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Abstract 

Microporous organic polymers (MOPs) with high specific surface areas, low skeletal density, 

good chemical & thermal stability and ease of functionality are of interest for a range of 

applications such as gas storage, capture and separations, energy storage, catalysis as well as 

drug delivery, and chemosensing. However, one of the greatest challenges for the industrial 

use of MOPs is their lack of solubility limiting their applications to the solid state. This is 

primarily due to the highly rigid and cross-linked structure required to induce porosity. One 

class of MOP has however found commercial success due to their solubility in a range of 

organic solvents - PIMs which achieve the combination of high surface areas and solubility by 

using rigid and twisted linear polymer chains. There are however a limited number of 

monomers which can be used to synthesise PIMs. To overcome this limitation, a number of 

strategies have been used to make network MOPs both highly porous and dispersible. Based 

on previous research in our group, the metal-free reversible addition fragmentation transfer 

polymerisation induced self-assembly (RAFT-PISA) was used as a strategy to form core-shell 

structures to improve the solubility of the MOPs. To date only PEG based solubilising chains 

have been reported, and this thesis therefore investigates the use of different solubilising shell 

polymer chains including poly acrylic acid (PAA), poly(diethylaminoethyl methacrylate) 

(PDEAEMA), poly(4-vinyl pyridine) (P4-VP) and poly(N-Isopropylacrylamide). 

In Chapter 3, PAA is first investigated as the hydrophilic shell to determine the best reaction 

conditions to maximise the BET surface area. BET surface areas of up to 322 m2 g-1 and 

obtained for PAA based particles. Chapter 4 looks at the use of pH- and thermo-responsive 

PDEAEMA and P(4-VP) based particles with BET surface areas up to 101 m2 g-1 and 

133 m2 g-1 respectively. It is shown that these particles exhibit switchable pH-responsive 

properties.  At low pH small particle sizes (~200 nm) are observed while at high pH the 

particles increase to ~800 nm due to aggregation. Chapter 5 discusses the thermo-response of 

the particles including above particles and PNIPAm based particles with surface areas of 

193 m2 g-1.  At low temperatures the particle sizes are big and form aggregation and precipitated 

out at high temperatures as water is expelled from the particles. Finally, methods to improve 

the BET surface areas are investigated in Chapter 6. These include the mixing of chain lengths, 

the addition of anionic shells to cationic particles and the use of non-ionic higher surface area 

inducing shells. The surface areas of P4-VP are able to be increased by up to 5 times by the 

addition of PEG shells while still maintaining both pH and thermo-responsive behaviour.  
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In a summary, the reaction conditions of core-shell structure dispersible porous polymer 

particles are mapped out, which the particles with a small core and short shell length have a 

higher BET surface area. Moreover, the stimuli responsive shell chains with pH- and thermos- 

responsive, which are successfully introduced into the particles, which have small particle sizes 

at acid condition or low temperature, and large particle size at base condition or high 

temperature. The adding of anionic shells to cationic particles and the use of non-ionic shells 

can indeed increase surface area of single shell-chain particles.
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Chapter-1 Introduction 

1.1 Porous Materials 

Porous materials with various pore dimensions and pore structures have been widely 

researched over the past few decades. Due to their high surface areas and tuneable pore 

structures, these materials have been used in a various applications taking advantage of the 

interactions between the adsorbent and the adsorbate.1 Porous materials can be classified into 

3 categories based on their pore sizes as defined by the International Union of Pure and Applied 

Chemistry (IUPAC): microporous materials possess diameters less than 2 nm; mesoporous 

materials have pore diameters between 2 nm and 50 nm; and marcoporous materials have pore 

diameters larger than 50 nm.2 Due to the fact that microporous materials have pore sizes in the 

range of atoms and small molecules, these materials are of particular interest. Microporous 

materials can also be categorised according their structural composition into 3 further 

categories; inorganic porous materials (e.g. zeolites), inorganic-organic hybrid porous 

materials (e.g. MOFs) and organic porous materials which will be the focus of this thesis.3  

Zeolites are a class of porous aluminosilicate materials with a range of pore cage sizes and 

channels.4 Due to the connections of corner-sharing TO4 tetrahedra (‘T’ means tetrahedrally 

coordinated Si, Al, or P, etc.), the framework structures of zeolites can be varied to provide 

numerous zeolite structures.5 To date, there are 235 different types of zeolite framework which 

have been identified in nature or synthesised and the International Zeolite Association uses a 

three-letter code to identify them. In addition, based on their largest pore windows, the zeolites 

can be categorised into small-pore (≤8-ring), medium-pore (10-ring), large-pore (12-ring), and 

extra-large-pore zeolites (>12-ring).6 Due to the negative charges of zeolite framework 

building blocks, zeolites are usually incorporate additional cations into their pores which can 

be exchanged for other cations. Thus, the original species in the pores of zeolites can be 

removed and the selective guest species will occupy the void space due to suitable size, shape, 

and polarity. Depending on their properties, zeolites can be applied to a variety of applications 

such as biomass conversion7–15, fuel cells16–20, thermal energy storage21–25, CO2 capture26,27 and 

conversion28–30, air-pollution remediation31–35, and water purification36–40. 

Porous materials which consist metal ions or small metal clusters linked together by multitopic 

organic linkers with one, two, or three-dimensional structures are commonly referred to metal-

organic frameworks (MOFs).41 Depending on the different metals and different shape and size 

of organic ligands, the structure and pore size can be controlled. Generally, the synthesis 
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method for MOFs is liquid-phase synthesis where the dispersed metal salt and organic ligand 

are mixed together in a reaction vial.42 Furthermore, the MOFs can be synthesised by slow 

evaporation43,44; solvothermal synthesis45; microwave-assisted synthesis46,47; electrochemical 

synthesis48; mechanochemical synthesis49,50; and sonochemical synthesis51,52. By 2017 69,666 

different MOFs had been reported and the underlying topology of a structure is described by a 

net, assigned by a three-letter symbol.53 The Reticular Chemistry Structure Resource (RCSR) 

has a collection of more than 2000 different nets which are available as a searchable database. 

Due to the properties with controllable pore size and large specific surface area, MOFs are ideal 

candidates for fuels storage (hydrogen54–57 and methane58–61), carbon dioxide (CO2) capture62–

66, catalysis41, magnetic materials67–71, air-pollution remediation72–74 and sensors75–79. 

In contrast, porous organic polymers (POPs) or microporous organic polymers (MOPs) cover 

a wide range of materials comprised of light, non-metallic elements such as carbon, hydrogen, 

oxygen, nitrogen, and boron. These organic building blocks are connected by covalent bonds 

to form highly crosslinked networks with good stabilities.80 Their structures allow MOPs to 

have high specific surface areas, low skeleton density, good chemical & thermal stability 

combined with a relative ease of functionality.81 Depending on their structural characteristics, 

MOPs have been divided into numerous different subtypes including: covalent organic 

frameworks (COFs)82,83, covalent triazine-based frameworks (CTFs)84,85, conjugated 

microporous polymers (CMPs)86–88, porous aromatic frameworks (PAFs)89–91, 

hypercrosslinked polymers (HCPs)92–95, and polymers of intrinsic microporosity (PIMs)96–99. 

MOPs can either be disordered & amorphous or ordered & crystalline depending on the method 

used to synthesise them. PIMs, HCPs, PAFs and CMPs are amorphous, while COFs and CTFs 

are crystalline. Crystalline MOPs, in general, are formed using reversible reaction in order to 

allow the formation of ordered thermodynamic products, while amorphous MOPs are typically 

synthesised using irreversible reactions under kinetic control. 

One of the main advantage of MOPs is their synthetic diversity which can results in a large 

variety of structures. Thus, the preparation of microporous solids using organic building blocks 

offers some exciting possibilities in network design to for example to generate new network 

structures, incorporate functional groups for specific properties, and possibly adjust properties 

through structural modifications of the system. These modifications can be used to tune the 

materials for varies of applications.  

MOPs exhibit a highly crosslinked network structure, resulting in high specific surface areas, 

low skeleton density, good chemical & thermal stability and ease of functionality, making them 
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versatile for a wide range of applications. One of the applications is gas storage. Dawson and 

co-workers designed a series of functionalised CMPs to enhance the CO2 uptake ability and 

summarised the CO2 capture ability in porous materials.100,101 It is reported that the PPN-490 

and the PAF-189 have a very huge CO2 uptakes up to 48.2 mmol/g and 29.55 mmol/g at 40 bar 

and 298 K, respectively. Makhseed et al.102,103 synthesised a series of MOPs to enhance the 

hydrogen (H2) uptake ability and listed different H2 adsorption capacity in MOPs. The PAF-

qtph (PAF-304)104 exhibits the highest H2 uptake up to 36.6 mmol/g at 100 bar and 298 K. 

Wood and co-workers105 obtained a series of HCPs and summarise the methane (CH4) 

adsorption capacity in microporous systems and the found the HCPs which they synthesised 

has the largest CH4 uptake up to 5.2 mmol/g at 20 bar and 298 K. Gas separation is one of the 

applications. Kim and co-workers listed a series of gas separation membranes.106 Due to the 

solubility of PIMs, which make it apply to the gas separation membranes more commonly. 

Adding different functional groups can change the selectivity of different kind of gases, such 

as N2, CO2, O2, CH4 and H2. In addition, MOPs can be used as catalytic materials. The main 

advantages of MOPs are easily handling and separation the catalyst from the reaction mixture 

and can be recycled to minimise waste production. Such as, good catalytic activity for 

hydroquinoneoxidation,107 high acidity to obtain environmentally friendly biodiesel production 

from waste cooking oil,108 and so on. Furthermore, MOPs have potential application for energy 

storage, especially for supercapacitors which have a higher energy density, compared with 

traditional batteries such as lithium ion batteries. Xiang and co-workers109 synthesised a 

carbonised PAF and compared to other materials such as carbon nanotubes, activated carbon 

materials, and MOFs, which has a large specific capacitance  of 385 F g−1 at 0.1 A g−1 current 

density. 

Despite MOPs having many advantages, they come with their own set of challenges. Some 

monomers (especially highly functionalised ones) are relatively expensive, and volatile and 

toxic organic solvents are often used to synthesise MOPs, which has environmental impacts. 

Depending on the chemistry used the atom economy can be poor. Furthermore, as most MOPs 

are highly crosslinked and connected by rigid aromatic rings to maintain their pore structures 

in the dry state, this results in them having a poor environmental degradability as well as 

limiting their use to applications in the solid state.110 This thesis will focus on the synthesis of 

solution dispersible porous polymer particles made via controlled radical chemistry and will 

be discussed in more detail in Chapter 1.3 
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1.2 Background of Different Types of MOPs 

1.2.1 Covalent Organic Frameworks (COFs) 

COFs are porous polymers with an ordered and crystalline network structures. The rigid units 

in their structures are arranged to form uniformly sized pores. The properties of crystalline of 

microporous polymers are precise enough to control their surface chemistry. Moreover, with 

the addition of specific molecular recognition or catalytic point into the structure, the COFs are 

conducive to separations or selective adsorption chemistry and heterogeneous catalysis.111 The 

synthesis methods of COFs originated from the synthesis of MOFs. The reactions of the 

building blocks are thermodynamically controlled to form the most stable structure. An ordered 

network structure is maintained to produce permanent microporous crystalline polymers.112 

Due to the building units, COFs can be designed as either 2D or 3D structures. The first COF 

was reported in 2005 by Cote and co-workers113, they used 1,4-benzenediboronic acid (BDBA) 

in a dioxane/mesitylene solvent mixture to form a layered hexagonal framework based on the 

molecular dehydration reaction and named it COF-1. The boroxine rings were formed by 

reversible and strong B-O bonds and they are very similar to the metal centres in the MOFs. 

Furthermore, their group used different monomers via the same method to form different COFs 

with different pore diameters (Figure 1.1). 

 

Figure 1.1 Selected COFs synthesised by the Yaghi group114 
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Besides the C-B bond-linked COFs (boroxine and boronic ester), C-N or C=N bond can be 

used to form COFs, such as reversible imine115–117, and reversible hydrazine118,119. For example, 

Tian and co-workers115 used 1,3,5-tris(4-aminophenyl) benzene (TAPB) and 2,5-

divinylterephthalaldehyde (DVA) to form COF-V though the condensation reaction between 

amino groups and aldehyde groups. Moreover, the C-C and C=C bond can also be used to form 

COFs.120 The largest BET surface area is reported by El-Kaderi and co-workers121, they 

synthesised COF-103 by using 2,3,6,7,10,11-hexadydroxytriphenylene (HHTP) and 

tetrahedral tetra(4-dihydroxyborylphenyl) silane (TBPS) with BET surface area is about 

4210 m2g−1 (Figure 1.1). 

COFs offer the advantage of precise pore size control owing to their crystalline structure. 

However, this advantage is accompanied by a disadvantage stemming from their structural 

characteristics, which due to the reversible chemistry used for their synthesis often require 

lengthy reaction periods lasting several days. Furthermore, this reversibility often also leads to 

less chemically and thermal stable materials. 

1.2.2 Covalent Triazine-based Frameworks (CTFs) 

CTFs are microporous polymers which are linked though triazine (Figure 1.2). Unlike COFs, 

which are ordered and crystalline structure, CTFs contain ordered and amorphous structure. 

This is due to the linkage of triazine is less reversible than the linkage of boroxine, imine and 

so on which is used to form COFs.120 This makes CTFs less precise to control their surface 

chemistry compared to COFs and the amorphous structures come out. One advantage is that 

monomers of CTFs are cheap and readily available with nitrogen content. Due to the nitrogen 

content on the structure, CTFs exhibit certain hydrophilicity.122  

These materials are synthesised by three different methods. Kuhn and co-workers84 reported 

the first CTF and named CTF-1 which was obtained by using trimerization of nitriles in a ZnCl2 

melt at 400 °C. Strong brønsted acids can also act as catalysis to reduce harsh reaction 

conditions of trimerization of nitriles. Ren and co-workers123 synthesised CTFs using 

trifluoromethanesulfonic acid (TFMS) as the catalyst under both room temperature and 

microwave-assisted conditions. Puthiaraj et al.124 and Lim et al.125 reported a kind of CTFs 

which were synthesed by Friedel-Crafts (AlCl3) reaction. Puthiaraj  and co-workers used 1,3,5-

triphenylbenzene or trans-stilbene with  cyanuric chloride and anhydrous aluminium chloride 

in DCM under 70 °C to form MCTP-2 and MCTP-1. Lim and co-workers used benzene or 

biphenyl or terphenyl with 2,4,6-trichloro-1,3,5-triazine, and aluminum chloride in DCM under 
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70 °C to form compounds. The largest BET surface area is reported by Kuhn and co-workers126, 

they used  1,4-dicyanobenzene and ZnCl2 under an inert atmosphere reacted 20 h at 400 °C and 

increasing the temperature to  600 °C for 96 h with the BET surface area is about 3270 m2g−1. 

Due to the crystalline structure like COFs, these materials also have a degree of control over 

their pore sizes. However, there are certain drawbacks associated with their synthesis. Firstly, 

CTFs require long reaction times and harsh reaction conditions, such as elevated temperatures 

or the use of strong acids. These conditions are necessary to facilitate the formation of the 

desired framework but often limits the ability to introduce functionality into the structure. 

 

Figure 1.2 Synthesis of the CTF-type polymers P1-P6 and P1M-P6M and representative structure of 

P1 and P1M123 

1.2.3 Conjugated Microporous Polymers (CMPs) 

CMPs are a class of organic porous polymer that combine extended π-conjugation with a 

permanent nanoporous network. Due to their structure, these materials are completely 

disordered and amorphous compared to COFs and CTFs. Meanwhile, PAFs are not π-

conjugated over the skeleton and despite the imine linked COF are π-conjugated, it has high 

crystallinity, which both two porous materials cannot be categorised as CMPs. Furthermore, 

the identical property of CMPs, π unit can provide a variety of ways for molecular design.127  

Generally, the building blocks which to form the CMPs networks need at least two reactive 

groups, and the building blocks are classified into C2, C3, C4 and C6 categories by their 

functional groups. In addition, the self-condensation reactions (C3+C3 or C4+C4) and cross-
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coupling reactions (C2+C3, C2+C4, C2+C6, C3+C4, C3+C6, and C4+C6) are main methods 

to form the CMPs network (Figure 1.3). 

 

Figure 1.3 Schematic representation of the structures of building blocks with different geometries, 

sizes and reactive groups for the synthesis of CMPs127 

There are various methods to prepare the CMPs, including Suzuki cross-coupling128,129; 

Yamamoto reaction130,131; Sonogashira-Hagihara reaction132,133; oxidative134,135; the Schiff-

base reaction136,137; cyclotrimerization138; phenazine ring fusion reaction; and Friedel-Crafts 

arylation139,140 (Figure 1.4). The first CMP was reported in 2007 by Jiang and co-workers141. 

They used 1,3,5-triethynylbenzene and 1,4-diiodobenzene with catalysis of tetrakis-

(triphenylphosphine)palladium and copper iodide in the mixture of toluene and Et3N under 

80 °C for 24 h to form CMP-1. The largest BET surface area is reported by Kassab and co-

workers142, who  used 1,2,4,5-tetrakis(4-bromophenyl)benzene with 1,5-cyclooctadiene (COD), 

Ni(cod)2, 2,2′-bipyridyl in DMF under 80 °C for 24 h to form NPOF-1 with the BET surface 

area is about 3127 m2g−1. 

CMPs offer a notable advantage in that the functional groups are inherently present on the 

monomers, eliminating the need for additional modifications to introduce desired functional 

groups. Furthermore, CMPs possess an extended conjugated structure that imparts excellent 

conductivity. However, a key disadvantage is the cost associated with the monomers and 

catalysts, as they can be expensive or may require preparation from non-commercial sources 

prior to use. 
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Figure 1.4 Schematic representation of reactions for the synthesis of CMPs127 

1.2.4 Porous Aromatic Frameworks (PAFs) 

PAFs are microporous materials with diverse structures, associated porosity and exceptionally 

high surface areas which obtained by effective assembly of organic building.143 PAFs are 

derived from CMPs, with the key difference being their long-range order. According to the 

diverse structures, these materials can be designed with various geometries, such as cubic144, 

prismatic145, tetrahedral146,147, square148,149, triangular150,151, and linear. The synthesis methods 

for PAFs are similar to those for CMPs and include Yamamoto type Ullmann coupling 

reaction152,153, cyano cyclotrimerization154,155, and others (Figure 1.5). 

The first PAFs was reported in 2009 by Ben and co-workers89, they used tetrakis(4-

bromophenyl)methane with bis(1,5-cyclooctadiene)nickel(0) ([Ni(cod)2], 1,5-cyclooctadiene 

(COD) and 2,2′-bipyridyl in dry DMF under 80 °C for 24 h to form PAF-1. The largest BET 

surface area reported by Yuan and co-workers90, who used tetrakis(4-bromophenyl)silane with 

bis(1,5-cyclooctadiene)nickel(0) (Ni(COD)2, 1,5-cyclooctadiene (COD) and 2,2′-bipyridyl in 

a dry mixture of DMF and THF at room temperature under argon atmosphere overnight to form 

PPN-4, which exhibited a BET surface area of 6461 m2g−1. 

As PAFs are a derivation of CMPs, they possess similar advantages and disadvantages. 
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Figure 1.5 Schematic representation of reactions for the synthesis of RAFs: (a) Yamamoto-type 

Ullmann coupling, (b) Suzuki–Miyaura cross coupling, (c) Sonogashira–Hagihara cross coupling, (d) 

Mizoroki-Heck cross coupling, (e) oxidative Eglinton coupling, (f) base-mediated azo formation, (g) 

imidization reaction, (h) nucleophilic substitution reaction, (i) cyano cyclotrimerization, and (j) 

nucleophilic substitution reaction on piperidine156 

1.2.5 Hypercrosslinked Polymers (HCPs) 

HCPs are microporous materials with diverse synthetic methods, easy functionalization, high 

surface area, and low cost reagents.157 HCPs have a long history, the crosslinked polystyrene 

networks can be traced back to the 1930s.158 Davankov and co-workers first introduced HCPs 

in 1970s studied microporous polystyrene gels with more extensive crosslinks than 

conventional crosslinked polystyrene.159 Based on the concept of design microporous gels, 
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adding extend the crosslinks resulted in a highly rigid and cross-linked network. Friedel-Crafts 

reaction can be used to prepare HCPs, which introduce a fast and efficient way to form strong 

linkages resulted in a highly crosslinked network. HCPs are normal made up by crosslinks and 

co-monomers in a brief and synthesised by dissolving co-monomers in suitable solvent for 

separation. Then crosslinks are added to form a network. After the solvent is removed, porous 

network come out with high surface areas. 

 

Figure 1.6 Schematic representation of reactions for the synthesis of CPOP-9160 

HCPs can be prepared by following methods, intermolecular and intramolecular crosslinking 

of preformed polymer chains93,161,162, direct step growth polycondensation of suitable 

monomers95,105,163, knitting aromatic compound polymers (KAPs) using external 

crosslinking164–166. The highest BET surface area reported by Chen and co-workers160, they 

synthesised CPOP-9 by reacting Cz-9 with iron(III) chloride in anhydrous chloroform under 

nitrogen at room temperature overnight, resulting in a highly porous material with a BET 

surface area is about 2440 m2g−1 (Figure 1.6). 

The primary advantage of HCPs is that the knitting method lies in its versatility, as it allows 

for the generation of new products with different functional groups by simply varying the 

choice of monomer, although some functionalities are not compatible with the acid catalysts 

used. Further disadvantages of HCPs, include the need for stoichiometric amounts of catalyst. 

1.2.6 Polymers of Intrinsic Microporosity (PIMs) 

PIMs are linear polymer chains with rigid and contorted molecular structures in compared to 

other MOPs that contain networks of cross-linked covalent bonds. Due to its structure, PIMs 

have an inefficient packing structure, which introduces the microporosity, whilst maintaining 

solubility in common solvents.167 Due to its ability to dissolve in the solvent, these materials 

have potential to be processed to robust films, coatings or fibres.  
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Figure 1.6 Schematic representation of reactions for the synthesis of PIMs: using dibenzodioxane 

formation, by using Tröger’s base (TB) formation, using imide formation167 

To 2017, these materials have three main types of preparation methods.168 Kricheldorf et al.169, 

Eastmond et al.170, and Du et al.171 used biscatechol and tetrahalide-containing monomer to 

form PIMs by using dibenzodioxane formation based nucleophilic aromatic substitution 

reaction. Carta and co-workers172,173 used electrophilic aromatic substitution reaction between 

aromatic amine and formaldehyde or a formaldehyde proxy to form PIMs by using Tröger’s 

base (TB) formation (Figure 1.7). Ghanem et al.174,175 used diamine and dianhydride monomers                                                                 

to form PIMs by using imide formation. In addition, PIMs can be obtained by cross-coupling 

reactions176, triazine formation177, palladium-catalysed annulation178, and stepwise 

nucleophilic substitution of octafluorocyclopentene179. The first PIM was reported in 2004 by 

Budd and co-workers180. They used 3,3,3′,3′-tetra-methyl-1,1′′-spirobisindane-5,5′,6,6′-tetrol 

and 2,3,5,6-tetrafluorophthalonitrile with anhydrous K2CO3 in dry DMF under 65 °C for 72 h 

to form PIM-1. The largest BET surface area is reported by McKeown and co-workers181, they 

used dibenzodioxane formation method to form Pc-network-PIM with the BET surface area is 

about 1000 m2g−1. 
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Unlike the network structures of COFs, CTFs, CMPs, PAFs and HCPs, one of the key 

advantages of PIMs is their solubility in certain organic solvents arising from their linear 

structures, which distinguishes them from other MOPs However, the use of specific monomers 

is essential for the successful synthesis of PIMs, limiting their applicability to those specific 

monomers. 

1.3 Soluble Microporous Organic Polymers 

One of the greatest challenges for MOPs is that most of them are limited to their applications 

to the solid state. This is primarily due to the highly rigid and cross-linked structure required 

to induce porosity. PIMs are one of class of MOP that has however found commercial 

success due to their solubility in a range of organic solvents which achieve the combination 

of high surface areas and solubility by using rigid and twisted linear polymer chains. There 

are however a limited number of these monomers which can be used to synthesise PIMs. To 

overcome this limitation, a number of strategies have been used to make network MOPs both 

highly porous and soluble. There are three main strategies to enhance the solution probability 

of MOPs. 

      1. The control of linear chains structure;  

      2. The control of molecular weight and size; 

      3. The addition of soluble groups. 

1.3.1 Soluble Linear Porous Polymers 

Linear porous polymer chain structures such as the strategy used in the synthesis of PIMs can 

lead to soluble porous polymers. As it is known, PIMs with linear and rigid molecular contorted 

structures can dissolve in organic solvents as discussed in Chapter 1.2.6. Other examples 

include Fu et al.182 who reported a kind of soluble CMP, Azo-POP-7 which was synthesised 

by 9′-bis(4-aminophenyl)fluorene and 9,9-bis(4-hydroxyphenyl)fluorine through azo-coupling 

polymerisation (Figure 1.8). The Azo-POP-7 with BET surface area about 364 m2 g-1 can 

dissolve in many solvents. The contorted monomers used in the synthesis of Azo-POP-7 

improved the solubility of the resulting polyimide material. 
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Figure 1.8 Synthesis of Azo-POP-7 by azo-coupling of A1-derived dual diazonium reagent C with 

bisphenol B1182 

1.3.2 Solubility by Controlling Size and Shape 

The control of molecular weight and size is another strategy to produce soluble particles. Yang 

and co-workers183 employed a high dilution method to synthesise solution-processable HCPs. 

They dissolved the linear polystyrene (PS) in a large quantity of the (toxic) solvent 1,2-

dichloroethane (DCE) through intramolecular crosslinking to yield individually crosslinked 

polymer chains with BET surface areas up to 724 m2 g-1 which can be solution processed 

(Figure 1.9). The low concentration of PS in the solvent reduces the density of crosslinking 

units and improves solubility. 

 

Figure 1.9 Synthesis of soluble HCPs183 

Cheng et al.176 reported on a type of soluble CMPs (SCMPs) produced through hyperbranching, 

which can dissolve in common organic solvents. SCMP-1 was synthesised using a one-pot 

(A4+B2)-type Suzuki coupling reaction with 1,3,6,8-tetrabromopyrene and 1,3-dibromo-7-tert-

butylpyrene, resulting in a material with a BET surface area of 505 m2 g-1 (Figure 1.10). The 

addition of B2 monomers in the synthesis process appears to limit the growth of the network, 

while the alkyl parts of the B2 monomers were found to enhance the solubility of the material.  

 

Figure 1.10 Synthesis of soluble SCMP-1185 

Bandyopadhyay185 and co-workers reported a series solution processable were produced 

through the Sonogashira reaction of tetraphenyl-5,5-dioctylcyclopentadiene (TBDC) and 1,4-
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diethynylbenzene at varying temperatures and reaction times. P1 was synthesised using 

conventional Sonogashira reaction and was insoluble, while P2 was prepared with less catalysis 

and a shorter reaction time than P1, and P3 was synthesised using an emulsion reaction (Figure 

1.12). Both P2 and P3 were found to be soluble in common organic solvents, with BET surface 

areas of 39 m2 g-1 and 143 m2 g- 1 respectively (Figure 1.11). The emulsion reaction is 

introduced, which is due to control the polymer size. 

 

Figure 1.11 Synthesis of soluble SCMP. Reaction conditions: P1 (i) [Pd(PPh3)4], CuI, 

diisopropylamine, toluene, 80 °C, 48 h, P2 (ii)  [Pd(PPh3)2Cl2], CuI, diisopropylamine, toluene, 80 °C, 

12 h and P3 (iii)  [Pd(PPh3)4], CuI, SDS, water, toluene, 50 °C, 48 h185 

Nano-reactors have been reported to form SCMPs with well-controlled particle sizes. Deng et 

al.186,187 synthesised SCMP-1 by performing a Suzuki coupling reaction of 1,3,5-

triiodobenzene and 1,4-phenylenediboronic acid within the channels of ordered mesoporous 

silica-supported carbon nano-membranes (nanoreactors) (Figure 1.12). The resulting SCMPs 

had particle sizes of 2.4 nm, 3.8 nm, and 5.4 nm. However, the permanent porosity of these 

materials was not confirmed. 

 

Figure 1.12 Size-controlled synthesis of SCMPs in a nanoreactor186 

1.3.3 Solubility by Addition of Soluble Chains 

The addition of soluble groups is another way to get soluble particles. The adding the long 

alkane chains to the monomer is the first way. Lim and co-workers188 synthesised solution-
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processable PAFs, T-POP, by adding alkane-modified 1,7-dibromo-3,4,9,10-tetracarboxylic 

acid dianhydride and N-methylpyrrolidone (NMP) through an imidization reaction, resulting 

in a material with a BET surface area of approximately 25 m2 g-1 (Figure 1.13). Using a similar 

approach, Pallavi et al.189 used benzothiadiazole (BZ) instead of 1,4-diethynylbenzene with 

TBDC to form CzBDP with a BET surface areas about 180 m2 g-1. Similar to P3, CzBDP can 

also dissolve in common organic solvents. The alkyl parts of TBDC were found to limit the 

growth of particle size, while the alkane chains improved the solubility. 

 

Figure 1.13 Synthesis of soluble PAFs188 

Gifting the soluble group to the polymer is the second way. Mai and co-workers190 reported 

water-dispersible microporous polymeric nanospheres with solubilising polymer chains. The 

nanoparticles were prepared via a surfactant-free emulsion polymerization process, using 4-

chloromethylstyrene monomer and divinylbenzene pre-crosslinker for the first step, followed 

by normal Friedel-Crafts reaction for the second step. The surface of the nanoparticles was then 

modified with pH/temperature dual-responsive hydrophilic polymeric blocks via surface-

initiated atom transfer radical polymerization (SI-ATRP) (Figure 1.14). This material exhibited 

good solubility and porosity, with BET surface area up to 562 m2 g-1. Similarly, Yu et al.191 

prepared pH/temperature dual-responsive hydrophilic nanoparticles using the same approach, 

and investigated their use as adsorbents for dispersive solid-phase extraction of 

fluoroquinolones from environmental water and food samples. 
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Figure 1.14 Fabrication of water-dispersible, responsive, and carbonizable hairy microporous 

polymeric nanospheres192 

1.3.3.1 Porous Polymer Particles via RAFT-PISA 

To overcome the use of large quantities of toxic solvents and multi-step syntheses, our group 

reported a one-pot synthetic approach to syntheses a kind of core-shell dispersible porous 

polymer particles (d-PPPs) using reversible addition fragmentation transfer polymerization 

induced self-assembly (RAFT-PISA) in 2019.193 These particles were prepared by water 

soluble poly(ethylene glycol) (PEG) based marco-CTA shells with divinylbenzene (DVB) and 

fumaronitrile (FN) cores. The PEG based marco-CTA shells was prepared in the first step. 

Then, the white core-shell structure small particles are obtained by dissolving DVB, FN and 

PEG based marco-CTA with potassium persulfate (KPS) acted as initiator in the water and 

ethanol mixture solvent under nitrogen atmosphere and 70 °C for 24 hours (Figure 1.15). The 

particles can disperse in common organic solvent and have a dual morphology with smaller 

spheres structure of 24-29 nm diameter to aggregate to form larger particles of 204-262 nm 

diameter. This material have BET surface areas ranging from 274 to 409 m2 g−1 and the internal 

pore diameter is around 1.8 nm. Due to the spherical packing of aggregates, this material not 

only contains microporous structure, but also have mersoporous and macroporous structures. 

In addition, the polymerisation doesn’t contain any toxic solvent and metal catalysis compared 

to normal HCPs synthesis method which is friendly to the environment. Furthermore, this 

material undergoes photoluminescence (emission λmax = 326 nm) when exposed to UV light 

and can be quenched by the addition of nitroaromatic compounds which makes this material 

used as chemosensor. 
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Figure 1.15 (a) Synthesis of porous materials via RAFT mediated PISA; (b) Nitrogen adsorption 

isotherms; (c)Pore with distributions; (d) Cumulative surface area; (e) TEM images.193 

Based on this strategy of synthesis of MOPs, Ferguson and co-workers reported a kind of 

d-PPPs with photocatalytic property for visible light-mediated production of pharmaceutically 

relevant compounds in multiple solvents in 2020.194 The particles were prepared using the same 

approach as in our group's report but with the addition of a photocatalytic divinyl monomer 

and 4,7-bis(4-vinylphenyl)benzo[c][1,2,5]-thiadiazole (Figure 1.16 a). The resulting core-shell 

structure particles exhibited a dual morphology similar to our group's report, with smaller 

spheres that aggregated to form larger aggregates of 375 nm diameter, which can easily 

disperse in a range of solvents with low to high polarity (Figure 1.16 b).  Gas sorption analysis 

showed the particles to have BET surface area of 288 m2 g−1 with the pore sizes centred around 

1.8 nm and further larger pores increasing from the sphere packing of the aggregates. Moreover, 

the additional photocatalytic functional group introduced the photocatalytic ability to this 

material. This material was studied of three different photocatalytic conversion in water, 

acetonitrile and toluene under blue light irradiation (λ = 460 nm), such as (1) photocatalytic 2-

phenylbenzimidazole synthesis though 1,2-benzenediamine and benzyl alcohol; (2) 

photocatalytic sulfide oxidation of methyl phenyl sulfide or diphenyl sulfide and the selectivity 
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of monoxide or dioxide compound; (3) photocatalytic sulfoxide formation from aniline and 

sodium p-toluenesulfinate (Figure 1.15 c,d,e).   

 

Figure 1.16 (a) Structure; (b) TEM image; (c) Photocatalytic benzimidazole synthesis; (d) 

Photocatalytic sulfide oxidation; (e) Photocatalytic sulfoxide formation from aniline and sulfonate 

salts194 

In 2020, James et al. 194 developed a photocatalytic divinyl monomer that was introduced into 

the core segments of the particles during polymerisation, our group reported a kind of d-PPPs 

with efficient and tunable white-light emission in the same year.195 According to our previous 

study, FN was used as a comonomer with DVB to produce d-PPPs. Although effective, FN is 

not easily functionalised, so further applications or post-synthetic modification (PSM) of this 

material are very limited. The acrylic acid (AA) was investigated as its potential scope for 

further PSM. The classical d-PPPs was prepared following the same way by adding water 

soluble PEG based marco-CTA, DVB and AA with KPS in the water and ethanol mixture 

solvent under nitrogen atmosphere and 80 °C for 24 hours (Figure 1.16 a). Then, the PSM was 

carried out by dissolving 9-anthracenemethanol, N,N'-dicyclohexylcarbodiimide (DCC), 4-

dimethylaminopyridine (DMAP) with classical d-PPPs in THF under room temperature for 24 

hours (Figure 1.17 a). The resulting material had a dual morphology, consisting of smaller 

sphere structures that aggregate to form larger aggregates with a diameter of around 870 nm, 

which is larger than classical d-PPPs (Figure 1.17 b, c). In addition, it can disperse in most 

organic solvent.  Gas sorption analysis showed that the particles had a BET surface area of 

188 m2 g−1 and a mesoporous structure with the pore sizes centred around 3.0 nm and further 

larger pores. The postsynthetic modification of the anthracene aromatic groups from AA 

groups, which resulted in a white-light emitting dispersion with a quantum yield of 38% and 
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commission internationale de l’éclairage coordinates of (X = 0.33, Y = 0.32) which is to the 

yellow-emitting fluorophore rhodamine B is encapsulated into its core by to the blue-emitting 

porous polymer (Figure 1.17 d, e, f). 

 

Figure 1.17 (a) Synthetic approach utilised to synthesise porous polymer dispersion and the 

postsynthetic modification; (b), (c) TEM image; (d) CIE plot showing the change in coordinates as 

more rhodamine B solution is added to the PEG113-b-DVB800-co-AA/An200 dispersion. (e) Image of 

the white-light-emitting solution and fluorescence emission spectrum. (f) Normalised fluorescence 

emission profile of a 1 mg mL−1 dispersion of PEG113-b-DVB800-co-AA/An200 and 1.63 ppm of 

rhodamine B in methanol195 

Based on the previous work of Ferguson et al. 194 and James et al. 195 to adding photocatalytic 

functional group to the classical d-PPPs and to do further modification of the classical d-PPPs, 

respectively. Ivko and co-workers designed a carbonylation catalyst on d-PPPs for catalytic 

carbonylationin in 2022.196 Similar to previous research in our group, the 4-vinylpyridine (4-

VP) can be PSM by using iodomethane to generate a cationic support which can be used to 

bind cis-[Rh(CO)2I2]
- electrostatically to instead of FN. The classical d-PPPs 1 was prepared 

following the same way by dissolving water soluble PEG based marco-CTA, DVB and 4-VP 

with KPS in the water and ethanol mixture solvent under nitrogen atmosphere and 80 °C for 

24 hours. Then, the PSM compound 2 was carried out by dissolving iodomethane with 

compound 1 in chloroform stirring under 80 °C for 72 hours. Then the further PSM compound 

3 was obtained by adding [Rh(CO)2I]2 with compound 2 in dry chloroform sonicating under 

nitrogen gas and room temperature for 16 hours (Figure 1.18 a). The particles can disperse in 

common organic solvent and have a dual morphology with smaller spheres structure of 25-34 

nm diameter to aggregate to form larger aggregates of 190-340 nm diameter (Figure 1.18 d).  
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Gas sorption analysis showed the particles to have BET surface area of 114 m2 g−1 and its 

micropore volume was 0.04 cm3 g−1. Moreover, the PSM of 4-VP to form a cationic support 

which is used to bind cis-[Rh(CO)2I2]
− electrostatically by adding iodomethane can allow 

heterogenisation of the anionic carbonylation catalyst via electrostatic interactions. 

 

Figure 1.18 (a) Synthesis of pyridine-containing dispersible microporous polymer (1), post-

synthetic N-methylation to form 2 and subsequent reaction with [Rh(CO)2I]2 to form 3; (a) MeI in 

CHCl3, 70 °C, 72 h; (b) [Rh(CO)2I]2 in CHCl3, RT, 16 h. (b), (c), (d) TEM image  of samples 1, 2, 

and 3196 

1.4 Background of RAFT-PISA and Stimuli-Responsive Materials 

1.4.1 Reversible Addition-Fragmentation Chain-Transfer (RAFT) Polymerisation 

Reversible-deactivation radical polymerisation (RDRP) has gained significant attention in 

recent due to its ability to synthesise a diverse range of polymers with various functionalities, 

structures, and morphologies. Among the RDRPs, reversible addition-fragmentation chain 

transfer (RAFT) polymerisation is a popular method that offers greater convenience for 

synthesizing block structures. Unlike atom transfer radical polymerisation (ATRP) 197, and 

nitroxide-mediated polymerisation (NMP)198, RAFT polymerisation controls the 

polymerisation mechanism by equilibrating propagating species and dormant species through 

a chain transfer process. This process is facilitated by a thiocarbonylthio chain transfer agent 

(RAFT agent or CTA) that serves as a mediator for the reversible chain-transfer process. 

Commonly used RAFT agents include thiocarbonylthio compounds such as dithioesters (Z=C), 

dithiocarbamates (Z=N), trithiocarbonates (Z=S), and xanthates (Z=O), which enable 

polymerisation through the addition of monomer units between the S-R bond of the CTA to 
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form polymers. As a result, most polymer chains feature a thiocarbonylthio end-group for 

RAFT polymerisation, and the overall process resembles the addition of monomer units to form 

a polymer (Figure 1.19). 

 

Figure 1.19 Overall outcome of the RAFT process 

The structure of CTA is shown above where the C=S double bond is reactive site; the Z is 

radical retaining group, and the R is a radical leaving group. The selection of Z-group and R-

group is crucial for the synthesis of block copolymers by RAFT polymerisation. The Z-group 

should appropriate for both monomers and exhibit sufficient reactivity of the C=S bond towards 

the incoming radical, while stabilising the radical. The R-group must act as a good homolytic 

leaving group that respects the propagating radical of the second monomer and reinitiates 

polymerisation in a rapid and quantitative manner.199 The mechanism of RAFT polymerisation 

is similar to other conventional free radical polymerisations, consisting of initiation, re-

initiation, and termination steps. The polymer chains are initiated by the initiator, followed by 

the addition of a propagating radical (Pn•) to the CTA. The fragmentation of the intermediate 

radical produces a macro-CTA and a new radical R• at the beginning. The generated radical R• 

then reacts with the monomer to form a new radical (Pm•). A rapid equilibrium between the 

active propagating radicals (Pn• and Pm•) and the dormant macro-CTA chains provides an equal 

probability for all chains to grow with the same length. At the end, most of the chains bear the 

RAFT end-group and can be isolated and manipulated as stable products (Figure 1.20).199 
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Figure 1.20 Mechanism of RAFT polymerisation200 

1.4.2 Radical Addition Fragmentation Transfermediated Polymerisation Induced Self-

Assembly (RAFT mediated PISA) 

Polymerisation-induced self-assembly (PISA) represent an efficient method for the controlled 

synthesis of block copolymers with specific size and morphology.201 This process typically 

involves two steps, a hydrophilic homopolymer (A) is initially synthesised using a suitable 

CTA via RAFT. Subsequently, a hydrophobic monomer (B) is added using RAFT 

polymerisation, resulting in the formation of a copolymer. As the block (B) grows, the 

copolymer gradually becomes insoluble, leading to in situ self-assembly and the formation of 

AB diblock copolymer nano-objects. This can be explained as follows, as the block (B) 

increasing, the copolymer becomes hydrophobic. Based on the thermodynamics, the entropy 

term (ΔS) decreases as due to the water molecules become order status from unordered status. 

This is due to the fact that the water molecules are distorted by the presence of the hydrophobic 

segments form the new hydrogen bonds among the hydrophobic segments as an ice-like cage 

structure called a clathrate cage. Moreover, the temperature is not changed and ΔH is unknown 

but small. According to Gibbs equation ΔG = ΔH – TΔS, the free energy of the system (ΔG) is 

positive. As to decrease the ΔG, the hydrophobic segments aggregate together and let the 

hydrophilic segments face to the water molecules, which can decrease the order status of water 

molecules around the particle and increase the ΔS of water molecules. Therefore, the self-

assembled structure is formed. By adjusting the monomer ratio, different morphologies such 
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as spheres, worms, and vesicles can be obtained (Figure 1.21). The morphology can be also be 

predicted as the molecular packing parameter (P). Based on the equation P = V0 / (a • l0), which 

the V0 and l0 are the hydrophobic segment volume and length, while the a is hydrophilic 

segment area. Therefore, with the hydrophobic segments growing, the particle morphology 

changes from sphere, worm and vesicle. Furthermore, as the packing parameter increases, there 

is a transition in morphology from highly curved assemblies to less curved structures. The use 

of RAFT-PISA also affords excellent control over molecular weight, particle size and 

morphology, providing a number of advantages for the synthesis of block copolymers. 

 

Figure 1.21 Schematic of the Synthesis of Diblock Copolymer Nano-Objects via Polymerisation-

Induced Self-Assembly (PISA)201 

Depending on the chemical composition of the stabiliser block, the surface wettability of 

particles may vary. Two aqueous polymerisation can be employed to generate particles with 

different morphologies.202,203 Such as RAFT aqueous dispersion polymerisation can be used to 

synthesise spheres, worms, or vesicles with nonionic, zwitterionic, anionic, or cationic 

character. While, RAFT aqueous emulsion polymerisation can produce spheres with non-ionic, 

anionic, or cationic character (Figure 1.22). 
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Figure 1.22 Chemical structures of various types of steric stabiliser blocks utilised for (a) RAFT-

mediated aqueous dispersion polymerisation and (b) RAFT-mediated aqueous emulsion 

polymerisation201 

1.4.3 Stimulus-responsive materials 

Stimulus- responsive materials have garnered significant attention from scientists due to their 

dynamically alterable properties. Among these materials, pH- responsive polymers exhibit 

reversible changes in solubility, volume, configuration, and conformation in response to 

variations in pH.204 This reversible phenomenon is due to alterations in ionic interactions, 

hydrogen bonding, and hydrophobic interactions upon pH adjustment, leading to microphase 

separation or self-assembly. These polymers can be classified based on the presence of acidic 

groups (like poly(carboxylic acid)s), basic groups (which containing tertiary amine groups or 

pyridine/imidazole groups, etc.) or be made from naturally occurring functional groups (such 

as aliginic acid, chitosan, etc.).205 Baines et al.206 reported a water soluble hydrophilic 

hydrophobic block copolymers with pH-responsive. The PDMA-b-PMMA which the PMMA 
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block introduces the hydrophobic property and the PDMA block imparts the hydrophilic 

property with pH-responsive. This material forms micelles in an acidic condition (pH=2.5). 

However, a basic condition (pH=9.5), the micelle size increases, leading to precipitation. 

Thermo-responsive polymers, like pH- responsive polymer, exhibit reversible changes in phase 

or volume. The thermos-responsive polymers display a temperature-dependent miscibility or 

solubility gap in aqueous solution, which can be observed in a phase diagram of temperature 

versus polymer fractional volume. Due to hydrophobic interactions between polymer chains, 

the phase separation occurs, resulting in the self-assemble and aggregate of polymers in 

aqueous solutions There are three types of thermo-responsive polymers. 

LCST-type polymers display the characteristic of chain aggregation and precipitation above 

the LCST temperature, whereas below the LCST temperature, the polymer chains become fully 

hydrated. This temperature at which the polymer solution undergoes a phase transition from a 

clear to a cloudy state is also known as the cloud point, and is often denoted as LCST.207 Several 

examples of LCST-type polymers include those containing isopropyl groups with carboxyl 

groups (2-carboxylisopropylacrylamide, CIPAAm)208, amide groups (2-

aminoisopropylacrylamide, AIPAAm)209, or hydroxyl group (2-hydroxyisopropylacrylamide, 

HIPAAm)210 are the examples for LCST-type polymers (Figure 1.23). Conversely, UCST-type 

polymers show the opposite behaviour to LCST-type polymers, in that they are homogeneous 

and transparent below the LCST and heterogeneous and opaque below the UCST.211 Examples 

of UCST-type polymers include polyacrylamide (PAAm)212 and polyacrylic acid (PAAc)213 

show the same trend (Figure 1.23). In contrast, shape memory polymers (SMPs) are a unique 

class of thermo-responsive polymers that differ from LCST- or UCST-type polymers. The 

elasticity of SMPs changes in response to temperature fluctuations above their glass transition 

temperature (Tg) or their melting temperature (Tm), depending on the mobility of bulk 

amorphous or crystal, respectively.214 
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Figure 1.23 Phase diagrams of LCST- and UCST-type polymer aqueous solutions (temperature versus 

polymer weight fraction)207 

 

1.5 Aims 

The Dawson group have published a number of papers of RAFT-PISA porous polymer 

particles, however all of these materials use PEG as the outer solubilising shell. The aim of this 

thesis is therefore to investigate the use of other solubilising shells to synthesise these materials 

with stable small particle size (100-600 nm) and good surface area (300~ m2 g-1). Chapter 3 

looks at the use of poly(acrylic acid) shells and maps out the conditions for this water soluble 

outer shell polymer chain., While simply changing the outer shell is of interest to broaden the 

scope of usable monomers and polymers, the possibly to radically change the properties of the 

particles by simply changing the outer shell is of interest, as such chapter 4 looks at pH 

responsive shells while chapter 5 looks at temperature responsive shells. Chapter 6 looks at the 

investigation of mixed shells with the aim to increase the surface areas. By introducing 

responsive outer shells it should be possible produce particles with switch-on/switch-off 

dispersibility which could be of interest to develop new applications for porous polymers. 
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Chapter-2 Methods 

2.1 Characterisation Techniques 

2.1.1 1H NMR and 13C nuclear magnetic resonance (NMR) spectroscopy 

The solution state NMR spectra were recorded by using a Bruker Avance III HD spectrometer 

at 400MHz. Each Sample was dissolved in an suitable deuterated solvent and filtered with 

cotton wool before analysis at room temperature. 1H NMR was conducted with 128 scans per 

spectrum. The 13C NMR was performed on the same instrument with 1024 scans on average 

per spectrum. 

2.1.2 Mass spectroscopy (Matrix-assisted laser desorption/ionization) 

MS spectra was obtained using an Agilent Technologies 6530 Accurate-Mass Q-TOF LC/MS. 

Each sample is prepared in a suitable solvent and the results was recorder directly from the 

instrument. 

2.1.3 Elemental analysis (EA) 

EA result was carried out by using an Elementar Vario MICRO Cube CHN/S analyser. 

Approximately 10 mg of sample was burned in a stream of oxygen, with excess oxygen and 

NOx reduced to N2 by passing the sample through a copper tube prior to combustion. Thermal 

Programmed Desorption column was used to separate the resulting gases, which were then 

detected using a Thermal Conductivity Detector. 

2.1.4 Gel Permeation Chromatography (GPC) 

Molecular weights (Mn, Mw, Mz) and polydispersity indices (PDI) results were obtained using 

a PL-GPC 50 integrated GPC System with PLgel MIXED-C columns and a Refractive Index 

detector. The eluent, THF was used at a flow rate of 1 mL min-1 and the analysis was preformed 

at 25 °C. Polystyrene was used as the standard calibration. Each injection sample was prepared 

by dissolving 1 mg of sample in 1 mL THF solvent after PTFE syringe filtration. 

2.1.5 Nitrogen gas adsorption and desorption isotherms 

Nitrogen adsorption/desorption isotherms were conducted on an ASAP 2020 Plus 

Micromeritics volumetric adsorption analyser using high purity gases at 77 K. Each sample 

was precisely weighted (around 100 mg) in a tube before degassed at 80 °C under dynamic 

vacuum of at least 10-5 bar about 16 hours. The sample was accurately weighted again in the 

tube after degassing and the analysis started. The BET surface areas were calculated over a 
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relative pressure range of 0.01-0.15 P/P0 and the pore size distributions and pore volumes were 

calculated by nonlocal density functional theory model (NL-DFT). The data were 

automatically recorded by the software. 

2.1.6 Dynamic Light Scattering (DLS) 

The particle size and derived count rate (kcps) results were recorded using a Malvern Zetasizer 

nanoZS instrument. The samples were prepared in quartz or polystyrene cuvettes with a 

concentration of 0.1 wt. / vol % water or methanol solution. DLS was employed to determine 

particle size, which is based on the principle of relating particle velocity in a solution (known 

as the translational diffusion coefficient) to its size through Brownian motion which the small 

particles move faster while the large one move slower. A laser was used to illuminate the 

sample, and the scattering light was recorded at a fixed angle. The observed fluctuations in the 

scattered light are a consequence of the relative motion between the particles, which leads to 

constantly changing interferences within the overall scattered light. This movement of the 

particles results in slight frequency shifts in the scattered light due to the time-dependent 

positions or velocities of the particles. Over time, this motion generates a distribution of 

frequency shifts when measured. The correlator is used as a signal comparator, which can 

measure the degree of similarity one signal with itself at varying time intervals. The correlation 

of a signal arriving from a random source will decrease with time goes on. However, when the 

particles are large in size, the resulting signal changes at a slower rate, and the correlation 

between measurements persists for a longer duration. Conversely, when the particles are small 

and exhibit rapid movement, the correlation between measurements decreases more quickly 

(Figure 2.1). 

 

Figure 2.1 Typical intensity fluctuations for large (a) and small (b) particles; and Typical correlogram 

from a sample containing large particles (c) and small particles (d) 
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Based on the above plots, the translational diffusion coefficient (D) can be obtained and  

allowed particle size to be calculated using the Stokes-Einstein equation.1 The Stokes-Einstein 

equation is shown below. 

𝐷 =
k𝐵T

6𝜋η𝑅𝐻
      2.1 

Where D is the translational diffusion coefficient (m2 s-1), kB is the Boltzmann constant (m2 kg-

1 Ks-2), T is the temperature (K), η is the sample viscosity (Pa s-1) and RH is the hydrodynamic 

radius (m), respectively. 

2.1.7 UV-Vis Spectroscopy 

The UV-Vis absorption spectra were obtained by using a Cary 60 UV-Vis. Samples were 

prepared in a quartz cuvette with a concentration of 0.001 wt. / vol % spectroscopic grade 

solvent. 

2.1.8 Scanning Electron Microscopy (SEM) 

SEM images were carried out by using a Fei Inspect F50 Field Emission Gun SEM with 

running in secondary electron mode. Each sample was prepared by mounting onto carbon tape, 

which is supported on aluminium stubs. The SEM images were collected by Jiangtian Tan. 

2.1.9 Transmission Electron Microscopy (TEM) 

TEM images were recorded by using a Philips CM-100 instrument operating at 100 kV with a 

Gatan 1k CCD camera. The sample was dissolved in a 0.1 wt / vol %2,3 water or 0.5 M 

hydrochloric acid (HCl) or 0.5 M sodium hydroxide (NaOH) solution and was sonicated for 3 

hours. The tiny sample was transformed to a carbon-coated copper grid at request temperature 

and was allowed to dry for 1 minute. Then, the 0.75% uranyl formate stain was covered on the 

grid of the sample and was allowed to dry for 1 minute. The 0.75% uranyl formate stain was 

prepared by Dr. Christopher Hill. 

2.2 Gas sorption theory 

The gas physisorption phenomenon is crucial to the gas-mixture separation industry.4 The 

design of gas separation and purification equipment require the data of adsorption equilibria. 

Therefore, the proper understanding of gas sorption theory is very imperative. Sorption can be 

categorized into absorption and adsorption, where absorption refers to the permeation of liquid 

or gas into bulk, while adsorption involves the selective concentration of certain molecules, 

atoms, or ions on surfaces. Adsorption can further be divided into chemisorption and 

physisorption, with chemisorption involving the formation of chemical bonds during 
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adsorption, while physisorption involves only weak forces between the surface and molecule, 

such as charges, hydrogen bonds, and van der Waals repulsion. Nitrogen gas physisorption is 

often used to determine the surface area, pore size, and volume of porous materials at 77 K, 

where gas molecules start to adsorb on the isolated sites of the solid surface at low pressure, 

and as pressure increases, more gas molecules are adsorbed to form a monolayer to multi-layer. 

Moreover, the smaller pores of the sample are filled first until all the pores are filled by the gas 

molecules. Several theories and models, such as the Langmuir and Brunauer-Emmett-Teller 

(BET) models, have been developed to explain the pure-gas adsorption equilibria in porous 

materials and are commonly used in related research. 

2.2.1 Langmuir isotherm model 

Langmuir’s approach remains the most useful method for separating data dependencies, and it 

is the basis for the development of other models.5 The basic assumptions of Langmuir are, the 

surface is homogeneous; the adsorption energy is constant over all adsorption sites; the 

adsorption on surface is localised; and each site can accommodate only one molecule or atom.6 

A state of dynamic equilibrium is achieved, where the rate of adsorption is balanced by the rate 

of desorption from the surface. The format can be expressed in equation 2.2. 

𝐴(𝑔) + 𝐵(𝑠)
𝑘𝑎/𝑘𝑑
↔   𝐴𝐵     2.2 

Where, A(g) means the gas molecule; B(s) means the solid surface; A-B means the adsorption 

state of the gas molecules on the solid surface; ka means the rate constant of adsorption; and kd 

means rate constant of desorption, respectively. 

The kinetic theory can be used to determine the rate of the two processes. The equilibrium 

constant can be expressed in equation 2.3. 

 

𝐾𝑒𝑞 =
𝑘𝑎
𝑘𝑑
⁄ =

𝑘𝑎(𝑁 − 𝑛)
𝑘𝑑𝑛
⁄     2.3 

Where, kaP(N-n) means the rate of adsorption; kdn means the rate of desorption; P means the 

pressure of the adsorption; N means the total number of adsorption sites; n means the number 

of occupied sites; and Keq means the equilibrium constant. 

At a specific pressure, when a system is at equilibrium, the rate of desorption from occupied 

sites is equal to the rate of adsorption to the occupied sites. This can be expressed in equation 

2.4. 

𝑘𝑎𝑃(1 − 𝜃) = 𝑘𝑑𝜃     2.4 
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Where, θ means the fractional surface coverage. And the equation 2.4 can be rearranged and 

expressed in equation 2.5. 

𝜃 =
𝑘𝑎𝑃

𝑘𝑑 + 𝑘𝑎𝑃
⁄      2.5 

 

According to the equation 2.3 and 2.5, the θ can be expressed in another way and shown in 

equation 2.6. 

𝜃 =
𝐾𝑒𝑞𝑃

1 + 𝐾𝑒𝑞𝑃
⁄      2.6 

This is equation is well known as the Langmuir adsorption equation. The equation can be 

expressed by volume of gas adsorbed by a sorbent and shown in the equation 2.7. 

𝜃 =
𝑉𝑎𝑑𝑠

𝑉𝑚𝑜𝑛𝑜
⁄           2.7 

Where, Vads means the volume of gas adsorbed; and Vmono means the amount of gas adsorbed 

corresponding to monolayer coverage. 

According to the equation 2.6 and equation 2.7, the Langmuir equation can be rearranged in 

linear form and expressed in equation 2.8. 

𝑃
𝑉𝑎𝑑𝑠
⁄ = 𝑃 𝑉𝑚𝑜𝑛𝑜

⁄ + 1 (𝐾𝑒𝑞𝑉𝑚𝑜𝑛𝑜)
⁄     2.8 

If a graph of P/Vads vs P is plotted, a linear relationship can be observed, where the slope is 

equivalent to 1/Vmono and the intercept is equal to 1/KeqVmono. 

The Langmuir surface area (SAlang) can be determined by the equation 2.9. 

𝑆𝐴𝑙𝑎𝑛𝑔 = 𝑉𝑚𝑜𝑛𝑜𝐴     2.9 

Where, A means the area of one molecule. 

The disadvantage of Langmuir model for gas adsorption only considered the monolayer. Thus, 

it can only be really effective under low pressure conditions, and other than that, different gas 

adsorption models need to be applied. 

2.2.2 BET Theory 

Langmuir's model is widely used to analyse surface area data, but it has limitations at high 

pressures. Brunauer and co-workers7 proposed a theory that accounts for both monolayer and 

multilayer adsorption. The following hypotheses are made for multi-layer adsorption, gas 

molecules are physically attached to the solids in infinite layers; gas molecules only interact 

with neighbouring layers and Langmuir theory can be applied to every layer; the adsorption 
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enthalpy of the first layer is constant and greater than that of the second layer (and higher); and 

the enthalpy of adsorption in the second (and higher) layer is the same as the enthalpy of 

liquefaction. 

The overall equation for BET theory can be expressed by equation 2.10. 

𝑃
𝑉(𝑃0 − 𝑃)
⁄ = 1 𝑉𝑚𝐶

⁄ +
(𝐶 − 1)𝑃

𝑉𝑚𝐶𝑃0
⁄    2.10 

Where, P means the partial pressure of the adsorbate; P0 means the saturation vapor pressure 

of the adsorbate; V means the volume of the adsorbed gas at the adsorption equilibrium; Vm 

means volume of the adsorbed gas when monolayer adsorption is completed; C means the 

constant related with the heat of the adsorption and it is shown in equation 2.11. 

𝐶 = 𝑒
𝐸1−𝐸𝑙

𝑅𝑇⁄       2.11 

Where, E1 means the heat of adsorption for the first layer; EL means the adsorption heat of 

the second and higher layers, equals to the heat of liquefaction or the heat of vaporization; R 

means the ideal gas constant; and T means the temperature. 

Equation 2.10 is an adsorption isotherm and if we were then to plot a graph of 1/(V(P0/P)-1) 

vs P/P0, the linear line can be shown, where the slope (S) is equal to (C-1)/VmC and the 

intercept (I) 1/VmC. This plot is called a BET plot and it is a straight line between 0.05 and 

0.35. Based on the slop and intercept, C and Vm ban be expressed by equation 2.12 and 2.13. 

𝐶 = 1 + 𝑆 𝐼⁄      2.12 

𝑉𝑚 =
1
𝑆 + 1⁄      2.13 

Where, S means the slope; and I means the intercept. 

Thus, BET surface can be expressed by equation 2.14. 

𝑆𝐴𝐵𝐸𝑇 =
𝑉𝑚𝑁𝐴𝜎

𝑉𝑀𝑉𝑚
⁄     2.14 

Where, Vm means the volume of the adsorbed gas when monolayer adsorption is completed 

at STP; VMV means the molar volume of the adsorbed gas at STP; NA means the Avogadro 

constant; and σ means the adsorption cross section of the adsorbed gas and m is the mass of 

the adsorbent. 

2.2.3 Isotherm Shapes 

There are six shapes of gas sorption isotherms which are divided by the IUPAC in 19858, and 

the IUPA divided the Type Ⅰ and Type Ⅳ into two subtypes in 20159 (Figure 2.2). 
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Reversible Type Ⅰ isotherm is indicative of materials that possess relatively small outer surfaces. 

The curve of the isotherm demonstrates a concavity towards the p/p0 axis, with adsorption 

capacity close to a limit value. The adsorption is limited by the volume of accessible micropores 

rather than by the internal surface area. The steep increase in adsorption at very low p/p0 

indicates that the micropores are filled at low p/p0 due to the improved adsorbent-adsorption 

interaction in the narrow micropore. The updated classifications provide further distinction. 

Type I (a) isotherm demonstrates an even steeper absorption at very low p/p0, implying that the 

material has mainly narrow micropores (width <1 nm). However, the Type I (b) isotherm is 

similar to the original Type I isotherm, exhibiting steep absorption at very low p/p0, suggesting 

that the material has a wider pore size distribution with micropores and possibly mesopores 

(width< 2.5 nm). 

Reversible Type Ⅱ isotherm illustrates that the material is nonporous or marcoporous. The 

curve exhibits unrestricted single-multilayer adsorption from low p/p0 to high p/p0. The 

inflection point B represents the complete of the monolayer adsorption stage with the sharp 

absorption, followed by the start of the multi-layer adsorption stage with the gentler curvature. 

Furthermore, the increasing of adsorption at p/p0=1, indicates that the thickness of the adsorbed 

multilayer film typically increases without limit. 

 

Figure 2.2 IUPAC isotherm classifications in 1985 (left)8 and in 2015 (right)9 
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Type III isotherm illustrates that these materials are nonporous or marcoporous. The isotherm 

shows identifiable monolayer formation, which is due to the no clearly inflection point B. The 

adsorbate-adsorbent interaction is much weaker than the interactions between adsorbate 

molecules. It is different to compared with Type II isotherm, which a finite adsorption at p/p0=1. 

Type IV isotherm depicts the adsorption behaviour of mesoporous material, where the 

interaction between adsorbate molecules and adsorbent adsorbate plays a critical role. This 

isotherm is similar to the Type Ⅱ isotherm. However, the hysteresis loops are caused by pore 

condensation which is due to the pressure p is less than the saturation pressure p0. In addition 

it has a saturation platform compared to Type Ⅱ isotherm. The updated the Type IV (a) isotherm 

is similar to the original Type IV isotherm. Whereas the Type IV (b) isotherm has no hysteresis 

loops and it is reversible isotherm. 

Type V isotherm showcases materials that both are microporous and mesoporous. The shape 

of adsorption is quite similar to that of Type III isotherm except the hysteresis loops, which is 

due to the relatively weak adsorbent-adsorbate interactions. 

Reversible stepwise Type VI isotherm illustrates that this kind of materials nonporous. The 

image exhibits the layer-by-layer adsorption on a highly uniform nonporous surface. The step 

height represents the monolayer capacity for each adsorbed layer. 

2.2.4 Adsorption Hysteresis 

Hysteresis loops observed in multilayer physisorption are typically linked to capillary 

condensation, and their shapes can vary due to differences in pore structures (Figure 2.3). 

Type H1 loop type is commonly found in mesoporous materials with a narrow pore size 

distribution. The effects of network interactions are typically minimal, resulting in steep and 

narrow loops that indicate delayed condensation during adsorption. 

The more complex pore structures associated with Type H2 loops result in significant network 

effects. Type H2 loops can be further divided into two subtypes: Type H2(a) loops exhibit a 

very steep desorption branch due to pore-blocking or percolation resulting from a narrow range 

of pore necks; Type H2(b) loops are also related to pore blocking but have a wider range of 

pore necks.  

Type H3 loops have a similar adsorption branch to a Type II isotherm and typically exhibit a 

lower limit on the desorption branch located at the cavity-induced p/p0. 

Type H4 loops have an adsorption branch that is similar to the combination of Types I and II, 

and uptake at low p/p0 is related to filling of micropores. 
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Type H5 loops are unusual and are associated with pore structures containing open and partially 

blocked mesoporous holes. 

 
Figure 2.3 IUPAC classification of hysteresis loops9 
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Chapter-3 Core-Shell Ratios 

3.1 Aims 

Previous research in our group into poly(ethylene glycol)-block-(divinylbenzene-co-

fumaronitrile) (PEG113-DVBx/FNy) particles using a metal-free radical addition fragmentation 

transfer mediated polymerisation induced self-assembly (RAFT mediated PISA) approach 

introduced both porosity and dispersibility into the porous polymer particles. We believe the 

strategy of using block copolymers to synthesise porous polymers has much promise due to 

wide range of available monomers and the use of non-toxic solvents. However, more research 

is required to understand the reaction conditions and how to form consistently soluble and 

highly porous MOPs. Until now all of these materials have been synthesised using a PEG based 

macro-CTA as the outer shell solubilising chain.1–4 One of the main advantages of this strategy 

is the wide range of vinyl containing building blocks containing functionalities available to 

synthesise these materials. 

This chapter looks at poly(acrylic acid) (PAA) (Figure 3.1) as an outer solubilising chain and 

aims delineate the requirements for these materials, such as the selection of reaction conditions, 

the required ratios of the different components such as the crosslinker (DVB) to spacer (FN) 

ratio as well as the core-shell ratio. PAA was chosen as a new monomer used for these 

investigations as it has not yet been used, has good solubility in both water and organic solvents, 

and is biocompatible which could lead to interesting applications. 

 

Figure 3.1 Molecular structure of acrylic acid (AA) 
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3.2 Experimental  

3.2.1 Materials 

Acrylic acid (AA) and divinylbenzene (DVB, technical grade 80 %) was passed through an 

alumina column in order to remove the inhibitor before use. 2-bromoisobutyryl bromide, 

dodecane thiol, potassium phosphate tribasic (K3PO4), Fumaronitrile (FN, 98 %) and potassium 

persulfate (KPS) were all purchased from Sigma-Aldrich and used as received. Dry THF was 

obtained in a method of Grubbs.5 Magnesium sulfate (MgSO4) and carbon disulphide (CS2) 

were purchased from Fischer and used as received. Fumaronitrile (FN, 98 %), and 2,2′-

azobis(2- methylpropionitrile) (AIBN, 98 %) were purchased from Sigma-Aldrich and used 

without further purification. All other chemicals were purchased from Sigma-Aldrich and used 

without any further purification. 

3.2.2 Synthesis (The preparations were used a method adapted from James et al.1) 

3.2.2.1 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) 

(chain transfer agent (CTA)) 

The synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) was 

conducted using a modified method from O’Reilly et al.6 Initially, dodecane thiol (3.61 mL, 

15.07 mmol) was added to a stirred mixture of K3PO4 (3.199 g, 15.07 mmol) in acetone (20 

ml) and stirred for 30 minutes. The mixture was then treated with CS2 (3.129 g, 41.10 mmol) 

and stirred for an additional 60 minutes. Next, 2-bromoisobutyric acid (2.288 g, 13.70 mmol) 

was added to the reaction mixture, which was stirred overnight at room temperature. The 

solvent was extracted twice with CH2Cl2 (100 mL each) from 1 M HCl (100 mL). The organic 

extracts were washed with brine (150 mL) and MgSO4 powder, followed by solvent removal 

using rotary evaporation. The obtained product was purified by precipitation in excess cold n-

hexane twice to ensure purity and then dried in a vacuum oven overnight at 40 °C to yield the 

RAFT CTA (Yield = 49%. Found C: 57.04 %, H: 8.78 %, S: 26.47 %, Expected C: 56.04 %, 

H: 8.79 %, S: 26.37 %. δH (400 MHz, CDCl3) = 3.31 (2H, t, S-CH2-(CH2)10-CH3), 1.75 (6H, 

s, C-(CH3)2), 1.76-1.20 (20H, t, S-CH2-(CH2)10-CH3), 0.90 (3H, t, SCH2-(CH2)10-CH3); δC 

(400 MHz, CDCl3) = 220.85, 178.08, 55.53, 37.09, 31.93, 29.64, 29.57, 29.46, 29.36, 29.12, 

28.98, 27.82, 25.24, 25.23, 22.70, 14.14; m/z (EI) 363.3, 303.3, 277.2, 201.3) (Figure 3.1 in 

appendix). 
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3.2.2.2 Synthesis of Poly(acrylic acid) (PAA) Based Macro-Chain Transfer Agent (CTA) 

(Macro-CTA (DDMAT-PAA)) via RAFT 

The macro-CTA (DDMAT-PAAx) (x=35, 50, 95) was prepared in a method similar to that 

reported by Chaduc and coworkers.7 In brief, 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoic acid (DDMAT) and 1, 3, 5-trioxane were combined in a 2-necked round 

bottom flask, which was then subjected to evacuation and nitrogen backfilling procedures three 

times. A solution of dry THF and acrylic acid (AA) was added to the flask, followed by 

bubbling with nitrogen gas to remove any residual air. The mixture was then heated to 75 °C, 

and polymerisation was initiated by adding 2,2′-azobis(2- methylpropionitrile) (AIBN) with 

THF (1 mL), which was allowed to react for 3.5 h at 75 °C. The resulting product was purified 

by recrystallisation with cold n-hexane and THF for three cycles, and subsequently dried 

overnight in a vacuum oven at 60 °C to yield the desired product (Table 3.1). 

Table 3.1 Different components for synthesis of PAAx based Macro-CTA 

Sample Name 
AA CTA Trioxane AIBN THF 

Yield 
mL/mmol mg/mmol mg/mmol mg/mmol mL 

PAA35 based Macro-CTA 3.5/51.00 364.0/1.00 656.3/7.29 16.5/0.10 31.0 67% 

PAA50 based Macro-CTA 7.4/107.9 364.0/1.00 669.0/7.43 16.4/0.10 62.0 47% 

PAA95 based Macro-CTA 3.5/51.00 91.3/0.25 171.3/1.90 4.2/0.025 31.0 48% 

3.2.2.3 Synthesis of Poly(acrylic acid) (PAA) Based Particles via RAFT Mediated 

Polymerisation Induced Self-Assembly in different ratios of water to ethanol 

The PAA35DVB94FN70 was prepared using a method adapted from James et al.1 In a 2-necked 

round bottom flask, a PAA-based macro-CTA (Macro-CTA (DDMAT-PAA35), and FN were 

combined. The flask was then subjected to three rounds of evacuation and backfilling with 

nitrogen. A 1.0 wt.% solution was created by adding water and ethanol in a certain ratio (100:00, 

80:20, 60:40, 40:60, 20:80, 00:100) (wt.%), along with DVB, to the flask. The solution was 

bubbled with nitrogen gas to remove any air before being heated to 70 °C. Polymerisation was 

initiated by adding potassium persulfate (KPS) and held at 70 °C for 24 hours. The product 

was isolated as a white solid through reprecipitation into diethyl ether, then dried under vacuum 

at 40 °C for 16 hours (Table 3.2). 
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Table 3.2 Different solution components for synthesis of PAA35DVB94FN70 

Monomer Composition Solution Composition Ratio of 

water to 

ethanol 

PAA35 DVB FN KPS Water Ethanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

57.7/0.02 0.27/1.88 109.2/1.40 1.1/0.004 43.1 0.0 100:00 

57.7/0.02 0.27/1.88 109.2/1.40 1.1/0.004 34.5 8.6 80:20 

57.7/0.02 0.27/1.88 109.2/1.40 1.1/0.004 25.9 17.2 60:40 

57.7/0.02 0.27/1.88 109.2/1.40 1.1/0.004 17.2 25.9 40:60 

57.7/0.02 0.27/1.88 109.2/1.40 1.1/0.004 8.6 34.5 20:80 

57.7/0.02 0.27/1.88 109.2/1.40 1.1/0.004 0.0 43.1 00:100 

3.2.2.4 Synthesis of Poly(acrylic acid) (PAA) Based Particles via RAFT Mediated 

Polymerisation Induced Self-Assembly with different ratios of DVB to FN 

In a 2-necked round bottom flask, a PAA-based macro-CTA (Macro-CTA (DDMAT-PAA35)), 

and FN were combined. The flask was then subjected to three rounds of evacuation and 

backfilling with nitrogen. A 1.0 wt.% solution was created by adding water and ethanol in a 

60:40 (wt.%) ratio, along with DVB, to the flask. The solution was bubbled with nitrogen gas 

to remove any air before being heated to 70 °C. Polymerisation was initiated by adding 2 

potassium persulfate (KPS) and held at 70 °C for 24 hours. The product was isolated as a white 

solid through reprecipitation into diethyl ether, then dried under vacuum at 40 °C for 16 hours 

(Table 3.3). 

Table 3.3 Different monomer components for synthesis of PAA35 based particles 

Sample Name 

Monomer Composition Solution Composition 

PAA35 DVB FN KPS Water Ethanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

PAA35DVB210FN70 28.8/0.01 0.30/2.10 54.6/0.70 0.6/0.002 22.5 15.0 

PAA35DVB140FN70 57.7/0.02 0.40/2.80 109.2/1.40 1.1/0.004 33.0 22.0 

PAA35DVB105FN70 57.7/0.02 0.30/2.10 109.2/1.40 1.1/0.004 27.6 18.4 

PAA35DVB94FN70 57.7/0.02 0.27/1.88 109.2/1.40 1.1/0.004 17.2 25.9 

PAA35DVB70FN70 57.7/0.02 0.20/1.40 109.2/1.40 1.1/0.004 22.1 14.8 

PAA35DVB35FN70 28.8/0.01 0.05/0.35 54.6/0.70 0.6/0.002 8.9 5.9 

3.2.2.5 Synthesis of Poly(acrylic acid) (PAA) Based Particles via RAFT Mediated 

Polymerisation Induced Self-Assembly with Different Core-Shell Ratios 

Synthesis of PAA35DVB47FN35 

In a 2-necked round bottom flask, a PAA-based macro-CTA (Macro-CTA (DDMAT-PAAx), 

(x=35, 50, 95) and FN were combined. The flask was then subjected to three rounds of 

evacuation and backfilling with nitrogen. A 1.0 wt.% solution was created by adding water and 
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ethanol in a 60:40 (wt.%) ratio, along with DVB, to the flask. The solution was bubbled with 

nitrogen gas to remove any air before being heated to 70 °C. Polymerisation was initiated by 

adding 2 potassium persulfate (KPS) and held at 70 °C for 24 hours. The product was isolated 

as a white solid through reprecipitation into diethyl ether, then dried under vacuum at 40 °C 

for 16 hours (Table 3.4). 

Table 3.4 Different monomer components for synthesis of different PAA based particles 

Sample Name 

Monomer Composition Solution Composition 

PAAx DVB FN KPS Water Ethanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

PAA35DVB47FN35 115.4/0.04 0.26/1.88 109.2/1.40 2.2/0.008 29.4 19.6 

PAA35DVB94FN70 57.7/0.02 0.26/1.88 109.2/1.40 1.1/0.004 25.9 17.2 

PAA35DVB188FN140 28.8/0.01 0.26/1.88 109.2/1.40 0.6/0.002 24.1 16.1 

PAA35DVB300FN225 57.7/0.02 0.87/6.00 351.0/4.50 0.6/0.002 72.5 48.3 

PAA50DVB47FN35 158.6/0.04 0.26/1.88 109.2/1.40 2.2/0.008 32.0 21.3 

PAA50DVB94FN70 79.3/0.02 0.26/1.88 109.2/1.40 1.1/0.004 27.2 18.1 

PAA50DVB188FN140 39.6/0.01 0.26/1.88 109.2/1.40 0.6/0.002 24.8 16.5 

PAA50DVB300FN225 39.6/0.01 0.42/3.00 175.5/2.25 0.6/0.002 36.5 24.3 

PAA95DVB47FN35 144.1/0.02 0.13/0.94 54.6/0.70 1.1/0.004 20.4 13.6 

PAA95DVB94FN70 144.1/0.02 0.26/1.88 109.2/1.40 1.1/0.004 31.1 20.7 

PAA95DVB188FN140 72.0/0.01 0.26/1.88 109.2/1.40 0.6/0.002 26.7 17.8 

PAA95DVB300FN225 72.0/0.01 0.42/3.00 175.5/2.25 0.6/0.002 38.5 25.6 
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3.3 Results and discussion 

3.3.1 Reaction kinetics of PAA based macro-CTAs and molecular weight 

To begin, several different sizes (or degree of polymerisation (DP)) of PAA based shells need 

to be prepared. Acrylic acid (AA) was polymerised using 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoic acid (DDMAT) as a chain transfer agent (CTA) targeting chain lengths of 35, 

50 and 100. As the RAFT polymerisation is well controlled and exhibits a linear relationship 

between conversion and time until high conversion is reached, after which the conversion 

becomes non-linear due to the low concentration of monomers in the solvent. As the reaction 

nears completion, it becomes difficult to precisely attain the target DP based solely on the 

reaction time. Therefore, extra monomer is added, and the reaction is stopped at a lower 

conversion to allow for the target DP to be obtained. Here, target DP of 50, 100 and 200 were 

used to synthesise polymers with DPs of 35, 50, and 100 while maintaining good control. 1,3,5-

trioxane was used as an NMR reference according to the synthesis method of macro-CTA 

(DDMAT-PAA35) at 75 °C, (during the reaction, the area of reference peak area remained 

constant). The conversion can be obtained by calculating the area of the residual AA by 1H 

NMR spectroscopy and the time vs conversion can be plotted (Figure 3.2). As expected a linear 

relationship between time vs conversion of different samples was obtained. In addition, the 

mean squared error is 0.99 and is very close to 1, which means the RAFT polymerisation of 

acrylic acid is controllable.  

 

Figure 3.2 The time vs conversion of PAA based macro-CTA (DP=35, 50, 95) at 75℃ 

The three PAA samples synthesised had target DPs of 35, 50, and 100, but the actual DPs were 

determined to be 35, 50, and 95, respectively. Each DP was obtained from the time vs 
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conversion plot, which was calculated using the ratios of 1H NMR spectrum of the peaks belong 

to AA and the reference (1,3,5-trioxane). This is due to the concentration of the AA decreases 

over time while the reference peak remains constant. Here, the conversion is calculated by 

using this equation shown below. 

𝐶𝑜𝑛% = 1 −
𝑚𝑡

𝑚0⁄ = 1 −
𝐴𝑡
𝐴0
⁄                                             (1) 

Here, the m0 means the mole of AA at beginning, just adding the initiator to the system, which 

has the linear relationship to the integral of AA (area of AA (A0)), mt means the mole of AA 

at a certain time which equals to the integral of AA (area of AA (At)). The At can be confirmed 

by using the area of 1,3,5-trioxane as the standard parameter which is not changing during the 

whole reaction. Therefore, the conversion is about 67 % at 3.5 h and the DP is 35, for a sample 

of PAA35. Based on the general molecular structure of macro-CTA (Figure 1.18), the DP can 

be determined by the ratio of monomer to CTA, which due to the repeat units of monomer of 

each polymer chain contain the CTA ending groups on the both sides of the polymer chain. 

Therefore, the DP can also be confirmed by the 1H NMR spectrum of the final sample, which 

is after methylation (Figure 3.2 in appendix), here the DP is calculated by comparing the area 

of methyl (CH3-O-) peak on the AA and the area of methylene (-S-CH2-) peak on the DDMAT. 

This is based on the equation below. 

 𝐷𝑃 =
𝑚𝑚𝑜𝑛𝑜

𝑚𝐶𝑇𝐴⁄                                                     (2) 

Here, mmono means the mole of AA monomer on to the macro-CTA polymer chains, and mCTA 

means the mole of CTA on to the macro-CTA polymer chain ending groups. Moreover, the 

molecular weight determined by GPC analysis was 3282, which corresponds to a DP of 35 

(Table 3.1 in appendix). The polydispersity index is about 1.457, which is not good enough. 

This may due to the higher reaction conversion, which makes the less control of the 

polymerisation. Using the same methods, the DPs were confirmed to be 50 and 95 with the 

addition of 100 and 200 monomer units, respectively. 

3.3.2 Investigation of synthesis of PAA based particle in different water to ethanol ratios 

To synthesise the porous polymer particles, the PAA shells need to be polymerised with a 

porous core forming co-polymer mixture. Divinylbenzene (DVB) and fumaronitrile (FN) are 

used based on the research of Li and co-workers, who synthesised a series of MOPs by using 

the widely available vinyl precursors DVB and FN via conventional radical polymerisation.8 

This conventional free radical polymerisation can be converted into a RAFT-PISA reaction to 
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form porous polymer particles. The DVB acted as crosslinker while the FN acted as co-

monomer in this system. Furthermore, this work can avoid some issues toward to the synthesis 

of conversional HCPs, such as toxic solvent, metal catalysis and by-products. This material has 

good BET surface area up to 805 m2 g-1 and is cheap to synthesise. Moreover, James et al.1 and 

Ferguson et al.4 also used DVB and FN as the core segment to form the dispersible porous 

polymer particles (d-PPPs) via RAFT-PISA and confirmed that it was efficient to form the 

particles. 

Different monomers have different reaction conditions when polymerised via RAFT-PISA 

depending on their reactivity and the CTA used. According to our previous research, James et 

al.1 synthesised PEG based particles in a water and ethanol mixture system, which the PEG 

based shell can dissolve in the water and ethanol can help DVB and FN miscible in the solvent. 

Moreover, ethanol is friendly to the environment. Here, the water-ethanol mixture system was 

used to synthesise PAA based particles and the different combinations of the water to ethanol 

was investigated to find the best BET surface area. The BET surface area was calculated from 

the nitrogen adsorption isotherms at 77.3 K using the BET equation. The hydrodynamic 

diameter was measured by using DLS and the sample was prepared following James et al.’1 

method. 1 mg mL-1 water solution sample was prepared first and the water mixture was 

sonicated 3.0 h before the DLS analysis. 

Table 3.5 Solution composition, BET surface area and size of P(AA35-DVB94FN70) particles 

Solution Composition (wt.%) BET Surface 

Area (m2 g-1) 

Hydrodynamic Diameter (After 3 

hours Sonication nm) Water Ethanol 

100 00 180 76.6 

80 20 206 135.2 

60 40 275 157.4 

40 60 258 165.3 

20 80 252 182.5 

00 100 224 251.8 

From the table above, the column charts can be plotted to display the relationship between the 

water to ethanol ratios (wt.%) and the BET surface area (Figure 3.3) and particle size (Figure 

3.4). The x-axis of each chart represents the different water to ethanol ratios, while the y-axis 

of Figure 3.2 represents the BET surface area and the y-axis of Figure 3.3 represents the particle 

size. 
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Figure 3.3 BET surface area of P(AA35-DVB94FN70) particles synthesised using different water to 

ethanol ratios vs the BET surface area 

It is very clear to see that the BET surface area initially increases as the proportion of ethanol 

in the water and ethanol mixture increases. The highest BET surface area is achieved at a ratio 

of 60:40 (wt.%) of water to ethanol. Subsequently, as the proportion of ethanol in the mixture 

continues to increase, the BET surface area decreases. 

 

 

Figure 3.4 Particle size of P(AA35-DVB94FN70) particles when using different water to ethanol ratios 
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The particle size exhibits an increasing trend with the increase of ethanol concentration in the 

water and ethanol mixture. This can be attributed to the solubility of DVB and FN in the 

mixture. When it is in an all-water condition, the solubility of DVB and FN in water is limited, 

resulting in fewer monomers in the system. As a result, the PAA based micelles have less these 

monomers inside, resulting in smaller particles with less core inside. As the concentration of 

ethanol increases, the ethanol monomers aid the proper dissolution of DVB and FN in the 

solution, resulting in an increased number of monomers in the system. Consequently, the PAA 

based micelles have more these monomers inside, resulting in larger particles with more core 

inside. When there is no water in the synthesis system, it is not a RAFT-PISA polymerisation 

anymore; it is becoming a conventional RAFT solution route polymerisation and the resulting 

particles are not dispersible in the solvent.1 

Here the BET surface area of the particles is influenced by both their internal and external 

porosity. The internal porosity is created by the rigid network structure of the core part formed 

by DVB and FN synthesis. On the other hand, the external porosity is introduced by the voids 

created from the aggregation of small particles. For the sample synthesised in water, which has 

less internal porosity due to the less solubility of DVB and FN. For the sample synthesised in 

water, the internal porosity is limited due to the poor solubility of DVB and FN. However, as 

the concentration of ethanol in the water-ethanol mixture increases, the DVB and FN can 

dissolve more effectively, leading to an increase in both internal and external porosity. The 

largest BET surface area is achieved at a ratio of 60:40 (wt.%) of water to ethanol as the 

concentration of ethanol continues to increase, the polymerisation becomes more conventional, 

leading to a change in morphology and a decrease in BET surface area. 

3.3.3 Investigation of synthesis of PAA based particle with different DVB to FN ratios 

The ratio of co-monomers and crosslinks may affect the BET surface area. According to our 

previous research, James et al.1 synthesised PEG based particles with the DVB and FN, and 

the optimal ratio of DVB and FN was found to be 4:3, which resulted in the highest BET surface 

area. Here, the different shell part was investigated to check if it influenced the ratio of DVB 

and FN. The BET surface area and particle size were measured following the above methods 

as described earlier. 
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Table 3.6 Monomer composition, BET surface area and size of particles using a water-ethanol 

mixture of 60:40 (wt.%) 

Monomer Composition Ratios BET Surface 

Area (m2 g-1) 

Hydrodynamic Diameter (After 3 

hours Sonication nm) PAA DVB FN DVB:FN 

35 210 70 3:1 86 242.4 

35 140 70 2:1 152 236.7 

35 105 70 3:2 223 175.9 

35 94 70 4:3 283 157.4 

35 70 70 1:1 250 171.1 

35 35 70 1:2 179 176.2 

From the table above, the column charts can be plotted with x-axis representing the different 

ratios of DVB to FN, and y-axis representing the BET surface area (Figure 3.5) and particle 

size (Figure 3.8). 

 

Figure 3.5 BET surface area of particles synthesised when using different DVB to FN ratios 

It is very clear to see that as the proportion of FN increases, the BET surface area initially 

increases starting from the ratio of DVB to FN of 3:1 and reaches maximum at the ratio of 4:3. 

However, as the proportion of FN further increases, the BET surface area starts decreasing and 

reaches the minimum value at the ratio of DVB to FN of 1:2. 

It has been verified that PAA35 based particles with different DVB to FN ratios contain a dual 

morphology with smaller spheres structure to aggregate to form larger particles as well 

compared to the PEG based particles1 (Figure 3.6).  
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Figure 3.6 TEM images of PAA35 based particles with different DVB to FN ratios 

The nitrogen adsorption isotherms (Figure 3.7 a) exhibit a slight increase for all particles at a 

very low pressure (P/P0 < 0.1), indicating a limited presence of microporous structures. This is 

different from the PEG based particles1–4 which were synthesised by DVB and FN and show 

more microporous structures, which may be due to the PAA based shells is branched and larger 

than the PEG based shell. Additionally, no hysteresis loop is observed in the relative pressure 

region of 0.2 < P/P0 < 0.8, which is the same as the PEG based particles. The significant 

increase of gas uptake at a high pressure (P/P0 > 0.9) corresponds to nitrogen condensation in 

large pores. This is due to the condensation of nitrogen between the smaller particles in the 

larger particle agglomeration, as observed in PEG based particles. The pore size distributions 

(PSDs) of the PAA35 based particles with different combination of DVB and FN (Figure 3.7 b) 

demonstrate a range of pore sizes for particles with varying DVB to FN ratios. However it 

should be noted that no measurements were taken for very low-pressure points in these samples, 

which precludes an accurate estimation of micropore sizes. All samples exhibit similar pore 

diameters, except for the P(AA35-DVB210FN70) particles, contain a small amount of mesopores 

and larger pores and voids. For other particles, larger peaks appear at pore widths of 

approximately 3.1 nm, 5.2 nm, and 9.1 nm, along with further larger pores and voids resulting 

from the aggregation of small sphere particles. 
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Figure 3.7 (a) Nitrogen adsorption isotherms of PAA35 based particles with different combination of 

DVB and FN at 77.3 K (Isotherms each offset by 50 cm3 g-1); (b) Pore size distributions calculated 

using NLDFT method (slit pore models, differential pore volume vs pore width); and (c) Cumulative 

surface areas 

The cumulative surface area plots (Figure 3.7 c) also show that most of the pore volume is the 

larger meso- and macropore region, while the particles have less microporous region, 

especially for P(AA35-DVB35FN70), P(AA35-DVB140FN70), and P(AA35-DVB210FN70) particles 

which nearly no-micropores. Among particles with varying DVB to FN ratios, those with a 

ratio of 4:3 exhibit higher cumulative surface area compared to others. Moreover, the amount 

of cumulative surface area decreases with the ratio of DVB to FN further increasing or 

decreasing. For the P(AA35-DVB35FN70), P(AA35-DVB140FN70), and P(AA35-DVB210FN70) 

particles which have the smaller amounts of small voids and large voids compared to the 

P(AA35-DVB70FN70), P(AA35-DVB94FN70), and P(AA35-DVB105FN70) particles. This 

observation may arise from the fact that the latter group contains smaller sphere particles that 

aggregate to form larger aggregates with more voids, while the former group contains larger 

sphere particles. 
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The particle size varies when using the PAA35 based particles with different combinations of 

DVB and FN. These particles exhibit a dual morphology with smaller spheres structure to 

aggregate to form larger particles of 171-243 nm diameter. Additionally, particle size is 

inversely proportional to BET surface area and TEM images show the same trends (Figure 3.3, 

Figure 3.4, Figure 3.5, Figure 3.6, Figure 3.7 and Figure 3.8 in appendix). Moreover, the 

particle size from TEM images are 250 nm, 240 nm, 200 nm, 150 nm, 180 nm and 200 nm, 

respectively, which are very close to the DLS results. 

 

Figure 3.8 Particle size of particles synthesised when using different DVB to FN ratios 

The results we obtained matched the principles which Xie et al.8 found. They found that the 

concentration of nitrogen had an influence on the BET surface area in the FN/St system. They 

thought the low concentration of FN would prevent the FN units joining in the polymerisation 

and it would be a tendency toward the other periodic copolymers (DVB-DVB-FN) exists.9,10 

When the concentration increased, FN not only increased the content of DVB units with both 

double bonds polymerisation, but also increased the concentration of nitrogen in the system 

leading to higher crosslinking density and thus a higher surface area. When the concentration 

of FN was very high, steric hindrance prevents FN units from participating in the 

polymerisation, resulting in a low surface area.11,12 Mole ratio of 0.75 of FN to DVB 

(equivalent to DVB to FN in a 4:3 ratio) had the highest BET surface area. Moreover, the 

different ratios of DVB to FN can affect the particle size. According to the study of Xie and 

co-workers8, the formation of copolymers may increase the core particle size at low FN 
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concentrations, while at high concentrations, the electrostatic repulsion between nitrile groups 

may also contribute to an increase in particle size. 

3.3.4 Investigation of synthesis of PAA based particle with different core-shell ratios 

The ratios of core to shell may influence the BET surface area as well. According to our 

previous research, James et al.1 synthesised PEG based particles with varying ratios of PEG 

part to the DVB and FN part have different BET surface area. Here, the different core-shell 

ratios were investigated to check if it influences the BET surface area. The BET surface area 

and particle size were measured following the same methods. 

Table 3.7 Monomer composition, BET surface area and size of PAA based particles with different ratios 

of core-shell  

From the table above, the column charts can be plotted that x-axis means the different core-

shell ratios, y-axis means the BET surface area (Figure 3.9) and particle size (Figure 3.13). 

 

Monomer Composition BET Surface 

Area (m2 g-1) 

Hydrodynamic Diameter (After 3 

hours Sonication nm) PAA DVB FN 

35 47 35 322 195.4 

35 94 70 283 157.4 

35 188 140 261 261.3 

35 300 225 150 197.6 

50 47 35 219 121.1 

50 94 70 257 128.8 

50 188 140 170 111.8 

50 300 225 147 174.0 

95 47 35 188 174.0 

95 94 70 227 123.0 

95 188 140 145 225.8 

95 300 225 60 298.4 
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Figure 3.9 BET surface area of particles synthesised when using different core-shell ratios 

For the particles with same shell chain length (together), changes in core-shell ratios can impact 

the BET surface. For PAA35 based shells, increasing core size results in a decrease in BET 

surface area. For the other two shells, the BET surface area slightly increases as core size grows 

from 47 to 94 (DP of DVB), but then decreases as core size increases from 94 to 300, gradually. 

It seems there appears to be a fixed ratio of shell-to-core weight percentage that maximizes the 

BET surface area, as observed in PEG based particles where the BET surface area initially 

increases with core size before decreasing after reaching P(EG113-DVB600FN450).
1 However, 

the core size at which the BET surface reaches a maximum is lower compared to that for the 

PEG based particles. For the particles with same core size (same colour), the BET surface 

decreases with the growing of the shell chain length. In brief, the particles with smaller shells 

have larger BET surface area than the particles with the long shell chains.  

PAA35, PAA50 and PAA95 based particles with different core-shell ratios display a similar 

morphology to the PAA35 based particles with different DVB to FN ratios with a dual 

morphology with smaller spheres structure to aggregate to form larger (Figure 3.9-19 in 

appendix).  

The nitrogen adsorption isotherms of PAA35 based particles with different core-shell ratios 

(Figure 3.10 a) show a similar pattern to those with varying DVB to FN ratios. They all exhibit 

large peaks at a pore width of around 1.8 nm, 3.0 nm, 5.1 nm and along with further larger 

pores and voids from the pore size distributions (Figure 3.10 b). These materials exhibit 
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microporosity in the cumulative surface area plots (Figure 3.10 c). However, for 

P(AA35DVB300FN220) particles, which have little microporous structures.  

 

Figure 3.10 Nitrogen adsorption isotherms of (a) the PAA35 based particles (b) Pore size distributions 

calculated using NLDFT method (slit pore models, differential pore volume vs pore width); and (c) 

Cumulative surface areas 

It seems that the PAA50 based particles have a similar nitrogen uptake curves (Figure 3.11 a) 

to the PAA35 based particles. The pore size distributions of PAA50 based particles (Figure 3.11 

b) show the similar results compared to PAA35 based particles, that all have small pores at a 

pore width of about 1.8 nm, 3.0 nm, 5.1 nm, 8.4 nm and along with further larger pores.  

The difference is that the ratios of amounts of different pores decreased. These materials have 

little micropores except for P(AA50DVB94FN70) particles which contain more microporous 

region in the cumulative surface area plots (Figure 3.11 c). 
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Figure 3.11 Nitrogen adsorption isotherms of (a) the PAA50 based particles (b) Pore size distributions 

calculated using NLDFT method (slit pore models, differential pore volume vs pore width); and (c) 

Cumulative surface areas 

There are similar adsorption isotherms of PAA95 based particles (Figure 3.12 a) were as seen 

for all PAA based particles. They all reveal the similar pore size to other PAA based particles 

with main peaks at a pore width about 1.8 nm, 3.0 nm, 5.2 nm, 7.1 nm and along with further 

larger pores and voids (Figure 3.12 b). The cumulative surface area plots (Figure 3.12 c) 

illustrate the structures of the particles as well, which most of the pore volume is the larger 

meso- and macropore region. This means that these materials are all less microporous except 

for P(AA95DVB300FN220) particles like previous shells with the largest core have nearly no-

porous structure. 
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Figure 3.12 Nitrogen adsorption isotherms of (a) the PAA95 based particles (b) Pore size distributions 

calculated using NLDFT method (slit pore models, differential pore volume vs pore width); and (c) 

Cumulative surface areas 

For the plot of core vs shell vs particle size, it seems that there is no obvious tendency among 

core size, shell chain length and particle size. However, the particle with a large BET surface 

area tend to have a small particle size (Figure 3.13). This trend is also observed in TEM images 

(Figure 3.6, Figure 3.9-19 in appendix). The particle sizes measured from TEM images are 

consistent with those from DLS, with values ranging from 120 to 300 nm. In addition, after 

sonication 3 hours, the particles are quite stable in the solvent. It is stable and disperses very 

well in the organic solvent, such as methanol (Figure 3.20-22 in appendix). It can also last 1 

week in the water (Figure 3.23-25 in appendix). 
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Figure 3.13 Particle size of particles synthesised when using different core-shell ratios 
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3.4 Conclusion  

To conclude, RAFT can be used to synthesise the diblock copolymer with hydrophobic parts 

and hydrophilic parts. 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid used as CTA 

was well synthesised via one pot step, firstly. It is determined to be a good choice to synthesise 

the monomer, which has a carboxylic group.  

The hydrophilic block (PAA) was synthesised to obtain the macro-CTA via RAFT. The 

synthesis of PAA can be well controlled through the study of the reaction kinetics. It is a linear 

relationship between reaction time and conversion at the beginning; this is due to the side 

reaction that will lead to a big DPI at high conversion. Furthermore, the temperature and the 

concentration are important which will have effects on the polymerisation. The molecular 

weight of different macro-CTAs were determined by 35, 50, 95 via the conversion data by 1H 

NMR spectrum, the 1H NMR spectrum after methylation, and GPC analysis after methylation. 

Poly(acrylic acid-b-divinylbenzene/fumaronitrile) (PAA-DVB/FN) was synthesised via RAFT 

mediated polymerisation induced self-assembly. This makes the PAA-DVB/FN to be a core-

shell structure where the PAA is the hydrophilic part of the shell structure and the DVB/FN is 

the hydrophobic part of the core structure, which contains both porosity and dispersiblity in 

common organic solvents. Furthermore, PAA based particles have a dual morphology with 

smaller spheres structure to aggregate to form larger particles. First, the reaction solution was 

investigated to find the suitable water to ethanol ratio for the largest BET surface area and it is 

confirmed that for water soluble shell parts, the water to ethanol ratio equals 60:40 (wt.%) is 

best. PEG based particles were prepared in the water to ethanol mixture with a ratio of 60:40 

(wt.%) has the large BET surface area as well.1–3,13  Then, the ratios of DVB and FN were 

investigated to find the suitable combination for the biggest BET surface area. It is confirmed 

that the concentration of nitrogen has influence on the BET surface area and particle size for 

the FN/St or FN/DVB system and the best ratio of DVB to FN is 4 to 3. HCPN8 and PEG based 

particles1–3,13 also show the same results. Finally, the different core-shell ratios were 

investigated to find the tendency of different core-shell ratios to the BET surface area. The 

optimum core-shell ratio was explored by fixing the shell chain length and varying the core 

size (or fixing the core size and varying the shell chain length). Here, we found that the BET 

surface area increases with the core size growing. However, when the BET surface area 

increased reaching a maximum at one point, the BET surface area decreases with the core size 

further growing compared to PEG based particles which has the same trend, but the core size 



Chapter-3 Core-Shell Ratios 

 
 

74 
 

at which the BET surface reaches a maximum is lower compared to that for the PEG based 

particles. Moreover, the particles with small shells have a good BET surface area up to 322 m2 

g-1 which is a little smaller than the BET surface area of PEG based particle (409 m2 g-1).  

Furthermore, the PAA based particles can also dissolve in different solvent with good 

separation and last for a long time same as the PEG based particle (Figure 3.20-3.25 in 

appendix). However, the most of PAA based particles have smaller particle sizes compared to 

PEG based particles, which is due to the shorter of the shell chain length.  
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Figure 3.1 (a) 1H NMR spectrum of CTA, (b) 13C NMR spectrum, (c) elemental analysis, and (d) 

mass spectrum 
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Figure 3.2 The 1H NMR spectrum of PAA35 based macro-CTA, PAA50 based macro-CTA, and PAA95 

based macro-CTA after methylation 

Table 3. The GPC analysis of PAA35 based macro-CTA after methylation 

GPC analysis (containing 4 v/v% Acetic acid and 0.025% BHT) 

Peak Mp(g/mol) Mn(g/mol) Mw(g/mol) Mz(g/mol) Mz+1(g/mol) Mv(g/mol) DP 

1 4787 3282 4782 6383 7758 6165 1.457 

 

 

Figure 3.3 The different scales of TEM images of P(AA35-DVB210FN70) 
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Figure 3.4 The different scales of TEM images of P(AA35-DVB140FN70) 

 

Figure 3.5 The different scales of TEM images of P(AA35-DVB105FN70) 

 

Figure 3.6 The different scales of TEM images of P(AA35-DVB70FN70) 

 

Figure 3.7 The different scales of TEM images of P(AA35-DVB70FN70) 
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Figure 3.8 The different scales of TEM images of P(AA35-DVB35FN70) 

         

Figure 3.9 The different scales of TEM images of P(AA35-DVB47FN35) 

 

Figure 3.10 The different scales of TEM images of P(AA35-DVB94FN70) 

 

Figure 3.11 The different scales of TEM images of P(AA35-DVB188FN140) 
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Figure 3.12 The different scales of TEM images of P(AA35-DVB300FN225) 

               

Figure 3.13 The different scales of TEM images of P(AA50-DVB47FN35) 

 

Figure 3.14 The different scales of TEM images of P(AA50-DVB188FN140) 

 

Figure 3.15 The different scales of TEM images of P(AA50-DVB300FN225) 
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Figure 3.16 The different scales of TEM images of P(AA95-DVB47FN35) 

 

Figure 3.17 The different scales of TEM images of P(AA95-DVB94FN70) 

 

Figure 3.18 The different scales of TEM images of P(AA95-DVB188FN140) 

 

Figure 3.19 The different scales of TEM images of P(AA95-DVB300FN225) 
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                               (a)                                            (b)                                              (c) 

Figure 3.20 From left to right: PAA35-DVB47/FN35, PAA35-DVB94/FN70, PAA35-DVB188/FN140, PAA35-

DVB300/FN225, PAA35-DVB600/FN450 in methanol (a) immediately after 30 min sonication, (b) 

immediately after 3.0 h sonication and (c) after 1 week 

 

                           (a)                                                (b)                                            (c) 

Figure 3.21 From left to right: PAA50-DVB47/FN35, PAA50-DVB94/FN70, PAA50-DVB188/FN140, PAA50-

DVB300/FN225, PAA50-DVB600/FN450 in methanol (a) immediately after 30 min sonication, (b) 

immediately after 3.0 h sonication and (c) after 1 week 

 

                               (a)                                              (b)                                              (c) 

Figure 3.22 From left to right: PAA95-DVB47/FN35, PAA95-DVB94/FN70, PAA95-DVB188/FN140, PAA95-

DVB300/FN225, PAA95-DVB600/FN450 in methanol (a) immediately after 30 min sonication, (b) 

immediately after 3.0 h sonication and (c) after 1 week 
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                                            (a)                                                                 (b) 

Figure 3.23 From left to right: PAA35-DVB47/FN35, PAA35-DVB94/FN70, PAA35-DVB188/FN140, PAA35-

DVB300/FN225, PAA35-DVB600/FN450 in water (a) immediately after 3.0 h sonication, and (b) after 1 

week 

 

                                                 (a)                                                            (b) 

Figure 3.24 From left to right: PAA50-DVB47/FN35, PAA50-DVB94/FN70, PAA50-DVB188/FN140, PAA50-

DVB300/FN225, PAA50-DVB600/FN450 in water (a) immediately after 3.0 h sonication, and (b) after 1 

week 

 

                                                   (a)                                                                     (b) 

Figure 3.25 From left to right: PAA95-DVB47/FN35, PAA95-DVB94/FN70, PAA95-DVB188/FN140, PAA95-

DVB300/FN225, PAA95-DVB600/FN450 in water (a) immediately after 3.0 h sonication, and (b) after 1 

week
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Chapter-4 pH-responsive Shell 

4.1 Aims 

The P(EG113-DVBx/FNy) particles which were synthesised by metal-free radical addition 

fragmentation transfer mediated polymerisation induced self-assembly (RAFT mediated PISA) 

approach in our group, introduced both porosity and dispersibility. We believe the strategy of 

using block copolymers to synthesise porous polymers has much promise. However, just the 

PEG based macro-CTA1–4 and the PAA based macro-CTA which prepared in the Chapter 3 as 

the outer shell solubilizing chain have been used toward in all of these materials. Moreover, 

Mai et al.5 and Yu et al.6 used poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) as the 

outer shell which introduce not only dispersibility, but also pH/temperature dual-responsive to 

the hairy microporous polymeric nanospheres by gifting shell segments to the microporous 

polymeric particles through ATRP, and as the same as Wang and co-workers7 who used 

poly(diethylaminoethyl methacrylate) (PDEAEMA) as the shell with the pH/temperature dual-

responses to modify the mesoporous silica nanomaterials. 

Based on the methods and results to determine the reaction conditions, the required ratios of 

the different components as well as the core-shell ratio, this chapter aims to use the DEAEMA 

(Figure 4.1 (a)) and 4-vinylpyridine (4-VP) (Figure 4.1 (b)) with pH- responses to investigate 

the reaction conditions, core-shell ratio, and pH- responses of the particles. 

 

Figure 4.1 Molecular structure of diethylaminoethyl methacrylate (DEAEMA) (a), and 4-

vinylpyridine (4-VP) (b) 
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4.2 Experimental  

4.2.1 Materials 

2-Bromoisobutyryl bromide, 2-cyano-2-propyl dodecyl trithiocarbonate (CPDTC, 98%), 

fumaronitrile (FN, 98 %), potassium persulfate (KPS), potassium phosphate tribasic (K3PO4) 

were purchased from Sigma-Aldrich and used as received. Carbon disulfide, 1-dodecanethiol 

(98%) were purchased from Alfa Aesar and used as received. Dry Tetrahydrofuran (THF) was 

obtained in a method analogous to the one outlined by Grubbs.8 Magnesium sulfate (Mg2SO4) 

was purchased from Fischer and used as received. Diethylaminoethyl methacrylate 

(DEAEMA), divinylbenzene (DVB, technical grade 80 %), 4-vinylpyridine (4-VP, 95%) were 

passed through an alumina column in order to remove the inhibitor before use. 2,2′-Azobis(2-

methylpropionitrile) (AIBN, 98 %) was purified by recrystallization from ethanol at 40 °C. All 

other chemicals were purchased from Sigma-Aldrich and used without any further purification. 

4.2.2 Synthesis (The preparations were used a method adapted from James et al.1) 

4.2.2.1 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) 

(chain transfer agent (CTA)) 

The synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) was 

conducted using a modified method from O’Reilly et al.9 Initially, dodecane thiol (3.61 mL, 

15.07 mmol) was added to a stirred mixture of K3PO4 (3.199 g, 15.07 mmol) in acetone (20 

ml) and stirred for 30 minutes. The mixture was then treated with CS2 (3.129 g, 41.10 mmol) 

and stirred for an additional 60 minutes. Next, 2-bromoisobutyric acid (2.288 g, 13.70 mmol) 

was added to the reaction mixture, which was stirred overnight at room temperature. The 

solvent was extracted twice with CH2Cl2 (100 mL each) from 1 M HCl (100 mL). The organic 

extracts were washed with brine (150 mL) and MgSO4 powder, followed by solvent removal 

using rotary evaporation. The obtained product was purified by precipitation in excess cold n-

hexane twice to ensure purity and then dried in a vacuum oven overnight at 40 °C to yield the 

RAFT CTA (Yield = 49%. Found C: 57.04 %, H: 8.78 %, S: 26.47 %, Expected C: 56.04 %, 

H: 8.79 %, S: 26.37 %. δH (400 MHz, CDCl3) = 3.31 (2H, t, S-CH2-(CH2)10-CH3), 1.75 (6H, 

s, C-(CH3)2), 1.76-1.20 (20H, t, S-CH2-(CH2)10-CH3), 0.90 (3H, t, SCH2-(CH2)10-CH3); δC 

(400 MHz, CDCl3) = 220.85, 178.08, 55.53, 37.09, 31.93, 29.64, 29.57, 29.46, 29.36, 29.12, 

28.98, 27.82, 25.24, 25.23, 22.70, 14.14; m/z (EI) 363.3, 303.3, 277.2, 201.3) (Synthesised in 

Chapter 3 and see in Figure 3.1 in appendix). 
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4.2.2.2 Synthesis of Poly(diethylaminoethyl methacrylate) (PDEAEMA) Based Macro-Chain 

Transfer Agent (CTA) (Macro-CTA (CPDTC-PDEAEMA)) via RAFT 

The synthesis of macro-CTA (CPDTC-PDEAEMAx) (x=48, 108, 208) was performed using a 

modified version of the method described by Wong et al.10 Specifically, 2-bromoisobutyryl 

bromide, 2-cyano-2-propyl dodecyl trithiocarbonate (CPDTC), and 1, 3, 5-trioxane were 

combined in a 2-necked round bottom flask. The flask was subjected to evacuation and nitrogen 

backfilling procedures three times. Dry THF and diethylaminoethyl methacrylate (DEAEMA) 

were added to the flask. The solution was bubbled with nitrogen gas to eliminate any residual 

air and then heated to 75 °C. Polymerisation was initiated by adding 2,2′-azobis(2- 

methylpropionitrile) (AIBN) with THF (1 mL), and the reaction was allowed to proceed for 24 

h at 75 °C. The resulting mixture was purified by precipitation in deionized water, and the 

sample was subsequently dried in a vacuum oven overnight at 60 °C to yield the RAFT macro-

CTA (Table 4.1, Figure 4.1-4.2 in appendix). 

Table 4.1 Different components for synthesis of PDEAEMAx based Macro-CTA 

Sample Name 
DEAEMA CTA Trioxane AIBN THF 

mL/mmol mg/mmol mg/mmol mg/mmol mL 

PDEAEMA48 based Macro-CTA 2.1/10.00 34.6/0.10 90.0/1.00 1.6/0.01 12.4 

PDEAEMA108 based Macro-CTA 4.1/20.00 34.6/0.10 180.0/2.00 3.3/0.02 12.4 

PDEAEMA208 based Macro-CTA 8.2/40.00 34.6/0.10 360.0/4.00 3.3/0.02 12.4 

4.2.2.3 Synthesis of Poly(4-vinylpyridine) (P4-VP) Based Macro-Chain Transfer Agent (CTA) 

(Macro-CTA (DDMAT-P4-VP)) via RAFT 

The synthesis of macro-CTA (DDMAT-P4-VPx) (x=45, 82) was performed using a method 

similar to that described by Liu et al.11 In this method, 2-(Dodecylthiocarbonothioylthio)-2-

methylpropionic acid (DDMAT) and 1, 3, 5-trioxane were combined in a 2-necked round 

bottom flask, which was evacuated and backfilled with nitrogen three times. Anhydrous 1,4-

dioxane and ethanol, along with 4-vinylpyridine (4-VP), were added to the flask. The solution 

was then bubbled through with nitrogen gas to remove any residual air before being heated to 

70 °C. Polymerisation was initiated by adding 2,2′-azobis(2-methylpropionitrile) (AIBN) in 

1,4-dioxane (0.2 mL), and the mixture was held at 70 °C for 8.0 h. The product was then 

purified by precipitation into diethyl ether and dried in a vacuum oven overnight at 60 °C, 

yielding the RAFT macro-CTA (Table 4.2, Figure 4.3-4.4 in appendix). 
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Table 4.2 Different components for synthesis of P4-VPx based Macro-CTA 

Sample Name 
4-VP CTA Trioxane AIBN Dioxane Ethanol 

mL/mmol mg/mmol mg/mmol mg/mmol mL mL 

P4-VP45 based Macro-CTA 5.2/47.56 173.0/0.4756 42.8/0.48 19.5/0.1189 1.2 13.8 

P4-VP82 based Macro-CTA 10.4/95.12 173.0/0.4756 85.6/0.95 19.5/0.1189 1.2 13.8 

4.2.2.4 Synthesis of Poly(diethylaminoethyl methacrylate) (PDEAEMA) Based Particles via 

RAFT Mediated Polymerisation Induced Self-Assembly in different ratios of water to 

methanol 

The P(DEAEMA108DVB288FN216) was prepared following method by Wong et al.10. To a 2-

necked round bottom flask, Macro-CTA (CPDTC-PDEAEMA108) and FN were added. The 

flask was then evacuated and backfilled with nitrogen three times. Next, DVB was added to a 

mixture of methanol and water in a certain ratio (60:40, 50:50, 40:60, 30:70, 20:80, 10:90, 

00:100) (wt.%) to create a 1.0 wt. % solution, and the solution was bubbled with nitrogen to 

remove any air before heating to 70 °C. Polymerisation was initiated by adding AIBN and held 

at 70 °C for 24 hours. The product was isolated as a gray solid through reprecipitation into 

diethyl ether before drying in vacuo at 40 °C for 16 h (Table 4.3). 

Table 4.3 Different solution components for synthesis of PDEAEMA108DVB288FN216 

Monomer Composition Solution Composition Ratio of 

water to 

methanol 

PDEAEMA108 DVB FN AIBN Water Methanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 10.0 18.9 60:40 

101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 18.6 23.6 50:50 

101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 15.0 28.2 40:60 

101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 11.2 33.0 30:70 

101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 7.4 37.6 20:80 

101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 3.8 42.4 10:90 

101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 0.0 47.2 00:100 

4.2.2.5 Synthesis of Poly(4-vinylpyridine) (P4-VP) Based Particles via RAFT Mediated 

Polymerisation Induced Self-Assembly in different ratios of water to methanol 

Synthesis of P4-VP45DVB67FN50 with ratio of water to methanol equals 60 to 40 

The P(4-VP45DVB67FN50) was prepared following the method by Liu and coworkers.11 To a 

2-necked round bottom flask, Macro-CTA (DDMAT-P4-VP45) and FN were added. The flask 

was then evacuated and backfilled with nitrogen three times. Next, DVB was added to a 

mixture of methanol and water in a certain ratio (60:40, 50:50, 40:60, 30:70, 20:80, 10:90, 

00:100) (wt.%) to create a 1.0 wt. % solution, and the solution was bubbled with nitrogen to 
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remove any air before heating to 70 °C. Polymerisation was initiated by adding AIBN and held 

at 70 °C for 24 hours. There is no precipitate after 24 h reaction. No precipitate was observed 

after the reaction had been allowed to proceed for 24 hours (Table 4.4). 

Table 4.4 Different solution components for synthesis of P4-VP45DVB67FN50 

Monomer Composition Solution Composition Ratio of 

water to 

methanol 

P4-VP45 DVB FN AIBN Water Methanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 15.0 12.6 60:40 

72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 12.5 15.8 50:50 

72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 10.0 18.9 40:60 

72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 7.5 22.1 30:70 

72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 5.0 25.2 20:80 

72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 2.5 28.4 10:90 

72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 0.0 31.5 00:100 

4.2.2.6 Synthesis of Poly(diethylaminoethyl methacrylate) (PDEAEMA) Based Particles via 

RAFT Mediated Polymerisation Induced Self-Assembly with Different Core-Shell Ratios 

Synthesis of PDEAEMA108DVB288FN216 

The PDEAEMA based particles were prepared following the above method. To a 2-necked 

round bottom flask, Macro-CTA (CPDTC-PDEAEMAx) (x=48, 108, 208) and FN were added. 

The flask was then evacuated and backfilled with nitrogen three times. Next, DVB was added 

to a mixture of methanol and water in a 60:40 (wt.%) ratio to create a 1.0 wt. % solution, and 

the solution was bubbled with nitrogen to remove any air before heating to 70 °C. 

Polymerisation was initiated by adding AIBN and held at 70 °C for 24 hours. The product was 

obtained as a gray solid through reprecipitation into diethyl ether before drying in vacuo at 

40 °C for 16 h (Table 4.5). 

Table 4.5 Different monomer components for synthesis of different PDEAEMA based particles 

Sample Name 

Monomer Composition Solution Composition 

PDEAEMAx DVB FN AIBN Water Methanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

PDEAEMA48DVB72FN54 276.8/0.03 0.30/2.16 126.4/1.62 1.0/0.006 27.4 51.9 

PDEAEMA48DVB144FN108 184.5/0.02 0.40/2.88 168.5/2.16 0.7/0.04 29.1 55.2 

PDEAEMA48DVB288FN216 138.4/0.015 0.60/4.32 252.7/3.24 0.5/0.003 38.1 72.2 

PDEAEMA108DVB72FN54 406.5/0.02 0.20/1.44 84.2/1.08 0.7/0.004 27.1 51.4 

PDEAEMA108DVB144FN108 406.5/0.02 0.40/2.88 168.5/2.16 0.7/0.004 38.0 72.0 

PDEAEMA108DVB288FN216 101.6/0.005 0.20/1.44 84.2/1.08 0.2/0.001 14.9 28.3 

PDEAEMA208DVB72FN54 582.4/0.015 0.15/1.08 63.2/0.81 0.5/0.003 31.5 59.6 

PDEAEMA208DVB144FN108 388.3/0.01 0.20/1.44 84.2/1.08 0.3/0.002 26.4 50.0 

PDEAEMA208DVB288FN216 291.2/0.008 0.30/2.16 126.4/1.62 0.2/0.002 27.9 52.9 
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4.2.2.7 Synthesis of Poly(4-vinylpyridine) (P4-VP) Based Particles via RAFT Mediated 

Polymerisation Induced Self-Assembly with Different Core-Shell Ratios 

The P4-VP based particles were prepared following the above method. Macro-CTA (DDMAT-

P4-VPx) (x=45, 82) and FN were added and the flask was evacuated and backfilled with 

nitrogen three times. A solution of DVB in water and methanol (40:60 wt%) was added to the 

flask to yield a 1.0 wt% solution. The mixture was bubbled with nitrogen to remove any air, 

then heated to 70 °C and AIBN was added to initiate polymerisation. The reaction was 

maintained at 70 °C for 24 hours. The product was obtained as a yellow solid through 

reprecipitation into diethyl ether and dried in vacuo at 40 °C for 16 hours (Table 4.6). 

Table 4.6 Different monomer components for synthesis of different P4-VP based particles 

Sample Name 

Monomer Composition Solution Composition 

P4-VPx DVB FN AIBN Water Methanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

P4-VP45DVB67FN50 72.4/0.014 0.13/0.94 54.6/0.70 0.7/0.004 15.0 18.9 

P4-VP45DVB134FN100 72.4/0.014 0.26/1.88 109.2/1.40 0.7/0.004 17.8 33.8 

P4-VP45DVB268FN200 72.4/0.014 0.52/3.76 218.4/2.80 0.7/0.004 32.0 60.5 

P4-VP45DVB300FN225 36.2/0.007 0.41/3.00 175.5/2.25 0.3/0.002 24.8 47.0 

P4-VP82DVB67FN50 134.6/0.015 0.14/1.005 58.5/0.75 0.5/0.003 13.0 24.6 

P4-VP82DVB134FN100 134.6/0.015 0.28/2.01 117.0/1.50 0.5/0.003 20.5 38.9 

P4-VP82DVB268FN200 89.7/0.01 0.37/2.68 156.0/2.00 0.0/0.002 23.8 45.0 

P4-VP82DVB300FN225 89.7/0.01 0.559/4.28 250.4/3.21 0.0/0.002 35.9 67.9 
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4.3 Results and discussion 

4.3.1 Investigation of suitable solution composition for PDEAEMA and P4-VP based 

particles 

Both Diethylaminoethyl methacrylate (DEAEMA) and 4-vinylpyridine (4-VP) are well known 

as pH- responsive polymers and their conjugated acids have a pKa of 7.37,12,13 and a pKa of 

5.114,15, respectively. The pendant tertiary amine groups on PDEAEMA chains can be 

protonated and hence become hydrophilic at pH < pKa, whereas at high pHs (higher than 

the pKa), the polymer chains are deprotonated and hydrophobic. The pyridine groups on 4-VP 

follow the same principle as the tertiary amine of PDEAEMA. Additionally, previous research 

has been demonstrated that PDEAEMA can be used as pH- responsive chains of mesoporous 

silica nanospheres.7 PDEAEMA was therefore chosen to be investigated to form the outer shell 

of porous polymer particles synthesised by RAFT-PISA. Due to the different solubility of 

monomers, the reaction conditions vary with the polarity. Our previous research on PEG based 

particles and PAA based particles were synthesised in water-ethanol mixture with a ratio of 

60:40 (wt.%) via RAFT-PISA. The poly(ethylene glycol) (PEG) and poly(acrylic acid) (PAA) 

block can dissolve in the water, and the addition of ethanol was used to improve the solubility 

of DVB and FN in the solution. However, PDEAEMA is only slightly soluble in water, and 

therefore, the ideal reaction conditions may be different from the previous research. Wong et 

al.10 reported they used water-methanol mixture to synthesise block structures via RAFT-PISA, 

therefore, a water-methanol mixture to synthesise PDEAEMA based particles was investigated. 

PDEAEMA based macro-CTA shells were prepared for the investigation and the degree of 

polymerisation (DP) of each sample were obtained to be 48 and 108 by 1H NMR spectroscopy. 

This was calculated by comparing the ratio of methylene (-O-CH2-) peak on PDEAEMA to 

methylene (-S-CH2-) peak on CTA which was similar to the PAA based macro-CTA shells, 

compared to a target DP of 50 and 100 respectively (Figure 4.1, Figure 4.2 in appendix). 

A precipitate was obtained only when a water to methanol ratio of 40:60 (wt.%) was used. No 

was observed using other water/methanol ratio mixtures or water/ethanol mixture which was 

used to obtain PEG based particles and PAA based particles (Table 4.7). It is therefore clear 

that the best reaction condition for synthesis of the PDEAEMA based particles is in the water 

to methanol ratio equals 40:60 (wt.%). 

 

 



Chapter-4 pH-responsive Shell 
 

 

93 
 

Table 4.7 Solution composition and precipitation of P(DEAEMA108-DVB288FN216) particles 

Solution Composition 
Precipitate 

BET surface area 

(m2 g-1) Water Methanol Ethanol 

60 - 40 No - 

60 40 - No - 

50 50 - No - 

40 60 - Yes 62 

30 70 - No - 

20 80 - No - 

10 90 - No - 

00 100 - No - 

Due to the fact that 4-VP has a similar polarity to the PDEAEMA based shell as well as being 

reported previously by Liu et al.11 who used a water-methanol mixture to synthesise block 

structures via RAFT-PISA, water-methanol mixture was selected to synthesise P4-VP based 

particles. Firstly, P4-VP based macro-CTAs were prepared before the investigation with DPs 

of 45 and 82 compared to the target DP of 50 and 100. These were calculated by 1H NMR 

spectroscopy with the ratio of the 2 methine (-CH-N=CH- or –CH-C=CH-) peaks on the 

pyridine ring of P4-VP to methylene (-S-CH2-) peak on CTA, which following the same 

analysis method as the PAA, PDEAEMA based macro-CTA shells (Figure 4.3, Figure 4.4 in 

appendix). 

Table 4.8 Solution composition and precipitation of P(4-VP35-DVB67FN50) particles 

Solution Composition 
Precipitate 

BET surface area 

(m2 g-1) Water Methanol 

60 40 No - 

50 50 No - 

40 60 Yes 42 

30 70 Yes - 

20 80 Yes 36 

10 90 Yes - 

00 100 Yes 15 

Precipitates of P4-VP based particles were obtained with the ratio of water-methanol mixture 

from 40:60 (wt.%) to 00:100 (wt.%) (Table 4.3). From the gas sorption analysis, the particles 

with water-methanol ratios of 40:60 (wt.%), 20:80 (wt.%) and 00:100 (wt.%) are porous, the 

others were found to be nonporous. Furthermore, the BET surface area decreased with 

increasing methanol composition (Table 4.8). Consequently, the sample with a water-methanol 

ratio of 40:60 (wt.%) as selected as the optimal reaction condition since it exhibited the highest 
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BET surface area among the other samples and showed porosity. Therefore, it was selected as 

the most suitable sample for further exploration. 

4.3.2 Investigation of monomer composition of PDEAEMA and P4-VP based particles with 

different core-shell ratios 

Based on the study of PAA based particles in Chapter 3.3.4 and the original PEG based 

particles,1 the BET surface area can be influenced by the core-shell ratios. As previously DVB 

and FN were used as the core segment as they are known to result in particles with the highest 

BET surface areas, particularly when the ratio of DVB to FN equals 4:3.1–4,16 Therefore, the 

ratios of core to shell were investigated to find the highest BET surface area of PDEAEMA 

and P4-VP based particles by using the three chain lengths (or DP) of PDEAEMA based macro-

CTAs and two chain lengths (or DP) of P4-VP based macro-CTAs, respectively, which 

obtained in Chapter 4.3.1. BET surface areas were calculated from the nitrogen adsorption 

isotherms at 77.3 K using the BET equation.  

Table 4.9 Monomer composition and BET surface area of PDEAEMA and P4-VP based particles with 

different ratios of core-shell, respectively 

Monomer Composition BET Surface Area 

(m2 g-1) PDEAEMA P4-VP DVB FN 

48  72 54 36 

48  144 108 101 

48  288 216 79 

108  72 54 53 

108  144 108 78 

108  288 216 62 

208  72 54 - 

208  144 108 - 

208  288 216 - 

 45 67 50 42 

 45 134 100 134 

 45 268 200 126 

 45 400 300 1 

 82 67 50 2 

 82 134 100 4 

 82 268 200 40 

 82 400 300 0 

For PDEAEMA based particles, it was observed that when the PDEAEMA shell DP equaled 

208, no precipitate was observed. This result may be attributed to the larger shell has greater 

steric hindrance which hinders the DVB and FN to form a core. The porosity for P4-VP based 

particles was found to be similar to those of PDEAEMA based particles, especially for the P4-
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VP82 based particles, which may be due to the high polarity and large steric bulkiness of the 

pyridine group hindering the polymerisation (Table 4.9).  

 

Figure 4.2 BET surface area of (a) PDEAEMA and (b) P4-VP based particles synthesised when using 

different core-shell ratios 

For PDEAEMA48 based shell, the BET surface area is the highest when the core size DP of 

DVB is 144 with surface areas of 101 m2 g-1. However, the BET surface area decreases with 

the core size growing to a DVB DP of 288. The PDEAEMA108 based shell, reveals the same 

trend with the maximum BET surface area of 78 m2 g-1 observed with same DP of DVB is 144 

compared to the PDEAEMA48 based shell (Figure 4.2 a). For P4-VP45 based shells, the BET 

surface area is the highest when the core size DP of DVB is 134 or 268 with surface areas of 

around 120-130 m2 g-1. However, when the core is increased to a DVB DP of 400, the resulting 

particles become non-porous. The P4-VP82 based shell, shows the maximum BET surface area 

is achieved when the DVB DP of 268, although this is much lower than the P4-VP48 shell 

(Figure 4.2 b). In general, the PAA based particles that obtained in Chapter 3.3.4, and the PEG 

based particles show the same tendency where the BET surface area increases with an 

increasing core size to reach a maximum but then begins to fall again when the core size 

becomes very large. For a given core size (same colour), the BET surface trends to decrease 

with increasing shell chain length. The PAA based particles have the same trend that the BET 

surface decreases with the growing of the shell chain length. In brief, particles with a smaller 

shell have larger BET surface areas compared to those with longer shell chains. The particles 

with the largest BET surface areas, P(DEAEMA48-DVB144FN108), P(DEAEMA108-

DVB144FN108), P(4-VP45-DVB134FN100) and P(4-VP82-DVB268FN200) particles were selected to 

do further analysis. 
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The PDEAEMA and P4-VP based particles are also confirmed that they contain a dual 

morphology with smaller spheres structure to aggregate to form larger particles compared to 

the PAA based particles and the PEG based particles (Figure 4.3). Furthermore, SEM images 

show the same results (Figure 4.14 in appendix). 

 

Figure 4.3 TEM images of P(EG113-DVB96FN72)1, P(DEAEMA48-DVB144FN108), P(DEAEMA108-

DVB144FN108) and P(4-VP82-DVB268FN200) particles in the water solution 

The nitrogen adsorption isotherms exhibit only a slight increase for P(DEAEMA48-

DVB144FN108) and P(DEAEMA108-DVB144FN108) particles at a very low pressure (P/P0 < 0.1) 

corresponding to samples have limited microporosity. This contrasts with the PEG based 

particles synthesised using DVB and FN cores, which demonstrate more microporous 

structures.1–4 The substantial increase in the gas uptake at a high pressure (P/P0 > 0.9), which 

corresponds to nitrogen condensation in large pores (Figure 4.4 a). As previously observed in 

the PEG based particles this is attributed to condensation between the smaller particles in the 

larger particle agglomeration. In comparison to other microporous polymer nanospheres, the 

nitrogen isotherms display both similarities and differences. The large increase in gas uptake 

at very low pressure and limited nitrogen uptake at high pressure observed in the studies of 

Mai et al.5 and Yu et al.6 are due to the pre-prepared microporous cores. Therefore, micropores 

primarily contribute to the BET surface area compared to the interstitial voids formed by the 

aggregating of the nanospheres in the RAFT-PISA particles described here. However, a small 

nitrogen uptake at low pressure and large increase in the relative pressure region of (0.2 < P/P0 

< 0.6) and high pressure are observed in the study conducted by Wang and co-worker,7 which 

is attributable to the initial porous silica cores that had a media size of  particle. The isotherms 

also reveal a larger increase at low pressure for the P(4-VP45-DVB134FN100) particles compared 

to the P(4-VP82-DVB268FN200) particles, indicating that shorter shell particles are expected to 

have more microporous structures than longer shell particles. They also exhibit a substantial 

increase of gas uptake at a high pressure, same to other particles synthesised by RAFT-PISA 

(Figure 4.4 d).  
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Figure 4.4 Nitrogen adsorption isotherms of (a) PDEAEMA and (d) P4-VP based particles with 

different combination of DVB and FN at 77.3 K; Pore size distributions calculated using NLDFT 

method (slit pore models, differential pore volume vs pore width) of (b) PDEAEMA (e) P4-VP based 

particles, and Cumulative surface areas of (c) PDEAEMA (f) P4-VP based particles 

The pore size distributions (PSDs) were calculated by nonlocal density functional theory 

(NLDFT) show the pore sizes of P(DEAEMA48-DVB144FN108), P(DEAEMA108-DVB144FN108), 

P(4-VP45-DVB134FN100) and P(4-VP82-DVB268FN200) particles, respectively. The 

P(DEAEMA48-DVB144FN108) particles display peaks at pore widths of around 3.0 nm, 5.1 nm, 

8.0 nm, and along with further larger pores and voids, which are formed due to the aggregation 

of small sphere particles. The particles are also expected to have micropores. In contrast, 

P(DEAEMA108-DVB144FN108) particles reveal a main peak at pore width about 9.1 nm and 
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along with further larger pores and voids (Figure 4.4.b). The P(4-VP45-DVB134FN100) particles 

exhibit multiple large peaks at pore widths of around 1.8 nm, 3.1 nm, 5.0 nm, 6.5 nm, 8.0 nm, 

9.0 nm, and along with further larger pores and voids compared to the P(4-VP82-DVB268FN200) 

particles which have a pore size of 3.1 nm, 5.1 nm and larger pore sizes from 10 nm to 60 nm 

(Figure 4.4.e). The cumulative surface area plots also indicate that majority of the pore volume 

is present in the meso- and macroporous regions. This means that these materials with long 

shell are all non-microporous unlike the PEG based particles, except for short shell particles, 

P(4-VP45-DVB134FN100) and P(DEAEMA48-DVB144FN108) particles. This may be due to the 

longer shell of PDEAEMA and P4-VP with a large steric structure than the PEG based particles, 

which cover the core segment and decrease the microporosity (Figure 4.4 c, and f). 

4.3.3 Investigation of pH- responsive of PDEAEMA and P4-VP based particles 

Particles of PDEAEMA and P4-VP exhibits swelling, resulting in changes in size in either high 

or low pH solutions. P(DEAEMA48-DVB144FN108) particles with BET surface area 101 m2 g-1 

and P(DEAEMA108-DVB144FN108) with BET surface area 79 m2 g-1, which were obtained in 

Chapter 4.3.2 and were selected as they have the highest BET surface area in different 

PDEAEMA based chain lengths. Moreover, P(4-VP45DVB134FN100) and P(4-VP82-

DVB268FN200) particles with BET surface area 134 m2 g-1 and 40 m2 g-1, respectively, were 

selected with the same reason as they have the highest BET surface areas for the two different 

chain lengths (DP=45 and DP=82). In order to measure the size of the particles, dynamic light 

scattering (DLS) was carried out. The P(DEAEMA48-DVB144FN108) particles were prepared in 

0.1 mg mL-1 of 9 different pH solutions from low to high by adding HCl or NaOH. Each sample 

was sonicated for 3 hours before analysis. At low pH (0 ≤ pH ≤ 1.3), P(DEAEMA48-

DVB144FN108) particles had diameters of around 600 nm. The particle size began to increase at 

the pH increased from around neutral (pH = 7.5) to a final particle diameter of around 900 nm 

at high pH (13.4 ≤ pH ≤ 14) (Figure 4.5 a). This confirmed that the particles were indeed pH- 

responsive. 
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Figure 4.5 Particle size of (a) P(DEAEMA48-DVB144FN108) particles in different pH solution from low 

to high; (b) Particle size of (b) P(DEAEMA48-DVB144FN108) particles in acid and base switchable; 

TEM images in (c) acid, (d) neutral and (e) base solutions 

The above experiment only demonstrates that dispersing the particles at a certain pH gives 

different sizes, however it is also important to know whether or not the particles can 

dynamically change size once in solution. Therefore, a sample of P(DEAEMA48-DVB144FN108) 

particles was prepared in 0.1 mg mL-1 of 0.5 M HCl solution (pH = 0.3) after which the sample 

was switched to high pH (pH = 13.7) by the addition of NaOH followed by switching to acid 

conditions and back again a number of times. The sample was sonicated for 3 hours before the 

first analysis, and then the sample was sonicated for 0.5 hours after the addition of the acid or 

base. The particles can dynamically change size alternately in acid and base and the particle 

sizes are matched to the particle sizes at acid or base in above experiment (Figure 4.5 b). The 

TEM images illustrate the same trend that matches the particle size which is measured by DLS 

trends (Figure 4.5 c, d, and e). In addition, the SEM images also match the P(DEAEMA48-

DVB144FN108) particle size which is measured by DLS trends (Figure 4.14 a in appendix). 



Chapter-4 pH-responsive Shell 
 

 

100 
 

 

Figure 4.6 Particle size of (a) P(DEAEMA108-DVB144FN108) particles in different pH solution from 

low to high; Particle size of (b) P(DEAEMA108-DVB144FN108) particles in acid and base switchable; 

TEM images in (c) acid, (d) neutral and (e) base solutions 

For P(DEAEMA108-DVB144FN108) particles, the particle size is about 250 nm in acid condition 

(0 ≤ pH ≤ 1.3), while it is about 800 nm in base condition (13.4 ≤ pH ≤ 14) (Figure 4.6 a). The 

longer shell resulted in smaller particle size in acid conditions. This may be due to the long 

chains have more chargers and being more hydrophilic resulted a larger electrostatic repulsion 

to separate particles compared to the short chains that may still aggregate, making separation 

difficult. Zhou and co-workers17, who reported the similar results that the PDMAEMA-PHFBA 

polymer micelles with short chains had a slightly lower critical micelle concentration (CMC) 

than the long chains. The particles can also dynamically change size alternately in acid (pH = 

0.3) and base (pH = 13.7) and the particle sizes are matched to the particle sizes at acid (pH = 

0.3) or base (pH = 13.7) in above experiment (Figure 4.6 b). The TEM images also reveal the 

same trend that matches the particle size which is measured by DLS trends (Figure 4.6 c, d, 

and e). Furthermore, the SEM images also match the P(DEAEMA108-DVB144FN108) particle 

size which is measured by DLS trends (Figure 4.14 b in appendix). 
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The P(4-VP82-DVB268FN200) particles display a particle diameter of around 200 nm at low pH 

(pH = 0.3), at higher pH (pH = 13.7) the particle diameter increases to over 600 nm, however 

this do not appear to plateau as is observed for PDEAEMA particles. Instead, the particle 

diameter gradually increases to over 800 nm at the highest pHs (13.8 ≤ pH ≤ 14). However, 

P(4-VP45-DVB134FN100) particles do not demonstrate a size response with change in pH. This 

may be due to very short shell chain lengths not being long enough and the particles aggregate 

together which hinder the size of the particle changes. P(4-VP82-DVB268FN200) particles on the 

other hand have a long enough chain length to stabilize the particles and keep them from 

aggregating in solution and allowing pH- responses to be observed (Figure 4.7 a). In addition, 

the particle size can be repeatable when it switches in acid (pH = 0.3) and base (pH = 13.7) 

(Figure 4.7 b). The TEM images illustrate the same trend that matches the particle size which 

is measured by DLS trends (Figure 4.7 c, d, and e).  

 

Figure 4.7 Particle size of (a) P(4-VP82-DVB268FN200) particles in different pH solution from low to 

high; (b) Particle size of (b) P(4-VP82-DVB268FN200) particles in acid and base switchable; TEM 

images in (c) acid, (d) neutral and (e) base solutions 

For normal pH- responsive basic polymers which contain amine group (such as 

PDEAEMA12,13,18) or pyridine group (such as PVP14,15) can be used to form an amphiphilic 
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block copolymer. Generally, the hydrogel or micelle is formed with a hydrophobic core part 

and hydrophilic shell parts.19 The particle is normally large in the acidic condition and small in 

basic condition, which is attributed to the basic polymers with amine group or pyridine group 

are full protonated and the transformed into cationic polyelectrolytes under acidic condition.20–

22 Due to the inter-chain electrostatic repulsion and high water affinity, the polymer chains 

extend and the hydrogel or micelle swells. Conversely, when it is in basic condition, the basic 

polymer chains are deprotonated and become less hydrophilic. The inter-chain interactions 

become dominate and stronger than chain-solvent interactions. Therefore, the polymer chains 

contract, and the hydrogel or micelle is collapsed (Figure 4.8). 

 

Figure 4.8 Schematic representation of the latex-to-microgel swelling transition 

For the microporous polymer nanospheres, Mai et al.5 and Yu et al.6 who pre-prepared 

microporous cores and then gifted pH- responsive shells, showed a similar trend. The particles 

were large at low pH, a small and small at high pH, due to the hydrophobic parts are full 

crosslinked by rigid monomers with benzene rings which cannot swell or compress, resulting 

in the hydrophilic parts dominate the particle size. The P(DEAEMA48-DVB144FN108), 

P(DEAEMA108-DVB144FN108) and P(4-VP82-DVB268FN200) particles clearly demonstrate a 

pH- response with small particle sizes at low pH solution (0 ≤ pH ≤ 1.3) and larger sizes at high 

pH solution (13.4 ≤ pH ≤ 14) (Figure 4.6 a, and Figure 4.7 a, and Figure 4.8 a). At first thought, 

this may not be the expected result, which the PDEAEMA and P4-VP particles were expected 

to have a large particle size at low pH, conversely, it is expected to be small at high pH. The 

results show the opposite of this behavior. This may be explained as follows: at low pH, the 

amino groups (pyridine groups) on the shell chains are protonated and charged each particle is 

well solvated and separated from the other particles in solution due to electrostatic repulsion. 

At high pH, the amino groups (pyridine groups) on the shell chains are deprotonated, however 

rather than contracting the chains are no longer able to stabilize the large cores and begin to 

aggregate together resulting in a larger particle being observed (Figure 4.9). Furthermore, for 
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PDEAEMA based particles, the pKa of PDEAEMA polymer chains are about 7.3, which is 

mentioned in chapter 4.3.1. The particle sizes are small and particles separate & disperse at low 

pH solution, and when the particles begin to aggregate at neutral (pH = 7.5) which is close to 

its pKa value. With the pH further increasing (13.4 ≤ pH ≤ 14), the particles form small lumps 

and precipitate (Figure 4.5 and Figure 4.6). However, for P4-VP based particles, the pKa of P4-

VP polymer chains are about 5.1, which is mentioned in chapter 4.3.1. Following the similar 

reason as PDEAEMA based particles, the particle sizes are small at low pH solution. While 

when at neutral condition (pH = 7.5), the particles have already aggregated as its pKa value is 

lower than 7.5. With the pH further increasing (13.4 ≤ pH ≤ 14), the particle sizes do not 

change a lot (Figure 4.7). 

 

Figure 4.8 Schematic representation of the microporous polymeric nanospheres swelling transition 

4.3.4 Investigation of the application of pH-responsive particles 

Due to the combined properties of porosity and pH- responsivity, it is envisaged that these 

materials can capture small molecules in basic conditions and release them in acidic conditions, 

and therefore could potentially be used for drug or dye capture and release. A simple 
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experiment was conducted to confirm this application using methylene blue as a model 

molecule due to its small molecular weight and visible color. In the experiment, 0.5 mg of 

P(DEAEMA108-DVB144FN108) particles were dissolved in 5 mL methylene blue 2.5 ppm MB 

solution in a water-methanol mixture (Figure 4.10 a, and the blue line in Figure 4.10 d). The 

solvent was changed to acidic conditions (0.5 M HCl) by adding 12 M HCl, which caused the 

shell to swell and open. The mixture was sonicated for 1 hour and stirred for another 2 hours. 

Then, 3 M NaOH solution was added to make the mixture basic (0.5 M NaOH) and stirring 

under room temperature for 3 hours to close the shell. This caused the particles to switch to an 

aggregated form and precipitated. The precipitate was washed and collected by centrifuge and 

the remained solution which obtained first time was nearly clean (the red line in Figure 4.10 c). 

The precipitate was then re-dissolved in 5 mL of 0.5 M HCl water-methanol mixture solution 

and stirred at room temperature for 3 hours. Finally, the mixture was separated by 

centrifugation. The remaining solution was blue indicating that methylene blue had been 

released from the particles (Figure 4.10 b, and the black line in Figure 4.10 d). Furthermore, 

the particles released 18.1% MB in the remaining calculated through calibration curve (Figure 

4.15 in appendix). 

 

Figure 4.10 The experiment of dye capture and release. (a) is the mixture in MB solution. (b) is the 

MB released in a new acid solution. (c) is MB solution, solution after centrifuge, 1st wash after 

centrifuge, 2nd wash after centrifuge, 3rd wash after centrifuge, solution after dye release (from left to 

right); and (d) UV spectrum of MB peak before collection (blue) and after release (black) 
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4.4 Conclusion  

Solvent-dispersible porous polymers with pH- responsive properties synthesised by reversible 

addition fragmentation chain transfer polymerisation induced self-assembly (RAFT-PISA) 

approach were successfully obtained. 2-cyano-2-propyl dodecyl trithiocarbonate (CPDTC) and 

2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) were used as CTAs for 

PDEAEMA and P4-VP, respectively and were synthesised via one pot step, firstly. The 

reaction kinetics were investigated in the previous chapter, and the same approach was 

followed in this study. For PDEAEMA shells, the DPs of 48, 108 and 208 were obtained, for 

P4-VP shells, the DPs of 45 and 82 were obtained were obtained. 

Poly(diethylaminoethyl methacrylate-divinylbenzene/fumaronitrile) (PDEAEMA-DVB/FN), 

and poly(4vinlypyridine-divinylbenzene/fumaronitrile) (P4-VP-DVB/FN) were successfully 

synthesised via RAFT mediated polymerisation induced self-assembly. First, the suitable 

reaction solution with the water to methanol ratio of 40:60 (wt.%) was confirmed for the 

particles with the highest BET surface area. Then, the best core-shell ratios with the largest 

BET surface area were confirmed. However, there were no precipitate for the PDEAEMA208 

based particles, which maybe to the larger shell, resulting in greater steric hindrance that 

hinders the formation of the core of DVB and FN. The BET surface areas were much lower 

than those PEG and the PAA based particles, which can be attributed to the polar and large 

steric structure of the PDEAEMA, and PVP shells. Furthermore, the PDEAEMA, and P4-VP 

based particles have a dual morphology with smaller spheres structure to aggregate to form 

larger particles compared to the PAA, and PEG based particles from the SEM images and TEM 

images. At last, the PDEAEMA, and P4-VP based particles were confirmed with the pH- 

responsive properties in which the particle size is small at low pH, and it easily form the 

aggregates with the big size at high pH. Most strikingly, the particle size changes are repeatable 

and can switch among pH. Due to the properties, the methylene blue capture and release 

application confirmed that the dye can be captured when the solution changes from acid to base, 

and the dye releases from the particles when the solution changes from base to acid. 
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4.6 Appendix 

 

Figure 4.1 The 1H NMR spectrum of Macro-CTA(CPDTC-PDEAEMA48) 

 

Figure 4.2 The 1H NMR spectrum of Macro-CTA(CPDTC-PDEAEMA108) 
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Figure 4.3 The 1H NMR spectrum of Macro-CTA(DDMAT-P4-VP45) 

 

Figure 4.4 The 1H NMR spectrum of Macro-CTA(DDMAT-P4-VP82) 
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Figure 4.5 The different scales of TEM images of P(DEA48-DVB144FN108) in acid 

   

Figure 4.6 The different scales of TEM images of P(DEA48-DVB144FN108) in neutral 

   

Figure 4.7 The different scales of TEM images of P(DEA48-DVB144FN108) in base 

 

Figure 4.8 The different scales of TEM images of P(DEA108-DVB144FN108) in acid 
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Figure 4.9 The different scales of TEM images of P(DEA108-DVB144FN108) in neutral 

 

Figure 4.10 The different scales of TEM images of P(DEA108-DVB144FN108) in base 

 

Figure 4.11 The different scales of TEM images of P(4-VP82-DVB268FN200) acid 

 

Figure 4.12 The different scales of TEM images of P(4-VP82-DVB268FN200) in neutral 
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Figure 4.13 The different scales of TEM images of P(4-VP82-DVB268FN200) in base 

 

Figure 4.14 SEM images of PDEAEMA based particles (a) P(DEAEMA48-DVB144FN108) and (b) 

P(DEAEMA108-DVB144FN108) 

 

Figure 4.15 Calibration curve of MB at different concentrations 
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Chapter-5 Thermo-Responsive Shell 

5.1 Aims 

Following on from Chapter 4, where pH- responsive outer shells were used to switch the size 

of the particles by changing the pH, this chapter aims to investigate thermo- responsive porous 

polymer particles using DEAEMA (Figure 5.1 a), 4-VP (Figure 5.1 b), and N-

isopropylacrylamide (NIPAm) (Figure 5.1 c), outer polymer chains. The thermo- responses 

will be investigated by changing the reaction conditions, core-shell ratio, and thermo- 

responses of the particles. 

 

Figure 4.1 Molecular structure of DEAEMA (a), 4-VP (b), and NIPAm (c) 
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5.2 Experimental  

5.2.1 Materials 

2-Bromoisobutyryl bromide, cyanomethyl me-thyl(phenyl) carbamodithioate (CPDTC, 98%), 

fumaronitrile (FN, 98 %), potassium persulfate (KPS), potassium phosphate tribasic (K3PO4) 

were purchased from Sigma-Aldrich and used as received. Carbon disulfide, 1-dodecanethiol 

(98%) were purchased from Alfa Aesar and used as received. Dry 1,4-Dioxane and 

Tetrahydrofuran (THF) was obtained in a method analogous to the one outlined by Grubbs.1 

Magnesium sulfate (Mg2SO4) was purchased from Fischer and used as received. 

Diethylaminoethyl methacrylate (DEAEMA), divinylbenzene (DVB, technical grade 80 %), 4-

vinylpyridine (4-VP, 95%) were passed through an alumina column in order to remove the 

inhibitor before use. 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98 %) was purified by 

recrystallization from ethanol at 40 °C. N-Isopropylacrylamide (NIPAm, 97%) was 

recrystallized from benzene/hexane before use. All other chemicals were purchased from 

Sigma-Aldrich and used without any further purification. 

5.2.2 Synthesis (The synthesis methods was adapted from James et al.6) 

5.2.2.1 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) 

(chain transfer agent (CTA)) 

The synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) was 

conducted using a modified method from O’Reilly et al.2 Initially, dodecane thiol (3.61 mL, 

15.07 mmol) was added to a stirred mixture of K3PO4 (3.199 g, 15.07 mmol) in acetone (20 

ml) and stirred for 30 minutes. The mixture was then treated with CS2 (3.129 g, 41.10 mmol) 

and stirred for an additional 60 minutes. Next, 2-bromoisobutyric acid (2.288 g, 13.70 mmol) 

was added to the reaction mixture, which was stirred overnight at room temperature. The 

solvent was extracted twice with CH2Cl2 (100 mL each) from 1 M HCl (100 mL). The organic 

extracts were washed with brine (150 mL) and MgSO4 powder, followed by solvent removal 

using rotary evaporation. The obtained product was purified by precipitation in excess cold n-

hexane twice to ensure purity and then dried in a vacuum oven overnight at 40 °C to yield the 

RAFT CTA (Yield = 49%. Found C: 57.04 %, H: 8.78 %, S: 26.47 %, Expected C: 56.04 %, 

H: 8.79 %, S: 26.37 %. δH (400 MHz, CDCl3) = 3.31 (2H, t, S-CH2-(CH2)10-CH3), 1.75 (6H, 

s, C-(CH3)2), 1.76-1.20 (20H, t, S-CH2-(CH2)10-CH3), 0.90 (3H, t, SCH2-(CH2)10-CH3); δC 

(400 MHz, CDCl3) = 220.85, 178.08, 55.53, 37.09, 31.93, 29.64, 29.57, 29.46, 29.36, 29.12, 
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28.98, 27.82, 25.24, 25.23, 22.70, 14.14; m/z (EI) 363.3, 303.3, 277.2, 201.3) (Synthesised in 

Chapter 3 and see in Figure 3.1 in appendix). 

5.2.2.2 Synthesis of Poly (diethylaminoethyl methacrylate) (PDEAEMA) Based Macro-Chain 

Transfer Agent (CTA) (Macro-CTA (CPDTC-PDEAEMA)) via RAFT 

The synthesis of macro-CTA (CPDTC-PDEAEMAx) (x=48, 108) was performed using a 

modified version of the method described by Wong et al.10 Specifically, 2-bromoisobutyryl 

bromide, 2-cyano-2-propyl dodecyl trithiocarbonate (CPDTC), and 1, 3, 5-trioxane were 

combined in a 2-necked round bottom flask. The flask was subjected to evacuation and nitrogen 

backfilling procedures three times. Dry THF and diethylaminoethyl methacrylate (DEAEMA) 

were added to the flask. The solution was bubbled with nitrogen gas to eliminate any residual 

air and then heated to 75 °C. Polymerisation was initiated by adding 2,2′-azobis(2- 

methylpropionitrile) (AIBN) with THF (1 mL), and the reaction was allowed to proceed for 24 

h at 75 °C. The resulting mixture was purified by precipitation in deionized water, and the 

sample was subsequently dried in a vacuum oven overnight at 60 °C to yield the RAFT macro-

CTA (Table 5.1, Figure 4.1-4.2 in appendix). 

Table 5.1 Different components for synthesis of PDEAEMAx based Macro-CTA 

Sample Name 
DEAEMA CTA Trioxane AIBN THF 

mL/mmol mg/mmol mg/mmol mg/mmol mL 

PDEAEMA48 based Macro-CTA 2.1/10.00 90.0/1.00 90.0/1.00 1.6/0.01 12.4 

PDEAEMA108 based Macro-CTA 4.1/20.00 180.0/2.00 180.0/2.00 3.3/0.02 12.4 

5.2.2.3 Synthesis of Poly (4-vinylpyridine) (P4-VP) Based Macro-Chain Transfer Agent (CTA) 

(Macro-CTA (DDMAT-P4-VP)) via RAFT 

The synthesis of macro-CTA (DDMAT-P4-VPx) (x-45, 82) was performed using a method 

similar to that described by Liu et al.11 In this method, 2-(Dodecylthiocarbonothioylthio)-2-

methylpropionic acid (DDMAT) and 1, 3, 5-trioxane were combined in a 2-necked round 

bottom flask, which was evacuated and backfilled with nitrogen three times. Anhydrous 1,4-

dioxane and ethanol, along with 4-vinylpyridine (4-VP), were added to the flask. The solution 

was then bubbled through with nitrogen gas to remove any residual air before being heated to 

70 °C. Polymerisation was initiated by adding 2,2′-azobis(2-methylpropionitrile) (AIBN) in 

1,4-dioxane (0.2 mL), and the mixture was held at 70 °C for 8.0 h. The product was then 

purified by precipitation into diethyl ether and dried in a vacuum oven overnight at 60 °C, 

yielding the RAFT macro-CTA (Table 5.2, Figure 4.3-4.4 in appendix). 
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Table 5.2 Different components for synthesis of P4-VPx based Macro-CTA 

Sample Name 
4-VP CTA Trioxane AIBN Dioxane Ethanol 

mL/mmol mg/mmol mg/mmol mg/mmol mL mL 

P4-VP45 based Macro-CTA 5.2/47.56 173.0/0.4756 42.8/0.48 19.5/0.1189 1.2 13.8 

P4-VP82 based Macro-CTA 10.4/95.12 173.0/0.4756 85.6/0.95 19.5/0.1189 1.2 13.8 

5.2.2.4 Synthesis of Poly (N-isopropylacrylamide) (PNIPAm) Based Macro-Chain Transfer 

Agent (CTA) (Macro-CTA (DDMAT-PNIPAm)) via RAFT 

Synthesis of Macro-CTA (DDMAT-PNIPAm100) 

 The macro-CTA (DDMAT-PNIPAm100) prepared followed Li and coworker.5 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, 145.6 mg, 0.40 mmol) and 

N-isopropylacrylamide (PNIPAm, 454 mg, 4.00 mmol) were added to a 2-necked round bottom 

flask, which was evacuated and back-filled with nitrogen three times. Then, anhydrous 1,4-

dioxane (2.09 mL) was added and the solution was purged with nitrogen gas to remove any air 

before heating to 80 °C. Polymerisation was initiated by adding 2,2′-azobis(2- 

methylpropionitrile) (AIBN, 32.8 mg, 0.20 mmol) with 1,4-dioxane (0.1 mL) and the reaction 

was held at 80 °C for 8.0 h. After the reaction, the mixture was diluted with a small amount of 

acetone and purified by precipitation into a large amount of cold n-hexane. The resulting 

product was dried overnight at 40 °C in a vacuum oven, yielding the RAFT macro-CTA (Figure 

5.1 in appendix). 

5.2.2.5 Synthesis of Poly (diethylaminoethyl methacrylate) (PDEAEMA) Based Particles via 

RAFT Mediated Polymerisation Induced Self-Assembly with Different Core-Shell Ratios 

The PDEAEMA based particles were prepared in the same way. To a 2-necked round bottom 

flask, Macro-CTA (CPDTC-PDEAEMAx) (x=48, 108) and FN were added. The flask was then 

evacuated and backfilled with nitrogen three times. Next, DVB was added to a mixture of 

methanol and water in a 60:40 (wt.%) ratio to create a 1.0 wt. % solution, and the solution was 

bubbled with nitrogen to remove any air before heating to 70 °C. Polymerisation was initiated 

by adding AIBN and held at 70 °C for 24 hours. The product was obtained as a gray solid 

through reprecipitation into diethyl ether before drying in vacuo at 40 °C for 16 h (Table 5.3). 

Table 5.3 Different monomer components for synthesis of different PDEAEMA based particles 

Sample Name 

Monomer Composition Solution Composition 

PDEAEMAx DVB FN AIBN Water Methanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

PDEAEMA48DVB144FN108 184.5/0.02 0.40/2.88 168.5/2.16 0.7/0.04 29.1 55.2 

PDEAEMA108DVB144FN108 406.5/0.02 0.40/2.88 168.5/2.16 0.7/0.004 38.0 72.0 
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5.2.2.6 Synthesis of Poly (4-vinylpyridine) (P4-VP) Based Particles via RAFT Mediated 

Polymerisation Induced Self-Assembly with Different Core-Shell Ratios 

The P4-VP based particles were prepared in the same way. Macro-CTA (DDMAT-P4-VPx) 

(x=45, 82) and FN were added and the flask was evacuated and backfilled with nitrogen three 

times. A solution of DVB (0.26 ml, 1.88 mmol) in water and methanol (40:60 wt%) was added 

to the flask to yield a 1.0 wt% solution. The mixture was bubbled with nitrogen to remove any 

air, then heated to 70 °C and AIBN was added to initiate polymerisation. The reaction was 

maintained at 70 °C for 24 hours. The product was obtained as a yellow solid through 

reprecipitation into diethyl ether and dried in vacuo at 40 °C for 16 hours (Table 5.4). 

Table 5.4 Different monomer components for synthesis of different P4-VP based particles 

Sample Name 

Monomer Composition Solution Composition 

P4-VPx DVB FN AIBN Water Methanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

P4-VP45DVB134FN100 72.4/0.014 0.26/1.88 109.2/1.40 0.7/0.004 17.8 33.8 

P4-VP82DVB268FN200 89.7/0.01 0.37/2.68 156.0/2.00 0.0/0.002 23.8 45.0 

5.2.2.7 Synthesis of Poly (N-Isopropylacrylamide) (PNIPAm) Based Particles via RAFT 

Mediated Polymerisation Induced Self-Assembly with Different Core-Shell Ratios 

The PNIPAm based particles were performed using a method adapted from James et al.6. 

Firstly, a PNIPAm based macro-CTA (Macro-CTA (DDMAT-PNIPAm100) and FN were 

introduced into a 2-necked round bottom flask. The flask was then subjected to evacuation and 

backfilling with nitrogen gas three times. Next, DVB was added to a mixture of water and 

ethanol in a 60:40 (wt.%) ratio to create a 1.0 wt. % solution. The solution was bubbled with 

nitrogen to remove any air before heating to 70 °C. Polymerisation was initiated by adding 

KPS and the reaction mixture was held at 70 °C for 24 hours. The product was obtained as a 

grey solid through reprecipitation into diethyl ether before drying in vacuo at 40 °C for 16 h 

(Table 5.5). 

Table 5.5 Different monomer components for synthesis of different PNIPAm based particles 

Sample Name 

Monomer Composition Solution Composition 

PNIPAm100 DVB FN KPS Water Methanol 

mg/mmol mL/mmol mg/mmol mg/mmol mL mL 

PNIPAm100DVB50FN37.5 233.3/0.02 0.14/1.00 58.5/0.75 1.1/0.004 25.4 21.4 

PNIPAm100DVB100FN75 116.6/0.01 0.14/1.00 58.5/0.75 0.5/0.002 18.3 15.5 

PNIPAm100DVB300FN225 58.3/0.005 0.21/1.50 87.8/1.125 0.3/0.001 20.5 17.3 
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5.3 Results and discussion 

5.3.1 Synthesis of PNIPAm based particles 

PNIPAm is a water-soluble polymer, and hence it was predicted that it can be used the same 

reaction conditions as for the PEG, and PAA based particles in a water-ethanol mixture with 

the ratio of 60:40 (wt.%). Prior research has indicated that the BET surface area of particles 

may be influenced by different ratios of core to shell. Here, various sizes of core were 

investigated to determine the highest BET surface area of PNIPAm based particles. The 

PNIPAm based macro-CTA shells were prepared following the mothod from Li et al.’s 

method5 with a DP=100 and confirmed by 1H NMR spectroscopy with the ratio of methine 

group (-NH-CH-) peak on PNIPAm to methylene group (-S-CH2-) peak on CTA which is 

similar to the PAA based macro-CTA shell. As previously DVB and FN were used as the core 

segment with a ratio of DVB to FN of 4:3.6–10 The BET surface area was calculated from the 

nitrogen adsorption isotherms at 77.3 K using the BET equation. 

Table 5.6 Monomer composition and BET surface area of PNIPAm based particles using a water to 

ethanol mix of 60:40 (wt.%) 

Monomer Composition BET Surface Area 

(m2 g-1) PNIPAm DVB FN 

100 50 37.5 0 

100 100 75 62 

100 300 225 193 

The two larger particles were found to be porous with surface areas of 62 m2 g-1 and 193 m2 g- 1, 

however the smallest core size of P(NIP100-DVB50FN37.5), found a nonporous structure which 

may be due to the core size being too small to form a porous structure (Table 5.6). 

 

Figure 5.2 BET surface area of particles synthesised when using different core-shell ratios 
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The increase in BET surface area observed when using larger cores is similar to the PEG based 

particles which the BET surface area increased before reaching a maximum followed by a 

decrease in BET surface area (Figure 5.2). This is due to the larger core size will decrease the 

number of microporous structures. The core size at which the BET surface reaches a maximum 

is higher compared to that for the PAA, PDEAEMA and P4-VP based particles. The particles 

with the largest BET surface areas, P(NIPAm100-DVB300FN225) particles were selected to do 

the further analysis. 

In addition, the particle morphology of PNIPAm based particles was observed to exhibit a dual 

structure, consisting of smaller spheres that aggregate to form larger particles, which is 

consistent with the behavior observed in PAA, PDEAEMA, P4-VP, and PEG based particles 

(Figure 5.3). 

 

Figure 5.3 TEM images of P(DEAEMA48-DVB144FN108), P(DEAEMA108-DVB144FN108), P(4-VP82-

DVB268FN200) and P(NIPAm100-DVB300FN225) particles in the water solution 

The nitrogen adsorption isotherms (Figure 5.4 a) of P(NIPAm100-DVB300FN225) particles 

exhibit a large increase uptake of nitrogen at low pressure, indicating the presence of 

microporous structure. At a high pressure (P/P0 > 0.9), a significant increase in the gas uptake 

is observed, which is again attributed to the condensation of nitrogen between the smaller 

particles in the larger particle aggregates (inter-particulate condensation). The pore size 

distributions (PSDs) calculated by nonlocal density functional theory (NLDFT) (Figure 5.4 b) 

show major peaks at pore widths around 1.8 nm, 3.0 nm, 5.1 nm, 6.5 nm, 8.1 nm and along 

with further larger pores and voids, which made up by the aggregation of the small sphere 

particles. The cumulative surface area plots (Figure 5.4 c) also show that most of the pore 

volume is the larger meso- and macropore region with only a few microporous structures 

present. 
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Figure 5.4 (a) Nitrogen adsorption isotherms of PNIPAm based particles with different combination 

of DVB and FN at 77.3 K; (b) Pore size distributions calculated using NLDFT method (slit pore 

models, differential pore volume vs pore width); and (c) Cumulative surface areas 

5.3.2 Investigation of thermo-responsive of PDEAEMA, P4-VP and PNIPAm based particles 

Poly(N-isopropylacrylamide) (PNIPAm) is well known as a thermo- responsive polymer and 

is one of the most researched temperature responsive polymers with LCST of 32 °C, which is 

close to body temperature; it has therefore been widely investigated for drug delivery. It 

undergoes a phase transition from hydrophobic (dewatering) state to hydrophilic (swollen) state 

when the temperature is decreased down to the LCST, leading to the realignment of water 

molecules around hydrophobic and hydrophilic groups in the polymer chains. This results in 

swelling of hydrogel networks and water adsorbtion.11–13 The carboxyl group on the 

PDEAEMA follows a similar response mechanism to the amide group  on the PNIPAm.14,15 

Although, P4-VP is normally known as a pH- responsive polymer, a few papers have also 

reported it has thermo- response which is attributed to the inner arrangement of P4-VP 

molecules.16 
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P(DEAEMA48-DVB144FN108) particles with a BET surface area of 101 m2 g-1 and 

P(DEAEMA108-DVB144FN108) particles with a BET surface area of 79 m2 g-1, which were 

obtained in Chapter 4.3.2 and selected due to having the highest BET surface areas of the 

different PDEAEMA based chain length particles. P(4-VP45DVB134FN100) particles with a 

BET surface area of 134 m2 g-1 and P(4-VP82-DVB268FN200) particles with a BET surface area 

of 40 m2 g-1, were also selected for the same reason as they have the highest BET surface areas 

for the two different chain lengths (DP=45 and DP=82). Furthermore, P(NIPAm100-

DVB300FN225) with a BET surface area 214 m2 g-1 was selected as it has the largest BET surface 

area among the same shell based particles. In order to measure the size of the particles, dynamic 

light scattering (DLS) was carried out in aqueous solution. The P(DEAEMA48-DVB144FN108) 

particle solutions were prepared at a concentration of 0.1 mg mL-1 under three different pHs by 

adding HCl or NaOH. Each sample was sonicated for 3 hours before analysis and then the 

particle sizes were measured by switching the temperature between 20 °C and 60 °C. At 20 °C, 

P(DEAEMA48-DVB144FN108) particles have diameters of around 600 nm, 750 nm, and 850 nm 

under acidic, neutral and basic conditions, respectively. At 60 °C, the particle diameters are 

around 250 nm at all pHs (Figure 5.5 a, b, and c). The TEM images illustrate the same trend 

that matches the particle size, which is measured by DLS trends (Figure 5.5 d, and e). 

 

Figure 5.5 Particle size of P(DEAEMA48-DVB144FN108) in (a) the acid condition, (b) the neutral, and 

(c) the base; TEM images of P(DEAEMA48-DVB144FN108) particles at (d) 20 °C and (e) 60 °C 

For P(DEAEMA108-DVB144FN108) particles, the particle size is about 250 nm, 650 nm, and 850 

nm in acid, neutral and base at 20 °C, respectively, while it is consistently around 250 nm in 
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acid, neutral and base at 60 °C (Figure 5.6 a, b and c). Interestingly, the particles did not show 

thermo- responsive in the acidic condition (Figure 5.6 a), this is likely due to the fact that the 

abundance of hydrogen ions led to the transformation of almost all amine groups to protonated 

quaternary amine groups, which hindered thermal transitions. The presence protonated 

PDEAEMA shell may hinder the thermal transitions.16 For the longer shell chains containing 

more amino groups, resulted in a greater number of charges and when the temperature 

increasing, the repulsion of charges among the polymer chains overcame packing of the 

polymer chains. Therefore, the particle size did not change. In contrast, the short shell chains, 

the packing of the polymer chains which is due to the expulsion of the water from the polymer 

chains overcame the repulsion of charges among the polymer chains and dominated the 

changing of the polymer chains (Figure 5.5 a). The TEM images also display the same trend 

that matches the particle size, which is measured by DLS trends (Figure 5.6 d, and e) 

 

Figure 5.6 Particle size of P(DEAEMA108-DVB144FN108) in (a) the acid condition, (b) the neutral, and 

(c) the base; TEM images of P(DEAEMA108-DVB144FN108) particles at (d) 20 °C and (e) 60 °C 

The P4-VP based particles reveal the same trend as the PDEAEMA based particles, at 20 °C, 

P(4-VP45-DVB134FN100) particles have a diameter of around 1200 nm in acidic, neutral and 

basic solutions, while the particle size is around 300 nm at 60 °C (Figure 5.7 a, b, and c).  
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Figure 5.7 Particle size of P(4-VP45-DVB134FN100) in (a) the acid condition, (b) the neutral, and (c) the 

base 

For P(4-VP82-DVB268FN200) particles, the particle size is about 200 nm, 600 nm, and 850 nm 

in acid, neutral and base at 20 °C, respectively, and it is around 150 nm in acid and 300 nm in 

neutral and base at 60 °C (Figure 5.8 a, b and c). Similar to the PDEAEMA-based particles, 

the P4-VP particles are also less thermo-responsive under acidic conditions, particularly for the 

longer chain P(4-VP82-DVB268FN200) particles, which is attributed to the presence of additional 

protons in the acidic condition hindering the deprotonation of the pyridine group of the particles, 

following the same mechanism as that of the PDEAEMA-based particles. The TEM images 

also show the same trend that corresponds to the particle size measured by DLS trends (Figure 

5.8 d, and e). 

 

Figure 5.8 Particle size of P(4-VP82-DVB268FN200) in (a) the acid condition, (b) the neutral, and (c) the 

base; TEM images of P(4-VP82-DVB268FN200) particles at (d) 20 °C and (e) 60 °C 

P(NIPAm100-DVB300FN225) particles demonstrate a similar behaviour to those PDEAEMA, 

and P4-VP based particles. At 20 °C, the particle sizes are about 1400 nm, 900 nm, and 1200 
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nm in acidic, neutral and basic conditions, respectively. Conversely, the particle diameter are 

around 700 nm, 400 nm, and 200 nm acidic, neutral and basic conditions at 60 °C, respectively 

(Figure 5.9 a, b and c). The TEM images reveal the same trend that corresponds to the particle 

size as determined by DLS analysis as well (Figure 5.9 d, and e). 

 

Figure 5.9 Particle size of P(NIPAm100-DVB300FN225) in (a) the acid condition, (b) the neutral, and (c) 

the base; TEM images of P(NIPAm100-DVB300FN225) particles at (d) 20 °C and (e) 60 °C 

Similar to the pH-responsive polymers, polymers with an LCST like PDMAEMA14,15 P4-VP16 

and PNIPAm11–13 exhibit a clear temperature response, which is phase separation at high 

temperature (higher than LCST) and has single-phase at low temperature (lower than 

LCST).17,18 For normal LCST thermo- responsive polymers, such as hydrogels19 and cross-

linked micelles with di-block structures20, which show swollen network at low temperature, 

and are collapsed at high temperature, which is due to the hydrophobic effect (Figure 5.10).  

When a polymer is dissolved in water, there are three different types of interactions: 

intermolecular forces, the forces between the polymer and water, and the interaction between 

water molecules. For LCST polymers, increasing the temperature results in phases separation 

and also results a negative free energy of the system (ΔG) which decreases the force between 

the polymer and water and increases the other two interactions. This negative free energy (ΔG) 

is attributed to a higher increase the entropy term (ΔS) rather than an increase of the enthalpy 

term (ΔH) based on the Gibbs equation ΔG = ΔH – TΔS. The main driving force is the entropy 

of the water, so that when the polymer is not in solution the water is less ordered and has a 
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higher entropy. This will result in the polymer chains collapsing and showing less 

hydrophilicity and this phenomenon is the so-called hydrophobic effect.17,21 

 

Figure 5.10 Schematic representation of the hydrogel at high temperature (A) and low temperature (B) 

and cross-linked micelle at high temperature (C) and low temperature (D)17 

The P(DEAEMA48-DVB144FN108), P(DEAEMA108-DVB144FN108), P(4-VP45-DVB134FN100), 

P(4-VP82-DVB268FN200), and P(NIPAm100-DVB300FN225) particles clearly demonstrate a 

thermo- response with larger particle sizes at low temperature and smaller sizes at high 

temperature not only at neutral pH but also in different pH solutions (Figure 5.5 a, b, c; Figure 

5.6 a, b, c; Figure 5.7 a, b, c; Figure 5.8 a, b, c; and Figure 5.9 a, b, c). Although, they show the 

same trend as the normal LCST thermo- responsive polymers, which are expected to have a 

large particle size at low temperature, conversely, and it is expected to be small at high 

temperature, the reason for their behaviour may differ. This may be explained as follows: for 

PDEAEMA and PNIPAm based particles, at low temperature, the carboxyl group (amide group) 

on the shell chains are separated and hydrophilic, while the particles disperse in the solution. 

Conversely, when it was at high temperature, the polymer chains become hydrophobic and 

were collapsed to form large aggregates which are then easily precipitated out, while a few 

numbers of small particles still disperse in the solvent. Meanwhile, for P4-VP based particles, 

the pyridine groups are protonated and re-arranged at low temperature, and it is deprotonated 

with particles aggregating together at high temperature. For other microporous polymer 

nanospheres such as Mai et al.22 and Yu et al.23, who obtained a kind of pre-crosslinker 

microporous core with temperature responsive shells display the same phenomenon as well 

(Figure 5.11), which is due to the fact that, the hydrophobic parts are full crosslinked by rigid 

monomers with benzene rings which cannot swell or collapse. Therefore, the hydrophilic parts 

dominate the particle size with the same principle as the normal LCST thermo- responsive 

polymers. 
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Figure 5.11 Schematic representation of the microporous polymeric nanospheres swelling transition 
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5.4 Conclusion  

Solvent-dispersible porous polymers with thermo- responsive properties synthesised by 

reversible addition fragmentation chain transfer polymerisation induced self-assembly (RAFT-

PISA) approach were successfully obtained. 2-(dodecylthiocarbonothioylthio)-2-

methylpropanoic acid (DDMAT) were used as a CTA and was synthesised via one pot step, 

firstly. The reaction kinetics were studied in the previous chapter. Thus, this time, the same 

method was followed. For PNIPAm shells, the DP of 100 was obtained. 

Poly(diethylaminoethyl methacrylate-divinylbenzene/fumaronitrile) (PDEAEMA-DVB/FN), 

poly(4-vinylpyridine-divinylbenzene/fumaronitrile) (P4-VP-DVB/FN), and poly(N-

isopropylacrylamide-divinylbenzene/fumaronitrile) (PNIPAm-DVB/FN) were synthesised via 

RAFT mediated polymerisation induced self-assembly. The suitable reactions and best core-

shell ratio for PDEAEMA, and P4-VP based particles were determined in Chapter 4.3.2 and 

4.3.3, respectively. PNIPAm based particles were synthesised using the same water to ethanol 

ratio (60:40) as for the synthesis of PEG and PAA-based particles. The best core-shell ratio for 

PNIPAm based particles was identified and the P(NIPAm100-DVB300FN225) particles exhibited 

the highest BET surface area of 214 m2 g-1 compared to other core-shell ratios for PNIPAm-

based particles. Additionally, the PNIPAm based particles contain a dual morphology with 

smaller spheres structure to aggregate to form larger particles, in contrast to other particles 

synthesised by RAFT-PISA approach. Finally, the thermo- response was observed and 

confirmed for PDEAEMA, P4-VP, and PNIPAm based particles with larger particle sizes at 

low temperature and smaller sizes at high temperature.  This is attributed to the shell chains are 

separated and hydrophilic at low temperature, while the particles disperse in the solution. 

Conversely, when it was at high temperature, the polymer chains become hydrophobic and 

were collapsed to form large aggregates which are then easily precipitated out.  
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5.6 Appendix 

 

Figure 5.1 The 1H NMR spectrum of Macro-CTA(DDMAT-PNIPAm100) 
 

  

 

Figure 5.2 The different scales of TEM images of P(DEAEMA48-DVB144FN108) in neutral at 20 °C 

(up) and 60 °C (down) 



Chapter-5 Thermo-responsive Shell 
 

 

131 
 

 

Figure 5.3 The different scales of TEM images of P(DEAEMA108-DVB144FN108) in neutral at 20 °C 

(up) and 60 °C (down) 

 

Figure 5.4 The different scales of TEM images of P(4-VP82-b-DVB268FN200) in neutral at 20 °C (up) 

and 60 °C (down) 
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Figure 5.5 The different scales of TEM images of P(NIPAm100-DVB300FN225) in base at 20 °C (up) 

and 60 °C (down) 
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Chapter-6 Increasing the BET surface area 

6.1 Aims 

Although the different outer shells in Chapters 3, 4 and 5 give rise to dispersible porous 

polymer particles (d-PPPs) as well as interesting properties such as pH- and thermo- 

responsivity, the particles show very low BET surface areas. Other studies on (non-porous) 

polymer particles such as Williams and coworkers.1 reported that the strong lateral repulsion 

between the highly cationic poly(2-aminoethyl methacrylate hydrochloride) (PAMA) stabiliser 

chains prevents the hydrophobic core parts growing bigger. However, the core part is able to 

grow larger when another non-ionic block poly(glycerol monomethacrylate) (PGMA) was 

added. They theorised that these additional blocks acted as effective steric stabilisation during 

the synthesis. Penfold et al.2 used the non-ionic block poly(ethylene oxide) (PEO113) and a 

cationic block poly([2-methacryloyloxy)ethyl] trimethylammonium chloride) (PQDMA125) to 

synthesise linear cationic diblock copolymer nanoparticles with worm copolymer morphology 

by RAFT polymerisation. The ratio of the non-ionic component and cationic component was 

9 to 1 in the polymerisation. 

Building upon previous research findings, it has been observed that pH-responsive and thermo-

responsive particles, such as PDEAEMA108 and P4-VP82 based particles, exhibit relatively low 

BET surface areas. This limitation is primarily attributed to their elongated shell chains may 

cover the small particles with the absence of microporous structures. This chapter aims to 

improve the BET surface areas especially for increasing the microporous structures of the 

particles using the anionic shell (PAA35 based shell), and non-ionic shell (PEG113 based shell) 

to investigate the addition of extra types of shells have influent to the BET surface area, pH- 

responses and thermo- responses.  
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6.2 Experimental  

6.2.1 Materials 

2-Bromoisobutyryl bromide, cyanomethyl me-thyl(phenyl) carbamodithioate (CPDTC, 98%), 

fumaronitrile (FN, 98 %), potassium persulfate (KPS), potassium phosphate tribasic (K3PO4) 

were purchased from Sigma-Aldrich and used as received. Carbon disulfide, 1-dodecanethiol 

(98%) were purchased from Alfa Aesar and used as received. Dry 1,4-Dioxane and 

Tetrahydrofuran (THF) was obtained in a method analogous to the one outlined by Grubbs.3 

Magnesium sulfate (Mg2SO4) was purchased from Fischer and used as received. 

Diethylaminoethyl methacrylate (DEAEMA), divinylbenzene (DVB, technical grade 80 %), 4-

vinylpyridine (4-VP, 95%) were passed through an alumina column in order to remove the 

inhibitor before use. 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98 %) was purified by 

recrystallization from ethanol at 40 °C. N-Isopropylacrylamide (NIPAm, 97%) was 

recrystallized from benzene/hexane before use. PEG113 based macro-CTA was synthesise from 

my group member. All other chemicals were purchased from Sigma-Aldrich and used without 

any further purification. 

6.2.2 Synthesis (The preparations were used a method adapted from James et al.9) 

6.2.2.1 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) 

(chain transfer agent (CTA)) 

The synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT) was 

conducted using a modified method from O’Reilly et al.4 Initially, dodecane thiol (3.61 mL, 

15.07 mmol) was added to a stirred mixture of K3PO4 (3.199 g, 15.07 mmol) in acetone (20 

ml) and stirred for 30 minutes. The mixture was then treated with CS2 (3.129 g, 41.10 mmol) 

and stirred for an additional 60 minutes. Next, 2-bromoisobutyric acid (2.288 g, 13.70 mmol) 

was added to the reaction mixture, which was stirred overnight at room temperature. The 

solvent was extracted twice with CH2Cl2 (100 mL each) from 1 M HCl (100 mL). The organic 

extracts were washed with brine (150 mL) and MgSO4 powder, followed by solvent removal 

using rotary evaporation. The obtained product was purified by precipitation in excess cold n-

hexane twice to ensure purity and then dried in a vacuum oven overnight at 40 °C to yield the 

RAFT CTA (Yield = 49%. Found C: 57.04 %, H: 8.78 %, S: 26.47 %, Expected C: 56.04 %, 

H: 8.79 %, S: 26.37 %. δH (400 MHz, CDCl3) = 3.31 (2H, t, S-CH2-(CH2)10-CH3), 1.75 (6H, 

s, C-(CH3)2), 1.76-1.20 (20H, t, S-CH2-(CH2)10-CH3), 0.90 (3H, t, SCH2-(CH2)10-CH3); δC 

(400 MHz, CDCl3) = 220.85, 178.08, 55.53, 37.09, 31.93, 29.64, 29.57, 29.46, 29.36, 29.12, 
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28.98, 27.82, 25.24, 25.23, 22.70, 14.14; m/z (EI) 363.3, 303.3, 277.2, 201.3) (Synthesised in 

Chapter 3 and see in Figure 3.1 in appendix). 

6.2.2.2 Synthesis of Macro-Chain Transfer Agent (Macro-CTA) via RAFT 

Synthesis of Macro-CTA (DDMAT-PAA35) 

The macro-CTA (DDMAT-PAA35) was prepared in a method similar to that reported by 

Chaduc and coworkers.5 In brief, 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid 

(DDMAT, 364.0 mg, 1.00 mmol) and 1, 3, 5-trioxane (656.3 mg, 7.29 mmol) were combined 

in a 2-necked round bottom flask, which was then subjected to evacuation and nitrogen 

backfilling procedures three times. A solution of dry THF (30 mL) and acrylic acid (AA, 3.5 

mL, 51.00 mmol) was added to the flask, followed by bubbling with nitrogen gas to remove 

any residual air. The mixture was then heated to 75 °C, and polymerisation was initiated by 

adding 2,2′-azobis(2- methylpropionitrile) (AIBN, 16.5 mg, 0.10 mmol) with THF (1 mL), 

which was allowed to react for 3.5 h at 75 °C. The resulting product was purified by 

recrystallisation with cold n-hexane and THF for three cycles, and subsequently dried overnight 

in a vacuum oven at 60 °C to yield the desired product (Which was synthesised in Chapter-3). 

Synthesis of Macro-CTA (DDMAT-PAA95) 

The macro-CTA(DDMAT-PAA95) was synthesised following a similar procedure. In brief, 2-

(dodecylthiocarbonothioylthio)-2-methylpropanoic acid (DDMAT, 91.3 mg, 0.25 mmol) and 

1, 3, 5-trioxane (171.3 mg, 1.90 mmol) were combined in a 2-necked round bottom flask, which 

was then subjected to evacuation and nitrogen backfilling procedures three times. A solution 

of dry THF (30 mL) and acrylic acid (AA, 3.5 mL, 51.00 mmol) was added to the flask, 

followed by bubbling with nitrogen gas to remove any residual air. The mixture was then heated 

to 75 °C, and polymerisation was initiated by adding 2,2′-azobis(2- methylpropionitrile) (AIBN, 

4.2 mg, 0.025 mmol) with THF (1 mL), which was allowed to react for 3.5 h at 75 °C. The 

resulting product was purified by recrystallisation with cold n-hexane and THF for three cycles, 

and subsequently dried overnight in a vacuum oven at 60 °C to yield the desired product 

(Which was synthesised in Chapter-3). 

Synthesis of PDEAEMA based Macro-CTA (CPDTC-PDEAEMA108) 

The macro-CTA (CPDTC-PDEAEMA108) was synthesised by the method adapted from the 

paper published by Wong and co-workers.6 2-bromoisobutyryl bromide, 2-cyano-2-propyl 

dodecyl trithiocarbonate (CPDTC, 34.6 mg, 0.10 mmol), and 1, 3, 5-trioxane (180 mg) were 

combined in a 2-necked round bottom flask. The flask was subjected to evacuation and nitrogen 
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backfilling procedures three times. Dry THF (11.4 mL) and diethylaminoethyl methacrylate 

(DEAEMA, 4.1 mL, 20.0 mmol) were added to the flask. The solution was bubbled with 

nitrogen gas to eliminate any residual air and then heated to 75 °C. Polymerisation was initiated 

by adding 2,2′-azobis(2- methylpropionitrile) (AIBN, 3.28 mg, 0.02 mmol) with THF (1 mL), 

and the reaction was allowed to proceed for 24 h at 75 °C. The resulting mixture was purified 

by precipitation in deionized water, and the sample was subsequently dried in a vacuum oven 

overnight at 60 °C to yield the RAFT macro-CTA (Which was synthesised in Chapter-4). 

Synthesis of P4-VP based Macro-CTA (DDMAT-P4-VP82) 

The macro-CTA (DDMAT-P4-VP82) prepared in a method similar to that reported by Liu and 

coworkers.7 2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, 173.0 mg, 

0.4756 mmol) and 1, 3, 5-trioxane (85.6 mg) were combined in a 2-necked round bottom flask, 

which was evacuated and backfilled with nitrogen three times. Anhydrous 1,4-dioxane (1.0 

mL) and ethanol (13.8 mL), along with 4-vinylpyridine (4-VP, 10.4 mL, 95.12 mmol), were 

added to the flask. The solution was then bubbled through with nitrogen gas to remove any 

residual air before being heated to 70 °C. Polymerisation was initiated by adding 2,2′-azobis(2-

methylpropionitrile) (AIBN, 19.5 mg, 0.1189 mmol) in 1,4-dioxane (0.2 mL), and the mixture 

was held at 70 °C for 8.0 h. The product was then purified by precipitation into diethyl ether 

and dried in a vacuum oven overnight at 60 °C, yielding the RAFT macro-CTA (Which was 

synthesised in Chapter-4). 

Synthesis of PNIPAm based Macro-CTA (DDMAT-PNIPAm100) 

 The macro-CTA (DDMAT-PNIPAm100) prepared followed Li and coworker.8 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT, 145.6 mg, 0.40 mmol) and 

N-isopropylacrylamide (PNIPAm, 454 mg, 4.00 mmol) were added to a 2-necked round bottom 

flask, which was evacuated and back-filled with nitrogen three times. Then, anhydrous 1,4-

dioxane (2.09 mL) was added and the solution was purged with nitrogen gas to remove any air 

before heating to 80 °C. Polymerisation was initiated by adding 2,2′-azobis(2- 

methylpropionitrile) (AIBN, 32.8 mg, 0.20 mmol) with 1,4-dioxane (0.1 mL) and the reaction 

was held at 80 °C for 8.0 h. After the reaction, the mixture was diluted with a small amount of 

acetone and purified by precipitation into a large amount of cold n-hexane. The resulting 

product was dried overnight at 40 °C in a vacuum oven, yielding the RAFT macro-CTA (Which 

was synthesised in Chapter-4). 
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6.2.2.3 Synthesis of Mixed Shell Based Particles via RAFT Mediated Polymerisation Induced 

Self-Assembly 

Synthesis of PAA35AA95DVB47FN35 with a ratio of water to ethanol equals 60 to 40 

The P(AA35AA95DVB47FN35) was prepared using a method adapted from James et al.9 In a 2-

necked round bottom flask, Macro-CTA (DDMAT-PAA35) (51.9 mg, 0.018 mmol), Macro-

CTA (DDMAT-PAA95) (14.4 mg, 0.002 mmol), and FN (54.6 mg, 0.700 mmol) were 

combined and subjected to three rounds of evacuation and nitrogen backfilling. Subsequently, 

a 1.0 wt. % solution was prepared by adding DVB (0.13 ml, 0.940 mmol) to a mixture of water 

and ethanol in a 60:40 (wt.%) ratio, which was then bubbled with nitrogen gas to eliminate air. 

The reaction mixture was heated to 70°C and polymerisation was initiated by adding KPS (1.1 

mg, 0.004 mmol), followed by incubation for 24 h. The resulting product was obtained as a 

white solid via reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 

Synthesis of PAA354-VP82DVB268FN200 with a ratio of water to ethanol equals 60 to 40 

The P(AA354-VP82DVB268FN200) was prepared using a similar way. In a 2-necked round 

bottom flask, Macro-CTA (DDMAT-PAA35) (26.0 mg, 0.009 mmol), Macro-CTA (DDMAT-

P4-VP82) (9.0 mg, 0.001 mmol), and FN (54.6 mg, 0.700 mmol) were combined and subjected 

to three rounds of evacuation and nitrogen backfilling. Subsequently, a 1.0 wt. % solution was 

prepared by adding DVB (0.37 ml, 2.680 mmol) to a mixture of water and ethanol in a 60:40 

(wt.%) ratio, which was then bubbled with nitrogen gas to eliminate air. The reaction mixture 

was heated to 70°C and polymerisation was initiated by adding KPS (0.5 mg, 0.002 mmol), 

followed by incubation for 24 h. The resulting product was obtained as a white solid via 

reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 

Synthesis of PAA354-VP82DVB268FN200 with a ratio of water to methanol equals 40 to 60 

The P(AA354-VP82DVB268FN200) was prepared using a similar way. In a 2-necked round 

bottom flask, Macro-CTA (DDMAT-PAA35) (26.0 mg, 0.009 mmol), Macro-CTA (DDMAT-

P4-VP82) (9.0 mg, 0.001 mmol), and FN (54.6 mg, 0.700 mmol) were combined and subjected 

to three rounds of evacuation and nitrogen backfilling. Subsequently, a 1.0 wt. % solution was 

prepared by adding DVB (0.37 ml, 2.680 mmol) to a mixture of methanol and water in a 60:40 

(wt.%) ratio, which was then bubbled with nitrogen gas to eliminate air. The reaction mixture 

was heated to 70°C and polymerisation was initiated by adding AIBN (0.3 mg, 0.002 mmol), 

followed by incubation for 24 h. The resulting product was obtained as a white solid via 

reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 
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Synthesis of PEG1134-VP82DVB452FN339 with a ratio of water to ethanol equals 60 to 40 

The P(EG1134-VP82DVB452FN339) was prepared using a similar way. In a 2-necked round 

bottom flask, PEG based macro-CTA (48.2 mg, 0.009 mmol), Macro-CTA (DDMAT-P4-VP82) 

(9.0 mg, 0.001 mmol), and FN (264.4 mg, 3.390 mmol) were combined and subjected to three 

rounds of evacuation and nitrogen backfilling. Subsequently, a 1.0 wt. % solution was prepared 

by adding DVB (0.63 ml, 4.520 mmol) to a mixture of water and ethanol in a 60:40 (wt.%) 

ratio, which was then bubbled with nitrogen gas to eliminate air. The reaction mixture was 

heated to 70°C and polymerisation was initiated by adding KPS (0.5 mg, 0.002 mmol), 

followed by incubation for 24 h. The resulting product was obtained as a white solid via 

reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 

Synthesis of PEG1134-VP82DVB452FN339 with a ratio of water to methanol equals 40 to 60 

The P(EG1134-VP82DVB452FN339) was prepared using a similar way.  In a 2-necked round 

bottom flask, PEG based macro-CTA (48.2 mg, 0.009 mmol), Macro-CTA (DDMAT-P4-VP82) 

(9.0 mg, 0.001 mmol), and FN (264.4 mg, 3.390 mmol) were combined and subjected to three 

rounds of evacuation and nitrogen backfilling. Subsequently, a 1.0 wt. % solution was prepared 

by adding DVB (0.63 ml, 4.520 mmol) to a mixture of methanol and water in a 60:40 (wt.%) 

ratio, which was then bubbled with nitrogen gas to eliminate air. The reaction mixture was 

heated to 70°C and polymerisation was initiated by adding AIBN (0.3 mg, 0.002 mmol), 

followed by incubation for 24 h. The resulting product was obtained as a white solid via 

reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 

Synthesis of PEG113DEAEMA108DVB452FN339 with a ratio of water to ethanol equals 60 to 40 

The P(EG113DEAEMA108DVB452FN339) was prepared using a similar way. In a 2-necked round 

bottom flask, PEG based macro-CTA (48.2 mg, 0.009 mmol), Macro-CTA (CPDTC-

PDEAEMA108) (20.3 mg, 0.001 mmol), and FN (264.4 mg, 3.390 mmol) were combined and 

subjected to three rounds of evacuation and nitrogen backfilling. Subsequently, a 1.0 wt. % 

solution was prepared by adding DVB (0.63 ml, 4.520 mmol) to a mixture of water and ethanol 

in a 60:40 (wt.%) ratio, which was then bubbled with nitrogen gas to eliminate air. The reaction 

mixture was heated to 70°C and polymerisation was initiated by adding KPS (0.5 mg, 0.002 

mmol), followed by incubation for 24 h. The resulting product was obtained as a yellow solid 

via reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 

Synthesis of PEG113DEAEMA108DVB452FN339 with a ratio of water to methanol equals 40 to 60 
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The P(EG113DEAEMA108DVB452FN339) was prepared using a similar way. In a 2-necked round 

bottom flask, PEG based macro-CTA (48.2 mg, 0.009 mmol), Macro-CTA (CPDTC-

PDEAEMA108) (20.3 mg, 0.001 mmol), and FN (264.4 mg, 3.390 mmol) were combined and 

subjected to three rounds of evacuation and nitrogen backfilling. Subsequently, a 1.0 wt. % 

solution was prepared by adding DVB (0.63 ml, 4.520 mmol) to a mixture of methanol and 

water in a 60:40 (wt.%) ratio, which was then bubbled with nitrogen gas to eliminate air. The 

reaction mixture was heated to 70°C and polymerisation was initiated by adding AIBN (0.3 

mg, 0.002 mmol), followed by incubation for 24 h. The resulting product was obtained as a 

gray solid via reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 

Synthesis of PEG113NIPAm100DVB452FN339 with a ratio of water to ethanol equals 60 to 40 

The P(EG113NIPAm100DVB452FN339) was prepared in the same way. In a 2-necked round 

bottom flask, PEG based macro-CTA (48.2 mg, 0.009 mmol), Macro-CTA (CPDTC-

PNIPAm100) (10.3 mg, 0.001 mmol), and FN (264.4 mg, 3.390 mmol) were combined and 

subjected to three rounds of evacuation and nitrogen backfilling. Subsequently, a 1.0 wt. % 

solution was prepared by adding DVB (0.63 ml, 4.520 mmol) to a mixture of water and ethanol 

in a 60:40 (wt.%) ratio, which was then bubbled with nitrogen gas to eliminate air. The reaction 

mixture was heated to 70°C and polymerisation was initiated by adding KPS (0.5 mg, 0.002 

mmol), followed by incubation for 24 h. The resulting product was obtained as a white solid 

via reprecipitation into diethyl ether and dried under vacuum at 40°C for 16 h. 
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6.3 Results and discussion 

6.3.1 Same shell mixing 

The BET surface areas of dispersible porous polymer particles (d-PPPs) synthesised by RAFT-

PISA are low in comparison to other porous polymers for example CMPs10 typically have 

surface areas > 500 m2 g-1 while PAFs11 can have surface areas over 5000 m2 g-1, In comparison 

the porous polymers in Chapters 4-5 have surface areas of ~150 m2 g-1 or lower. In particular 

the particles with pH and temperature dual responsive shells (such as the PDEAEMA and P4-

VP based particles) have very low surface areas and to take advantage of their responsivity, 

higher surface areas would be desirable. It was therefore decided to investigate the effect of 

adding another hydrophilic shell to particles (such as the PEG113 and PAA35 based shell which 

have higher BET surface areas) to investigate the effect this has on the BET surface area and 

microporous structure.  

Of those particles synthesised with PAA (see Chapter 3), P(AA35-DVB47FN35) particles have 

the highest BET surface area while shells of PAA95 such as the P(AA95-DVB47FN35) particles 

have a lower BET surface area. In addition, the P(AA35-DVB47FN35) particles have much morr 

microporous structure compared to P(AA95-DVB47FN35) particles. P(AA35AA95-DVB47FN35) 

mixed-shell particles were therefore targeted, successfully synthesised and used to compare to 

their single-shell-based particle counterparts. The BET surface area was first found to increases 

by about 40% when the PAA35 shell is added (Table 6.1) and it is clearly to the increasing from 

the Figure 6.1. 

Table 6.1 Monomer composition and BET surface area of different shell particles 

Monomer  Composition 
BET Surface 

Area (m2 g-1) 
Shell Core 

PAA35 PAA95 DVB FN 

0 1 47 35 186 

0.9 0.1 47 35 258 

1 0 47 35 322 
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Figure 6.1 BET surface area of particles synthesised with different shells 

The nitrogen adsorption isotherms (Figure 6.2 a) exhibit a little increase for both particles at a 

very low pressure indicating a lack of micropores. This is different to the PEG based 

particles9,12–14 which were synthesised by DVB and FN shows microporous structures. There 

is a large uptake at high pressure as seen for all the other particles. The P(AA35AA95-

DVB47FN35) mixed-shell particles exhibit large peaks in the pore size distributions (Figure 6.2 

b) at a pore width about 1.8 nm, 3.1 nm, 5.1 nm and further larger pores and voids, which made 

up by the aggregation of the small sphere particles compared to the P(AA95-DVB47FN35) 

single-shell particles which have more mesopores (Figure 6.2 b). The cumulative surface area 

plots (Figure 6.2 c) also show that most of the pore volume is the larger mesoporous region. 

The addition of PAA35 based shells help the original PAA95 based shells increasing the 

microporous region. The results demonstrate that the P(AA35AA95-DVB47FN35) mixed-shell 

particles have an extra 22 m2 g-1 and 34 m2 g-1 BET surface area contributed by microporous 

region and mesoporous region respectively compared to P(AA35-DVB47FN35) single-shell 

particles. 
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Figure 6.2 (a) Nitrogen adsorption isotherms of PAA95 based particles with addition of the PAA35 

based shell at 77.3 K; (b) Pore size distributions calculated using NLDFT method (slit pore models, 

differential pore volume vs pore width); and (c) Cumulative surface areas 

6.3.2 Incorporation of anionic shells 

P4-VP based shells can be either neutral or cationic when in acidic solution, whereas the PAA35 

based shells are acidic and can be anionic when deprotonated, due to the carboxyl groups on 

the polymer chains. Mixing these two polymers together should result in a transfer of the acidic 

proton of PAA to the P4-VP. This could aid the core to grow larger which may increase the 

BET surface area. 

P(4-VP82-DVB268FN200) particles were selected as they have the largest BET surface area 

among the same shell chain length-based particles, the synthesis of the PAA35 and P4-VP82 

based macro-CTA required different solution compositions according to previous study. Which 

the PAA based particles were synthesised in the water-ethanol mixture solution with a ratio of 

60:40 (wt.%), while the P4-VP based particles were synthesised in a methanol-water mixture 

solution with a ratio of 60:40 (wt.%). These 2 solution compositions were selected to do the 

comparisons. Following the procedure in Chapter 6.2.2.3, P(AA354-VP82-DVB452FN339) 
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particles were successfully synthesised in both water-ethanol and methanol-water mixture 

solutions as follows. 

 Table 6.2 Monomer composition and BET surface area 

For P(AA354-VP82-DVB268FN200) particles synthesised in a water-ethanol mixture solution 

reaction system, the BET surface area increased about 3 times when the anionic PAA35 based 

shell was added. In addition, for P(AA354-VP82-DVB268FN200) particles synthesised in a 

methanol-water mixture solution reaction system, the BET surface area increased about 45% 

when the addition PAA35 based shell was added (Table 6.2). This may be due to that the PAA35 

based macro-CTAs have more activity during the reaction in the water-ethanol mixture solution, 

and less active for P4-VP based macro-CTAs, which means more PAA35 shells formed a 

particle compared to the P4-VP82 shells. In contrast, the P4-VP82 based macro-CTAs have more 

activity in the methanol-water mixture solution compared to the PAA35 based macro-CTAs, 

which are less active. Therefore, more P4-VP82 shells formed a particle compared to the PAA35 

shells. In addition, it is clearly to the large increasing of particles with mixed shell from the 

Figure 6.3. 

 

Figure 6.3 BET surface area of particles synthesised with different shells 
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Monomer  Composition 
Solution Composition (wt.%) BET Surface 

Area (m2 g-1) 
Shell Core 

PAA35 P4-VP82 DVB FN Water Ethanol Methanol 

0 1 268 200 40 - 60 40 

0.9 0.1 268 200 60 40 - 124 

0.9 0.1 268 200 40 - 60 58 

1 0 300 225 60 40 - 150 
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The nitrogen adsorption isotherms (Figure 6.4 a) exhibit a large increase at low pressure for 

the P(AA354-VP82-DVB268FN200) particles synthesised in the water-ethanol mixture solution 

compared to the P(4-VP82-DVB268FN200) and P(AA354-VP82-DVB268FN200) particles 

synthesised in the methanol-water mixture solution, which means the mixed-shell particles 

synthesised in the water-ethanol mixture solution are expected to have more small pores than 

others. There is a large uptake as seen for all the other particles. The P(4-VP82-DVB268FN200) 

particles have already in Chapter 4.3.2, which have a pore size of 3.1 nm, 5.1 nm and larger 

pore sizes from 10 nm to 60 nm in the pore size distributions (Figure 6.4 b). Both mixed-shell 

P(AA354-VP82-DVB268FN200) particles synthesised in water-ethanol and methanol-water 

mixture solution exhibit the large peaks at a pore width of around 1.7 nm, 3.1 nm, 5.1 nm, 8.1 

nm and mesoporous structure or small voids among the small particles of the aggregates.  

 

Figure 6.4 (a) Nitrogen adsorption isotherms of P4-VP82 based particles with addition of the PAA35 

based shell at 77.3 K; (b) Pore size distributions calculated using NLDFT method (slit pore models, 

differential pore volume vs pore width); and (c) Cumulative surface areas 

The cumulative surface area plots (Figure 6.4 c) also show that most of the pore volume is the 

larger meso- and macropore region. The addition of PAA based shell to the P4-VP based 
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particles will introduce the microporous structure. The experimental results clearly shown that 

the both of the mixed-shell particles have an extra 30 m2 g-1 and 8 m2 g-1 BET surface area 

contributed by microporous region and 50 m2 g-1 and 46 m2 g-1 BET surface area contributed 

by mesoporous region respectively compared to P(4-VP82-DVB268FN200) single-shell particles. 

6.3.3 Investigation increasing of BET surface area by adding non-ionic shells 

According to the research of Williams et al. and Penfold et al., the non-ionic PEG based shell 

can decrease the repulsion between the fully charged cationic polymer chains. Therefore, the 

addition of the PEG113 based shell will help the synthesis of P4-VP, PDEAEMA, and PNIPAm 

based particles with bigger core parts and the prevent the long shell chains cover the core parts, 

which may increase the BET surface area and the microporous structure on the small particles. 

The core size of DVB452FN339 is selected as the PEG based particles have the largest BET 

surface are among the same PEG113 based particles. However, the PEG based macro-CTA and 

the P4-VP82 (or PDEAEMA108) based macro-CTA are in the different solution composition 

according to previous study, the ratios of water to ethanol with 60:40 (wt.%) and methanol to 

water with 60:40 (wt.%) are selected to do the comparisons. The PNIPAm based macro-CTA 

is water soluble compared to the PEG based particles, which they can use the same solution 

composition with the ratio of water to ethanol with 60:40 (wt.%). 

Table 6.3 Monomer composition, solution composition and BET surface area of P4-VP and 

PDEAEMA based particles with addition of PEG113 based shell 

Monomer  Composition 
Solution Composition (wt.%) BET Surface 

Area (m2 g-1) 
Shell Core 

PEG113 P4-VP82 PDEAEMA108 DVB FN Water Ethanol Methanol 

0 1 - 268 200 40 - 60 40 

0.9 0.1 - 452 339 60 40 - 241 

0.9 0.1 - 452 339 40 - 60 200 

0 - 1 268 200 40 - 60 78 

0.9 - 0.1 452 339 60 40 - 1 

0.9 - 0.1 452 339 40 - 60 137 

For P4-VP82 and PEG113 mixed shell particles. With the addition of non-ionic PEG based shell, 

the BET surface area increased a lot, which is about 6 times large for P(EG1134-VP82-

DVB452FN339) particles synthesised in a water-ethanol solution (wt.%) and 5 times large for 

P(EG1134-VP82-DVB452FN339) particles synthesised in a methanol-water solution compared to 

the P4-VP single-shell particles (Table 6.3). This may be due to similar reason compared to the 

P(AA354-VP82-DVB268FN200) mixed-shell particles which discussed in Chapter 6.3.2. In the 

water-ethanol solution reaction system, the PEG113 based macro-CTAs are more active than 
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the P4-VP82 based macro-CTAs, leading more PEG113 based macro-CTAs into the particles. In 

contrast, the P4-VP82 based macro-CTAs are more active in methanol-water solution reaction 

system compared to the PEG113 based macro-CTAs, leading more P4-VP82 based macro-CTAs 

into the particles. 

 

Figure 6.5 BET surface area of (a) P4-VP82 and (b) PDEAEMA108 based particles with PEG113 based 

shell and synthesised in different solution composition 

For PDEAEMA108 and PEG113 mixed shell particles. The P(EG113DEAEMA108-DVB452FN339) 

synthesised in a water-ethanol mixture solution, was nonporous when the addition of PEG 

based shell was added (Table 6.3). This may be due to the fact that the PDEAEMA is more 

hydrophobic than the P-4VP, and in this reaction, the PDEAEMA based macro-CTA prevents 

the particles from coming out. However, for P(EG113DEAEMA108-DVB452FN339) particles 

synthesised in a methanol-water mixture solution, the BET surface increased nearly 2 times 

when the addition of PEG based shell was added. 

Table 6.4 Monomer composition, and BET surface area of PNIPAm based particles with addition of 

PEG113 based shell 

Monomer  Composition 
BET Surface 

Area (m2 g-1) 
Shell Core 

PEG113 PNIPAm100 DVB FN 

0 1 300 225 193 

0.9 0.1 452 339 159 

For PNIPAm100 and PEG113 mixed shell particles, P(EG113NIPAm100-DVB452FN339), which has 

the same reaction system as the PNIPAm100 or PEG113 single-shell particles with the water-

ethanol mixture solution (Table 6.4). However, the mixed-shell particles have a less porous 

structure than the PEG113 single-shell particles, which may be due to the P(EG113NIPAm100-

DVB452FN339) particles were synthesised in the neutral condition, the amino groups are not 
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charged at this pH. Therefore, the incorporation of PEG113-based shell chains not only fails to 

provide effective steric stabilization but also hinders the growth of the core particles.  

 

Figure 6.6 BET surface area of PNIPAm based particles synthesised with PEG113 based shell 

The mixed-shell particles of P4-VP, PDEAEMA, and PNIPAm based particles are also 

confirmed to contain a dual morphology with smaller spheres structure to aggregate to form 

larger particles compared to the single-shell particles of P4-VP, PDEAEMA, PNIPAm, PAA 

and PEG based particles (Figure 6.7). 

 

Figure 6.7 TEM images of (a) P4-VP, (b) PDEAEMA, and (c) PNIPAm based particles with 

additional PEG based shell in the acidic condition 

The nitrogen adsorption isotherms of P4-VP82 based particles with addition of the PEG113 based 

shell (Figure 6.8 a) show a large increase at low pressure compared to the P4-VP82 single-shell 

particles, which means the mixed shell particles as expected to have more micropores than the 

single-shell based particles. P(EG1134-VP82-DVB452FN339) particles synthesised in the water-

ethanol and methanol-water mixture solution both exhibit the large peaks at a pore width of 

around 1.8 nm, 3.0 nm, 5.1 nm, 7.0 nm and further larger pores and voids from the pore size 

distributions (Figure 6.8 b). However, the P(4-VP82-DVB268FN200) single-shell particles, only 
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has a small number of pore size of 3.0 nm, 5.1 nm, 9.0 nm, and some larger pores with the pore 

with from 10 nm to 60 nm. Both P(EG1134-VP82-DVB452FN339) mixed-shell particles have 

microporous compared to P(4-VP82-DVB268FN200) single-shell particles which have limited 

micropores in the cumulative surface area plots due to the larger meso- and macropore region 

(Figure 6.8 c). It is clearly shown that the both of the mixed-shell particles have an extra 112 

m2 g-1 and 90 m2 g-1 BET surface area contributed by microporous and mesoporous regions 

respectively compared to P(4-VP82-DVB268FN200) single-shell particles. 

 

Figure 6.8 (a) Nitrogen adsorption isotherms of P4-VP82 based particles with addition of the PEG113 

based shell at 77.3 K; (b) Pore size distributions calculated using NLDFT method (slit pore models, 

differential pore volume vs pore width); and (c) Cumulative surface areas 

There is a similar nitrogen uptake (Figure 6.9 a) to the P4-VP82 based particles and with 

addition of the PEG113 based shell, which means the P(EG113DEAEMA108-DVB452FN339) 

mixed-shell particles synthesised in the methanol-water mixture solution expected to have 

more small porous structure compared to the single-shell particles. It is different from 

P(EG1134-VP82-DVB452FN339) particles, although the addition of PEG113 based shell are added, 

the different solution components may influence the porous structures. The pore size 
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distributions (Figure 6.9 b) show the mixed-shell particles which have the large peaks at a pore 

width of around 3.0 nm, 5.1 nm, 7.1 nm, 8.1 nm and further larger pores and voids, whereas 

the P(DEAEMA108-DVB144FN108) single particles only have the main peak at pore width about 

9.1 nm and further larger pores and voids. Unfortunately, these materials are non-microporous 

in the cumulative surface area plots (Figure 6.9 c). The results clearly demonstrate that the 

mixed-shell particles have an extra 33 m2 g-1 BET surface area contributed by microporous and 

mesoporous regions compared to P(DEAEMA108-DVB452FN339) single-shell particles. 

 

Figure 6.9 (a) Nitrogen adsorption isotherms of PDEAEMA108 based particles with addition of the 

PEG113 based shell at 77.3 K; (b) Pore size distributions calculated using NLDFT method (slit pore 

models, differential pore volume vs pore width); and (c) Cumulative surface areas 

There is a same nitrogen uptake (Figure 6.10 a) as seen for all the other particles. Both exhibit 

a very low pressure corresponding to samples with little micropores. Both PNIPAm100 based 

particles reveal a large peak in the pore size distributions (Figure 6.10 b) at a pore width about 

1.8 nm, 3.0 nm, 5.1 nm, 6.5 nm, 8.1 nm and further larger pores and voids. The cumulative 

surface area plots (Figure 6.10 c) also show that most of the pore volume is the larger meso- 

and macropore region, which resulted microporous structure for P(NIPAm100-DVB300FN225) 
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single-shell particles, and nearly non-microporous structure for P(EG113NIPAm100-

DVB452FN339) mixed-shell particles. The results clearly demonstrate that the mixed-shell 

particles have a reduced BET surface area of 56 m2 g-1 of microporous structure compared to 

P(NIPAm100-DVB300FN225) single-shell particles. 

 

Figure 6.10 (a) Nitrogen adsorption isotherms of PNIPAm100 based particles with addition of the 

PEG113 based shell at 77.3 K; (b) Pore size distributions calculated using NLDFT method (slit pore 

models, differential pore volume vs pore width); and (c) Cumulative surface areas 

6.3.4 Investigation of pH-responses of particles with non-ionic shells 

While the mixing of the polymer shells was able to increase the surface areas of the particles 

and as well as the small pore size structures, the reduction in the amount of responsive polymer 

chains may affect the response itself. It is important to ascertain the effect of adding these non-

responsive polymer chains on the response of the particles. Therefore, the size of the mixed-

shell particles was measured under different pHs using dynamic light scattering (DLS). 

The P(EG1134-VP82-DVB452FN339) particles were prepared in 0.1 mg mL-1 of 9 different pH 

solutions from low to high by adding either HCl (0 ≤ pH ≤ 1.3) or NaOH (13.4 ≤ pH ≤ 14). 
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Each sample was sonicated for 3 hours before analysis. To measure the switch-ability of the 

particle size, a sample was prepared in 0.1 mg mL-1 of acid condition (pH = 0.3) and was 

switched to based condition (pH = 13.7) with several repeat tests. Each sample was sonicated 

for 3 hours before the first analysis, then the sample was sonicated for 0.5 hours between each 

switching. P(EG113DEAEMA108-DVB144FN108) particle samples were prepared in a similar 

way. 

Both of the mixed-shell-based particles which are synthesised in the methanol-water mixture 

solution are pH-responsive and they are also switchable when the pH changes compared to 

those synthesised in the water-ethanol mixture solution, which show limited pH- responsive. 

This may be due to the PEG based macro-CTAs have the similar solubility compared to the 

PAA based macro-CTAs, which can easily dissolve in the water. The PDEAEMA and P4-VP 

based macro-CTAs are slightly soluble in the water, which makes them less active in this 

solution component. Therefore, very less the P4-VP or PDEAEMA based shells join in the 

reaction which may decrease the concentration of the P4-VP or PDEAEMA based shell to form 

the particles. Due to the less pH- responsive polymer formed the particle, the particles do less 

responses to the pH changing. In contrast, there are higher concentration of the P4-VP or 

PDEAEMA based shell to form the particles in the methanol-water mixture solution. Therefore, 

the particles do better responses to the pH changing. Moreover, the particle size of each mixed-

shell-based particle is larger than the particle size of the single-shell based particle. This is due 

to the addition of non-ionic PEG113 based shell will help the synthesis of P4-VP based particles 

or PDEAEMA based particles with bigger core parts. The difference of particle size changes 

in different pH, may be due to the long PEG shell chains hinder the particles separate easily. 

The P(EG1134-VP82-DVB268FN200) particle size is about 650 nm at acid condition, and it is 

about 1000 nm at base condition (Figure 6.11 a and b). And the P(EG113DEAEMA108-

DVB452FN339) particle size is about 580 nm at acid condition (0 ≤ pH ≤ 1.3), and it is about 

970 nm at base condition (13.4 ≤ pH ≤ 14) (Figure 6.11 f and g). The TEM images show the 

same trends (Figure 6.11 c, d, e, h, i and j). 
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Figure 6.11 Particle size of (a) P(4-VP82-DVB268FN200) particle and P(EG1134-VP82-DVB452FN339) 

particle in different pH- solution from low to high and (b) in acid and base switchable; Particle size of 

(f) P(DEAEMA108-DVB144FN108) particle and P(EG113DEAEMA108-DVB452FN339) particle in different 

pH- solution from low to high and (g) in acid and base switchable; and TEM images of P(EG1134-
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VP82-DVB452FN339)particles in (c) the acid, (d) the neutral, (e) the base; and P(EG113DEAEMA108-

DVB452FN339) particle in (h) the acid, (i) the neutral, (j) the base 

6.3.7 Investigation of thermo-responses of particles with non-ionic shells 

The mixed-shell thermo- responsive particles were measured, using dynamic light scattering 

(DLS) to ascertain their size and thermo- response. The of P(4-VP82-DVB268FN200) particle 

were prepared in 0.1 mg/mL of neutral water solvent at 20 °C and the sample was sonicated 

for 3 hours before analysis. Then, the sample was repeated between 20 °C and 60 °C compared 

to the single-shell based particles. Moreover, the P(EG113DEAEMA108-DVB452FN339) particles 

and the P(NIPAm100-DVB300FN225) particles were prepared in the same way. 

Both of the mixed-shell-based particles (PDEAEMA and P4-VP based particles) which are 

synthesised in the water-ethanol mixture solution exhibit limited thermo- responsive as well, 

which following the same reason as explained in Chapter 6.3.6. For the P4-VP and PDEAEMA 

based particles. The mixed-shell-based particles which synthesised in the water-methanol 

mixture solution are thermo-responsive and they can also switch when the temperature changes 

as the single-shell-based particles (Figure 6.12 b, c, k and l). The TEM images (Figure 6.12 d, 

e, f, g, h, I, m, n, o, p, q and r) can show the same trend. Moreover, the adding the non-ionic 

shell can help the thermos-responsive particles more easily to responsive to the temperature. 

The P(4-VP82-DVB268FN200) particles and the P(DEAEMA108-DVB144FN108) particles exhibit 

the limited responsive in the acid condition in the Chapter 4.3.3; In contrast, the P(EG1134-

VP82-DVB452FN339) particles and the P(EG113DEAEMA108-DVB452FN339) particles are 

responsive to the temperature in the acid condition (Figure 6.12 a and j). For PNIPAm based 

particles, it is different from above mixed-shell-particles. When the PEG based shell is added, 

the particle size doesn’t change so much or a little bit smaller than the particle size of a single-

shell-based particle, P(NIPAm100-DVB300FN225) (Figure 6.12 s, t and u). This may be due to 

the fact that P(EG113NIPAm100-DVB452FN339) particles were synthesised in neutral condition, 

the amino groups are therefore not charged at this pH. Therefore, the addition of PEG113 based 

shell chains not only won’t do the effective steric stabilisation but also prevent the core part 

growing larger. The particle size is quite smaller than the P(NIPAm100-DVB300FN225). The 

TEM images show the same trend (Figure 6.12 v, w, x and y).  
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Figure 6.12 Particle size of the P(EG1134-VP82-DVB452FN339) in (a) the acid, (b) the neutral, (c) the 

base condition switchable between 20 °C and 60 °C switchable; Particle size of the 

P(EG113DEAEMA108-DVB452FN339) in (j) the acid, (k) the neutral, (l) the base condition; Particle size 

of P(EG113NIPAm100-DVB452FN339) particle in (s) the acid, (t) the neutral, (u) the base; and TEM 

images of P(EG1134-VP82-DVB452FN339) particles in the acid with (d) 20 °C and (e) 60 °C, in the 

neutral with (f) 20 °C and (g) 60 °C, in the base with (h) 20 °C and (i) 60 °C; P(EG113DEAEMA108-

DVB452FN339) in the acid with (m) 20 °C and (n) 60 °C, in the neutral with (o) 20 °C and (p) 60 °C, in 

the base with (q) 20 °C and (r) 60 °C; P(EG113NIPAm100-DVB452FN339) particle in the acid with (v) 

20 °C and (w) 60 °C, in the base with (x) 20 °C and (y) 60 °C 
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6.4 Conclusion  

In conclusion, we have reported 3 methods to increase the BET surface. The P(AA95-

DVB47FN35) particles with the addition of the same shell, PAA35 based shell, the BET surface 

area of P(AA35AA95-DVB47FN35) increase from 186 m2 g-1 to 258 m2 g-1. Moreover, it has an 

extra 22 m2 g-1 and 34 m2 g-1 BET surface area contributed by microporous region and 

mesoporous region respectively. The addition of anionic shell, PAA35 based shell chains, the 

BET surface area increases from 40 m2 g-1 (P(4-VP82-DVB268FN200) particles) up to 124 m2 g-

1 (P(AA354-VP82-DVB268FN200) particles). Moreover, it has an extra 112 m2 g-1 and 90 m2 g-1 

BET surface area contributed by microporous and mesoporous regions respectively. This is 

due to anionic PAA35 based shell chains are added to the cationic P4-VP based shells which 

the neutralization of charges may decrease the repulsion between the highly cationic polymer 

chains. This will make core parts grow larger which may increase the BET surface area. 

The P(4-VP82-DVB268FN200), P(DEAEMA108-DVB47FN35), with non-ionic PEG113 based shell 

chains were added, the BET surface area of P(EG1134-VP82-DVB452FN339), 

P(EG113DEAEMA108-DVB452FN339), increase from 40 m2 g-1 up to 241 m2 g-1 and from 

78 m2 g-1 up to 137 m2 g-1, respectively. In addition, they have an extra 112 m2 g-1 & 90 m2 g-1 

BET surface area contributed by microporous and mesoporous regions respectively and an 

extra 33 m2 g-1 BET surface area contributed by microporous and mesoporous regions for P(4-

VP82-DVB268FN200) synthesised in water/ethanol solution & methanol/water solution and  

P(DEAEMA108-DVB47FN35) particles respectively. This is due to the addition of non-ionic 

PEG113 based shell will help the synthesis of P4-VP based particles or PDEAEMA based 

particles with bigger core parts which may increase the BET surface area. The particle sizes of 

both mixed shell based particles are a little bit larger than the particle sizes of single-shell based 

particles. This may be due to the PEG based shell chains having a larger volume.  

However, for P(EG113NIPAm100-DVB452FN339) based particles. The addition of PEG113 based 

shell chains made the BET surface area of P(NIPAm100-DVB452FN339) particles decreased from 

214 m2 g-1 to 159 m2 g-1. Furthermore, it has a reduced BET surface area of 56 m2 g-1 of 

microporous structure. This may be due to the P(EG113NIPAm100-DVB452FN339) particles were 

synthesised in the neutral condition, the amino groups are not charged at this pH. Therefore, 

the addition of PEG113 based shell chains not only won’t do the effective steric stabilisation but 

also prevent the core part growing larger. Due to this reason, the particle size of mixed shell-
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based particles is similar or a little bit smaller than the particle size of single-shell based 

particles. 

Moreover, the additional non-ionic PEG113 based shells synthesised in methanol-water mixture 

for PDEAEMA and P4-VP based particles; and synthesised in water-ethanol mixture for 

PNIPAm based particles, not only doesn’t influence the particles with pH or temperature 

responses, but also stable the particle size.  
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6.6 Appendix 

  

  

Figure 6.1 The different scales of TEM images of P(EG113DEAEMA108-DVB452FN339) particles in the 

acid condition at 20 °C (up) and 60 °C (down) 

  

Figure 6.2 The different scales of TEM images of P(EG113DEAEMA108-DVB452FN339) particles in the 

neutral condition at 20 °C (up) and 60 °C (down) 
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Figure 6.3 The different scales of TEM images of P(EG113DEAEMA108-DVB452FN339) particles in the 

base condition at 20 °C (up) and 60 °C (down) 

  

   

Figure 6.4 The different scales of TEM images of P(EG1134-VP82-DVB452FN339) particles in the acid 

condition at 20 °C (up) and 60 °C (down) 
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Figure 6.5 The different scales of TEM images of P(EG1134-VP82-DVB452FN339) particles in the 

neutral condition at 20 °C (up) and 60 °C (down) 

    

  

Figure 6.6 The different scales of TEM images of P(EG1134-VP82-DVB452FN339) particles in the base 

condition at 20 °C (up) and 60 °C (down) 
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Figure 6.7 The different scales of TEM images of P(EG113NIPAm100-DVB452FN339) particles in the 

acid condition at 20 °C (up) and 60 °C (down) 

   

   

Figure 6.8 The different scales of TEM images of P(EG113NIPAm100-DVB452FN339) particles in the 

base condition at 20 °C (up) and 60 °C (down) 
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Chapter-7 Conclusions and Future Work 

7.1 Conclusions 

Previous research of our group1 produced a novel and versatile synthesis strategy towards 

dispersible porous polymer particles (d-PPPs) using RAFT-PISA. That work used a PEG-based 

macro-CTA to disperse a porous core of divinylbenzene and fumaronitrile. This thesis builds 

upon these findings and describes the use of the new solubilising polymer chains, poly(acrylic 

acid) (PAA), poly(diethylaminoethyl methacrylate) (PDEAEMA), poly(4-vinylpyridine) 

(P4- VP) and poly(N-isopropylacrylamide) (PNIPAm). 

Chapter 3 investigates the use of a PAA shell. The best reaction conditions were determined 

by using PAA chain length of 35, a water to ethanol ratio of 60:40 with a core ratio of 

divinylbenzene (DVB) to fumaronitrile (FN) of 4:3, and a (DP 47:35) as previously found for 

the PEG-based particles. The particles are stable in common organic solvents with particle sizes 

of around 150 nm similar to the PEG-based system. However, in comparison to the PEG based 

system, the highest BET surface area was only 322 m2 g-1 compared to 407 m2 g-1 and the pore 

size distribution shows that the surface area is mostly comprised of external porosity rather 

than in internal microporous structure.  

Chapter 4 introduces outer polymer chains with pH- responsivity by incorporating the 

following pH- responsive monomers diethylaminoethyl methacrylate (DEAEMA), and 

4-vinlypyridine (4-VP). In initial investigation into the reaction conditions is conduced to yield 

particles with the BET surface areas up to 101 m2 g-1. While these surface areas are even lower 

than those from Chapter 3, they were nevertheless tested to ascertain whether or not they were 

indeed pH responsive. DLS and TEM measurements confirmed that the particles change in size 

from around 200 nm at low pH to around 800 nm at high pH. This is in contrast to what would 

be expected: at low pH the particles should be protonated and be more soluble due to the charge 

on the chains resulting in repulsion between the chains and hence larger particle sizes. In reality, 

the particles sizes are small at low pH and larger at high pH due to the aggregation of the now 

less soluble chains.  

The temperature responsive of PDEAEMA, P4-VP and new particles synthesised from 

PNIPAm are investigated in Chapter 5. The PNIPAm based particles were found to have 

relatively low surface areas of up to 193 m2 g-1, however all particles demonstrated thermo-

responsive properties at different pHs. Interestingly, the particle sizes are large at low 

temperature when the particles are hydrated but at high temperature, they begin to aggregate 
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and precipitate as the water molecules are expelled. In both chapters 4 and 5, these responses 

can be seen to be easily reversible which may of interest for future applications of these 

particles if the surface areas can be increased. 

Chapter 6 therefore looks at methods to try to increase the BET surface areas. The different 

strategies used include same shell mixing (mixing PAA35 based shells with PAA95 based shells); 

incorporation of anionic shells (PAA35 based shell with P4-VP82 based shell); and adding non-

ionic shells (PEG113 based shells with P4-VP82, PDEAEMA108, PNIPAm100 based shells). The 

results show that the shell surface areas can be improved by up to 5 times in the case of P4-VP, 

furthermore despite the inclusion of a large percentage of non-responsive PEG shells the 

particles are still able to undergo responsive switching by pH or temperature. 

7.2 Future Work 

This thesis has therefore demonstrated that a range of outer solubilising shells can be used 

including responsive shells, this opens up the field for the investigation of many more 

monomers in the hope that they could lead to increased surface areas and the potential the 

incorporation of shells with further interesting properties.  

To date, we have only investigated the use of DVB and FN as core forming monomers, there 

are many more different commercially available crosslinkers as well as many more which 

could be envisioned. The spacer unit could also be changed to incorporate interesting 

properties into the core such as for catalysts as has previously been demonstrated. Combining 

both the properties of the switchable outer polymer chains with catalytically active cores 

could lead to processes where the particles can easily be recovered between catalytic cycles 

using a simple pH or temperature change therefore possessing both the benefits of 

homogeneous catalysts (good interaction between catalysts and solvents/substates) and 

heterogeneous catalysts (ease of reuse). 

The wide range of monomers available as well as the many variables used in their synthesis 

(solvent composition, core: shell ratios, crosslinker ratios etc.) lends these materials to their 

investigation by robotic chemistry particularly as these materials are able to be made and 

collected from solution (something not common for porous materials).  

I believe dispersible porous polymer particles have many interesting properties some of which 

I have touched upon in this thesis. The field is now wide open for further investigation using 

the wide range of commercially available vinyl monomers for both the shell and core which 

can be polymerised using RAFT-PISA chemistry. 
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