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Abstract

Stimuli-responsive polymers are materials that undergo physical or chemical

transitions corresponding to environment changes such as light, temperature or pH

level. The development of stimuli-responsive materials, has drawn a lot of attention in

the past decades as they show promising properties for applications in healthcare,

agriculture and environmental protection. One of the most extensively studied

materials – especially for water purification – is poly(N-isopropylacrylamide)

(PNIPAAm) as it exhibits temperature-responsive behavior in terms of reversible

hydrophilic/hydrophobic transition at 32 ℃.

In the present work three different multi-responsive polymers based on PNIPAAm

were developed and investigated.

First, two novel temperature-responsive water-purifying hydrogels where designed.

Their combination with the photothermally active materials polydopamine (PDA) and

graphene oxide (GO), allowed the conversion of light energy into heat when exposed

to visible light irradiation. In the first approach the hydrogel was coated with PDA,

whereas in the second approach the GO was incorporated into the hydrogel's structure.

Following cooling and heating cycles with visible light irradiation enabled a

sponge-like behavior, where in the swelling phase contaminated water is absorbed and

during the deswelling phase only pure water is released. Both hydrogels have

demonstrated good purifying capability as well as reusability in several purification

cycles of oil-water combinations, dye-contaminated water and heavy

metal-contaminated water.

After investigating dual responsive materials, the second project was aimed to

develop a triple responsive system sensitive to light, temperature and oxygen.

Therefore, a polymer-based host-guest complex system was designed: Here,

PNIPAAm again acted as temperature-responsive polymer backbone with

cyclodextrin (CD) end-groups as guest complex. As corresponding counterpart, a

pentaflourostyrene polymer was functionalized with a light-responsive azobenzene
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end-group. The host-guest interactions between CD and azobenzene can now be

reversibly controlled through light induced cis-trans isomerization of the azobenzene.

The reversible linkage of hydrophilic and hydrophobic polymers also induces phase

separation and thereby self-assembly into supramolecular micelles in aqueous

solution. Finally, the formation of these structures can be controlled threefold: through

temperature with PNIPAAm, through light with the responsive CD-azobenzene

host-guest complex and through oxygen associated with the pentafluorostyrene

moieties. This work provides a new method for the synthesis of multi-responsive

polymers, and this method is expected to be used in the future as a controlled drug

delivery system.
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Zusammenfassung

Stimulus-responsive Polymere sind Materialien, die physikalische oder chemische

Übergänge aufgrund von Umgebungsveränderungen wie Licht, Temperatur oder

pH-Wert durchlaufen. Die Entwicklung von stimuli-responsiven Materialien hat in

den letzten Jahrzehnten viel Aufmerksamkeit auf sich gezogen, da sie

vielversprechende Eigenschaften für Anwendungen in der Medizin, Landwirtschaft

und Umweltschutz aufweisen. Eines der meist untersuchten Materialien –

insbesondere für die Wasseraufreinigung – ist Poly(N-isopropylacrylamid)

(PNIPAAm), da es bei 32 ℃ einen reversiblen, temperaturabhängigen Übergang

zwischen hydrophilem und hydrophobem Verhalten aufweist.

In der vorliegenden Arbeit wurden drei verschiedene multifunktionelle Polymere auf

Basis von PNIPAAm entwickelt und untersucht. Zunächst wurden zwei neue

temperatur-responsive Hydrogele für die Wasseraufreinigung synthetisiert. Deren

Kombination mit den photothermisch aktiven Materialien Polydopamin (PDA) und

Graphenoxid (GO) ermöglicht die Umwandlung von Lichtenergie in Wärme bei

Bestrahlung mit sichtbarem Licht. Im ersten Ansatz wurde das Hydrogel mit PDA

beschichtet, während im zweiten Ansatz das GO in die Struktur des Hydrogels

eingebunden wurde. Abkühlungs- und Aufheizzyklen unter sichtbarem Licht

verursachen ein schwammartiges Verhalten, bei dem im Quellvorgang verunreinigtes

Wasser absorbiert wird und während des Schrumpfens nur reines Wasser freigesetzt

wird. Beide Hydrogele zeigen eine gute Reinigungsfähigkeit sowie

Wiederverwendbarkeit bei Anwendung auf Öl-Wasser-Gemischen, verunreinigtem

Wasser mit Farbstoffen und Schwermetallen - selbst bei Durchlaufen von mehreren

Zyklen.

Nach der Untersuchung von dual-responsiven Materialien lag der Fokus des zweiten

Projekts auf der Entwicklung eines dreifach-responsiven Systems, das auf Licht,

Temperatur und Sauerstoff reagiert. Hierzu wurde ein polymerbasiertes
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Wirt-Gast-Komplexsystem entworfen: PNIPAAm fungiert abermals als

temperaturresponsives Polymer mit Cyclodextrin- (CD) Endgruppen als Gastkomplex.

Als entsprechendes Gegenstück wurde ein Pentaflourostyrol-Polymer mit einem

lichtempfindlichen Azobenzol-Endgruppe funktionalisiert. Die

Wirt-Gast-Wechselwirkungen zwischen CD und Azobenzol können nun durch die

lichtinduzierte cis-trans-Isomerisierung des Azobenzols reversibel kontrolliert werden.

Die reversible Verknüpfung von hydrophilen und hydrophoben Polymeren führt

zusätzlich zu einer Phasentrennung und damit einer Selbstorganisation in

supramolekularen Mizellen in wässriger Lösung. Letztendlich kann die Bildung dieser

Strukturen dreifach gesteuert werden: durch die Temperatur über PNIPAAm, durch

Licht über den responsiven CD-Azobenzol-Wirt-Gast-Komplex und durch Sauerstoff,

der mit den Pentafluorstyrol-Gruppen assoziiert ist. Diese Arbeit bietet somit eine

neue Methode zur Synthese von multi-responsiven Polymeren und soll in Zukunft

eine Plattform für kontrollierte Arzneimittelabgabesysteme bieten.
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1. Introduction

Staudinger introduced the terms "polymer" and "long-chain macromolecule" for the

first time in 1920. Polymer science has since come on the stage of human

development.1 Polymers are large molecules or macromolecules composed of

multiple repeating subunits (monomers), which may be natural or man-made. Because

of the higher molecular weight, their physicochemical properties differ significantly

from those of small molecules. Natural polymers, such as cellulose, starch, proteins,

natural rubber, and silk, have a long history of use by humans and play a major role in

people's daily lives due to their low cost, wide availability, environmental friendliness,

and improved biocompatibility. However, the properties of many natural polymers or

polymer-based materials have obvious drawbacks, such as easy hydrolysis, poor

temperature resistance and easy ageing.2–5

Consequently, chemical modification of natural polymers and chemical conditioning

employing functionalized monomers were introduced in order to obtain polymers or

polymeric materials with excellent properties (such as firmness, elasticity, viscosity,

etc.).6–8 In recent years, the concept of truly customizable polymeric materials is

becoming a reality due to the better understanding of the structure-property

relationship of polymers, the introduction of new polymerization techniques and the

availability of new, low-cost monomers. Furthermore, there is a growing interest in

the synthesis of stimulus-responsive polymers that exhibit 'intelligence behavior' in

response to specific environmental stimuli.

1.1 Stimuli-Responsive Polymers

Stimulus-responsive polymers, also commonly referred to as 'smart materials', have

attracted a great deal of interest over the past few decades.9–14 These polymers are

typically able to respond to changes in the external environment.15–17 In general, the

responsiveness of polymer can be considered as a chain of succeeding events. First,
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the polymer receives an extrinsic signal (physical or chemical); then it undergoes a

chemical reaction or a change in its physical properties; finally, this change is

amplified into a macroscopically detectable signal, such as a change in color or shape,

the aggregation or dissociation of particles, the release of the guest, etc.18

The development of stimulus-responsive polymers and human observation of the

natural world are inextricably linked. Nature has provided humans with many

examples of how to respond to external stimuli.19 For instance, wax catchers have

traps that close quickly and catch small insects when they break in. Dancing grasses

dance to light and music. Sunflowers turn their heads and stems in response to the sun.

Chameleons change the color of their skin in response to changes in the color of their

surroundings.20 Many vital components of living things adapt their structure and

behavior in response to their surroundings on a much smaller scale.21

Thus, a large range of functional stimulus-responsive polymers have been developed

by scientists. In general, stimulus-responsive polymers are also known as soft

substances which can respond to signals like chemical, physical, or biological stimuli

in either solid, solution, or gel states.22 They can be categorized as follows depending

on the stimulus type: (1) chemical stimulus, including redox reagents, gases, humidity,

ionic strength, solvent polarity, pH, etc. They have already attracted a lot of attention

in the field of materials;23–28 (2) physical stimulus, such as electric and magnetic fields,

temperature changes, optical radiation, mechanical stresses, etc., are significant and

promising types of stimuli response systems;29–37 and (3) biochemical stimulus, such

as antigens, enzymes, ligands, or other biochemical agents.22,38
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Figure 1.1 Schematic representation of dimensional changes in polymeric solutions, at

surfaces and interfaces, in polymeric gels, and polymer solids resulting from physical or

chemical stimuli. Reprinted with permission from Ref.39, copyright (2010) Elsevier.

With the widespread use of responsive polymers in fields such as bio-nanotechnology,

drug delivery and ecology, there is also an increasing interest in multi-responsive

polymers that can produce more pronounced or detailed responses to stimuli from

external stimuli, compared to single stimulus-responsive polymers.40 Simultaneously,

the development of synthetic techniques such as controlled polymerization and click

chemistry has made it possible to design and synthesize polymers with multiple

responsiveness. Inspired by nature, scientists have started to introduce a variety of

functional groups into the same polymer to prepare a range of polymers with multiple

responsiveness.22,41,42 Polymers with multi-stimulus responsiveness stimulate a more

significant or detailed response to external stimuli. New multi-responsive polymers

can also be constructed by selecting the appropriate responsive groups according to

practical requirements. This designability has enabled a wide range of materials with

dual or multiple stimulus response capabilities being investigated.22,43
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1.1.1. Stimuli Response to Physical Factors

1.1.1.1 Temperature-Responsive Polymers

Of the many physical response factors, temperature, as one of the most common

environmental parameters, is not only easy to change and control, but also an

important physiological indicator, making it one of the most widely used stimuli

today.30,44,45 In general, these polymers have a critical solubility temperature. Below

this temperature, the polymers and the aqueous solution can be mixed in any ratio;

above this temperature, the polymers transition from the hydrophilic dissolved state to

the hydrophobic insoluble state and phase separation occurs, which is known as the

lower critical solution temperature (LCST). Conversely, if a substance undergoes a

transition from insoluble to dissolved only above a specific temperature, this

temperature is known as the upper critical solution temperature (UCST).

A fundamental issue in the study of temperature sensitive polymers is the mechanism

of their phase transition. Here, water-soluble polymers are used as an example. It is

widely accepted that the equilibrium between hydrogen bonding and hydrophobic

interactions in the polymer chain is what triggers the phase shift.46,47 When the

temperature is below LCST, water serves as a good solvent for the polymer and the

interaction between the polymer and the solvent is greater than the interaction

between the polymer molecules. The hydrophilic groups are bonded to the water

molecules through hydrogen bonds and a solventized layer is formed around the

macromolecular chains connected by hydrogen bonds. As the temperature increases,

the hydrophobic groups become more bonded and some hydrogen bonds are broken.

Then the solvent layer in the hydrophobic part of the macromolecular chain is

destroyed, the solvent molecules separate from the polymer nematic, resulting in the

polymer transitions from a loose nematic structure to a compact aggregate or

collapsed sphere, and the polymer undergoes a phase transition. From a

thermodynamic perspective, the dissolution process of LCST polymers is exothermic
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due to the formation of hydrogen bonds, resulting in a negative value of ΔH. A highly

ordered solvation layer made of water molecules forms at the same time, giving a

negative value of ΔS. The free energy change of the dissolution process, ΔG=ΔH-TΔS,

is ΔG<0 at low temperatures due to the combined effect of enthalpy and entropy, but

ΔG>0 when the temperature increases, resulting in phase separation.30,48

Based on the response mechanism and the chemical functional groups that produce

the change, a variety of temperature-responsive polymeric materials have been

extensively developed by researchers (e.g., Tables 1.1 and 1.2). Currently,

temperature-responsive polymers with LCST behavior are the most intensively and

extensively investigated.49–52 N-isopropylacrylamide (NIPAAm) is by far the most

utilized and extensively researched monomer among the diverse that are employed to

synthesize temperature-responsive polymers. NIPAAm and its polymer

poly(N-isopropylacrylamide) (PNIPAAm) were studied by Scarpa in 1967, and he

discovered that the LCST of PNIPAAm was around 32 °C.53 As shown in Fig. 1.2,

when the aqueous solution temperature reaches 32 ℃ , PNIPAAm changes from

linear to spherical (linear-spherical transformation). When the temperature of the

aqueous solution is lower than 32 °C, PNIPAAm exhibits a linear chain water-soluble

state; conversely, when the aqueous solution temperature is higher than 32 °C,

PNIPAAm exhibits a hydrophobic spherical state. This is due to the fact that the

monomer NIPAAm, which constitutes PNIPAAm, contains hydrophilic amide groups

as well as hydrophobic isopropyl groups, and is subject to both hydrogen bonding and

hydrophobic interactions in aqueous solution, resulting in a phase transition as the

temperature changes.54–56
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Table 1.1 Common polymers with LCST

Polymer

Poly(N-isopropylacrylamide)53

Poly(N, N-diethyl acrylamide)57

Poly(ethylene glycol methacrylate)58,59

Poly(N-vinylcaprolactam)60

Poly(N-viny lisobutyramide)61,62

Poly(2-isopropyl-2-oxazoline)63

Abbreviation

PNIPAAm

PDEAM

PEGMA

PNVCL

PNVIBA

PiPOx

LCST

32 ℃

33 ℃

26~90 ℃

32 ℃

39 ℃

36 ℃

Table 1.2 Common polymers with UCST

Polymer

Poly(N-acryloyl glycinamide)64,65

Poly(methacrylamide)66

Poly(N-acryloyl asparagine amide)67

Abbreviation

PNAGA

PMAAm

PNAAAM

UCST

22~23 ℃

57 ℃

4~28 ℃
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Figure 1.2 Schematic of PNIPAAm responses with temperature. Reprinted with permission

from Ref.56, copyright (2005) Royal Society of Chemistry

Figure 1.3 Structure of NIPAM and its polymer

LCST is influenced by parameters such as chain length, solvent, and copolymer type

in addition to the structural composition of the polymer.68–70 The introduction of

hydrophilic or hydrophobic groups and chain segments into temperature-responsive

polymers was found to significantly affect their LCST. Zhang et al. synthesized

temperature-responsive block copolymer PEG-b-PNIPAAm and observed

temperature-induced micelle formation behavior in aqueous solution. Additionally,

they found that the addition of hydrophilic PEG blocks resulted in an elevated LCST

of the copolymer compared to the PNIPAAm homopolymer.71 Ksendzov et al.

recently synthesized a number of N-isopropylacrylamide graft copolymers with

polyesters (poly(d, l-lactide) and poly(-caprolactone)). It was discovered that as the

ratio of polyester macromonomer with a hydrophobic butyl end group in a copolymer

chain increased from 0 to 17 wt%, the LCST of the graft copolymers declined

virtually linearly from 32.1 to 14 °C. For graft copolymers of N-isopropylacrylamide

with polyesters bearing polar hydroxyl groups at the chain ends, much smaller

variations in transition temperature were observed (from 32.1 to ~ 23 °C).72
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The LCST of polymers are also influenced by the solvent. Many organic solvents,

including acetone, tetrahydrofuran, butanone, methanol, ethanol, and dimethyl alum,

can dissolve PNIPAAm without exhibiting LCST before the solvents reach their

boiling points.73 Theoretically, the addition of these solvents to the aqueous solution

enhances the LCST as well as the solubility of PNIPAAm. In reality, PNIPAAm

exhibits a reentrant behavior with a change in components in these mixed solvents

since it is insoluble in the mixtures made up of both in a specific ratio.31,73–87 For

instance, the mixed solvent is the good solvent of PNIPAAm in the methanol-water

mixed solvent system when the molar fraction of methanol Xm is less than 17

mol%;80,81 when Xm is between 17-50 mol%, the methanol-water mixed solvent is

changed from the good solvent of PNIPAAm to its bad solvent; when Xm is more than

50 mol%, the mixed solvent is its good solvent again. The systems of water/ethanol

and water/dimethyl sulfoxide undergo a similar transformation.82,83

Liu et al. synthesized the novel thermosensitive star-shaped

tetra-hydroxy-phenylporphyrin-cored (THPP) double hydrophilic

poly(N-isopropylacrylamide)-block-poly(methylacrylamide glucose) block

copolymers (THPP-(PNIPAAm-b-PMAGA)4) via RAFT polymerization.88 Notably,

the LCST of the copolymer can be regulated by controlling the hydrophilic PMAGA

content above the normal body temperature (37 °C). The copolymer can be

neutralized into micelles in aqueous solution, encapsulate the anticancer medicine and

then release it around the tumor cells when the ambient temperature is higher than the

LCST of the copolymer.

Xu and coworkers developed a highly durable PNIPAAm-based loofah-shaped solar

absorbing gel (LSAG) for solar water purification.89 They first immersed the LSAG in

contaminated water below LCST, and the gel absorbed large amounts of water and

swelled while rejecting contaminants. The LSAG underwent a phase transition and

changed from a hydrophilic to a hydrophobic state, rapidly releasing large amounts of

pure liquid water. PNIPAAm provides an easy and green way for water purification.
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1.1.1.2 Photo-Responsive Polymers

Due to its straightforward modulation mechanism and the reversibility of

light-induced structural or functional group alterations, photo-responsiveness is

becoming more and more significant. It is feasible to fabricate polymers with

photosensitive capabilities by including photosensitive molecules in the molecular

design.

Common photosensitive compounds are seen in Fig. 1.4, and there are three main

changes in their molecular structures under irradiation of light: (A) azo-benzene

molecules can change from trans to cis under the irradiation of ultraviolet light, and

the molecular polarity increases;90–92 (B) both leucocyanidin and spiro-pyranine dyes

are capable of intra-ionic charge separation by ultraviolet irradiation, which increases

the molecular polarity compared to the cis-transition of azobenzene molecules.93–98 (C)

cinnamic acid molecules are capable of producing dimers under specific light

irradiation, which can be applied as cross-linking elements in polymers and have

potential applications in morphological memory materials.99–101



10

Figure 1.4 Examples of molecular structures of photo-responsive monomers: cis–trans

isomer of azobenzene (A); ionization monomers (B) of leucos (B′) and spiropyran (B′′); and

dimerization monomer of cinnamate (C). Reprinted with permission from Ref.39, copyright

(2010) Elsevier.

Recently, a novel UV-reversible and reusable polymeric adhesive based on the

photo-responsive properties of the α, β-unsaturated ester portion of the

p-hydroxycinnamic acid structure has been developed.102 This photosensitive

adhesive's bonding strength can be optimized to 1.74 MPa, which is higher than the

majority of UV-reversible adhesives currently listed in the literature. Through light

conditioning, this polymer binder can be recycled, minimizing energy waste and

environmental contamination.
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1.1.1.3 Mechanical Force-Responsive Polymers

In recent years, the use of mechanical force-responsive polymers to study the stresses

on macromolecules at the molecular level has received increasing attention. When

subjected to external forces, responsive groups undergo covalent bond formation and

breakage, resulting in mechanical force-responsive polymers.103 Common mechanical

forces include tension or pressure, fluid flow shear, ultrasonic waves, etc. From an

energy standpoint, force-induced chemical change is analyzed as a process in which

mechanical energy is transformed into chemical bonding energy, part of which is

stored in the chemical bond and part of which is dissipated in other forms such as heat

energy. In the opposite process, the release of stored chemical bond energy or tension

energy, etc. is converted into mechanical energy, which is also investigated in

mechanical force response.104,105

The most commonly employed mechanical force-responsive molecule is spiropyran

(SP), whose C-O bond is ring-opened and cleaved under external force, and the spiro

ring carbon atom changes from sp3 hybridization to sp2 hybridization, forming into

merocyanine (MC).106As shown in Fig. 1.5, the conversion of SP to MC is reversible,

where MC returns to SP under visible light irradiation.

Figure 1.5 Chemical structure of the spiropyran (SP) mechanophore and its transformation

into the merocyanine (MC) form. Reprinted with permission from Ref.107, Copyright (2020)

American Chemical Society
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1.1.1.4 Electro-Responsive Polymers

Typical electro-responsive polymers are conducting polymers, such as polythiophene

and sulfonated polystyrene, which can exhibit changes like shrinkage, swelling and

bending under the modulation of an applied electric field.108–111 Electro-responsive

polymers can be divided into the following categories based on the response

mechanism: electro-active polymers, ion-doped conducting polymers, and polymer

composites/blends/coatings.112

Nasari et al. successfully prepared polypyrrole (PPy)-coated electrically resonant

Poly(ε-caprolactone) (PCL)+ multi-walled carbon nanotubes

(MWCNTs)/Poly(N-vinyl-2-pyrrolidone) (PVP) core-shell nanofibers, which were

selected as carriers sensitive to electrical signals for loading the anticancer drug 5FU.

In comparison to not applying an electric field, they discovered that the drug's rate of

release can be increased in this way. This indicated that altering the electric field can

be used to regulate the medication release from coated samples.113

Figure 1.6 Electro-responsive polymers for controlled drug release. Reprinted with

permission from Ref.113, Copyright (2022) Taylor & Francis
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1.1.2.Stimuli Response to Chemical Factors

1.1.2.1 pH-Responsive Polymers

Many biopolymers in nature can change their conformation and solubility in response

to changes in the pH of ambient environment. pH-responsive polymers are of great

practical value since different organisms have different pH values and many diseases

occur with pH changes.23,114–116 pH-responsive polymers generally contain easily

ionized acid-base groups. When the external solution's acidity or alkalinity changes,

these groups have the capacity to reversibly absorb or release protons. The reversible

ionization/deionization transition endows the polymers with special features, such as

precipitation or dissolution of polymer chains, shrinkage or swelling of polymer

hydrogels, and hydrophobic transformation of the polymers’ surface properties.117

Figure 1.7 Polyacids (A) and polybases (B) polymeric chain state depending on the ionization

degree. Reprinted with permission from Ref.118, copyright (2021) John Wiley and Sons

Depending on the nature of the response group, pH-responsive polymers can be

classified into two types: polyacids and polybases. As depicted in Fig. 1.7, polyacids
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inflate when the medium pH > pKa, while polymeric chains collapse when pH < pKa.

Conversely, polybases polymer chains collapse when pH > pKb and inflate when pH

< pKb.118

The term "polyacid pH-responsive polymers" refers to those containing ionizable acid

side groups along the polymer backbone, such as carboxylic acid (COOH), sulfonic

acid (SO3H), phosphonic acid (PO3H2), and boronic acid (H3BO3). Acrylate

monomers containing phosphate groups are often employed to prepare functional

hydrogels. pH-responsive polymers containing boronic acid groups are commonly

used for the preparation of self-healing gels and glucose sensors.117 The most

prevalent polyacid pH-responsive polymers are listed in Fig. 1.8 and are categorized

based on the characteristics of their functional groups. Zhang et al. prepared a new

pH-responsive liquid marble based on 9,10-dihydroxystearic acid. This liquid marble

has an effective pH-responsive behavior and can remain relatively stable in acidic

solutions while decomposing immediately in alkaline solutions (pH > 7.5). They also

found that the marbles decompose rapidly within 5 s after the addition of NH3 gas,

indicating that it can be utilized as a fast and convenient NH3 detector.119 A novel

poly(acrylic acid)-based macroporous nanocomposite hydrogel was prepared and can

be used as a pH-controlled swelling controlled release system to release amoxicillin.
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Figure 1.8 Chemical structures of polyacid pH-responsive polymers. Reprinted with

permission from Ref.117, copyright (2017) Royal Society of Chemistry

pH-responsive basic polymers typically have amine functional groups in the

polymer's backbone or side chains. The chemical structures of the common
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pH-responsive basic polymers are summarized in Fig. 1.9.

Figure 1.9 Chemical structures of polybase pH-responsive polymers. Reprinted with

permission from Ref.117, copyright (2017) Royal Society of Chemistry
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1.1.2.1. Gas-Responsive Polymers

The aforementioned stimuli have some drawbacks in some aspects, such as the

addition of acids and bases to the solution to adjust pH, which may introduce

additional salts to contaminate the system and reduce the effective concentration of

solutes in the solution;120,121 temperature and light may affect biological tissues. gas

stimuli are easy to add and remove during operation compared to other stimuli,

therefore they are of great interest in practical applications.

Currently, gas irritants which are commonly investigated include carbon dioxide

(CO2),122–125 oxygen (O2), nitrous oxide (NO), hydrogen sulfide (H2S), and sulfur

dioxide (SO2).

Figure 1.10 Summary of different gas-response functional groups. Reprinted with permission

from Ref.126, copyright (2017), American Chemical Society

CO2, a mild, inexpensive and abundant gas, has become the most studied gas stimulus

in the last decade. It can react with specific functional groups (such as amidine,

guanidine, tertiary amine, imidazole, and carboxyl groups), causing a significant

change in their hydrophilicity and polarity thus controlling the alteration of the



18

polymer. 126–129Moreover, CO2 has great reversibility and can be totally eliminated by

washing with inert gases (such as argon, nitrogen, or air) under mild circumstances,

making it free of accumulated chemical contamination.126 Akoumy et al. synthesized

yolk–shell nanoparticles consisting of a CO2-responsive crosslinked

poly(N,N-diethylaminoethyl methacrylate) shell for the gas-controllable reduction. To

change the permeability of the crosslinked polymer shell, manage the catalysis, and

conveniently recycle the catalyst, CO2 and N2 were used as an uncontaminated

stimulus.130

O2, an important gas molecule that regulates physiological functions in the body, is

very important for all living organisms on earth. Similar to CO2, O2 is another

important gaseous stimulus. All of the O2-responsive polymers currently described in

the literature alter the hydrophilic/hydrophobic balance of the polymer through the

reversible adsorption of O2 by aliphatic or aromatic linked fluorine groups.131–135 This

is due to the special van der Waals interaction between the O2 molecule and the C-F

bond.136 The first O2-responsive polymer (pentafluorophenyl capped polyethylene

glycol (PF-PEG-PF)) was reported by Choi et al.. When oxygen was applied, the

LCST of the polymer increased from 24.5 to 26 °C. They also demonstrated that this

LCST change is caused by van der Waals forces between the O2 molecule and the C-F

bond, as the fluorine in the polymer shifted in the 19F NMR spectrum, while the

proton of PEG is unchanged in the 1H NMR spectrum.136 Oxygen can also induce

self-assembly of block polymers. Recently, Zhang et al. synthesized a diblock

copolymer based on an O2-responsive monomer (2,2,2-trifluoroethyl methacrylate

(tFMA)) employing the RAFT polymerization method. This block copolymer can be

stimulated by the conversion cycle of CO2 and O2 in aqueous solution, which leads to

the formation and reversal of polymer micelles.137
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Figure 1.11 Summary of chemical structures of the reported O2-responsive polymers.

Reprinted with permission from Ref.126, copyright (2017), American Chemical Society

NO is not only an important intermediate in the chemical industry, but also essential

for mediating a variety of biological functions including angiogenesis, apoptosis,

vasodilation, and immunological responses.138 Currently, there are not many reports

on NO-responsive polymers. The first nitric oxide responsive polymer was

synthesized in 2014 by Hu et al. They first synthesized the novel NO-responsive

monomers N-(2-aminophenyl) methacrylamide hydrochloride (NAPMA) and

2-(3-(2-aminophenyl)ureido)ethyl methacrylate hydrochloride (APUEMA) with

o-phenylenediamine groups, and then prepared the temperature-sensitive copolymers

P(NIPAM-co-NAPMA) and P(NIPAM-co-NAPMA). The NAPMA repeating units

generates an amide-substituted benzotriazole intermediate when these copolymers are

exposed to NO. This intermediate spontaneously hydrolyzes into a carboxylate

portion, improving the copolymer's hydrophilicity. In contrast, the APUEMA

monomer produces a urea-functionalized benzotriazole derivative which increased



20

hydrophobicity. This leads to NO-regulated copolymer LCST and induced

nanoparticle self-assembly.139

Figure 1.12 Schematic illustration of the proposed NO-triggered mechanisms of copolymers

bearing NAPMA andAPUEMAmoieties. Reprinted with permission from Ref.139, copyright

(2014), John Wiley and Sons

SO2 is a colorless, toxic gas with an irritating odor, mostly from industrial processes

such as the combustion of fossil fuels. In 2016, Zhu et al. reported the first case of

SO2-induced phase transition in water-soluble polymer solutions. They prepared

water-soluble α-helical random copolypeptides with pyridinium tetrafluoroborate
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(PyBF4) and oligoethylene glycol (OEG) pendants (PPLG-PyBF4-r-OEG). The

SO2-induced reversible solution phase transition behavior was investigated by

UV-visible spectroscopy and dynamic light scattering (DLS). The interaction between

SO2 and the triazole moieties was identified as the cause of this reversible phase

transition by 1H NMR analysis.140

Figure 1.13 Proposed mechanism of SO2-induced reversible solution phase transition.

Reprinted with permission from Ref.140, copyright (2016), American Chemical Society

1.1.2.2. Ion-Responsive Polymers

This kind of polymers exhibit an unusual rheological behavior due to the impact of

Coulomb forces generated by species with opposite charges in the system. These

changes result in the polymer becoming water soluble with the addition of the

polyelectrolyte and the electron/electron interactions being shielded.141 Consequently,

altering the system's ion concentration can affect the length of the polymer chains,

their solubility, and the interaction between the fluorescent chromophore and the

polymer electrolyte.141,142
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1.1.2.3. Oxidation-Responsive Polymers

Oxidation-responsive polymers are commonly employed in biomedical fields.

Oxidation-responsive polymers can undergo drastic physical changes, such as

solubilization or cross-linking, when they are stimulated.143 Poly(propylene sulfide),

selenium-based polymers, aryl oxalate- and phenylboronic ester-containing polymers

are a few typical oxidation-responsive polymers.144 A new drug delivery system for

polymeric nanoparticles containing pinacol-type boronic esters and alkyne groups was

reported. This system triggered the degradation of the self- immolative polymer in the

presence of reactive oxygen species (ROS) resulting in the release of the drug.145

1.1.2.5 Reduction-Responsive Polymers

Reduction-responsive polymers can rapidly respond to differences in the

concentration of reducing substances in specific physiological sites associated with

pathology and are commonly employed as drug delivery systems for cancer cells.

Polymers containing disulfide and diselenide bonds are the most popular

reduction-responsive polymers.146,147 Sun et al. discussed the effects of six chemical

bonds: thioether bond, disulfide bond, selenoether bond, diselenide bond, carbon bond

and carbon-carbon bond on reduction-responsive nanocomponents for drug delivery.

The results revealed that diselenide bonds were second in sensitivity to reducing

circumstances, after disulfide bonds. The carbon and carbon-carbon bonds were

unresponsive to the reducing circumstances, as was expected, but the selenoether

bond was more sensitive to hydrogen peroxide than the thioether bond.148

1.1.3. Stimuli Response to Biochemical Factors

Bio-responsive polymers are polymers that produce responsive behavior to specific

macromolecules in the organism. The main biological substances that can induce

stimulus responsiveness in polymers include: glucose, glutathione, enzymes, receptors,



23

metabolites produced by inflammation, etc.149 In addition, the specificity of amino

acid and enzyme responsiveness makes them more precise than stimulus

responsiveness such as temperature and pH.150

Bio-responsive polymers are currently widely used in biomedical applications

including drug delivery and biosensing since they can induce sol-gel conversion,

self-assembly/self-dissociation, and structural reorganization of macromolecules.151

1.1.3.1. Enzyme-Responsive Polymers

Enzymes catalyze the conversion of specific molecules (called substrates) from one

form to another, thus controlling almost all physiological activities that are essential

for the maintenance of normal life activities.125 Enzyme-responsive systems are

particularly well suited for biomedical applications since enzyme catalysis generally

occurs under mild conditions and does not require external conditions to trigger

excellent biocompatibility.152

Recently, Wang et al. demonstrated the synthesis and application of an

enzyme-responsive COF nanoinhibitor. The inhibitor has the capacity to effectively

target and prevent the growth of bacteria during the treatment of wounds. It can

accelerate the dissociation of the structural framework at the site of bacterial infection

due to the cleavage of the azo bond by azo reductase, enabling the on-demand release

of the loaded drug.153

1.1.3.2. Glucose-Responsive Polymers

Glucose-responsive polymers are polymers that respond to changes in the surrounding

glucose concentration. Precisely designed glucose-responsive polymers are in great

demand and have promising applications in the treatment of diabetes.154 For example,

the automatic regulation of quantitative release of insulin is a research area of great

interest. Applications and mechanisms of glucose response are the two main areas for
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studying glucose-responsive polymers. By response mechanism, they can be classified

into three categories: glucose oxidase (GOx), lectins and phenylboronic acid (PBA)

modified systems.

A novel hydrogel platform PEG-DA/PEI-PBA/insulin/CS-GA (PPIC) hydrogel

platform was prepared. This hydrogel contains a unique glucose-sensitive

phenylboronic acid (PBA) molecule. It not only has a remarkable biocompatibility,

but also exhibits extraordinary antioxidant properties that effectively protect cells

from oxidative damage. Also, PPIC hydrogel exhibits unique glucose-responsive

insulin release properties, which can effectively regulate blood glucose levels.155

1.2 Stimuli-Responsive Hydrogels

In the 1960s, Wichterle and Lima synthesized the first cross-linked

polyhydroxyethylene-acrylic acid (PHEMA) hydrogel that could be used as contact

lens, thereby bringing hydrogels to the forefront of scientists' attention.156 Hydrogels

are cross-linked 3D network-structured hydrophilic polymer gels. In the hydrogel

structure, the polymer network forms the "backbone", while a large amount of water

is trapped in the pores or gaps to fill the space between the backbone.157Hydrogels are

widely studied in materials science owing to their outstanding swelling properties,

biocompatibility, and modifiability.158–162 Conventional hydrogels have gradually

evolved from static materials to smart materials, i.e. stimulus-responsive hydrogels,

due to their single properties. Stimulus-responsive hydrogels are achieved by

incorporating responsive groups into conventional hydrogels. They are capable of

structural or property changes in specific response to external environmental changes

(e.g., light, heat, chemicals, etc.).163–165 Here the main focus is on

temperature-responsive hydrogels.

1.2.1 Temperature-Responsive Hydrogels

Temperature-responsive hydrogels are a category of hydrogels composed of
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temperature-responsive polymers that undergo volume shrinkage or expansion in

response to temperature changes. They usually contain a specific ratio of hydrophilic

and hydrophobic groups, and phase transition is achieved through reversible changes

in hydrophilic/hydrophobic interactions or hydrogen bonding in the internal

network.166–168 When the external temperature increases or decreases to a specific

critical value, the hydrogel undergoes a volumetric abrupt change, which can be up to

tens of times. This behavior is defined as the bulk phase transition of the hydrogel,

and the temperature is the bulk phase transition temperature.169,170

As a typical representative of temperature-responsive hydrogels, PNIPAAm hydrogels

are of interest due to their LCST (32 ℃), which is the closest to human body

temperature.171 Koca et al. synthesized a novel thermo-responsive hydrogel from

renewable resources BC/Poly(N-isopropylacrylamide) (PNIPAM) hydrogel, based on

bacterial cellulose (BC) and castor oil (CO). The effect of CO on physical and thermal

behaviors of the hydrogels was investigated. It's discovered that CO can enhance the

temperature sensitivity of the hydrogels.172 In addition, more efficient and rapid

methods for the preparation of hydrogels have been reported. An efficient two-step

polymerization method for the preparation of PNIPAAm hydrogels was reported by

Liu et al. This method was achieved by freezing polymerization followed by thawing

polymerization. This polymerization procedure took only 2 hours, which is a

significant decrease in time compared to the 12 hours of conventional

polymerization.173

1.2.2 Application of Temperature-Responsive Hydrogels

Due to the advantages of easy temperature control, temperature-responsive hydrogels

are now widely used in drug delivery, sensors and water treatment.163,174 In this

section, the application in water treatment is mainly discussed.

Water is the most important resource for humans and other living beings. Providing a

reliable source of clean and safe water is a major global challenge of the 21st



26

century.175–177 However, due to the combined effect of population growth, freshwater

resource pollution and climate change, the release of some harmful substances will

cause water pollution, which not only negatively affect the species living in the water,

but also the wider range of natural organisms, resulting in serious of health and

environmental problems, the most prominent of which are dyes and organic pollutants.

Hence, various methods have been developed to treat water pollution, such as

chemical precipitation, ion exchange, adsorption, membrane separation, microbial,

coagulation-flocculation, flotation, and electrochemical methods.175,178,179

The hydrophilic groups within the hydrogel structure, such as carboxyl (COOH),

amide (CONH2), amino (NH2), sulfonic acid (SO3H) and hydroxyl (OH), endow them

with unique properties to adsorb and accommodate contaminants.180 In addition, more

functional groups can be modified during hydrogel synthesis to improve the ability of

water treatment.181,182 Therefore, temperature-responsive hydrogels have been

drawing attention in water treatment.183–186

Figure 1.14 Schematic illustration of the atmospheric water harvesting process. Reprinted

with permission from Ref.183, copyright (2019) John Wiley and Sons

Zhao et al. Zhao et al. designed and prepared a super moisture-absorbent gel (SMAG)

based on hygroscopic chloride-doped polypyrrole (PPy-Cl) and PNIPAAm. This

hydrogel achieves atmospheric water harvesting through the adsorption of water

molecules by hygroscopic PPy-Cl and subsequent contraction release of water by

thermally responsive conversion of PNIPAAm. It is worth mentioning that the

maximum daily water collection volume of the dry gel is ≈52.8 L and 19.2 L at 90%
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and 60% ambient relative humidity, respectively.183

Temperature-responsive hydrogels can be used to purify polluted water in addition to

collecting water from the atmosphere. Wei et al. synthesized a temperature-responsive

hybrid hydrogel PNIPAM-co-PbrRP based on a reconstituted lead-binding peptide

(PbrRP). The hydrogel exhibited high sensitivity and selectivity for lead ions. Also, it

has been discovered that altering the temperature can influence the reversible capture

and release of lead ions.187
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2 Scope and Objective

The aim of this thesis is mainly to synthesize and prepare different

stimulus-responsive polymers and hydrogels and to study their response mechanisms

and applications.

Chapter 3 two photo-driven purification hydrogels based on the photothermal material

PDA and GO, and the temperature-responsive polymer PNIPAAm will be prepared.

The composition of the hydrogels will be studied by FT-IR. Subsequently, the kinetics

of de- and re-swelling of hydrogels will be further investigated. The surface

hydrophilicity of the hydrogels will be determined by the water contact angle.

Afterwards, the purification capacity of hydrogels will be evaluated by purifying

oil-water emulsions, dye-contaminated water, metal-contaminated water and

microbially contaminated water. This work provides a new approach for hydrogels as

emerging materials for water purification.

In Chapter 4, β-CD-PNIPAAm@PEG-FS-AZO complex will be designed and

synthesized via host-guest interactions between β-CD and azobenzene. The guest

polymer β-CD-terminated PNIPAAm (β-CD-PNIPAAm) will be synthesized by a

combination of atom transfer radical polymerization (ATRP) and click reaction. In

addition, PEG-FS-AZO with azobenzene capped end groups will be synthesized by

ATRP and click reaction using PEG initiator and FS monomer. The host-guest

complex will be confirmed by FT-IR, (2D NOESY)1H NMR, etc. The obtained

complexes will be triple responsive to light, oxygen and temperature. It can undergo

reversible self-assembly and dissociation under alternating UV and visible light

irradiation, oxygen influx/removal, and temperature increase/decrease.
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3 Light-driven hydrogels for water

purification based on

Poly(N-isopropylacrylamide)

(PNIPAAm)
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3.1 Strategy

In this chapter, two novel photo-driven absorption and release water purification

hydrogels were designed and fabricated based on the water absorption and release

cycle of puffer fish in danger. Specifically, Poly(N-isopropylacrylamide) (PNIPAAm)

hydrogels can absorb and release water through a hydrophilic/hydrophobic transition

at a lower critical solution temperature (LCST) (~32–34 °C), which is easy to

reach.188,189 Poly(vinyl alcohol) (PVA) is a water-soluble hydrophilic polymer which

has been widely used as a biomaterial for drug delivery systems, sensors, and surgical

repair due to its excellent mechanical properties, biocompatibility, and non-toxicity.190

Pure PVA hydrogels are insensitive to environmental stimuli, and conventional

PNIPAAm hydrogels respond relatively slowly. Therefore, the hydrogel prepared by

cross-linking of PVA and PNIPAAm here has both the above advantages.191

Dopamine belongs to a class of catecholamines with excellent biocompatibility that

can spontaneously polymerize into polydopamine (PDA).192 PDA is a kind of deep

black solid which is insoluble in most solvents, exhibits broadband absorption from

UV to visible light and high photothermal conversion efficiency.193–195 Meanwhile,

PDA is easy to coat almost all types of surfaces even PTFE and the coating provides

good hydrophilicity, due to the catechol and aminoethyl units.196–198 In addition, since

the PDA coating still contains a variety of reactive functional groups (amino, catechol,

o-quinone) after bonding, it can adsorb and remove pollutants in water to purify water.

Graphene oxide (GO), a new type of carbon nanomaterial, exhibits strong

hydrophilicity due to the presence of abundant surface functional groups.199 Thus, GO

can be easily dissolved in water and built into hydrogels using various forces like

hydrogen bonding and van der Waals forces.200,201 Graphene oxide also exhibits

excellent photothermal effect, which is attributed to its large surface area and strong

light absorption across the spectrum as well as high thermal and chemical

stability.202–204

The preparation procedures for the two light-driven water purification hydrogels are
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shown below, respectively. The first hydrogel was achieved by incorporating PVA into

a conventional PNIPAAm network to obtain a PVA/PNIPAAm semi-IPN hydrogel

and then depositing PDA on it. The second hydrogel was achieved by doping the

micro crosslinked PNIPAAm hydrogel with graphene oxide. The principle of

hydrogel water purification: when immersed in contaminated water, the hydrogel

absorbed large amounts of clean water while repelling other contaminants such as

microorganisms, oils, organic dyes and heavy metals. The swollen hydrogel was then

exposed to light, and heated above the LCST of PNIPAAm by the photothermal

conversion property of PDA and GO, resulting in a phase transition from the swollen

hydrophilic state to the collapsed hydrophobic state. In this way, a large amount of

clean water was released from the hydrogel. This purification mechanism can be used

not only in the laboratory but also under sunlight, opening up a new paradigm of

using renewable solar energy to produce clean water at high speed from polluted

water sources.

Scheme 3.1 Preparation process of the PNIPAAm-PVA-PDA hydrogel.
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Scheme 3.2 Preparation process of the micro-PNIPAAm-GO hydrogel.

3.2 Results and Discussion

8 wt.% NIPAAm monomer solution was polymerized with N,

N'-methylenebisacrylamide (MBA) and subsequently with 4 wt.% PVA solution (v:v,

1:1) to form a Interpenetrating polymer network (IPN) hydrogel in the presence of

redox initiators Ammonium persulfate (APS) and N,N,N′,N′-Tetramethyl

ethylenediamine (TEMED).205 Afterwards, the formed hydrogel was immersed in

dopamine tris-buffer solution (2 mg/mL) at room temperature resulting in the

successful polymerization of PDA on the surface of the hydrogel, as evidenced by the

darkening of the gel color (Figure 3.1).206 The PDA content can be estimated to be

around 10 mg by comparing the weight of the dried hydrogel before and after PDA

coating. This kind of hydrogel has more excellent temperature responsiveness due to

the presence of PVA.191

Conventional PNIPAAm gels cross-linked with MBA are brittle and cannot be reused

repeatedly. In contrast, hydrogels prepared using PNIPAAm microgels as

cross-linking agents exhibited better elasticity and mechanical stability than

conventional hydrogels. First, microgel was prepared by precipitation polymerization

of NIPAAm (90 mg) and MBA (5 mg) at 60 °C for 40 min, initiated by Potassium

persulfate (KPS) in the presence of Sodium dodecyl sulfate (SDS) in water. 1 mL GO
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solution (10 mg) was added into the cooled microgel. Afterwards, the NIPAAm

monomer (0.56 g) was put into the above mixture and polymerized with MBA in the

presence of redox initiators APS and TEMED to form a black hydrogel.177,206 The

Figure 3.2 demonstrates the successful incorporation of hydrogel.

Figure 3.1 Photograph of PNIPAAm-PVA hydrogel (left) and PNIPAAm-PVA-PDA hydrogel

(right).

Figure 3.2 Photograph of micro-PNIPAAm hydrogel (left) and micro-PNIPAAm-GO

hydrogel (right).

Figure 3.3 depicts the SEM images of PNIPAAm-PVA and PNIPAAm-PVA-PDA

hydrogels. SEM showed that both hydrogels exhibit a high-porosity honeycomb

structure, which provides a good structure for water transport through capillary flow.

After coating with PDA, the hybrid gel retained an interconnected porous structure
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with an average pore size of 10 µm. Higher magnification shows that PDAwas indeed

deposited as nanoparticles on top of the hydrogel structure (Figure 3.3 f).

Figure 3.3 Scanning electron microscopy (SEM) images of PNIPAAm-PVA (a, b, c) and

PNIPAAm-PVA-PDA (d, e, f) under different magnifications demonstrate macro porous

architecture.

SEM images of GO, micro-PNIPAAm, and micro-PNIPAAm-GO hydrogels are

shown in Figure 3.4. The SEM demonstrates that the morphology of GO is layered

lamellar. Micro-PNIPAAm-GO exhibits a 3D network structure with an average pore

size of roughly 10 μm. In contrast, micro-PNIPAAmb does not show such structure. It

indicates that GO can lead to a porous network-like structure of the hydrogel. This

structure offers favorable circumstances for water transportation. At higher

magnifications, no obvious GO particles could be visible in the SEM pictures of the

micro-PNIPAAm-GO hydrogel, and it is speculated that GO is uniformly distributed

throughout the hydrogel network. This sustains the hydrogel's network structure and is

also crucial for the subsequent conversion of light energy absorbed by GO into

thermal energy to heat the whole hydrogel.
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Figure 3.4 Scanning electron microscopy (SEM) images of GO, Micro-PNIPAAm, and

Micro-PNIPAAm-GO under different magnifications demonstrate macroporous architecture.

The chemical composition of the both target hydrogels were confirmed by Fourier

transform infrared spectroscopy (FTIR). As shown in the FTIR spectra (Figure 3.5),

the broad absorption peak at ≈3300 cm-1 corresponds to the N-H stretching vibration

of PNIPAAm and the O-H stretching vibration of the hydroxyl groups on PDA. The

characteristic absorption bands of C-O stretching and N-H stretching of PNIPAAm

appear at 1634 and 1529 cm-1.207 Taken together, these results strongly indicate the

successful formation of the PNIPAAm-PVA-PDA hydrogel.

The large absorption peak at about 3300 cm-1, which can be seen in Figure 3.6, is

attributed to the N-H stretching vibration of PNIPAAm and the O-H stretching

vibration of the hydroxyl groups of GO. The peak at 1730 cm-1 is attributed to the

C=O stretching vibration in the COOH group. The peak at 1421 cm-1 comes from the

bending vibration of the O–H group. The stretching peaks of the alkoxy C-O and

epoxy C-O groups are located at 1048 and 1228 cm-1, respectively. Overall, these

observations clearly suggest that the micro-PNIPAAm-GO hydrogel was successfully

formed.
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Figure 3.5 FTIR spectra of PDA, PNIPAAm-PVA hydrogel and PNIPAAm-PVA-PDA

hydrogel.

Figure 3.6 FTIR spectra of GO, micro-PNIPAAm hydrogel, micro-PNIPAAm-GO hydrogel.

The hydrophilic-hydrophobic transition of PNIPAAm at its LCST can trigger a phase
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transition of the hydrogels, resulting in a rapid release of water. The LCST

temperature of the hydrogels were confirmed by differential scanning calorimetry

(DSC) in Figure 3.7. The LCST of PNIPAAm-PVA-PDA hydrogel and

micro-PNIPAAm-GO hydrogel were determined by the endothermic peaks at ≈34 °C

and ≈33 °C, respectively, which did not change much compared with the LCST of

PNIPAAm. This demonstrates that the incorporation of PDA and GO do not affect the

LCST of PNIPAAm. lower LCST is essential for the subsequent water purification.

Figure 3.7 DSC thermogram of swollen PNIPAAm-PVA-PDA hydrogel (left) and swollen

micro-PNIPAAm-GO hydrogel (right).

Low-temperature light-driven water release was assessed by near-infrared light.

Under NIR irradiation (9 W, 850 nm), the surface temperature of

PNIPAAm-PVA-PDA hydrogel increased with time and reached its LCST after 30

min of irradiation (Figure 3.8 top left). The final surface temperature is about 37 °C,

which is 3 °C higher than its LCST. However, the surface temperature of

PNIPAAm-PVA hydrogel can only reach about 25.7 ℃, which is much lower than its

LCST. The micro-PNIPAAm-GO hydrogel's surface temperature under NIR light

increased over time and achieved its LCST after 40 minutes of exposure (Figure 3.10

bottom right). The final surface temperature is about 36℃, which is 3℃ higher than

the LCST of micro-PNIPAAm-GO hydrogel. In contrast, the surface temperature of

micro-PNIPAAm hydrogel can only reach about 23.5 ℃, which is much lower than
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LCST (Figure 3.8 bottom left). Additionally, it indicates that PNIPAAm-PVA-PDA

hydrogel has a faster temperature response than micro-PNIPAAm-GO due to PDA can

execute photothermal conversion more quickly than GO. This comparison

convincingly demonstrates the utility of PDA and GO as photothermal conversion

materials, and both these hydrogels can be used to light-driven water release.

Figure 3.8 Surface temperature change of PNIPAAm-PVA-PDA and PNIPAAm-PVA

hydrogels (top left), micro-PNIPAAm (bottom left) and micro-PNIPAAm-GO hydrogels

(bottom right) overtime under NIR irradiation; equilibrium swelling ratio of

PNIPAAm-PVA-PDA and micro-PNIPAAm-GO hydrogels over the temperature range from

25 to 50 °C (top right).

Figure 3.8 (top right) depicts the relationship between the hydrogels’ swelling ratio

(SR) and temperature over the range of 25 to 50 °C. Since PNIPAAm and PVA are

both swellable and hydrophilic at temperatures below the LCST, the SR of both
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hydrogels are higher at low temperatures. As the temperature rose above 30 °C, the

hydrogels' SR rapidly decreased. According to the swelling ratio experiments, the

phase transition temperature, also known as the LCST, is typically thought of as the

temperature at which the SR rapidly declines (or an inflexion point occurs) and the

degree of phase separation is at its highest. The LCST of PNIPAAm-PVA-PDA and

micro-PNIPAAm-GO hydrogels are between 30 and 35 °C. The entire hydrogel

system's phase separation is regulated by the temperature-responsive component

PNIPAAm. The LCST of the hydrogels are unaffected by PDA and GO. In addition,

micro-PNIPAAm-GO hydrogel exhibited a higher room temperature equilibrium

swelling ratio compared to PNIPAAm-PVA-PDA, and both hydrogels were able to

release about eight times their own weight of water. It indicates that the amount of

water released by both hydrogels at above LCST is about the same.

The de-swelling kinetics of the hydrogels are shown in Figure 3.9 and 3.10. From

Figure 3.9 we can find that the hydrogels respond quickly and can shrink to an

equilibrium state in a very short time. The response speed decreased slightly after the

surface was covered with PDA, losing 50 % of the water in two minutes compared to

the PNIPAAm-PVA losing 50% of the water in about one minute. This may be due to

the fact that PDA forms a thick and dense layer on the surface, which slows down the

extrusion of water molecules and results in a slow response. Conversely, it can be

seen from the re-swelling kinetics that the PDA layer greatly increases the re-swelling

rate, from 50 % water uptake in 6 hours to 50 % water uptake in two hours.

It is obvious that the temperature response of the hydrogels is very fast from the

change in the curve of the de-swelling kinetics. After GO incorporation, the response

rate of the hydrogel increased compared to previous. 50% of the water was lost in

about 40 minutes, while the micro PNIPAAm lost 50% of the water in about 90

minutes. This may be due to the 3D network structure formed by GO inside the

hydrogel, which provides a conduit for the exclusion of water molecules, thus

increasing the rate of water release and leading to an increase in the response rate. The
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re-swelling kinetic curves show that GO also significantly accelerates the

re-expansion rate, going from 50% water absorption at 6 hours to 50% water

absorption at 2 hours. From the de-swelling kinetic curves, it can be seen that

PNIPAAm-PVA-PDA hydrogel can release water more rapidly at 50 ℃ compared to

micro-PNIPAAm-GO hydrogel. And this result is consistent with the above results of

the surface temperature change of the hydrogels under NIR irradiation. The swelling

behaviors of the hydrogels indicate that the hydrogels can rapidly release water above

the LCST and re-swell intact and without rupture when immersed in water at ambient

temperature. This also demonstrates the reusability of the hydrogels.

Figure 3.9 De-swelling kinetics of PNIPAAm-PVA and PNIPAAm-PVA-PDA hydrogels at

50 ℃ (left) and re-swelling kinetics at 25 ℃ (right).

Figure 3.10 De-swelling kinetics of micro-PNIPAAm and micro-PNIPAAm-GO hydrogels at
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50 ℃ (left) and re-swelling kinetics at 25 ℃ (right).

The effect of PDA and GO on the wetting properties of the hydrogels were

investigated by recording the dynamic wetting behavior of water droplets at room

temperature. As shown in Figure 3.11, when placed on PNIPAAm-PVA, the water

droplets remained stable with a water contact angle less than 20º. In contrast, for

PDA-modified PNIPAAm-PVA hydrogel, the water droplets immediately spread on

the surface of the PNIPAAm-PVA hydrogel due to the hydrophilicity of polydopamine.

As shown in Figure 3.12, the contact angle was both around 70º when drops of water

were applied to the surface of micro-PNIPAAm and micro-PNIPAAm-GO hydrogels.

However, after 20 s, the water contact angle on the micro-PNIPAAm-GO surface

decreased to around 40º, and the water contact angle on the micro-PNIPAAm surface

basically did not change significantly. It is speculated that it’s due to the incorporation

of hydrophilic GO and the formation of porous network structure. The water contact

angles of the hydrogels containing GO are larger than those of the hydrogels

containing PDA, which is attributed to the strongly hydrophilic PVA. Both hydrogels

have outstanding hydrophilicity, which is necessary to promote water transport within

the hydrogel and to repel hydrophobic impurities like oil, according to the results of

the water contact angle tests.

Figure 3.11 Dynamic wetting behaviors of a water droplet (≈20 µL) atop PNIPAAm-PVA and

PNIPAAm-PVA-PDA at room temperature.
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Figure 3.12 Dynamic wetting behaviors of a water droplet (≈20 µL) atop micro-PNIPAAm

and micro-PNIPAAm-GO at room temperature.

An aqueous R6G solution was employed in this work as a wastewater model to

evaluate the adsorption-desorption process and the reusability of the hydrogels. The

procedure is as follows: First, the dried hydrogels were immersed in an aqueous R6G

solution. After the hydrogels reached the equilibrium dissolved state, they were

exposed to NIR irradiation to release water. The shrunk hydrogels after storage water

release were washed with distilled water and ethanol as a desorbent for R6G. Then the

swollen hydrogels were dried at a high temperature, and the resulting dried hydrogels

were submerged in the dye solution for the subsequent adsorption-purification

procedure. The original R6G solution showed a light pink color, while the purified

solutions were colorless, which means that the dye were adsorbed into the hydrogels.

Meanwhile, the water released from the hydrogels under NIR irradiation were clear

and transparent without UV absorption, indicating that there was no any R6G present

in the water. This demonstrates that the hydrogel has strong dye adsorption and pure

water release capabilities. Figure 3.13 (right) and 3.14 (left) show the weight change

of water produced by 10 adsorption-desorption cycles of the hydrogel. The weight of

the resulting pure water did not change significantly in ten cycles, indicating the good

reusability of the hydrogels. After 10th cycles, both the water released from the

hydrogel and the adsorbed remaining dye solution were essentially free of UV

absorption peaks of R6G, further confirming the high adsorption capacity and good
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cycling stability of the hydrogel.

Figure 3.13 Adsorbed Dye Evaluation. UV-Vis adsorption of generated water from R6G

solution (left) and Purification recyclability test of the PNIPAAm-PVA-PDA hydrogel (right).

Figure 3.14 Adsorbed Dye Evaluation. Purification recyclability test of the

micro-PNIPAAm-GO hydrogel (left) and UV-Vis adsorption of generated water from R6G

solution (right).

Three different oil-in-water emulsions were used as test groups for the hydrogels’

purification capabilities: petroleum ether, cyclohexane, and hexane. As shown in

Figure 3.15, the original petrol ether-in-water emulsions were milky white. After

purification, there was no sign of oil droplets and the liquids were clear and

transparent. Microscopic pictures also confirmed this result. Before purification, the

emulsions were full of small droplets with the diameter of less than 20 nm. And there

were no small droplets after purification. The same method was used to verify the
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other two oil-in-water emulsions, and clear purified water was also obtained. This

indicates that the hydrogels are able to repeatedly purify polluted water and produce

clean water from oil-in-water emulsions due to the hydrophilicity and anti-oil

absorption.

Figure 3.15Microscopy photographs of SDS-stabilized petrol ether-in-water emulsions

before and after treatment with PNIPAAm-PVA-PDA hydrogel (top) and

micro-PNIPAAm-GO hydrogel (bottom).

The level of microorganisms is also one of the important criteria for evaluating the

quality of water. The hydrogels were immersed to the 0.1 wt.% yeast solution to

evaluate its capacity to purify microorganisms in water. The micrographs indicate that

there were no microorganisms in the water generated by the hydrogels in contrast to

the initial yeast solutions before purification, which had high concentration of yeast

cells. This demonstrates that hydrogels can clean microbially contaminated water in

addition to oil-water emulsions, which paves the way for expanding the potential uses
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of the hydrogels.

Figure 3.16 Digital and microscopy photographs of yeast solutions before and after treatment

with PNIPAAm-PVA-PDA hydrogel (top) and micro-PNIPAAm-GO hydrogel (bottom).

Metal contaminants account for a significant portion of water pollution and are very

difficult to remove. Two different metal contaminated waters were chosen as

examples of hydrogel purification. The hydrogels purified water from two different

metal contaminants, including Pb (CH3CO2)2 · 3H2O and Pd (OAc)2. First, the

hydrogels were immersed in an aqueous solution containing 0.0001 M Pb

(CH3CO2)2 · 3H2O and Pd (OAc)2, then left at room temperature until equilibrium was

reached. The swollen hydrogels were subsequently exposed to NIR irradiation and the

resulting water were collected. The concentration of heavy metal ions in the solution

was measured using ICP-OES, as shown in Figure 3.17. The PNIPAAm-PVA-PDA

hydrogel was able to reduce the Pd2+ concentration from 11.4 mg/Kg to 5.15 mg/Kg, a

reduction of 54.8 %, while the ion concentration in the generated water was only

0.4 %. However, micro-PNIPAAm-GO hydrogel was only able to reduce the Pd2+

concentration from 12.3 mg/Kg to 10.7 mg/Kg, a reduction of 13 %, but the ion



48

concentration in the generated water was 16.7 %. On the contrary, both hydrogels

were highly adsorptive for Pb2+. The PNIPAAm-PVA-PDA hydrogel was shown to

reduce the Pb2+ concentration from 18.4 mg/Kg to 0.895 mg/Kg, adsorbing 95 % of

the Pb2+ in the aqueous solution, while the Pb2+ concentration in the generated water

was below 0.1 %, which is below the detection limit of the instrument. Comparably,

the micro-PNIPAAm-GO hydrogel was observed to reduce the Pb2+ concentration

from 20.6 mg/Kg to 0.089 mg/Kg, adsorbing 99.6 % of the Pb2+ in the aqueous

solution, while the concentration of Pb2+ in the generated water was below 0.3 %,

which is also below the detection limit of the instrument. The higher adsorption

capacity of hydrogels for Pb2+ may be due to the higher binding affinity of functional

groups such as carboxyl, hydroxyl and amine groups in hydrogels, compared to Pd2+.

In addition, it can be seen from the above results that PNIPAAm-PVA-PDA hydrogel

has higher adsorption for Pd2+ compared to micro-PNIPAAn-GO hydrogel, while

micro-PNIPAAn-GO hydrogel has higher adsorption for Pb2+ than

PNIPAAm-PVA-PDA hydrogel. This may be attributed to the difference of PDA and

GO functional groups. More importantly, all the generated water has very low

concentration of heavy metal ions.
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Figure 3.17 Concentrations of Pb2+ and Pd2+ in water purified by the PNIPAAm-PVA-PDA

hydrogel (top) and micro-PNIPAAm-GO hydrogel (bottom).

To investigate the practical application of hydrogel in outdoor sunlight, the water

release of the light-driven hydrogel under sunlight was performed. As shown in

Figure 3.18, more than 90% of the water in the PNIPAAm-PVA-PDA hydrogel and

about 60% of the water in the micro-PNIPAAm-GO hydrogel was released after

placing the hydrogels under sunlight for half an hour. This indicates that the surface

temperature of the hydrogels has reached the LCST and changed from the hydrophilic

state to the hydrophobic state. PDA and GO show excellent photothermal conversion

performance, and even the water release is faster due to the greater intensity of

outdoor sunlight than the NIR light in the laboratory. Therefore, both hydrogels are

potential materials that can be used for actual water purification.
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Figure 3.18 Natural sunlight-driven clean water generation. PNIPAAm-PVA-PDA (top) and

micro-PNIPAAm-GO (bottom) hydrogels placed indoors without sunlight (left);

PNIPAAm-PVA-PDA (top) and micro-PNIPAAm-GO (bottom) hydrogels placed in outdoor

sunlight (right).

3.3 Conclusion

In summary, two novel light-driven purification hydrogels were prepared based on the

photothermal material PDA and GO, PNIPAAm-PVA-PDA hydrogel and

micro-PNIPAAm-GO hydrogel. Under NIR irradiation at 850 nm, the surface

temperature of PNIPAAm-PVA-PDA hydrogel can rise to LCST within 30 min, much

faster than that of micro-PNIPAAm-GO hydrogel within 40 min. The equilibrium

swelling ratios show that both PNIPAAm-PVA-PDA and micro-PNIPAAm-GO

hydrogels can generate eight times their own weight of water at above LCST. A series

of contaminated water purification tests were then performed to demonstrate that the

prepared hydrogels were all capable of obtaining clean water from oil-water

contaminants, dye wastewater, heavy metal contaminated water and microbially
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contaminated water. Both hydrogels have better adsorption for Pb2+ compared to Pd2+.

PNIPAAm-PVA-PDA hydrogel has higher adsorption for Pd2+ compared to

micro-PNIPAAn-GO hydrogel, while micro-PNIPAAn-GO hydrogel has higher

adsorption for Pb2+ than PNIPAAm-PVA-PDA hydrogel. All the generated water has

very low concentration of heavy metal ions, especially the Pb2+ concentration is

already below the minimum detection range of the instrument. This provides a new

approach to the current water pollution problem that is more energy efficient,

environmentally friendly and convenient.
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4 Light, temperature and O2

Stimuli-responsive polymer based on

host-guest interaction
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4.1 Strategy

Cyclodextrin (CD) and azobenzene (AZO) are typical systems that form complexes

through host-guest interactions.208 Since azobenzene undergoes reversible

isomerization under UV and visible light, the formation and dissociation of the

complexes can be controlled by light.209 Poly(N-isopropylacrylamide) (PNIPAAm) is

one of the well-known thermally responsive polymers that undergoes thermally

induced reversible hydrophilic/hydrophobic phase transitions above the lower critical

solubility temperature (LCST).31 Pentafluorophenyl-capped poly(ethylene glycol)

which is O2-sensitive was very recently described by Jung et al. It was discovered that

the solubility of the polymer in water was slightly improved by the interaction

between oxygen and C-F bonds.136

Our target is to construct supramolecular polymers from host-guest inclusion

polymers, β-cyclodextrin-poly(N-isopropylacrylamide)@poly(ethylene glycol)-

pentafluorostyrene-azobenzene (β-CD-PNIPAAm@PEG-FS-AZO) based on the

interaction between β-CDs and azobenzene groups. Atom transfer radical

polymerization (ATRP) was used to produce the guest polymer PEG-FS-AZO as well

as the host polymer β-CD-PNIPAAm. Herein, the hydrophobic FS forms the core of

the supramolecular micelle and the hydrophilic PNIPAAm is used as the shell of the

supramolecular micelle. FS can be converted from hydrophobic to hydrophilic after

the exposure to oxygen; PNIPAAm changes from hydrophilic to hydrophobic with

increasing temperature; Azobenzene is a typical photosensitive group that can

undergo cis/trans conversion in the presence of light. Therefore, a polymer micelle

with multiple responses to light, oxygen and temperature is prepared.
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Scheme 4.1 Preparation Strategy Sketch Map of β-CD-PNIPAM@PEG-FS-AZO

Supramolecular Polymers.

4.2 Results and Discussion

β-CD-PNIPAAm was synthesized as previously reported.210 Scheme 4.1 depicts the

reaction strategy for the synthesis of β-CD-PNIPAAm. Starting with the synthesis of

monoazide-functionalized β-cyclodextrin (β-CD-N3), then the ATRP-initiating moiety

was introduced by a click reaction with 2-bromoisobutyryl propargyl ester (PBM).

Afterwards, β-CD-functionalized initiator was used to initiate the ATRP of NIPAAm

to produce the final polymer (β-CD-PNIPAAm).

The click reaction of β-CD-N3 with the alkyne PBM was subsequently carried out,

employing CuBr as catalyst. As shown by 1H NMR spectra, the peak at 8.12 ppm

proved the formation of the triazole ring and the product β-CD-PBM was successfully

obtained (Figure 6.3.4). All characteristic peaks of β-CD-PBM can be assigned in the

spectrum. As shown in the Figure 6.3.1, by calculating the integral area ratio of the
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two peaks at 2.43 ppm and 4.76 ppm, it was demonstrated that about two -OH groups

in the whole β-CD structure were involved in the reaction.

The obtained β-CD-functionalized initiator and NIPAAm monomer were subjected to

ATRP to obtain the target polymer. During this ATRP reaction, the CATALYST

system CuBr/Me6TREN was employed, which allows polymerization at room

temperature. In the 1H NMR spectrum (Figure 4.1), the proton peak of -NH appears at

6.84-7.5 ppm, demonstrating the successful proceeding of ATRP. This result is also

confirmed by the -CH3 peak at 1.0 ppm and the -CH peak at 3.65-3.89 ppm. All

characteristic peaks of the polymer have been attributed in the spectra. The degree of

polymerization of the polymer was estimated by comparing the integrated area ratio

of -CH3 (0.7-1.09 ppm) of the repeating unit with the proton signal of the CD fraction

(4.55 - 5.2 ppm) to be about 32. Thus, the experimental number average molecular

weight (Mn, NMR) of β-CD- PNIPAAm is about 5000 g mol-1. The values determined

by GPC (Mn, GPC = 4321 g mol-1) and calculated from 1H NMR spectra do not differ

much, which shows good agreement. The host polymer β-CD-PNIPAAm showed a

slightly wider molecular weight distribution in the result tested by GPC, with a Ð of

1.39. This is due to the difference in the number of -OH groups involved in the

reaction in each β-CD, although on average two -OH groups are involved in the

reaction. In conclusion, the experimental results showed that the host polymer was

effectively purified and the polymerization process was well controlled.

The FT-IR spectra also demonstrate the successful preparation of the host polymer. As

shown in the Figure 4.2, the absence of the characteristic absorption peak of azide at

2100 cm-1 indicates that the previous click reaction was complete. The absorption

peak at 3290 cm-1 is attributed to -OH of β-CD. The characteristic absorption peak of

-NH of PNIPAAm appears at 2967 cm-1.
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Figure 4.1 1H NMR spectra of β-CD-N3 (top), β-CD-PBM (middle) and β-CD-PNIPAAm

(bottom) recorded in DMSO-d6.
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Figure 4.2 FT-IR spectra of β-CD-N3, β-CD-PBM and β-CD-PNIPAAm.

The guest polymer PEG-FS-AZO was synthesized with reference to a previous

study.208 The synthesis process is shown in the Scheme 5.1. The -CH3 peak at 1.87

ppm and the -CH2 peak at 3.67 ppm (Figure 6.3.6) indicate the successful preparation

of the PEG-Br macromolecular initiator. Subsequently, the ATRP polymerization of

FS monomer was initiated by the PEG-Br macromolecular initiator in the presence of

HMTETA and CuBr as catalysts. As shown in the 1H NMR spectra (Figure 6.3.7), the

-CH, -CH2 proton signal peaks of the FS repeating unit appeared at 2.16-2.46 ppm

and 1.75-2.07 ppm, which indicated the successful obtaining of the target polymer

PEG-FS-Br. This result was also confirmed by the 19F NMR spectra. The

characteristic peaks of pentafluorostyrene appeared at -137.8, -148.2, and -160.2 ppm,

as shown in the Figure 6.3.8. The absorption peak at 1517 cm-1 in the IR spectrum is

attributed to the aromatic C-F of FS repeating unit in the polymer.
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Figure 4.3 FT-IR spectra of PEG-Br, PEG-FA-N3 and PEG-FS-AZO.

In a next step, a polymer end-group azide modification reaction was carried out. The

appearance of azide characteristic peak around 2100 cm–1 in FT-IR (Figure 4.3)

indicated the successful azide reaction between PEG-FS-Br and NaN3.

Subsequently, the above obtained polymer with the azide end group and the terminal

alkyne azobenzene underwent a click reaction. The synthesis of terminal alkynes of

azobenzene is shown in Scheme 6.3.10. The proton signal of the terminal alkyne -CH

appears at 2.48 ppm, and all other proton signals have been marked in the spectra for

attribution, which proves the successful synthesis of alkyne-azobenzene. PMDETA

and CuBr were used as catalysts in the click reaction. As shown in the 1H NMR

spectra, the new peaks appeared at 7.67-7.9 ppm and 7.28-7.5 ppm, corresponding to

the H signals of azobenzene, indicated that the goal product PEG-FS-AZO was

successfully obtained (Figure 4.4). The degree of polymerization of PEG-FS-Br was

calculated to be around 32 by comparing the integration area ratio of the FS repeat

unit -CH peak at 1.75-2.07 ppm to the -CH3 peak at 2.29 ppm, giving the polymer an
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experimental number average molecular weight (Mn, NMR) of roughly 9200 g mol-1.

However, the values determined by GPC is 12500 g mol-1, which is a little higher than

the Mn, NMR. This discrepancy is probably ascribed to the large hydrodynamic volumes

of the guest polymer or the mass loss during preparation and post-treatment. It is

encouraging to see that the PEG-FS-Br polymer has a nearly central distribution and a

low Ð of 1.05.

Figure 4.4 1H NMR spectra (400 MHz) of PEG-FS-AZO CDCl3.
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Figure 4.5 1H NMR spectra of β-CD-PNIPAAm@PEG-FS-AZO supramolecular micelles.

Figure 4.6 2D NOESY 1H NMR spectra of β-CD-PNIPAAm@PEG-FS-AZO supramolecular

micelles.
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As shown in Figure 4.6, the host-guest complexation between β-CD and the

azobenzene moiety has been demonstrated by 2D NOESY 1H NMR. It is obviously

that the proton signals of β-CD at 3.46-3.6 ppm are associated with the azobenzene

proton signal at 7-8.01 ppm, producing some cross peaks (red boxes in the Figure).

This indicated that β-CD can interact with azobenzene molecules to form a host-guest

complexation system, and the azobenzene-containing PEG-FS-AZO was entrapped in

the lumen of β-CD. The 1H NMR also supported this outcome (Figure 4.5). Both

azobenzene (7-8.01 ppm) and cyclodextrin protons (3.46-3.6 ppm) are visible.

Therefore, the β-CD-PNIPAAm@PEG-FS-AZO supramolecular was obtained.

Azobenzene-containing supramolecules display a photosensitivity. Further research on

the supramolecular polymer solution's light response was conducted using a UV-Vis

spectrophotometer. The UV-Vis spectra of the guest polymer PEG-FS-AZO dispersed

in DMF are shown in Figure 5.7 under UV (365 nm) and visible light (450 nm)

irradiation at different times. The π-π* transition of trans-azobenzene and the π-π*

transition of cis-azobenzene are considered to be responsible for the characteristic

absorption peaks at 350 and 440 nm, respectively. Apparently, the absorbance of

azobenzene at 350 nm decreased significantly with increasing UV irradiation time,

while the absorbance at 440 nm increased slightly, indicating that azobenzene changes

from trans to cis conformation under UV irradiation. In contrast, the absorbance of

azobenzene at 350 nm increased rapidly with increasing visible light time, indicating

that azobenzene reversibly shifts from the cis- to the trans- configuration under visible

light irradiation. As shown in Figure 4.7 (a, b), the absorbance of PEG-FS-AZO at

350 nm rapidly increased to its original intensity in just 10 seconds under visible light

irradiation, demonstrating the extremely quick photo-responsive cis-trans conversion.

Consequently, under alternating UV and visible light irradiation, supramolecular

self-assemblies containing azobenzene units may be able to reversibly

self-assemble/dissociate as a result of the trans-cis and cis-trans isomerization

transitions.
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Based on this, the host-guest supramolecule's isomerization transition was also

studied using the change in absorbance, as illustrated in Figure 4.7 (c, d). The

supramolecule's absorbance at 350 nm considerably decreased when the UV exposure

duration was extended, and the polymer's azobenzene unit switched from trans- to

cis-. And after only 10 seconds of visible light irradiation, the absorbance of the

supramolecule at 350 nm has been enhanced to the original intensity, which means the

azobenzene unit switches from cis- to trans-. Therefore, the produced

β-CD-PNIPAAm@PEG-FS-AZO complex is photo-responsive since the cis-trans

isomerization process of the azobenzene unit can be switched repeatedly under

alternating UV and visible light irradiation.

Figure 4.7 UV-Vis spectra of (a and b) PEG-FS-AZO (0.2 mg/mL) and (c and d)

supramolecular (0.1 mg/mL) under (a and c) 365 nm UV and (b and d) 450 nm visible

irradiation.

Thermally induced hydrophilic-hydrophobic transition based on PNIPAAm in
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aqueous solution was studied utilizing self-assembled host-guest complex. The low

critical solution temperature (LCST) of β-CD-PNIPAAm and host-guest complex was

determined by turbidity measurements using UV-visible spectrophotometry. The

transmittance vs temperature for β-CD-PNIPAAm and host-guest complex is plotted

in Figure 4.8. Both polymers showed a clear thermally induced phase transition. The

50% transmittance points of the β-CD-PNIPAAm and host-guest complex were at

39.6 ℃ and 40.2 ℃, respectively. The higher LCST value of β-CD-PNIPAAm

compared to the pure PNIPAAm polymer (~ 32 ℃) should be attributed to the

presence of the hydrophilic β-CD terminal fraction. The complex also exhibits similar

temperature phase transition properties, with a slightly higher LCST temperature

compared to β-CD-PNIPAAm. This may be due to the presence of the hydrophilic

macromolecule PEG. As a result, the produced complex exhibits a reversible

temperature phase behavior, switching from hydrophilic to hydrophobic with

increasing temperature leading to the dissociation of the complex.

Figure 4.8 Transmittance as a function of temperature for an aqueous solution of

β-CD-PNIPAAm and host-guest complex.
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The O2 responsiveness of the host-guest complex was studied by UV-visible

spectrophotometry to investigate the change in hydrophilicity before and after the

exposure to oxygen. As can be seen in Figure 5.9, the transmittance of the complex

increased from 90% to 100% at room temperature after the injection of oxygen,

indicating an increase in the hydrophilicity of the complex. The 50% transmittance

points were 45.9 ℃ and 46.7 ℃ before and after oxygen injection, respectively. FS

becomes more soluble, increasing the hydrophilicity of the complex, as a result of the

interaction between the fluorine atoms and the dissolved O2 molecules in solution. It

means ΔT induced by oxygen was 0.8 ℃. ΔT is not large probably due to the fact that

there are too many FS repeating units, or the hydrophobicity of FS is too strong. It is

evident from the above that the host-guest complex is O2-responsive, which is

achieved by the oxygen-induced hydrophilic/hydrophobic conversion of the guest

polymer, thus controlling the self-assembly/dissociation of the complex.

Figure 4.9 Transmittance as a function of temperature for an aqueous solution of host-guest

complex and host-guest complex after exposure to O2.
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4.3 Conclusion

In summary, well-defined β-CD-terminated PNIPAAm (β-CD-PNIPAAm) was

synthesized by a combination of atom transfer radical polymerization (ATRP) and

click reaction. In addition, PEG-FS-AZO with azobenzene capped end groups was

synthesized by ATRP and click reaction using PEG initiator and FS monomer.

Subsequently, a novel β-CD-PNIPAAm@PEG-FS-AZO complex was designed and

synthesized by host-guest interactions between β-CD and azobenzene, which was

confirmed by FT-IR, (2D NOESY)1H NMR, etc. The obtained complexes are triple

responsive to light, oxygen and temperature. It undergoes reversible self-assembly

and dissociation under alternating UV and visible light irradiation, oxygen

influx/removal, and temperature increase/decrease. Therefore, this strategy holds

promise for future use as a controlled drug delivery system.
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5 Conclusion and Outlook

In this thesis, three different responsive materials were successfully prepared based on

the temperature responsive polymer PNIPAAm.

First, the novel light-driven purification hydrogel (PNIPAAm-PVA-PDA) was

successfully fabricated. It is achieved by incorporating PVA into a conventional

PNIPAAm network to obtain a PVA/PNIPAAm semi-IPN hydrogel and then

depositing PDA on it. Subsequently, a hydrogel (micro-PNIPAAm-GO) similar to the

one above was prepared. This hydrogel is based on the photothermal material

graphene oxide and the temperature responsive polymer PNIPAAm. Due to the

presence of GO, this hydrogel has a unique three-dimensional network structure,

which is shown in the SEM. The composition of the hydrogels was confirmed by

FT-IR and LCST was confirmed by DSC. Under NIR irradiation with a wavelength of

850 nm, the hydrogels' surface temperature can increase to LCST, and changed from

hydrophilic to hydrophobic while releasing pure water. Both the de-swelling and

re-swelling kinetic curves of the hydrogels showed the good reusability. Oil-water

mixtures, dye-contaminated water and heavy metal-contaminated water have been

used to test the purification capacity of hydrogels. Both hydrogels have better

adsorption for Pb2+ compared to Pd2+. PNIPAAm-PVA-PDA hydrogel has higher

adsorption for Pd2+ compared to micro-PNIPAAn-GO hydrogel, while

micro-PNIPAAm-GO hydrogel has higher adsorption for Pb2+ than

PNIPAAm-PVA-PDA hydrogel. All the generated water has very low concentration of

heavy metal ions, especially the Pb2+ concentration is already below the minimum

detection range of the instrument. Compared to the earlier evaporation-cleaning

hydrogels, this novel method for purifying existing wastewater has the advantages of

being more practical, quicker, and more potent.

Afterwards, β-CD-PNIPAAm@PEG-FS-AZO complex was designed and synthesized

by host-guest interaction between β-CD and azobenzene and confirmed by FT-IR, (2D
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NOESY) 1H NMR, etc. The host polymer in the complex, β-CD-PNIPAM, was

synthesized by atom transfer radical polymerization (ATRP) and click reaction. The

guest polymer PEG-FS-AZO was synthesized by ATRP and click reaction using a

PEG initiator and FS monomer. The obtained complex showed a triple response to

light, oxygen and temperature and then the responsiveness was further investigated by

UV-visible spectrophotometry. This work provides a new method for the synthesis of

multi-responsive polymers, and this method is expected to be used in the future as a

controlled drug delivery system.

In a summary, this thesis provides a variety of synthetic methods for the preparation

of novel dual or multi-responsive polymers, and they are briefly explored and

investigated.
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6. Experimental section

6.1 Materials

Dopamine hydrochloride, N-isopropylacrylamide (NIPAAm) were purchased from

TCI and employed without further purification.

Amino-2-(hydroxymethyl)-1,3-propanediol (tris-base), N,N'-methylenebisacrylamide

(MBA), PVA (average mol. wt. 89,000–98,000, 99% hydrolyzed), ammonium

persulfate (APS), potassium persulfate (KPS, K2S2O8),

N,N,N′,N′-tetramethyl-ethylenediamine (TEMED), sodium dodecyl sulfate (SDS),

hydrochloric acid (HCl)(37%), graphite powder, Yeast, Palladium (II) acetate

(Pd(OAc)2), Rhodamine 6G (R6G) and sulfuric acid(H2SO4), sodium nitrate(NaNO3),

potassium permanganate(KMnO4), hydrogen peroxide(H2O2) are commercially

available from Sigma–Aldrich and employed without further purification. Lead (II)

acetate trihydrate (Pb (CH3CO2)2 · 3H2O) was purchased from VWR and employed

without further purification.

β-Cyclodextrin (β-CD, 99%), 2-Bromoisobutyryl bromide (BIBB, 98%),

tris(2-(dimethylamino)ethyl)amine (Me6TREN, > 98%), cuprous bromide (CuBr,

98%), 4-(phenyldiazenyl) phenol (Azo, 98%), potassium carbonate (K2CO3),

triethylamine (TEA, 99%), monomethoxy poly ethylene glycol (MPEG; Mn = 3000),

sodium azide (NaN3; 99%), N,N,N,N',N'-pentamethyldiethylenetriamine (PMDETA;

97%), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA; 97%), 2,3,4,5,6-

pentafluorostyrene (FS, 99%) were purchased from Sigma- Aldrich and used without

further purification.
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6.2 The characterization techniques

6.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a technique used in analytical

chemistry for research and quality control to determine sample content, purity and

molecular structure. It is based on the study of the interaction of radiofrequency

electromagnetic radiation with the molecular nuclei of a sample coming from a strong

magnetic field. In a standard NMR test, the sample to be tested is placed in a magnetic

field and then excited with an RF pulse that causes the nuclei of the sample to

resonate with the magnetic field, causing the nuclei to flip to a higher energy

arrangement. When the nuclei return to their original state, a time-domain RF signal

called the free induction decay (FID) signal is emitted. The FID signal is converted to

a frequency domain signal through a Fourier transform to obtain a nuclear magnetic

resonance spectrogram. Attributed to the intramolecular magnetic field, the resonant

frequencies of the molecular atoms are variable and therefore represent the individual

functional groups of the molecule and their electronic structure.

In this thesis, all 1H NMR and 19F NMR spectroscopy were performed at 298 K using

Bruker Ascend 400 spectrometer (1H NMR 400 MHz, 19F NMR 376 MHz). The

NOESY 1H NMR was measured using a Bruker Ascend 600 spectrometer.

6.2.2 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) is a size-exclusion chromatography method

commonly used for polymer analysis. It is based on the separation of polymers

according to their size (i.e., hydrodynamic volume) by using a column filled with

porous beads. During a typical GPC measurement, molecules pass through the

column by an elution rinse. Smaller analytes enter most of the pores before passing

further through and therefore require more time for elution. In contrast, larger size
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analytes will elute directly from the column, thereby reducing elution time. The

molecular weight and dispersion can be obtained by comparing the retention time of

the analytes with the calibration curve of the polymer standard.

6.2.3 Fourier-transformation Infrared Spectroscopy (FT-IR)

In chapter 3, hydrogels swelled to equilibrium at room temperature were freeze-dried

to completely remove any water. After drying, the FTIR spectra of the dried-hydrogel

was conducted by the attenuated total reflectance infrared spectroscopy (ATR-IR,

Smart iTR) unit on a Bruker VERTEX 80 V FT-IR spectrometer in the range of

600–4000 cm−1 at ambient temperature.

6.2.4 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is one of the most commonly used electron

microscopes to study the surface morphology and composition of a sample. Typically,

for a SEM measurement, an electron beam is emitted from the thermal ion of an

electron gun and accelerated by an applied voltage of up to 30 kV. The electron beam

is then focused through a combination of lenses to a spot of approximately 0.4 nm to

5 nm in diameter. The electron beam is shot into the sample surface after passing

through a scanning coil. As a result of the electron-sample interaction, secondary

electrons (low energy), backscattered electrons (high energy) and characteristic

X-rays are produced. These signals can be collected by various detectors. Backscatter

detectors collect backscattered electrons from electrons reflected from the sample

surface and deeper and provide images that convey information about the sample

composition as well as the sample's morphology, crystallography and magnetic field.

The secondary electron detector collects secondary electrons produced by the

interaction of the primary beam with the sample and further integrates them into an

image of the surface topography on the screen. The X-ray detector collects X-rays

generated by the absorbed electrons. Due to the element-specific emission of the
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X-rays, the elemental composition of the sample can then be obtained.

In chapter 3, the morphologies of the hydrogels were characterized by scanning

electron microscope (SEM, LEO 1530 Gemini with Schottky field emitter).

6.2.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a thermal analysis technique that measures the

heating rate versus temperature required to bring the sample to the same temperature

as the reference with the help of a compensator. The basic principle is that as the

sample undergoes phase changes, glass transition and chemical reactions, it absorbs

and releases heat, and the compensator measures how the heat flow can be increased

or decreased to keep the sample and reference at the same temperature.

In chapter 3, the Lower critical solution temperature (LCST) behavior of the

hydrogels was determined using a Differential scanning calorimeter (DSC, DSC Q200

TA Instruments). Before DSC measurement, the samples were equilibrated in

deionized water at room temperature, and excess surface water should be removed

with filter paper. The thermal analysis was performed at a heating rate of 5 °C/min

from 0 to 50 ℃ under a dry N2 atmosphere.

6.2.6 Optical Microscopy

The optical images of emulsions and eluates were recorded from Keyence biorevo

microscope.

6.2.7 Contact Angle (WCA)

In chapter 3, Water contact angle was measured on the KRÜSS model DSA25S Drop

Shape Analyzer.
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6.2.8 Ultraviolet-visible (UV-vis) Spectrophotometer

UV-Visible spectrophotometer is an analytical instrument based on the principle of

UV-Visible spectrophotometry, which uses the radiation absorption of material

molecules in the UV-Visible spectral region to perform analysis. It is mainly

composed of light source, monochromator, absorption cell, detector and signal

processor and other components.

In chapter 3, the UV-vis spectra were measured on an Ocean optics spectrometer at

ambient temperature.

In chapter 4, the UV-vis spectra were measured on a Perkin Elmer Lambda 35 UV-vis

spectrometer with Peltier system.

6.2.9 Inductively Coupled Plasma Optical Emission

Spectrometry (ICP-OES)

Inductively coupled plasma and optical emission spectrometry (ICP-OES) is ais a

potent, adaptable, and sophisticated analytical method for the quick and sensitive

identification of elements in various materials. It is based on the spontaneous emission

of photons produced by ions or atoms that are excited by a radio frequency discharge.

In the specific operation, the sample is first introduced into an inductively coupled

argon plasma, where it is atomized and ionized and eventually excited. When the

electrons return from the excited energy level to a lower energy level, the ions and

atoms emit photons, which are referred to as ion or atomic emission. The emitted

photons are then collected into a detector using an Eicher or Rolland ring optic, at

which point the different emission wavelengths are separated from each other. The

element concentration is later determined by measuring the intensity of the emission

signal at the respective wavelength by the detector, as the intensity of the emission

signal is proportional to the concentration of the element in the plasma.211
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Figure 6.2.1 Instrumentation of ICP-OES. Reprinted with permission from Ref.211, copyright

(2022) Springer Nature.

The heavy metal ion solutions in Chapters 3 were measured on an iCAP 7600 DUO,

Thermo-Fisher-Scientific. The aqueous solution of palladium ions was added with 5%

hydrogen chloride before the measurement.

6.3 Experimental Procedures

6.3.1 Synthesis of Graphene oxide (GO)

Graphene oxide (GO) was prepared from graphite by the Hummers method. 212 The

concentrated H2SO4 (69 mL) was added to a mixture of graphite (3.0 g) and NaNO3

(1.5 g), and the mixture was cooled to 0 °C. KMnO4 (9.0 g) was added slowly in

portions to keep the reaction temperature below 20 °C. The reaction was warmed to

35 °C and stirred for 30 min, at which time water (138 mL) was added slowly,

producing a large exotherm to 98 °C. External heating was introduced to maintain the

reaction temperature at 98 °C for 15 min, then the heat was removed and the reaction
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was cooled using a water bath for 10 min. Additional water (420 mL) and 30% H2O2

(3 mL) were added, producing another exotherm. After air cooling, the mixture was

purified as described for the GO above (sifting, filtration, multiple washings,

centrifugations and decanting, vacuum drying) to give a black solid.

6.3.2 Synthesis of

Mono(6-O-(p-tolylsulfonyl))-β-cyclodextrin (β-CD-OTs)

Scheme 6.3.1 The synthesis route of Mono(6-O-(p-tolylsulfonyl))-β-cyclodextrin

(β-CD-OTs).

β-CD (17.0 g, 15.0 mmol) was dissolved in 200mL aqueous solution of sodium

hydroxide (0.4 M) and cooled down to 0 ℃. Subsequently, p-toluenesulfonyl chloride

(12.0 g, 63 mmol) was added to the solution in small portions over 5 min while

vigorously stirring. The resultant suspension was promptly filtered out after being

agitated for further 30 min below 5 ℃. The filtrate was neutralized with hydrochloric

acid and stirred for 1 h. The resultant precipitate was filtered off, washed three times

with water and dried overnight at 60 ℃. The product was kept in a desiccator with

phosphorus pentoxide to further dry it off (5.07 g, yield 26%).

1H NMR (DMSO-d6, δ in ppm): 2.43 (3H, -CH3); 3.17-3.74 (42H, repeat units from

β-CD);4.40-4.61 (6H, -OH); 4.74-4.9 (7H, -OH); 5.61-5.86 (7H, -OH); 7.43 (d, 2H,
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Ar-H); 7.75 (d, 2H, Ar-H).

Figure 6.3.1 1H NMR spectra (400 MHz) of Mono(6-O-(p-tolylsulfonyl))-β-cyclodextrin

(β-CD-OTs) DMSO-d6.

6.3.3 Synthesis of Mono(6-azido-6-desoxy)-β-cyclodextrin

(β-CD-N3)

Scheme 6.3.2 The synthesis route of Mono(6-azido-6-desoxy)-β-cyclodextrin (β-CD-N3).

Mono(6-O-(p-tolylsulfonyl))-β-cyclodextrin (2.6 g, 2 mmol) was suspended in 50 mL

of water and heated to 80 ℃. Afterwards, 0.65 g (10 mmol) of sodium azide was
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added to the suspension and the mixture was stirred for 4 h until it became transparent.

The solution was precipitated in 200 mL of acetone and then filtered off to obtain the

crude product. A white powder was obtained after recrystallization from

water/acetone (1.04 g, 45%).

1H NMR (DMSO-d6, δ in ppm): 3.33 (14H, H-a); 3.5-3.74 (28H, repeat units from

β-CD); 4.44-4.56 (6H, from β-CD); 4.83 (d, 6H, from β-CD); 4.9 (d, 1H, H-c);

5.6-5.81 (14H, -OH).

Figure 6.3.2 1H NMR spectra (400 MHz) of Mono(6-azido-6-desoxy)-β-cyclodextrin

(β-CD-N3) DMSO-d6.

6.3.4 Synthesis of prop-2-yn-1-yl

2-bromo-2-methylpropanoate (PBM)

Scheme 6.3.3 The synthesis route of prop-2-yn-1-yl 2-bromo-2-methylpropanoate (PBM).
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Propargyl alcohol (1.088 g, 19.4 mmol) and triethylamine (2.064 g, 20.4 mmol) were

first dissolved in diethyl ether (50 mL). Then α-bromoisobutyryl bromide (4.692 g,

20.4 mmol) was dropwise added into the above solution at 0 °C. After addition, the

reaction mixture was stirred at room temperature for 24 h. The resulting mixture was

washed with water and brine for three times and the organic phase was dried over

sodium sulfate anhydrous (Na2SO4). The obtained solution was concentrated and the

crude product was purified via silica chromatography column (Hexane/ethyl acetate =

10:1) to give the product as a colorless liquid (4.51 g, yield 90%).

1H NMR (CDCl3, δ in ppm): 4.7 (d, 2H, H-2), 2.51 (t, 1H, H-1), 1.88 (s, 3H, H-3, 4).

Figure 6.3.3 1H NMR spectra (400 MHz) of prop-2-yn-1-yl 2-bromo-2-methylpropanoate

(PBM) CDCl3.
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6.3.5 Synthesis of β-CD-PBM

Scheme 6.3.4 The synthesis route of β-CD-PBM.

2-Bromoisobutyryl propargyl ester (0.2 g, 0.98 mmol) and copper(I) bromide (31.6

mg, 0.22 mmol) were added to a solution of mono(6-azido-6-desoxy)-β-cyclodextrin

(0.6 g, 0.52 mmol) (ratio alkyne/azide =1.9: 1) in 30 mL DMF in the presence of

nitrogen. Afterwards, Triethylamine (202.4 mg, 2.0 mmol) was added and the mixture

was allowed to stir under nitrogen atmosphere for 14 h at room temperature. For

working up, the mixture was poured into 200 mL of toluene. Then, 100 mL of

n-hexane was added, leading to precipitation of the product. The yellowish solid was

isolated by filtration and washed several times with diethyl ether (561 mg, yield

80%).

1H NMR (DMSO-d6, δ in ppm): 1.89 (s, 6H, H-i), 3.08 and 2.88 (m, 2H, H-f′),

3.16−3.46 (H-b, d, b′, d′), 3.46−3.83 (23H, H-c, e, f, c′), 4.00 (t, 1H, H-e′), 4.37−4.58

(6H, CH2−OH), 4.85 (m, 2H, H-f′), 5.02 and 4.69−4.94 (7H, H-a, a′), 5.22 (s, 2H,

H-h), 5.54−5.96 (14H, CH−OH), 8.12 (s, 1H, H-g).
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Figure 6.3.4 1H NMR spectra (400 MHz) of β-CD-PBM DMSO-d6.

6.3.6 Synthesis of β-CD-PNIPAAm

Scheme 6.3.5 The synthesis route of β-CD-PNIPAAm.

β-CD-PBM (0.1 g, 0.074 mmol), NIPAAm (0.282 g, 2.5 mmol) and Me6TREN (0.017

mL, 0.074 mmol) were dissolved in 2 mL mixture of water/DMF (0.1:1.9) in the

Schlenk flask. Through four consecutive "freeze-pump-thaw cycles," the solution was

degassed. CuBr (7.3 mg, 0.0051 mmol) was then added to the mixture as a catalyst.

The liquid was allowed to defrost after another "freeze-pump-thaw cycle" in order to

start the room temperature ATRP. The polymerization was stopped after an hour by

exposing to air. The mixture was precipitated into an excess of diethyl ether. For the

purpose of removing the copper catalysts and small molecule β-CD derivatives, the
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crude product was dissolved in deionized water and dialyzed against deionized water

for two days. Finally, a white powder (120 mg) was obtained by freeze-drying.

1H NMR (DMSO-d6, δ in ppm): 1.00 (H-n), 1.1−1.66 (H-j), 2.16−1.7 (H-k), 3.03 and

2.85 (H-f′), 3.37−3.65 (H-c, e, f, c′), 3.65−3.89 (H-m), 3.98 (H-e′), 4.3−4.5 (CH2-OH),

4.65−4.82 (H-a, a′), 5.0 (H-h), 5.53−5.84 (CH-OH), 6.84−7.5 (H-l), 7.96 (H-g).

GPC: Mn, GPC = 4.32 ×103 g mol-1, Mw/Mn = 1.34.

Figure 6.3.5 1H NMR spectra of β-CD-PNIPAAm recorded in DMSO-d6.

6.3.7 Synthesis of poly (ethylene glycol) methyl ether

2-bromoisobutyrate (PEG-Br) macroinitiator

Scheme 6.3.6 The synthesis route of poly (ethylene glycol) methyl ether 2-bromoisobutyrate
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(PEG-Br) macroinitiator.

PEG (3 g, 1 mmol) was dissolved in 50 mL of dry THF in the round flask.

Trimethylamine (151 mg, 1.5 mmol) was then added into the flask and the mixture

was put into an ice bath. Afterwards, the excess BiBB (276 mg, 1.2 mmol) dissolved

in 15 mL of dry THF was added dropwise to the solution over 30 min. The reaction

was kept overnight at room temperature after stirring for 2 h in the ice bath. The

residual THF was extracted from the mixture using rotatory evaporation after it had

been filtered. The crude product was dissolved in DCM and washed three times with

saturated NaHCO3 and DI water, respectively. The organic phase was collected and

dried with anhydrous Na2SO4. The concentrated organic phase was precipitated into

cold diethyl ether and dissolved in THF for three cycles after the Na2SO4 was

removed. After drying in the vacuum oven at 30 ℃ for 30 hours, the final product was

obtained as a white solid (2.36 g, yield 75%).

1H NMR (400 MHz, δ in ppm): 1.87 (s, 6H, H-6, 7), 3.31 (s, 3H, H-1), 3.58 (H-2, 3),

3.67 (H-4), 4.25 (H-5).

GPC: Mn, GPC = 3.024 ×103 g mol-1, Mw/Mn = 1.02.
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Figure 6.3.6 1H NMR spectra (400 MHz) of poly (ethylene glycol) methyl ether

2-bromoisobutyrate (PEG-Br) macroinitiator CDCl3.

6.3.8 Synthesis of poly((ethylene glycol)methyl ether)-block-

Poly(2,3,4,5,6-pentafluorostyrene) (PEG-FS-Br)

Scheme 6.3.7 The synthesis route of poly((ethylene glycol)methyl ether)-block-

Poly(2,3,4,5,6-pentafluorostyrene) (PEG-FS-Br).

The typical ATRP procedure for the synthesis of PEG-FS-Br was as follows. PEG-Br

macro-initiator (1.57 g, 0.5 mmol), FS (4.85 g, 25 mmol), HMTETA (115 mg, 0.5

mmol) and anhydrous toluene (2 mL) were added into Schlenk flask and stirred to

make a clear solution. Three freeze-pump-thaw nitrogen cycles were performed to

remove the oxygen inside. CuBr (71.7 mg, 0.5 mmol) was then added to the flask,

followed by another freeze-pump-thaw cycle to remove oxygen in the mixture. The

flask was sealed under N2 atmosphere and kept in the oil bath at 60 ℃.

The reaction was quenched with liquid nitrogen, and then the mixture was diluted by

THF and passed through a short neutral Al2O3 remove the copper catalyst. The final

product was purified by precipitating into cold hexane and dissolving in THF for three

times (3.5 g).

1H NMR (400 MHz, δ in ppm): 1.65 (s, 6H, H-6), 1.75-2.07 (H-7), 2.16-2.46 (H-8),

3.31 (s, H-1), 3.58 (H-2, 3, 4, 5).

19F NMR (376 MHz, δ in ppm): -137.8 (F-2), -148.2 (F-1), -160.2 (F-3).
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GPC: Mn, GPC = 1.256 ×104 g mol-1, Mw/Mn = 1.05.

Figure 6.3.7 1H NMR spectra (400 MHz) of poly((ethylene glycol)methyl ether)-block-

Poly(2,3,4,5,6-pentafluorostyrene) (PEG-FS-Br) CDCl3.

Figure 6.3.8 19F NMR spectra (376 MHz) of poly((ethylene glycol)methyl ether)-block-
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Poly(2,3,4,5,6-pentafluorostyrene) (PEG-FS-Br) CDCl3.

6.3.9 Synthesis of PEG-FS-N3

Scheme 6.3.8 The synthesis route of PEG-FS-Br-N3.

PEG-FS-Br (500 mg, 0.04 mmol) was dissolved in DMF (10 mL) to form a solution.

NaN3 (13 mg, 0.2 mmol) was added and then heated to 80 °C for 10 hours. The

mixture was dissolved in deionized water and dialyzed against deionized water for 3

days. Finally, a solid product (336 mg) was obtained by freeze-drying.

1H NMR (400 MHz, δ in ppm): 1.65 (s, 6H, H-6), 1.73-2.1 (H-7), 2.18-2.44 (H-8), 3.3

(s, H-1), 3.58 (H-2, 3, 4, 5).

GPC: Mn, GPC = 1.12 ×104 g mol-1, Mw/Mn = 1.09.
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Figure 6.3.9 1H NMR spectra (400 MHz) of PEG-FS-N3 CDCl3.

6.3.10 Synthesis of 1-phenyl-2-(4-(prop-2-ynyloxy) phenyl)

diazene

Scheme 6.3.9 The synthesis route of 1-phenyl-2-(4-(prop-2-ynyloxy)phenyl)diazene.

4-(phenyldiazenyl) phenol (5.94 g, 30 mmol) and K2CO3 (20.7 g, 150 mmol) were

dissolved in anhydrous acetone (100 mL) and stirred at room temperature for 30 min

under nitrogen atmosphere. Afterwards, Propargyl bromide (80% w/w in toluene,

17.85 g, 150 mmol) was added and the mixture was stirred at room temperature for 24

h. The solvent was removed by evaporation under vacuum. The product was obtained

by purifying the crude product using column chromatography (ether/hexane: 1:1)

(6.37 g, yield 90%).



87

1H NMR (400 MHz, δ in ppm): 7.87 (d, 2H, H-3), 7.81 (d, 2H, H-4), 7.42 (2H, H-5),

7.36 (1H, H-1), 7.03 (2H, H-2), 4.7 (2H, CH2), 2.48 (1H, C≡CH).

Figure 6.3.10 1H NMR spectra (400 MHz) of 1-phenyl-2-(4-(prop-2-ynyloxy)phenyl)diazene

CDCl3.

6.3.11 Synthesis of PEG-FS-AZO

Scheme 6.3.10 The synthesis route of PEG-FS-AZO.

PEG-FS-N3 (840 mg, 0.075 mmol), 1-phenyl-2-(4-(prop-2-ynyloxy)phenyl)diazene
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(35.4 mg, 0.15 mmol), and CuBr (13 mg, 0.09 mmol) were added to a Schlenk flask.

PMDETA (16.9 mg, 0.098 mmol) and DMF (5 mL) were added to the mixture under

nitrogen atmosphere after one freeze-pump-thaw cycle. The mixture was stirred for 24

hours at room temperature after the flask was degassed for three freeze-pump-thaw

cycles. The reaction mixture was then allowed to pass through a basic alumina column.

Afterwards, the filtrate was concentrated using a rotary evaporator, precipitated in

cold n-hexane and dried in a vacuum oven to obtain the final product as a yellow solid

(600 mg).

1H NMR (400 MHz, δ in ppm): 1.56 (s, 6H, H-6), 1.81-2.19 (H-7), 3.3 (3H, H-1),

3.42-3.65 (H-2, 3, 4, 5), 5.28 (s, 2H, H-9), 7.05 (H-10), 7.28-7.5 (3H, H-13, 14),

7.67-7.9 (4H, H-11,12).

GPC: Mn, GPC = 1.28 ×104 g mol-1, Mw/Mn = 1.18

Figure 6.3.11 1H NMR spectra (400 MHz) of PEG-FS-AZO CDCl3.
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6.4 Fabrication Procedures

6.4.1 Preparation of the PNIPAAm-PVA-PDA hydrogel

The preparation of the hydrogel is followed the reported previously.191,213 Specifically,

8 wt.% NIPAAm aqueous solution, 4 wt.% PVA aqueous solution and 10 wt.% APS

aqueous solution were firstly prepared. Then NIPAAm (1 mL), MBA (3.2 mg) and

PVA (1 mL) solutions were mixed together. Subsequently, APS (as an initiator, 25 μL)

and TEMED (as an accelerator, 30 μL) were added to the mixture. The polymerization

and cross-linking were carried out at 5 °C in the fridge for 24 h to obtain the target

hydrogel. The obtained hydrogel was taken out and washed in distilled water for 4

days to remove unreacted monomers and other impurities. The water was changed

every six hours. For dopamine functionalization on the hydrogel surface, 12.1 g of

tris-base and 3 mL HCl were dissolved in 100 mL of water to form 1 M tris-HCl

buffer solution. Then dopamine hydrochloride was dissolved in 1 mM tris-HCl buffer

solution to obtain dopamine tris-buffer solution (2 mg/mL). The above hydrogel was

immersed into 200 mL of dopamine tris-HCl buffer solution. Fresh dopamine

tris-buffer was replaced every 6 hours until a dark hydrogel was formed.206

6.4.2 Preparation of the micro-PNIPAAm-GO hydrogel

The preparation of the hydrogel followed the reported previously.214 Specifically, 4.8

mg of KPS initiator was mixed with 4 mL of aqueous solution containing 90 mg of

NIPAAm monomer, 5 mg Bis and 21.6 mg SDS at 65 °C for 40 min under magnetic

stirring. The PNIPAAm microgels were formed until the transparent solution changed

to opaque. Next, the opaque mixture was put in an ice-water bath. 10 mg of GO was

added to 1mL of deionized water and sonicated for 1 hour to obtain a black

homogeneous solution. Then 0.56 g of NIPAAm and the GO solution were added in

the above microgels, followed by addition of 40 µL of TEMED accelerator. The

above mixture was sealed at 5 °C overnight, forming a black gel (i.e.,
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micro-PNIPAAm-GO hydrogel).

6.4.3 Preparation of β-CD-PNIPAAm@PEG-FS-AZO

β-CD-PNIPAAm@PEG-FS-AZO supramolecular assemblies were prepared by a

host-guest inclusion complexation interaction between β-CD and azobenzene at molar

ratio of 1:1 through a dialysis technique. 4.32 mg of β-CD-PNIPAAm (0.001 mmol)

and 12.83 mg of PEG-FS-AZO (0.001 mmol) were separately dissolved in 2 mL DMF

and then stirred for 30 min. Then, the PEG-FS-AZO solution was added dropwise to

the β-CD-PNIPAAm solution and the stirred for 2 h. Under vigorous stirring,

deionized water was added dropwise to the mixed solution until the solution became

turbid to induce the formation of supramolecular micelles. After stirring overnight, the

mixture was dialyzed at room temperature for 3 days to completely remove DMF.

6.4.4 Photothermal performance test

In chapter 3, the photothermal performance was tested by exposing the hydrogel to

near-infrared light (850nm, 9W) and detecting the surface temperature change with

increasing irradiation time.

6.4.5 Swelling ratio measurement

In chapter 3, the hydrogels were incubated in water at a temperature ranging from 25

to 45 °C in order to determine the equilibrium swelling ratio (SR). The hydrogels

were then removed from water, and their weight was calculated using the weight

method after all the surface water had been wiped off using wet filter paper. The

swelling ratio (SR) of the hydrogels was established as SR = Ws/Wd, where Wd is the

weight of the hydrogel after freeze drying and Ws is the weight of the hydrogel in

water at a specific temperature.
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6.4.6 De-swelling kinetics measurement

In chapter 3, the de-swelling kinetics of hydrogels were carried out in deionized water

at 50 °C. The hydrogels were first equilibrated in deionized water at room temperature.

In order to measure the hydrogels’ weight over time, the swollen hydrogels were then

immersed into deionized water at 50 °C. Water retention (WR) is defined as follows:

WR (%) = 100 × (Wt50 − Wd)/(W0 − Wd)

W0 is the weight of the hydrogel reaching equilibrium swelling at room temperature,

Wd is the weight of the hydrogel after freeze drying, and Wt50 is the weight of the

hydrogel at a given time during de-swelling process.

6.4.7 Re-swelling kinetics measurement

In chapter 3, the re-swelling kinetics of hydrogels were carried out in deionized water

at room temperature. The above deswelling hydrogels were immersed into deionized

water at room temperature. In order to measure the hydrogels’ weight over time, the

hydrogels were removed from the water and their weights were determined after

wiping excess water from the surface with wet filter paper. The re-swelling ratio (rSR)

is defined as follows:

rSR(%) = 100 × (Wt25 − Wd)/ (W0 − Wd),

W0 is the weight of the hydrogel reaching equilibrium swelling at room temperature,

Wd is the weight of the hydrogel after freeze drying, and Wt25 is the weight of the

hydrogel at a given time during re-swelling process.

6.4.8 Water Collection from Contaminated Water

In chapter 3, oil-, heavy metals-, microbe-, and dye-contaminated water were used to

assess the hydrogel's purifying capacity.
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To prepare organic oil-wastewater, hexane, cyclohexane and petroleum ether were

respectively mixed with 0.5 mg/L SDS aqueous solution at a mass ratio of 1:99 by

ultrasonication for 30 min forming oil-in-water emulsion. The clear water collection

process was carried out by immersing the deswelling hydrogels in the prepared

emulsion for 24 h, then the swollen hydrogels were taken out and irradiated it with

near-infrared light (wavelength 850 nm) to generate clear water.206 The obtained water

was tested by microscopy to see if it contained oil-in-water droplets, thereby proving

the ability of the hydrogel to purify oil-waste.

Rhodamine 6G (R6G) was selected as representative model contaminants to test

photo-driven water of the hydrogels. The clear water collection process was carried

out by immersing the deswelling hydrogels in 20 mL of 0.005 mg/mL R6G aqueous

solution for 24 h at room temperature, then the swollen hydrogels were taken out and

irradiated it with near-infrared light (wavelength 850 nm) for another 24 h to generate

clear water. The original dye solution before and after the adsorption and the

generated water were collected and detected by UV-Vis to see the existence of the dye

absorption peak. After light-driven water release, the dye was removed from the

hydrogels employing the mixture of ethanol and water as a desorption agent. The

clean hydrogels were then dried in air or in the oven and employed for the next dye

adsorption cycle to study the recyclability of the hydrogels. A total of ten cycles were

performed.

Two heavy metals (Palladium (II) acetate (Pd (OAc)2), Lead (II) acetate trihydrate (Pb

(CH3CO2)2 · 3H2O)) were selected as representative model contaminants to study the

adsorption behaviors of heavy metal ions. The clear water collection process was

carried out by immersing the deswelling hydrogels in 20 mL prepared solution

containing 0.0001 M Pb2+ or Pd2+ for 24 h, then the swollen hydrogels were taken out

and irradiated it with near-infrared light (wavelength 850 nm) to generate clear water.

The purify heavy metal waste ability of the hydrogels was demonstrated by detecting

the metal ion concentration of the original heavy metal solutions before and after the
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purification and the generated water by Inductively coupled plasma - optical emission

spectrometry (ICP-OES, iCAP 7600 DUO, Thermo-Fisher-Scientific).

To test the rejection capability of microbes, the hydrogels were placed into 0.1wt %

yeast solution for 24 h, then the swollen hydrogels were taken out and irradiated with

near-infrared light (wavelength 850 nm) to generate clear water. The ability of the

hydrogels to purify microorganisms was demonstrated by using a microscope to test

whether the obtained water contained yeast cells.
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Appendix

A.Abbreviations

PNIPAAm

PVA

PDA

GO

β-CD

TEMED

MBA

APS

R6G

SDS

KPS

BIBB

Me6TREN

CuBr

TEA

PEG

PMDETA

HMTETA

FS

Poly(N-isopropylacrylamide)

Poly(vinyl alcohol)

Polydopamine

Graphene Oxide

β-Cyclodextrin

N,N,N′,N′-Tetramethylethylendiamin

N,N'-Methylenebisacrylamide

Ammonium persulfate

Rhodamine 6G

Sodium dodecyl sulfate

Potassium persulfate

2-Bromoisobutyryl Bromide

tris(2-(dimethylamino)ethyl)amine

Copper(I) bromide

Triethylamine

Poly(ethylene glycol)

N,N,N′,N′′,N′′-Pentamethyldiethylentriamin

1,1,4,7,10,10-Hexamethyltriethylentetramin

2,3,4,5,6- Pentafluorostyrene
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AZO

Pd(OAc)2

Pb (CH3CO2)2 · 3H2O

TsCl

PBM

LCST

CHCl3

DMSO

DMF

THF

DCM

DI water

HCl

H2SO4

NaNO3

KMnO4

H2O2

K2CO3

NaHCO3

NaN3

Na2SO4

Al2O3

Azobenzene

Palladium(II)-acetat

Lead(II)-acetate Trihydrate

p-Toluenesulfonyl chloride

Prop-2-yn-1-yl 2-bromo-2-methylpropanoate

Lower critical solution temperature

Chloroform

Dimethyl sulfoxide

N,N-dimethylformamide

Tetrahydrofuran

Dichloromethane

Deionized water

Hydrochloric acid

Sulfuric acid

Sodium nitrate

Potassium permanganate

Hydrogen peroxide

Potassium carbonate

Sodium bicarbonate

Sodium azide

Sodium sulfate

Aluminium oxide
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FT-IR

GPC

SEM

WCA

UV-vis

NMR

DSC

ICP-OES

ATRP

NOESY

Mw

Mn

NIR

SR

Fourier-transformation infrared spectroscopy

Gel permeation chromatography

Scanning electron microscopy

Water contact angle

Ultraviolet-visible

Nuclear Magnetic Resonance Spectroscopy

Differential scanning calorimetry

Inductively Coupled Plasma Optical Emission Spectrometry

Atom transfer radical polymerization

Nuclear Overhauser effect spectroscopy

Weight-average molar mass

Number-average molar mass

Near Infrared

Swelling ratio
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B.Additional figures

Figure B1 Hydrogels release water under 850nm near-infrared light.

Figure B2Microscopy photographs of SDS-stabilized hexane-in-water and

cyclohexane-in-water emulsions before and after treatment with PNIPAAm-PVA-PDA

hydrogel.
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Figure B3Microscopy photographs of SDS-stabilized hexane-in-water and

cyclohexane-in-water emulsions before and after treatment with micro-PNIPAAm-GO

hydrogel.
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