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Lay Abstract  

Polymer materials are used in every aspect of our daily life, from clothing, furniture 

to construction. This thesis work is to develop functional polymers that can feel 

variations in environment (e.g. pH, thermo, light, magnetic, etc) and give out changes 

in properties. Such materials are smart for stimuli-responsive applications. The first 

report of carbon dioxide (CO2)-switchable polymers in 2006 was marked as the start 

of gas-responsive polymers. Gas triggers interact with specific functionalities in 

polymer chains and change their physicochemical properties such as chain structure, 

architecture, hydrophilicity and polarity. Oxygen (O2) and CO2 are explored in this 

work to reversibly trigger changes in volume, shell permeability and surface 

wettability, of different polymer systems. Potential applications include drug control-

release, smart oil/water separation, and so on. This work presents a systematic study 

on the development of O2 and/or CO2-switchable polymers from monomer design, 

polymer preparation, and advanced application of polymer systems. It represents a 

significant progress and a solid step forward in the study of gas-switchable polymers. 
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Abstract  

Stimuli-responsive polymers have attracted great attention due to their unique 

responses in physicochemical properties to changes in external environment and 

stimuli variations (e.g. pH, thermo, light, electric and magnetic field, etc.). Introduction 

of gas triggers has greatly expanded the family of stimuli-responsive polymers since 

the first work on a CO2-switchable polymer was reported in 2006. Although 

significant progresses have been achieved over the past decade, studies on gas-

switchable polymers are still at an early stage, with many challenges in both 

fundamental and application areas remaining to be tackled.  

 

This thesis focuses on synthesis and application development of O2 and CO2 

switchable polymers. The thesis starts from investigating O2-switchable thermo-

responsive fluorinated monomers and their linear random copolymers, which 

undergo LCST shifting induced by O2 treatment. It provides good insight and general 

guidance for design and screening of monomer candidates for the synthesis of O2-

switchable polymers. The second part of the thesis presents development of the first 

O2 and CO2 dual gas-switchable microgel system and building of the microgel-

colloidosomes with O2 and CO2 tailored shell permeability. The latter is evaluated as 

microcapsules for hierarchical control-release of water-soluble cargo molecules upon 

respective O2 and CO2 treatment. The last part of the thesis explores preparation of 

various porous polymer systems from high internal phase emulsion (HIPE) templates. 
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In particular, a highly porous polyHIPE membrane with "open-cell" structure 

exhibiting CO2-switchable surface wettability is promising for smart separation 

applications. This thesis represents a significant progress and a solid step forward in 

the development of gas-switchable polymers from monomer design, polymer 

preparation, and advanced application of polymer systems. 
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1 INTRODUCTION 

This chapter introduces the organization of this thesis, and the research objectives for 

each chapter. 

 

§ 1.1 Thesis organization  

This thesis is organized in ȰÓÁÎÄ×ÉÃÈȱ ÓÔÙÌÅ, which includes five published research 

articles in peer-reviewed journals, one viewpoint paper, and one newly prepared 

manuscript. Throughout the thesis, the bibliographic formats have been modified, 

with  all the figures and tables re-numbered, for consistence. This thesis starts with a 

literature review of gas-switchable polymers (Chapter 2) and focuses on the synthesis 

and application development of O2 and CO2 switchable polymers. The research 

contents of this thesis are grouped into two main parts for clarity . Part I focuses on 

the synthesis and gas-switchability investigation of various O2 and CO2 switchable 

polymers systems including random copolymers, homopolymers and microgels. 
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(Chapter 3, 4 and 5). Part II  reports the preparation the gas-switchable microgel-

colloidsome and porous poly(high internal phase emulsion) (polyHIPE) membranes, 

and explores their  potential applications for O2 and CO2 tunable multi -stage control-

release and CO2 controlled oil/water separation respectively (Chapter 6 and 7).  

Chapter 8 summarises all the works and provides a perspective view of this area.  

Included in Appendix is a published paper on preparation of various porous polymer 

devices from emulsion templates, which do not involve gas-switchable polymers.    

 

Chapter 2 presents a literature review and perspective on the development of gas-

responsive polymers. Based on different gas triggers, this review provides a 

comprehensive introduction of their interactions with specific functionalities and 

their state-of-art of applications. This review is published in ACS Macro Lett., 2017 , 6 

(5), 515ɀ522 (DOI: 10.1021/acsmacrolett.7b00245). It is evident from this review 

that the study on gas-switchable polymers is still in infancy and full of opportunities 

and challenges. The following chapters report studies on various O2 and/or CO2-

switchable polymers.    

 

Part I :  Synthesis of O2 and CO2 ɀswitchable polymers   

This part starts with the investigation of the hydrophilicity and O2-switchability of 

various O2-switchable fluorinated monomers (Chapter 3). Based on the specific O2 

and CO2 switchable functionalities, the O2 and CO2 dual gas-switchable monomer was 

chemically designed, which facilitates the preparation of the first CO2 and O2 dual gas-
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switchable homopolymer (Chapter 4).  Furthermore, the first O2 and CO2 dual gas-

switchable microgel system was prepared from the emulsion copolymerization 

(Chapter 5). 

 

Chapter 3 reports a systematic investigation of O2-switchability of various 

fluorinated monomers. The O2-switchable properties of commercial fluorinated 

monomers FMA and FS, and newly synthesized F1EA, F2EA and F3EA are compared 

and analysed by LCST shifting of their thermo-responsive random copolymers in 

aqueous solution upon O2 treatment. This work was published in Polymer Chemistry, 

2016 , 7, 5456-5462 (DOI: 10.1039/C6PY01145D). It provides a general methodology 

for development and screening of the O2-switchable monomers.  

 

Chapter 4 report s a new monomer design that combines both O2 and CO2 switchable 

thermo-responsive functionalities into a single monomer.  The gas-switchable 

properties of its homopolymers are investigated through LCST shifting of their  

aqueous solutions upon O2 and CO2 treatment. This work was published in ACS Macro 

Lett., 2016 , 5 (7), 828ɀ832 (DOI: 10.1021/acsmacrolett.6b00426). It provides an effective 

method to prepare multi-responsive homopolymers. The monomer design approach 

is transformative and it could be expanded to other areas.  

 

Chapter 5 report s preparation of the first type of O2 and CO2 dual gas-switchable 

microgels. Their responsiveness upon O2 and CO2 treatment as a function of monomer 
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composition is thoroughly investigated. This work was published in Langmuir, 2015 , 

31 (7), 2196ɀ2201 (DOI: 10.1021/la504829j).   

 

Part II : Applications of O2 and CO2 ɀswitchab le polymers   

This part focuses on exploring the potential applications of O2 and CO2 switchable 

polymer devices. Microgel-colloidosome (MGC) was built up from the O2 and CO2 dual 

gas-switchable microgel particles, which was then used as microcapsule for O2 and 

CO2 tunable multi-stage control-release application (Chapter 6). Highly porous 

polyHIPE ÍÅÍÂÒÁÎÅÓ ×ÉÔÈ ȰÏÐÅÎ-ÃÅÌÌȱ ÓÔÒÕÃÔÕÒÅ ÁÎÄ #/2-switchable surface 

wettability was also prepared and evaluated for CO2 controlled oil/water separation 

(Chapter 7).   

 

Chapter 6 report s fabrication and application of microgel-colloidosomes (MGC) 

based on the O2 and CO2 dual gas-switchable microgels prepared in chapter 5. Oil-in-

water (O/W) Pickering emulsions stabilized by the microgel particles are used as the 

templates to generated MGCs, which are then used as microcapsules with tunable 

shell permeability for hierarchical releasing of cargo molecules upon respective O2 

and CO2 treatment. This work was published in Langmuir, 2017 , 33 (24), 6108ɀ6115 

(DOI: 10.1021/acs.langmuir.7b01092). The MGCs prepared in this work are 

promising for applications in controllable release, separation, and reaction of multiple 

ingredients. 
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Chapter 7 reports synthesis of highly porous polyHIPE membranes with  CO2-tunable 

surface wettability  through incorporati on of CO2-switchable monomer in HIPE 

template preparation. The membranes with Ȱopen-cellȱ porous structure are used as 

CO2 switch in controlled oil/water separation. The manuscript of this work has been 

prepared for publication. This work represents a combination of stimuli-responsive 

functionalit y and novel macrostructure, which has promising applications in the areas 

of control-release, smart separation, tissue engineering and so on. 

 

Chapter 8  highlights the major contributions of this thesis study and offers some 

perspectives and recommendations for the future research.   

 

Appendix  report s preparation of porous spheres and porous matrixes from microgel-

stabilized high HIPE with double emulsion morphology, through curing of either 

dispersed or continuous phase. Since this work does not involve O2 and/or CO2 

switchable properties, it is included as an appendix of the thesis. This work was 

published in Journal of Colloid and Interface Science, 2016 , 483 (1), 232ɀ240. It 

represents a facile method for the preparation of advanced porous polymer products.  
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§ 1.2 Research objectives  

 

Figure 1-1. Molecular structure of C O2 and O2 gas-switchable monomer candidates  

 

The overall objective of this thesis is to study the preparation and application of O2- 

and/or CO2- switchable polymers, derived from the monomer candidates listed in 

Figure 1-1. N, N-dimethylaminoethyl methacrylate (DMAEMA) and N, N-

diethylaminoethyl methacrylate (DEAEMA) are well reported CO2-switchable 

monomers.1ɀ3 In addition to CO2-switchability, PDMAEMA exhibits thermo-

responsive properties with a lower critical solution temperature (LCST) at about 40 

oC.1 2,2,2-Trifluoroethyl methacrylate (FMA) and 2,3,4,5,6-pentafluorostyrene (FS) 

are commercially available monomers candidates, which have been reported in 

preparation for O2-switchable polymer materials.4ɀ6 The newly synthesized 

fluori nated acrylamide monomers, including N-(2-fluoroethyl) acrylamide (F1EA), N-

(2,2-difluoroethyl)acrylamide (F2EA), and N-(2,2,2-trifluoroethyl)acrylamide 

(F3EA), are hypothesized to be promising O2-switcable monomers due to their 

relatively hydrophilic stru cture and variable number of fluorine atoms compared to 

FMA and FS. 7,8 It is important to note that CO2 and O2 switchabilit ies are based on 
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different mechanisms. CO2 molecules dissolved in an aqueous solution could 

protonate the tertiary amine groups in DMA/DEA and significantly increase 

hydrophilicity. 1,3 Van der Waals intermolecular interactions between dissolved O2 

molecules and the fluorine atoms decrease hydrophobicity of the fluorinated 

segments and enable O2-switchability of the polymers. 4ɀ6  

 

Based on these gas-switchable monomer candidates, the specific research objectives 

of each chapter are summarized below, with a detailed description of contributions 

provided:  

× To investigate O2-switchable properties of commercially available fluorinated 

monomers FMA and FS, and newly synthesized F1EA, F2EA and F3EA, to 

provide a general methodology for development and selection of O2-

switchable monomers and polymers (Chapter 3).  

× To provide a chemistry method for a combination of both O2 and CO2 

switchable functionalities into a single monomer, and to investigate gas-

switchability of the homopolymers (Chapter 4). 

× To develop the first O2 and CO2 dual gas-switchable microgel system and to 

investigate changes in their properties in response to trigger gas treatment 

(Chapter 5). 
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× To fabricate dual gas-switchable microgel-colloidosomes based on the 

microgels prepared in chapter 5, and to investigate their loading and control 

releasing profiles of cargo molecules upon O2 and CO2 treatment (Chapter 6). 

× To prepare porous membranes with CO2-switchable surface wettability  from 

high internal phase emulsion (HIPE) templates, and to investigate their 

application for CO2 controlled oil/water separation (Chapter 7). 

× To develop various advanced porous polymer materials from microgel-

stabilized high internal phase Pickering emulsion, which include porous 

spheres and porous matrixes, through curing of dispersed or continuous phase 

of the emulsions (Appendix). 

 

§ 1.3 References 
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2 GAS-RESPONSIVE POLYMERS 

This chapter is a literature review on the development of gas-responsive polymers. 

This review offers a comprehensive introduction of various gases triggers and their 

specific corresponding functionalities, and their state-of-art of applications. This 

review is a reproduce of the published Viewpoint Paper in Qi Zhang, Lei Lei, Shiping 

Zhu, Ȱ'ÁÓ-ÒÅÓÐÏÎÓÉÖÅ 0ÏÌÙÍÅÒÓȱ ACS Macro Letter, 2017 , 6 (5), 515ɀ522 (DOI: 

10.1021/acsmacrolett.7b00245) with the permission from ACS publisher. The review 

represents a profound understanding and perspective on the development of gas-

switchable polymers.  

 

Author contributions  

The idea of this timely review was initia ted by Dr. Shiping Zhu. Dr. Qi Zhang (a 

ÐÏÓÔÄÏÃÔÏÒÁÌ ÆÅÌÌÏ× ÉÎ :ÈÕȭÓ ÇÒÏÕÐɊ and I (as a PhD candidate) did the literature 
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review together and prepared the first manuscript . Dr. Zhu did final revision and 

provided quality control  of the manuscript.  

 

§ 2.1 Abstract  

Gas-responsive polymers have inspired much interest over the past ten years.  Gas 

triggers can interact with functionalities on polymer chains and thus modulate their 

chain structures, architectures and aggregation states. This review summarizes the 

latest research progresses in the theme of developing different gas triggers for fine 

control over some critical properties of polymers, as well as their potential 

applications in various areas.  We focus on the interactions/reactions between gases 

and gas-responsive functionalities of polymers, and highlight some state-of-art 

developments, which provided good insight and understanding of each particular gas-

responsive polymer. We also offer a perspective point of view on future research 

directions on gas-responsive polymers, both in fundamental studies and in potential 

application developments. 

 

§ 2.1 Introduction  

Over the past decades, stimuli-responsive polymers have been developing rapidly , 

and receiving growing interest from both academia and industry.1-4 External stimuli 

cause changes in the physical/chemical properties of polymers, and lead to their 

rearrangement or changes in dimensions, structures, and interactions, as well as 
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aggregation states.2 Such Ȱsmartȱ polymers have found diverse applications in various 

areas, including functional materials,5-7 nanomedicine and nanotechnology,8-11 bio-

imaging,12 sensing,13, 14 and so on. The stimulus (also called trigger) can be either 

physical or chemical. The most well-studied and understood stimulus are pH,15, 16 

light,17, 18 and temperature.19 However, each type of the stimuli has drawbacks, which 

can limit  their applicability.  For pH, it has the salt accumulation issue, which may 

weaken the switchability of pH-responsive polymers.20 Ultraviolet light would cause 

damage to biological tissues. Thermosensitive polymers acquire high costs in energy 

consumption, if operated in a large volume.  The recent advent of gas stimuli has 

provided great opportunity for the development of smart materials and systems. 

Compared to the other stimuli, most gases are easy to add and easy to remove in large 

volume operations.  Therefore, gas triggers are of great interest in industrial 

applications. 

 

Several gaseous triggers have been reported so far, including carbon dioxide (CO2),21-

23 oxygen (O2),24, 25 nitric oxide (NO),26-28 hydrogen sulfide (H2S),29 sulfur oxide 

(SO2),30 and so on. As an abundant, nontoxic, and environmentally benign gas, CO2 has 

been widely used in chemical engineering processes (e.g., supercritical CO2 

extraction), polycarbonate synthesis,31 as well as an inert gas in welding and fire 

extinguisher.  O2 is as important as CO2 in photosynthesis and respiration, while it is 

also a very useful gaseous oxidant in chemical engineering industry.32 H2S, NO and CO, 

though quite toxic, are found to be the key signaling molecules in living creatures 
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involved in various biological pathways.33 Having a pungent, irritating smell , SO2 is 

also a toxic gas, but useful as a good reductant, good candidate material for 

refrigerants, as well as an important compound in winemaking.  All the gases of COx, 

NOx and SOx are important in environment protection. Previous studies and 

industrial practices have already proven the usefulness and importance of these 

gases, and now they have been given a new mission in the emerging research field of 

stimuli -responsive polymers. While CO2 is the most studied gas trigger, researches on 

other gas-responsive polymers are at their infancy stages. 

 

Herein, we summarize the latest research progresses on the theme of employing 

various gas triggers for fine control over some critical properties of polymers and 

their nanoaggregates, as well as their potential applications in different areas. For 

each specific gas-responsive polymer system, we focus on the interactions or 

reactions between gases and gas-responsive functionalities of polymers, and highlight 

some state-of-art developments to give a better understanding of each particular gas-

responsive polymer or application. Finally, we will give a perspective point of view on 

future research directions on gas-responsive polymers, both in fundamental research 

and potential application studies. 

 

§ 2.2 CO2-responsive Polymers  

As a non-toxic, inexpensive, benign, and abundant gas, CO2 became the most studied 

gas trigger in the past ten years.  It can selectively react with specific functionalities 
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(such as tertiary amine and amidine groups) to make a dramatic change on their 

hydrophilicities and polarities. Moreover, due to the reversible nature of those 

reactions, CO2 could be completely removed by washing with inert gases (argon or 

nitrogen or air) under a mild condition, thus free of contamination by accumulated 

chemical agents. Therefore, CO2 ÉÓ Á ÔÒÕÌÙ ÍÉÌÄ ÁÎÄ ȰÇÒÅÅÎȱ ÔÒÉÇÇÅÒ ÔÏ ÔÈÅ ÔÁÒÇÅÔ 

polymers. Several review papers on CO2-responsive polymers have recently been 

published.23, 34-37 To assist readers have a comprehensive view on gas-responsive 

polymers, we briefly highlight some of the key research progresses in a time order.  

 

The reaction of carbon dioxide with  primary amines is a well-known chemical 

reaction, which has been widely used for the absorption of greenhouse gases in 

industry. However, the inverse process usually requires more hash conditions, such 

as high temperature or vacuum.  In 2006, Jessop et al. first reported the amidine-CO2 

reversible chemistry.22 The amidine group in its neutral state reacted with carbonic 

acid to form amidinium bicarbonate, and reverted back to its neutral state upon the 

removal of CO2 under milder conditions, as compared to primary amines.22 The big 

difference in polarity and solubility between these two states has provided plenty of 

opportunities in making CO2-switchable surfactants and polymers. Several different 

approaches have been successfully developed since then, to make CO2-redispersible 

polymer latexes, including switchable surfactant, switchable initiator,  switchable 

comonomer, switchable reactive surfactant, and so on.38-42   
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However, the amidine groups have limited stability in water  due to partial hydrolysis, 

not to mention that the synthesis of amidine groups is complex and costly.43, 44 Thanks 

ÔÏ :ÈÁÏȭÓ ÄÉÓÃÏÖÅÒÙ ÏÆ #/2 reversible chemistry based on tertiary amines, research on 

CO2-responsive polymers has entered into a new era with blowout growth .45 It was 

found that the neutral tertiary amine groups of commercially available monomers 

such as diethylaminoethyl methacrylate (DEAEMA) could be effectively protonated 

by carbonic acid, and it was reversible upon the removal of CO2.45 Moreover, this 

group of amines was found to have improved stability over hydrolysis, which are 

advantageous over amidines. Over the past several years, lots of well-defined CO2-

responsive polymers have been prepared via controlled living radical polymerization 

(CLRP), and their changes in solubility, size and morphology of aggregates towards 

CO2 have been thoroughly investigated.46-58 For example, Yan et al. recently showed 

that CO2 could act as a physiological trigger to biomimic shape transformations of the 

organelles.52  They designed and synthesized a series of ABC-type triblock 

copolymers, which was composed of a hydrophilic PEO stabilizer, middle 

hydrophobic polystyrene (PS), and CO2-responsive PDEAEMA block (A).  The 

copolymers could self-assemble into three different  initial nanostructures: spherical 

particles, worm-like micelles, and giant vesicles, while varying the middle PS block.  

After treated with CO2, the morphology of the nanoaggregates turned into swollen 

spheres, straight and rigid nanowires, and compartmentalized large-compound sacs, 

respectively.52 It was proved that these morphological transformations were caused 

by the synergy effect ÏÆ ÃÏÒÏÎÁϺÃÈÁÉÎ ÒÅÐÕÌÓÉÏÎ ÁÎÄ ÃÏÒÅϺÃÈÁÉÎ ÒÅÓÔÒÉÃÔÅÄ 
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hydration.52 Later on, more and more CO2-regulated morphology deformations of 

block copolymer assemblies were reported. 

 

In the meanwhile, CO2-responsive microgels (cross-linked polymers) have also gained 

much interest, and they were found to be very useful in diverse application areas, such 

as CO2 capture, efficient emulsion separation (e.g. emulsification and demulsification 

for Pickering emulsions), and so on.59, 60 

 

 

Figure 2-1. Schematic presentation of representative  CO2-responsive polymers: reversibly 

coagulatable and redispersible polymeric latexes; morphology transformation  of self-

assembles of block copolymers; swelling and deswelling of microgels . 

 

Except for the different  types of CO2-responsive polymers mentioned above, a 

diversity of examples utilizing CO2-responsive polymers have been reported during 

the past a few years, including gas-switchable surfaces,61 redispersion of carbon 

nanotubes (CNT),62 in-situ recovery of gold nanoparticle (AuNP) catalyst,63 recyclable 

draw solute for forward osmosis desalination,64 and so on. 
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§ 2.3 O2-responsive Polymers  

 

Accounting for 20.8 vol.% of air, O2 is the most important  gas for all lives on earth.  It 

is also a very useful gaseous oxidant in chemical industries.65, 66 However, it has not 

been used as a trigger for stimuli-responsive polymers, until very recently.  Jung et al. 

reported pentafluorophenyl end-capped poly(ethylene glycol) (PF-PEG-PF) as the 

first example of O2-sensitve polymers.24 The polymer in water showed a LCST of 24.5 

°C, which increased by only 1.5 °C to 26 °C upon O2 aeration.  They also proved that 

this LCST shift was caused by the intermolecular interactions between O2 molecules 

and the carbon-fluorine bonds, since the ortho-fluorine of PF-PEG-PF downfield 

shifted in the 19F NMR spectra in D2O, whereas the chemical shift of the protons of 

PEG did not change in the 1H NMR spectra in D2O.24 

 

On the basis of this discovery, Zhuȭs group reported a new design of fluorinated 

polymers, targeting for a more general and efficient strategy for O2-responsive 

polymers.25 The strategy was based on commercially available fluorinated monomers. 

They synthesized a random copolymer of 2,2,2-trifluoroethyl meth acrylate (FMA) 

and N,N-dimethylaminoethyl methacrylate (DMA) via atom transfer radical 

polymerization (ATRP). The copolymer poly(DMA-co-FMA) (PNF) displayed a LCST 

around room temperature in aqueous solution. Alternative treatment of O2 and N2 

towards the PNF solution at room temperature would make it undergo a reversible 
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transparent-turbid transition.  The LCST increased dramatically from 24.5 to 55 °C, as 

determined from the turbidity change.  Moreover, purging with N2 for 1 h could 

remove O2 and LCST went back to the initial value.25 The switchability of PNF was 

attributed  to the intermolecular interaction between O2 and fluorinated moieties.  

Following this, the same group continued to conduct a systematic study on O2-

switchable thermo-responsive random copolymers based on different fluorinated  

monomers, including acrylamide homologues: N-(2-fluoroethyl)acrylamide (F1EA), 

N-(2,2-difluoroethyl)acrylamide (F2EA), and N-(2,2,2-trifluoroethyl)acrylamide 

(F3EA), as well as 2,3,4,5,6-pentafluorostyrene (FS).67 LCSTs of these copolymers 

could be precisely designed in a wide range of temperatures by varying their chemical 

compositions.  More importantly , LCSTs could be further  switched to different levels 

by treating O2 or CO2, and be recovered to the initial states by washing off the trigger 

gas.67 Later on, they reported the first O2 and CO2 dual gas-switchable thermo-

responsive homopolymer based on a newly synthesized monomer N-(2-fluoroethyl 

amide)-N-(2-(diethylamino)ethyl) acrylamide, (AM(F1EA-DEAE)), which possessed 

both O2-switchable fluorinated ethyl amide and CO2-switchable N,N-diethylamino 

ethyl moieties on the polymer side chain.68 Poly(AM(F1EA-DEAE)) prepared via 

reversible addition-fragmentation chain transfer polymerization (RAFT) exhibited 

good temperature-responsive properties in water, and the LCST could be reversibly 

tuned to different levels by respectively purging O2 or CO2 into its aqueous solution. 

The O2-treatment shifted LCST to a higher temperature, while the CO2-treatment 

made the polymer fully water soluble. The polymer could be readily recovered to its 
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initial state by washing off the trigger gas with an inert gas such as nitrogen. This work 

provided an effective monomer design approach for the preparation of O2 and CO2 

dual gas-responsive polymers. 

 

 

Figure 2-2. Summary of  chemical structures of  the reported O 2-responsive polymers.  

 

O2 is also capable for making vivid changes in polymeric nanoparticles.  Zhu et al. 

reported a novel approach for preparing CO2- and O2-responsive polymeric self-

assemblies.69 As shown in Figure 2-3, the amphiphilic copolymer, PEO-b-(DEAEMA-

co-FMA), bearing both CO2-responsive amine moieties and O2-responsive fluorinated 

moieties, could self-assemble into vesicles in water. It underwent various shape 

transformations upon O2 and CO2 treatments.  With O2 bubbling, the vesicles 
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expanded 8 times in volume, while CO2 bubbling collapsed the vesicular morphology 

and transformed it into small spherical micelles.69 

 

 

Figure 2-3. Synthesis routes of CO2- and O2-sensitive diblock copolymer PEO-b-(DEAEMA-co-

FMA), and schematic representation  of CO2- and O2-driven self -assembly and shape 

transformation behavior of the vesicles . Reprinted  with permission from ref [69]. Copyright  

2014 American Chemical Society.  

 

Later, Lei et al. reported O2 and CO2 dual-gas-responsive microgels.70 Incorporation 

of fluorinated monomer 2,3,4,5,6-pentafluorostyrene (FS) rendered the microgels 

good responsivity towards O2, as evident from the increased swelling. Moreover, 

microgels having different levels of responsivity could be designed and prepared by 

varying FS content in the copolymer. The microgels were more responsive to CO2 than 

O2, and multicycles of O2/ CO2/ N2 aerations showed no loss in the dual gas 

responsivity and switchability .70   
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§ 2.4 NO-responsive Polymers  

 

Known as an atmospheric pollutant, NO is a practically important intermediate in the 

chemical industry, and it also plays an important role in many physiological and 

pathological processes in mammals including humans.71-74 Compared to the quite abundant 

research on small molecules for NO-releasing75, 76 and detection,77, 78 NO-responsive 

polymers has rarely been studied.  

  

Very recently, Hu et al. reported the first example of NO-responsive polymers, which was 

prepared through the copolymerization of N-isopropylacrylamide (NIPAM) with two types 

of NO-responsive monomers, N-(2-aminophenyl) methacrylamide hydrochloride 

(NAPMA) and 2-(3-(2-aminophenyl)ureido)ethyl methacrylate hydrochloride (APUEMA), 

both bearing NO-responsive o-phenylenediamine functional groups.26 Upon exposure to 

NO, NAPMA monomer reacted effectively with NO to generate amide-substituted 

benzotriazole intermediates, which spontaneously hydrolyzed into carboxyl moieties with 

the liberation of a benzotriazole motif (Figure 2-4a), resulting in an increased hydrophilicity 

of the copolymer. On the other hand, the urea-functionalized benzotriazole derivatives 

resulted from APUEMA monomer had an increased hydrophobicity (Fig. 2-4b). The 

copolymer thus exhibited obvious change in solubility, leading to the drop of LCST from 

28 to 7.5 ÁC. This in turn induced nanoparticle formation through self-assembly. Moreover, 

with the help of environmentally sensitive fluorescence dyes, this NO-triggered self-

assembly process could be employed to detect and image endogenous NO.26 
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Figure 2-4. Schematic illustration of the respective NO -triggered mechan ism of the copolymers 

bearing NAPMA and APUEMA moieties. Reproduced with permission from ref [26] . Copyright 

2014 John Wiley and Sons. 

 

Later, the same group reported the use of endogenous gaseous molecules (NO and CO2) to 

regulate the self-assembly of a dual-responsive triblock copolymer.27 The amphiphilic 

copolymer, consisting of a hydrophilic poly(oligo(ethylene glycol) methyl ether 

methacrylate) (POEGMA) corona, and two blocks possessing individual CO2-

responsiveness and NO-sensitivity, were designed and synthesized via sequential RAFT 

polymerization. Initially, the self-assemblies of block copolymers (BCP) had a particulate 

nanostructure, which was swelled upon CO2 treatment. Subsequent NO addition selectively 

transformed the interior block to more hydrophobic benzotriazole moieties, leading to the 
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morphological transition from swollen micelles to nanorods.27 

 

It should be mentioned that although not reversible, the reaction between o-

phenylenediamine functional groups and NO are very efficient even under low 

concentration (NO detection limits were around several ɛM). 

 

§ 2.5 H2S-responsive Polymers  

 

Similar as NO, hydrogen sulfide (H2S) is well known not only as a toxic gas in the 

atmosphere, but also as an important neuromodulator and cell signaling molecule in human 

bodies. Very recently, Yan et al. developed a new class of oazidomethylbenzoate (AzMB)-

containing BCP (Figure 2-5).29 The polymer could spontaneously form a vesicular 

architecture in aqueous media on the basis of their amphiphilicity. The particular 

functionality in the polymer endowed these vesicles with unique sensitivity towards H2S.  

H2S activated a controlled disassembly of the polymersomes by site-specific cleavage of 

the AzMB groups. These H2S-responsive vesicles could potentially be used as nanovectors 

for drug delivery. Such H2S-responsive polymers would open up a new avenue to construct 

bioresponsive nanocapsules for more biological applications. 
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Figure 2-5. (a) H2S-responsive cleavage of o-azidomethylbenzoate (AzMB) -containing diblock 

copolymer (PEO-b-PAGMA) and H2S induced cascade reaction mechanism. (b) Schematic 

illustration of their polymer self -assembly into vesicles and H 2S-responsive controlled 

disassembly process. [29] - Published b y The Royal Society of Chemistry.  

 

§ 2.6 SO2-responsive Polymers  

 

SO2 is a toxic gas with a pungent and irritating smell.  It is a very useful in winemaking, 

while also a good reductant, a good candidate material for refrigerants.  Tang et al. 

developed a new class of SO2-responsive polymers based on the interactions between SO2 

and triazole groups.30  Water-soluble, Ŭ-helical random copolypeptides bearing pyridinium 

tetrafluoroborate (PyBF4) and oligo-ethylene glycol (OEG) pendants (PPLG-PyBF4-r-

OEG) were prepared through sequential postpolymerizations, including nucleophilic 

substitutions, copper-mediated [2+3] alkyneīazide 1,3-dipolar cycloaddition, and ion-

exchange reaction.  The aqueous solution of the resultant polymer was found to undergo a 

reversible solution phase transition by sequentially bubbling SO2 and N2, as revealed from 
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UVīvis spectroscopy and dynamic light scattering (DLS) results.  1H NMR analysis 

confirmed that the interaction between SO2 and triazole groups was essential for solution 

phase transition.30  This discovery sheds some light on the molecular design of SO2-

responsive polymers and broadens the application of gas-responsive polymers. 

 

 

Figure 2-6. 0ÌÏÔ ÏÆ ÔÒÁÎÓÍÉÔÔÁÎÃÅ ÁÔ ʇ Ѐ υππ ÎÍ ÖÅÒÓÕÓ ÇÁÓÅÓ ÆÏÒ ÔÈÅ ÁÑÕÅÏÕÓ ÓÏÌÕÔÉÏÎ ɉςπ ÍÇ 

mLϺ1) of PPLG-PyBF4-r -OEG at 25 °C and the optical images of PPLG-PyBF4-r -OEG solution at 

different conditions. Proposed mechanism of SO 2-induced reversible solution phase tra nsition. 

Reprinted with permission from ref [30]. Copyright 2016 American Chemical Society.  

 

§ 2.7 Conclusion and Outlook  

Stimuli-responsive polymers have received growing attention due to their unique properties. 
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Introducing gas molecules into the big family of triggers has been emerging, undergoing a 

rapid development over the past decade. Since gases could be easily added and easily 

removed in large volume operations, compared with other traditional chemical or physical 

stimuli, they are of great interest in both industrial applications and academic research. In 

this feature article, we highlight the latest research progresses on the theme of employing 

various gas triggers for fine control over some critical properties of polymers, as well as 

their potential applications in different areas. Despite the rapid progresses that have been 

achieved in the past a few years, it is noteworthy that this field is still at the start. Oxygen 

(O2), nitrogen (N2), carbon oxides (COx), nitrogen oxides (NOx), sulfur oxides (SOx), and 

hydrogen sulfide (H2S) have been and will continue to be the key gases for studies, because 

of their high relevance to environment and health issues, as well as potential applications 

in material processing and medicine. However, there are still plenty of remaining 

challenges for gas-responsive polymers in the future, both in fundamental research and 

potential application studies. 

 

Among all the trigger gases, CO2 has been best studied.  It has clear advantages in supply 

abundance, non-toxicity and low cost, making it particularly suitable for the development 

of large-scale green processes in chemical industries. Bubbles, drops and particles are a 

century long subject of R&D in reaction and separation industries, with numerous matured 

unit operation technologies available, which are readily employed in applications of the 

gases. Reversibly coagulatable and re-dispersable latex is a good example.  Millions of tons 

of polymer latexes are produced annually by emulsion polymerization.  The unique 

properties of latex products offer a variety of applications in rubber, plastic, coating, paper, 
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textile, leather, and construction industries, as well as biomedicine and pharmaceuticals.79, 

80 Most emulsion products contain about 45 to 60 vol% water.  In solid form, latexes are 

coagulated by large amount of salts or acids, washed and dried.  Wasteful water and 

intensive energy are big problems.  In liquid form, half of the costs spent in storage and 

transportation are for water. Reversible coagulation and redispersion of latexes have been 

demonstrated with CO2/N2.
38-42  

 

Another example is the use of CO2-responsive polymers for chemical separation.  Reaction 

and separation are the two foundations in chemical industries.  In general, separation costs 

twice as much as reaction. Developing more cost effective and environmentally benign 

separation technologies represents a major direction in the chemical engineering 

innovations. Recently, an innovative approach by employing CO2-responsive 

polyethylenimine (PEI) as extractants in liquid-liquid extraction of alpha-tocopherol from 

the tocopherol homologues has been reported.81  Polymer chains dissolve in one phase and 

interact with targeted homologue molecules. Upon switching, the chains bring the 

homologue molecules into another phase and thus facilitate the separation.  The polymer 

can readily be switched back and release the extracted homologue. This innovative 

approach saves back extraction steps, thus significantly reducing the use of energy and 

organic solvent. 

 

There are many opportunities for innovation in our daily practices, which we have taken 

for granted and seldom thought about existence of the opportunities. Current research on 

CO2-responsive polymers is mainly in academic laboratories and has not yet been evaluated 
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under industrial conditions. Consequently, future efforts in this area should be made to 

explore more powerful gas-responsive polymer systems, and to adapt them to the well-

developed unit operations with bubbles, drops and particles in reaction and separation 

industrial processes.  

 

Some of the studied trigger gases, such as NO, CO, and H2S, are also intracellular signaling 

molecules. There are opportunities in biomedical areas. To advance practical applications 

of their relative responsive polymers, the key challenge is to improve the response 

specificity, sensitivity and reversibility. Since their equilibrium concentrations in living 

organisms are relatively low, usually at several ɛM, or even nM level. As such, it would be 

highly desirable to design polymers precisely with well-defined hierarchical structures, so 

as to give accurate response towards the specific trigger. On the other hand, 

biocompatibility, biodegradability and biotoxicity must also be considered in the polymer 

design. These gas-responsive polymers could thus expand their scope of potential 

applications to smart nanocarriers for drug delivery, magnetic resonance imaging (MRI) 

agents for signals reporting and visualizing. 

 

It is no doubt that there will be more and more innovative approaches proposed and creative 

strategies developed in this emerging area, which brings a bright future for the gas-

responsive polymers. 
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3 O2  AND CO2- SWITCHABLE THERMO-

RESPONSIVE RANDOM COPOLYMERS  

 

In this chapter, a serious of fluorinated acrylamide monomers with optimized water 

solubility and variable number (1, 2 and 3) of fluorine atoms, were introduced to the 

family of O2-swichable monomers. The O2-switchable properties of both the 

commercialized fluorinated monomers FMA and FS, and the newly discovered F1EA, 

F2EA and F3EA was investigated based on the LCST shift of their thermo-responsive 

random copolymers. This chapter is a reproduction of the published paper in Lei Lei, 

1É :ÈÁÎÇȟ 3ÕÓÁÎ 3ÈÉȟ 3ÈÉÐÉÎÇ :ÈÕ ȰOxygen-switchable thermo-responsive random 

copolymersȱ Polymer Chemistry, 2016 , 7, 5456-5462 (DOI: 10.1039/C6PY01145D) with 

the permission from John Wiley and Sons. This work provides a general methodology 

for design and screening of monomer candidates for the O2-switchable polymer 
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preparation. The supporting information referred in the text is attached at the end of 

this chapter.  

 

Author contributions  

The initial idea of this work is generated through the discussions with Dr. Shiping Zhu 

and Dr. Qi Zhang. I did all the experiments and prepared the first manuscript under 

$ÒȢ :ÈÕȭÓ ÓÕÐÅÒÖÉÓÉÏÎ. Dr. Qi Zhang and Dr. Shuxian Shi provided valuable discussion 

and the first revision. Dr. Zhu did final revision and provided quality control of the 

manuscript.  

 

§ 3.1 Abstract  

Herein, we report the synthesis of oxygen (O2)-switchable thermo-responsive 

random copolymers based on fluorinated acrylamide monomer homologues: N-(2-

fluoroethyl)acrylamide (F1EA), N-(2,2-difluoroethyl)acrylamide (F2EA), and N-

(2,2,2-trifluoroethyl)acrylamide (F3EA). Copolymerizing these monomers with N,N-

dimethylaminoethyl methacrylate (DMA) via reversible addition-fragmentation chain 

transfer (RAFT) polymerization yield thermo-responsive random copolymers, which 

have dual switchability towards O2 and carbon dioxide (CO2). The inherent low critical 

solution temperature (LCST) of these copolymers can be precisely designed in a wide 

range of temperatures by varying their chemical compositions. Importantly, this LCST 

can be reversibly switched to different levels by respectively purging O2 or CO2 into 
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the aqueous solution, and be recovered to its initial state by washing off the trigger 

gas. This work provides a versatile and effective approach for the preparation of O2-

responsive polymers, with a big operation window of temperature. 

 

§ 3.2 Introduction  

Stimuli-responsive polymers have attracted huge interest in polymer science over the 

past decades. Upon applying external stimuli, such as pH,1 light,2, 3  thermo,4 ionic 

strength,5 magnetic and electro field,6, 7 ÔÈÅÓÅ ȰÓÍÁÒÔȱ ÐÏÌÙÍÅÒÓ ÒÅÓÐÏÎÄ ×ÉÔÈ ÃÈÁÎÇÅÓ 

in their physicochemical properties and give output signals, such as shrinking and 

expansion of volume,8, 9 transformation of shape and morphology,10, 11 optical change, 

and self-assembled architecture modulation.12 Stimuli-responsive polymers have 

many high potential applications for functional materials,13 sensors,14 and 

nanotechnologies.15 The thermo-responsivity is the most fundamental and best-

studied system among various types of stimuli. The lower critical solution 

temperature (LCST) is the key property, which is extensively exploited in developing 

thermo-responsive polymers. These polymers undergo phase separation at LCST.16 

The LCST can be pre-designed by varying chemical composition of copolymers. 

Increasing hydrophobic component usually decreases the LCST, while hydrophilic 

composition makes polymers more water soluble and thus increases the LCST.17, 18  

An effective approach to regulate LCST is to introduce polymer an additional 

functionality, which can vary its hydrophilicity or polarity by an external trigger such 

as pH, and thus induce LCST shift to a certain degree. Zhao et al.19 discovered that 
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poly(N, N-dimethylaminoethyl methacrylate) (PDMAEMA) in water can react with 

carbon dioxide (CO2) and have its LCST reversibly tuned by purging and removing CO2 

gas from the system. Copolymerization of the CO2-responsive monomers with 

thermo-responsive monomers like N-isopropylacrylamide (NIPAM) and 2-(2-

methoxyethoxy)ethyl methacrylate (MEO2MA) provides a general strategy for the 

development of CO2-switchable polymers with tunable LCST. Huang et al.20 

synthesized an acrylamide monomer bearing both isopropyl amide (thermo-

responsive moiety) and N, N-diethylamino ethyl (CO2/pH -responsive moiety) groups, 

which represents another type of thermo-responsive polymers with their LCST 

tunable by pH and CO2. Lei et al.21 synthesized a new monomer N-(2-fluoroethyl 

amide)-N-(2-(diethylamino)ethyl) acrylami de, i.e. AM-(F1EA-DEAE), bearing both 

O2- and CO2-switchable moieties, and prepared the first O2-switchable thermo-

responsive homopolymer system with its LCST tunable by CO2 and O2 treatment.  

 

Compared to other stimuli, gas triggers have advantages in application where a large 

volume operation is required (compared to thermo-responsive systems that require 

heat transfer, which is limited by large volume) or where little contamination is 

allowed (compared to pH-responsive systems that use strong base and acid, which 

result in buffer contamination and salt accumulation). CO2 has been well reported as 

a green and abundant gas-trigger.22, 23 CO2-responsivity has been applied to various 

functional material systems, such as redispersible latexes,24-30 vesicle/microgel 

ȰÂÒÅÁÔÈÉÎÇȱȟ9, 31 and block copolymer self-assemblies with their morphology 
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ÔÒÁÎÓÉÔÉÏÎ ÂÅÔ×ÅÅÎ ȰÍÉÃÅÌÌÅȱȟ Ȱ×ÏÒÍȱ ÁÎÄ ȰÖÅÓÉÃÌÅȱȢ11, 32 CO2 can reversibly react with 

amine, amidine, and carboxyl moieties in aqueous solution,12 and dramatically change 

their hydrophobicity/polarity properties. Moreover, these changes can be recovered 

upon purging CO2 by an inert gas like N2, without any salt accumulation and 

contamination to the system.  

 

Beside CO2, oxygen (O2) was thought to be another promising gas trigger candidate. 

It is well known that perfluorocarbons (PFCs) are useful in enhancing O2 dissolution 

(with solubility increased 20 times in water),33 O2 carrier and delivery,34 and O2 

molecular separation. However, it is until very recently that O2-switchable polymers 

have been reported. Jeong et al.32 prepared pentafluorophenyl end-capped 

poly(ethylene glycol) (PF-PEG-PF) and showed that intermolecular interactions of 

pentafluorophenyl moieties with O2 slightly increased the polymer solubility in 

aqueous solution, thus increasing the solution LCST from 24.5 to 26 oC. Zhang et al.8 

prepared fluorinated random copolymers from commercially available monomers 

2,2,2-trifluoroethyl methacrylate (FMA) and N,N-dimethylaminoethyl methacrylate 

(DMA) and found that aqueous solutions of the copolymers treated by O2 dramatically 

increased the LCST from 24.5 to 50 °C, which provided a big operation window for the 

development of O2-switchable materials. Later on, Zhang et al.31 also developed O2 

and CO2 dual-responsive nanoaggregates of the fluoro- and amino-containing 

copolymers. The vesicles self-assembled from these copolymers in aqueous solution 

underwent different volume/shape transformations upon O2 and CO2 treatments. CO2 
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and O2 dual gas-switchable microgel systems were also developed based on poly(2-

(diethylamino)ethyl methacrylate-co-2,3,4,5,6-pentafluorostyrene), i.e. P(DEA-co-

FS).9 The microgel volume could be reversibly expanded to various levels triggered 

by either CO2 or O2 aeration and the volume could be recovered to its initial state by 

Ȱ×ÁÓÈÉÎÇ ÏÆÆȱ ÔÈÅ ÔÒÉÇÇÅÒ ÇÁÓÅÓ ×ÉÔÈ ÁÎ ÉÎÅÒÔ ÇÁÓ ÌÉËÅ ÎÉÔÒÏÇÅÎ ɉ.2). This volume 

expansion upon CO2 and O2 treatment of the microgels provide a mimetic model for 

ÈÅÍÏÇÌÏÂÉÎ ȰÂÒÅÁÔÈÉÎÇȱȢ  

 

An examination of the literatures revealed that only pentafluorophenyl (PF),32 2,2,2-

trifluoroethyl methacrylate (FMA),8, 31 and 2,3,4,5,6-pentafluorostyrene (FS)9 have 

been explored as the monomer candidates for developing O2-switchable polymer 

systems. Among these candidates, the PF-capped polymers have very limited O2-

switchability with a narrow LCST shift of only 1.5 oC upon O2 treatment.32 The FMA 

and FS polymers also suffer from limited solubility in water due to their inherent 

hydrophobicity. For example, as reported in the previous work,9 copolymerizing FS 

with 2-(diethylamino)ethyl methacrylate (DEA) enabled both O2- and CO2-

responsivity of P(DEA-co-FS) microgels. Based on intuition, the O2-responsivity could 

be improved by increasing the FS content. Unfortunately, it was proven to be 

impossible. This is because further increase in the FS content would make the 

microgels dramatically insoluble in water. To broaden the operation window of O2-

responsivity, a new type of relatively more hydrophilic fluorine-containing 

monomers are highly desirable. Developing such hydrophilic fluorinated vinyl 
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monomers serves as the objective of this work. A comprehensive examination of the 

literatures reveals that fluorinated acrylamide monomers having one, two and three 

fluorine atoms substituted in N-ethyl group (F1EA, F2EA and F3EA) have been 

synthesized by Lee et al.17, 18 The water solubility, thermo-responsivity and 

biocompatibility of their copolymers were investigated. However, their O2-switchable 

properties have not been explored.  

 

In this work, these relatively hydrophilic fluorinated acrylamide monomers (F1EA, 

F2EA, and F3EA compared with FS and FMA) were synthesized and evaluated as 

potential O2-switchable monomer candidates. The monomers were random 

copolymerized with N,N-dimethylaminoethyl methacrylate (DMA, CO2-switchable 

monomer) through reversible addition-fragmentation chain transfer (RAFT) free 

radical polymerization. A series of CO2 and O2 dual gas-switchable thermo-responsive 

random copolymers were thus prepared. The precise LCST tailoring was achieved by 

varying the copolymer composition, which were also regulated by switching of the 

copolymers with the gas treatment of O2 and CO2. The work significantly expanded 

the operation window of temperature in gas switching systems. 

 

§ 3.3 Experiments and Characterization  

3.3.1  Materials  
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2,2,2-Trifluoroethyl methacrylate (FMA, 99%, Aldrich), 2,3,4,5,6-pentafluorostyrene 

(FS, 99%, Aldrich) and N,N-dimethylaminoethyl methacrylate (DMA, 99%, Aldrich) 

were passed through an inhibitor remover column before use. 2,2Ľ-Azobis (2-

methylpropionitril e) (AIBN, 98%, Aldrich) was recrystallized from methanol twice 

and stored in refrigeration prior to use. 2-Fluoroethylamine hydrochloride (90%, 

Aldrich), 2,2-difluoroethylamine (97%, Oakwood), 2,2,2-trifluoroethylamine  

hydrochloride (99.5%, Aldrich), 4-(dimethylamino)pyridine (DMAP, 99%, Aldrich), 

triethylamin (TEA, 99%, Aldrich), acryloyl chloride (97%, Aldrich), dichloromethane 

(DCM, 98%, Aldrich), hexane (99.5%, Aldrich), ethyl acetate (98%, Aldrich), 2-

(dodecylthiocarbonothioylthio) -2-methylpropionic acid (DMP, 98%, Aldrich), 1,4-

dioxane (99.8%, Fluka), tetrahydrofuran (THF, 99.5%, Aldrich) and toluene (99.8%, 

Aldrich) were all used as received, if not described otherwise. Milli-Q grade water 

prepared from Barnstead Nanopure Diamond system was used in all aqueous solution 

preparation. CO2, O2, and N2 gases were controlled by FMA-A2100 flow meters 

(Omega) to maintain a constant gas flow of 10 mL/min. 

 

3.3.2  Experiments 

3.3.2.1  Preparation of fluorinated acrylamide monomers 

N-fluoroethyl acrylamide monomers bear one (F1EA), two (F2EA) and tree (F3EA) 

fluorine atoms were synthesized following the method reported by Lee et al.17, 18 The 

synthesis route was shown in Figure 2-S1 ÁÎÄ ÄÅÓÃÒÉÂÅÄ ÁÓ ÆÏÌÌÏ×ÉÎÇ ÆÏÒ ÒÅÁÄÅÒȭÓ 
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convenience. Take N-(2,2-difluoroethyl)acrylamide (F2EA) preparation for an 

example. 2,2-Difluoroethylamine (10 g, 123.4 mmol), TEA (27.63 g, 185.1 mmol), 

DMAP (1.21 g, 9.87 mmoL, 8 mol%) and CH2Cl2 (130 mL) were added into a 250 mL 

round-bottom flask and cooled in ice water. Acryloyl chloride (13.96 g, 154.3 mmol) 

diluted with 20 mL dichloromethane was added drop-wise into the mixture under 

stirring within 20 min. The mixture was then allowed to react at room temperature 

for 24 hours. The product mixture was then washed with brine three times and the 

organic layer was dried with Na2SO4 and evaporated under reduced pressure. The 

residual product was purified by column chromatography with hexane and ethyl 

acetate mixture (V:V=1:2, with 1 vol. % TEA) as eluent, giving a white crystal solid 

product (7.83g, yield 47%). F1EA and F3EA were synthesised following the same 

procedure, giving a transparent oily liquid product of 23% yield and a white solid 

product of 50% yield, respectively.  

 

3.3.2.2  Preparation of fluorinated random copolymers  

A series of fluorinated random copolymers were prepared through reversible 

addition-fragmentation chain transfer (RAFT) copolymerization of N,N-

dimethylaminoethyl methacrylate (DMA) with 5 mol% of the different fluorinated 

monomers (FS, FMA, F1EA, F2EA, F3EA). DMA was also random copolymerized with 

F2EA under different molar fractions (5, 10, 20, 40 and 50 mol%). In all the 

polymerization runs, the recipe was fixed to [Monomer]:[DMP]:[AIBN] = 100:1:0.4 

with dioxane as the solvent. 2-Dodecylsulfanylthiocarbonylsulfanyl-2-
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methylpropionic acid (DMP) was used as the chain transfer agent and 

azobisisobutyronitrile (AIBN) as the initiator. Take poly(N,N-dimethylaminoethyl 

methacrylate-co-N-2-fluoroethyl acrylamide), i.e. P(DMA-co-F2EA), with 10 mol% 

F2EA as an example. All the chemicals including DMA (2.83 g, 18 mmol), F2EA (0.27 

g, 2 mmol), DMP (72.9 mg, 0.2 mmol), AIBN (13.1 mg, 0.08 mmol) and 6 ml dioxane 

were charged into a 25 mL round-bottom flask and sealed with rubber stopper. The 

solution was degassed with N2 for 30 min under stirring. After that, the flask was 

placed into an oil bath set to 70 oC. The polymerization was carried out for 24 hours. 

The product was diluted with THF and precipitated in cold hexane upon vigorous 

agitation. This process was repeated three cycles for polymer product purification. At 

the end, the polymer was vacuum dried at room temperature until a constant weight. 

 

3.3.2.3  O2 and CO2-switchable LCST tests  

The LCST of the fluorinated random copolymers in aqueous solution was reflected by 

their temperature-based turbidity change, which was characterized by Cary 300 UV-

vis spectrophotometer at 500 nm wavelength. The LCST was defined as the 

temperature at which 50% decrease in transmittance occurred. For O2 and CO2-

switchable LCST characterization, the polymer aqueous solution (10 mg/mL) was 

firstly treated with a specific gas (O2, CO2 or N2) at 10 mL/min for 1 hour and it was 

finely sealed with parafilm. Specifically, the polymer aqueous solution was charged 

into 20 ml flask and enfolded into crushed ice during gas treatment.  

 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

45 

3.3.3 Characterization  

1H NMR spectra collected in CDCl3 and DMSO-d6 on Bruke AV200/600 MHz NMR 

spectrometer were used to determine the monomer structures and polymer 

compositions, respectively. The molecular weight and the polydispersity index of the 

polymers were collected from PL-GPC 50 (A Varian, Inc. Company) by using DMF as 

effluent. The LCST of polymer aqueous solution (10 mg/mL) was characterized by 

Cary 300 UV-vis spectrophotometer at 500 nm wavelength. The heating process was 

set from 5 to 85 °C at 1 °C/min acceleration. Each sample was treated with a specific 

gas (O2, CO2 and N2) for 1 hour and finely sealed in a closed vial during the 

measurements. 

 

§ 3.4 Results and Discussion  

3.4.1 Synthesis and characterization of the fluorinated random copolymers  

Firstly, the fluorinated acrylamide monomers bearing one (F1EA) two (F2EA) and 

three (F3EA) fluorine atoms (FEAs) were prepared following the procedure descried 

by Lee et al.17, 18  Since O2-switchability of the fluorinated polymers is determined by 

their water solubility and the number of fluorine atoms,9, 31 the fluorinated acrylamide 

monomers were hypothesized to possess improved hydrophilicity and water 

solubility, compared to the commercially available 2,2,2-trifluoroethyl methacrylate 

(FMA) monomer. The reasons were three-ÆÏÌÄȡ ρɊ ÔÈÅ ȰÍÅÔÈÁÃÒÙÌÉÃ ɉ#(2=C(CH3)-2Ɋȱ 

ÍÏÉÅÔÙ ÉÎ &-! ×ÁÓ ÃÈÁÎÇÅÄ ÔÏ ȰÁÃÒÙÌÉÃ ɉ#(2=CH-2Ɋȱ ÉÎ &%!ÓȠ ςɊ ÔÈÅ ȰÅÓÔÅÒ ÇÒÏÕÐ ɉ-
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COO-Ɋȱ ÉÎ &-! ×ÁÓ ÖÁÒÉÅÄ ÔÏ ȰÁÍÉÄÅ ÇÒÏÕÐ ɉ-CONH-Ɋȱ ÉÎ &%!ÓȠ σɊ ÔÈÅ ÎÕÍÂÅÒ ÏÆ 

fluorine atoms in N-ethyl group of FEAs was varied from one (F1EA) to two (F2EA) 

and three (F3EA), which could regulate both water solubility and O2-switchable 

properties. The differences in structure between FMA and FEAs were shown in Figure 

3-1 a). 1H NMR spectra in Figure 3-S2 confirmed successful synthesis of the 

fluorinated acrylamide monomers.  

 

 

Figure 3-1. a) Molecular structures of FMA, FS and the fluorinated acryla mide monomers: F1EA, 

F2EA and F3EA. b) Synthesis route of random copolymers based on the fluorinated acrylamide 

monomers through RAFT polymerization.  

 

Based on all the fluorinated monomers (FMs) shown in Figure 3-1 a) and N,N-

dimethylaminoethyl methacrylate (DMA), P(DMA-co-FMs) random copolymers were 

prepared by reversible addition fragmentation chain transfer (RAFT) polymerization 

with 2-dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP) as the 
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chain transfer agent and azobisisobutyronitrile (AIBN) as the initiator. The procedure 

is schematically illustrated in Figure 3-1 b). Table 3-1 summarizes all the random 

copolymers prepared and used in this work. The chemical compositions of the 

copolymers were estimated from the 1H NMR spectra in Figure 3-S3 to Figure 3-S8. 

For example, the F2EA molar fractions in P(DMA-co-F2EA) copolymers (Run 4-9) 

×ÅÒÅ ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ Ȱ!j/(A c + AjȾςɊ ˢ ρππϷȱȟ ×ÈÅÒÅ Ȱ!ȱ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÉÎÔÅÇÒÁÔÉÏÎ ÁÒÅÁ 

for specific hydÒÏÇÅÎ ÁÔÏÍÓ ÉÎ ÔÈÅ .-2 ÓÐÅÃÔÒÁȢ Ȱ!cȱ ÉÓ ÁÔÔÒÉÂÕÔÅÄ ÔÏ ɀCHF2 of F2EA 

ÁÎÄ Ȱ!jȱ ÉÓ ÆÏÒ ɀCH2CH2N(CH3)2 of DMA, in Figure 3-S8. The molecular weight and the 

polydispersity of all the polymers used in this work were measured by GPC, as listed 

in Table 3-1.  

 

Table 3-1. Random copolymers prepared based on the fluorinated monomers and the 

characterization results of their gas -switchable thermo -responsive properties.  

Run Sample a 
DMA/FM 

(mol:mol) b 

"FM" 
content 

(mol%) c 

Mw 
(g/mol) d 

PDI d 
 LCST (oC) e 

 N2 O2 В( O2 - N2) 

1 PNFS-5 95:5 4.6 8900 1.21  36 65 29 

2 PNFMA-5 95:5 5.1 8700 1.31  38 73 35 

3 PNF1-5 95:5 3.7 8200 1.30  78 85 7 

4 PNF2-5 95:5 5.4 8300 1.27  65 >85 >20 

5 PNF3-5 95:5 4.1 8400 1.32  52 >85 >33 

4 PNF2-5 95:5 5.4 8300 1.27  65 >85 >20 

6 PNF2-10 90:10 8.6 8100 1.18  50 75 25 

7 PNF2-20 80:20 19.0 7900 1.21  45 65 20 

8 PNF2-40 60:40 39.4 7500 1.22  25 43 18 

9 PNF2-50 50:50 46.3 7400 1.33  20 36 16 

Note: a: Random copolymers (run 1-υɊ ÐÒÅÐÁÒÅÄ ÂÁÓÅÄ ÏÎ ÆÌÕÏÒÉÎÁÔÅÄ ÍÏÎÏÍÅÒÓ ɉ&-ÓɊȠ Ȱ.ȱ 

repreÓÅÎÔÓ Ȱ$-!ȱȠ &ρȟ &ςȟ &σ ÒÅÐÒÅÓÅÎÔ &ρ%!ȟ &ς%! ÁÎÄ &σ%! ÒÅÓÐÅÃÔÉÖÅÌÙȢ Âȡ 4ÁÒÇÅÔÅÄ 

DMA/FM molar ratio in the copolymer. c: Molar fraction of the fluorinated monomer in 
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P(DMA-co-FM) random copolymers calculated based on 1H NMR spectra. d: Molecular weight 

and polydispersity index measured from GPC. e: LCST of the polymer aqueous solution (10 

mg/mL) under N2 and O2 treatment.  

 

2.4.2  Thermo-responsive properties of the fluorinated random copolymers  

Different fluorinated monomers (FMA, FS, F1EA, F2EA and F3EA) of 5 mol% were 

randomly copolymerized with a thermo-responsive and CO2-switachable monomer 

DMA to prepare P(DMA-co-FM) random copolymers, as shown in the Run 1-5 of Table 

3-1. All these random copolymers with close molecular weight could be easily 

dissolved in water at room temperature. PDMA is known to have a LCST around 50 

oC.19  The LCST of P(DMA-co-FM) random copolymers is defined as the temperature, 

at which 50% of the change in polymer aqueous solution transmittance occurs.17 

Figure 3-2 shows the LCST of the copolymer aqueous solution (10 mg/mL) 

investigated by Cary 300 UV-vis spectrophotometer. It was found that FS- and FMA-

based copolymers (PNFS-5 and PNFMA-5) had their LCSTs at 36 oC and 38 oC, 

respectively. Compared to PNFMA-5, PNF3-5 had a dramatically increased LCST from 

38 oC to 52 oC, suggesting increased monomer hydrophilicity (note: both contain 3 

fluorine atoms). This was resulted from the difference in molecular structure between 

&-! ÁÎÄ &σ%! ɉȰÍÅÔÈÁÃÒÙÌÉÃȱ ÉÎ &-! ÖÅÒÓÕÓ ȰÁÃÒÙÌÉÃȱ ÉÎ &σ%!Ƞ ȰÅÓÔÅÒȱ ÉÎ &-! ÖÅÒÓÕÓ 

ȰÁÍÉÄÅȱ ÉÎ &σ%!ɊȢ 7ÈÅÎ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÆÌÕÏÒÉÎÅ ÁÔÏÍÓ ÉÎ &σ%! ÐÒÏÇÒÅÓÓÉÖÅÌÙ 

decreased to two (F2EA) and one (F1EA), the LCST of the copolymers PNF2-5 and 

PNF1-5 further increased to 65 oC and 78 oC, because of improved monomer 

hydrophilic ity (through reducing the number of fluorine atoms). It becomes clear that 
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the hydrophilicity of fluorinated monomers could be increased either by introducing 

hydrophilic functional group or decreasing the number of substituted fluorine atoms.  

 

Figure 3-2. Temperature based transmittance changes of P(DMA -co-FM)-5 random copolymers 

ÁÑÕÅÏÕÓ ÓÏÌÕÔÉÏÎ ɉρπ ÍÇȾÍ,ɊȢ Ȱ&-Óȱ ÒÅÐÒÅÓÅÎÔÓ ÄÉÆÆÅÒÅÎÔ ÆÌÕÏÒÉÎÁÔÅÄ ÍÏÎÏÍÅÒÓ ɉ&-!ȟ &3ȟ 

F1EA, F2EA, F3EA). 

 

Compared to F1EA and F3EA, F2EA showed a balance between water solubility and 

number of fluorine atoms for the thermo-responsive properties, which was consistent 

×ÉÔÈ ,ÅÅ ÅÔ ÁÌȭÓ ×ÏÒËȢ17, 18 The LCST of thermo-responsive copolymers strongly 

depended on the monomer composition. The LCST of PNF2 could be tuned by 

adjusting the mole fraction of DMA and F2EA in the copolymer chains. A series of 

PNF2 copolymers having different F2EA molar fractions were synthesized and 

characterized (Run 4, 6-9 in Table 3-1 and Figure 3-3 a). Their inherent LCST curves 

were measured based on 10 mg/mL P(DMA-co-F2EA) (i.e. PNF2) aqueous solutions. 

It was found that, with the increased F2EA component 5, 10, 20, 40, 50 mol%, the 

LCST of PNF2 decreased from 65, 50, 45, 25 to 20 oC. This was because that F2EA was 

more hydrophobic than DMA, and that PF2EA had a much lower solubility in water 
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than PDMA.17, 18 The increased hydrophobic component decreased the temperature 

of phase transition. Figure 3-3 b) shows the LCST of P(DMA-co-F2EA) copolymer as a 

function of F2EA molar fraction. The data correlation suggested that in the range of 5-

50 mol%, the LCST decreased linearly with the F2EA fraction (fF2EA): ȰLCST = ״

0.93ǒfF2EA + 64ȱ. 

 

Figure 3-3. a) Temperature -based transmittance changes of P(DMA -co-F2EA) (PNF2) random 

copolymers with different F2EA molar fractions (5, 10, 20, 40 and 50 mol%). b) LCST of P(DMA -

co-F2EA) random copolymers as a function of F2EA molar fraction.  

 

2.4.3  O2 and CO2 switchable thermo -responsive random copolymers: O2-induced 

LCST shifting 

In addition to the thermo-responsive properties, all the fluorinated acrylamide 

copolymers of F1EA, F2EA and F3EA showed O2-switchable properties, which were 

compared with the previous reported copolymers of commercially available 

fluorinated monomers (FMA and FS). The O2-switchable properties were reflected by 

the shift in LCST of copolymer aqueous solution before (N2) and after O2 treatment at 

10 mL/min for 60 min.  
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2.4.3.1  Reversible LCST shifting upon O2 and CO2 treatment. 

 

Figure 3-4. a) Photographs of P(DMA -co-F2EA)-20 (PNF2-20) aqueous solution (10 mg/mL) at 

different temperature. The polymer aqueous solution was pretreated with CO 2, O2 and N2 

respecti vely. b) LCST curves of PNF2-20 aqueous solution (10 mg/mL) after different gas 

treatment procedures. c) The reversibility of PNF2 -20 aqueous solution upon O 2 and N2 

treatment.  

 

Figure 3-4 a) shows the photograph of gas-treated (CO2, O2 and N2) PNF2-20 aqueous 

solution (10 mg/mL) at different temperatures, which exhibited very different 

temperature-dependent turbidity changes. The trigger gas (O2 and CO2) treatment 

clearly increased hydrophilicity of the random copolymer. As seen in Figure 3-4 b), 

the inherent LCST (under N2 treatment) of PNF2-20 was determined to be 45 oC, 

which increased to 65 oC after 1 hour O2 treatment at 10 mL/min under ice-bath 
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protection. The van der Waals intermolecular interactions between O2 molecules and 

fluorine atoms in F2EA iÎÃÒÅÁÓÅÄ ÔÈÅ ÓÙÓÔÅÍȭÓ ÈÙÄÒÏÐÈÉÌÉÃÉÔÙ ÁÎÄ ÍÁÄÅ ÔÈÅ ÃÏÐÏÌÙÍÅÒ 

O2-switchale.31, 32 Different from O2, the copolymer treated with CO2 for 1 hour 

became totally water soluble and there was no LCST transition observed up to 85 oC. 

This was because CO2 dissolved in aqueous solution protonated the tertiary amine 

and dramatically increased the system hydrophilicity.12, 19 It has been reported in 

literature that CO2-induced LCST shift could be regulated by the CO2 treatment time 

(i.e., partial protonation of the tertiary amine atoms).19 Both CO2- and O2-induced 

increases in LCST were easily recovered by washing off the trigger gas through N2 

purging for about 30 min or by boiling the aqueous solutions for 2 min. The O2-

induced LCST shift and recovery of PNF2-20 aqueous solution were repeated for 

many cycles, without any lose of O2-responsive properties, as seen in Figure 3-4 c). 

 

2.4.3.2  Effect of FM type and content in the copolymer on LCST 

Figure 3-5 a) shows the temperature-based transmittance change of the copolymers 

of DMA with F1EA, F2EA, F3EA, FMA and FS, in 10 mg/mL aqueous solution. All the 

polymers showed increased LCST with O2 treatment. Specifically, the LCST of FMA-

based copolymer (PNFMA-5) increased from 38 oC to 73 oC, while FS-based copolymer 

(PNFS-5) increased from 36 oC to 65 oC. Figure 3-5 a, b) show that, treated with O2, 

the copolymers based on F1EA, F2EA and F3EA experienced an incomplete change in 

transmittance due to the temperature limit of 85 oC in the LCST characterization. The 

hydrophilicity of the copolymers was in the order of PNF2-5, PNF3-5 and PNF1-5. 
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PNF2-5 had the highest O2-induced hydrophilicity at 85 oC as seem from Figure 3-5 a) 

and b). It is very encouraging that only 5 mol% F3EA in the copolymer with DMA 

(PNF3-5), could obtain at least 33 oC of O2-induced LCST increase (from 52 oC to 85oC). 

This represented a significant improvement from previously reported 10.5 mol% 

FMA copolymer with DMA, P(DMA-co-FMA), which gave an increase from 24.5 to 55oC 

after O2 treatment.27 Figure 3-5 c, d) show the LCST curves and the LCST increase of 

P(DMA-co-F2EA) copolymers after O2-treatment. With the increased F2EA fraction in 

the PNF2 copolymer, the increase in O2-induced LCST gradually decreased. At the low 

fluorinated monomer content, the number of fluorine atoms played the major role in 

interacting with O2 and in increasing the polymer hydrophilicity. At the high 

fluorinated monomer content, the hydrophobicity derived from the fluorinated 

monomers restricted the increase in O2-induced hydrophilicit y. F2EA appeared to be 

the best O2-responsive monomer candidate reported so far. It provides adequate O2-

responisve capability, while not severely restricted by hydrophobicity. Moreover, the 

LCST of P(DMA-co-F2EA) could be tailor-made to various different levels for a wide 

range of  applications.  
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Figure 3-5. a) Temperature based transmittance changes of P(DMA -co-FMs) random copolymer 

with 5 mol% of different fluorinated monomers (FMs). b) LCST shift of P(DM A-co-FMs) before 

and after O2 treatment. c) Temperature based transmittance changes of P(DMA -co-F2EA) 

random copolymers with 5, 10, 20, 40 and 50 mol% of F2EA content. d) LCST shift of P(DMA -co-

F2EA) random copolymers before and after O 2 ÔÒÅÁÔÍÅÎÔȢ Ȱɕȱ ÍÅÁns that the LCST 

characterization were restricted due to the high temperature.  

 

It is important to mention that gas-switchable systems are usually limited to the 

operation temperature.12 O2-responsivity is based on van der Waals forces 

intermolecular interactions, while CO2-responsivity is on protonation. O2-

responsivity is more easily to be weakened by elevating temperature, which seriously 

breaks O2-fluorine interaction, decreases O2 solubility, and drives O2 out of the 
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aqueous solution. Actually, most gas-switchable applications are in the range of 

10~60 oC, the O2-responsive polymers reported in this work are promising as the O2 

responsive polymer systems. 

 

§ 3.5 Conclusion  

In conclusion, O2-switchable thermo-responsive random copolymers have been 

prepared from RAFT polymerization based on fluorinated acrylamide monomers 

(F1EA, F2EA and F3EA) and DMA. Improved water solubility and O2-responsivity of 

these copolymers have been demonstrated, in comparison to the previously reported 

commercially available O2-responsive monomer candidates (FMA and FS). The 

inherent LCST of these thermo-responsive copolymers can be precisely designed in a 

wide range of operation temperatures (from 20 to 65 oC) by varying their chemical 

composition. Furthermore, the shifting of LCST can be reversibly tuned by purging O2 

into their aqueous solutions, and recovered by removing the trigger gas with an inert 

gas washing or heating. Compared to FMA and FS, these fluorinated acrylamide 

monomers are more hydrophilic and efficient in introducing O2-switchability to the 

gas-responsive system. Their O2-switchabilities are also more durable in the higher 

temperature range. They are potentially good O2-switchable monomer candidates. 

This work provides a robust and efficient approach for the development of O2-

responsive monomers and their polymers, which significantly expanded the 

operation window. 
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§ 3.7 Supporting information  

 

 

Figure 3-S1. Schematic illustration of fluorinated acrylamide monomers (F1EA, F2EA, F3EA) 

preparation.  

 

 

Figure 3-S2. 1H NMR spectra of fluorinated acrylamides (F1EA, F2EA, F3EA) in CDCl3. 
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Figure 3-S3. Mass spectrometry (MS) of a) F1EA b) F2EA and c) F3EA. The high-resolution mass 

spectrometry was performed on Micromass Quattro Ultima (LC -ESI/APCI Triple Quadrupole 

Mass Spectrometer) with an electrospray ionization (ESI) source. (Polartiy: +ve)  
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Figure 3-S4. 1H NMR spectra of P(DMA-co-FS)-5 in CDCl3. 

 

Figure 3-S5. 1H NMR spectra of P(DMA-co-FMA)-5 in CDCl3. 
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Figure 3-S6. 1H NMR spectra of P(DMA-co-F1EA)-5 in CDCl3. 

 

 

Figure 3-S7. 1H NMR spectra of P(DMA-co-F2EA)-5 in CDCl3. 
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Figure 3-S8. 1H NMR spectra of P(DMA -co-F3EA)-5 in CDCl3. 

 

 

Figure 3-S9. 1H NMR spectra of P(DMA-co-F2EA) with 5, 10, 20,40, 50 mol% F2EA content in 

CDCl3. (PNF2-5, PNF2-10, PNF2-20, PNF2-40, PNF2-50)  
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Figure 3-S10. GPC characterization of  a) P(DMA-co-FMs) with 5 mol% of diffe rent fluorinated 

monomers (FS, FMA, F1EA, F2EA, F3EA) and b) P(DMA-co-F2EA) with 5, 10, 20,40, 50 mol% F2EA 

content in CDCl3. (PNF2-5, PNF2-10, PNF2-20, PNF2-40, PNF2-50), the molecular weight and 

polydispersity of all the random copolymers were listed in Table 2-1.  

 

 

Figure 3-S11. Water contact angle of the PFMA and PF3EA homopolymer films . 
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4 O2  AND CO2-SWITCHABLE THERMO-

RESPONSIVE HOMOPOLYMERS  

This chapter report s synthesis of the first O2 and CO2 dual gas-switchable functional 

monomer ȰAM(F1EA-DEAE)ȱ based on the O2 switchable monomer candidate F1EA 

prepared in Chapter 3 and CO2 switchable monomer DEA. The gas-switchable 

properties of their homopolymers are investigated. This chapter is reproduced from 

the published paper iÎ ,ÅÉ ,ÅÉȟ 1É :ÈÁÎÇȟ 3ÕÓÁÎ 3ÈÉȟ 3ÈÉÐÉÎÇ :ÈÕ ȰOxygen and Carbon 

Dioxide Dual Gas-Switchable Thermoresponsive Homopolymersȱ ACS Macro Lett., 

2016 , 5 (7), pp 828ɀ832 (DOI: 10.1021/acsmacrolett.6b00426) with the permission of 

ACS publisher. The supporting information referred in the text is attached at the end 

of this chapter. 
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This work is inspired from the publication of Jiang, ÅÔ ÁÌȢ ȰThermoresponsive 

Homopolymer Tunable by pH and CO2ȱ ACS Macro Lett., 2014 , 3 (11), pp 1121ɀ1125, 
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§ 4.1 Abstract  

Herein, we report the first oxygen (O2) and carbon dioxide (CO2) dual gas-switchable 

thermo-responsive polymers based on a newly synthesized monomer N-(2-

fluoroethyl amide)-N-(2-(diethylamino)ethyl) acrylamide, i.e. AM(F1EA-DEAE), 

which bears both O2-switchable fluorinated ethyl amide (F1EA) and CO2-switchable 

N,N-diethylamino ethyl (DEAE) moieties on its side chain. PolyAM(F1EA-DEAE) 

samples prepared from reversible addition-fragmentation chain transfer (RAFT) 

polymerization exhibited good temperature-responsive properties. Their inherent 

low critical solution temperature (LCST) could be reversibly tuned to different levels 

by respectively purging O2 or CO2 into its aqueous solution. The O2-treatment shifted 

LCST to a higher temperature, while the CO2-treatment made the polymer fully water 

soluble.  The polymer could be readily recovered to its initial state by washing off the 

trigger gas with an inert gas such as nitrogen. This work provides an effective 
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monomer design approach for the preparation of O2- and CO2 dual gas-responsive 

polymers. 

 

§ 4.2 Introduction  

Stimuli-responsive polymers able to shift their physicochemical properties in 

responsive to external input-stimulus like pH,1 light,2 thermo,3 ionic strength,4 and 

magnetic/electro field,5-6 have gained great interest over the past decades. Such 

appealing stimuli-ÒÅÓÐÏÎÓÉÖÅ Ó×ÉÔÃÈÉÎÇ ÆÅÁÔÕÒÅÓ ÍÁËÅ ÔÈÅ ÐÏÌÙÍÅÒÓ ȰÓÍÁÒÔȱ ÁÎÄ 

promise potential applications in sensors,7 optoelectronics,8 and control-release 

systems.9 Among various types of stimuli, the thermo-responsivity attracts the most 

attention. Lower critical solution temperature (LCST) is the key design parameter in 

developing thermo-responsive polymers.10 The shift of LCST reflects the change in 

water solubility or hydrophil icity of polymer induced by an extra stimulus such as 

pH.11-12 Gases represent a novel class of stimuli having clear advantages in 

applications, which require large volume operation (versus varying temperature 

through heating and cooling) or require little contamination (versus varying pH 

through adding strong acid and base), in comparison to other type stimuli-responsive 

systems. CO2 is the most reported gas trigger since it is green and abundant.13-14 CO2-

responsive polymers have been used to prepare various functional materials such as 

redispersible latexes,15-21 ȰÂÒÅÁÔÈÁÂÌÅȱ ÖÅÓÉÃÌÅÓ ÁÎÄ ÍÉÃÒÏÇÅÌÓȟ22-23 self-assembled 

ÍÏÒÐÈÏÌÏÇÙ ÔÒÁÎÓÉÔÉÏÎÓ ÂÅÔ×ÅÅÎ ȰÍÉÃÅÌÌÅÓȱȟ Ȱ×ÏÒÍÓȱ ÁÎÄ ȰÖÅÓÉÃÌÅÓȱȟ24 and even 
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mechano-responsive polymers based supersaturated CO2 solution.25 Oxygen (O2) is 

another outstanding gas trigger, which has been reported very recently. However, 

almost all O2-switchable polymers reported so far are from copolymerization of 

fluorinated O2-switchable monomers with some other hydrophilic monomers.22, 26-27 

Homo-polymerization of fluorinated monomers would result in very hydrophobic 

polymers with limited water solubility and thus impair their O2-switchable 

properties. Therefore, no O2-switchable homopolymers have been reported so far.  

Recently, multi-stimuli -responsive polymers represents an emerging area in smart 

polymer research and development.28-29 Adding two or more stimuli to a single 

stimuli -responsive system is of particular interest since it broadens the selection of 

triggers, improves the degree of  responsive precision, and enlarge the operation 

window for switching.30 Multi -stimuli -responsive polymers (e.g. thermo-light,31 

thermo-pH/CO2,11-12 light-pH-thermo32 and etc.) have been reported by incorporating 

various types of functional monomers in either block or random copolymers. 

However, block copolymerization normally involves time-consuming and 

troublesome intermediate steps for macroinitiator preparation and purification. 

Random copolymerization inevitably requires additional effort for investigating 

copolymer composition distribution. Multi -functional monomers are thus highly 

desirable for preparation of multi-stimuli -responsive polymers.  Huang et al.12 

synthesized an acrylamide monomer bearing both themo-responsive isopropyl amide 

and CO2/pH -responsive N,N-diethylamino ethyl groups, which can be polymerized 

into a thermo-responsive poly(N-(2-(diethylamino)ethyl) -N-(3-(isopropylamino) -3-
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oxopropyl)-acrylamide) homopolymers with its LCST tunable by both pH and CO2. It 

provides an effective alternative approach in preparation of multi-stimuli -responsive 

polymers through the design and synthesis of multi-stimuli -responsive monomers. 

In this work, we design and synthesize a novel monomer N-(2-fluoroethyl amide)-N-

(2-(diethylamino)ethyl) acrylamid e, i.e. AM(F1EA-DEAE), based the newly reported 

O2-switchable monomer candidate N-(2-fluoroethyl) acrylamide (F1EA),33-34 and the 

well-studied CO2-switchable poly((N,N-diethylamino)ethyl methacrylate) 

(PDEAEMA).35 This monomer bears a fluorinated ethyl amide (F1EA) moiety and an 

N,N-diethylamino ethyl (DEAE) moiety.  The former is O2-switchable while the latter 

is CO2-switchable. Its homopolymers, poly(N-(2-fluoroethyl amide)-N-(2-

(diethylamino)ethyl)) acrylamide, or polyAM(F1EA-DEAE), are prepared through 

RAFT polymerization. These samples are thermo-responsive and their aqueous 

solutions exhibit thermo-induced phase transition behaviors at low critical solution 

temperature (LCST). It is important to point out that such homopolymers can 

reversibly interact with O2 and CO2 in aqueous solution, which in turn change their 

water solubility and shift their LCST to higher temperatures. This work demonstrates 

the first O2 and CO2 dual gas-switchable thermo-responsive homopolymer system 

with gas-switchable LCST, which can be fully recovered to the initial state by washing 

off the trigger gas with an inert gas or heating. 
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Figure 4-1. Synthesis route of polyAM -(F1EA-DEAE) homopolymers  

 

§ 4.3 Experiments and Characterization  

4.3.1  Materials  

2-Fluoroethylamine hydrochloride (90%, Aldrich), acryloyl chloride (97%, Aldrich), 

N,N-diethylethylenediamine (99%, Aldrich), triethylamine (TEA, 99%, Aldrich), 4-

(dimethylamino)pyridine (DMAP, 99%, Aldrich), dichloromethane (DCM, 98%, 

Aldrich), ethyl acetate (98%, Aldrich), hexane (99.5%, Aldrich), anhydrous ethanol 

(EtOH, Aldrich), methanol (MeOH, Aldrich), sodium chloride (NaCl, 99.5%, Aldrich), 

sodium sulfate (Na2SO4, 99%, Aldrich), 2-(dodecylthiocarbonothioylthio) -2-

methylpropionic acid (DMP, 98%), dimethylformamide (DMF, 98%, Aldrich) were 

used as received. 2,2ȭ-Azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich) was 

recrystallized from methanol twice and stored in refrigeration prior to use. Milli-Q 

grade water prepared from Barnstead Nanopure Diamond system was used in all 
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aqueous solution preparation. CO2, O2, and N2 gases were controlled by FMA-A2100 

flow meters (Omega) to maintain a constant gas flow of 10 mL/min. 

 

4.3.2  Experiment  

4.3.2.1  Synthesis of N-fluoroethyl acrylamide (F1EA) 

F1EA was synthesized using the method described by Lee et al.1 Specifically, 2-

fluoroethylamine hydrochloride (10 g, 123.4 mmol), TEA (27.63 g, 185.1 mmol), 

DMAP (1.21 g, 9.87 mmoL, 8 mol%) and CH2Cl2 (130 mL) were added into a 250 mL 

round-bottom flask and immersed in an ice salt-water. Acryloyl chloride (13.96 g, 

154.3 mmol) diluted with 20 ml dichloromethane was then added dropwise under 

stirring within 20 min. The solution was allowed to react for 24 hours at room 

temperature. The solution was then washed with brine three times and the organic 

layer was dried with Na2SO4 and evaporated under reduced pressure. The residue 

product was purified by column chromatography with hexane and ethyl acetate 

mixture (V:V=1:5, with 1 vol. % TEA) as eluent, giving a light yellow oily liquid F1EA 

(7.83g, yield 66.64%). 1H NMR in Figure 4-3ρȡ ɿ ɉÐÐÍɊȡ τȢτȟ τȢφ ɉς(ȟ &#H2CH2), 3.4 

(2H, FCH2CH2), 5.68, 6.36, 6.58 (3H, CH=CH2). 

 

4.3.2.2  Synthesis of N-(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl) (F1EA-

DEAE) 
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F1EA (3.5 g, 30 mmol) and DEAE (4.17 g, 36 mmol)) were dissolved in 25 mL 

anhydrous ethanol under vigorous stirring. The mixture was stirred under reflux at 

80 oC and reacted for 72 hours. The solvent ethanol was evaporated under reduced 

pressure. The residue was purified by column chromatography on silica gel with DCM 

and MeOH (V:V=3:2, with 1 vol. % TEA) as eluent, giving orange oily liquid F1EA-

DEAE 1 product (6.25 g, yield 73.19%). 1H NMR in Figure 4-S2ȡ ɿ ɉÐÐÍɊȡ τȢσȟ τȢτ ɉς(ȟ 

FCH2CH2), 3.4 (2H, FCH2CH2), 8.03 (1H, CONH), 2.83 (2H, NHCH2CH2CONH), 1.98 (1H, 

HNCH2CH2CONH), 2.52 (2H, HNCH2CH2CONH), 2.5 (2H, HNCH2CH2N(C2H5)2), 2.39 

(2H, HNCH2CH2N(C2H5)2), 1.00 (6H, N(CH2CH3)2), 2.46 (4H, N(CH2CH3)2. 

 

4.3.2.3  Synthesis of N-(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl) acrylamide 

(AM(F1EA-DEAE)) 

AM-(F1EA-DEAE) was synthesized through amidation reaction of acryloyl chloride 

and the intermediate I (F1EA-DEAE). Specifically, F1EA-DEAE (8.1g, 233 g/mol, 34.73 

mmol), TEA (7.77g, 149.19 g/mol, 52.10 mmol), DMAP (8 mol%) and CH2Cl2 (20 mL) 

were added into a 50 mL round-bottom flask, which was immersed in an ice salt-

water. Acryloyl chloride (3.93 g, 43.42 mmol) diluted with 5 mL dichloromethane was 

then added dropwise under stirring within 20 min. The solution was allowed to react 

for 24 hours at room temperature. The solution was then washed with brine three 

times and the organic layer was dried with Na2SO4 and evaporated under reduced 

pressure. The residue was purified by column chromatography on silica gel with DCM 

and MeOH (V:V=3:2, with 1 vol. % TEA) as eluent, giving light yellow oily liquid 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

73 

AM(F1EA-DEAE) 2 product ( 3.62 g, yield 36%). 1H NMR in Figure 4-ρ ÁɊȡ ɿ ɉÐÐÍɊȡ 

4.3, 4.4 (2H, FCH2CH2), 3.4 (2H, FCH2CH2), 5.68, 6.36, 6.58 (3H, CH=CH2), 3.24 (2H, 

NCH2CH2CONH), 2.66 (2H, NCH2CH2CONH), 3.06 (2H, NCH2CH2N(C2H5)2), 2.53 (2H, 

NCH2CH2N(C2H5)2), 1.00 (6H, N(CH2CH3)2), 2.46 (4H, N(CH2CH3)2. 

 

4.3.2.4 Preparation of Poly(N-(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl) 

acrylamide) (PolyAM( F1EA-DEAE)) 

PolyAM-(F1EA-DEAE) homopolymers having three different molecular weights were 

synthesized from reversible addition-fragmentation chain transfer (RAFT) 

polymerization with 2-dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid 

ɉ$-0Ɋ ÁÓ ÔÈÅ ÃÈÁÉÎ ÔÒÁÎÓÆÅÒ ÁÇÅÎÔ ÁÎÄ ςȟςȭ-azobisisobutyronitrile (AIBN) as the 

initiator (Scheme 4-S1). The recipe was fixed to [Monomer]:[DMP]:[AIBN]=100:1:0.4 

by using DMF as the solvent. Specially, AM(F1EA-DEAE) (542 mg, 1.89 mmol), DMP 

(6.93 mg, 0.019 mmol), AIBN (1.25 mg, 0.08 mmol) and 0.5 ml of DMF were charged 

into a 2 mL flask sealed with rubber stopper. The solution was degassed with N2 for 

30 min under stirring. After that, the flask was placed into an oil bath of 80 oC and the 

polymerization was carried out for 16, 24 and 48 hours.  The product was precipitated 

in cold diethyl ether upon vigorous agitation, which was repeated three cycles to 

remove the unreacted monomers for purification of the polymer product. At the end, 

the polymer was vacuum dried at room temperature until constant weight. 

 

3.3.3  Characterization  
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1H NMR spectra of all the samples were collected in CDCl3 on Broke AV600 MHz NMR 

spectrometer. 13C NMR of the AM(F1EA-DEAE) monomer in CDCl3 and 19F NMR of P1 

in D2O under O2 and N2 treatment were taken on Broke AV200 MHz NMR 

spectrometer. The molecular weight and the polydispersity index of the 

homopolymers were collected from Waters 2690 Seperations Module by using THF 

as effluent at a flow rate of 1mL/min. The LCST of polymer aqueous solution (0.5, 1.0, 

2.0 mg/mL) was monitored by Cary 300 UV-vis spectrophotometer at 500 nm 

wavelength. The heating process was set from 5 to 85 °C at 1 °C/min temperature 

acceleration. Each sample was treated with specific gas of O2, CO2 and N2 under the 

protection of ice-bath for 1 hour and sealed in closed vial during measurement. 

 

§ 4.4 Results and Discussion  

The fluorinated acrylamide monomer F1EA (Figure 4-S1) was synthesized following 

the procedure described by Lee et al.33 The critical intermediate N-(2-fluoroethyl 

amide)-N-(2-(diethylamino)ethyl) ( 1: F1EA-DEAE) was synthesized from an Aza-

Michael addition reaction between F1EA and N,N-diethylethylenediamine in ethanol 

at 80 oC. Thus, both O2 and CO2 switchable moieties (F1EA and DEAE, respectively) 

were incorporated into this intermediate. The 1H NMR spectra in Figure 4-S2 

confirmed the structures of both fluoroethyl amide (F1EA) and diethylamino)ethyl 

(DEAE) functional groups in the intermediate 1 (F1EA-DEAE). Then, the multi-

responsive functional monomer N-(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl) 

acrylamide, i.e. 2 AM(F1EA-DEAE), was synthesized from an amidation reaction 
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between acryloyl chloride and the intermediate 1 (F1EA-DEAE). The molecule 

structure was confirmed by the 1H NMR and 13C NMR spectra in Figure 4-1. 

Specifically, the proton analysis in Figure 4-2 (a) confirmed the signal peak 

integration of Ia:I(b+e+f):Ic:I(d+g+h):Ii:I(j+k+l) = 2:6:1:8:6:3, suggesting successful 

preparation of the targeted monomer 2.  

 

 

Figure 4-2. 1H NMR (a) and 13C NMR (b) spectra of AM (F1EA-DEAE) monomer in CDCl3.  

 

Poly(N-(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl) acrylamide) 

homopolymers, polyAM(F1EA-DEA), having three different molecular weights were 

prepared through RAFT polymerization of AM(F1EA-DEAE) with 2-

dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP) as the chain 

ÔÒÁÎÓÆÅÒ ÁÇÅÎÔ ɉ#4!Ɋ ÁÎÄ ςȟςȭ-azobisisobutyronitrile (AIBN) as the initiator (Figure 4-

S3). The recipe was fixed to [Monomer]:[DMP]:[AIBN]=100:1:0.4 for all the 

polymerization runs conducted in DMF at 80 oC for different time periods in order to 

control the polymer molecular weight. The reaction mixtures were sampled for 1H 
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NMR characterization immediately after the polymerization was stopped. The 

ÍÏÎÏÍÅÒ ÃÏÎÖÅÒÓÉÏÎ ɉÍÏÌ ϷɊ ×ÁÓ ÅÓÔÉÍÁÔÅÄ ÆÒÏÍ Ȱɉ!4.4/2 -A5.5)/(A 4.4ȾςɊ ϼρππϷȱ 

ÂÁÓÅÄ ÏÎ ÔÈÅ ÁÒÅÁÓ ÏÆ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÐÅÁËÓ ÁÔ υȢυ ÐÐÍ ɉ Ȱ#H2=CH-ȱ ÐÒÏÔÏÎ ÏÆ ÕÎÒÅÁÃted 

AM(F1EA-$%!%Ɋ ÍÏÎÏÍÅÒɊ ÁÎÄ τȢτ ÐÐÍ ɉȰ&-CH2-ȱ ÐÒÏÔÏÎÓ ÏÆ ÂÏÔÈ ÕÎÒÅÁÃÔÅÄ 

AM(F1EA-DEAE) monomer and poly(AM(F1EA-DEAE)) homopolymer). The polymer 

ÍÏÌÅÃÕÌÁÒ ×ÅÉÇÈÔÓ ×ÅÒÅ ÔÈÅÎ ÅÓÔÉÍÁÔÅÄ ÆÒÏÍ Ȱɉρππ Ø ÃÏÎÖÅÒÓÉÏÎ ɉÍÏÌϷɊ ϼ ςψχ Ϲ σφτɊ 

ÇȾÍÏÌȱȢ Figure 4-S4 shows the 1H NMR spectra of the P1 homopolymer after 

purification, to confirm the macromolecular structure. The samples were also 

characterized by GPC measurements, as seen from Figure 4-S5. The GPC results 

agreed with the molecular weights from the NMR analysis and provided the 

polydispersity index (PDI) data. Table 4-1 summarizes a series of polyAM(F1EA-

DEAE) homopolymers with narrow molecular weight distribution prepared through 

RAFT polymerization.  

 

Table 4-1. Synthesis and characterization of polyAM(F1EA -DEAE) homopolymers.  

Sample 
Reaction 

time  
(Hours)  

 1H NMR a  GPC b  LCST c 

 
Con. 

(mol%)  
Mn 

(g/mol)  
 

Mn 
(g/mol)  

PDI  N2 O2 ɝ,#34ɉ/2) 

P1 16  64 18700  18100 1.14  38 52 14 

P2 24  75 21900  20300 1.19  40 55 15 

P3 48  94 27300  26300 1.21  45 61 16 

Note: aMonomer conversion (Con.%) and molecular weight (Mn) of polyAM(F1EA-DEAE) 

homopolymers estimated from 1H NMR spectra of the reaction mixture right after 

polymerization. bMolecular weight (Mn) and polydispersity index (PDI) of the homopolymers 
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determined by GPC. cLCST of the homopolymer aqueous solution (1 mg/mL) pretreated by N2 

or O2 at 10 mL/min for 1 hour. 

 

 

Figure 4-3. a) Temperature based transmittance curves of the aqueous solution (1 mg/mL) of 

polyAM(F1EA-DEAE) homopolymers having different molecular weights. b) PolyAM(F1EA -

DEAE) homopolymer (P1: 18700 g/mol) aqueous sol ution at different concentrations.  

 

The resulted polyAM(F1EA-DEAE) homopolymers exhibited very good water 

solubility at room temperature, which showed light yellow transparent color in 

aqueous solution (Figure 4-4 a). An abrupt increase in turbidity at a certain 

temperature was clearly observed with temperature increase, demonstrating the 

thermo-responsive phase transition behavior. The temperature based transmittance 

changes of polymer aqueous solution were measured by Cary 300 UV-vis 

spectrophotometer at 500 nm wavelength. The LCST was defined as the temperature, 

at which 5% decrease of the transmittance was reached. Figure 4-3 (a) shows the 

transmittance versus temperature curves for the aqueous solutions (1 mg/mL) of 

polyAM(F1EA-DEAE) homopolymers having different molecular weights. As the 
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molecular weight increased from 18700 g/mol (P1) to 21900 g/mol (P2) and 27300 

g/mol ( P3), the inherent LCST of the homopolymer increased from 38 oC to 40 oC and 

45 o#Ȣ 4ÈÉÓ ×ÁÓ ÒÅÓÕÌÔÅÄ ÆÒÏÍ Ô×Ï ÃÏÍÐÅÔÉÎÇ ÆÁÃÔÏÒÓȡ ȰÅÎÄ-ÇÒÏÕÐ ÅÆÆÅÃÔȱ ÁÎÄ ȰÄÉÌÕÔÅ 

ÅÆÆÅÃÔȱȢ12, 36 On one side, the chain-end carboxyl group from DMP initiator contributed 

to the hydrophilicity of polyAM(F1EA-DEAE), which could be significant especially for 

the low molecular weight sample. On the other side, at the same mass concentration, 

the higher molecular weight sample had the lower molar concentration and thus 

contained fewer polymer chains in the aqueous solution, leading to the higher LCST. 

4ÈÅ ȰÄÉÌÕÔÅ ÅÆÆÏÒÔȱ ÁÐÐÅÁÒÅÄ ÔÏ ÂÅ ÄÏÍÉÎÁÔÉÎÇȟ ÁÓ ÓÈÏ×Î ÉÎ Figure 4-3 (a). Such 

ȰÄÉÌÕÔÉÏÎ ÅÆÆÅÃÔȱ ×ÁÓ ÆÕÒÔÈÅÒ ÂÅ ÐÒÏÖÅÄ ÆÒÏÍ ,#34 ÃÕÒÖÅÓ ÆÏÒ ÐÏÌÙ!-ɉ&ρ%!-DEAE) 

homopolymer (P1) aqueous solution with different homopolymer concentrations. As 

shown in Figure 4-3 (b), homopolymer aqueous solution with lower polymer 

concentration exhibit higher LCST. 
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Figure 4-4. a) Photograph of polyAM(F1EA -DEAE) homopolymer (P1) aqueous solution (1 

mg/mL) at different temperatures. The polymer solutions were pretreated with N 2, O2 and CO2 

respectively for 1 hour at 10 ml/min under ice bath protection. b) Temperature -based 

transmittance curves of the homopolymer aqueous solution (1 mg/mL) under N 2, O2 and CO2 

treatment. C) Reversibility of LCST shift induced by O 2-treatment.  

 

It was also demonstrated that the polyAM(F1EA-DEAE) homopolymer exhibited O2 

and CO2 dual gas-switchable thermo-responsive properties. The LCST of polymer 

aqueous solution could be effectively switched by treatment with trigger gases (O2 

and CO2) at 10 ml/min for 60 min, and recovered by treatment with inert gas N2. 

Figure 4-4 (a) shows that the P1 aqueous solution treated with N2, O2 and CO2 

exhibited distinct turbidity difference at different temperatures (25, 38 and 52 oC). N2 

was used to remove the trigger gas (O2 or CO2) dissolved in the polymer solution, as 

the control sample for comparison. The O2 and CO2 treatment increased the polymer 

water solubility and shifted its transmittance-to-turbidity transition to higher 

temperature. These observations could be confirmed from the temperature-based 

transmittance curves shown in Figure 4-4 (b). The inherent LCST (under N2 

treatment) of the polymer was determined to be 38 oC, which increased to 52 oC after 

1 hour O2 treatment under ice-bath protection. CO2 treatment of 1 hour made the 

polymer totally water soluble and there was no LCST transition found in the 

transmittance versus temperature curve. It should be pointed out that the gas-

induced LCST shift could be regulated by controlling the gas (CO2) treatment time.11 

Table 4-1 lists the change of LCST induced by O2 treatment, also seen the LCST curves 

from Figure 4-S6. With the increase in molecular weight, the LCST of P1, P2 and P3 
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polymers increased 14, 15 and 16 oC, respectively. The effect of polymer molecular 

weight on LCST appeared to be minor.  

 

The O2-induced LCST increase could be attributed to the van der Waals intermolecular 

interaction between dissolved O2 molecules and the fluorine atoms of F1EA 

component, which increased the hydrophilicity of the polymer. This can be proved 

from the 19F NMR spectra of P1 in deuterium oxide (Figure 4-S7) after N2 and O2 

treatment, the fluorine peaks at -72.15 ppm under N2 condition downshifted to -71.93 

ppm after O2 treatment. This result is in agreement with the previous studies, 

suggesting that the coordination between the fluorinated moiety (F1EA) with O2 

affect the electron distribution around fluorine atoms, and thus change the chemical 

shift.26, 37-38 The CO2-triggered LCST increase was resulted from the protonation of the 

tert iary amine group in DEAE by CO2 dissolved in water, which significantly increased 

hydrophilicity of the polymer.11, 35 Both O2 and CO2 induced LCST increases were 

recoverable by washing off the trigger-gas through N2 purging for about 30 min or 

boiling the aqueous solution for 2 min. Since the polymer became totally water soluble 

after CO2-treatment, there was thus no LCST measurable in the temperature range. 

Figure 4-4 (c) shows the O2-induced LCST shift and recovery cycles for P1 aqueous 

solution (1 mg/m) .  The O2-induced LCST switching was reversible and repeatable for 

numerous cycles, without any loss of the O2-responsive properties. 
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It is worth mentioning that F1EA is just one example of many O2-switchable monomer 

candidates. Its homologues N-(2,2-difluoroethyl)acrylamide (F2EA) and N-(2,2,2-

trifluoroethyl)acrylamide (F3EA),33-34 could also be good candidates for preparation 

of O2-switchable homopolymers. 

 

§ 4.5 Conclusion  

In conclusion, we demonstrated O2 and CO2 dual gas-switchable thermo-responsive 

homopolymers through the monomer design by combining O2-switchable F1EA and 

CO2-swictbale DEAE into a single monomer. PolyAM(F1EA-DEAR) homopolymer was 

then synthesized by RAFT polymerization. The polymer exhibited an outstanding 

thermo-responsive property. Its inherent LCST could be reversibly triggered to 

different temperature levels. O2-treatment increased water solubility of the polymer 

and shifted LCST to a higher temperature. CO2-treatment made the polymer totally 

water soluble. This LCST shift was fully recoverable by removing the trigger gas with 

an inert gas washing or heating. This work provides an effective monomer design 

approach for preparation of O2-responsive homopolymers. 
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§ 4.7 Supporting information  

 

 

Figure 4-S1. 1H NMR spectra of F1EA in CDCl3. 

 

 

Figure 4-S2. 1H NMR spectra of F1EA-DEAE in CDCl3. 
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Scheme 4-S3. Synthesis route of polyAM(F1EA -DEAE) homopolymer from RAFT polymerization.  

 

 

 

 

Figure 4-S4. 1H NMR spectra of PolyAM(F1EA-DEAE) in CDCl3. 
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Figure 4-S5. GPC characterization of polyAM(F1EA-DEAE) homopolymers: P1, P2 and P3. 

 

 

 

Figure 4-S6. Temperature based transmittance curves of the P2 (21900 g/mol) and P3 (27300 

g/mol) homopolymer a queous solution (1 mg/mL) under N 2 and O2 treatment.  
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Figure 4-S7. 19F NMR spectra of P1 in D2O under N2 and O2 treatment.  

 

 

 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

89 

5 O2  AND CO2- DUAL GAS-SWITCHABLE 

MICROGELS  

In this chapter, we developed the first O2 and CO2 dual-gas switchable microgel 

system. This chapter is reproduced from the manuscript of ȰOxygen and carbon 

dioxide dual gas-responsive and switchable microgels prepared from emulsion 

copolymerization of fluoro- and amino-containing monomersȱ published in Lei Lei, Qi 

Zhang, Susan Shi, ShipiÎÇ :ÈÕ ȰOxygen and Carbon Dioxide Dual Gas-Responsive and 

Switchable Microgels Prepared from Emulsion Copolymerization of Fluoro- and 

Amino-Containing Monomersȱ Langmuir, 2015 , 31 (7), pp 2196ɀ2201 (DOI: 

10.1021/la504829j ), and with the permission from ACS publisher.  
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§ 5.1 Abstract  

We report herein the design and preparation of microgels that are responsive to both 

O2 and CO2 gases. The microgels were synthesized through soap-free emulsion 

copolymerization of O2-responsive monomer 2,3,4,5,6-pentafluorostyrene (FS) and 

CO2-responsive monomer 2-(diethylamino) ethyl methacrylate (DEA) with N,N'-

methylenebis(acrylamide) (BisAM) as the cross-linker. The P(DEA-co-FS) microgels 

dispersed in aqueous solution could undergo volume phase transitions triggered by 

either O2 and/or CO2 aeration. The particles were very responsive to CO2, while their 

responsivity to O2 was moderate. Microgels having different levels of the responsivity 

could be designed and prepared by varying the FS content in the copolymer. The 

phase transitions were also highly reversible and the initial states of microgels could 

ÂÅ ÅÁÓÉÌÙ ÒÅÃÏÖÅÒÅÄ ÂÙ Ȱ×ÁÓÈÉÎÇ ÏÆÆȱ ÔÈÅ ÔÒÉÇÇÅÒ ÇÁÓÅÓ ×ÉÔÈ .2. Multi -cycle O2, CO2 and 

N2 aerations were applied and no loss in the dual gas-responsivity and switchability 

was observed. 
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§ 5.2 Introduction  

Over the years, stimuli-responsive polymers have attracted increasing attention with 

high potential in various application areas.1, 2 Stimuli-responsive microgels, as one of 

the most important examples, have been developing very rapidly for potential 

applications, such as controlled delivery-release,3,4 oil recovery,5 water treatment,6 

Pickering emulsion,7, 8 and so on. Upon treatment with stimulus or triggers, chemical 

ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÈÅÓÅ ȰÓÍÁÒÔȱ ÍÉÃÒÏÇÅÌÓ ÃÏÕÌÄ ÂÅ ÒÅÖÅÒÓÉÂÌÙ ÃÈÁÎÇÅÄ ÔÈÒÏÕÇÈ 

interactions between polymer chains and solvent molecules, leading to dramatic 

volume phase transition (VPT) and thus making them useful switchable materials. 

The most studied types of highly effective stimulus and triggers are temperature, pH, 

and light. While advantageous in some specific areas, each type has general 

drawbacks in use.7, 8, 9 For example, when strong base and acid are employed to 

regulate pH, problems associated with buffer contamination and salt accumulation 

could occur.7, 9 Change of temperature with a large volume system is slow and is 

limited of heat transfer rate. Light inducement is constrained by the depth of 

radiation. Seeking and design of stimulus and triggers operational with large-volume 

systems at mild conditions are worth of much research effort in developing smart 

materials. 

 

Recently, the advent of gas stimuli/trigger has offered great opportunities.10, 11, 12 

Compared to other stimulus, gases are easy to operate in large volume systems, which 

are promising in industrial applications. Among the gas triggers, CO2 has raised great 
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interest, with steady increase in publications. CO2 is a weak gaseous acid, and it could 

react with amidine,13, 14, 15, 16 amine,17 and carboxyl groups,18 to increase or decrease 

their hydrophilicity. Moreover, CO2 could be easily washed off by simply bubbling of 

inert gas like N2, without any accumulation to the system. In the recent years, several 

CO2 switchable materials have been reported. For example, Jessop et al.14, 15, 19 and 

Wang et al.20, 21 designed and developed CO2-switchable latexes. The latex particles 

could be reversibly coagulated by N2 bubbling and re-dispersed by CO2 bubbling. 

These innovations potentially benefit the latex separation, storage and 

transportation. Armes et al.7 prepared poly(2-(diethylamino)ethylmethacrylate -co-

poly(ethyleneglycol) methacrylate) microgel, which underwent reversible latex-to-

microgel transition triggered by CO2/N 2 aeration. When this microgel was used as 

switchable surfactant for Pickering emulsions, CO2 purging for 4 h was needed for a 

complete demulsification. N2 purging alone was not enough to recover the Pickering 

emulsion. Very recently, Wang et al.22 reported a switchable Pickering emulsifier, 

which could be used to reversibly control the stability of Pickering emulsions by 

alternatively CO2/N 2 purging. 

 

CO2-stimulated transformation of morphologies has received much attention in the 

study of the switchable materials.23 Zhao et al. systematically studied CO2-triggered 

self-assembling of block copolymers. The hydrophilic-hydrophobic balance and shift 

of block copolymers with CO2 induction were examined,17, 24 which provided the 

foundation for the stimuli-responsive self-assembling.23 Various self-assembled 
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morphologies from block copolymers responsive to CO2 aeration, such as, expansion 

of spheres and vesicles,25 stretch of folded nanofibers,26 and compartmentalization of 

lamellar vesicles.26 Poly(ethylene oxide)-b-poly((N-amidine)dodecylacrylamide)-b-

polystyrene copolymers were synthesized and self-assembled into rigid tubular 

geometry, which could be transformed into vesicle and sphere back and forth by 

alternative CO2 and inert gas aeration.27 In addition, Yuan et al.12, 28 developed thermo 

and CO2 dual-responsive triblock copolymers poly[(N,N-diethylaminoethyl  

methacrylate)-b-(N-isopropylacrylamide)] and poly(N-isopropylacrylamide)-b-

ÐÏÌÙɉʀ-caprolactone)-b-poly( N,N-dimethylaminoethylmethacrylate), both could be 

reversibly turned from vesicle to spherical micelle and expanded vesicle by respective 

thermal and CO2 treatment. Furthermore, Feng et al.11 synthesized the block random 

copolymer of poly(ethylene oxide)-b-poly(2-(diethylamino)  ethylmethacrylate-co-

styrene) and demonstrated self-assembled vesicle structures responsive to CO2 

inducement (from vesicle to micelle).  

 

Besides CO2, O2-responsive polymers have also attracted growing interest. Very 

recently, O2-ÓÅÎÓÉÔÉÖÅ ÐÅÎÔÁǨÕÏÒÏÐÈÅÎÙÌ ÅÎÄ-capped poly(ethylene glycol) was 

reported by Jung et al.29 Interactions between oxygen and C-F bond increased the 

solubility of PF-PEG-PF and as a result, shifted its lower critical solution temperature 

(LCST) from 24.5 to 26 oC. Zhang et al.30 reported a new design of fluorinated 

polymers, based on commercially available 2,2,2-trifluoroethyl meth -acrylate (FMA) 

and N,N-dimethylaminoethyl methacrylate (DMA). The LCST of the copolymers in 
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aqueous solutions increased dramatically from 24.5 to 50 oC, which provided a big 

operation window for the O2-switchable materials. Later on, Zhang et al.31 prepared 

O2 and CO2 dual-responsive nano-aggregates of fluoro- and amino-containing 

copolymers. This type of copolymers could self-assemble into vesicles, which 

underwent various shape transformations upon O2 and CO2 treatments. With O2 

bubbling, the vesicles expanded eight times in volume, while CO2 bubbling collapsed 

the vesicular morphology and transformed it into small spherical micelle. 

 

Continuing our effort in preparation of smart materials, in this study, we designed and 

demonstrated a microgel system responsive to both CO2 and O2. These microgels were 

synthesized through soap-free emulsion copolymerization of CO2-switchable 

monomer 2-(diethylamino) ethyl methacrylate (DEA) and O2-swtichable monomer 

2,3,4,5,6-pentafluorostyrene (FS). N,N'-methylenebis(acrylamide) (BisAM) was used 

as the cross-linker (Scheme 4-1). The volume phase transitions (VPT) of the microgels 

were induced and regulated by both CO2 and O2 aerations. Moreover, the trigger gases 

could be easily washed off by simply bubbling inert gas N2. To our best knowledge, 

this is the first dual gas-switchable microgel system that is sensitive to both O2 and 

CO2. It should be pointed out that this work is very different from the previous work, 

which was based on self-assembly of amine- and fluorine- containing copolymers,29, 

30, 31 it represents the first O2/CO2/N 2 switchable microgel particle system of cross-

linked polymer network from an emulsion polymerization, which is much more 

industrially relevant.  
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Figure 5-1. Synthesis route of P(DEA-co-FS) microgel, and schematic representation of its CO 2 

and O2 responsive behavior.  

 

§ 5.3 Experiments and Charact erization  

5.3.1  Materials  

2-(Diethylamino)ethyl methacrylate (DEA, 99%, Aldrich) and 2,3,4,5,6- 

pentafluorostyrene (FS, 99%, Aldrich) were passed through an inhibitor remover 

column and stored under freeze prior to use. N, N'-Methylenebis(acrylamide) (BisAM, 

99%, Aldrich) and 2,2ȭ-azobis(2-methylpropionamidine) dihydrochloride (V -50, 

99%, Aldrich) were used as received. Milli Q grade water generated from Barnstead 

Nanopure Diamond system was used for all aqueous solution preparation. CO2, O2 and 

N2 gases were controlled by FMA-!ςρππȭÓ ÆÌÏ× ÍÅÔÅÒÓ ɉ/ÍÅÇÁ΅Ɋ ÔÏ ÍÁÉÎÔÁÉÎ 

constant gas flow of 10 mL/min. 

 

5.3.2  Experiment  

5.3.2.1  Preparation of P(DEA-co-FS) microgels 
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Poly(2-(diethylamino) ethyl methacrylate-co-2,3,4,5,6-pentafluorostyrene) 

microgels (in short, P(DEA-co-FS)) having different compositions were prepared via 

an aqueous surfactant free emulsion polymerization by using 2,2ȭ-azobis(2-

methylpropionamidine) dihydrochloride (V -50) as cationic initiator. FS content 

within the microgels were regulated between 0, 2, 5, 10, 15 and 50 wt% based on the 

total monomer mass (mDEA+mFS). All microgel samples had 2 wt% cross-linker BisAM 

in the recipe (with respect to the total monomer mass). Take the microgel with 5 wt% 

FS content as a synthesis example. 1.9 g of DEAEMA, 0.1 g of FS and 40 mg of BisAM 

were charged into a 100 mL round-flask. 45 mL of Milli Q water was then added. The 

flask was sealed with rubber stopper connected with gas inlet and outlet needles. The 

reaction mixture was magnetically stirred at 300 rpm and degassed with N2 flow. 

Meanwhile, the reactor was gradually heated to 70 oC. After 30 min, the pre-degassed 

initiator aqueous solution (40 mg of V-50 in 5 mL of water) was injected into the flask 

to start the polymerization. Within 10 min, the reaction system turned from 

translucent into creamy white. The reaction was continued for 9 hours and stopped 

by exposing the latex to air and cooling down to room temperature. The system pH 

during the polymerization process was about 8.3, which make sure the P(DEA-co-FS) 

microgel were prepared in their latex state. The particle size and distribution of the 

latex was characterized by DLS. The P(DEA-co-FS) microgel latexes were purified 

through dialysis (Dialysis membrane D0655, Aldrich; 12.4 KD of MWCO) against 

deionized water (DI water) in order to remove residual monomers and oligomers. The 
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dialysis water (pH about 6.8) was changed twice every day for 5 days. The microgel 

latexes were dialyzed in their slightly swollen microgel state. 

 

5.3.2.2  CO2 and O2 responsivity tests of P(DEA-co-FS) microgels 

The purified P(DEA-co-FS) microgel dispersions were diluted with DI water to 0.5 

mg/mL and pretreated with N2 before the tests. The dispersions were purged with 

two cycles of different gases in the order of ɼN2ʤCO2ʤO2ʤN2ʤO2ʤCO2ʤN2ɽ at 

a constant flow rate of 10 mL/min. Each gas aeration was continued for one hour and 

after which, the microgel dispersions were sampled for the DLS test. 

 

5.3.2.3  Swellability tests of P(DEA-co-FS) microgels 

The swelling ratios of P(DEA-co-FS) microgels with different FS contents under CO2 

or O2 treatment were estimated from the DLS measurement. N2-treated microgel 

latexes were taken as reference. The changes in swelling ratio were followed in 

bubbling constant CO2 and O2 flow (10 mL/min) into 15 mL of microgel dispersions 

(0.5 mg/mL) for one hour in glass tubes. The particle sizes before and after gas 

treatment were recorded and the corresponding swelling ratios were calculated from 

ɻCO2 = VCO2/V N2 = (DCO2/D N2)3 ÁÎÄ ɻO2 = VO2/V N2 = (DO2/D N2)3, wÈÅÒÅ Ȱ$CO2ȱ ÁÎÄ Ȱ$O2ȱ 

represent hydrodynamic diameters of the microgels after CO2 and O2 treatment; and 

ȰɻCO2ȱ ÁÎÄ ȰɻO2ȱ ÁÒÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ Ó×ÅÌÌÉÎÇ ÒÁÔÉÏÓȢ Ȱ$oȱ ÉÓ ÔÈÅ ÈÙÄÒÏÄÙÎÁÍÉÃ ÄÉÁÍÅÔÅÒ 

ÏÆ ÔÈÅ ÌÁÔÅØ ÐÁÒÔÉÃÌÅÓȟ ÒÉÇÈÔ ÁÆÔÅÒ ÔÈÅ ÐÏÌÙÍÅÒÉÚÁÔÉÏÎȟ ×ÈÉÌÅ Ȱ$N2ȱ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÄÉÁÍÅÔÅÒ 

of the particles after dialysis purification and N2 treatment. 
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5.3.3  Characterization  

The changes in turbidity of the microgel dispersions after N2, O2, and CO2 treatments 

were followed by recording transmittance of the dispersions at 550 nm using UV-Vis 

(Brookhaven, DU 800) Spectrophoto Meter. The hydrodynamic diameters of the 

microgels at different swelling states were detected at 22 °C using Particle Size 

Analyzer (Brookhaven, 900Plus), equipped with 35 mW red diode laser source at 600 

nm wavelength with a detection angle of 90 °. The samples were equilibrated for 180 

s before detection, then conducted for 180 s with 30 s interval between 

measurements. Each measurement was performed 3 times. TEM images were 

recorded to characterize the changes in particle size and morphology of the microgels 

before and after gas treatments. One drop of phosphotungstic acid (PTA) aqueous 

solution (0.2 wt%) was added to 1.5 mL of microgel dispersions pretreated by N2, O2 

and CO2 for the purpose of staining purpose. The trace amount of PTA did not change 

pH of the solutions (remained 7.2) and did not cause particle swelling. After that, the 

microgel dispersion was drop coated on copper grid and immediately freezed by 

liquid nitrogen. The microgel sample was freeze-dried before the TEM tests. TEM 

images were recorded using JEOL-1200ex instrument. 

 

§ 5.4 Results and Discussion  

5.4.1  Preparation and characterization of P(DEA -co-FS) microgels 
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Table 5-1 summarizes the experimental conditions and particle size data from the 

ȰÏÎÅ-ÓÈÏÔȱ ÓÏÁÐ-free emulsion copolymerization of CO2-switchable monomer DEA 

and O2-swtichable monomer FS with BisAM as the cross-linker. The pH value of the 

reaction system was about 8.3 before polymerization, which were initiated by cationic 

initiator V -50 at 70 oC and lasted for 9 hours. All the runs turned from translucent to 

creamy white within 10 min after initiator injection and yielded stable latexes. The 

amounts of cross-linker, initiator and total monomer were kept the same, while the 

weight percent of FS varied from 0~50 %. The microgels right after polymerization 

had the number-average particle diameters between 192 nm and 373 nm, with 

ÒÅÌÁÔÉÖÅÌÙ ÎÁÒÒÏ× ÓÉÚÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ɉЅ πȢπωɊȢ 4ÈÅ ÍÉÃÒÏÇÅÌ ÄÉÁÍÅÔÅÒ ÄÅÃÒÅÁÓÅÄ ×ÉÔÈ 

the increased FS content. This could be attributed to hydrophobicity of the FS units 

and their strong C-F intramolecular forces,27 leading to much solid microgel 

structures. The DN2 values were smaller than DoȭÓ ÂÅÃÁÕÓÅ ÏÆ ÔÈÅ ÒÅÍÏÖÁÌ ÏÆ ÏÌÉÇÏÍÅÒÓ 

and unreacted monomers in the dialysis purification. The total monomer conversions 

determined by a gravimetric method ranged from 55-70 wt%. Take Run 3 as an 

example, after polymerization, the comonomer (FS) conversion in P(DEA-co-FS) 

microgel estimated from the total monomer conversion and polymer composition 

was about 78 wt%. 
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Table 5-1. Experimental conditions of the emulsion copolymerization of DEA and FS with 

BisAM, and particle sizes of the resulting P(DEA -co-FS) microgels 

2ÕÎÁ &3Â ɉ×ÔϷɊ 
$πÃ 

ɉÎÍɊ 
0$)Ã 

$.ςÄ 

ɉÎÍɊ 

/ς  #/ς 

$/ςÄ ɻ/ςÅ $#/ςÄ ɻ#/ςÅ 

ρ π σχσ πȢπφψ συς ̇ ̇  ρπτπ ςυȢψ 

ς ς ςχρ πȢπτρ ςφς στφ ςȢσπ  φωπ ρψȢσ 

σ υ ςτσ πȢπχτ ςρυ σχπ υȢρπ  τωυ ρςȢς 

τ ρπ ςςσ πȢπτχ ςπψ σπχ σȢςς  τρφ ψȢππ 

υ ρυ ςρς πȢπφυ ρωτ ςπυ ρȢρψ  σσυ τȢσφ 

φ υπ ρως πȢπυρ ρυρ ρυφ ρȢρπ  ρφσ ρȢςφ 

Note: a: Run 1-6 were conducted with 2 wt% BisAM cross-linker at 70 ºC for 9 h. b: With 

respect to the total monomer weight of FS and DEA. c: Hydrodynamic diameter and particle 

size distribution of the microgel latexes right after ÐÏÌÙÍÅÒÉÚÁÔÉÏÎȢ Äȡ Ȱ$CO2ȱȟ Ȱ$O2ȱ ÁÎÄ Ȱ$N2ȱ 

represent hydrodynamic diameters of the microgels after CO2, O2 and N2 ÔÒÅÁÔÍÅÎÔȢ Åȡ ȰɻCO2ȱ 

ÁÎÄ ȰɻO2ȱ ÒÅÐÒÅÓÅÎÔ ÔÈÅ Ó×ÅÌÌÉÎÇ ÒÁÔÉÏ ÏÆ ÍÉÃÒÏÇÅÌ ÁÆÔÅÒ #/2 and O2 treatment. 

 

5.4.2  CO2 and O2 responsivity of P(DEA-co-FS) microgels 

The CO2 and O2 responsivity of P(DEA-co-FS) microgels were thoroughly investigated 

by taking the microgel with 5 wt% FS (Run 3) as example. The N2-saturated microgel 

dispersions were used as the initial latex. A constant CO2 or O2 flow at 10 mL/min was 

purged into the dispersion to trigger the responses, which were later expelled by 

purging N2 (10 mL/ min) to recover the system to initial state. 
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Figure 5-2. Gas responsive characterization of P(DEA -co-FS) microgel (Run 3) dispersions (0.5 

mg/mL) upon N 2, CO2 and O2 treatments. a) Digital photos. b) Chang e of particle diameter with 

time (every 10 min) in the CO 2 (blue square) or O 2 (red circle) induced swelling, and the N 2 

(black square and circle) assisted deswelling processes. c) DLS data of the microgel dispersions 

before (black) and after treatment wit h CO2 (blue) and O 2 (red), respectively.  

 

Optical changes of the microgel dispersion after CO2, O2 and N2 treatment were shown 

in Figure 5-2 a). The original microgel dispersion (top) was creamy-white, which 

became clear gradually after 30 min purging with O2 (right). O2 appeared to be not as 

efficient as CO2 (left), which took only about 10 min to become transparent. The 

microgel dispersion remained as stable dispersion after treating with O2 and CO2, no 

particle coagulation was observed. Turbidity measurement confirmed the optical 

changes. The transmittance of the initial microgel dispersion at 550 nm was 13.3 %, 

and it increased to 79.9 % and 84.1 % after 1 hour of O2 and CO2 aeration, respectively. 

This dramatic transmittance increase is caused by the refractive index decrease due 

to microgel swelling. 

 

The changes of microgel diameter with time were monitored by dynamic light 

scattering during gas-response and recovery processes in every 10 min, Figure 5-2 b) 
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shows both swelling and deswelling kinetics of Run 3 sample towards CO2/O2 and N2 

treatments. Each gas treatment was continued for 60 min to ensure fully replacement 

of the previous trigger gas and saturation of the new gas. As it can be seen, in only 10 

min of purging initial microgel dispersion (215 nm) with CO2, the latex was swelled 

to more than 95 % (486 nm) of its total diameter expansion. Further CO2 purging 

leveled off the diameter at about 495 nm. This CO2 induced microgel swelling was 

recovered by 95% in 20 min of N2 purging. The total recovery to the initial latex state 

required 60 min N2 purging. In comparison, purging O2 for 40 min swelled the 

microgel particles by 95% (364 nm), which was slower than CO2 trigger process (10 

min). Similarly, applying longer O2 treatment time slightly increased the diameter to 

a constant value at 370 nm, which could be fully recovered within 60 min by N2 

purging. Figure 5-2 c) also showed the increased hydrodynamic diameters from the 

initial microgel after the O2 and CO2 treatments. The particle size distributions were 

clearly unimodal. These changes in both turbidity and particle size demonstrated the 

responsivity of P(DEA-co-FS) microgels to CO2 and O2.  

 

Transmission electron microscopy (TEM) was applied to further visualize volume 

expansion of the microgels upon gas stimulus. Phosphotungstic acid (PTA) aqueous 

solution was used as the staining agent. A typical spherical particle morphology was 

observed for the original microgel, as shown in Figure 5-3 a). As measured from the 

TEM images, the average particle size of the original microgel was approximately 193 

± 16 nm. After treated with O2, the particle size increased to around 338 ± 32 nm 
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(Figure 5-3 b). After treated with CO2, the microgels expanded to 455 ± 45 nm (Figure 

5-3 c). These TEM images clarified the obvious particle size increase without 

aggregation could clearly be observed. The particle size results were somewhat 

smaller than those obtained from DLS measurement, this is because the 

hydrodynamic diameters of the microgel obtained from DLS included the thickness of 

electrical double layer, which was absent in TEM test.  Thus, it can be concluding that 

volume expansion of the microgel were caused by the individual microgel swelling, 

not their coalesce/aggregation. 

 

 

Figure 5-3. TEM images of P(DEA-co-FS) microgels (Run 3): a) after N 2 treatment; b) after O 2 

treatment; c) after CO 2 treatment.  

 

Reversibility of the volume expansion with CO2 and O2 treatments was then examined 

to see if the dual gas switchable process could be reversed by purging the system with 

inert gas N2. The gas replacement process was repeated by two cycles of gas aeration 

in the order of ɼN2ʤCO2ʤO2ʤN2ʤO2ʤCO2ʤN2ɽ. Figure 5-4 shows changes of 

the particle size as measured by DLS, during the two cycles of gas treatments. The data 
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was very reproducible, which clearly demonstrated good switchability of the P(DEA-

co-FS) microgels by O2, CO2 and N2 bubbling. 

 

 

Figure 5-4. Changes in the particle size of P(DEA-co-FS) microgels (Run 3) during two cycles of 

CO2, O2 and N2 treatments.  

 

It has become clear that both CO2 and O2 could effectively drive the volume expansion 

of the microgels. Typically, when P(DEA-co-FS) microgel dispersion was treated by 

CO2, the system transferred from milky white to nearly transparent (see Figure 5-2 

a). This was because the tertiary amine groups of DEA were easily protonated by CO2 

dissolved in aqueous solution.23 In order to balance the osmatic pressure generated 

by the charges, water molecules swelled into the microgel network, which reduced 

ÔÈÅ ÓÙÓÔÅÍȭÓ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇ ÉÎÄÅØ ÁÎÄ ÌÅÄ ÔÏ ÔÈÅ ÃÒÅÁÍÙ-to-transparent conversion.32 

This process could be easily reversed by N2 aeration, which expelled the dissolved CO2 
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and the hydrodynamic volume of the microgel particles returned to the original value. 

In the O2-triggered volume transition, the fluorinated component enhanced O2 

solubility in water. 33, 34, 35 Interactions between the dissolved O2 molecules and the 

fluorine atoms in the polymer improved hydrophilicity of the material,30, 31 and thus 

facilitated water absorption and swelling of the microgels. The dissolved O2 molecules 

could also be easily washed off by N2 bubbling to recover original state of the 

microgels. It should be pointed out that the particle size distribution increased after 

it was treated by active gas (CO2 and O2) to their swollen state. The distribution went 

back to its original level after N2 purging. DLS and TEM results suggested no 

agglomeration happened during CO2/O2/N 2 cycles. It can also be pointed out that our 

experiment results verified that pure PDEA microgel latex was not responsive to O2 

and pure PFS latex was not responsive to CO2. DEA and FS units in P(DEA-co-FS) 

microgel were one to one stimuli-responsive toward CO2 and O2, respectively. 

 

5.4.3  %ÆÆÅÃÔ ÏÆ &3 ÃÏÎÔÅÎÔ ÏÎ Ó×ÅÌÌÁÂÉÌÉÔÙ ÏÆ 0ɉ$%!ȤÃÏȤ&3Ɋ ÍÉÃÒÏÇÅÌÓ 

The CO2 and O2 responsivity of P(DEA-co-FS) microgels stemmed from the 

corresponding functional monomers (DEA and FS). The composition of the microgel 

was critical to the gas triggered swelling properties. All the microgel samples 

synthesized in this work had the fixed cross-linker content of 2 wt% BisAM. The FS 

content was varied from 0, 2, 5, 10, 15 to 50 wt% to regulate the O2/CO2 triggered 

swelling ratio. 
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Figure 5-5. Change of the swelling ratio in CO 2 and O2 treatment of P(DEA -co-FS) microgels with 

respect to the FS content. 

 

Figure 5-5 shows a clear trend of the change in swelling ratio with respect to the 

microgel composition. Pure PDEA microgels, prepared in the absence of FS content 

(corresponding to 0 wt% of FS), gave a CO2-induced swelling ratio of 25.8. Adding 2 

wt% FS content made the microgel responsive to both CO2 and O2. The O2-induced 

swelling ratio was 2.30, while the CO2-induced swelling ratio decreased from 25.8 to 

18.3. The swelling mechanisms towards CO2 and O2 were different: CO2 protonated 

amine group while O2 interacted with fluorine moiety. Introduction of the FS content 

reduced the number of functional groups responsive to CO2. The fluorine moieties 

also provided constraints on volume expansion of the microgel in the CO2-induced 

swelling. When the FS content increased to 5 wt%, the O2-induced swelling ratio 

reached to its highest level, while the CO2-induced ratio continued to decrease. 
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Further increasing the FS content to 10 wt% reduced the swelling ratios triggered by 

both O2 and CO2. Swellability of the microgels stemmed from O2-fluro interactions was 

relatively low, compared to that of amine group by CO2. PFS is also a super-

hydrophobic polymer. Too much hydrophobic component prevented the network 

from volume expansion. When the FS content reached 15 wt%, the O2-induced 

swelling ratio decreased to only 1.18, but it could still be swollen with CO2 treatment 

ɉɻCO2 = 4.36). With 50 wt% FS content, the microgel became insensitive to CO2 or O2 

inducement. It becomes clear that P(DEA-co-FS) microgels having different levels of 

CO2 and O2 dual responsivity could be designed by varying the FS content. It should 

be pointed out that the latexes containing pure PFS were not oxygen responsive and 

the particles did not change their size after treated with O2 for even hours. 

 

§ 5.5 Conclusion  

The microgels were prepared through soap-free emulsion copolymerization of 

2,3,4,5,6-pentafluorostyrene (FS) and 2-(diethylamino) ethyl methacrylate (DEA) 

with 2 wt% N,N'-methylenebis(acrylamide) (BisAM) as the crosslinking agent. The FS 

content varied from 0, 2, 5, 10, 15 to 50 wt%, based on the total monomer mass. The 

microgels thus synthesized contained fluoro- and amino- moieties and were 

responsive to both O2 and CO2. The particles dispersed in aqueous solution underwent 

significant volume expansion with O2 and/or CO2 aeration. The swelling ratio strongly 

depended on the FS content. With 5 wt% FS, the microgel particles increased from 

215 nm to 370 nm in diameter when bubbled with O2 and to 495 nm when bubbled 
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with CO2. These volume phase transitions were reversible and could be easily 

recovered by N2 aeration. When bubbled with N2, both the O2- and CO2-treated 5 wt% 

FS particles shrank to 215 nm. The particle sizes associated with O2, CO2 and N2 

treatments were definite and repeatable, regardless of the order of gas aeration and 

the number of cycles applied. It is believed that this work represented the first report 

on the design and preparation of dual gas-responsive and switchable microgels. 
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6 O2  AND CO2- DUAL GAS-SWITCHABLE 

MICROGEL-COLLOIDOSOME  

This chapter is the continue work of chapter 5. Based on the O2 and CO2 dual-gas 

switchable microgels, microgel-colloidosomes are prepared from Pickering emulsion 

template and used as microcapsules for hierarchical control-release of water soluble 

cargo molecules. This chapter is reproduced from the published work in Lei Lei, Qi 

:ÈÁÎÇȟ 3ÕÓÁÎ 3ÈÉȟ 3ÈÉÐÉÎÇ :ÈÕ ȰBreathable microgel-colloidosome: Gas-switchable 

microcapsules with O2 and CO2 tunable shell permeability for hierarchical size-

selective control-releaseȱ Langmuir, 2017, 33 (24), pp 6108ɀ6115 (DOI: 

10.1021/acs.langmuir.7b01092) with the permission from ACS publisher. The 

supporting information referred in the manuscript is attached at the end of this 

chapter.  
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revision of the manuscript. Dr. Zhu did the final revision before submission.  

 

§ 6.1 Abstract  

Microcapsules enabling precise delivery and controlled release are highly 

desirable. However, it is still challenging to control the release profile by 

regulating the microcapsule shell permeability. In this work, gas-switchable 

microgel-colloidosome (MGC) with oxygen (O2) and carbon dioxide (CO2) dual 

gas-tunable shell permeability has been developed and tested for control-release 

of water-soluble cargo molecules, based on size exclusion mechanism. The O2 and 

CO2 dual gas-switchable poly(2-(diethylamino)ethyl methacrylate-co-2,3,4,5,6-

pentafluorostyrene), P(DEA-co-FS), microgels having surface modified with 

amino group (ɀNH2) were synthesized and used to stabilize oil-in-water (O/W) 

Pickering emulsions. The oil soluble poly(propylene glycol) diglycidyl ether 

(PPGDGE) was added as an inter-microgel cross-linker. The cross-linking between 

adjacent microgel particles at the water-oil interface was achieved through the 

amine-epoxy reaction of PPGDGE with the amine groups at the particle surface. 

Fluorescent-labelled dextran model cargo molecules of 10 kDa (D1) and 2000 kDa 
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(D2) were uploaded under CO2 treatment and locked inside the MGC with N2 

treatment. The O2 and CO2 dual-gas switchable properties offered the MGC with 

tunable shell permeability, which allowed the hierarchical release of D1 and D2 

based on size exclusive mechanism. This work provides a robust method for 

preparation of gas-switchable microcapsules with tunable permeability and size-

exclusive hierarchical release profile, promising for multiple ingredient 

controllable release, separation, and reaction. 

 

§ 6.2 Introduction  

For decades, microcapsules that enable accurate encapsulation, delivery and control-

release of active or sensitive ingredients (e.g. chemical and biological molecules) are 

of great interest and motivation for both academic research and pharmaceutical 

industry.1-2 Encapsulation increases stability and lifetime of the active cargoes and 

protect them against harsh environment. The encapsulation also facilitates accurate 

delivery and controlled release to avoid side effects of miss-targeting and over-dosage 

of active cargoes.2 Various microcapsules have been developed from block copolymer 

self-assembling (vesicles/polysomes),3 polymer precipitation by phase separation,4 

interfacial polycondensation,5 layer-by-layer polyelectrolyte deposition,6-8 and so on.  

  

Colloidosome is one of the most studied microcapsules, with its shell built by self-

assembled colloid particles at oil/water interface template from Pickering emulsion.2, 
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9-10 Technically, almost all particles (e.g. microgels,11-14 silica sols,15 polystyrene 

latexes,1, 16-17 Au18, Fe3O4
19 and metal-organic framework (MOF)20 nanoparticles) 

capable of stabilizing Pickering emulsion droplets can be used as building blocks for 

preparation of colloidosomes. The size of colloidsome could be controlled by oil and 

water phase selection, regulating the oil/water phase fraction, the concentration of 

particulate stabilizer (building block), the homogenization speed, and so on.9-10 

Subsequent processing for robust colloidosome fabrication, such as colloidosome 

transfer (remove emulsion template) and purification, normally requires 

reinforcement (locking) of the particle shell, which can be realized by thermo 

annealing,17 chemical cross-linking,1, 16, 21 and physical bridging through trapping of 

high molecular weight polymers.13  The colloidosomes made from coagulated or fused 

colloid particles process semipermeable features, allowing entrapped cargo 

ingredients to diffuse through, with a diffuse rate controlled by shape, orientation, 

and uniformity of the interstices between encapsulants and colloid shell membrane, 

based on a size exclusive mechanism.9-10, 13 Breaking or dissolution of the 

microcapsule shell would result in an immediate release of the encapsulated 

ingredient, while a sustained release is often preferable.22 Thus, control over release 

profile of the core ingredients represents a critical challenge in the development of 

microencapsules. 

  

Due to the flexibility of mi crogels, microgel-colloidosome (MGC) with tunable 

swellbility (shell permeability) can be prepared as smart microencapsules for 
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controlled release in response to external triggers such as pH- 11-12, 16 and thermo-,13-

14, 21 and magnetic.15, 19, 23 For example, using poly(N-isopropylacrylamide) (PNIPAM) 

microgel particles, Shah et al. reported thermo-responsive MGC with reversible 

thermo-induced size changes through microfluidic W/O emulsion template.14  Cayre 

et al. reported pH-responsive MGC from polystyrene latex surface modified with 

poly(dimethylaminoethyl methacrylate) (PDMA).1 The microgel particles on 

emulsion droplet surface were chemically cross-linked either by 1,2-bis-(2-

iodoethoxy)ethane (BIEE, amine in DMA reacted with iodo-end group in BIEE) or by 

poly(propylene glycol) diglycidyl ether (PPGDGE, amine in DMA reacted with epoxy-

end groups in PPGDGE).  Both encapsulation and controlled release of dextran 

molecules were achieved by regulating pH of the environment.1 An alternative 

method for smart colloidosome preparation is to encapsulate some stimuli-

responsive absorbent objects within colloidosome to capture and release cargos upon 

the treatment of external triggers. Sander et al. prepared pH and magnetic dual-

responsive colloidosomes.15 Fe3O4 nanoparticles incorporated in the shell led 

migration of the colloidosome to a target position under magnetic field. The pH 

regulation controlled on-off desorption and release of cargo molecules from the 

absorbent particles. 

  

Among all stimuli, gas-switchable polymers have attracted tremendous attention in 

the recent years. Carbon dioxide (CO2) is the most reported trigger gas.24-28 After 

hydrolysis in water, CO2 can reversibly react with amine, amidine, guanidine and 
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imidazole moieties and regulate their hydrophilicity.25, 28 Another gas trigger is O2, 

which can reversibly interact with fluorinated groups in aqueous solution through 

van de Walls interaction and increase water solubility of the fluorinated monomers.29-

33 These gas-Ó×ÉÔÃÈÁÂÌÅ ÐÒÏÃÅÓÓÅÓ ÁÒÅ ȰÇÒÅÅÎȱ ÁÎÄ ÅÆÆÉÃÉÅÎÔȟ ×ÉÔÈÏÕÔ ÂÕÆÆÅÒ 

contamination and fully reversible without loss of switchability. Moreover, O2 and CO2 

possess great biocompatibility and membrane permeability, making them desirable 

candidates for biomedical applications such as controlled drug release and tissue 

engineering. O2 and CO2 dual-gas switchable microgels has been reported.33 The 

microgels can swell to different levels upon O2 and CO2 treatment respectively, and 

recover to their initial states by wash off the trigger gases with N2. In this work, using 

such O2 and CO2 dual-gas switchable microgel particles as building block, we prepared 

microgel-colloidosomes (MGC) with tailored shell permeability through microgel-

stabilized oil-in-water (O/W) Pickering emulsion. The adjacent microgel particles at 

the MGC shell were crosslinked with an oil soluble cross-linker. The internal oil core 

phase and the excess microgels in the aqueous phase were removed through 

centrifuge-washing cycles. The prepared MGCs were tested as smart microcapsules 

for control -release of water-soluble ingredients. Dextran molecules of 10 and 2000 

kDa were successfully loaded into the MGCs using CO2 to maximize the shell 

permibility. A hierarchical release of D1 and D2 molecules was demonstrated by 

treating the MGC with O2 and CO2, respectively. To our best knowledge, this work 

represents the first gas-switchable MGC system. The O2 and CO2 dual gas-tunable shell 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

117 

premibility and hierarchical release profile of the MGC are promising for applications 

of the multi-drug delivery systems.  

 

§ 6.3 Experiments  and Characterization  

6.3.1  Materials  

2-(Diethylamino)ethyl methacrylate (DEA, 99%, Aldrich) and 2,3,4,5,6- 

pentafluorostyrene (FS, 99%, Aldrich) were passed through an inhibitor remover 

column and stored under freeze prior to use. N, Nȭ-methylenebis(acrylamide) (BisAM, 

99%), 2, 2ɻ-azobis(2-methylpropanimidamide) dihydrochloride (V-50, 99%), N-(3-

aminopropyl) methacrylamide hydrochloride (APMA), fluorescein O-methacrylate 

(97%, ), poly(propylene glycol) diglycidyl ether (PPGDGE, MW = 640 g/mol),  

hexadecane (>99%), FITCɀdextran (D1: Mw = 10 kDa), and blue-dextran (D2: Mw = 

2000 kDa) were purchased from Aldrich and used as received. Ethanol (99.5%) was 

purchased from Commercial Alcohols in ON, Canada. Milli-Q grade water was 

generated from Barnstead Nanopure Diamond system. 

 

6.3.2  Experiments 

φȢσȢςȢρ   0ÒÅÐÁÒÁÔÉÏÎ ÏÆ /ς ÁÎÄ #/ς ÄÕÁÌȤÇÁÓ Ó×ÉÔÃÈÁÂÌÅ ÍÉÃÒÏÇÅÌÓ  

4ÈÅ /ς ÁÎÄ #/ς ÄÕÁÌȤÇÁÓ Ó×ÉÔÃÈÁÂÌÅ ÐÏÌÙɉςȤɉÄÉÅÔÈÙÌÁÍÉÎÏɊÅÔÈÙÌ ÍÅÔÈÁÃÒÙÌÁÔÅȤÃÏȤ

ςȟσȟτȟυȟφȤÐÅÎÔÁÆÌÕÏÒÏÓÔÙÒÅÎÅɊȟ ÁÌÓÏ ËÎÏ×Î ÁÓ 0ɉ$%!ȤÃÏȤ&3Ɋ ÍÉÃÒÏÇÅÌÓȟ ×ÅÒÅ ÐÒÅÐÁÒÅÄ 

ÆÒÏÍ ÓÕÒÆÁÃÔÁÎÔ ÆÒÅÅ ÅÍÕÌÓÉÏÎ ÐÏÌÙÍÅÒÉÚÁÔÉÏÎȟ ÁÓ ÄÅÓÃÒÉÂÅÄ ÉÎ ÏÕÒ ÐÒÅÖÉÏÕÓ ×ÏÒËȢσσ ! 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

118 

ÔÙÐÉÃÁÌ ÐÒÅÐÁÒÁÔÉÏÎ ÐÒÏÃÅÄÕÒÅ ÆÏÒ ÔÈÅ ÍÉÃÒÏÇÅÌÓ ×ÉÔÈ υ ×ÔϷ &3 ɉ-'Ȥ&υɊ ×ÁÓ 

ÄÅÓÃÒÉÂÅÄ ÁÓ ÆÏÌÌÏ×Ó ÆÏÒ ÔÈÅ ÒÅÁÄÅÒȭÓ ÃÏÎÖÅÎÉÅÎÃÅȢ $%! ɉρωππÍÇȟ ÍÏÌɊȟ &3 ɉρππ ÍÇɊȟ 

"ÉÓ!- ɉτπ ÍÇȟ ς ×ÔϷɊȟ !0-! ɉφπ ÍÇȟ σ ×ÔϷɊ ÁÎÄ σψ Í, -ÉÌÌÉȤ1 ×ÁÔÅÒ ×ÅÒÅ ÁÄÄÅÄ 

ÉÎÔÏ Á ρππ Í, ÒÏÕÎÄȤÆÌÁÓËȢ 4ÈÅ ÆÌÁÓË ×ÁÓ ÆÉÎÅÌÙ ÓÅÁÌÅÄ ×ÉÔÈ ÒÕÂÂÅÒ ÓÔÏÐÐÅÒ ÁÎÄ 

ÃÏÎÎÅÃÔÅÄ ×ÉÔÈ ÇÁÓ ÉÎÌÅÔȾÏÕÔÌÅÔ ÎÅÅÄÌÅÓȢ 4ÈÅ ÒÅÁÃÔÉÏÎ ÍÉØÔÕÒÅ ×ÁÓ ÉÍÍÅÒÓÅÄ ÉÎ ÏÉÌ 

ÂÁÔÈ ÁÎÄ ÍÁÇÎÅÔÉÃÁÌÌÙ ÓÔÉÒÒÅÄ ÁÔ σππ ÒÐÍȢ 4ÈÅ ÓÙÓÔÅÍ ×ÁÓ ÁÌÓÏ ÄÅÇÁÓÓÅÄ ×ÉÔÈ .ς ÆÌÏ× 

ÁÎÄ ÐÒÅÈÅÁÔÅÄ ÔÏ χπ Ï# ÁÔ ÔÈÅ ÓÁÍÅ ÔÉÍÅȢ !ÆÔÅÒ σπ ÍÉÎȟ ÔÈÅ ÐÒÅÄÅÇÁÓÅÄ 6Ȥυπ ɉρππ ÍÇȟ 

υ×ÔϷɊ ÁÑÕÅÏÕÓ ÓÏÌÕÔÉÏÎ ɉς Í,Ɋ ×ÁÓ ÉÎÊÅÃÔÅÄ ÉÎÔÏ ÔÈÅ ÓÙÓÔÅÍ ÔÏ ÓÔÁÒÔ ÐÏÌÙÍÅÒÉÚÁÔÉÏÎȢ 

4ÈÅ ÒÅÁÃÔÉÏÎ ×ÁÓ ÃÏÎÄÕÃÔÅÄ ÆÏÒ τ ÈÏÕÒÓ ÁÎÄ ÓÔÏÐÐÅÄ ÂÙ ÃÏÏÌÉÎÇ ÄÏ×Î ÔÈÅ ÆÌÁÓË ÉÎ ÁÎ 

ÉÃÅȤÂÁÔÈȢ 4ÈÅ ÍÉÃÒÏÇÅÌ ×ÁÓ ÐÕÒÉÆÉÅÄ ÔÈÒÏÕÇÈ ÄÉÁÌÙÓÉÓ ɉρςȢτ Ë$Á ÏÆ -7#/Ɋ ÁÇÁÉÎÓÔ 

ÄÅÉÏÎÉÚÅÄ ɉ$)Ɋ ×ÁÔÅÒȢ 4ÈÅ ÈÙÄÒÏÄÙÎÁÍÉÃ ÄÉÁÍÅÔÅÒ ÏÆ ÍÉÃÒÏÇÅÌ ÐÁÒÔÉÃÌÅÓ ×ÁÓ 

ÄÅÔÅÒÍÉÎÅÄ ÂÙ $,3Ȣ  

 

4ÈÅ /ς ÁÎÄ #/ςȤÓ×ÉÔÃÈÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌÓ ×ÅÒÅ ÃÈÁÒÁÃÔÅÒÉÚÅÄ ÂÙ ÍÅÁÓÕÒÉÎÇ ÔÈÅÉÒ 

ÈÙÄÒÏÄÙÎÁÍÉÃ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ÂÅÆÏÒÅ ÁÎÄ ÁÆÔÅÒ /ς ÏÒ #/ς ÔÒÅÁÔÍÅÎÔȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ 

ÍÉÃÒÏÇÅÌ ÁÑÕÅÏÕÓ ÄÉÓÐÅÒÓÉÏÎ ɉρ ÍÇȾÍ,Ɋ ×ÁÓ ÔÒÅÁÔÅÄ ×ÉÔÈ /ς ÁÎÄ #/ς ÇÁÓ ÂÕÂÂÌÉÎÇ ÁÔ 

ρπ Í,ȾÍÉÎ ÆÏÒ ρ ÈÏÕÒ ÂÅÆÏÒÅ $,3 ÃÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎȢ   

 

φȢσȢςȢς   0ÒÅÐÁÒÁÔÉÏÎ ÏÆ ÍÉÃÒÏÇÅÌ ÃÏÌÌÏÉÄÏÓÏÍÅÓ 

4ÈÅ ÍÉÃÒÏÇÅÌȤÃÏÌÌÏÉÄÏÓÏÍÅÓ ɉ-'#Ɋ ×ÅÒÅ ÐÒÅÐÁÒÅÄ ÂÙ ÕÓÉÎÇ ÔÈÅ ÍÉÃÒÏÇÅÌȤÓÔÁÂÉÌÉÚÅÄ 

/Ⱦ7 0ÉÃËÅÒÉÎÇ ÅÍÕÌÓÉÏÎ ÔÅÍÐÌÁÔÅÓȢ 4ÈÅ 0ÉÃËÅÒÉÎÇ ÅÍÕÌÓÉÏÎÓ ×ÅÒÅ ÐÒÅÐÁÒÅÄ ÂÙ ÕÓÉÎÇ 

0ɉ$%!ȤÃÏȤ&3Ɋ ÍÉÃÒÏÇÅÌÓ ÁÓ ÐÁÒÔÉÃÕÌÁÔÅ ÓÔÁÂÉÌÉÚÅÒ ÉÎ ÁÑÕÅÏÕÓ ÄÉÓÐÅÒÓÉÏÎ ɉρπ ÍÇȾÍ,ȟ χ 
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Í,Ɋȟ ÈÅØÁÄÅÃÁÎÅ ɉσ Í,Ɋ ÄÉÓÐÅÒÓÅÄ ×ÉÔÈ 00'$'% ɉπȢυ ×ÔϷ ÂÁÓÅÄ ÏÎ ÔÈÅ ÍÉÃÒÏÇÅÌ 

ÍÁÓÓɊ ÁÓ ÏÉÌ ÐÈÁÓÅȢ 4ÈÅ ÍÉØÔÕÒÅ ×ÁÓ ÈÏÍÏÇÅÎÉÚÅÄ ÂÙ )+! 4ρψ 5ÌÔÒÁȤ4ÕÒÒÁØ ÁÔ ςππππ 

ÒÐÍ ÆÏÒ ς ÍÉÎȢ 4ÈÅ ÆÉÎÁÌ /Ⱦ7 ÅÍÕÌÓÉÏÎ ×ÁÓ ÉÎÓÕÌÁÔÅÄ ÁÔ τπ Ï# ÆÏÒ ςτ ÈÏÕÒÓ ÔÏ ÃÏÍÐÌÅÔÅ 

ÉÎÔÅÒȤÍÉÃÒÏÇÅÌ ɉ-'Ȥ-'Ɋ ÃÒÏÓÓȤÌÉÎËÉÎÇ ɉÁÍÉÎÅȤÅÐÏØÙ ÒÅÁÃÔÉÏÎɊ ÁÎÄ ÆÏÒÍÁÔÉÏÎ ÏÆ 

ÃÏÌÌÏÉÄ ÓÈÅÌÌ ÆÏÒ ÔÈÅ -'#Ȣ  

 

4ÈÅ -'# ÓÁÍÐÌÅÓ ×ÅÒÅ ÐÕÒÉÆÉÅÄ ÂÙ ÒÅÍÏÖÉÎÇ ÅØÃÅÓÓ ÍÉÃÒÏÇÅÌ ÐÁÒÔÉÃÌÅÓ ÁÎÄ ÅØÔÒÁÃÔÉÎÇ 

ÃÏÒÅ ÏÉÌ ÐÈÁÓÅ ÔÈÒÏÕÇÈ Á ÓÏÌÖÅÎÔ ÅØÃÈÁÎÇÅ ÍÅÔÈÏÄȢ !ÆÔÅÒ ÅÁÃÈ ÃÅÎÔÒÉÆÕÇÅ ÁÔ τπππ ÒÐÍ 

ÆÏÒ ρπ ÍÉÎȟ ÔÈÅ ÓÕÐÅÒÎÁÔÁÎÔ ×ÁÓ ÒÅÍÏÖÅÄ ÁÎÄ ÔÈÅ -'# ×ÁÓ ×ÁÓÈÅÄ ×ÉÔÈ 

ÅÔÈÁÎÏÌȾ×ÁÔÅÒ ɉρȾσ Ѐ ÖȾÖɊ ÍÉØÔÕÒÅȢ 4ÈÅ ÓÙÓÔÅÍ ×ÁÓ ÍÉØÅÄ ÔÈÏÒÏÕÇÈÌÙ ×ÉÔÈ 6ÏÒÔÅØ ÆÏÒ 

σπ ÍÉÎ ÂÅÆÏÒÅ ÁÎÏÔÈÅÒ ÃÅÎÔÒÉÆÕÇÅȤ×ÁÓÈ ÃÙÃÌÅȢ 4ÈÅ ÃÅÎÔÒÉÆÕÇÅ ÁÎÄ ×ÁÓÈÉÎÇ ÃÙÃÌÅ ×ÅÒÅ 

ÃÏÎÄÕÃÔÅÄ ÆÏÒ ÁÔ ÌÅÁÓÔ υ ÔÉÍÅÓȢ 4ÈÅ ÆÉÎÁÌ -'# ÓÁÍÐÌÅÓ ×ÅÒÅ ËÅÐÔ ÉÎ ÁÑÕÅÏÕÓ ÓÏÌÕÔÉÏÎ 

ÂÅÆÏÒÅ ÔÅÓÔ ÁÎÄ ÕÓÅȢ  

 

φȢσȢςȢσ   'ÁÓȤÔÒÉÇÇÅÒÅÄ ÍÉÃÒÏÇÅÌȤÃÏÌÌÏÉÄÏÓÏÍÅ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ 

4ÈÅ ÐÕÒÉÆÉÅÄ -'#Ó ×ÅÒÅ ÕÓÅÄ ÁÓ ÇÁÓȤÓ×ÉÔÃÈÁÂÌÅ ÍÉÃÒÏÃÁÐÓÕÌÅÓ ÆÏÒ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ 

ÔÅÓÔÓ ÏÆ ÆÌÕÏÒÅÓÃÅÎÔȤÌÁÂÅÌÌÅÄ ÄÅØÔÒÁÎÓ ÈÁÖÉÎÇ ÄÉÆÆÅÒÅÎÔ ÍÏÌÅÃÕÌÁÒ ×ÅÉÇÈÔÓ ɉ$ρȡ -× Ѐ 

ρπ Ë$Á ÁÎÄ $ςȡ -× Ѐ ςπππ Ë$ÁɊ ÁÓ ÔÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓȢ 3ÐÅÃÉÆÉÃÁÌÌÙȟ -'# ×ÁÓ ÆÉÒÓÔ 

ÄÉÓÐÅÒÓÅÄ ÉÎ ÁÎ ÁÑÕÅÏÕÓ ÓÏÌÕÔÉÏÎ ÃÏÎÔÁÉÎÉÎÇ ρ ×ÔϷ ÏÆ ÂÏÔÈ $ρ ÁÎÄ $ς ÍÏÌÅÃÕÌÅÓȟ 

×ÈÉÃÈ ×ÁÓ ÔÈÅÎ ÔÒÅÁÔÅÄ ×ÉÔÈ #/ς ÁÔ ρπ Í,ȾÍÉÎ ÆÏÒ ÁÂÏÕÔ ς ÈÏÕÒÓȢ 4ÈÉÓ ÐÒÏÃÅÓÓ 

ÅØÐÁÎÄÅÄ -'# ÁÎÄ ÁÌÌÏ×ÅÄ ÔÈÅ ÄÅØÔÒÁÎ ÍÏÌÅÃÕÌÅÓ ÐÅÎÅÔÒÁÔÅ ÔÈÒÏÕÇÈ ÔÈÅ ÓÈÅÌÌ ÁÎÄ 
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ÌÏÁÄÅÄ ÉÎÔÏ ÔÈÅ -'#Ȣ 4ÈÅ ÄÅØÔÒÁÎ ÃÏÎÔÅÎÔÓ ÏÆ $ρ ÁÎÄ $ς ÁÔ ÄÉÆÆÅÒÅÎÔ ÌÏÁÄÉÎÇ ÓÔÁÇÅÓ 

×ÅÒÅ ÍÏÎÉÔÏÒÅÄ ÂÙ 56ȤÖÉÓ ÓÐÅÃÔÒÏÍÅÔÅÒ ÁÂÓÏÒÐÔÉÏÎ ÁÔ τψυ ÎÍ ÁÎÄ φσπ ÎÍȟ 

ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÓÁÍÐÌÅ ÓÏÌÕÔÉÏÎ ×ÁÓ ÂÁÌÁÎÃÅÄ ÉÎ ÔÈÅ ÉÎÓÔÒÕÃÔÉÏÎ ÆÏÒ ς ÍÉÎ ÂÅÆÏÒÅ 

ÅÁÃÈ ÍÅÁÓÕÒÅÍÅÎÔȢ 4ÈÅ ÅØÃÅÓÓ ÄÅØÔÒÁÎ ɉ$ρ ÁÎÄ $ςɊ ÍÏÌÅÃÕÌÅÓ ×ÅÒÅ ÒÅÍÏÖÅÄ ÂÙ 

ÓÕÂÓÅÑÕÅÎÔ ÃÅÎÔÒÉÆÕÇÁÔÉÏÎ ÁÎÄ ×ÁÓÈÉÎÇ ÃÙÃÌÅÓ ÆÏÒ σ ÔÉÍÅÓȢ 4ÈÅ ÌÏÁÄÉÎÇ ÅÆÆÉÃÉÅÎÃÙ ɉ,%Ɋ 

×ÁÓ ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ Ȱ,%Ѐɉ#πȤ#ɊȾ#π ȱȟ ×ÈÅÒÅ ÔÈÅ Ȱ#πȱ ÁÎÄ Ȱ#ȱ ÁÒÅ ÔÈÅ ÉÎÉÔÉÁÌ ÁÎÄ ÆÉÎÁÌ 

ÄÅØÔÒÁÎ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ɉ$ρ ÁÎÄ $ςɊ ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÁÔ ÔÈÅ ÌÏÁÄÉÎÇ ÓÔÁÇÅȢ 

3ÕÂÓÅÑÕÅÎÔÌÙȟ ÔÈÅ -'# ÁÑÕÅÏÕÓ ÄÉÓÐÅÒÓÉÏÎ ×ÁÓ ÃÈÁÒÇÅÄ ×ÉÔÈ .ς ÔÏ ÒÅÍÏÖÅ ÔÈÅ ÔÒÉÇÇÅÒ 

ÇÁÓ #/ς ÁÎÄ ÔÏ ÌÏÃË $ρ ÁÎÄ $ς ÉÎÓÉÄÅ -'# ÍÉÃÒÏÃÁÐÓÕÌÅÓ ɉ-'#ɕȟ ×ÉÔÈ ÓÙÍÂÏÌ ɕ 

ÍÅÁÎÉÎÇ ÌÏÁÄÅÄɊȢ 4ÈÅ -'#Ó ÌÏÁÄÅÄ ×ÉÔÈ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ɉ-'#ɕɊ ×ÅÒÅ ÐÕÒÉÆÉÅÄ ÂÙ 

ÃÅÎÔÒÉÆÕÇÅȟ ×ÉÔÈ ÔÈÅ ÓÕÐÅÒÎÁÔÁÎÔ ÒÅÍÏÖÅÄ ÁÎÄ ÔÈÅÎ ×ÁÓÈÅÄ ×ÉÔÈ ÄÅÇÁÓÓÅÄ $) ×ÁÔÅÒ ÔÏ 

ÒÅÍÏÖÅ ÅØÃÅÓÓ ÄÅØÔÒÁÎ ÍÏÌÅÃÕÌÅÓȢ  

 

-'#Ȥ&υ ɉÍÉÃÒÏÇÅÌ ÃÏÌÌÏÉÄÏÓÏÍÅ ÐÒÅÐÁÒÅÄ ÆÒÏÍ 0ɉ$%!ȤÃÏȤ&3Ɋ ÍÉÃÒÏÇÅÌ ÃÏÎÔÁÉÎÉÎÇ υ 

×ÔϷ &3Ɋ ÌÏÁÄÅÄ ×ÉÔÈ ɉ$ρ ÁÎÄ $ςɊ ÄÅØÔÒÁÎ ÍÏÌÅÃÕÌÅÓ ɉ-'#ɕȤ&υɊ ×ÁÓ ÐÒÅÐÁÒÅÄ ÁÓ 

ÓÍÁÒÔ ÍÉÃÒÏÃÁÐÓÕÌÅ ÆÏÒ /ς ÁÎÄ #/ς ÇÁÓȤÔÒÉÇÇÅÒÅÄ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ ÔÅÓÔÓȢ 4ÈÅ -'#Ȥ&υɕ 

ÓÁÍÐÌÅ ×ÁÓ ÄÉÖÉÄÅÄ ÉÎÔÏ ÔÈÒÅÅ ÁÌÉÑÕÏÔÓ ÏÆ ÔÈÅ ÓÁÍÅ ÖÏÌÕÍÅ ÁÎÄ ÄÉÌÕÔÅÄ ×ÉÔÈ ÁÎ ÅÑÕÁÌ 

ÁÍÏÕÎÔ ÏÆ ÄÅÇÁÓÓÅÄ $) ×ÁÔÅÒȢ 4ÈÅÙ ×ÅÒÅ ÔÈÅÎ ÔÒÅÁÔÅÄ ×ÉÔÈ .ς ɉÁÓ ÃÏÎÔÒÏÌ ÇÁÓɊȟ /ς ÁÎÄ 

#/ςȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ÁÔ ρπ Í,ȾÍÉÎȢ 4ÈÅ ÄÅØÔÒÁÎ ɉ$ρ ÁÎÄ $ςɊ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÉÎ ÔÈÅ 

ÅÎÖÉÒÏÎÍÅÎÔ ÓÏÌÕÔÉÏÎ ÁÔ ÄÉÆÆÅÒÅÎÔ ÒÅÌÅÁÓÅ ÓÔÁÇÅÓ ɉÔÉÍÅɊ ×ÅÒÅ ÍÏÎÉÔÏÒÅÄ ÂÙ 56ȤÖÉÓ 

ÓÐÅÃÔÒÏÍÅÔÅÒ ÁÔ τψυ ÎÍ ÁÎÄ φσπ ÎÍȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ  
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6.3.3  Characterization  

The hydrodynamic particle size and distribution of microgels before and after trigger 

gas (O2 and CO2) treatment were measured by particle size analyzer (Brookhaven, 

900Plus). All the microgel-stabilized O/W Pickering emulsions, microgel-

colloidosomes (MGC) and the MGC loaded with dextran (MGC*) were characterized 

by fluorescence microscope. The fluorescence images were acquired from Zeiss LSM 

510 Meta Confocal Microscope (Zeiss, Gottingen, Germany). The fluorescence images 

presented cross-section views of the MGC microcapsules, which were used to 

distinguish if the cargo dextran molecules were located on surface or encapsulated in 

core of the MGC. One drop of the MGC or MGC* aqueous dispersion was placed onto a 

glass slide and covered with another cover slice for observation. MGC morphologies 

were characterized by JEOL JSM 7000 Scanning Electronic Microscopy (SEM) at 3 kv 

accelerating voltage. The cargo molecule D1 and D2 concentrations at different stages 

in the environment solution during loading or releasing were detected by UV-vis 

spectrometer absorption at 485 nm and 630 nm, respectively. Samples were balanced 

for 2 min before each measurement.   

 

§ 6.4 Results and Discussion  

6.4.1 Preparation and characterization of O 2 and CO2 dual gas-switchable 

microgels  
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Figure 6-1. Synthetic route of the O 2 and CO2 dual gas-switchable P(DEA -co-FS) microgel with 

surface modified by amino ( ɀNH2) groups.  

 

P(DEA-co-FS) microgels having different  chemical compositions were prepared from 

surfactant free emulsion copolymerization of FS and DEA, as described in our 

previous work.33 As illustrate d in Figure 6-1, 2 wt% BisAM was used as cross-linker  

and 3 wt% APMA as surface amino-agent in preparation of all the microgels (based 

on the total monomer mass). The FS content in the microgel varied from 5, 40 to 80 

wt% (based on the total monomer mass), in order to regulate gas switchability  of the 

microgel as listed in Table 6-1.  The gas-switchable properties of different  P(DEA-co-

FS) microgels were reflected from the changes in their  hydrodynamic diameters 

before (DN2) and after O2 (DO2) or CO2 (DCO2) treatment at 10 mL/min  for 60 min. Table 

6-1 and Figure 6-S1 summarize the microgel diameters characterized by DLS, after 

treated with  different  trigger gases. The corresponding swelling ratios were 

estimated from on the diameters, e.g. the O2-swelling ratio  ɻ .  
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Table 6-1. Prepared P(DEA-co-FS) microgels and their gas -switchable properties  

MGs 
Composition DN2 a 

(nm)  
PDI 

O2  CO2 

(DEA:FS, wt./wt. ) DO2 b ɻO2 c  DCO2 d ɻCO2 e 

MG-F5 95:5 80 0.105 142 5.59  191 13.6 

MG-F40 60:40 83 0.095 89 1.23  137 4.50 

MG-F80 20:80 84 0.089 85 1.04  86 1.11 

Note: a, b, d The hydrodynamic diameters of the microgels under N2, O2 and CO2 treatment, 

respectively. c,e Swelling ratio of the microgels under O2 and CO2 treatment, defined as: 

Ἡ╞
╓╞

╓╝
 ɉÓÁÍÅ ÅÑÕÁÔÉÏÎ ÉÓ ÁÐÐÌÉÃÁÂÌÅ ÔÏ ȰἩ╒╞ȱɊȢ 

 

As shown in Table 6-1, the microgels having different FS contents gave distinct O2- 

and CO2- switchable properties, consistent with our previous studies.33 P(DEA-co-FS) 

microgel containing 5 wt% FS (MG-F5) showed O2 and CO2 dual gas-switchability , 

with t he hydrodynamic volume changed upon O2 and CO2 treatment, exhibiting 

swelling ratios of 5.59 and 13.6, respectively. Increasing the FS content to 40 wt% 

decreased the volume changes to ɻ = 1.23 and ɻ = 4.5, due to inherent 

hydrophobicity of the fluorinated monomer FS. However, the microgel containing 80 

wt% FS (MG-F80) almost lost its gas-switchable properties and acted as solid latex 

particles.  

 

The hydrodynamic volume changes of P(DEA-co-FS) microgels upon O2 and CO2 

treatments were due to interactions between the trigger gases and function groups in 

the microgels. CO2 dissolved in aqueous solution induced protonation of the tertiary 

amine group in DEA and significantly increased the microgel hydrophilicity. The 
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dissolved O2 molecules interacted with the fluorine atoms of FS through Van der 

Waals forces, which improved microgel hydrophilicity, facilitated water absorption 

and thus, promoted size expansion of the microgel upon trigger gas treatment.29-30, 33 

It should be noted that the size expansion induced by both O2 and CO2 could be 

recovered to their initial states by washing off the trigger gas with an inert gas (N2) or 

heating.  

 

6.4.2 Microgel -colloidosome preparation and purification   

!ÌÌ ÔÈÅ ÍÉÃÒÏÇÅÌÓ ×ÅÒÅ ÅÍÐÌÏÙÅÄ ÁÓ ÂÕÉÌÄÉÎÇ ÂÌÏÃËÓ ÆÏÒ ÔÈÅ ÐÒÅÐÁÒÁÔÉÏÎ ÏÆ ÍÉÃÒÏÇÅÌȤ

ÃÏÌÌÏÉÄÏÓÏÍÅÓ ɉ-'#Ɋ ÕÓÉÎÇ ÍÉÃÒÏÇÅÌȤÓÔÁÂÉÌÉÚÅÄ ÏÉÌȤÉÎȤ×ÁÔÅÒ ɉ/Ⱦ7Ɋ 0ÉÃËÅÒÉÎÇ 

ÅÍÕÌÓÉÏÎÓ ÁÓ ÔÅÍÐÌÁÔÅÓȢ &ÉÇÕÒÅ φȤς ɉÁɊ ÓÃÈÅÍÁÔÉÃÁÌÌÙ ÉÌÌÕÓÔÒÁÔÅÓ ÔÈÅ -'# ÐÒÅÐÁÒÁÔÉÏÎ 

ÐÒÏÃÅÄÕÒÅȢ &ÉÒÓÔÌÙȟ ÔÈÅ /Ⱦ7 0ÉÃËÅÒÉÎÇ ÅÍÕÌÓÉÏÎ ×ÁÓ ÐÒÅÐÁÒÅÄ ÕÓÉÎÇ ÁÎ ÁÑÕÅÏÕÓ 

ÄÉÓÐÅÒÓÉÏÎ ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌ ɉυ ÍÇȾÍ,Ɋ ÁÓ ×ÁÔÅÒ ÐÈÁÓÅ ÁÎÄ 00'$'%ȤÃÏÎÔÁÉÎÉÎÇ 

ÈÅØÁÄÅÃÁÎÅ ÁÓ ÁÎ ÏÉÌ ÐÈÁÓÅ ɉÁȤ)ɊȢ 4ÈÅ ÏÉÌ ÐÈÁÓÅ ÆÒÁÃÔÉÏÎ ×ÁÓ ÆÉØÅÄ ÔÏ σπ ÖÏÌȢϷ ɉÂÁÓÅÄ 

ÏÎ ÔÏÔÁÌ ÖÏÌÕÍÅɊȢ $ÕÒÉÎÇ ÅÍÕÌÓÉÆÉÃÁÔÉÏÎȟ ÔÈÅ ÓÈÅÁÒ ÆÏÒÃÅ ÏÆ ÈÏÍÏÇÅÎÉÚÁÔÉÏÎ ÐÒÏÍÏÔÅÄ 

ÍÉÇÒÁÔÉÏÎ ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌ ÐÁÒÔÉÃÌÅÓ ÔÏ ÏÉÌȾ×ÁÔÅÒ ÉÎÔÅÒÆÁÃÅȟ ÔÏ ÍÉÎÉÍÉÚÅ ÓÕÒÆÁÃÅ ÅÎÅÒÇÙ 

ÏÆ ÔÈÅ ÓÙÓÔÅÍȟ ÔÈÕÓ ÐÒÅÖÅÎÔÉÎÇ ÔÈÅ ÉÎÔÅÒÎÁÌ ÐÈÁÓÅ ÏÉÌ ÄÒÏÐÌÅÔÓ ÆÒÏÍ ÃÏÁÌÅÓÃÅÎÃÅ ɉÁȤ))ɊȢ 
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Figure 6-2. a) Schematic illustration of the microgel -colloidosome (MGC) preparation. b)  

Fluorescence microscope images of MGC-F5 cross-linked with 0.5 wt.% of PPGDGE. The 

microgel MG-F5 was labeled by fluorescence monomers.  

 

In order to prepare robust MGCs and prevent them from disassembling during 

subsequent purification and control-release application, all the microgel particles 

were surface modified with amino group (-NH2) by adding 3 wt% APMA (based on 

monomer mass) during the microgel preparation. PPGDGE containing epoxy end 

groups (-CH(-CH2-O-)) inter -crosslinked the self-assembled microgel particles at the 

oil/water interface through aminoɀepoxy reaction, as illustrated in Figure 6-2 (a-II). 

The MGCs prepared in this work exhibited monolayer architecture. Since the microgel 

particles were dispersed in the continuous aqueous phase and the cross-linker 
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PPGDGE was dissolved in the internal oil core phase, the linking of adjacent microgel 

particles was realized through inter-microgel crosslinking, only occurred at the 

oil/water interphase, which avoided possible inter-droplet cross-linking or fusing. 

This amino-epoxy reaction has been well reported and it was easily realized at 40 oC 

for 24 hours.1, 34 Such MG-MG cross-linking fixed the microgel particles on the 

oil/water interface, acting as a permeable microgel-shell for the MGC microcapsules, 

as illustrated in Figure 6-2 (a-II). It was worth to note that microgel without surface ɀ

NH2 modification cannot be used as the building block for MGC preparation by using 

the same method. After preparation, the MGCs were purified by centrifuge to remove 

the supernatant, which contained excess microgel particles. The oil hexadecane core 

phase was extracted by washing with 10 times of ethanol/water (1:3) solution. This 

centrifuge-washing process was repeated for 5 cycles. The MGC was then dispersed 

in DI water to form the water-in-water microcapsules for subsequent uses, as shown 

in Figure 6-2 (a-III). The gas-switchable properties of the colloidal MGC shell enabled 

the regulation of shell permeability through O2 and CO2 treatment respectively.  

 

Figure 6-2 (b) shows the fluorescence image for an aqueous dispersion of MGC-F5 

cross-linked with 0.5 wt% PPGDGE (based on the microgel mass). The microgel 

particles labeled with fluorescein O-methacrylate (0.01 wt%) were inter -MG cross-

linked, integrating the colloid shell of the MGCs and exhibiting green shell in the 

water-in-water structure. The mass content of PPGDGE cross-linker in MGC-F5 

preparation varied from 0.5, 1.0 to 2.0 wt% (refer to Figure 6-S2). All the MGCs 
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remained intact after CO2 treatment, with standing the maximum swelling of MGs. The 

change in size of MGC before and after CO2 treatment was barely noticed. In order to 

minimize the effect of inter-microgel cross-linking on the gas-responsive properties, 

MGC-F5 cross-linked with 0.5 wt% PPGDGE was used in the following gas-triggered 

loading and control-release experiments.   

 

 

Figure 6-3. a) 3%- ÉÍÁÇÅÓ ÏÆ -'#Ó ÐÒÅÐÁÒÅÄ ÆÒÏÍ 0ɉ$%!ȤÃÏȤ&3Ɋ ÍÉÃÒÏÇÅÌÓ ×ÉÔÈ υȟ τπ ÁÎÄ ψπ ×ÔϷ 

&3 ÃÏÎÔÅÎÔȢ ÁȤρȟ ςɊ -'#Ȥ&υȟ &3 Ѐ υ ×ÔϷȠ ÂȤρȟ ςɊ -'#Ȥ&τπȟ &3 Ѐ τπ ×ÔϷȠ σɊ -'#Ȥ&ψπȟ &3 Ѐ ψπ ×ÔϷȢ 

 

&ÉÇÕÒÅ φȤσ ÓÈÏ×Ó 3%- ÉÍÁÇÅÓ ÏÆ ÔÈÅ -'#Ó ×ÉÔÈ υȟ τπ ÁÎÄ ψπ ×ÔȢϷ &3 ÃÏÎÔÅÎÔȢ 4ÈÅ 

ÍÉÃÒÏÇÅÌ ÐÁÒÔÉÃÌÅÓ ÉÎ ÔÈÅ -'# ÓÈÅÌÌ ×ÅÒÅ ÃÒÏÓÓȤÌÉÎËÅÄ ×ÉÔÈ πȢυ ×ÔϷ 00'$'%Ȣ !ÌÌ ÔÈÒÅÅ 

-'#Ó ÅØÈÉÂÉÔÅÄ ÆÉÎÅÌÙ ÃÏÌÌÁÐÓÅÄ ÓÐÈÅÒÅ ÓÔÒÕÃÔÕÒÅȢ &ÉÇÕÒÅ φȤ3σ ÓÈÏ×Ó Á ÃÏÌÌÅÃÔÉÏÎ ÏÆ 

-'#Ȥ&υȟ -'#Ȥ&τπ ÁÎÄ -'#Ȥ&ψπ ÍÉÃÒÏÃÁÐÓÕÌÅÓȢ 4ÈÅ ×ÒÉÎËÌÅÓ ×ÅÒÅ ÄÕÅ ÔÏ ÅØÔÒÁÃÔÉÏÎ 

ÏÆ ÔÈÅ ÃÏÒÅ ÐÈÁÓÅ ÄÕÒÉÎÇ 3%- ÓÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎȟ ÄÅÍÏÎÓÔÒÁÔÉÎÇ ÅÌÁÓÔÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ 

ÔÈÅ ÃÏÌÌÏÉÄ ÓÈÅÌÌȢ &ÒÏÍ ÔÈÅ ÍÁÇÎÉÆÉÅÄ 3%- ÉÍÁÇÅÓȟ ÁÎ ÉÎÃÒÅÁÓÅÄ ÄÅÇÒÅÅ ÏÆ ÍÉÃÒÏÇÅÌ 
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ÆÕÓÉÏÎ ×ÁÓ ÉÎ ÔÈÅ ÏÒÄÅÒ ÏÆ ÁȤςɊȟ ÂȤςɊ ÁÎÄ ÃȤςɊȢ 4ÈÉÓ ÆÅÁÔÕÒÅ ÏÆ ÍÏÒÐÈÏÌÏÇÙ ×ÁÓ 

ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÃÈÅÍÉÃÁÌ ÃÏÍÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌÓȢ -ÉÃÒÏÇÅÌ ×ÉÔÈ 

ÈÉÇÈÅÒ &3 ÆÒÁÃÔÉÏÎ ÒÅÓÕÌÔÅÄ ÉÎ -'# ×ÉÔÈ ÌÅÓÓ ÓÕÒÆÁÃÅ ÍÉÃÒÏÇÅÌ ÆÕÓÉÏÎȢ 

 

6.4.3 O2 and CO2 dual gas-switchable control -release of MGC  

ϊȢψȢχȢυ  ,ÏÁÄÉÎÇ -'#Ó ×ÉÔÈ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ 

4ÈÅ -'#Ó ÐÒÅÐÁÒÅÄ ÆÒÏÍ ÄÉÆÆÅÒÅÎÔ ÍÉÃÒÏÇÅÌÓ ×ÅÒÅ ÕÓÅÄ ÁÓ ÓÍÁÒÔ ÍÉÃÒÏÃÁÐÓÕÌÅÓ ÆÏÒ 

ÇÁÓȤÔÒÉÇÇÅÒÅÄ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅÓȢ 4ÈÅ ×ÁÔÅÒ ÓÏÌÕÂÌÅ &)4#ɀÄÅØÔÒÁÎ ɉ$ρɊ ÁÎÄ ÂÌÕÅȤ

ÄÅØÔÒÁÎ ɉ$ςɊ ÈÁÖÉÎÇ ÄÉÆÆÅÒÅÎÔ ÍÏÌÅÃÕÌÁÒ ×ÅÉÇÈÔÓ ÁÎÄ ÌÁÂÅÌÅÄ ×ÉÔÈ ÄÉÓÔÉÎÃÔ 

ÆÌÕÏÒÅÓÃÅÎÃÅÓ ɉ$ρȡ -×Ѐρπ Ë$Áȟ τψυ ÎÍȠ $ςȡ -×Ѐςπππ Ë$Áȟ φσπ ÎÍɊ ×ÅÒÅ ÓÅÌÅÃÔÅÄ 

ÁÓ ÔÈÅ ÍÏÄÅÌ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÆÏÒ ÔÈÅ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ ÅØÐÅÒÉÍÅÎÔÓȢ  

 

4ÈÅ ÆÉÒÓÔ ÓÔÅÐ ÉÎ ÔÈÅ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ ÅØÐÅÒÉÍÅÎÔ ×ÁÓ ÔÏ ÌÏÁÄ ÔÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÉÎÔÏ 

ÔÈÅ -'# ÍÉÃÒÏÃÁÐÓÕÌÅÓȢ !Ó ÓÃÈÅÍÁÔÉÃÁÌÌÙ ÉÌÌÕÓÔÒÁÔÅÄ ÉÎ &ÉÇÕÒÅ φȤσ ÁɊȟ ÔÈÅ -'# ×ÁÓ ÆÉÒÓÔ 

ÄÉÓÐÅÒÓÅÄ ÉÎ ÁÎ ÁÑÕÅÏÕÓ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÃÏÎÔÁÉÎÉÎÇ ρ ×ÔϷ ÏÆ ÂÏÔÈ $ρ ÁÎÄ $ς ÃÁÒÇÏ 

ÍÏÌÅÃÕÌÅÓ ɉÁȤ)ɊȢ 4ÈÅ ÄÉÓÐÅÒÓÉÏÎ ×ÁÓ ÔÈÅÎ ÔÒÅÁÔÅÄ ×ÉÔÈ #/ς ÁÔ ρπ Í,ȾÍÉÎ ÆÏÒ ÁÂÏÕÔ ς 

ÈÏÕÒÓȟ ×ÈÉÃÈ ÆÁÃÉÌÉÔÁÔÅÄ ÔÈÅ ÄÅØÔÒÁÎ ÍÏÌÅÃÕÌÅÓ ÐÅÎÅÔÒÁÔÅ ÔÈÒÏÕÇÈ -' ÓÈÅÌÌ ÉÎÔÏ -'# 

ɉÁȤ))ɊȢ 4ÈÉÓ ÐÅÒÍÅÁÔÉÏÎ ×ÁÓ ÄÒÉÖÅÎ ÂÙ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÏÆ ÃÈÅÍÉÃÁÌ ÐÏÔÅÎÔÉÁÌ ÂÅÔ×ÅÅÎ ÔÈÅ 

ÃÏÎÔÉÎÕÏÕÓ ÐÈÁÓÅ ÁÎÄ ÔÈÅ -'# ÃÏÒÅ ÐÈÁÓÅȢ 3ÕÂÓÅÑÕÅÎÔÌÙȟ ÔÈÅ -'# ×ÁÓ ÔÒÅÁÔÅÄ ×ÉÔÈ 

.ς ÆÏÒ ρ ÈÏÕÒ ÔÏ ÒÅÍÏÖÅ #/ς ÁÎÄ ÔÏ ÌÏÃË ÔÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÉÎÓÉÄÅ -'# ÍÉÃÒÏÃÁÐÓÕÌÅÓ 

ɉÁȤ)))ɊȢ ,ÁÓÔÌÙȟ ÅØÃÅÓÓ $ρ ÁÎÄ $ς ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÏÒ ×ÅÁËÌÙ ÁÔÔÁÃÈÅÄ ÏÎ ÔÈÅ -'# 

ÓÕÒÆÁÃÅ ×ÅÒÅ ÒÅÍÏÖÅÄ ÔÈÒÏÕÇÈ ÃÅÎÔÒÉÆÕÇÅ ÁÎÄ ×ÁÓÈÉÎÇ ×ÉÔÈ ÄÅÇÁÓÓÅÄ ×ÁÔÅÒ ÆÏÒ σ 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

129 

ÃÙÃÌÅÓȢ   

 

Figure 6-4. ÁɊ 3ÃÈÅÍÁÔÉÃ ÉÌÌÕÓÔÒÁÔÉÏÎ ÏÆ -'# ÌÏÁÄÉÎÇȤÌÏÃË ÐÒÏÃÅÓÓ ×ÉÔÈ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÕÎÄÅÒ 

#/ς ÔÒÅÁÔÍÅÎÔȢ 4ÈÅ ÌÏÁÄÉÎÇ ÁÎÄ ÅÎÃÁÐÓÕÌÁÔÉÏÎ ÐÒÏÃÅÓÓ ÏÆ -'#Ȥ&υ ɉÂȤρɊȟ -'#Ȥ&τπ ɉÃȤρɊ ÁÎÄ -'#Ȥ

&ψπ ɉÄȤρɊ ÒÅÃÏÒÄÅÄ ÂÙ 56ȤÖÉÓ ÓÐÅÃÔÒÏÍÅÔÅÒ ÄÅÔÅÃÔÉÏÎ ÏÆ $ρ ɉτψυ ÎÍɊ ÁÎÄ $ς ɉφσπ ÎÍɊ ÃÏÎÔÅÎÔ 

ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎȢ 4ÈÅ ÐÈÏÔÏ ÁÎÄ ÆÌÕÏÒÅÓÃÅÎÃÅ ÉÍÁÇÅÓ ÏÆ -'#Ȥ&υ ɉÂȤςɊȟ -'#Ȥ&τπ ɉÃȤςɊ ÁÎÄ 

-'#Ȥ&ψπ ɉÄȤςɊ ÂÅÆÏÒÅ ÁÎÄ ÁÆÔÅÒ $ρ ÁÎÄ $ς ÌÏÁÄÉÎÇ ÁÎÄ ÅÎÃÁÐÓÕÌÁÔÉÏÎȢ  

 

4ÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ $ρ ÁÎÄ $ς ÐÏÓÓÅÓÓÅÄ 56ȤÖÉÓ ÁÂÓÏÒÐÔÉÏÎ ÁÔ τψυ ÁÎÄ φσπ ÎÍȟ 

ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÌÏÁÄÉÎÇ ÁÎÄ ÅÎÃÁÐÓÕÌÁÔÉÏÎ ÐÒÏÃÅÓÓ ÏÆ -'#Ȥ&υ ×ÁÓ ÒÅÃÏÒÄÅÄ ÂÙ 

ÍÏÎÉÔÏÒÉÎÇ $ρ ÁÎÄ $ς ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÔÈÒÏÕÇÈ 56ȤÖÉÓ 

ÓÐÅÃÔÒÏÍÅÔÅÒȢ 4ÈÅ 56ȤÖÉÓ ÁÂÓÏÒÐÔÉÏÎ ÃÕÒÖÅÓȟ ÁÓ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ φȤτ ÂȤρɊȟ ÓÕÇÇÅÓÔÅÄ 

ÔÈÁÔ ÂÏÔÈ $ρ ÁÎÄ $ς ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÄÅÃÒÅÁÓÅÄ ÄÒÁÍÁÔÉÃÁÌÌÙ ÄÕÒÉÎÇ ÔÈÅ ÌÏÁÄÉÎÇ 
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ÐÒÏÃÅÓÓȟ ×ÉÔÈ υφȢρς ×ÔϷ ÁÎÄ φσȢφτ ×ÔϷ ÌÏÁÄÉÎÇ ÅÆÆÉÃÉÅÎÃÉÅÓ ÒÅÁÃÈÅÄ ÉÎ ÌÅÓÓ ÔÈÁÎ ς 

ÈÏÕÒÓȢ 4ÈÅ ÌÏÁÄÉÎÇ ÏÆ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÉÎÔÏ -'#Ȥ&υ ÍÉÃÒÏÃÁÐÓÕÌÅ ×ÁÓ ÁÌÓÏ ÅÖÉÄÅÎÔ 

ÆÒÏÍ ÔÈÅ ÐÈÏÔÏ ÁÎÄ ÆÌÕÏÒÅÓÃÅÎÃÅ ÉÍÁÇÅÓ ÉÎ &ÉÇÕÒÅ φȤτ ÂȤςɊȢ ! ÄÒÁÍÁÔÉÃ ÃÏÌÏÒ ÄÅÃÒÅÁÓÅ 

ÏÆ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÆÒÏÍ ÄÁÒË ÇÒÅÅÎ ÂÅÆÏÒÅ ÌÏÁÄÉÎÇ ÔÏ ÂÁÒÅÌÙ ÔÒÁÎÓÐÁÒÅÎÔ ÁÆÔÅÒ 

ÌÏÁÄÉÎÇ ÃÏÕÌÄ ÂÅ ÏÂÓÅÒÖÅÄ ÉÎ ÔÈÅ ÐÈÏÔÏ ÉÍÁÇÅÓ ɉÌÅÆÔɊȢ 4ÈÅ -'#Ȥ&υ ÌÁÙÅÒ ÆÌÏÁÔ ÏÎ ÔÈÅ 

ÔÏÐ ÏÆ ÔÈÅ ÁÑÕÅÏÕÓ ÓÏÌÕÔÉÏÎ ÔÕÒÎÅÄ ÆÒÏÍ ×ÈÉÔÅ ÂÅÆÏÒÅ ÌÏÁÄÉÎÇ ÔÏ ÄÁÒË ÇÒÅÅÎ ÁÆÔÅÒ 

ÌÏÁÄÉÎÇȢ )Î ÔÈÅ ÆÌÕÏÒÅÓÃÅÎÃÅ ÉÍÁÇÅÓ ɉÒÉÇÈÔɊȟ ÔÈÅ ÄÁÒË -'# ÍÉÃÒÏÃÁÐÓÕÌÅ ×ÁÓ 

ÓÕÒÒÏÕÎÄÅÄ ÂÙ $ρ ɉÇÒÅÅÎɊ ÁÎÄ $ς ɉÒÅÄɊ ÍÏÌÅÃÕÌÅÓ ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÂÅÆÏÒÅ 

ÌÏÁÄÉÎÇȟ ×ÈÉÃÈ ÍÉÇÒÁÔÅÄ ÁÎÄ ÐÅÎÅÔÒÁÔÅÄ ÉÎÔÏ -'#Ȥ&υ ÍÉÃÒÏÃÁÐÓÕÌÅ ÁÆÔÅÒ ÌÏÁÄÉÎÇȟ 

ÓÈÏ×ÉÎÇ ÈÉÇÈÌÉÇÈÔÅÄ ÇÒÅÅÎ ÁÎÄ ÒÅÄ ÃÏÌÏÒȢ 4ÈÅ ÃÏÎÔÒÁÃÔÉÏÎ ÏÆ -'#Ȥ&υ ÁÆÔÅÒ #/ς ÒÅÍÏÖÁÌ 

ÃÏÎÃÅÎÔÒÁÔÅÄ $ρ ÁÎÄ $ς ÉÎ ÔÈÅ ÉÎÔÅÒÎÁÌ ÁÑÕÅÏÕÓ ÃÏÒÅ ÐÈÁÓÅȢ  

 

4ÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ×ÅÒÅ ÁÌÓÏ ÌÏÁÄÅÄ ÉÎÔÏ -'#Ȥ&τπ ÁÎÄ -'#Ȥ&ψπȟ ÁÓ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ 

φȤτ ÃɊ ÁÎÄ ÄɊȢ 4ÈÅ ÌÏÁÄÉÎÇ ÅÆÆÉÃÉÅÎÃÙ ÆÏÒ -'#Ȥ&τπ ÒÅÁÃÈÅÄ υπȢυφ ×ÔϷ ÁÎÄ ρτȢωρ ×ÔϷ 

ɉ&ÉÇÕÒÅ φȤτ ÃȤρɊ ÉÎ ς ÈÏÕÒÓ ÆÏÒ $ρ ÁÎÄ $ςȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ &ÏÒ -'#Ȥ&ψπȟ ÔÈÅ ÌÏÁÄÉÎÇ 

ÅÆÆÉÃÉÅÎÃÙ ÒÅÁÃÈÅÄ ÔÏ ÔÈÅ ÍÁØÉÍÕÍ ÏÆ ςυȢυψ Ϸ ÁÎÄ ρσȢφρ ×Ô Ϸ ɉ&ÉÇÕÒÅ φȤτ ÄȤρɊ ÆÏÒ $ρ 

ÁÎÄ $ς ÉÎ ρȢυ ÈÏÕÒÓȢ &ÕÒÔÈÅÒ ÅØÔÅÎÓÉÏÎ ÔÏ ς ÈÏÕÒÓ ÄÉÄ ÎÏÔ ÉÎÃÒÅÁÓÅ ÔÈÅ ÌÏÁÄÉÎÇ 

ÅÆÆÉÃÉÅÎÃÙȢ !Ó ÓÈÏ×ÅÄ ÆÒÏÍ ÔÈÅ -'#Ȥ&ψπ ÌÏÁÄÉÎÇ ÆÌÕÏÒÅÓÃÅÎÃÅ ÉÍÁÇÅÓ ɉÒÉÇÈÔɊ ÉÎ &ÉÇÕÒÅ 

φȤτ ÄȤςɊȟ ÈÉÇÈÌÉÇÈÔÅÄ ÇÒÅÅÎ ɉ$ρɊ ÁÎÄ ÒÅÄ ɉ$ςɊ ÓÈÅÌÌÓ ×ÉÔÈ ÄÁÒË ÉÎÔÅÒÎÁÌ ÃÏÒÅÓ ×ÅÒÅ 

ÆÏÕÎÄ ÂÏÔÈ ÂÅÆÏÒÅ ÁÎÄ ÁÆÔÅÒ -'#Ȥ&ψπ ÌÏÁÄÉÎÇȟ ÎÏ ÁÐÐÁÒÅÎÔ ÃÏÌÏÒ ÄÉÆÆÅÒÅÎÃÅ ×ÅÒÅ 

ÆÏÕÎÄ ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎȢ #ÏÎÓÉÄÅÒÉÎÇ ÔÈÁÔ -'Ȥ&ψπ ×ÁÓ ÎÏÔ ÇÁÓȤÓ×ÉÔÃÈÁÂÌÅ ɉÒÅÆÅÒ 

ÔÏ 3ÅÃÔÉÏÎ σȢρ ÁÎÄ 4ÁÂÌÅ φȤρɊȟ ÉÔ ×ÁÓ ÔÈÏÕÇÈÔ ÔÈÁÔ $ρ ÁÎÄ $ς ÄÅÃÒÅÁÓÅÄ ÆÒÏÍ ÔÈÅ 
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ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ×ÅÒÅ ÎÏÔ ÅÎÃÁÐÓÕÌÁÔÅÄ ÉÎ ÔÈÅ ÃÏÒÅ ÏÆ -'#Ȥ&ψπȟ ÂÕÔ ÌÏÁÄ ÏÎ ÔÈÅ -'# 

ÓÕÒÆÁÃÅȢ !ÓÓÕÍÉÎÇ ÔÈÅ ÓÁÍÅ ÁÍÏÕÎÔ ÏÆ ÔÈÅ $ρ ÁÎÄ $ς ×ÅÒÅ ÌÏÁÄÉÎÇ ÏÎ ÔÈÅ ÓÕÒÆÁÃÅ ÏÆ 

-'#Ȥ&τπȟ ÁÂÏÕÔ ςυ ×ÔϷ $ρ ÁÎÄ ρȢσπ ×ÔϷ $ς ×ÅÒÅ ÅÎÃÁÐÓÕÌÁÔÅÄ ÉÎ -'#Ȥ&τπȢ !Ó 

ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ φ ÃȤςɊȟ ÔÈÅ ÐÈÏÔÏ ÉÍÁÇÅÓ ɉÌÅÆÔɊ ÅØÈÉÂÉÔÅÄ Á ÃÏÌÏÒ ÔÒÁÎÓÉÔÉÏÎ ÆÒÏÍ ÄÁÒË 

ÇÒÅÅÎ ÔÏ ÂÌÕÅ ÁÆÔÅÒ ÌÏÁÄÉÎÇ ÏÆ ÔÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓȢ 4ÈÅ $ρ ÍÏÌÅÃÕÌÅ ɉÙÅÌÌÏ× ÃÏÌÏÒɊ 

ÐÅÎÅÔÒÁÔÅÄ ÉÎÔÏ -'#Ȥ&τπȟ ÌÅÁÄÉÎÇ ÔÏ ÔÈÅ ÙÅÌÌÏ× ÃÏÌÏÒ ɉ$ρɊ ÅØÔÒÁÃÔÅÄ ÆÒÏÍ ÔÈÅ ÄÁÒË 

ÇÒÅÅÎ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ɉ$ρ ÁÎÄ $ς ÍÉØÔÕÒÅ ÁÑÕÅÏÕÓ ÓÏÌÕÔÉÏÎɊ ÁÎÄ ÍÉÇÒÁÔÅÄ ÔÏ ÔÈÅ 

-'#ȟ ÌÅÆÔ ÔÈÅ ÂÌÕÅ $ς ÉÎÇÒÅÄÉÅÎÔ ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎȢ 4ÈÉÓ ÃÏÕÌÄ ÂÅ ÖÅÒÉÆÉÅÄ ÆÒÏÍ 

ÔÈÅ ÆÌÕÏÒÅÓÃÅÎÃÅ ÉÍÁÇÅÓ ɉÒÉÇÈÔɊ ×ÈÉÃÈ ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ $ρ ÍÏÌÅÃÕÌÅ ÐÅÎÅÔÒÁÔÅÄ ÉÎÔÏ 

-'#Ȥ&τπȟ ÈÉÇÈÌÉÇÈÔÅÄ ×ÉÔÈ ÇÒÅÅÎ ÃÏÌÏÒ ÁÆÔÅÒ ÌÏÁÄÉÎÇȢ 4ÈÅÒÅ ×ÁÓ ÎÏ $ς ɉÒÅÄɊ ÉÎ ÔÈÅ 

ÉÎÔÅÒÎÁÌ ÃÏÒÅ ÏÆ -'#Ȥ&τπȢ "ÁÓÅÄ ÏÎ ÔÈÅ ÓÁÍÅ ÓÕÒÆÁÃÅ ÌÏÁÄÉÎÇ ÁÓÓÕÍÐÔÉÏÎȟ ÁÂÏÕÔ σρ 

×ÔϷ ɉ$ρɊ ÁÎÄ τω×ÔϷ ɉ$ςɊ ÅÎÃÁÐÓÕÌÁÔÉÏÎ ÅÆÆÉÃÉÅÎÃÉÅÓ ×ÅÒÅ ÒÅÁÃÈÅÄ ÆÏÒ -'#Ȥ&υ 

×ÉÔÈÉÎ ς ÈÏÕÒÓȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ "ÏÔÈ $ρ ɉÇÒÅÅÎɊ ÁÎÄ $ς ɉÒÅÄɊ ×ÅÒÅ ÆÏÕÎÄ ÉÎ ÔÈÅ ÉÎÎÅÒ 

ÃÏÒÅ ÏÆ -'#Ȥ&υ ÁÆÔÅÒ ÌÏÁÄÉÎÇȟ ÁÓ ÓÈÏ×Î ÉÎ ÔÈÅ ÆÌÕÏÒÅÓÃÅÎÃÅ ÉÍÁÇÅ ÏÆ &ÉÇÕÒÅ φȤτ ÂȤςɊȢ  

 

)Ô ×ÁÓ ×ÏÒÔÈ ÔÏ ÃÌÁÒÉÆÙ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ȰÌÏÁÄÉÎÇ ÅÆÆÉÃÉÅÎÃÙȱ ÁÎÄ ȰÅÎÃÁÐÓÕÌÁÔÉÏÎ 

ÅÆÆÉÃÉÅÎÃÙȱ ÄÅÓÃÒÉÂÅÄ ÁÂÏÖÅȢ 4ÈÅ ȰÌÏÁÄÉÎÇ ÅÆÆÉÃÉÅÎÃÙȱ ÍÅÁÎÓ ȰÔÈÅ $ρ ÁÎÄ $ς ÃÁÒÇÏ 

ÍÏÌÅÃÕÌÅÓ ÄÅÃÒÅÁÓÅÄ ÆÒÏÍ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ×ÅÒÅ ÌÏÁÄÅÄ ÂÏÔÈ ÏÎ ÔÈÅ ÓÕÒÆÁÃÅ ÁÎÄ 

ÉÎÎÅÒ ÃÏÒÅ ɉÅÎÃÁÐÓÕÌÁÔÅɊ ÏÆ ÔÈÅ -'#ȱȟ ×ÈÉÌÅ ȰÅÎÃÁÐÓÕÌÁÔÉÏÎ ÅÆÆÉÃÉÅÎÃÙȱ ÏÎÌÙ ÒÅÆÅÒÒÅÄ ÔÏ 

ȰÔÈÅ $ρ ÁÎÄ $ς ÅÎÃÁÐÓÕÌÁÔÅÄ ×ÉÔÈÉÎ ÔÈÅ ÉÎÎÅÒ ÃÏÒÅ ÏÆ -'#ȱȢ )Ô ÂÅÃÏÍÅÓ ÔÈÅÎ ÃÌÅÁÒ ÔÈÁÔ 

$ρ ÁÎÄ $ς ÅÎÃÁÐÓÕÌÁÔÉÏÎ ×ÁÓ ÂÁÓÅÄ ÏÎ Á ÓÉÚÅ ÅØÃÌÕÓÉÏÎ ÍÅÃÈÁÎÉÓÍȢ $ÒÉÖÅÎ ÂÙ ÔÈÅ 

ÄÉÆÆÅÒÅÎÃÅ ÏÆ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÉÎ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÁÎÄ ÉÎ ÉÎÎÅÒ ÃÏÒÅ ÐÈÁÓÅ ÏÆ -'#Óȟ 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

132 

ÔÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÐÅÎÅÔÒÁÔÅÄ ÔÈÅ -'Ȥ-' ÃÏÌÌÏÉÄ ÓÈÅÌÌȢ )Ô ×ÁÓ ÔÈÅ Ó×ÅÌÌÂÉÌÉÔÙ ÏÆ 

0ɉ$%!ȤÃÏȤ&3Ɋ ÍÉÃÒÏÇÅÌÓ ÔÈÁÔ ÒÅÇÕÌÁÔÅÄ ÔÈÅ ÐÅÒÍÅÁÂÉÌÉÔÙ ÏÆ -'# ÓÈÅÌÌ ÕÐÏÎ ÔÈÅ 

ÔÒÅÁÔÍÅÎÔ ÏÆ ÔÒÉÇÇÅÒ ÇÁÓ /ς ÁÎÄ #/ςȢ $ÅÐÅÎÄÉÎÇ ÏÎ ÔÈÅ ÃÏÐÏÌÙÍÅÒ ÃÏÍÐÏÓÉÔÉÏÎȟ -'#Ȥ

&υ ÅÎÃÁÐÓÕÌÁÔÅÄ ÂÏÔÈ $ρ ÁÎÄ $ςȠ -'#Ȥ&τπ ÅÎÃÁÐÓÕÌÔÅ ÍÁÉÎÌÙ $ρ ÂÕÔ ÌÉÔÔÌÅ $ςȠ -'#Ȥ

&ψπ ÅÎÃÁÐÓÕÌÁÔÅ ÎÏ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÄÕÅ ÔÏ ÉÔÓ ÌÁÃË ÏÆ ÇÁÓ ÒÅÓÐÏÎÓÉÔÉÖÉÔÙȢ 

 

ϊȢψȢχȢφ  'ÁÓȤÔÒÉÇÇÅÒÅÄ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ ÏÆ $υ ÁÎÄ $φ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÌÏÁÄÅÄ ÉÎÓÉÄÅ -'#Ȥ

&ω 

-'#Ȥ&υ ÓÁÍÐÌÅÓ ÅÎÃÁÐÓÕÌÁÔÅÄ ×ÉÔÈ σρ ×ÔϷ $ρ ÁÎÄ τω ×ÔϷ $ς ɉ-'#Ȥ&υɕɊ ×ÅÒÅ 

ÅÍÐÌÏÙÅÄ ÔÏ ÉÎÖÅÓÔÉÇÁÔÅ ÔÈÅ ÇÁÓȤÔÒÉÇÇÅÒÅÄ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ ÐÒÏÐÅÒÔÉÅÓ ÏÆ -'#Ȥ&υɕȢ 

-'#Ȥ&υɕ ÍÉÃÒÏÃÁÐÓÕÌÅÓ ×ÅÒÅ ÄÉÖÉÄÅÄ ÉÎÔÏ ÔÈÒÅÅ ÅÑÕÁÌ ÁÌÉÑÕÏÔÓ ÁÎÄ ÄÉÓÐÅÒÓÅÄ ÉÎ ψ Í, 

ÄÅÇÁÓÓÅÄ $) ×ÁÔÅÒ ÐÒÉÏÒ ÔÏ ÔÈÅ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ ÔÅÓÔȢ 4ÈÅ ÄÉÓÐÅÒÓÉÏÎ ÓÁÍÐÌÅÓ ×ÅÒÅ 

ÂÕÂÂÌÅÄ ×ÉÔÈ ÉÎÅÒÔ ÇÁÓ .ςȟ ÁÎÄ ÔÒÉÇÇÅÒ ÇÁÓÅÓ /ς ÁÎÄ #/ςȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ $ρ ÁÎÄ $ς 

ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÉÎ ÔÈÅ ÅÎÖÉÒÏÎÍÅÎÔ ÓÏÌÕÔÉÏÎ ÁÔ ÄÉÆÆÅÒÅÎÔ ÓÔÁÇÅÓ ×ÅÒÅ ÍÏÎÉÔÏÒÅÄ ÂÙ 56Ȥ

ÖÉÓ ÓÐÅÃÔÒÏÍÅÔÅÒ ÁÔ τψυ ÎÍ ɉ$ρɊ ÁÎÄ φσπ ÎÍ ɉ$ςɊȟ ÁÓ ÓÕÍÍÁÒÉÚÅÄ ÉÎ &ÉÇÕÒÅ φȤυȢ  
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Figure 6-5. ÁɊ 'ÁÓȤÔÒÉÇÇÅÒÅÄ -'#Ȥ&υɕ ÍÉÃÒÏÃÁÐÓÕÌÅ ÒÅÌÅÁÓÉÎÇ ÐÒÏÆÉÌÅ ÒÅÃÏÒÄÅÄ ÂÙ 56ȤÖÉÓ 

ÓÐÅÃÔÒÏÍÅÔÅÒ ÁÔ τψυ ÎÍ ɉ$ρɊ ÁÎÄ φσπ ÎÍ ɉ$ςɊȢ  

 

!Ó Á ÃÏÎÔÒÏÌ ÓÁÍÐÌÅȟ -'#Ȥ&υɕ ÔÒÅÁÔÅÄ ×ÉÔÈ .ς ÆÏÒ φπ ÍÉÎ ÒÅÌÅÁÓÅÄ ÖÅÒÙ ÌÉÔÔÌÅ $ρ ÁÎÄ 

$ςȟ ÁÓ ÓÅÅÎ ÆÒÏÍ &ÉÇÕÒÅ φȤυȢ $ÉÓÔÉÎÃÔ ÒÅÌÅÁÓÅÓ ÏÆ ÔÈÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ɉ$ρ ÏÒȾÁÎÄ $ςɊ 

×ÅÒÅ ÃÌÅÁÒÌÙ ÄÅÔÅÃÔÅÄ ÉÎ ÔÈÅ ÅÎÖÉÒÏÎÍÅÎÔ ÓÏÌÕÔÉÏÎÓȟ ÔÒÅÁÔÅÄ ×ÉÔÈ ÔÒÉÇÇÅÒ ÇÁÓ /ς ÁÎÄ 

#/ςȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÒÅÁÔÅÄ ×ÉÔÈ /ςȟ $ρ ÓÔÁÒÔÅÄ ÔÏ ÒÅÌÅÁÓÅ ÉÎ υ ÍÉÎȟ ÁÎÄ Á ÂÁÌÁÎÃÅ ÁÔ πȢςφ 

×ÁÓ ÒÅÁÃÈÅÄ ÉÎ φπ ÍÉÎȢ )Î ÃÏÎÔÒÁÓÔȟ ÖÅÒÙ ÌÉÔÔÌÅ $ς ÒÅÌÅÁÓÅ ɉπȢπφρɊ ×ÁÓ ÄÅÔÅÃÔÅÄȟ ÅÖÅÎ 

ÁÆÔÅÒ ÌÏÎÇ ÔÉÍÅ /ς ÂÕÂÂÌÉÎÇȢ 4ÈÉÓ ÓÉÚÅ ÅØÃÌÕÓÉÏÎ ÂÁÓÅÄ ÒÅÌÅÁÓÅ ×ÁÓ ÄÕÅ ÔÏ ÔÈÅ ÓÈÅÌÌ 

ÐÅÒÍÅÁÂÉÌÉÔÙȢ 4ÈÅ /ςȤÉÎÄÕÃÅÄ Ó×ÅÌÌÉÎÇ ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌÓ ÁÌÌÏ×ÅÄ ÐÅÎÅÔÒÁÔÉÏÎ ÏÆ ÔÈÅ 

ÓÍÁÌÌÅÒ $ρ ÂÕÔ ÎÏÔ ÔÈÅ ÌÁÒÇÅÒ $ςȢ 4ÒÅÁÔÉÎÇ ×ÉÔÈ #/ς ÒÅÓÕÌÔÅÄ ÉÎ ÍÏÒÅ ÓÅÖÅÒÅ Ó×ÅÌÌÉÎÇ 

ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌÓ ÁÎÄ ÔÈÕÓ ÏÐÅÎÅÄ ÕÐ ÔÈÅ ÓÈÅÌÌ ÔÏ ÁÌÌÏ× ÂÏÔÈ $ρ ÁÎÄ $ς ÒÅÌÅÁÓÅȢ )Ô ×ÁÓ 

ÎÏÔÉÃÅÄ ÔÈÁÔ $ρ ÒÅÌÅÁÓÅÓ ÍÕÃÈ ÆÁÓÔÅÒ ÁÔ ÔÈÅ ÅÁÒÌÙ ÓÔÁÇÅ ×ÉÔÈ πȢςτ $ρ ÁÃÈÉÅÖÅÄ ×ÉÔÈÉÎ 

ÔÈÅ ÆÉÒÓÔ ρπ ÍÉÎȢ 4ÈÅ ÍÁØÉÍÕÍ $ρ ÒÅÌÅÁÓÅ ÏÆ πȢςω ×ÁÓ ÒÅÁÃÈÅÄ ÉÎ φπ ÍÉÎ ÏÆ #/ς 

ÔÒÅÁÔÍÅÎÔȢ #ÏÍÐÁÒÅÄ ÔÏ $ρȟ $ς ÒÅÌÅÁÓÅ ×ÁÓ ÓÌÏ×ÅÒ ɉπȢςς ÉÎ τπ ÍÉÎɊȟ ×ÉÔÈ ÉÔÓ ÍÁØÉÍÕÍ 
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ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÔ πȢςτ ÒÅÁÃÈÅÄ ÁÆÔÅÒ φπ ÍÉÎ #/ς ÔÒÅÁÔÍÅÎÔȢ )Ô ×ÁÓ ÁÌÓÏ ÆÏÕÎÄ ÔÈÁÔ Á 

ÓÍÁÌÌ ÃÏÎÔÅÎÔ ÏÆ $ρ ÁÎÄ $ς ÃÏÕÌÄ ÂÅ ÄÅÔÅÃÔÅÄ ÆÒÏÍ ÔÈÅ ÍÏÔÈÅÒ ÓÏÌÕÔÉÏÎ ÁÆÔÅÒ ÔÈÅ 

ÆÒÅÓÈÌÙ ÐÒÅÐÁÒÅÄ -'#Ȥ&υɕ ÓÁÍÐÌÅ ×ÁÓ ÅØÐÏÓÅÄ ÔÏ ÁÔÍÏÓÐÈÅÒÅ ÁÎÄ ÓÔÏÒÅÄ ÏÖÅÒ ÌÏÎÇ 

ÔÉÍÅ ɉÏÖÅÒ ×ÅÅËÓɊȢ 4ÈÉÓ ÍÉÇÈÔ ÂÅ ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÏÆ #/ς ÆÒÏÍ ÏÐÅÎ ÁÉÒȟ 

×ÈÉÃÈ ÇÒÁÄÕÁÌÌÙ ÐÒÏÍÏÔÅÄ ÔÈÅ ÒÅÌÅÁÓÅ ÏÆ $ρ ÁÎÄ $ς ÆÒÏÍ ÔÈÅ -'#ɕȢ 

 

Figure 6-6. 3ÃÈÅÍÁÔÉÃ ÉÌÌÕÓÔÒÁÔÉÏÎ ÏÆ ÇÁÓ ɉ/ς ÁÎÄ #/ςɊȤÔÒÉÇÇÅÒÅÄ ÈÉÅÒÁÒÃÈÉÃÁÌ ÒÅÌÅÁÓÅÓ ÏÆ -'#Ȥ&υɕ 

ÍÉÃÒÏÃÁÐÓÕÌÅ ÅÎÃÁÐÓÕÌÁÔÅÄ ×ÉÔÈ ×ÁÔÅÒȤÓÏÌÕÂÌÅ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÈÁÖÉÎÇ ÄÉÆÆÅÒÅÎÔ ÍÏÌÅÃÕÌÅ 

×ÅÉÇÈÔÓȢ  

 

As illustrated in Figure 6-6, it was found that O2 only triggered the release of D1 from 

MGC-F5* microcapsule, while CO2 was capable to induce the release of both D1 and 

D2. N2 did not work as a gas-trigger. The hierarchical release profile of the cargo 

molecules was based on a size exclusion mechanism. O2 and CO2 could reversibly 

interact with the functional groups of P(DEA-co-FS) microgels (fluorine atoms and 

ternary amines, respectively), increasing hydrophilicity and induce microgel swelling. 
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§ 6.5 Conclusion  

)Î ÃÏÎÃÌÕÓÉÏÎȟ ÔÈÅ ÍÉÃÒÏÇÅÌ ÃÏÌÌÏÉÄÏÓÏÍÅÓ ɉ-'#Ɋ ×ÉÔÈ ÔÕÎÁÂÌÅ ÓÈÅÌÌ ÐÅÒÍÅÁÂÉÌÉÔÙ 

×ÅÒÅ ÐÒÅÐÁÒÅÄ ÕÓÉÎÇ /ς ÁÎÄ #/ς ÄÕÁÌȤÇÁÓ Ó×ÉÔÃÈÁÂÌÅ 0ɉ$%!ȤÃÏȤ&3Ɋ ÍÉÃÒÏÇÅÌÓȟ ×ÈÉÃÈ 

×ÅÒÅ ÓÕÒÆÁÃÅ ÍÏÄÉÆÉÅÄ ×ÉÔÈ ÁÍÉÎÅ ÇÒÏÕÐÓ ɉȤ.(ςɊȢ )Î -'# ÐÒÅÐÁÒÁÔÉÏÎȟ ÔÈÅ ÍÉÃÒÏÇÅÌȤ

ÓÔÁÂÉÌÉÚÅÄ ÏÉÌȤÉÎȤ×ÁÔÅÒ 0ÉÃËÅÒÉÎÇ ÅÍÕÌÓÉÏÎ ×ÁÓ ÕÓÅÄ ÁÓ ÔÅÍÐÌÁÔÅ ×ÉÔÈ ÔÈÅ ÁÄÊÁÃÅÎÔ 

ÍÉÃÒÏÇÅÌ ÐÁÒÔÉÃÌÅÓ ÃÒÏÓÓÌÉÎËÅÄ ÂÙ ÏÉÌ ÓÏÌÕÂÌÅ 00'$%-! ÔÈÒÏÕÇÈ ÁÍÉÎÅȤÅÐÏØÙ ÒÅÁÃÔÉÏÎȢ 

4ÈÅ -'# ×ÁÓ ÐÕÒÉÆÉÅÄ ÂÙ ×ÁÓÈÉÎÇ ÏÆÆ ÅØÃÅÓÓ ÍÉÃÒÏÇÅÌ ÐÁÒÔÉÃÌÅÓ ÁÎÄ ÂÙ ÅØÔÒÁÃÔÉÏÎ ÏÆ 

ÔÈÅ ÏÉÌ ÃÏÒÅ ÐÈÁÓÅȢ 4ÈÅ ÓÕÃÃÅÓÓÆÕÌ ÅÎÃÁÐÓÕÌÁÔÉÏÎ ÏÆ ÄÅØÔÒÁÎ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ ÈÁÖÉÎÇ 

ÄÉÆÆÅÒÅÎÔ ÓÉÚÅÓ ɉÍÏÌÅÃÕÌÅ ×ÅÉÇÈÔȡ ρπ ÁÎÄ ςπππ Ë$ÁɊ ÉÎÔÏ -'#Ȥ&υ ×ÁÓ ÄÅÍÏÎÓÔÒÁÔÅÄȟ 

×ÉÔÈ ÔÈÅ ÓÈÅÌÌ ÐÅÒÍÅÁÂÉÌÉÔÙ ÍÁØÉÍÉÚÅÄ ÂÙ #/ςȤÉÎÄÕÃÅÄ Ó×ÅÌÌÉÎÇ ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌÓȢ 

2ÅÍÏÖÉÎÇ #/ς ÔÒÉÇÇÅÒ ÇÁÓ ÌÅÄ ÔÏ ÃÏÎÔÒÁÃÔÉÏÎ ÏÆ ÔÈÅ -'# ÁÎÄ ÌÏÃËÉÎÇ ÏÆ ÃÁÒÇÏ ÍÏÌÅÃÕÌÅÓ 

ÉÎÓÉÄÅȢ 4ÒÅÁÔÅÄ -'#Ȥ&υɕ ×ÉÔÈ /ς ÁÎÄ #/ς ÒÅÓÐÅÃÔÉÖÅÌÙȟ Á ÈÉÅÒÁÒÃÈÉÃÁÌ ÒÅÌÅÁÓÅ ÐÒÏÆÉÌÅ ÏÆ 

$ρ ÁÎÄ $ς ×ÁÓ ÏÂÓÅÒÖÅÄȢ  4ÈÅ ÒÅÌÅÁÓÅ ×ÁÓ ÂÁÓÅÄ ÏÎ Á ÓÉÚÅ ÅØÃÌÕÓÉÏÎ ÍÅÃÈÁÎÉÓÍȢ 4ÈÅ 

Ó×ÉÔÃÈÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ÍÉÃÒÏÇÅÌÓ ÕÐÏÎ /ς ÁÎÄ #/ς ÔÒÅÁÔÍÅÎÔ ÒÅÓÕÌÔÅÄ ÄÉÓÔÉÎÃÔ ÓÈÅÌÌ 

ÐÅÒÍÅÁÂÉÌÉÔÉÅÓ ÔÏ ÒÅÌÅÁÓÅ $ρ ÁÎÄ $ς ÈÉÅÒÁÒÃÈÉÃÁÌÌÙ ÆÒÏÍ -'#Ȥ&υɕȢ 3ÕÃÈ ÇÁÓȤÓ×ÉÔÃÈÁÂÌÅ 

-'# ÍÉÃÒÏÃÁÐÓÕÌÅÓ ×ÉÔÈ ÔÕÎÁÂÌÅ ÓÈÅÌÌ ÐÅÒÍÅÁÂÉÌÉÔÙ ÁÒÅ ÐÒÏÍÉÓÉÎÇ ÆÏÒ ÃÏÎÔÒÏÌȤÒÅÌÅÁÓÅ 

ÏÆ ÍÕÌÔÉÐÌÅ ÉÎÇÒÅÄÉÅÎÔÓȢ   
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§ 6.7 Supporting information  

 

 

 

Figure 6-S1. Dynamic light scattering (DLS) characterization of the gas  (O2 and CO2)-switchable 

hydrodynamic size for P(DEA -co-FS) microgels with different FS content. a) MG -F5 (FS = 5 wt%), 

b) MG-F40 (FS = 40 wt%), c) MG-F80 (FS = 80 wt%). 

 

 

Figure 6-S2. Fluorescence microscope images of the microgel -colloidosomes (MGC-F5) with 0.5, 

1.0 and 2.0 wt% PPGDEG (based on microgel mass) for inter microgel (MG -MG) cross-linking: 

before (N 2) and after CO2 treatment.  
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Figure 6-S3. SEM image of MGC-F5, MGC-F40 and MGC-F80.  
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7 CO2-SWITCHABLE MEMBRANES USED 

FOR OIL /W ATER SEPARATION 

This chapter reports the generation of highly porous membrane ×ÉÔÈ ȰÏÐÅÎ-ÃÅÌÌȱ 

structure and CO2-switchable surface wettability and their application on CO2-

controlled oil/water separation.  This work is reproduced from a newly prepared 

ÍÁÎÕÓÃÒÉÐÔ ÏÆ ȰHighly porous poly(high internal phase emulsion) membranes with 

ȰÏÐÅÎ-ÃÅÌÌȱ ÓÔÒÕÃÔÕÒÅ ÁÎÄ #/2-switchable wettability used for controlled oil/water  

separationȱ. The combination of stimuli-responsive functionality and novel 

macrostructure enable promising applications in the areas of control-release, smart 

separation, tissue engineering and so on. 

 

Author contributions  

The idea of this work is generated from the discussion with Dr. Qi Zhang. Lei Lei did 

all the experiments and prepared the first manuscript under the supervision of Dr. 
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Shiping Zhu. Dr. Zhang and Dr. Shuxian Shi provided valuable discussion and first 

revision of the manuscript. Dr. Zhu did the final revision before submission.  

 

§ 7.1 Abstract  

Polymer membranes with switchable wettability have promising applications in 

smart separation. Hereby, we report highly porous poly(styrene-co-N,N-

diethylaminoethyl methacrylate) (i.e., poly(St-co-DEA)) mÅÍÂÒÁÎÅÓ ×ÉÔÈ ȰÏÐÅÎ-ÃÅÌÌȱ 

structure and CO2-switchable wettability prepared from water-in-oil (W/O) high 

ÉÎÔÅÒÎÁÌ ÐÈÁÓÅ ÅÍÕÌÓÉÏÎ ɉ()0%Ɋ ÔÅÍÐÌÁÔÅÓȢ 4ÈÅ ȰÏÐÅÎ-ÃÅÌÌȱ ÐÏÒÏÕÓ ÓÔÒÕÃÔÕÒÅ 

facilitates fluid penetration through the membranes. The combination of CO2-

switchable functionality and porous microstructure enable the membrane with CO2-

switchable wettability from hydrophobic or superoleophilic to hydrophilic or 

superoleophobic through CO2 treatment in an aqueous system. This type of 

membranes can be used for gravity-driven CO2-controlled oil/water separation, in 

which oil selectively penetrates through the membrane and separates from water.  

After treated with CO2 switching wettability of the membrane, a reversed separation 

of water from oil can be achieved. Such wettability switch is fully reversible and the 

membrane could be regenerated through simply removal of CO2 and oil residual 

through drying. This facile and cost effective approach represents the development of 

first CO2-switchable polyHIPE system, promising for smart separation in large 

volume. 

 



Ph.D. Thesis ɀ Lei Lei McMaster University ɀ Chemical Engineering 

142 

§ 7.2 Introduction  

Fresh water is very precious since 97% of the water on earth is inedible salt water, 

and one in four people in the world are suffering from safe water shortage. Organic 

liquid (oil) often contaminates water and separating oil for water is thus important 

for water purification and regeneration.1 In general, oil/water separation can be 

classified as oil-removing, water-removing, and smart controllable separation.2,3 

Stimuli-responsive membranes with tunable wettability are promising for various 

applications such as oil/water separation,2,4ɀ7 anti-fouling,8ɀ10 cell capture and 

release,11 and so on. The surface wettability of these advanced membranes is an 

important factor in the applications, which could be regulated by changing chemical 

composition and surface structure of the substance.2,7,12,13    

 

By incorporating functional monomers and components, the physiochemical 

properties of membranes, such as surface microstructure and wettability, could be 

precisely manipulated through treating the membrane with an external stimulus like 

pH,2,14 thermo,7,14 electric-field,15 and UV,6,16 for on-off switching. For example, 

thermo and pH dual-controllable oil/water separation material has been reported by 

Cao et al.,14 in which poly(dimethylaminoethyl methacrylate) (PDMAEMA) was 

coated on a steel mesh through light-initiated free radical polymerization. Due to the 

double responsiveness of PDMAEMA, water could pass through the mesh and be 

separated from the water/oil mixture at temperature below 55 oC and pH lower than 

13. Otherwise, oil could permeate through and be collected. However, heating the 
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system is energy and time consuming and it is particularly true for large volume 

separation operation with limited heat transfer rates. The often-used pH regulation 

might also cause secondary contamination by acid and base addition. Recently, carbon 

dioxide (CO2Ɋ ÈÁÓ ÂÅÅÎ ×ÉÄÅÌÙ ÒÅÐÏÒÔÅÄ ÁÓ ÁÎ ÁÂÕÎÄÁÎÔ ȰÇÒÅÅÎȱ ÇÁÓÅÏÕÓ ÓÔÉÍÕÌÕÓȟ17ɀ

19 which has been applied to various smart systems including redispersible 

latexes,16,19 ȰÂÒÅÁÔÈÁÂÌÅȱ ÍÉÃÒÏÇÅÌÓȟ21,22  block polymer self-assembling and 

shape/morphology deformations.23 Such stimuli-responsive features are attributed 

to the reversible reactions of CO2 with such functional groups as amines, guanidines 

and amidines in aqueous solution, which regulate hydrophobicity/polarity properties 

without contamination.23,24   

 

Surface structure (geometry and roughness) is another critical factor that affects 

fabrication of smart surfaces with specific wetting properties, as described by Wenzel 

model and Cassie-Baxter (C-B model).12,25ɀ27 Wenzel model reveals that surface 

roughness could enhance both wetting and anti-wetting properties of liquid on the 

surface.25 C-" ÍÏÄÅÌ ÅØÔÅÎÄÅÄ 7ÅÎÚÅÌȭÓ ÁÎÁÌÙÓÉs to porous surfaces and suggested 

that air trapped in porous roughness could facilitate preparation of anti-wetting 

surfaces.26 The development of nanotechnology, polymer science and interfacial 

engineering provide a wide range of methods and technologies to prepare fibrous and 

porous membranes. For example, Che et al.4 reported poly(methylmethacrylate-co-

N,N-diethylamino ethylmethacrylate) (i.e., PMMA-co-PDEAEMA) nanofiberous 

membranes prepared from electro-spinning, a broadly used technology in fiber 
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production. Fibers with diameter ranged from nanometer to several micrometers 

could be drawn from polymer solutions and melts.28,29 The wettability of membrane 

could be switched between hydrophilic and lipophilic by applying and removing CO2 

trigger. The combined nanoporous structure and CO2-switchbility enable the 

membranes successful oil/water on-off separation. Using the same technology, Li et 

al.2 deposited poly(methyl methacrylate)-b-poly(4-vinylpyridine) (i.e., PMMA-b-

P4VP) block copolymer on a metal mesh and prepared pH-responsive fiber 

membranes. P4VP gave the membranes with pH-switchable surface wettability while 

PMMA provided mechanical strength and stability. The as-prepared membranes 

enabled highly efficient and reversible gravity-driven pH-controll able oil/water 

separation.  

 

Compared to the fibrous membranes consisting of perpendicularly arranged fibers 

forming a network, porous membranes provide outstanding three-dimensional 

mechanical strength and stability against liquid flow and exhibit higher filtration 

efficiencies due to their irregular pore path.5,30ɀ32  High internal phase emulsion 

(HIPE) is an unique emulsion system consisting of more than 74 vol.% internal 

phase.33,34 Highly porous materials could be obtained by curing or polymerizing 

continuous phase and extracting internal phase out of the emulsion, known as 

polyHIPE.33,35ɀ39 Based on morphology of the porous structure, polyHIPE could be 

ÃÌÁÓÓÉÆÉÅÄ ÁÓ ȰÏÐÅÎ-ÃÅÌÌȱ ÁÎÄ ȰÃÌÏÓÅÄ-ÃÅÌÌȱȟ ÄÅÐÅÎÄÉÎÇ ×ÈÅÔÈÅÒ ÔÈÅÒÅ ÁÒÅ 

interconnected channels (akaȟ Ȱ×ÉÎÄÏ×ÓȱɊ ÉÎȾÂÅÔ×ÅÅÎ ÔÈÅ ÐÏÒÅÓ ɉȰÒÏÏÍÓȱɊȢ40 The 
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porous morphology originated from the dispersed phase can be regulated by 

changing surfactant type and concentration, monomer composition, oil/water phase 

ratio, and so on.33ɀ37,40ɀ42 Compared to electro-spinning membranes, polyHIPE is facile 

in preparation. HIPEs could be easily processed under ambient conditions and 

ȰÃÕÒÅÄȱ ÉÎÔÏ ÃÏÍÐÌÅØ ÓÈÁÐÅÓ ɉÅȢÇȢ ÍÏÎÏÌÉÔÈÓȟ ÍÅÍÂÒÁÎÅÓ ÁÎÄ ÂÅÁÄÓɊ ÂÙ ÃÁÓÔÉÎÇ ÉÎ 

template moulds and polymerization under mild conditions.32ɀ35,39 Jing et al.43 

prepared open-cell porous polystyrene (PS) monolith templates from water-in-

styrene HIPEs. This ultra-low density monolith could reversibly absorb and release 

(squeezed out) spilled organic liquid (e.g. mineral oil and dichloromethane) from 

water, which is promising for purification of oil contamination. Polystyrene HIPE with 

both closed-cell and open-cell porous structures have also been reported by Yu et al.5 

The open-cell polyHIPE products are highly gas permeable due to their 

interconnected porous structure. The closed-cell polyHIPE was used for reversible 

absorption separation of oil from water, exhibiting a higher dichloromethane (CH2Cl2) 

absorption capacity (33 g/g) than its open-cell electro-spinning counterpart (20.21 

g/g).43 It is believed that the closed-cell structure helps to hold more organic phase, 

but may restrict the rate of absorption, which took about 1 min to reach its maximum 

capacity.5   

 

Oil/water separation has been realized by either filtration separation or absorption 

separation. Fibrous membranes are often used for filtration separation while porous 

materials are used for absorption separation.2ɀ6,14,16 Filtration separations are more 
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applicable for continuous oil-water separation operation. Porous membranes are 

rarely used for liquid filtration separation due to a high pressure drop issue.16 This 

×ÏÒË ÒÅÐÏÒÔÓ Á ÆÁÃÉÌÅ ÍÅÔÈÏÄ ÆÏÒ ÆÁÂÒÉÃÁÔÉÏÎ ÏÆ ÈÉÇÈÌÙ ÐÏÒÏÕÓ ÍÅÍÂÒÁÎÅÓ ×ÉÔÈ ȰÏÐÅÎ-

ÃÅÌÌȱ ÓÔÒÕÃÔÕÒÅ ÁÎÄ #/2-switchable wettability. Such poly(styrene-co-N, N-

diethylaminoethyl methacrylate) (i.e., poly(St-co-DEA)) HIPE membranes are 

prepared from polymerizing the continuous oil phase of W/O high internal phase 

ÅÍÕÌÓÉÏÎ ÔÅÍÐÌÁÔÅÓ ÁÎÄ ÅØÔÒÁÃÔÉÎÇ ÔÈÅ ÄÉÓÐÅÒÓÅÄ ÁÑÕÅÏÕÓ ÐÈÁÓÅȢ 4ÈÅ ȰÏÐÅÎ-ÃÅÌÌȱ 

porous structure enables fluid penetration through the membranes. The combined 

CO2-Ó×ÉÔÃÈÁÂÌÅ ÆÕÎÃÔÉÏÎÁÌÉÔÙ ÁÎÄ ÍÉÃÒÏÐÏÒÏÕÓ ȰÏÐÅÎ-ÃÅÌÌȱ ÓÔÒÕÃÔÕÒÅ ÐÒÏÖÉÄÅ ÔÈÅ 

membranes with CO2-switchable wettability between hydrophobic or superoleophilic 

and hydrophilic or superoleophobic. Such membranes could be used for reversible 

CO2-controlled oil/water separation. This work represents the first CO2-switchable 

polyHIPE system, which is cost-effective for the preparation of large volume porous 

separation device with consistent porous quality and switchable wettability.   

 

§ 7.3 Experiments and Characterization  

7.3.1  Materials  

Styrene (St, 99%, Aldrich), 2-(diethylamino)ethyl methacrylate (DEA, 99%, Aldrich) 

and divinylbenzene (DVB, 80%, Aldrich ) were passed through an inhibitor remover 

column (Aldrich) and stored at 4 oC prior to use. Span 80, calcium chloride (CaCl2, 

Aldrich) and potassium persulfate (KPS) were purchased from Aldrich and used as 
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received. Ethanol (95%), hexane (95%) and chloroform (99.5%) purchased from 

Caledon Laboratory Chemicals are used as received. Milli-Q grade water was 

generated from Barnstead Nanopure Diamond system and used for all aqueous 

solution/phase preparation. 

 

7.3.2  Experiments 

7.3.2.1 Preparation of poly(St-co-DEA)-HIPE 

All polyHIPE membranes were prepared from polymerization of the water-in-oil 

(W/O) HIPEs. Take poly(St-co-DEA)-HIPE with 30 wt.% DEA content (based on total 

monomer and cross-linker mass) as an example. The oil phase was prepared by 

adding St (2.4 g), DEA (1.2 g), DVB (0.4 g) and Span-80 (1.4g, 35 wt.%) into a 50 mL 

plastic (polypropylene) tube. The water solution (36 mL, 90 vol.%) of KPS (0.08 g) 

and CaCl2 (0.4 g) was degased with N2 for 30 min. HIPE was prepared by 

homogenizing the oil phase at 20000 rpm, during which the aqueous phase was 

slowly added by syringe within 5 min. Homogenization was continued for another 2 

min after the complete addition of water phase. The freshly prepared HIPE was casted 

ÉÎ Á ÈÏÍÅÍÁÄÅ 4ÅÆÌÏÎ ÍÅÍÂÒÁÎÅ ÍÏÄÅÌ ɉÄÉÁÍÅÔÅÒ Ȱ$ȱ Ѐ υπ ÍÍȟ ÔÈÉÃËÎÅÓÓ ȰÄȱ Ѐ πȢυɊ 

and closed. The model was then cured in an oven at 70 oC for 48 hours to complete 

the polymerization, resulting in a white solid polyHIPE membrane. The membrane 

was washed in Soxhlet apparatus with ethanol for 48 hours to remove the residual 

monomer and surfactant, and dried in vacuum overnight at room temperature.   
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7.3.2.2  CO2-switchable oil-water separation   

PolyHIPE membranes with 30 wt.% DEA content were used for CO2-controlled 

oil/water separation. The membrane was trimmed into a circular shape with 

diameter about 47 mm and it was then fixed on to a filtration apparatus (Synthware 

Glass). A metal mesh was applied to support the membrane during filtration. Dry 

membrane and CO2-treated membrane were used for the filtration of hexane/water 

and chloroform/water, respectively. Specifically, the membrane was first thoroughly 

dried and it was then immersed into H2O for CO2 treatment (bubbling). A mixture of 

100 mL water and 100 mL oil (hexane or chloroform) was dumped onto the upside 

glass apparatus for oil/water filtration separation. After each use, the membrane was 

dried or treated with CO2 for another cycle of use. 

 

7.3.3  Characterization  

The morphology of polyHIPE membranes was characterized by SEM. Each sample was 

coated with 5 nm of platinum prior for observation. The sizes of pores and cells and 

windows were counted and evaluated with the software Image J. The membrane 

wettability was characterized by an optical contact angle measurement instrument. 

3ÐÅÃÉÆÉÃÁÌÌÙȟ ÆÏÒ ×ÁÓÔÅÒ ÃÏÎÔÁÃÔ ÁÎÇÌÅ ÍÅÁÓÕÒÅÍÅÎÔȟ ς ʈ, ÏÆ $) ×ÁÔÅÒ ÏÒ #/2-saturated 

DI water was applied to the sample in air and measured after 90s stable. Hexane was 

used for oil contact angle measurements, following the same procedure for water 

contact angle (WCA) testing. Specifically for underwater oil contact angle test, the 

membrane was immersed in water and treated with CO2 before text. Oil (henxane) 
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droplet was extruded from the needle and attached the membrane surface for 

measurement. The static contact angle was the average value for three measurements 

at three different positions of the sample. 

 

§ 7.4 Results and Discussion  

7.4.1  Poly(St-co-DEA)-HIPE membrane preparation and surface morphology 

characterization  

 

Figure 7-1. Synthetic illustration of poly(St -co-DEA)-HIPE membrane preparation . a) Water 

phase was added to system during oil phase homogenization for W/O HIPE preparation. b) The 

readily prepared HIP E was casted into a homemade membrane mold. c) Highly porous polyHIPE 

membrane with open -cell morphology was prepared by polymerizing the continuous phase of 

W/O HIPE.  

 

7.4.1.1  PolyHIPE membrane preparation   

The poly(St-co-DEA)-HIPE membranes with different DEA compositions were 

prepared from the water-in-oil (W/O) high internal phase emulsion (HIPE) template. 

The dispersed aqueous phase served as porogen, while the continuous oil phase 

including monomers is responsible for construction of the membrane frame-
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work.34,40,42 Figure 7-1 illustrates the process of highly porous polyHIPE membrane 

preparation. The oil phase contained monomers (DEA and St), cross-linker (DVB) and 

oil-soluble surfactant (Span-80). Specifically, St was used as a substrate monomer to 

provide the membrane with mechanical strength. DEA as CO2-switchable monomer 

enabled the membrane with CO2-switchable wettability.17,23 As a classic oil soluble 

cross-linker, DVB copolymerized with St provided the membrane enough mechanical 

strength and prevented the membrane from dissolving in organic solvents. Oil-soluble 

Span-80 was used as surfactant to stabilize W/O HIPE. The aqueous phase volume 

fraction was fixed at 90 vol% and dissolved with thermal initiator K2S2O8 and 

assistant stabilizer CaCl2. For HIPE preparation, water phase was gradually added to 

the system during oil phase homogenization (Figure7-1a). The viscosity of the 

emulsion system increased dramatically as the aqueous phase was continuously 

added, suggesting the formation of HIPE. The readily prepared cream-gel like HIPE 

was casted into a homemade model (Figure7-1b) and cured by polymerizing the 

continuous oil phase of W/O HIPE at 80 oC. Poly(St-co-DEA)-HIPE membranes with 

varying compositions were fabricated and purified by washing the residual 

monomers and surfactants off with ethanol in Soxhlet apparatus, and vacuum-dried 

overnight at room temperature (Figure7-1c). 

 

7.4.1.1  PolyHIPE porous structure characterization as function of chemical 

compostion  
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The morphology of poly(St-co-DEA)-HIPE membranes was characterized by SEM, as 

shown in Figure 7-2Ȣ (ÉÇÈÌÙ ÈÉÅÒÁÒÃÈÉÃÁÌ ÐÏÒÏÕÓ ÍÅÍÂÒÁÎÅÓ ×ÉÔÈ ȰÏÐÅÎ-ÃÅÌÌȱ 

structure were generated. The polymerization of monomer phase formed skeleton of 

ÔÈÅ ÍÅÍÂÒÁÎÅȢ 4ÈÅ ÆÉÒÓÔ ÌÅÖÅÌ ÏÆ ÐÏÌÙ()0% ÐÏÒÏÓÉÔÙȟ ÎÁÍÅÄ ȰÃÅÌÌȱȟ ×ÁÓ ÉÎÈÅÒÉÔÅÄ ÆÒÏÍ 

the porogen of water phase, which constructed the microcellular structure, as 

highlighted by the red cycle in Figure 7-2 (c-ρɊȢ 4ÈÅ ÉÎÔÅÒÃÏÎÎÅÃÔÅÄ Ȱ×ÉÎÄÏ×Óȱ 

between adjacent cells represent the second level of porosity, marked as yellow 

cycles, was caused by the volume contraction from monomer to polymer conversion, 

which induced thin film rapture between the adjacent emulsion droplets.35,39 The 

diametÅÒÓ ÏÆ ÃÅÌÌÓ ÁÎÄ ×ÉÎÄÏ×Ó ÁÒÅ ÄÅÎÏÔÅÄ ÁÓ Ȱ$ȱ ÁÎÄ ȰÄȱȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÓÕÒÆÁÃÅ 

ÒÁÔÉÏ ÂÅÔ×ÅÅÎ ×ÉÎÄÏ×Ó ÁÎÄ ÃÅÌÌÓ ÉÓ ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ȰÏÐÅÎÎÅÓÓȱ ÏÆ ÐÏÌÙ()0%ȟ ×ÈÉÃÈ ÉÓ 

critical for evaluation of consistent mass transfer through polyHIPE. 

 

Table 7-1. Poly(St-co-DEA)-HIPE membrane preparation and characterization  

Runs a 
Recipe b  PolyHIPE morphology c  WCA d 

St (g) DEA (g)  D ɉʈÍɊ  d ɉʈÍɊ n O (%)  Air  CO2 

M10 3.2 0.4  4.82 1.42 7 35.08  152 22 

M20 2.8 0.8  4.36 1.21 8 35.57  134 10 

M30 2.4 1.2  4.21 1.17 9 40.13  126 0 

M45 1.8 1.8  3.54 0.87 7 24.41  105 0 

Note: a .ÁÍÅ ÏÆ ÔÈÅ ÍÅÍÂÒÁÎÅÓȟ Ȱ-ȱ ÒÅÐÒÅÓÅÎÔÓ ȰÍÅÍÂÒÁÎÅȱȟ ×ÉÔÈ ÔÈÅ number indicating DEA 

ÃÏÎÔÅÎÔȢ ÅȢÇȢ Ȱ-ρπȱ ÒÅÆÅÒÓ ÔÏ ÐÏÌÙ()0% ÍÅÍÂÒÁÎÅ ×ÉÔÈ ρπ×ÔȢϷ $%! ÂÁÓÅÄ ÏÎ ÔÈÅ ÔÏÔÁÌ ÍÁÓÓ 

of monomer and cross-linker. b Monomer composition for poly(St-co-DEA)-HIPE preparation. 

The oil phase includes St, DEA, DVB (0.4 g) and Span-80 (1.4 g, 35 wt.%). Water phase contains 

K2S2O8 (0.08 g), CaCl2 (0.4 g), H2O (36 mL). c SEM characterization of polyHIPE membrane 

ÍÏÒÐÈÏÌÏÇÙȡ Ȱ$ȱȟ ÃÅÌÌ ÄÉÁÍÅÔÅÒȠ ȰÄȱȟ ×ÉÎÄÏ× ÄÉÁÍÅÔÅÒȠ Ȱ.ȱȟ ÅÓÔÉÍÁÔÅÄ ÎÕÍÂÅÒ ÏÆ ×ÉÎÄÏ×Ó ÉÎ 
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ÅÁÃÈ ÃÅÌÌ ÆÒÏÍ Ȱ. ÎϽςϽ
Ѝ
ȱȟ ÉÎ ×ÈÉÃÈ ȰÎȱ ÁÃÃÏÕÎÔÓ ÆÏÒ ÔÈÅ ÁÖÅÒÁÇÅ ÁÐÐÁÒÅÎÔ ÎÕÍÂÅÒ ÏÆ 

windows counted in each cell;39 Ȱ/ȱȟ ÏÐÅÎÎÅÓÓ ÏÆ ÔÈÅ ÍÅÍÂÒÁÎÅȟ ÄÅÎÏÔÅÄ ÁÓ ÔÈÅ ÒÁÔÉÏ ÂÅÔ×ÅÅÎ 

×ÉÎÄÏ× ÁÒÅÁ ÁÎÄ ÃÅÌÌ ÓÕÒÆÁÃÅ ÁÒÅÁ ÁÓ Ȱ/
Ͻ

Ͻ
Ѝ
Ͻ ȱȢ39 d CO2-switchable 

water contact angle tested with DI water (air) or CO2 saturated DI water in air condition.  

 

Figure 7-2 presents SEM images of polyHIPE membrane samples composing different 

DEA contents. Their precursor HIPEs were stabilized with 35 wt% surfactant (Span-

80) based on monomer (St/DEA) and cross-linker mass (DVB). As summarized in 

Table 7-ρȟ ÉÔ ×ÁÓ ÆÏÕÎÄ ÔÈÁÔ ÂÏÔÈ ÓÉÚÅÓ ÏÆ ÃÅÌÌÓ Ȱ$ȱ ÁÎÄ ×ÉÎÄÏ×Ó ȰÄȱ ÄÅÃÒÅÁÓÅÄ ÆÒÏÍ 

τȢψς ÔÏ σȢυτ ʈÍ ÁÎÄ ρȢτς ÔÏ πȢψχ ʈÍȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ ÁÓ $%! Ãontent increased from 10 

ÔÏ τυ ×ÔϷȢ 4ÈÅ ÁÖÅÒÁÇÅ ÁÐÐÁÒÅÎÔ ÎÕÍÂÅÒ ÏÆ ×ÉÎÄÏ×Ó ȰÎȱ ÉÎ ÅÁÃÈ ÃÅÌÌ ÓÌÉÇÈÔÌÙ 

increased from 7 to 9 as DEA content increased from 10 to 30 wt%. When DEA content 

continued to increase to 45 wt% in M45, about 7 apparent windows were found in 

each cell. Further increase in DEA caused cells collapsing and dramatically decreasing 

the window size. As seen from the cross-section crackles and surface roughness of the 

cells and windows, the rigidity of the membranes decreased as St component 

substituted by DEA. At the same time, the elasticity or softness of the membrane 

increased since more shrinks were generated around the windows where rupture of 

ÔÈÅ ÆÉÌÍ ÈÁÐÐÅÎÅÄȢ /Î ÔÈÅ ÏÔÈÅÒ ÓÉÄÅȟ ÓÉÎÃÅ ÔÈÅ ȰÏÐÅÎ-ÃÅÌÌȱ ÓÔÒÕÃÔÕÒÅ ×ÁÓ ÒÅÑÕÉÒÅÄ ÆÏÒ 

mass transfer through the membrane, the area ratio of window and cell, defined as 

ȰÏÐÅÎÎÅÓÓȱȟ ÉÓ ÃÒÉÔÉÃÁÌ ÔÏ ÅÖÁÌÕÁÔÅ ÔÈÅ ÍÁÓÓ ÔÒÁÎÓÆÅÒ ÅÆÆÉÃÉÅÎÃÙȢ !Ó ÅÖÁÌÕÁÔÅÄ ÉÎ 4ÁÂÌÅ 

7-1, PolyHIPE with 30 wt% DEA content (M30) showed the highest openness of 40.13 
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%, suggesting that nearly half of the cells was open for mass transfer, which is 

promising for filtration separation.   

 

 

Figure 7-2. SEM images of poly(St-co-DEA)HIPE membranes composing different DEA contents. 

a-1,2) 10  wt%, b -1,2) 20 wt%, c -1,2) 30 wt%, d -1,2) 45 wt%.  

 

PolyHIPE membranes prepared from 20 wt.% Span-80 stabilized HIPE were also 

presented as SEM images and characterization summarized in Figure 7-S1 and Table 

7-S1, respectively. Large cavities could be found among the membranes, which might 

cause damage or defect during filtration separation. This was caused by the 

coalescence of emulsion droplets before or during HIPE curing, because less 

surfactant would decrease the stability of HIPE system. 

 

7.4.2  CO2-switchable wettability of polyHIPE membrane  
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Figure 7-3. Contact angle measurement of P(St -co-DEA)-HIPE membrane, M10. a) WCA of 152 o 

on the membrane surface at 0 and 300 second. b) The tumble process of w ater droplet at 

membrane surface at 5 o. c) OCA at 0 and 5 ms, oil droplet immediately spread out on the 

membrane surface. As seen from video 7-S1.  

 

The surface wettability of the membranes is determined by their chemical 

composition and geometry structure.2,7,13 To probe the wettability of poly(St-co-

DEA)-HIPE membranes, the water contact angle (WCA) was firstly measured in air. It 

was found that such highly porous membranes exhibited significantly higher WCA 

compared to their smooth film counterparts. As shown in Figure 7-3a, the membrane 

composing 10 wt% DEA (M10) was able to stand a spherical kindred water droplet 

with WCA of 152o. The WCA did not change even after 5 min, despite reduced droplet 

size due to water evaporation, suggesting that surface wettability of the membrane 

was very stable. Even under enforced attachment, the water droplet could be easily 

detached from the membrane. Furthermore, the water droplet could roll away with a 

sliding angle of less than 5o (Figure 7-3b and Video 7-S1). All these observations 

suggested superhydrophobicity of the membrane M10, even though both PS and 

PDEA have intrinsic WCA close or  less than 90o.44 This could be caused by the densely 
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3D microporous surface structure of the membrane, since the roughness geometry 

structure is the key consideration in construction of superhydrophobic surfaces, as 

ÄÅÓÃÒÉÂÅÄ ÂÙ #Ϻ" ÍÏÄÅÌȢ2,3,26 Specifically, air trapped in the microporous membrane 

surface could dramatically reduce the contact area with water droplet, which 

increased repellency of the membrane against water droplets.  

 

The oil wettability of the membrane was tested through oil (hexane) contact angle 

(OCA) measurement, as shown in Figure 7-3c. It was found that the oil droplet 

penetrated into the membrane, as soon as it attached the membrane surface, 

indicating the membrane was superlyophilic under air condition. The high affinity of 

the membrane toward oil was mainly caused by low surface tension of the oil and 

surface feature of the membrane. Specifically, PS and PDEA possessed surface 

energies of 40.7 and 33.7 mJ/m2, respectively, much higher than the surface tension 

of hexane (18.43 mN/m).45,46 Such surface enrichment components endowed the 

membrane high affinity to oil and oleophilicity. 3D microporous surface geometry also 

facilitated the oil affinity. Thus, both surface enrichment and microporous structure 

offered the membrane with great oleophilicity.2,3  

 

Chemical composition is another factor that affects water wettability of polyHIPE 

membranes, as reflected from WCA values under DI water (air) summarized in Table 

7-1. The difference in dimension of microporous structure for all the membranes was 

neglected here. As DEA component increased to 10, 20, 30 and 45 wt%, WCA of the 
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membrane decreased to 152, 134, 126 and 105, respectively. This was due to that 

PDEA had higher surface energy than PS and water (72 nN/m), the membrane with 

higher DEA content had more surface enrichment, which gave the membrane affinity 

to water. Furthermore, all the membranes exhibited great affinity to hexane. The oil 

droplet penetrated into the membrane immediately upon contact with membrane. 

Both surface energy enrichment and microporous structure resulted in the 

superlolephilicity of polyHIPE membranes. 

 

Figure 7-4. Contact angle measurement of P(St -co-DEA)-HIPE membrane M30. a) Image of the 

natural water contact angle at 0 and 300 seconds in air. b) Oil (hexane) contact angle at 0 and 

0.5 ms in air. c) CO2-saturated water contact angle at 0 , 30, 60 and 90 second in air. d) Oil 

(hexane) contact angle under CO 2-saturated water. e) CO 2-induced reversible water wettability 

of the membrane between hydrophobic and superhydrophilic. f) CO 2-induced reversible oil 

wettability of the membrane between superoleophilic and underwater superoleophobic.  

 

PDEA in poly(St-co-DEA)-HIPE membrane is a weak polybase with pKa about 7.3.47 

The wettability of PDEA-based membrane could be altered by manipulating CO2-

aqueous environment of the membrane, as a consequence for protonating and 


























































































