paper on Nature®', reporting the amphiphilic property induce by UV

light, this material has attracted a lot of attention and is also widely applied in
20
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industry®>®

. The recent study on the light responsive polymer could be
summarized into different types. For one type, these polymers structure will
change upon absorbing a certain wavelength of light®"*2. Another type is of some
thermal sensitive polymer chains, and these functional groups could respond to
the temperature increase caused by converting light energy into enthalpy. Suzuki
et al. made gels contain PNIPAAm and chlorophyllin. Chlorophyllin is such a
type of photon absorption that can absorb the visible light and transfer the energy
into enthalpy. When the temperature of the polymer gel increases to 32°C and

higher, it will deswell®.

2.2 Surface modification

Material surface is a interface between the bulk and the outer
environment®. It is the outmost layer of the material, and the physical and
chemical properties are generally considered to be very different from that of the
bulk. Because the surface usually experiences adhesion, compatibility,
stabilization, coloring and painting problems, sometimes surface property be
considered more important than bulk’s®. For this reason, surface modification

aroused interest to many researchers, and it was widely applied in different

industries including medicine and textiles, et al.

2.2.1 Coating by physical force

A numerous of coating techniques based on physical interactions between
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polymer and substrate can be classified as follows:

» Droplet evaporation

» Spray coating

»  Spin coating

» Dip coating

» Doctor blading

Despite of differences in these techniques, a common point shared by all
these methods is that the coating is formed by solvent evaporating progress from
a solution. These techniques are simple, and typically no complicated setups are
required to prepare the coating. However, the physical interactions between
polymer and substrate are rather weak forces. Therefore, the coatings prepared by
these methods often have problems of desorption, dewetting and delamination, et
al. To solve all the problems, and get a long-term stability of coating, the

polymers have to be chemical bonded to the substrates.

2.2.2 Chemical modification to the substrates

2.2.2.1 Grafting-to method

The fictionalization process of the substrate surface by “Grafting-to”

method can be performed using several techniques such as anionic, cationic,
22
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66-69
. The surface

living free radical, and ring-opening metathesis polymerization
properties can be also an important factor of the success of the synthesis. Silica
and gold surface can immobilize polymers that containing hydroxyl, thiol and
carboxyl functional chains. Minko et al. have grafted a polymer brushes on to a
silicon surface using the “grafting to” technique (Scheme 2.3). Firstly, the
3-glycidoxypropyl trimethoxysilane (GPS) was grafted to silicon wafer by
condensation reaction between alkoxysilane group and hydroxyl on the surface.
Then, the carboxyl-terminated polystyrene and carboxyl-terminated poly
(2-vinylpyridine) were grafted via a spin-coating/thermal annealing methods.

Finally, a binary polymer brush layer was obtained by using the “grafting to”

method’.

Scheme 2.3 Schematic representation of the synthesis of binary brushes. PS chains, gray;

PVP chains, black™.

Although it is easy to perform the “grafting to” reaction, there are
limitations of this technique which can hinder its applications. First, the end
group of polymer chain should be functioned with a high active anchor, such as
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chlorosilyl group. However, if this group has been chosen, the polymer chain
cannot contain amine, hydroxyl and carboxylic acid groups. Otherwise, these
groups will deactivate the selected end group. Second, the “grafting to” process
strictly limited the thickness of the grafted polymer layer, typically 1 to Snm.
This is attributes to the kinetic and thermodynamic characteristic of this
technique. As showed in Figure 2.9, the polymer chains can easily attach to
surface at low grafting densities. As soon as polymers covered the surface, the
already-attached chains would form a kinetic barrier, and it will barrier against

the coming chains to reach the surface’'.

Figure 2.9. Schematic illustration of the “Grafting-to” process at (a) low densities, (b) high

e Tl
densities’ .

2.2.2.2 Grafting-from method

Different with the “grafting-to”” method, the “grafting-from” technique can
avoid the problems listed above. “Grafting-from” technique involves the
immobilization of a functional initiator in the first step which is suitable for

polymer brush growing. The monomer can be grafted by free radical, ionic,
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ring-opening metathesis and controlled radical polymerization’*”’. Among these
techniques, the controlled radical polymerization is considered to be superior to
other techniques in the sense that it can provide uniform brush layer, tunable
brush thicknesses, homopolymer layer or diblock copolymer layer. Atom transfer
radical polymerization (ATRP) is one of the most popular techniques for
controlled synthesis, and has been extensively used for surface modifications.

This technique will be discussed in detail in the following sections.

The theory of ATRP

Atom Transfer Radical Polymerization (ATRP) is the most widely applied
Controlled Radical Polymerization (CRP) technique due to its controllability in
the synthesis of well-defined polymers and copolymers from vinyl monomers

78,79

such as styrene’™”’, N-isopropylacrylamide® and meth/acrylates® ™. This

technique was first reported by Sawanoto and Matyjaszewski in 1995%,

ATRP polymerization process is a dynamic equilibrium of activation and
deactivation steps as shown in Scheme 2.4. The carbon-halogen bond of alkyl
halide initiators (Pn-X)is hemolytic cleaved by metal complexes (M;"/Ligand)
oxidation, yielding free radical (Pn*) and oxidized metal complexes
(X—Mth/Ligand). The produced radical (Pn*) will break vinyl bond of monomer
and grow the polymer chains (Pn-M*), and after a short time, the radical (Pn-M*)
will transfer into a dormant condition because it substitutes the halogen atom

from (X—Mtnﬂ/Ligand) and becomes (Pn-M-X). And then the second activation
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loop starts®”.

kact 1
Pr-X+M"L <==_ P *+X-M"""IL

Kdeact
()
\

Monomer

Scheme 2.4. Mechanism for the atom transfer radical polymerization. Pn-X: alkyl halide
initiator; M,"/L: metal complexes; Pn*: free radical; X-M"""/L: oxidized metal

85
complexes™.

In ATRP, ligand is an important factor to stabilize the metal salt. Figure
2.10 shows the activation rate constants (K,) of different ligands with Ethyl
2-bromoisobutyrate (EtBriB)*. The measured (directly or extrapolated) results
were arranged in a logarithmic scale for a better comparison of activities of
Cu/Ligands complexes. It should be noted that the catalyst will become more
active when Cu' state is better stabilized by the ligand according to
electrochemical studies. Therefore, the extrapolated values may underestimate

. 87-89
the values of k,. for active complexes

. Normally, tetradentate ligands form
the most active complexes, in particular Cyclam-B, in which the ethylene linkage
further stabilizes the Cu" complex. Complexes with branched tetradentate
ligands produce the most active catalysts e.g. Cu'Br/MesTREN,
Cu'Br/Mes TPMA and also Cu'Br/Cyclam-B are the three most active complexes

in Figure 2.10. This may be associated with a small entropic penalty in ligand
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rearrangement from Cu' to Cu" state®. Cyclic ligands are located in the middle
of the scale, indicating normal activities when forming a Cu complex. Most of
the linear tetradentate ligands are placed at the left side of the scale, except
BPED. Tridentate ligands, e.g. PMDETA and BPMPA, form fairly active
complex. All bidentate ligands are located at the left side of the scale, forming

the least active ATRP complexes.
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Figure 2.10. ATRP activation rate constants for various ligands with EtBriB in the presence
of Cu'y (Y=Br or Cl) in MeCN at 35 °C: N2, red; N3, black; N4, blue; amine/imine, solid;

pyridine, open. Mixed, left-half solid; linear, [J; branched, A; cyclic, o5

The differences in activity for the resulting complexes exceed seven orders
of magnitudes. The general order of activities of Cu complexes is related to their

molecular structure and can be summarized into the following order: tetradentate
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(cyclic-brdged) > tetrdentate (branched) > tetradentate (cyclic) > tridentate >

tetradentate (linear) > bidentate ligands. The nature of the N atoms is also
important and it generally follows the order pyridine = aliphatic amine > imine.
Ethylene is a better linkage compare to propylene for N atoms in the ligand. The
activities of the Cu complexes strongly depend on the ligand structures, and even
slightly difference in the molecular structure may lead to large differences in

their activity.

Surface initiated Atom Transfer Radical Polymerization (SI-ATRP)

Growth of polymer at the interface by ATRP is a robust technology to
precisely control the thickness, density and PDI of the tethered polymer brush.
Beside this, the surface morphology and property of the interface could also be

tuned by changing the composition and molecular structure of polymer segments.

Ohno et al. grafted PMMA brushes from gold nanoparticles by SI-ATRP,
producing a shell composed of well-defined, high-density polymer brushes’'.
Balamurugan et al. grafted poly (N-isopropylacrylamide) brush on gold surface
in DMF solution using SI-ATRP method. The reaction was carried out at room
temperature and the polymer brushes reach a thickness of ~51 nm. Thermal
responsive behavior and lower critical solution temperature transition was
characterized by contact angle and surface Plasmon resonance’”. Jonnes et al.
deposited a grafting initiator on a gold surface by the microcontact printing

technique. The monomers MMA, glycidyl methacrylate, n-butylacrylate and
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HEMA were polymerized under aqueous conditions”. This grafting technique
perform in aqueous solution was later used in the synthesis of different brushes
such as poly (N-isopropylacrylamide)™ and poly (N, N-dimethycarylamide)’.
Triblock copolymers brushes were grafted from a silicon surface. The initiator of
bromoisobutyrate was bounded to the silicon wafer in the first step, and
PS-b-PMA-b-PS block copolymer brushes were then grafted from the initiator by
SI-ATRP, as showed in the Figure 2.11. The grafting brushes were characterized

by ATR-FTIR and the thickness of brushes was measured using ellipometry”.

29



Chapter 2

ﬁ CH,
SiCI3-(—(|-2|2—)TO—C—C—Br —+
Si——OH (le Cl’ ﬁ C|2H3
3 -
- O—Si—(—gz—)—O—C—C—Br
Si——OH | u I
o CH,

\f/

Styrene, Anisole

CuBr, PMDETA
90-100°C, 24 hours

—~
o O CH,
H, 1w, o
o—si~-c _)TO_C_T o —C+Br
}
\f/
Methyl Acrylate, Anisole
CuBr, PMDETA
90-100°C, 24 hours
—~
o O CHs

Styrene, Anisole
CuBr, PMDETA
90-100°C, 24 hours

Figure 2.11. Synthesis of triblock copolymer brush, PS-b-PMA-b-PS by SI-ATRP*.

2.3 The theory of wettability

Wettability is an important property of the solid surface both in industry
and daily life””'®. An interesting phenomenon in nature is that the material of

lotus is hydrophobic, however, the water drops on lotus are spherical and easily
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roll off, and the lotus surface is considered to be “non-wettable”. Nowadays,
people know that it is due to the micro-scale structure of the surface make the
hydrophilic material to be non-wettable. It is well accepted that two factors will
influence the surface wettability of a material: surface free energy and the

micro-structure.

2.3.1 Surface free energy

Both the surface free energy and the surface tension (ys,) can be used to
describe the surface property of a material. Generally speaking, a large value of
Ysy means a hydrophilic property, e.g., metal, metallic oxide and inorganic salt
surfaces, et al., whereas a small y, value corresponds to a hydrophobic

property, such as polymer and organic surfaces.

Zisman et al. measured the contact angles (6) of different liquid droplets on
a given polymer surface. The result shows that when cos 8 is plotted against the
surface tension, a straight line can be obtained. The intersection point of straight
line and cos 8=1 was the critical surface tension (y.) which indicates the lowest
surface tension to spread the droplets (showed in Figure 2.12). Therefore, the
higher the value of y. , the easier the liquid can spread (with smaller contact

. 1
angle), and vice versa'®.
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Figure 2.12. The critical surface tension of solid surface.

The surface wettability is highly dependent on the chemical composition of
the surface materials. For example, if the hydrogen atoms are replaced by
halogen element fluorine, y, will decrease, and the degree of replacement
determines to which extent the y_ will decrease. However, if the hydrogen atom
is replaced by other atoms such as oxygen and nitrogen, the value of vy, would
increase and surface becomes more hydrophilic. The sequence of normal

elements which increase vy, is as follows:

N>O0>I>Br>CI>H>F

For some special solid surfaces, e.g., polytetrafluoroethylene (PTEF), their
critical surface tension is lower than most of liquids. Therefore, the liquids
(including organic solvent and water) cannot spread on their surface. People refer
to this kind of substrate as amphiphobic. This type of materials can be well
applied in oil transmission pipe line because it can lower the flow resistance and

minimize the deposition of salts crystallization from crude oil'*.
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2.3.2 Surface micro structure

The angle that a liquid/vapor interface meets a solid surface is named
contact angle. If a liquid drop cannot completely spread out on the solid surface,
it has a non-zero contact angle (see the Figure 2.13). The contact angle is
determined by the balance of surface tension among the interfaces of solid, liquid

and vapor. Their relationships can be described by Young equation (Eq. 2.1):

Ysv = YsL T ycos@ . (Eqg. 2.1)

In this equation, ysy, Ys, and y are surface tensions between solid and
vapor, solid and liquid, and liquid and vapor, respectively, and the 6 is the

contact angle of the droplet'®”'%®.

YcosO

Y
Tsv

)

Figure 2.13. The forces balance of a liquid drop on a solid surface demonstrated by Eq.

2 1107

Young’s equation is usually used to evaluate the wettability of a surface:

6 = 0 completely wetting

0 < 8 <90° wetting
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90° < 6 < 180° nonwetting

6 = 180° completely nonwetting

However, it should be pointed out that Young’s equation describes the
contact angle of a droplet on an ideal surface which perfectly flat and
homogeneous in composition. Zisman et al. reported that the functional group of

109
N

—CF; gives the lowest surface free energy among all the tested materials n

1999, Nakamae et al measured the contact angle of a flat surface which is
composed of —CF; groups, and the contact angle was measured to be 119°'°.
This value is still far away from that of a completely nonwetting surface which
requires a contact angle of 180°. This result implied that a completely nonwetting

surface can never be achieved by chemical modification on the surface. A surface

roughness modification is also important to improve the contact angle.

2.3.2.1 Wenzel model

As discussed above, Young’s equation assumed a perfectly flat solid
surface. However, this ideal condition never exists in real life. Then the Wenzel
model was Proposed in 1936 by Wenzel’s group to describe of the relationship

M 1t was found that the

between the surface roughness and the wettability.
surface roughness significantly increase the contact angle of a solid surface. The
relationship between the contact angle and surface roughness (see Figure 2.14)

can be quantified by
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Wengzel:

cos . = ycos@ (Eq. 2.2)

Figure 2.14. Wenzel model

Where vy is surface roughness (y € (1,—o0)), 8, and 6 are the apparent
and intrinsic contact angles on rough and smooth surfaces, respectively.
Decreasing the value of y will result in a larger apparent contact angle. It can be
concluded from Wenzel equation that surface can be either more hydrophobic or
more hydrophilic by increasing the surface roughness. When the intrinsic contact
angle 8 < 90°, the apparent contact angle 6, decreases with the surface
roughness; whiled > 90°, Or increases with the surface roughness. In other
words, a hydrophilic surface will become more hydrophilic with increasing
degree of roughness, while a hydrophobic surface will become more

hydrophobic if the same type of roughness is introduced' .
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2.3.2.2 Cassie model

Wenzel equation reveals the relationship between apparent and intrinsic
contact angles on a rough surface, but it is not applicable to the surface which
contains different chemical components. Therefore, a more general model is
needed to describe this phenomenon. Cassie model was on the basis of Wenzel
model by using a linear combination of two Wenzel terms. In Cassie model'",
surface was assumed to be composed by two different components, and each one
is minimal and homogenous. The apparent contact angles of each component are
0; and 6,; the total areas of each are f; and f,; and the 6, is the apparent

contact angle of the solid surface. On the basis of the hypothesis above, Young’s

equation can be written as:

cos@. = ficosf; + f,cos0, (Eq. 2.3)

According to Cassie and Baxter, if the surface has nonwetting property the
recesses cannot be fully wetted. As Figure 2.15 shows, air can be trapped in the
space between liquid and solid. Because the apparent contact angle between

liquid and air is 180°, equation 2.3 can be modified to:

cos@. = ficosbB; + f, (Eq. 2.4)
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Figure 2.15. Cassie model

where f; is the total area of solid-liquid interface and f, is the total area of

liquid-air interface.

2.4 The boundary between hydrophilic and
hydrophobic

As discussed in the previous section, Young’s equation gives a contact
angle of 90° as the boundary between hydrophilic and hydrophobic. This means
that when 6 < 90°, the surface is hydrophilic, and when 8 > 90°, the surface
is hydrophobic by definition. However, more recently, researches have shown
that boundary of a contact angle of 65° maybe more reasonable boundary to

define the material to be hydrophilic and/or hydrophobic''*.

In Young’s equation, the contact angle 8 is a balance of three forces
among solid, liquid and vapor phases. The surface of liquid was treated to be the
same as bulk phase. However, this assumption is not true in real case. The
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structure and activity of water molecules on the surface are largely deferent from
that in the bulk phase. The hydrophobicity of a solid surface can be studied by
observing the water structure at the surface. When the contact angle 8 < 65°
which indicates a hydropbilic surface with adhesion tension > 30dyn/cm,
repulsive force can be detected between surfaces. In case of a hydrophobic
surface with pure water contact angle & > 65° (adhesion tension < 30dyn/
cm), a long-range attractive force can be detected. Therefore, it is reasonable to
suggest that there are at least two distinct kinds of water structure and reactivity:
a relatively less-dense water region with an open hydrogen-bonded network on
the hydrophobic surfaces and a relatively more-dense water region with a
collapsed hydrogen-bonded network on the hydrophilic surfaces. The study of
Yoon'" and Berg''® also supported the discussion above which showing that the

boundary between hydrophilic and hydrophobic is 65°.

As mentioned before, the functional group of —CF; gives the lowest surface

109,110 . o
9°"™"'" However, this value is still lower

free energy with the contact angle of 11
than the contact angle of a superhydrophobic surface which requires a minimum
static contact angle of 150°"". Therefore, in order to get a superhydrophobic
property, either a certain level of roughness on the surface of a low free energy
material, or a chemical modification with low surface free energy chemicals on a
fixed roughness surface are required. The superhydrophilic surface is that the

contact angle of which is lower than 10°, such as titanium dioxide under UV

light'.
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2.5 Wettability in natural world

Lotus leaf is a typical example in nature that displays superhydrophobic
property. It attracted great interesting among scientist by the so-called “self-clean”
effect which is due to the very special surface property'®. Nearly 300 kinds of

19 and Neihuislzo, and the results showed

plant leaves were studied by Barthlott
that the superhydrophobic property of the lotus leaf originates from both the
miro-scale roughness and the hydrophobic wax crystals. Later, Jiang’s group
found that the nonwetting property is not only from the above-indicated reasons,
but also because of the nanoscale particles combined with the miro-scale

121 As showed in Figure 2.16, papillac with diameters ranging from 5 to

papillae
9 pum, were found on the lotus surface. The CA was measured to be
161.0° £ 2.7°. From the high-resolution SEM image, the branch-like nano-scale

structures with the diameter of 124.3+3.2nm were observed. This micro-nano

hierarchical structure was assumed to be the reason for its superhydrophobicity.
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Figure 2.16. (a), (b), (c) are the SEM images of lotus leaf; (d) is the fitted curve based on the
calculated data (contact angle, in degrees, against the mean outer diameter of protruding

Co 121
structures, in micrometers) ~ .

Both the feathers of duck'”? and butterfly'> were observed to be
superhydrophobic. However, different with the lotus leaf on which water can roll
in all directions, water on these feathers showed direction adhesion. A droplet can
easily roll along the radial outward (RO) of the central axis of the body but is
tightly pinned in the opposite direction. This is related to the special surface
microstructures on the wings. From the SEM images in Figure 2.17a, the wing is
composed of many quadrate scales, with a length of ~150um and a width of
~70um. Every scale is also covered with ~185nm in width and ~585nm in length
ridging stripes. These stripes are stacked stepwise along the RO direction, and
the nano-tips emerge on the top of stripes are tilted slightly upward. When

droplet rolling along the RO direction (Figure 2.17b 1), it is a “dry” contact
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process which with the air pocket trapped in the nano-grooves. As the water goes
opposite direction, droplet presents the “wet” contact to the nano-stripes (Figure

2.17b 1I) and be pinned on the surface'*.

Scales
Discontinuous TCL Quasi-continuous TCL 9
Nanometre tips nometre tips
Rolling Pinning

Figure 2.17. (a) SEM images of duck feather and butterfly wing; (b) the models
proposed for mechanism of distinct adhesion dependent on the direction along and against

the RO direction'*'%*,

Water striders Gerridae is a common insect reside on the surface of rivers,
ponds and ocean. Bush’s et al. used a high-speed video and a particle-tracking
method to capture the whole process of a Gerridae strider on the water surface.
The images are showed in Figure 2.18. The strider transfers momentum through

hemispherical vortices shed by its driving legs'”. The previous studies
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considered the Gerridae supporting their weight by the surface tension force
generated by the curvature of the free surface'*®. However, recent study showed
the physical features of the Gerridae legs are of numerous oriented setae (Figure
2.19)"?7. These needle-shaped setae are found to be with diameters ranging from
3 micrometer at root to several nanometers at the top end. This structure is
comparable to the heterogeneous surface of the lotus leaf and butterfly wings
which is composed of solid and air phase. It is the heterogeneous surface with
microstructures in different scales gives the leg’s surface superhydrophobic
property. The air that trapped in spaces in the mircosetae and nanogrooves

formed a cushion supporting their body on the water surface.

Figure 2.18. Images captured from a side view revealed the vortical footprints of the water

12
strider'®’.
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Figure 2.19. (a) side view of Gerridae’s leg in water; (b), (c¢) SEM images of mirco-, nano-

127
structure on a leg .

2.6 Wettability of the biomimetic artificial surfaces

As discussed in Section 2.5, the “self-clean” property of the lotus leaf is
originated from a combination of the mirco/nano-scale structures. To mimic the
surface of the lotus leaf, a nano-scale structure was fabricated on a aligned
carbon nanotube (ACNT) to construct a superhydrophobic surface. As Figure
2.20 shows, the lotus-like film surface was composed of 2.891+0.32um papillae
and 30-60nm carbon nanotube. CA on the ACNT was about 166°. Comparing
with the densely packed ACNT surface, this micro-scale structure on the surface
increases the CA and decreases the sliding angle. This multi-scale structure acts

as an important role in constructing the superhydrophobic surface.
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Figure 2.20.(a), (b), (c) SEM images of surface structure of the lotus-like ACNT films; (d)

sliding behavior of a water droplet on the films surface'?'.

Using the same principle indicated in the above paragraph, a
superhydrophobic surface was prepared by casting the poly (methyl nethacrylate)
(PMMA) and amphiphilic polyurethane (A-PU) dissolved in DMF solution'**. A
roughness surface was formed during the solvent evaporation, and the contact
angle reaches about 160° (Figure 2.21¢). However, unlike the situation of water
on lotus (Figure 2.21a,b,c,d), the droplet was pinned on the surface at any titled
angles. This special wetting behavior is attributed to the surface composition
with both hydrophobic and hydrophilic domain on nano-scale. The hydrophobic
domains in combination with the porous structure lead to a very high contact
angle; the hydrophilic domains contact with water at the interface and adhere the

droplets.
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Figure 2.21. Photoes of water drop on surface at different angles (a) 0°, (b) 45°, (c) 90°, (d)

1800128.

As has been mentioned in the previous section, Wenzel model reveals that
a hydrophilic surface will become more hydrophilic with increasing degree of
roughness; while a hydrophobic surface will become more hydrophobic if the
same type of roughness 1is introduced. Based on this theory, a
dual-stimuli-responsive surface with tunable wettability, reversible switching
between superhydrophilicity and superhydrophobicity, and responsivity to both
temperature and pH is reported'””. Such surfaces are obtained by simply
fabricating a poly(N-isopropyl acrylamide-co-acrylic acid) [P(NIPAAm-c0-AAc)]
copolymer thin film on both a flat and a roughly etched silicon substrate.
Reversible switching between superhydrophilicity and superhydrophobicity can
be realized over both a narrow temperature range of about 10°C and over a
relatively wide pH range of about 10. Figure 2.22a showed the contact angle
results measured under different pH values and temperatures. When pH value is
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stabled, the tendency of contact angles were showed in Figure 2.22b (black line:

pH=2; red line: pH=4; green line: pH=7; blue line: pH=9). The hypothetical

conformations of hydrogen bonding and repeating cycles were showed in Figure

2.22¢ and d, respectively. This dual-responsive property is a result of the

combined effect of the chemical variation of the surface and the surface

roughness.
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Figure 2.22. The contact angle results measured under various temperatures and pH
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Chapter 3

Grafting temperature responsive polymer onto

cotton fabric

Abstract

Atom transfer radical polymerization (ATRP) is the most widely applied
controlled “living” radical polymerization technique. In this chapter, an ATRP
approach was used to polymerize Poly(N-isopropylacrylamide) (PNIPAAm)
brushes, directly from a cotton fabric. The presence of PNIPAAm on the surface
of the cotton fabric was verified by FTIR, XPS and solid state NMR (SS-NMR),
and the surface morphology was investigated by scanning electronic microscope
(SEM). The covalent bond between the cotton surface and grafted polymer was
confirmed by SS-NMR. To the best of our knowledge, it is the first time PNIPAAmM
was grafted to a cotton fabric. This work provides a highly potential synthesis
and analysis route towards stimuli-responsive cotton fibers, which may have
exceptional applications as novel intelligent fabrics for the textile related

industries.
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3.1 Introduction

In the past decades, many research works have been dedicated towards the
modification of the chemical and physical properties of cellulose-based natural
fibers, both in industry and in academic circles, aiming at imparting new and
high performance functions to the fibers'™. For this purpose, great efforts have
been devoted to the surface modification of cellulose fibers in order to control its
properties, such as wettability, hydrophobicity or adhesion®™’. As the most
consumed fiber, cotton is composed of nearly 99% of cellulose®. The
functionalization of cotton fiber via surface modification has high potential to
create high-tech and high added-value textiles. Once modified with polymers, the
cotton fibers could be used on sports clothes with improved thermal or elastic
properties, water repellent, self-cleaning or oil-water separating fabrics. A
particular interesting strategy would be to graft stimuli-responsive polymers that
would turn a natural fiber into a smart material that responds to changes in the
environment, e.g. Temperature, pH or light. The emerging applications of
stimuli-responsive polymers have a large potential and have attracted much

interest, as recently reviewed by Minko et al.’.

Currently, one of the most attractive ways to modify surfaces with polymer
brushes is to perform Surface-Initiated Polymerization (SIP) via a “grafting from”
approach. In particular, Atom Transfer Radical Polymerization (ATRP) SIP is a
robust and versatile technique that has been used to graft (co)polymer chains
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with controlled polydispersity and degree of polymerization from a large variety

10-12 16,17

e 13,14 ;15
of substrates, e.g. silicon ', gold ™", silica”, porous substrates and

14,57
cellulose fibers as well ™.

In this work, a “grafting from” ATRP approach was used to polymerize
Poly(N-isopropylacrylamide) (PNIPAAm) brushes, directly from a cotton fabric.
PNIPAAm is a well-known thermo-responsive polymer that shows an extended
hydrophilic chain conformation below its lower critical solution temperature
(LCST, ~ 32 °C) in aqueous solution and undergoes a phase transition to
insoluble and hydrophobic aggregates when the temperature is above its LCST'®,
To the best of our knowledge, the attempt to directly modify a cotton fiber with a
stimuli-responsive polymer has not been reported in the literature. This work may
open the possibility of creating a new intelligent cotton fabric which may adapt
its surface wettability properties, i.e. from hydrophilic to hydrophobic and vice

versa to the temperature fluctuation in the environment.

In this work, an extensive study to characterize in-situ the structure and
dynamics of the PNIPAAm brushes directly grown from the surface of a cotton
fabric was performed, while still covalently bonded to the substrate. FTIR, XPS,
SEM and proton NMR techniques, both under static and magic-angle spinning
conditions, have been used to characterize the bare, ATRP-initiator modified and

PNIPA Am modified cotton fabrics.
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3.2 Experimental
3.2.1 Materials

Cotton fabric obtained from textile innovators division of SDL ATLAS.
The following chemicals were used without further purification, unless stated
otherwise: acetone (Unichem, 99.8% purity), tetrahydrofuran (THF, Unichem,
99.8% purity), sodium carbonate (Na,CO3, Aldrich, 99.0% purity), aminopropyl
trimethoxysilane (ATMS, Aldrich, 99.0% purity), toluene (Unichem, 99.8%
purity), triethylamine (TEA, Aldrich, 99.0% purity), 2-bromoisobutyryl bromide
(BiB, Aldrich, 99.0% purity), n-hexane (Aldrich, 99.0% purity), CuBr (Aldrich,
99.0% purity), methanol (Unichem, 99.8% purity),
pentamethyldiethylenetriamine =~ (PMDETA,  Aldrich,  99.0%  purity),

dichloromethane (Unichem, 99.8% purity).

3.2.2 Instruments

FT-IR spectra were collected with a Perkin-Elmer 2000 Spectrometer in
transmission mode and using dry KBr Pellets. A background spectrum was
collected before each measurement. 32 scans were averaged to get a better

signal-to-noise ratio. The spectral resolution was 4 cm™ for all the measurements.

XPS data were obtained with an ESCALab 220i-XL electron spectrometer
from VG Scientific using 300W Al-Ka radiation. The base pressure was about

3x10” Mbar. The binding energies were calibrated to the Cls line at 284.8 V.
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Scanning Electron Microscopy (SEM) images were recorded on a JEOL
JSM-6700F field emission microscope with 10 kV operating voltage. The
pressure inside chamber was below 10~ mbar. A thin layer of gold was deposited

over the cotton samples before moving them into the chamber.

All the solid state NMR experiments were performed on a Bruker Avance
I1I wide-bore solid-state NMR spectrometer operating at 'H Larmor frequency of
400.13 MHz. A standard 4mm CP magic angle spinning (MAS) double resonance
probe head was used for all the measurements. The MAS frequency of 8 kHz and
90° pulse duration of 4ps were used in '"H MAS experiments. Typically 16
transients with a recycle delay of 10s were collected for each spectrum. The
longest T, relaxation time of the sample is estimated to be shorter than 2s. Hence,
a recycle delay of 10s was expected to be long enough for the full relaxation of

the spectra.

3.2.3 Preparation of the cotton fabric initiator

The cotton fabric was rinsed with acetone, tetrahydrofuran (THF) and
subsequently boiled in a sodium carbonate aqueous solution (10 wt %) for 4
hours. After the washing procedures, the fabric was dried at 40 °C for 24 hours
under vacuum. The immobilization of aminopropyl trimethoxysilane (ATMS)
molecules on the cotton surface was conducted by adding 10.00 ml ATMS into a
200.00 ml toluene solution in which a small piece of cotton (0.8253 g) was

immersed, and refluxing for 12 h. Next, the fabric was washed by acetone, THF
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and water and dried at 40 °C for 24 hours

A small piece of the dried cotton-A fabric (0.2027 g) was then immersed in
toluene (200.00 mL) to which 3.75 mmol of triethylamine were added. To this
mixture 3.75 mmol of 2-bromoisobutyryl bromide were added drop-wise while
keeping the temperature at 0 ‘C. The mixture was stirred for 1 hour at 0 ‘C and
then heated to room temperature (ca. 25 °C). After reaching the desired
temperature, the mixture was left stirring for 12 hours. The initiator
modified-cotton fabric (Cotton-A-Br) was removed from the solution, washed
with toluene and acetone and finally dried at room temperature under vacuum for

24 h (see Scheme 3.1).

NH; QBL
O
OH é NH
ATMS Si TEA BiB 12h
OH AN
o O* o\ o

Refluxing 12h Si
OH cuxing /(/%jg\ /]/ o \>o
o © 0

Scheme 3.1 Synthesis of Cotton-A-Br initiator.

3.2.4. Grafting of N-isopropylacrylamide from the

initiator- functionalized cotton fabric

The N-Isopropylacrylamide (NIPAAm) (97.0 % purity) monomer was
purchased from Aldrich, recrystallized twice in n-hexane and dried under

vacuum before use. CuBr (10 mg, 0.069 mmol) and a small piece of initiator
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modified-cotton fabric (27.3 mg, Cotton-ATMS-Br) were inserted in a Schlenk
flask which was degassed by three cycles of vacuum-nitrogen filling, to remove
any traces of oxygen. A mixture of Methanol/H,O (1:1 v/v, total volume of 4.00
ml), NIPAAm (0.783 g, 6.9 mmol) and Pentamethyldiethylenetriamine
(PMDETA, 14.00 pl) were degassed under argon flow for about 2 hours. This
mixture was then added into the Schlenk flask filled with the solids, through a N,
purged syringe needle. The reaction proceeded with magnetic stirring at room
temperature for 2 hours. After the reaction, the Schlenk flask was open to let the
air in and terminate the polymerization reaction. The PNIPAAm modified fabric
(Cotton-PNIPAAm-L) was thoroughly washed in dichloromethane (CH,Cl,),
acetone and H,O to remove the residual monomer and catalyst complex. The

Cotton-PNIPAAm-L fabric was finally dried at 40 °C overnight (see Scheme 3.2).

? NIPAAm Ogé/\bk

0 CuBr PMDETA i
4

/l/@@\ /i/ Methanol H,O Q \O\ e
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Scheme 3.2 Grafting NIPAAm from Cotton-A-Br initiator.
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3.3 Result and discussion

3.3.1 Synthesis of Cotton-PNIPAAmM-L polymer grafted

surface via SI-ATRP

Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP) procedure in

a methanol/water mixture. The synthetic procedure is schematically illustrated in

PNIPAAm brushes were grafted directly from a cotton fabric by a typical

Scheme 3.3.
NH,
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o (o] 2h
] -3
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Scheme 3.3 Schematic illustration of the synthesis of Cotton-PNIPAAm-L fabrics.

First, aminopropyl trimethoxysilane (ATMS) was immobilized on the
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cotton surface (Cotton-A), to provide amine groups at the cotton surface for the
further linking of the ATRP bromine initiator. Subsequently, 2-bromoisobutyryl
bromide was reacted with the amino-terminated cotton surface to obtain the
surface grafted initiator (Cotton-A-Br). Finally, the initiator immobilized cotton
was immersed in a monomer solution to initiate the surface polymerization of
PNIPAAm brushes (Cotton-PNIPAAm-L). The grafting reaction was conducted

at room temperature for 2 hours.

3.3.2 Characterization of Cotton-PNIPAAmM-L grafted

cotton surface

3.3.2.1 Fourrier transform infrared spectrocopy (FTIR)

In order to confirm the success of the grafting procedure, FTIR was used.
Figure 3.1 shows the comparison of the FTIR spectra of the bare cotton fabric
and the PNIPAAm modified samples (Cotton-PNIPAAm-L). The spectrum of
Cotton-PNIPAAm-L shows two bands at 1650 cm™ and 1540 cm™ which are
assigned to the typical amide I and II stretching vibrations of PNIPAAm'**’. The
amide band II is absent in spectrum of the bare cotton fiber. The vibration band at
1635 cm™ observed for both spectra is attributed to the absorbed water”'. In the
spectrum of Cotton-PNIPAAm-L, this band overlaps with the amide band I at
1650 cm™ which therefore exhibits higher intensity. Although the IR spectrum of
the Cotton-A-Br sample was collected, it was not possible to identify the

presence of the typical bands of the Br-initiator, most likely due to the large
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difference of intensities between the cotton fiber and the Br-initiator vibration
bands. Nevertheless, this characterization strongly suggests the presence of the
PNIPAAm at the surface of the cotton fiber, since the main vibration bands of

NIPAAm were identified for the modified cotton sample.

3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 3.1 FT-IR spectra of: a) bare cotton fabric and b) Cotton-PNIPAAm-L.

3.3.2.2 X-Ray photoelectron spectroscopy (XPS)

In addition to the FTIR spectra, the presence of the polymer on the cotton
fabric was verified by XPS as well. In the wide scan spectrum of bare cotton
sample, only the Cls and Ols signals were identified (Figure 3.2 a). In the case
of Cotton-PNIPAAm-L samples, however, the presence of distinctive N1s signal
is a further indication that the cotton fibers are covered by PNIPAAm. Moreover,
comparing the relative intensity of C1s/O1s in both spectra, it was found that the

intensity of Cls increases significantly in the Cotton-PNIPAAm-L sample, which
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is also an evidence of the presence of a polymer on the surface. Also in this case,
it was not possible to detect the presence of Br atoms at the surface of the

Cotton-A-Br sample.

O1s C1s
a b O1s
C1s
% N1s
Si2p
1000 800 600 400 200 1000 800 600 400 200 O
Binding Energy (eV) Binding Energy (eV)

Figure 3.2 XPS overview spectra of: a) bare cotton surface and b) Cotton-PNIPAAm-Br

surface

Both FTIR and XPS results suggest the presence of PNIPAAm molecules
on the cotton fibers surface. The fact that presence of the Br-initiator can not be
identified may indicate a low grafting efficiency of the ATRP-initiator and the
low initiation efficiency may further lead to a low grafting efficiency of the
PNIPAAm brushes. The low grafting efficiency of the initiator can be explained
by the low density of the hydroxyl group available for the ATRP reaction. It is
well known that the cellulose molecules in the cotton fiber are highly
crystallizable due to its polarity. Most of the hydroxyl groups are densely packed
in the crystalline lattice and therefore are not accessible to the initiator molecules.
Based on this explanation, a possible method to improve grafting efficiency is to
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treat the cotton surface by Plasma, UV irradiation methods, etc., in order to
produce more polar groups on the cotton surface. It will be shown in Chapter 5
that this treatment is very efficient in improving the grafting efficiency of the

ATRP-initiator.

3.3.2.3 Scanning electron microscopy (SEM)

In addition to the chemical structure analysis, SEM was used to investigate
the surface morphology of the cotton fibers before and after modification. It can
be observed in Figure 3.3 b that the surfaces of bare cotton fibers are clean and
smooth. In contrast, the PNIPAAm modified-cotton fibers show a much different
surface structure (Figure 3.3 d). PNIPAAm molecules seem to congregate in the
form of granules, with diameters ranging from 100 to 200 nanometers at the
surface of the cotton fibers. It should be noticed that these images were collected
under normal vacuum and temperature conditions of SEM operation, meaning
that the cotton is in the dry state. It was then expected that the PNIPAAm
molecules at the surface of the cotton fabric would indeed adopt a coiled
(aggregated) configuration, since there is no possibility to interact with water.
Therefore, a rough surface with significant number of polymer aggregates was
observed for the Cotton-PNIPAAm-L sample. This is a direct evidence of the
surface grafting and in fact it shows qualitatively that the grafting efficiency is
rather low. The preparation of highly grated cotton fabrics (Cotton-PNIPAAm-H)
and its thermal-responsive behavior will be discuss in chapters 5 and 6.
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Figure 3.3 SEM images: a) and b) bare cotton fabric; ¢) and d) Cotton-PNIPAAm-L. The
rectangles in a) and c¢) represent typical areas selected for the magnifications of b) and d),

respectively.

Several attempts have been made to recover the grafted polymer for further
characterization (M, PDI and grafting efficiency), but all turned out to be
unsuccessfully. The residual amounts of solid collected were either too small for
analyses or contaminated with cotton fibers residues which were degraded during
the cleavage process. This is a long-standing difficulty faced by many other
authors who tried to characterize the grafted polymer chains on various

22,23

substrates””"”, namely on cotton fibers, because the cellulose fibers are generally
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fragile and easy to be damaged, and therefore it is practically impossible to
cleave the polymer molecules from the substrate. In order to overcome this
problem, some researchers proposed to added a sacrificial initiator parallel
during the reaction.'® Another interesting method is to couple the target
polymer molecules by a weak bond which can be easily cleaved from the
substrate afterwards.!’ However, the disadvantages of these methods are, first of
all, the initiation efficiency of the sacrificial initiator has to be assumed to be the
same as that of the initiator on the substrate; second, the coupling agent has to be
selected according to the target polymers, and no versatile methods available for

all different kinds of polymer chains.

In this study, a different route to characterize this PNIPAAm modified
cotton fabrics was pursued by studying in situ the structure and dynamics of the
polymer brushes at the surface of the cotton fibers, without performing a surface
detachment. 'H solid-state NMR techniques have been reported as being
extremely sensitive and precise on probing the LCST transition of PNIPAAM***.
Herein, they were used to probe the transition behavior of the PNIPAAm brushes

un-cleaved from the surface of the cotton fibers, and to prove the surface grafting

of the polymer, in spite of the low grafting efficiency observed.

3.3.2.4 Static 'H wideline NMR spectra

In order to investigate the structure and dynamic transitions of PNIPAAm

brushes grafted on the cotton fabric, both Magic Angle Spinning (MAS) and
78



Grafting temperature responsive polymer onto cotton fabric

static 'H solid-state NMR experiments were performed. For comparison, the

Cotton-A-Br sample is used as a reference.

'H static NMR spectra of solid samples are usually broad and featureless
because of the strong dipolar-dipolar interactions. However, the linewidth of the
static spectra retains resourceful information about the molecular motions, which
may lead to a line-narrowing of the proton spectra®. In a typical solid-state static
'H NMR spectrum, differences in molecular mobility results in a two-component
lineshape showing a narrow peak superimposed on a broad peak. In the time
domain, alternatively, such a spectrum is characterized by an initial fast decay
followed by a slower decay. In its application in polymer systems, this
two-component relaxation behavior is often explained by a two-region model in
which hard domains (crystalline) yield a fast decay and soft domains (mobile or

amorphous ) yield slow decay””**.

Figure 3.4 presents the static 'H wideline NMR spectra of Cotton-A-Br and
Cotton-PNIPAAm-L samples. In the spectra of both samples, two components, a
mobile component as represented by the narrow line and a rigid component

represented by the broad line, can be identified.
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Figure 3.4 'H static spectra of Cotton-A-Br and Cotton-PNIPAAM-L samples. Both spectra

were recorded at room temperature and atmospheric humidity conditions.

The narrow peak observed in the 'H wideline spectra is assigned to the

moisture absorbed by the cotton fabric®

. This was confirmed by the
disappearance of the narrow peak from the proton spectra after blowing dry

compressed air to the cotton samples, while the narrow peak was observed again

in the spectra after re-exposing the samples to the atmospheric humidity.

In the Cotton-PNIPAAm-L spectrum, however, in addition to the broad and
narrow line, a third intermediate component was identified. It is narrower than
the broad line, yet still broader than the narrow line associated with the adsorbed
moisture (Figure 3.5). This intermediate component is assigned to the PNIPAAm

molecules grafted from the cotton surface. The amount of the mobile component
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in both samples can be quantified by the deconvolution of the static 'H spectra in
Figure 3.4. The weight percentage of the grafted PNIPAAm in the
Cotton-PNIPAAm-L sample is estimated from the area of the intermediate line

(figure 3.5b) to be 3.2 %.

a — Experimental line

Fitted line
--= Sum of the fitted line

b — Experimental line

--------- Fitted line
~-= Sum of the fitted line

Figure 3.5 Line-fitting results of the wideline spectra. a) Cotton-ATMS-Br; b)

Cotton-PNIPAAmM-L.

These NMR estimated results are compared with the moisture content A %,

which is defined by

m-—-mepqd

A% = X 100% (Equation 3.1)

Moa

where m is the mass of the samples (exposed to atmospheric moisture) and
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m,q 1s the oven-dried mass of the samples. Table I shows the comparison of the
moisture contents of both samples, calculated by NMR and weighting methods.
For the Cotton-A-Br sample, the moisture contents obtained by these two
methods fit very well to each other. This result further confirms that the narrow
component in figure 3.4 is purely attributed to moisture, and it completely rules
out the possibility that it corresponds to a higher mobility of the cotton fabric

induced by the absorption of water, which would also result in a narrow line.

Table 3.1 Moisture contents (A %) of Cotton-ATMS-Br and Cotton-PNIPAAm-L

samples at 295K and 26% relative humidity.

Methods Sample | Cotton-ATMS-Br Cotton-PNIPAAm-L
NMR* 43 % 24% ¢
Weighting ° 4.5 % 3.9 %

2 Calculated from the line-fitting of the static spectra in Figure 3.4. ® The samples mass was

averaged from 10 measurements. © Calculated from the area of the narrow line only.

The moisture content of Cotton-PNIPAAm-L is lower than the
Cotton-A-Br sample. The value obtained from NMR is 2.4 %, which is also
significantly lower than the value obtained from the weighting method. It should
be pointed that the value obtained by NMR is probably underestimated since
PNIPAAm-immobilized water may be of faster T, relaxation nature, compared to
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the water adsorbed by cotton, and therefore contributes to the medium linewidth.

In order to study the temperature effects on both of the cotton initiator and
cotton grafted PNIPAAm samples, 'H static spectra were measured at low and
high temperatures. Figure 3.5 shows the comparison of the 'H static spectra
measured at room temperature and at 329 K. The lineshape of the Cotton-A-Br
does not change with temperature in the measured temperature range (Figure 3.5
a). In the case of Cotton-PNIPAAm-L (Figure 3.5 b), however, the spectra
exhibits an increase of the relative intensity of the narrow peak with increasing
temperature, while the linewidth of the broad component keeps almost invariable
with temperature. The increase in the narrow component can be explained by the
increase of the mobility the of the water molecules which are bonded to
PNIPAAm. It is also noted that the third component with medium linewidth still
exists at higher temperature. This means that the mobility of PNIPAAm
molecules itself remains the same at this temperature (329 K, 56 °C), which is far

above the expected LCST.
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Figure 3.6 'H static spectra measured at room temperature (295 K) and 329 K: (a)
Cotton-A-Br and (b) Cotton-PNIPAAm-L sample. For visualization purposes the spectra of

Cotton-PNIPAAm-L measured at 329 K was horizontally shifted.

3.3.2.5 The covalent bond between grafted polymer and

substrate

Magic angle spinning (MAS) solid-state 'H NMR has long been
recognized as a necessary complement for the static 'H wideline experiments.
Figure 3.6 shows the comparison of the MAS 'H NMR spectra of the
Cotton-A-Br and Cotton-PNIPAAmM-L samples at different temperatures. The

positions and assignments of the peaks are summarized in Table 3.2.
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Cotton-A-Br
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Figure 3.7 MAS "H NMR spectra of Cotton-ATMS-Br and Cotton-PNIPAAm-L samples at
room temperature and atmospheric humidity. The spectra were recorded at (a) room

temperature (295 K) and (b) 329 K. The MAS rate was 8 kHz.

Table 3.2 Positions and assignments of the peaks in figure 3.6.

Peak 1 Peak 2 Peak 3 Peak 4
Chemical shift (ppm) 4.4 1.2 0.8 0
Assignment Moisture ATMS-Br ATMS-Br ATMS-Br

The chemical shift of Peak 1 is about 4.4 ppm, which is typically assigned
to neutron water. In the present spectra, therefore, it can be assigned to the

moisture adsorbed by cellulose molecules, but the linewidth of the peak is
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reduced upon the MAS conditions to a FWHM (Full Width at Half Maximum) of
less than 1 kHz. The peaks 2, 3 and 4 in the spectrum of Cotton-A-Br (figure 3.6
a) are assigned to the ATMS-Br macroinitiator which was immobilized on the
cotton surface. This assignment is supported by the result of "H MAS spectra of
pristine cotton fabric with the same spinning rate, which shows no peak at these
positions. At room temperature the proton signals of the PNIPAAm molecules
are not visible due to their macromolecular nature and low mobility. The signal

corresponding to the PNIPAAm is therefore broad and embedded in the baseline.

The linewidth of the peaks 2, 3 and 4 in the Cotton-A-Br spectrum are
quite narrow due to the high mobility of the ATMS molecules. By grafting with
PNIPAAm, however, the peak 3 and 4 vanished and the intensity of peak 2
decreases dramatically as well. One possible interpretation for this observation is
that the ATMS-Br macroinitiator is highly mobile before grafting with PNIPAAm
since only one end is chemically bonded to the cotton surface. Once they
chemically bond to PNIPAAm, the mobility of ATMS-Br macroinitiator
decreases dramatically, because both ends are pinned up to the solid phases with
low mobility. Therefore, peak 2, 3, 4 become broadened and embedded in the
broad main peak, due to their restricted molecular mobility. These results
strongly indicate that the PNIPAAm brushes are covalently bonded to the
cotton-surface rather than being physically adsorbed. This is further supported by
the SEM analyses which show the PNIPAAm aggregates covering the cotton

surfaces.
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Figure 3.6b shows the 'H MAS spectra of Cotton-A-Br and
Cotton-PNIPAAmM-L measured at 329 K (56 °C). The lineshape of narrow
moisture component in Cotton-A-Br remains nearly unchanged as compared with
the spectra at room temperature, whereas the lineshape of moisture in
Cotton-PNIPAAm-L is apparently narrower at 329 K. Generally, the linewidth of
a 'H MAS spectrum is dominated by the residual homonuclear dipolar-dipolar
(D-D) interactions® which are not fully averaged by magic-angle spinning. Fast
molecular motion can reduce the D-D interactions, and therefore leads to a
narrow lineshape. This means that the mobility of water molecules in PNIPAAm
increased at higher temperature, while in the cotton the water mobility remains
almost the same. These results are consistent with the previous conclusion from

the static proton experiments.

3.4 Conclusions

Cotton fabric surfaces were modified with thermo-responsive PNIPAAm
brushes using a surface-initiated ATRP method. The success of the polymer
grafting was confirmed by the combined results from FTIR, XPS, SEM and
Solid-State NMR experiments. The grafting efficiency is rather low because of
the low density of hydroxyl group available to the ATRP reaction. The structure
and dynamics of the PNIPAAm brushes were investigated by both static and
MAS 'H NMR techniques. It has been shown that PNIPAAm molecules are
immobilized by the covalent bond with cotton surface. The mobility of
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PNIPAAm molecules is significantly restricted even at higher temperature (329

K).
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Chapter 4

Thermo-responsive Behavior of the
Cotton-PNIPAAmM-L

Abstract

'H solid-state NMR techniques were used to characterize the molecular structure
and dynamics of the PNIPAAm molecules grafted on a cotton fabric. This
technique is a non-destructive method which allows to quantitatively
characterize the molecular structure and dynamics of the grafted polymer
without cleaving it from the substrate. The results demonstrate that the motion of
the grafted PNIPAAm brushes is restricted as the temperature rises above the low
critical solution temperature (LCST), which was estimated to be ~ 34 °C. A broad
transition temperature region was found, in contrast with the typical sharp
transition of PNIPAAm reported in the literature. Variable temperature (VT)
experiments were used to investigate the nature of the hydrophilic-hydrophobic
transitions of the grafted polymer. The H solid-state NMR techniques proved to
be an extremely sensitive and precise way to probe in-situ the LCST transition of

the PNIPAAm while still grafted on the cotton fabric.
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4.1 Introduction

The structure and morphology of PNIPAAm has been extensively studied
by spectroscopic, chromatographic, thermoanalytical and surface-specific
characterization techniques'~. In most cases, the grafted polymer brushes have to
be cleaved and recovered from the solid substrates for further characterizations.
This is an extremely time and energy consuming process’. Moreover, the
polymer structure and composition may change during the cleavage and
purification procedures leading to irreproducible and unreliable results. Only a
few scattered studies can be found in the literature concerning the
characterization of polymer brushes still anchored on solid surfaces by using the

solid-state NMR techniques™.

In this work, an extensive study to characterize in-situ the structure and
dynamics of the PNIPAAm brushes directly grafted from the surface of a cotton
fabric was performed, while still connected to the substrate. Proton NMR
techniques, both under static and magic-angle spinning conditions, have been
used to characterize the bare, ATRP-initiator modified and PNIPAAm modified
cotton fabrics. The interaction between water and the PNIPAAm grafted brushes
is the primary concern of the study due to the fact that hydrogen bonding plays a

major role in the stimuli-responsive behavior of PNIPAAm.
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4.2 Experimental

For this study, the Cotton-PNIPAAm-L samples with low grafting of
PNIPAAm was used which reported in the previous chapter. All the solid state
NMR experiments were performed on a Bruker Avance III wide-bore solid-state
NMR spectrometer operating at 'H Larmor frequency of 400.13 MHz. A standard
4 mm CP magic angle spinning (MAS) double resonance probe head was used
for all the measurements. The MAS frequency of 8 kHz and 90° pulse duration of
4 ps were used in 'H MAS experiments. Typically 16 transients with recycle
delay of 10 s were collected for each spectrum. The longest T relaxation time of
the sample is estimated to be shorter than 2 s. Hence, a recycle delay of 10 s was
expected to be long enough for the full relaxation of the spectra. Before
performing the variable temperature (VT) experiments, the sample temperature
was deliberately calibrated under static and MAS condition, respectively, using
lead nitrate as reference sample’. For the VT experiments a N, flow was used

instead of the air.

4.3 Results and Discussion

In order to investigate the structure and dynamic transitions of PNIPAAm
brushes grafted on the cotton fibers surface, both static "H solid-state NMR and
Magic Angle Spinning (MAS) experiments were performed. For comparison, the

Cotton-A-Br sample is used as a reference.
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4.3.1 'H static spectroscopy

It is well known that the broadening of proton lines in solids is dominated
homonuclear dipolar coupling interactions®. Motions with rates exceeding the
dipolar couplings of protons, typically 50 kHz, can be detected through the
reduction of the static dipolar linewidth. This phenomenon has been exploited in
'H wideline spectroscopy to reveal information about the molecular dynamics of
the different components in polymer blends or copolymers™'’. In some cases, this
simple experiment can provide valuable information from the difference in the
widths of their proton resonances. "H NMR spectroscopy has been used by many
researchers to study the thermo-reversible transition of PNIPAAm. Generally, it
has been reported that a broadening of the proton linewidth can be observed

above the LCST'"1.

In this study, the 'H wideline spectra of the Cotton-A-Br and
Cotton-PNIPAAm-L samples were measured in the water saturated state. The
samples were saturated in D,O (1:1, Polymer/D,0O, w/w) overnight to equilibrate.
In figure 4.1, the temperature dependency of the proton NMR resonances of the
Cotton-A-Br and Cotton-PNIPAAm-L samples are shown, with a temperature

range from 295 K (22 °C) to 330 K (57 °C).
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Figure 4.1 "H NMR static spectra of Cotton-A-Br and Cotton-PNIPAAm-L soaked in D,O.
(a) Spectra of Cotton-A-Br measured at the temperatures of 295 K-330 K; (b) and (c) are the
spectra of Cotton-PNIPAAm-L sample measured at 295 K-312 K and 312 K-330 K,
respectively. The narrow lines of the spectra (square region) were expanded and shown as

insets. Arrows indicate the direction of intensity change upon increasing temperature.

Two resonance peaks can be identified in the spectra of both samples. The
units of the horizontal axis can be translated into chemical shifts (ppm) by
dividing the center frequency of the spins, which is 400.13 MHz in the present
experiments. The chemical shift of the low-field peak (left hand) and high-field
peak (right hand) are about 4.5 ppm and 0.9 ppm, respectively. Therefore,
according to the chemical shift, the high-field peak was attributed to water
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molecules from the solvent (D-OH) used to wet the fabrics. The low-field peak
which presents as a shoulder in the spectra of Cotton-A-Br (figure 4.1a) and a
well-resolved peak in the spectra of Cotton-PNIPAAm-L at low temperatures
(figure 4.1b), was assigned to the aliphatic resonance region of the cotton and
PNIPAAm molecules, respectively. Notice that these high-field peaks are not
observed in the static spectra of the unsoaked samples (see figure 3.5). This
indicates that the presence of a larger amount of water molecules, upon soaking

with D,O, increases the mobility of both cotton and PNIPA Am molecules.

The temperature dependence of hydrogen bonding and the mobility of
water molecules can be monitored by the chemical shift of the D-OH peak and its
broadening. The water peaks for both samples shifts constantly to higher field as
the temperature increases. This effect has been studied previously and attributed

to the temperature dependence of the water hydrogen bonding'"'®.

In Figure 4.1a, the temperature dependency of the '"H NMR resonance of
Cotton-A-Br in the temperature range from 295 K to 330 K is shown. The lines
become gradually narrower with the increasing temperature, and therefore
resulting in a better resolution. This line-narrowing of Cotton-A-Br can be
readily understood in terms of higher molecular mobility at elevated
temperatures, as also discussed from the results of the MAS spectra shown in
Figure 3.6, with non-soaked samples. The temperature dependency of
Cotton-PNIPAAm-L is, however, completely different. As shown in figure 4.1b,
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within the temperature range from 295 to 312 K, the intensity of the aliphatic
resonance peak at lower field (4.5 ppm) decreases continuously with the
increasing temperature. However, when the temperature increases further from
312 to 330 K (Figure 4.1c), the reverse effect is observed and the intensity
increases, similarly to what was observed in the Cotton-A-Br. It is also very
interesting to notice that in the temperature range from 295 to 312 K the broad
component of Cotton-PNIPAAm-L in Figure 4.1b becomes broader at higher
temperature, unlike the signal of broad component in Cotton-A-Br. On the other
hand, in the range of 312 to 330 K (Figure 4.1c), the linewidth keeps constant.
This behavior, combined with the previously mentioned decrease of the intensity
of aliphatic resonance peak with the increasing temperature, can be explained by
the thermo-responsive behavior of PNIPAAm molecules. At low temperatures,
the PNIPAAm molecules preferentially bond to DO through hydrogen bonds. So,
it is mobile enough to give rise to sharp peak in the aliphatic region. With the
increasing temperature, PNIPAAm molecules gradually turn into a more
hydrophobic state and form hydrogen bonds amongst themselves (See Scheme
4.1). The mobility of each molecule is therefore seriously restricted by the
hydrogen-bonded polymer networks. At the higher temperature region, ranging
from 312 to 330 K, the hydrophilic-hydrophobic transition has finished, and the
slow increase of aliphatic resonance intensity is attributed to the increased

molecular mobility at elevated temperature.

101



Chapter 4

PNIPAAM
/

\Q -
() N
> o-v
™
=1 I
A \»\‘,6\ & -,'; Y o / )
'@;\p Y \ 2 23 o Heating
' :]2>°“‘N' MOk b —
"y ©ACH, €
H — Cooling
Cotton Substrate Cotton Substrate
T<LCST T>LCST

Scheme 4.1 Schematic illustration of the hydrophilic-hydrophobic phase transition of
PNIPAAm modified cotton surface. At temperature T < LCST, the hydrogen bonds between
water molecules and PNIPAAm molecules are preferentially established and PNIPAAm
molecules adopt an extended configuration. When T > LCST, the PNIPAAm molecules
preferentiallyform intra-molecular hydrogen bonds and the polymer chains undergo a coil

configuration.

4.3.2 'H MAS Spectroscopy

The results obtained show that static 'H NMR experiments provide a new
possibility to probe qualitatively the LCST transition of PNIPAAm-grafted on
solid substrates, namely on cotton fabrics. Comparing to the traditionally DSC
and swelling experiments used for this purpose, the method described in this
study is much more sensitive, precise and more importantly, it has the versatility
regardless of the PNIPAAm molecules being in liquid, gel or solid state, or even
grafted on a solid substrate, like the present study. However, the main drawback
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of the static '"H NMR experiments is the resolution. What has been observed
through the static experiments is the temperature dependence of the overall
aliphatic signal from all the components. Therefore, in order to further study the
molecular dynamics of each component in more details and gain better resolution,

'H MAS spectroscopy was used.

Figure 4.2 shows the aliphatic resonance region of the Cotton-A-Br and
Cotton-PNIPAAm-L in the temperature range from 295 K (22 °C) to 322 K
(49 °C). The resonance lines at 1.18 ppm and 0.77 ppm, which have the same
chemical shift as the peak 2 and peak 3 in Figure 6, are assigned to the ATMS-Br
molecules. The resonance line at 1.05 ppm in Figure 9b and 9c is attributed to the
PNIPAAm molecules, whose signal is not observable in the '"H MAS spectra of

un-soaked sample (Figure 3.6).
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Figure 4.2 "H MAS NMR spectra of Cotton-A-Br and Cotton-PNIPAAm-L soaked in D,0.
(a) Spectra of Cotton-A-Br measured at the temperatures ranging from 295-322 K; (b) and (c)
are the spectra of Cotton-PNIPAAm-L sample measured at temperatures ranging from
295-313 K and 313-322 K, respectively. The arrows indicate the direction of intensity

change upon increasing temperature.

Figure 4.2a shows the temperature dependency of ATMS-Br resonance of
the Cotton-A-Br sample. The intensity of 1.18 ppm peak increases continuously
with increasing temperature. The same behavior is observed for the
Cotton-PNIPAAm-L sample between 313 and 322 K. One possible explanation

for this behavior is constraint on the ATMS-Br molecules from PNIPAAm
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grafted brushes. In the Cotton-A-Br sample, only one end of ATMS-Br molecule
is chemically bonded, therefore the mobility of ATMS molecules is relatively
high and it increases with increasing temperature. As for the Cotton-PNIPAAm-L
sample, both ends of ATMS-Br molecules are chemically bonded, but since at
this temperature range, which is above LCST, the PNIPAAm brushes
preferentially hydrogen bond within themselves, there is almost no interaction

with the solvent, hence the ATMS-Br molecules behave the same.

In the temperature region between 295 and 313 K, however a completely
different behavior is observed. In this temperature range, which is below LCST,
PNIPA Am interacts preferentially with solvent molecules and adopts an extended
configuration (Scheme 4.1). Hence it becomes much more mobile as the
temperature increases in this range and goes over the phase transition, which
explains the intensity decrease in the peak at 1.05 ppm in figure 9b. Accordingly,
the resonance of the ATMS-Br molecules becomes less significant and remains

fairly constant within this temperature range.

The hydration and dynamic behavior of pure PNIPAAm in aqueous

1718 Most of the studies, however,

solution has been studied by several authors
focused on free PNIPAAm chains. In this study, the intensities of the resonance

peak attributed to surface-grafted PNIPAAm were plotted against the range of

temperature studied and are shown in Figure 4.3.
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Figure 4.3 The temperature dependence of peak intensities at the resonances of 1.05 ppm in

figure 9. The solid lines are included as guide for the eyes.

In the lower temperature range (from 295 K to 307 K), the resonance
intensity decreases continuously with increasing temperature. This phenomenon
can be readily understood in terms of  thermo-responsive
hydrophilic-hydrophobic phase transition of the PNIPAAm molecules (as

schematically illustrated in Scheme 4.1).

The continuous decrease of intensity with increasing temperature implies a
continuous phase transition in the temperature range below 307 K. Above this
temperature, the phase transition finished and the intensity is almost constant
with temperature. At temperature below LCST, the PNIPAAm molecules grafted
on the Cotton are expected to preferentially form hydrogen bonds with water.
The PNIPAAm molecules are in an extended configuration and exhibit high
mobility, therefore it can give rise to sharp peak (higher intensity) in the aliphatic
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region. With the temperature increase, the PNIPAAm molecules gradually turn
into a more hydrophobic state and prefer to form inter- and intra-molecular
hydrogen bonding with themselves. The mobility of each molecule is therefore
seriously restricted by the hydrogen-bonded polymer networks, and the

resonance of PNIPAAm vanishes as a result of broadening of the linewidth.

In conclusion, in contrast to the LCST transition of pure PNIPAAm which

shows a sharp transition around 305 K (32 °C)"*?

. It can be reported that
cotton-grafted PNIPAAm exhibits a much wider transition temperature range.
The endset point of the LCST transition of PNIPAAm molecules is observed at
the temperature of 307 K (34 °C) (figure 4.3). This temperature value is in good

agreement with other LCST values of surface-grafted PNIPAAm reported in the

literature, which were obtained by DSC*' and swelling experiments™.

4.4 Conclusions

A cotton fabric was modified with thermo-responsive PNIPAAm using a
surface-initiated ATRP method. In spite of the low-grafting efficiency obtained
for the first samples (Cotton-PNIPAAm-L), the structure and dynamics of the
PNIPAAm brushes were investigated by both static and MAS 'H NMR
techniques, while still grafted on the cotton fabric. NMR results from D,O
saturated samples showed that while the temperature is below the LCST of
PNIPAAm, the resonance peak of PNIPAAm molecules increases in intensity

with the increasing temperature. This was attributed to the
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hydrophilic-hydrophobic phase transition of PNIPAAm. In contrast to the typical
sharp transition of pure PNIPAAm reported in previous NMR studies in the
literature™, the surface-grafted PNIPAAm displays a broad transition temperature
region below its LCST, which may be due to the anchoring of the polymer
branches to the fabric surfaces. The LCST of the PNIPAAm brushes grafted on
the cotton fabric was estimated by VT-'H MAS spectra to be 307 K (34 °C),
which is in agreement those reported in the literature®** for PNIPAAm grafted

on different solid substrates.

This work shows that 'H solid-state NMR techniques are extremely
sensitive and resourceful on probing the LCST transition of thermo-sensitive
polymer brushes grafted on a complex substrate, i.e. cotton fabric, even at low
grafting efficiency, a non-destructive probing of the polymer responsive behavior
was possible. Hence, harsh cleavage procedures which typically promote
substrate degradation and non-reliable or irreproducible analyses of the cleaved

polymer molecules can be avoided.

The work carried out to improve the polymer grafting efficiency on the
cotton fabric is described in the following chapter. This work, on the other hand,
clearly paves the way to prepare stimuli-responsive cotton fabrics, even with a
slight modification of the cellulose-based surfaces of cotton. This technology has
high potential for advanced applications on the textile industry envisioning
numerous possibilities for fabricating novel intelligent fabrics.
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Chapter 5

Improvement of the functionalization of a Cotton
fabric with a thermo-responisve polymer:
Highly-grafted fabric (Cotton-PNIPAAM-H)

Abstract

The grafting efficiency of the polymer on the cotton surface has been greatly
improved as described in this chapter. A short-time UV pretreatment coupled with
a room temperature immobilization method proved to be the best method to
increase the grafting efficiency of the ATRP-initiator. The modified cotton fabric
was characterized by FTIR, XPS, NMR, TGA, SEM and OM. It was shown that
the cotton fibers were covered with PNIPAAm brushes with a high grafting
efficiency. The PNIPAAm molecular brushes were cleaved from the cotton
substrate and characterized by GPC to determine the molecular weight (M,),

molecular weight distribution (PDI) and grafting efficiency.,
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5.1 Introduction

The application of a Atom Transfer Radical Polymerization (ATRP)
grafting method in textile finishing can impart some unique properties, and in
some cases, is superior to the conventional textile finishing treatments'. In this
study, the smart polymer was proposed to introduce on fabric surface by ATRP
grafting method. In the previous chapters, a thermo-responsive polymer
PNIPAAm was grafted onto the cotton fabric surface using a Surface Initiated
(SI)-ATRP method. The success of grafting was confirmed by FTIR, XPS and
SEM techniques. The structure and dynamics of the molecules was investigated
by solid state NMR methods. Although the SS-NMR technique proved to be an
extremely sensitive method which could detect the phase transition of the grafted
PNIPAAm with low grafting efficiency, the grafting efficiency of the
thermal-responsive polymer is a very important issue from material point of view.
Industry application requires sufficiently high grafting efficiency to endow the
material with high performance. Therefore, in this chapter, efforts have been
made to improve the grafting efficiency of the PNIPAAm on the cotton fabric.
Three different aspects were investigated to improve the grafting efficiency:
promoting the reactivity of fabric, changing the immobilization method of the
Cotton-initiator and optimizing the parameters and conditions of the

polymerization from the surface.
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5.2 Experiment

5.2.1 Materials

The cotton fabric was obtained from Textile Innovators Division of SDL
ATLAS. The following chemicals were used without further purification, unless
stated otherwise: 4-(Dimethylamino) pyridine (DMAP, Aldrich 99%),
triethylamine (TEA, Aldrich 99%), 2-bromisobutyryl bromide (BiB, Aldrich,
98%), aminopropyl trimethoxysilane (ATMS, Aldrich, 99.0% purity),
pentamethyldiethylenetriamine (PMDETA, Aldrich 99%), copper (I) bromide
(CuBr, Aldrich,99%), tetrahydrofuran (THF, WRT, 99.8%), methanol (MeOH,
WRT, 99.8%). N-isopropylacrylamide (NIPAA, Aldrich 97% purity) was
recrystallized three times in n-hexane for the purpose of purification, and then

dried under vacuum for 24 hours at room temperature.

5.2.2 Instruments

Infrared measurements were carried on with a Varian FT-IR3100 by using
dry KBr pellets. Before each measurement, a background spectrum (averaged
from 100 scans co-added) was collected. All the spectra were collected between
4000 and 600 cm™, with a resolution of 2 cm™. Each spectrum was obtained from

the average of 200 scans to get a better signal-to-noise ratio.

X-Ray Photoelectron Spectroscopy (XPS) was performed using a Thermo

Scientific K-Alpha instrument equipped with a monochromatic Al Ka X-ray
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source operating at 200 W. The base pressure was about 1.6x10™* Mbar. Wide
energy survey scans were collected over the range of 0-1350 eV binding energy

(BE).The binding energies were calibrated to the Cls line at 284.8 eV.

Scanning Electron Microscopy (SEM) images were recorded with
XL30ESEM-FEG, with a voltage of 5 kV and spot of 2. The pressure inside the
chamber was below 10 mbar and the working distance was 11 mm. A thin layer
of gold was deposited over the cotton samples before inserting them into the

chamber.

'H NMR experiments were performed on a Varian Gemini 400 MHz
spectrometer. The proton chemical shifts were recorded in ppm downfield using
Tetramethylsilane (TMS) as a reference. Each spectrum was obtained from the
average of 32 scans to achieve a better signal to noise ratio. To determine the
monomer conversion in time, Deuterated Methanol and water were used as
solvents. N,N-Dimethylformamide (DMF, Aldrich 99.9% purity) was used as an
internal reference (10.00 pl). To follow the monomer conversion a sample was
taken from the reaction mixture at different times: 0, 5, 10, 60, 120, 240, 1080
and 1440 minutes. Each sample was injected into a sealed NMR tube for 'H

NMR measurements containing the internal reference.

The thermal stability of the unmodified and modified fiber was determined
with TGA using a TGA Q500 apparatus from TA Instruments. The samples were

heated from 30°C to 700°C at a heating rate of 10°C/min under a nitrogen flow
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of 60 mL/min.

Optical microscopy (OM) analyses were performed with a Polyvar Optical
Microscope (Reichert Hung). The cotton samples were sandwiched between two
glass slides and placed inside a temperature controlled Linkam-cell. The fibers
diameters were calculated using the Polyvar software and averaged from 5

measurements.

The molecular weight and molecular weight distribution (polydispersity
index, PDI) of the copolymers were measured on a size exclusion
chromatography (SEC) instrument (Equipped with Waters 2414 refractive index
detector and Waters 1525 Binary HPLC Pump, using Waters Styragel HT2, HT3,
HT4 THF 7.8 X300 mm’ columns.). THF was used as an eluent at a flow rate of

1 mL/min and polystyrene (PS) samples were used to calibration standards

The UV pretreatment was performed on PSD benchtop UVT/Ozone
Systems (NOVASCAN). Working conditions: 200-240 VAC, 0.5 AMP,

temperature 20 °C.

5.2.3 Pre-treatments of the fabric

The cotton fabric was immersed in a water solution with detergent and left
in the boiling solution for 1 hour. After this period, the cotton fabric was
sequentially rinsed with acetone and ethanol finally left in water inside a

sonication bath for 3 min. This procedure was repeated for 3 times. The fabric
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dried in an oven at 60 °C under vaccum and finally pretreated on each side with
UV light for 10 minutes or lhour, using a PSD-UVT benchtop UV-cube. These
two irradiation times were chosen according to previous work on cellulose-based

surfaces described in the literature®™.

5.2.4 Immobilization of the polymerization initiator on

the cotton fabric

5.2.4.1 Low temperature method

The cotton fabric was washed as described above and irradiated with UV
for 10 min on each side. After this pre-treatment, the fabric was immersed in a
toluene solution (200.00 mL) containing 10.00 mL of

Aminopropyltrimethoxysilane (ATMS) and left under reflux overnight.

After this period, the cotton fabric was dried and immersed in a toluene
solution (200.00 mL) containing Triethylamine (TEA, 2.ImL).  Next,
2-Bromoisbutyryl Bromide (BiB, 1.86mL) was added dropwise into the solution
kept at 0 'C with an ice bath. The mixture was stirred at 0 ‘C for 1 hour and then
heated to room temperature (ca. 25 °C), after reaching this temperature, the
reaction proceeded for 12 hours. The cotton fabric with the immobilized initiator
(cotton-initiator) was cleaned sequentially with toluene, acetone and water, and

finally dried under vacuum at 40 ‘C for 24 hours.
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5.2.4.2 Room temperature method

The cotton fabric was washed as described above and irradiated with UV
for 10 min on each side. The pre-treated fabric was immersed in a solution of dry
THF (15.00 mL) containing a catalytic amount of 4-(Dimethylamino)pyridine
(DMAP) and TEA. The initiator BiB was finally added into the solution. The
reaction was kept at room temperature for 12 hours under a flow of Argon,
bubbling into the solution. The product was thereafter thoroughly rinsed
sequentially with THF, acetone and water for 3 times, and finally dried in an

oven at 40°C for 24 hours under vacuum.

5.2.4.3 High temperature method

The cotton fabric was washed, pretreated by UV irradiation and grafted
with using the same method described in Section 5.2.4.1. The dried fabric was
immersed in a solution of dry THF (100.00 mL) containing a catalytic amount of
Py (pyridine) and BiB (0.6 mL) and left under reflux and an Argon flow bubbling
in the solution for 15min. After this period, the fabric was washed sequentially
by THF, acetone and water for 3 times in a sonication bath. The fabric was

finally dried in an oven at 40°C for 24 hours under vacuum.

525  Polymerization of  N-Isopropylacrylamide

(NIPAAmM) from the initiator-immobilized cotton fabric

The Cotton fabric  (0.0314g), CuBr (14.5mg, 0.10lmmol),
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N-Isopropylacrylamide (NIPAAm 1.141g, 10.1mmol) and
pentamethyldiethylenetriamine (PMDETA, 21ul, 0.101lmmol) were added into
aMeOH/H,0 (3:1 v/v, 4 mL) solution previously degassed by an Argon flow. The
solution was frozen by liquid nitrogen and degassed by three vacuum-argon
cycles, to remove the oxygen. The Schlenk flask was then kept at room
temperature under magnetic stirring for 24h. After reaction, the product was
sequentially washed with methanol, ethanol and H,O to remove the residual
monomer and the catalyst complex. The modified fabric (Cotton-PNIPAAm-H)

was finally dried in an oven at 40°C under vacuum, overnight.

Extended purification procedure: The Cotton-PNIPAAm-H fabric was
Soxhlet extracted with 200.00 mL of Methanol for 1 hour to remove the
non-reacted monomer, the polymer absorbed at the surface (not covalently
bonded) and the remaining catalyst complex. After the extraction the fabric was
dried under vacuum at 40 °C for 24 hours. The extraction solutions and washing
solvents fractions were collected and evaporated in a rotary evaporator, to collect

the solid fractions for further characterization.

5.2.6 Cleavage of the grafted PNIPAAmM

Cotton-PNIPAAmM-H was put into 50.00 mL of NaOH solution (2 wt %)
and left under magnetic stirring for 48 hours at room temperature. The solution
was filtrated through a glass filter, and dialyzed (membrane M,, CO =1000, from

Union Carbide) against water for 48 hours to remove residual NaOH. Finally, the
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neutral solution was freeze-dried for 48 hours for GPC and '"H NMR analyses.

5.3. Results and discussion

5.3.1. Optimization of the pre-treatment of the cotton

fabric

The immobilization of initiator is the first and utmost important step in
entire synthesis process because each immobilized initiator molecule provides an
initialization point for the polymer chains in the later stage. The number of
polymer chain grafted is therefore highly dependent on the immobilization
efficiency of the initiator. Therefore, in the following sections, the studies
described that made to improve the initiator immobilization efficiency, based on
several methods previously reported in the literature®” for modifying

cellulose-based materials.

In order to improve the reactivity of the cotton fiber and obtain a higher
grafting efficiency, the fabric was pre-treated with UV light using a PSD-UVT
benchtop UV-cube®'’. To investigate the possible degradation of the cotton
surface caused by this pre-treatment, FTIR-ATR analyses were performed on the
pre-treated cotton fabric. As can be seen on Figure 5.1, the spectrum of the
sample pre-treated for 10min (Figure 5.1b) is almost identical to the spectrum of
the original cotton fabric (Figure 5.1a). The vibration band at 1635 cm™ observed

11-13

for both samples is attributed to the absorbed water . However, after exposure
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to UV irradiation for 1 hour, the spectrum clearly shows some degradation. A
new stretching vibration band was identified at 1718 cm™, which is attributed to
carbonyl groups originated from the oxidation of the ether bonds or hydroxyl
groups of the cellulose units at the cotton surface'’. A further evidence of
degradation was the yellow color detected on the cotton fabric pre-treated for 1
hour with UV irradiation. The fabric remains white and shows no noticeable

color change after the 10 min UV irradiation.

i
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Figure 5.1.FTIR-ATR spectra of (a) untreated cotton sample, (b) UV pretreated for 10min,

(c) UV pretreated for 1hour.

Based on the results described above, the FTIR results show that no
significant degradation occurs on cotton fabric after 10 min UV irradiation.
Therefore, unless otherwise stated, 10 min UV irradiation were the conditions

used for the pre-treatment of all the samples in the following discussion.
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The fabrics with and without UV treatment were both modified with
Aminothriethoxymethylsiloxane (ATMS) in order to immobilize amine initiators
and based on previous work in the literature'*'®. Aminopropyl trimethoxysilane
(ATMS) was immobilized on the cotton surface (Cotton-ATMS), to provide
amine groups at the cottons surface for the further linking of the ATRP bromine

initiator.

The ATMS modified cotton fabric was further reacted with
2-Bromoisobutyryl bromide (BiB) to get the macromolecular initiator —Br. To
confirm the success of the immobilization procedure, the cotton samples were
analyzed by FTIR-ATR Spectroscopy. Figure 5.2 shows the comparison of the
FTIR spectra of the bare cotton fabric and the Cotton-ATMS-Br initiator with
and without UV pre-treatment. The spectrum of the un-treated Cotton-ATMS-Br
sample (Figure 5.2b) is similar to the bare cotton fabric (Figure 5.2a). This result
is consistent with the FTIR results obtained for the low-grafting cotton fabric
(Cotton-PNIPAAm-L) shown in Chapter 3. In the spectrum of the UV pre-treated
Cotton-ATMS-Br, the typical amide band II stretching vibration at 1540 cm™
expected for the amide bond formed upon reaction with ATMS molecules is
absent (Figure 5.2¢). On the other hand, a new vibration band at 173 5cm™ which
is attributed to the stretching vibration of the carbonyl group was observed.
These results may indicate that the BiB did not react with the amine group of
ATMS as expected (see Scheme 5.1), but with the active hydroxyl groups on the

cellulose molecules. Furthermore, it was also observed that after the initial
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treatment with ATMS, the cotton fabrics become slightly yellow. These results
seem to indicate that the fabrics were degraded after longtime exposure in the

solvent refluxing conditions used to graft ATMS molecules on the cotton surface.

OH Sic }
ATMS g\ e TEA BiB 12h _

it O+ o
Refluxing 12h o O/]/

Scheme 5.1. Immobilization of Cotton-ATMS-Br initiator at low temperature.

a

4000 3500 3000 2500 2000 1500 1000
-1
Wavenumber (cm™)
Figure 5.2.FTIR spectra of (a) bare cotton sample, (b) Cotton-A-Br without UV

pretreatment, (c) Cotton-A-Br with UV pretreatment.

As mentioned in the previous discussion, the UV pre-treatment is

beneficial for the activation of the cotton cellulose surfaces. The mechanism of
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this activation can be understood as an oxidation process of the cellulose
molecules. The hydroxyl groups of the pyranose ring are oxidized into carbonyl
and carboxyl groups, and this process is accompany by opening of the pyranose
ring’. Among these two oxidation processes, the pyranose ring opening reaction
requires higher UV energy or longer exposing time. As more carbonyl and
carboxyl groups are produced, the fabric becomes yellowish because these
groups are chromophores. The FTIR result in the beginning of this part (Figure
5.1) shows that after 1h irradiation, a new band can be identified at 1718 cm™
which is attributed to the stretching vibration of the carbonyl group. Therefore, it
is presumed that the opening of pyranose ring dominated the reaction in this
stage. It is also presumed that during the first 10mins irradiation the oxidation of
the hydroxyl dominates because no new stretching vibration could be found in
FTIR spectra and the color of fabric keeps white. Although the UV pre-treatment
enhances the reactivity of cellulose fiber, the grafting efficiency of ATMS is still
too low to be detected, and more over, it seems to promote some degradation of
the cotton fabric. Therefore, another immobilization method was investigated in

which the BiB initiator was directly grafted onto an UV pre-treated cotton fabric

instead of using ATMS as the bridging molecule.
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5.3.2 Optimization of the immobilization of the
polymerization initiator on the cotton fabric: synthesis

and characterization
5.3.2.1 Low temperature method

The immobilization procedure at low temperature is similar to that has

been described in Section 5.3.1.

5.3.2.2 Room temperature method

In order to achieve a high grafting efficiency and use a simpler grafting
process a new immobilization route was investigated, based on the work of

1,2,17

literatures "~ . The preparation procedure was showed in Scheme 5.2. However,

in this case the cotton fabric pre-treated with UV irradiation was directly

immersed in a THF solution in the presence of DMAP, TEA and the BiB initiator.

Br
OH /;o
TEA BiB 12h @)
OH
o) 0*
THF DMAP (@)
OH OH o/
OH

Scheme 5.2. Immobilization of Cotton-R-Br initiator at room temperature.

Figure 5.3 clearly shows that the spectrum of fabric without UV
pre-treatment (Figure 5.3b) is identical to the untreated cotton fabric sample
(Figure 5.3a). This result is consistent with the FTIR result of the sample
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prepared at low temperature (Figure 5.2a,b). However, it is interesting to see that
for the fabric pre-treated with UV (Figure 5.3c), there is an absorption band at
1735 cm™ which is attributed to the ester bond between the cellulose units and
the initiator. The appearance of this ester bond provides a strong evidence of the
covalent bonding between substrate and the initiator confirming the successful
immobilization of the initiator at the cotton surface. As compared to the low
temperature method (Figure 5.2c), the fabric with the initiator immobilized at
room temperature remains white, the intensity of vibration of ester bond
increases (Figure 5.3c), and the immobilization process was simplified.
Therefore, the immobilization method at room temperature was considered better

than the one made at low temperature.

1900 1800 1700 1600 1500
Wavenumber (cm'l)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm‘l)

Figure 5.3. FTIR spectra of (a) untreated cotton fabric sample, (b) Cotton-R-Br without UV

pretreatment, (c) Cotton-R-Br with UV pretreatment.
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5.3.2.3 High temperature method

In the previous discussion, the efficiency of the low-temperature and
room-temperature immobilization methods have been compared and analyzed.
The sample pre-treated with UV irradiation and immobilized using the
room-temperature method shows the best results so far, based on FTIR-ATR and
color of the fabric. In this section, the immobilization of the initiator made at

high temperature is described.

The UV pre-treated bare cotton fabric was immersed in THF in the
presence of Py and the BiB initiator and the reaction was carried at the reflux
temperature (see scheme 5.3). For comparison, the cotton with initiator ATMS

(Cotton-A) was used as blank reference instead of bare cotton fabric.

Br

OH /O;O
OH Py BiB 15min
o o
THF O
OH OH o/
OH

Scheme 5.3. Immobilization of Cotton-F-Br initiator at high temperature.
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1678cm’
N

1900 1800 1700 1600
Wavelength (cm™)

4000 3500 3000 2500 2000 1500 1000
Wavelength (cm‘l)
Figure 5.4. FTIR spectra of (a) bare cotton sample, (b) Cotton-F-Br without UV

pre-treatment, (¢) Cotton-F-Br with UV pre-treatment, (d) Cotton-A-F-Br with UV

pre-treatment.

From Figure 5.4 it can be seen that in this case the sample without UV
pre-treatment (Figure 5.4b) also shows the presence of ester bonds vibration at
1735 em™ after the reaction, in spite of their low intensity. This can be attributed
to the increase of active reaction at higher temperature. However, the
immobilization efficiency of the fabric with UV pre-treatment (Figure 5.4c) is
lower than that obtained from the room-temperature method (Figure 5.3c), which
is unexpected. Although the intensity of the ester peak is slightly higher than the
untreated sample (Figure 5.4b), the grafting efficiency is still rather low. For the
sample cotton-A-F-Br (Figure 5.4c), the peak at 1678 cm’™ might be attributed to
the vibration of amid band 1. However, this assignment is dubious because of the
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absence of N-H bending (amid band II) at 1540 em ™" The color of the
samples prepared by the high-temperature method (Figure 5.4b,c,d) become
yellowish. Hence, it is considered that the high-temperature treatment may cause

degradation to the fiber cellulose molecules.

In this section, all the cotton-initiator samples that prepared by different
immobilization methods have been shown, presented no ester bonds vibration at
1735 em™, without UV pre-treated. Therefore, UV pre-treatment seems to be
beneficial for increasing initiator immobilization efficiency. Amongst all, the
room temperature method was considered to be the best results in terms of
immobilization of the initiator, because of its simplicity, highly efficiency and
less damaging (the color of fabric was light after the reaction) to the cotton

substrate.

5.3.3 Synthesis and characterization of the highly-grafted
fabric (Cotton-PNIPAAmM-H) via Surface-Initiated Atom
Transfer Radical Polymerization (SI-ATRP)

In Chapter 3, the procedure to graft PNIPAAm brushes onto a cotton fabric
was described. In that procedure, the solid and liquid components were degassed
separately in order to remove any traces of oxygen. The liquid components were
then transferred into the flask containing the solid components. This transfer
process has to be made very carefully because any leakage will introduce oxygen

into the system and deactivate the catalyst very rapidly. In the new procedure, in
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order to avoid leakages, all the components were mixed at once and immediately
frozen, instead of using the injection method. The reaction medium was further
degassed by several vacuum-argon cycles. This new procedure was expected to
increase the efficiency of de-oxygenation and as a result to increase the polymer
grafting efficiency. The reactions were carried out in a sealed Schlenk flask at
room temperature for 24 hours. After this period the reaction was terminated by

exposure to air.

The Cotton-R-Br sample, showing the best results for the initiator
immobilization as described before, was chosen to be the cotton-macro-initiator

for grafting the PNIPAAm via SI-ATRP with the new method.

After the polymerization reaction, the resulting Cotton-PNIPPAm-H
sample was extensively extracted by Soxhlet to remove the non-reacted
monomer, non-bonded polymer and catalyst complex. The extracted
Cotton-PNIPPAm-H fabric was characterized further by FTIR-ATR, XPS and

SEM.

5.3.3.1 FTIR Spectroscopy

Figure 5.5 shows the FTIR-ATR spectra of the bare cotton fabric, the
initiator grafted cotton fabric and the cotton fabric grafted with initiator and
PNIPAAm. For simplicity, these three samples will be referred to as bare cotton,
Cotton-R-Br and Cotton-PNIPAAm-H, respectively, in the following discussion.
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The spectrum of Cotton-R-Br reveals a noticeable peak at 1735 cm™, which is
not present in the spectrum of the bare cotton. As discussed before, this peak is
assigned to the stretching vibration of the carbonyl groups. This is a strong
evidence of the formation of ester bonds between the initiator and the cotton
substrate. Figure 5.5¢ shows the FTIR spectrum of Cotton-PNIPAAm-H sample.
The amide bands I and II at 1648cm™ and 1543cm™ can be clearly identified in

18,19

the spectrum. Differently from the FTIR spectrum of the low grafting

efficiency sample Cotton-PNIPAAm-L shown in Chapter 3, the intensity of
amide bands I and II increased significantly. Moreover, the bands at 1388 cm
and 1365 cm” which are assigned to the bending vibration of the
carbon-hydrogen bond of the isopropyl groups in NIPAAm molecule are also
observed™. It should be noticed that since the Cotton-PNIPAAm-H fabric was
Soxhlet extracted, there is no residual monomer of free polymer left, hence the
polymer identified is most likely chemically bonded to the cotton fiber. The

presence of all these peaks strongly suggests the success of the polymerization

reaction and a significant increase of grafting efficiency.
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Figure 5.5. FTIR spectra of (a) bare cotton, (b) Cotton-R-Br and (c) Cotton-PNIPAAm-H.

5.3.3.2 XPS

In addition to FTIR, X-Ray Photoelectron Spectroscopy (XPS) was used to
characterize the composition of the fabrics surfaces. Figure 5 a, 5b and 5c¢ show
the XPS wide-scan spectra of the bare cotton, Cotton-R-Br and
Cotton-PNIPAAm-H samples, respectively. For bare cotton (figure 5.6a), only C
Is and O 1s signals are observed, whereas in the spectrum of Cotton-R-Br (figure
5.6b), Br 3d and Br 3p signals with band energy (BE) of 70eV and 189eV can be
clearly identified. The Br signal originates from the BiB initiator molecules
which are introduced by the immobilization reaction. It should be noticed that,
for the Cotton-A-Br initiator sample synthesized using the method described in
Chapter 3, it was not possible to detect by XPS the presence of the Br element on

the surface of the modified fabrics, because of the low immobilization yield.
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The peak at 402 eV in Figure 5.6¢ is assigned to the N 1s from PNIPAAm

molecules. This result confirms what was observed by the FTIR spectra, which

indicated that the PNIPAAm molecules were successfully grafted onto the cotton

substrate via SI-ATRP. Furthermore, comparing the intensity ratio of oxygen to

carbon O 1Is /C 1s in Figure 5.6a and 5.6¢c, one can find that, the ratio of the

sample Cotton-PNIPAAm-H is dramatically lower than that of bare cotton

sample. This is attributed to the contribution from the polymerized PNIPAAm

chains, which has lower oxygen content comparing to cellulose molecules.

C1ls
O1s

N 1s

Br 3p Br 3d

800 600 400 200 O
Binding Energy (ev)

Figure 5.6. XPS wide-scan and Br 3d spectra of (a) bare cotton, (b) Cotton-R-Br and (c)

Cotton-PNIPAAm-H .

5.3.3.3 Grafting efficiency and the product compositions

60

210 180 150 120 90
a Binding Energy (eV)

The grafting yield of PNIPAAm and weight uptake of the cotton fabric was

measured by different methods and the results are given in Table 5.1.
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Table 5.1. Grafting yield and weight uptake percentage of the Cotton-PNIPAAm-H sample

obtained from weighting, NMR and TGA methods.

Gravimetric method 'NMR TGA
Sample 4 N Seur ]
Weight *Grafting yield Monomer Weight Weight uptake
uptake (%) (%) conversion (%) uptake (%) (%)
Cotton-PNIPAAmM-H 460 12.7 12.5 454 143.2

*The weight uptake is calculated from Equation 5.1:

weight uptake = Moraseed 100 25 (Eq. 5.1)

Mgiper
where Mg, qrreq 1S the mass of the grafted PNIPAAm calculated by
Mfinai = Mgiper, @and Mg, is the initial mass of the Cotton-R-Br fiber used.

* The grafting yield was calculated from Equation 5.2:

grafting yield = Ivll\j’mﬂ x 100 % (EQ.5.2)

putin

where Mg,qfteq IS the mass of the grafted PNIPAAmM, and M, i, is the mass

of the NIPAAm monomers which were put initially into the reaction flask.

& The monomer conversion was calculated from *H NMR experiments using

Equation 5.3:
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monomer conversion = (1 — g—t) x 100% (Eq.5.3)
0

where C, is the monomer concentration in the solution at the end of the reaction

and C, is the initial monomer concentration.

¥ The weight uptake is calculated from Equation 5.4

Mpyt inXmonomer conversion

weight uptake = x 100 % (EqQ.5.4)

Mfiper

where My, i, is the mass of the NIPAAm monomers which were put initially
into the reaction flask, monomer conversion is from result of Eq. 5.3 and My,

is the initial mass of the Cotton-R-Br fiber used.

5.3.3.3 NMR Spectroscopy

The monomer concentration in the solution can be quantified by 'H NMR
using an inert solvent as an internal reference. Since the reference solvent does
not take part in the reaction, its concentration can be taken as constant throughout
the reaction provided that we have a sealed medium (NMR tube). The monomer
intensities are then normalized to the internal reference intensity and plotted
against the reaction time. Deuterated methanol and heavy water were used as
solvents and N,N-Dimethylformamide (DMF) was used as a internal reference.
Figure 5.7 shows a NMR spectrum of the reaction medium. The normalized
monomer concentration was plotted against the reaction time and shown in
Figure 5.8. Each monomer concentration determined at specific times of reaction
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is an average of 5 spectra collected. The NMR spectrum shows the DMF
resonances at peak a and d. Peak b and c are assigned to vinyl group of NIPAAm
monomer. As the reaction time increases, the monomer is continuously grafted
onto the Cotton-R-Br surface and the concentration of the remaining monomer in

solution decreases.

d
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Figure 5.7. NMR spectra of the extracted solution from the reactor. DMF is used as an

internal reference for quantification of the monomer concentration.

The monomer conversion (figure 5.8) shows the kinetics of the
polymerization reaction. The intensity of NIPAAm monomers drops rapidly in
the initial stage of the reaction indicating a fast monomer consumption. . A
plateau was reached after c.a. 20 h reaction time, and the intensity decreased by
12.5 % after 24 hours. This result fits very well with the grafting yield calculated
from weighting method. With these results, it can be estimated that about 454 %
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(wt %) of the PNIPAAm was grafted onto the cotton surface.

Conversion (%)
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Figure 5.8. Monomer conversion versus time of reaction given by the monomer peak

intensities (b and ¢ in Figure 5.7) on samples taken at different reaction times.

5.3.34TGA

TGA was performed to study the composition and thermal stability of the
modified cotton fabrics. Figure 5.9 shows the decomposition behavior of bare
cotton, PNIPAAm and Cotton-PNIPAAm-H. Both the bare cotton and pure
PNIPAAm samples show a single-step degradation with onset temperature of
330 C and 387 C,
presented two decomposing steps. As shown in Figure 5.10, the first
decomposing onset at 334 °C corresponds to the decomposition of cotton
cellulose, and the second one at 378°C corresponds to the decomposition of

PNIPAAm. The weight loss during the first decomposition was 36.1%, and the
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second one is 51.7%.
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Figure 5.9.Thermogravimetric analysis (TGA) curves of (a) bare cotton, (b) Pure PNIPAAm,

(c) Cotton-PNIPAAm-H
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Figure 5.10. Cotton-g-PNIPAAm TGA (a) and DTGA (b) curves.
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From these data, the weight uptake result calculated from TGA is 143.2%.
This value is much smaller than that calculated from NMR and weighting
methods, both of which give a weight uptake value of ca. 460%. This is
understandable in the sense that the decomposition temperatures of the two
components are so close to each other that the two decomposition processes

overlap in a certain temperature range, resulting in a significant calculation error.

5.3.3.5GPC

To determine the molecular weight and PDI of the grafted polymer, the
PNIPPAm was cleaved from the cotton substrate. A NaOH aqueous solution was
used as catalyst to accelerate the hydrolysis reaction of the ester bonds. The
detailed information about the hydrolysis procedure was described in the
experimental section 5.2.6. The molecular weight of polymer cleaved from the
Cotton-PNIPAAm-H fabric was characterized by GPC. As shown in Figure 5.11,
the M, of the polymer is about 31000, and the PDI is 2.77. The M, obtained was
much higher than the expected value of 11 300 (based on the theoretical values).
This may be due to the initial assumption that all the hydroxyl groups in the
cellulose molecules are active in the reaction. However, only the surface layer of
—OH groups will be active and can be grafted with PNIPAAm. The PDI is also
rather broad, which may be due to the weak controllability of the complex agent
PMDETA or the degradation of cellulose substrate during the hydrolysis process.
The controllability of agent PMDETA will be discussed in next chapter. In fact,
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the characterization of the grafting yield of a polymer from an organic surface

1,2,21

has been a common difficulty for a long time ", especially when the grafting

efficiency is low. Hydrolytic demolition of the cellulose®*

or selective cleavage
of the ester bond might be a possible solution”, but these treatments can easily

bring in the fragments of cellulose polymer.

4 6 8 10
Time (min)
Figure 5.11. Gel Permeation Chromatography of the cleaved PNIPAAm from the

PNIPA Am-cotton sample.

5.3.3.6 SEM

In Figure 5.12 the SEM images show the surface morphology of bare
cotton and as-prepared Cotton-PNIPAAm-H samples. The diameter of the bare
cotton fibers is about 10 um, and their surfaces are smooth and flat. The
polymerization of NIPAAm monomer by the optimized SI-ATRP method
produced a thick layer of PNIPAAm on the cotton surface (Cotton-PNIPAAm-H)
(Figure 5.12 c,d), which is rather different from the previous low-grafted sample
(Cotton-PNIPAAm-L) reported in Chapter 3. The diameter of the cotton fiber
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increases to about 40 um. The morphology of the fiber surface becomes much
rougher. The magnified image of the Cotton-PNIPAAm-H surface is shown in
figure 5.12d. Polymer particles with diameter of about 800nm are densely packed
in a good order on the surfaces of cotton fibers. This surface roughness in the
submicron scale gives to this sample a high potential to be a

temperature-controllable super-amphiphilic material.

50 pm

Figure 5.12. SEM images of (a) Cotton and (c) Cotton-PNIPAAm-H.(b) and (d) the

magnified image of (a) and (c), respectively.
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5.3.3.7OM

Figure 5.13 shows the optical microscope images of the bare Cotton and
as-prepared Cotton-PNIPAAm-H samples recorded at room temperature, in the
dry state and after being pre-wet with water. The dried cotton fibers (Figure 5.13a)
are smooth with diameters of about 10 pm. Upon water saturation (figure 5.13b),
the diameter increases slightly to ca. 15 um (averaged from 5 measurements),
and the fiber becomes translucent under the microscope. Moreover, the
morphology of the water saturated bare Cotton fiber is quite similar to that of the
dry sample. Figure 5.13c shows the optical microscope image of the dry
Cotton-PNIPAAm-H sample. The fiber surface is covered by a thick polymer
layer, and the diameter of the sample increases to about 40um (averaged by 5
measures) as compared to the bare cotton. After water saturation, the
Cotton-PNIPAAm-H fibers swell dramatically (figure 5.13d), and the diameters
of the water saturated fibers become approximately 75 pm (average from 5
measurements). Moreover, from the image of the water-saturated
Cotton-PNIPAAm-H sample (figure 5.13d), it is also possible to identify the
interface between the cotton fiber (the inner dark area) and the polymer layer on
the edge. The diameter of the cotton fiber in the Cotton-PNIPAAm-H is larger

than in the water saturated bare Cotton fibers.
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Figure 5.13. Optical microscope images of (a) bare cotton fibers, (b) pre-wet bare cotton

fibers, (c) Cotton-PNIPAAm-H fibers, (d) pre-wet Cotton-PNIPAAm-H fibers. The images

were recorded at room temperature (20 °C).

5.4. Conclusion

The primary concern of this work was to improve the grafting efficiency of
the temperature-responsive polymer on the cotton fabric. In order to achieve this
goal, the first step of immobilization of the ATRP initiator onto the cotton fabric
surface needed to be improved. Short-time UV pre-treatment coupled with a
room temperature immobilization method proved to be the most efficient way to
increase the immobilization efficiency of ATRP-initiator. After this treatment, a
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much higher polymer grafting efficiency was achieved, as compared to the
un-treated sample, or the low-grafted fabrics reported in Chapter 3. The grafting
yield was evaluated by three different methods: NMR, TGA, and gravimetry. The
NMR and gravimetry results are rather consistent with each other, whereas the
TGA method tends to underestimate the grafting yield due to the overlapping
between the decomposition processes, from the cellulose and PNIPAAm. The
cotton fabric grafted with PNIPAAm was characterized by FTIR, XPS, NMR,
TGA, SEM and OM. It was shown that cotton fibers were covered with
PNIPAAm brushes with a high grafting efficiency. SEM and OM images show a
significant increase of the diameter of the cotton fibers upon grafting with the

new method and a dramatic difference in the surface morphology.
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Chapter 6

The superamphiphilic switch behavior and
humidity collecting ability of the highly grafted

cotton fibers

Abstract

The surface wettability of a highly grafted smart cotton fabric was studied in this
chapter. It exhibits superhydrophobicity with a water contact angle (CA) up to
140° at 40 °C, and superhydrophilicity with a water CA of 0° at room
temperature. Because of this special superamphiphilic property, this fabric
surface was used to capture moisture from atmosphere at lower temperature and
release water at higher temperature. The DSC results show a completely
reversible conversion between superhydrophobicity and superhydrophilicity can
be achieved in a short time. The concept reported in this chapter may provide a

new insight into solutions for fresh water conversion and purification.
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6.1 Introduction

While the deserts and arid areas constitute approximately one-third of the
earth’s land surface’, the capture of fresh water becomes a serious problem in the
twentieth century. However, easily ignored, there are real “sky rivers” in earth’s
atmosphere full of clean and fresh water. Collecting humidity from the air and
releasing water to the soil may be a perfect idea to solve easily and efficiently the

water depletion problem?.

Namib Desert beetles, can collect and drink water from humid air** due to
a carapace which combines hydrophilic and hydrophobic domains at its surface.
Similarly to these desert beetles, some spider silks are also capable of capturing

humidity, by the presence of spindle-knots and joints on their surface®®.

Inspired by nature, a smart humidity collection and release cotton fabric
was designed which could respond to temperature changes. The cotton fabric was
modified with temperature sensitive Poly(N-isopropylacrylamide) (PNIPAAmM)
polymer brushes grafted directly from the hydrophilic cotton surface. In
comparison with bare cotton fabric, the PNIPAAmM modified fabric demonstrates
remarkably superior humidity collection at low temperatures (23 °C), up to 340 %

weight increase.

In many deserts and arid areas where the rainfall is scarce, like the Namib
Desert, the temperature fluctuates considerably between day and night. It
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experiences extreme high temperatures in day time (up to 40 °C) and cools down
significantly overnight (below 20°C), originating very often a early-morning
fog”®. The beauty of the cotton fabric reported here is that it can collect water
from the atmosphere overnight or early morning, and automatically release to the
dry soil during the day, as the temperature goes up, alleviating the water
scarceness in these particularly arid areas. Moreover, such humidity collecting
and release fabrics can be used in smart water-trapping or uni-directional water
transporting textiles, for clothes, home textiles, tents, geotextiles such as building

covers, to name but a few.

6.2 Experiment

6.2.1 Materials

N-isopropylacrylamide (NIPAA, Aldrich 97 % purity) was recrystallized
twice in n-hexane and dried under vacuum for 24 hours at room temperature.
Ethyl-2-bromopropionate (EBP, Aldrich 99 %), Triethylamine (TEA, Aldrich
99 %), 2-bromisobutyryl  bromide (BiB, Aldrich, 98 %),
Pentamethyldiethylenetriamine (PMDETA, Aldrich 99 %), Copper (1) Bromide
(CuBr, Aldrich,99 %), tetrahydrofuran (THF, WRT, 99.8 %), methanol (MeOH,

WRT, 99.8 %) were used as received without any further modification.

6.2.2 Instruments

Contact angle (CA) measurements were measured with an OCAZ20
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equipment (Data Physics, Germany) at different temperatures. The humid

atmosphere was created using NaCl saturated salt solution.

Optical microscopy (OM) analyses were performed with a Polyvar optical
microscope (Reichert Hung). The cotton samples were sandwiched between two
glass slides and the temperature was precisely controlled using a Linkam
temperature-cell. The heating rate was 10 °C/min, and all the samples were hold
for 5 min at the target temperature. All the values of fiber diameters are averages

of 5 measurements.

Differential Scanning Calorimetry (DSC) experiments were performed on a
Q2000 equipment from TA instruments, using a heating rate of 5 °C/min, in the
temperature range 5 °C — 60 °C. Typically, samples of 5-6 mg of PNIPAAmM
samples were pre-wet with 30 pL of distilled water and sealed on aluminum

TO-Hermetic pans (from TA instruments).

The molecular weight and molecular weight distribution (polydispersity
index, PDI) of the copolymers were measured on a size exclusion
chromatography (SEC) instrument (Equipped with Waters 2414 refractive index
detector and Waters 1525 Binary HPLC Pump, using Waters Styragel HT2, HT3,
HT4 THF 7.8 x300 mm?columns.). THF was used as eluent with a flow rate of 1

mL/min. Polystyrene (PS) standards were used for calibration.
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6.2.3 Synthesis of pure PNIPAAmM

NIPAAM (2.2035 g, 19.5 mmol), PMDETA (41 pL, 0.195 mmol),
Ethyl-2-bromopropionate (EBP, 29 ul, 0.195 mmol), methanol/H,O (3:1 v/v, 4
ml) and CuBr (0.0286 g, 0.195 mmol) were added into a Schlenk flask. The
solution was frozen by liquid nitrogen and degassed by three vacuum-Argon
cycles to remove oxygen. After this procedure the Schlenk flask was sealed and
kept at room temperature for 24 h. After the reaction, the copper catalyst was
removed from the product by filtration through an activated (alkali) alumina
column, and the remaining NIPAAm monomer was removed by precipitating
twice in diethyl ether. The solvent was evaporated using a rotary evaporator.
The remaining white solid (PNIPAAmM) was collected and dried under vacuum at

room temperature for 24 h.

6.2.4 Humidity collection experiments

The as-prepared dry PNIPAAm-cotton fibers (typically ~ 12 mg) were
placed in a small open-aluminum (DSC type) pan. The pan was left floating on a
glass vial (20,00 mL capacity) filled with a small amount of water (10.00 pL).
The vial was sealed with a plastic cap and the fibers were exposed to the humid
environment inside the vial for 3 days, at three different temperatures (23, 34 and
40 °C). The weight of the PNIPAAm-cotton fibers was accurately measured,

before (Wy) and after the 3-day period (W) of humidity environment exposure.
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6.3 Results and Discussion

6.3.1 The superamphiphilic property of
Cotton-PNIPAAM-H

6.3.1.1 Phase transition between superhydrophilicity and

superhydrophobicity

Wettability is a very important property governed by both chemical
composition and the geometrical micro-structures of a surface®**. In general, the
surface roughness dramatically enhances the water contact angle (CA) on a
hydrophobic surface but decreases the CA on a hydrophilic surface because of
the capillary effect. This phenomenon suggests that superhydrophilicity and/or
superhydrophobicity can be achieved by tuning the hierarchical
micron/nano-scale structure on the surface'***. If the surface roughness concept
is applied to a responsive material, a stimulus-responsive smart interfacial
material which can switch between superhydrophilicity and superhydrophobicity

can be developed.

Figure 6.1 shows the CAs of Cotton-PNIPAAM-H measured at
temperatures below and above the PNIPAAmM LCST temperature. A reversible
change from superhydrophilicity at 23 °C, to superhydrophobicity at 40 °C is
observed and the reversible cycles can be stably repeated many times (5 cycles
were tested). At 23 °C, the Cotton-PNIPAAmM-H surface is superhydrophilic with
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a CA of 0° (Figure 6.1a). It should be pointed that at the same temperature, the
CA of a film of pure PNIPAAm is 40° (Figure 6.2a). As the temperature is raised
up to 40 °C, the fiber surface switches to superhydrophobic with a final CA of
140° (Figure 6.1b). As expected, this value is much higher than the CA of the

pure PNIPAAm film, which is 50° at 40 °C (Figure 6.2b).

As mentioned before, the CA of a solid surface is determined by both the

14,15 16-18

surface chemical composition and surface roughness According to
Wenzel’s law™:
cosf, =rcosf (1)
where r is surface roughness (r € (1, —)), 6,, and 6 are the apparent
and intrinsic contact angles on rough and smooth surfaces, respectively.
Decreasing the value of r will result in a larger apparent contact angle. Thanks

to the rough surface of the cotton textile substrate, a superhydrophobic surface of

the Cotton-PNIPAAmM-H was fabricated.
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Figure 6.1. Water CAs at two different temperatures for a Cotton-PNIPAAm-H surface. Half

cycles: T=23 °C, and integral cycles: T=40 °C. (a) 23 °C and (b) 40 °C

d b

Figure 6.2. Water CAs at two different temperatures for a pure PNIPAAm film surface (a)

23°C, and (b) 40°C

In a short conclusion, a superamphiphilic intelligent surface was fabricated

by combination of a temperature-responsive polymer and surface roughness. The

hierarchical micro-scale structure makes the material surface more hydrophobic

at higher temperature and more hydrophilic at lower temperature.
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For further understanding of the superamphiphilic property, both the bare
cotton and modified cotton fibers were put in the water. Upon increasing
temperature, the modified cotton fiber surfaces are expected to switch into
hydrophobic. As showed below (Figure 6.3), bare cotton fibers and
Cotton-PNIPAAmM-H fibers were put in bottle | and 11 respectively, and be filled
with the same amount of pure water. At room temperature (Figure 6.3a), fibers in
both bottles were sank at bottom. As the temperature raised to 40°C, bare cotton
fibers (bottle 1) stayed at the bottom, whereas the PNIPAAM modified cotton
floated (bottle I1). This phenomenon can be explained by the fact that the surface
tension between PNIPAAmM and water molecules increases significantly as the
polymer turns into hydrophobic. This simple experiment is a clear and straight

forward indication of hydrophilic/hydrophobic transition.

Figure 6.3. Photo pictures of fibers in pure water, (a) 23°C (1) bare cotton fibers, (11)

Cotton-PNIPAAm-H fibers; (b) 40°C (1) bare cotton fibers, (11) Cotton-PNIPAAm-H fibers.

6.3.1.2 Thermal responsive property

The  well-known LCST  transition of PNIPAAM is a
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hydrophilic-hydrophobic phase transition in nature?®. This process involves
enthalpy exchange between the system and the environment which can be
detected by DSC. Figure 6.4a shows the DSC exotherms and endothrems of
Cotton-PNIPAAmM-H sample. A typical endothermic peak around 34 C and an
exothermic peak around 31 ‘C were observed for heating and cooling scan,
respectively. In order to investigate the reversibility of this phase transition
process, 5 temperature cycles were recorded. Completely identical endotherms
and exotherms were found for all the scans. This means the LCST transition of
grafted PNIPAAm is fully reversible. The DSC results show that the LCST
transition is an endothermic process during heating scan. At lower temperatures,
the PNIPAAmM molecules are hydrophilic, and the amide groups of PNIPAAmM
form intermolecular hydrogen bond with H,O molecules. Therefore, the mobility
of water molecules is restricted by the macromolecule chains. At elevated
temperatures, the hydrophobic isopropyl group dominant the hydrophilicity of
PNIPAAmM molecules. Hydrogen bond between PNIPAAmM and water molecules
breaks down, and the PNIPAAmM molecules becomes hydrophobic. Both enthalpy
and entropy of the system increase in the heating process. Therefore, in
thermodynamics, this hydrophilic/hydrophobic phase transition is an

enthalpy-driven process.
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Figure 6.4. Recycling DSC curves of Cotton-PNIPAAM. (a) 1% cycle, (b) 2™ cycle, (c) 3"

cycle, (d) 4™ cycle, (e) 5" cycle
6.3.1.3 Swelling and deswelling triggered by temperature

The swell and deswell transition is usually characterized by dynamic light
scatter (DLS), and the contact angle methods.?®®* In this work, optical
microscopy (OM) was used to observe the morphology change during the phase
transition. A direct evidence of this transition behavior may be obtained from the
OM images. Figure 6.5 shows the temperature response of the water saturated
Cotton-PNIPAAmM-H fibers observed by optical microscope as the temperature
raised up to 40 °C. The fibers are translucent at room temperature (Figure 6.5 a
and b) with diameter of about 75 pum. Upon rising the temperature to 34 °C
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(Figure 6.5 c and d), nearby the PNIPAAm LCST, the edge of the fibers becomes
hazy, and the diameter of fibers begins to retract. The formation of air bubbles
can be observed in the microscopic field, which is attributed to the condensation
of water vapor released from the wet Cotton-PNIPAAmM-H fibers. In order to
observe the final stage of the water release process, the temperature was further
increased to 40 °C (Figure 6.5e,f). The diameter of fibers reduces to 40 — 50 pum,
which is comparable with the diameter of dry sample. The image of the fibers
gets darker as the temperature increases, which indicates a more compact
structure. These results indicate that the water release by the
Cotton-PNIPAAmM-H fibers is accompanied by a change in the structure and
morphology of the polymer covering the cotton’s surface, which is triggered by

temperature.
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Figure 6.5. Optical microscope images of wetting Cotton-PNIPAAmM-H under different

temperatures: (a) and (b) at 22°C, (c) and (d) at 34°C, (e) and (f) at 40°C

6.3.2 Synthesis of pure PNIPAAmM polymer

In order to have some general ideal about the molecular weight and

molecular weight distribution of the grafted polymer on the cotton substrates,
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pure PNIPAAmM was synthesized using a small-molecule initiator and exactly the
same polymerization conditions. Scheme 6.1 shows the polymerization process
of the pure PNIPAAmM by ATRP. Ethyl-2-bromopropionate (EBP) was used as an
initiator and the reaction was terminated by exposure to the air. The dried product
was dissolved in THF and eluted through an alumina column, and subsequently
precipitated by adding the THF solution into diethyl ether. In this work, the
theoretical polymerization degree of the PNIPAAmM monomers is n=100
(polymerization degree can be calculated by the molar ratio between monomer

and initiator).

VN Br NIPAAmM, PMDETA, CuBr Br
H,C™ O > He 0
H3C Methonal, Water CH3

Scheme 6.1. Small molecule initiated ATRP of NIPAAm monomer.

It is well known that the color of the solution is green during the ATRP
reaction due to the presence of Cu®, and when the reaction is terminated by
exposure to air in the end, the color of the solution becomes blue, because that
Cu* has been oxidized to Cu®*.>*? All the ATRP reactions performed in Chapters
3 and 5 were in compliance with this common sense. However, when the
cellulose macroinitiator is replaced by small molecule initiator EBP, the reaction
solution turns into blue even at the beginning stage. It could be suspected that

because of the effect of the cellulose molecules in the cotton fabric reduce the
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Cu?* to Cu* and therefore can achieve a narrow polydispersity of the product.
Several attempts have been tried to improve the polymerization degree and
narrow the PDI of the polymer products. Table 6.1 shows the parameters of all
the experiments. Comparing the different preparation methods, one could find
that the “transfer” of liquid component to another container results in a low
grafting ratio. PNIPAAmM sample 2#, 3#, 4# could not be collected by
precipitation in diethyl ether. This means that the NIPAAmM monomers were not
polymerized or the polymerization degree was very low. Although the sample
PNIPAAmM 1# was precipitated from the solution, molecular weight of Mn=2900
(Figure 6.6a) is far less than the theoretical molecular weight of 11300. This low
molecular weight of the PNIPAAm involved with “transfer” of reactant in the
polymerization steps may be due to the leakage of air and therefore the reaction
was terminated by the oxygen in the air. With the freeze and vacuum method, the
polymerization degree can achieve Mn of 22600. However, the polydispersity is
rather broad with PDI of 4.4 (Figure 6.6b), which means the ATRP is out of

control, and the free radical polymerization mechanism dominates the reaction.
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Figure 6.6. GPC curves of (a)PNIPAAm 1#, (b)PNIPAAmM 5#
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Table 6.1. Different operating methods of conducting the ATRP grafting.
Sample PNIPAAmM 1# PNIPAAmM 2# PNIPAAmM 3# PNIPAAmM 4# PNIPAAmM 5#
EBP \ EBP N CuBr Freeze CuBr Freeze EBP \
+ + + }Vacu‘um + } Vacu.um +
Melting Melting
NIPAAmM NIPAAmM Argon PMDETA- 3 times EBP 3 times NIPAAM
+ Argon + > bubbled E‘-: ?_,' + Argon
Procedur | pMDETA erd water forzh |\, |EBP | 2 | PMDETA | 2 | PMDETA jbubbled
€ + + 2 |+ ® |+ o |+
descripti | \ethanol 5 Methanol’ Argon & | NIPAAm |Freeze NIPAAmM \F/reeze Methanol Freeze
on + z PMDETA bubbled + >Vacu!.1m + “:Clll_um + >Vacuum
) o for2h | Melting elting ) Melting
Water = S Methanol| 3 times Methanol| 3times Water 3 ti
Vacuum argon, /4 times
CuBr 3times ) + + +
Vacuum argon =
CuBr  3times Water Water 7 CuBr 4
Color of
the Blue Blue Blue Blue First green then turns blue
solution
Precipitate Yes No No No Yes
Mn 2900 22600
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From the above discussion, it can be concluded that freeze and vacuum
conditions tends to increase the degree of polymerization, but the polydispersity
of the polymer obtained from this methods rather broad. In order to quantify the
molecular weight and molecular weight distribution of the grafted polymer,
small-molecules sacrifice initiator EBP was added into the system before reactor,
assuming that it has the same activity as the macro-initiator. The freeze and
vacuum method was used to graft NIPAAm from cellulose initiator (Cotton-R-Br)
to obtain a higher grafting efficiency. It is observed that the reaction solution still
turns blue. The GPC result shows a broad PDI of 3.5, which is narrower than that
of the PNIPAAmM 5# (Figure 6.6b). The reason that the reactant solution turns
blue when it contain small molecule initiator whereas keeps green when only
macro initiator exists was not clear yet. It is considered this may be attributed to
the lower active reaction of surface initiator than free initiator in solution, or due
to the reduction property of the cellulose molecules. In order to compare the
controllability if the ligand used in the ATRP reaction, another chemical
Tris[2-(dimethylamino)ethyl]amine (Mes TERN) was used. It was found that the
color of solution kept green with the new ligand. Figure 6.7b shows a narrow and
symmetric peak without a shoulder, which probably mean that no detectable
coupling termination during the reaction. The PDI is a 1.2, which is much lower

than that obtained by using PMDETA as a ligand.
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Figure 6.7. GPC curve of polymer obtained by (a) using PMDETA as ligand; (b) using Mg

TERN as legand.

It has been shown that the M¢ TERN exhibited superior controllable
ability compare to PMDETA. However, the grafting efficiency of the cotton
surface is decreased significantly as can be directly observed from the SEM
results. Figure 6.8 shows the SEM images of the grafting surface. Comparing the
images of Figure 5.12 in the previous chapter which using PMDETA as a ligand,
fibers in Figure 6.8 were found to be thinner and the surface is only partially
covered by PNIPAAmM polymer. The diameter of the Cotton-PNIPAAmM fiber was
about 20um which is comparable to the diameter of the original cotton fibers. CA
measurements were also performed on this sample in order to study the surface
properties. The reversible change from superhydrophilicity at low temperature to

superhydrophobicity at high temperature was not observed for this sample.
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Therefore, it can be concluded that with the ligand M¢s TERN the polydispersity

can be controlled very well, but grafting efficiency is not satisfactory.

Figure 6.8. SEM images of Cotton-PNIPAAmM synthesis by using Mes TERN as ligand.

6.3.3 Humidity collecting ability of grafted cotton fiber

Figure 6.9 shows the water capture ability of the bare cotton fiber, pure
PNIPAAmM (PNIPAAmM 5# in this experiment) and Cotton-PNIPAAmM-H fiber
samples, after being exposed to a 100% humidity environment and different
temperatures, as the method described in Section 6.2.4. These experiments were
repeated 3 times. The average value of the three experiments was used to
describe the humidity collection ability of the cotton fibers.
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At 40 °C the water uptake ratio of the bare cotton, PNIPAAM and the
PNIPAAmM-modified fiber are rather similar, with only a 25 % increase in relation
to its respective original weight. When the temperature goes down to 23 °C, the
water uptake of the pure PNIPAAm increases up to 100 %, while for the

PNIPAAmM-modified cotton its weight raises abruptly to 340 %.

~ 3001 —a— PNIPAAm-cotton fiber
> —e—Pure PNIPAAM
S —a— Bare cotton fiber
o 200+
X
<
+—
=}
~ 100
o
2
0

Temperature ("C)

Figure 6.9. Humidity collection ability: water uptake (%) given by the weight increase in
relation to the original weights of Cotton-PNIPAAmM-H fiber, pure PNIPAAmM and bare

cotton fiber samples, when exposed to 100% humidity atmosphere, at different temperatures.

The humidity collection ability of bare cotton fiber is relatively low and
almost keeps constant at all different temperatures. The low water uptake ratio of
bare cotton can be easily understood in terms of its micro-phase structures. Each
cotton fiber is composed of concentric layers. The most peripheral layer is
constituted of cellulosic crystalline fibrils?®. Due to the densely packed molecular
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structure of crystals, only the amorphous region in this layer is accessible to

water molecules.

It is well known that PNIPAAmM undergoes a coil-to-globule transition in
aqueous solution at a certain temperature, which is denoted as the Lower Critical
Solution Temperature (LCST)?"?. When the temperature is above the LCST,
PNIPAAmM molecules tend to form intra-molecular hydrogen bonding with each
other and the water bound to the polymer chain is released. Therefore, at a
temperature higher than the LCST (34 °C and 40 °C), the pure PNIPAAmM and the
PNIPAAm-cotton fiber exhibit similar weight increase ratio as the bare cotton

sample.

The superior humidity collection ability of Cotton-PNIPAAmM-H as
compared with the pure polymer may be attributed to the micro-scale structure
on the material surface. Hence, due to the hydrophilic-hydrophobic transition
behavior of the PNIPAAmM molecules, it is expected that the water saturated
Cotton-PNIPAAmM-H sample will release water above the LCST temperature.
This transition process of Cotton-PNIPAAmM-H fibers at different temperatures
was captured by optical microscope and shown in the previous section (see

Figure 6.5).

6.4 Conclusion

In conclusion, a smart textile surface was designed and fabricated by
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grafting a temperature sensitive polymer brush directly from a hydrophilic cotton
fabric substrate. Importantly, this material exhibits a superamphiphilic property
which can be easily triggered by changing the temperature above and below the
LCST temperature. A fully reversible conversion between superhydrophobicity
and superhydrophilicity can be achieved in a short time. More interestingly, as
the LCST temperature of PNIPAAm is about 34 °C, the switch between
superhydrophilic and superhydrophobic states can be automatically controlled by
the alternating day and night temperatures in nature. it is believed that this
material can be used to collect the atmosphere humidity into recyclable water and
help to alleviate water scarcity in arid area. It may also be used for water
purification in the littoral area. The never-ending temperature cycle in nature will
continuously supply the power for the switch between hydrophobic and

hydrophilic states, and in turn produces the precious fresh water.
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Chapter 7

7.1 Conclusions

In this thesis, cotton fabric surfaces were successfully modified with

thermo-responsive PNIPAAM brushes using a surface-initiated ATRP method.

7.1.1 Low grafting efficiency sample

For low grafting efficiency sample, the polymer was confirmed by the
combined results from FTIR, XPS, SEM and Solid-State NMR experiments. The
grafting efficiency is rather low because of the low density of hydroxyl group
available to the ATRP reaction. The structure and dynamics of the PNIPAAmM
brushes were investigated by both static and MAS *H NMR techniques. It has
been shown that PNIPAAmM molecules are immobilized by the covalent bond
with the cotton surface. The mobility of PNIPAAm molecules is significantly

restricted even at higher temperature (329 K).

In spite of the low-grafting efficiency of the sample Cotton-PNIPAAM-L,
the structure and dynamics of the PNIPAAm brushes were investigated by both
static and MAS *H NMR techniques, while still grafted on the cotton fabric.
NMR results from D,0O saturated samples showed that while the temperature is
below the LCST of PNIPAAmM, the resonance peak intensity of PNIPAAmM
molecules increases with the increasing temperature. This was attributed to the
hydrophilic-hydrophobic phase transition of PNIPAAmM. The LCST of the
PNIPAAm brushes grafted on the cotton fabric was estimated by VT-'H MAS
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spectra to be 307 K (34 °C).

7.1.2 Improve the grafting efficiency

To improve the grafting efficiency of the temperature-responsive polymer
is the primary concern of Chapter 4. In order to achieve this goal, the initiator
need to be immobilized onto the cotton fabric surface as much as possible.
Short-time UV pretreatment coupling with room temperature immobilization
method was proved to be the most efficient way to increase the grafting
efficiency of ATRP-initiator. After this treatment, a much higher grafting
efficiency compared to that of the untreated sample was achieved. The grafting
yield was evaluated by three different methods: NMR, TGA, and Gravity. The
NMR and Gravity results are rather consistent with each other, whereas the TGA
method tends to underestimate the grafting yield due to the overlapping between
the decomposition processes. The cotton fabric grafted with PNIPAAmM was
characterized by FTIR, XPS, NMR, TGA, SEM and OM. It is shown that cotton
fibers were covered with PNIPAAm brushes with a high grafting efficiency.
SEM and OM images show a significant increase of the diameter of the cotton
fibers and a dramatic difference in the surface morphology after being grafted

with PNIPAAm.

7.1.3 High grafting efficiency sample

This highly grafted material exhibits a superamphiphilic property which
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can be easily triggered by changing the temperature above and below the LCST
temperature. A fully reversible conversion between superhydrophobicity and
superhydrophilicity can be achieved in a short time. More interestingly, as the
LCST temperature of PNIPAAmM is about 34 °C, the switch between
superhydrophilic and superhydrophobic states can be automatically controlled by
the alternating day and night temperatures in nature. We believe that this material
can be used to collect the atmosphere humidity into recyclable water and help to
alleviate water scarcity in arid area. It may also be used for water purification in
the littoral area. The never-ending temperature cycle in nature will continuously
supply the power for the switch between hydrophobic and hydrophilic states, and

provide us the precious fresh water.

7.2 Future work suggested

The surface modification and functionalization have been an ever-lasting
research topic since the last century. Although many methods are available in
literature to incorporate new functional materials onto various (organic or
inorganic) substrates, only few scattered applications in industry can be fund
nowadays. The bottle-neck for the limited application in industry is apparently
the high production cost. It is well-accepted that the ATRP is a robust technique
to anchor a functional polymer onto a solid surface because with this technique,
the molecular weight and molecular weight distribution (PDI) of the polymer can
be very well controlled. However, the reaction condition of this method is
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extremely demanding and consequently it will contribute to the production cost
significantly. Therefore, in the near future, seeking a cheaper functional polymer
substitute and exploring a less-demanding reaction condition are the most
important issue from the industry point of view. To find a cheaper way of
grafting the functional polymer, free radical polymerization method may be a
promising candidate. This technique has been widely applied in industry because
of its high polymerization efficiency and mild reaction condition. However, an
apparent disadvantage of this method is that the molecular weight distribution
(PDI) of the product can be very broad. Therefore, how the molecular weight and
PDI of the grafted polymer affect the surface property of the substrates is still to

be understood.

As it have discussed in Chapter 6, the ligand M¢s TERN exhibited superior
controllable ability compared to PMDETA. However, the grafting efficiency of
the cotton surface is decreased significantly, and the CA measurements showed
no reversible change from superhydrophilicity at low temperature to
superhydrophobicity at high temperature. To increase the grafting efficiency of

polymer in presence of Mg TERN will be an interesting topic in future work.

Comparing with the bare cotton and pure PNIPAAmM polymer, grafted fiber
Cotton-PNIPAAmM can collect water from the atmosphere in low temperature, and
automatically release in high temperature. As which measured in Chapter 6, the
fiber weight will increase up to 340 % after collecting humidity. This moisture
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absorption ability might be improved after grafting some superhydrophilic chains.
The cotton fiber with block copolymer chains which combined with
superhydrophilic and temperature responsive polymers might exhibit superior

humidity collection and controlled release ability.
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