{,be¢1 9f{ Lt t[0LS 59kB®pHh ht adb¢ DB b5

/[t w. tBihh- 105/gb{2 L¢/ 1 th][ 9a9 w{



Synthesis and Application Development of Oxygen (O ) and

Carbon Dioxide (CO2) Switchable Polymers

By Lei Lei, B.Eng, M.&Sc.

A Thesis Submitted tahe School of Graduate Studies
in Partial Fulfilment of the Requirements for

the Degree Doctor of Philosophy

McMaster University© Copyright by Lei Lei, June2017



DOCTOR OF PHILOSOPHY (2a) McMaster University

(Chemical Engineering) Hamilton, Ontario

TITLE: Synthesis and Application Development of Oxygen §and

Carbon Dioxide (CQ Switchable Polymers

AUTHOR Lei Lei
B.Eng. Shaanxi University of Science & Technologghina)

M.A.SdBeijing University of Chemical TechnologyGina)

SUPERVISOR Dr. Shiping Zhu

NUMBER OF PAGES XXV, 220



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 stimulresponsive applications. The first
report of carbon dioxide (CQ)-switchable polymers in 2006 was marked as the start
of gasresponsive polymers. Gas triggers interact with specific functionalities in
polymer chains and change their physicochemical properties such as chain structure,
architecture, hydrophilicity and polarity. Oxygen (Q) and CQ are explored in this
work to reversibly trigger changes in volume, shell permeability and surface
wettability, of different polymer systems. Potential applications include drug contrcl
release, smart oil/water separation, and so on. This work presents a systematic study
on the development of @ and/or COp-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 gaswitchable polymers.
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Abstract

Stimuli-responsive polymers haveattracted 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 expandethe family of stimuli-responsive polymers since
the first work on a CQ-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 @mny challenges in both

fundamental and application areas remaining to be tackled.

This thesis focuses on synthesis and application development of; @nd CQ

switchable polymers. The thesisstarts from investigating O-switchable thermo-

responsive fluorinated monomers and their linear random copolymers, which
undergo LCST shifting induced by £ireatment. It provides good insight and general
guidance for design and screening of monomer candidates for the synthesis of O
switchable polymers. The second parof the thesis presents development of the first
O, and CQ dual gasswitchable microgel system and building of the microgel

colloidosomes with @ and CQ tailored shell permeability. The latter is evaluated as
microcapsules for hierarchical controtrelease of water-soluble cargo molecules upon
respective Q and CQ 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 membranewith "open-cell* structure
exhibiting CQ-switchable surface wettability is promising for smart separation
applications. This thesis represents a significant progress and a solid step forward in
the development of gasswitchable polymers from monomer desgn, polymer

preparation, and advanced application of polymer systems.
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styrene phase stabilized by 50 mg/mL PDEA microgel aqueous dispersion.
Porous polyacrylamide matrix (e) and its magnification image (f, g)
prepared from acrylamide polymerization of the W/O/W HIPEDE with 85
vol% toluene as the oil phase, and a continuous agueous phase consisted
of water-soluble acrylamide (AM) monomer (20 wt% based on water) adh

water-soluble initiator V-50 (5 wt% based on AM monomer)............. 194

XX



Ph.D. Thesig Lei Lei McMaster Universityz Chemical Engineering

List of tables

Table 31. Random copolymers prepared based on the fluorinated monomers and the
charaderization results of their gasswitchable thermo-responsive

PIOPEITIES. ..ttt o e s 5225222222+« s s 2222222222222 El s
Table 41. Synthesis and characterization of polyAM(F1EREAE) homopolymers76

Table 51. Experimental conditions of the emulsion copolymerization of DEA and FS
with BisAM, and particle sizes of the resulting P(DEA0-FS) microgels

..100
Table 6-1. Prepared P(DEAco-FS) microgels and their gaswitchable properties123

Table 7-1. Poly(Stco-DEA)HIPE membrane preparation and characterization..151

XXI



Ph.D. Thesig Lei Lei McMaster Universityz Chemical Engineering

Declar ation of academic achievement

AEEO OOAT AxEAE®6 OEAOEO Ail1 OEOCOO 1T &£ ¢ DPOAIE
1 review paper), as well as 1 prepared manuscript. The contributions of the authors

in each work are summarized below:

x Lei Lei is the primay author for the 5 original papers and 1 prepared

manuscript reproduced in this thesis. (Chapter 37 and Appendix )

x Lei Lei is a coauthor of the review paper, reproduced in Chapter 1. He did the
literature review and prepared the manuscript together Dr.Qi Zhang.

x $08 1E :EATC A bPi OOAT AOT OAT EATT1x EI
original works, 1 prepared manuscript (Chapter 37 and Appendix), and the first

author of the review paper (Chapter 2). He provided good input through

brainstorming and discussions.

x  Dr. Shiping Zhu is the advisor for all the works, providing ideas, valuable

discussions, revisions and quality control for all the manuscripts.

x  Dr. Shuxian Shi from Beijing University of Chemical Technology (BUCT) is a
coauthor for all the 5 aiginal papers and 1 prepared manuscript (Chapter &
and Appendix), who provided valuable discussion and revision of the

manuscript.

XXII



Ph.D. Thesig Lei Lei McMaster Universityz Chemical Engineering

List of Publications

Journalpapers

[8] Lei Lei, Qi Zhang, Shuxian Shi, Shiping Zhu*. Highly porous poly(high internal
pPEAOA AT O1 GEIT 1 q 1 AT ABATAO OOBHOEONNBIA AT A #
wettability used for controlled oil/water separation. (Submitted to Langmuir).

[7] Lei Lei, Qi Zhang, Shuxian Shi, Shiping Zhu*. Breathable micregelloidosome:

Gasswitchable microcgpsules with & and CQ tunable shell permeability for

hierarchical size-exclusive controtrelesase Langmuir, 2017, 33 (24), 610&6115.

[6] Qi Zhang,Lei Lei, Shiping Zhu. Gasesponsive polymers. ACS Macro Let2017, 6,
vpuMucggs8 j#1 OAOQ

[5] Lei Lei, Qi Zdang, Shuxian Shi, Shiping Zhu*. Oxygswitchable thermo-

responsive random copolymersPolym. Chem2016, 7, 54565462.

[4] Meng Li, Lei Lei, Qi Zhang, Shiping Zhu*. G@®reathing induced reversible
activation of mechanophore within microgels,Macromol. Rapid Commun2016, 37,

wL X Mwec8

[3] Lei Lei, Qi Zhang, Shuxian Shi, Shiping Zhu*. Oxygen and carbon dioxide dual gas

switchable thermoresponsive homopolymersACS Macro Lett 2016, 5(7), 82§832.

XXIII



Ph.D. Thesig Lei Lei McMaster Universityz Chemical Engineering

[2] Lei Lei, Qi Zhang, Shuxian Shi, Shiping Zhu*. High internal phdseible emulsions
and their templated porous polymer systems A combination of high internal phase

emulsion and double emulsionJournal of Colloid Interface Sc2016, 483, 232240.

[1] Lei Lei, Qi Zhang, Shuxian Shi, Shiping Zhu*. Oxygen and carborxide dual gas
responsive and switchable microgels prepared from emulsion copolymerization of

fluoro- and amino-containing monomers.Langmuir, 2015, 31(7), 21962201.

Book chapter

[1] He Zhw, Lei Lei8, Shiping Zhu*. Development of novel materials from
polymerization of Pickering emulsion templates. Springer, AG 2017Advances in

PolymerSciencés $/ ) d pn8pnnxfpc. ¢mpX.puv j Osddg

XXIV



Ph.D. Thesig Lei Lei McMaster Universityz Chemical Engineering

1 INTRODUCTION

This chapterintroducesthe organization of this thesis, and theesearch objectivedor

each chapter.

§ 1.1 Thesis organization

This thesis is organizedn O O AT A x E Avihigh indlGiesifie published research
articles in peer-reviewed journals, one viewpoint paper, and one newly prepared
manuscript. Throughout the thesis, the bibliographicformats have been modified,
with all the figures and tablesre-numbered, for consistence.This thesisstarts with a
literature review of gas-switchable polymers (Chapter 2) andfocuses orthe synthesis
and application development of @ and CQ switchable polymers. The research
contents of this thesisare grouped into two main parts for clarity. Part | focuseson
the synthesisand gasswitchability investigation of various O, and CQ switchable

polymers systems including random copolymers homopolymers and microgels.
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(Chapter 3, 4 and 5)Part Il reports the preparation the gasswitchable microgek
colloidsome andporous poly(high internal phase emulsion) (polyHIPE)membranes
and explorestheir potential applications for O, and CQ tunable multi-stagecontrol-
release aml CQ controlled oil/water separation respectively (Chapter 6 and 7).
Chapter 8 summarise all the works and provides a perspective view of this area.
Included in Appendixis apublished paperon preparation of various porous polymer

devices from emulsio templates, which donot involve gasswitchable polymers.

Chapter 2 presents a literature review and perspective on the development of gas
responsive polymers. Based on differentgas triggers, this review provides a
comprehensive introduction of their interactions with specific functionalities and
their state-of-art of applications. This review is published iPACS Macro Lett2017, 6
(5), 5157522 (DOI: 10.1021/acsmacrolett.7b002495. It is evident from this review
that the study on gasswitchable polymers isstill in infancy and full of opportunities
and chdlenges. Tte following chapters report studies on various O, and/or CO,-

switchable polymers.

Part | : Synthesis of O, and CO zswitchable polymers

This part starts with the investigation of the hydrophilicity and O»-switchability of
various Q-switchable fluorinated monomers (Chapter 3). Based on thespecific O,
and CQ switchable functionalities, the O, and CO, dual gasswitchable monomer was

chemically designedwhich facilitates the preparation of the first CQ and @ dual gas
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switchable homopolymer (Chapter 4). Furthermore, the first O, and CQ dual gas
switchable microgel system wasprepared from the emulsion copolymerization

(Chapter 5).

Chapter 3 reports a systematic investigation of O.-switchability of various
fluorinated monomers. The Q-switchable properties of commercial fluorinated
monomers FMA and FS, and newlsynthesizedF1EA, F2EA and F3E&re compared
and analysed by LCST shiftg of their thermo-responsive random copolymers in
aqueous solution upon Q treatment. This work was published inPolymer Chemistry
2016, 7, 54565462 (DOI:10.1039/C6PY01145D1t provides a generalmethodology

for development andscreeningof the O;-switchable monomers.

Chapter 4 reportsa new monomerdesignthat combinesboth O, and CQ switchable

thermo-responsive functionalities into a single monomer The gasswitchable

properties of its homopolymers are investigated through LCST shifing of their
aqueous solutiorsupon & and CQ treatment. This work was published inACS Macro
Lett.,2016, 5 (7), 82&832 (DOI:10.1021/acsmacrolett.6b00426 provides an effective
method to prepare multi-responsive homopolymers. The monomer design approach

is transformative and it could beexpandedto other areas.

Chapter 5 reports preparation of the first type of O and CQ dual gasswitchable

microgels. Their responsiveness upon £and CQ treatment asafunction of monomer
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composition is thoroughly investigated. This work was published inLangmuir, 2015,

31 (7), 219672201 (DOI: 10.1021/1a504829)).

Part Il : Applications of O, and CO zswitchab le polymers

This part focuses on exploring the potential applicatiors of O, and CQ switchable
polymer devices. Micrgel-colloidosome (MGC) was builup from the & and G, dual
gasswitchable microgel particles, which was then used as microcapsule for.@nd

CQ tunable multi-stage controtrelease application (Chapter 6). Highly porous

A~ ~ A X

polyHIPE | AT AOAT A0 xEBDEI 601 ©B 0 O A-ichdble Auifake
wettability was also prepared and evaluated for C£xontrolled oil/water separation

(Chapter 7).

Chapter 6 reports fabrication and application of microgetcolloidosomes (MGC)
based on the @and CQ dual gasswitchable microgels prepared in chapter5. Oil-in-
water (O/W) Pickering emulsiors stabilized by the microgel particlesare used as the
templates to generated MGG, which are then used as microcapsule with tunable
shell permeability for hierarchical releasng of cargo molecules uporrespective O
and CQ treatment. This work was published inLangmuir, 2017, 33 (24), 610&6115
(DOI: 10.1021/acs.langmuir.7b01092). The MGKE prepared in this work are
promising for applicationsin controllable release, separation, and reactioof multiple

ingredients.

#/
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Chapter 7 reports synthesis ofhighly porous polyHIPE membranswith CQ-tunable
surface wettability through incorporation of CQ-switchable monomer in HIPE
template preparation. The membraneswith @pen-celldporous structure are used as
CQ switch in controlled oil/water separation. The manuscript of this work has been
prepared for publication. This work representsa combination of stimuli-responsive
functionality and novel macrostructure which haspromising applicationsin the areas

of control-release, smart separationtissue 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 reports preparationof porous spheres and porous matrigsfrom microgel-
stabilized high HIPE with double emulsion morphology through curing of either
dispersed or continuous phase Since this work des not involve O, and/or CO;
switchable properties, it is included as an appendix of the thesis.This work was
published in Jourral of Colloid and Interface Scienc016, 483 (1), 23%240. It

representsafacile method for the preparation of advanced porous polymer products.
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8 1.2 Research objectives

CO,- and O,- switchable monomer candidates
|
)

ol ol ! Qf} Q %

/_é ! NH

§ .
— )
7
)

DMA DEA
b

F1EA F2EA

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

The overall objective of his thesisis to study the preparation and application of Q-
and/or CO,- switchable polymers, derived from the monomer candidates listed in
Figure 1-1. N, Ndimethylaminoethyl methacrylate (DMAEMA) and N, N
diethylaminoethyl methacrylate (DEAEMA) are well reported Ce@switchable
monomersiz3 [n addition to CQ-switchability, PDMAEMA exhibits thermeo
responsive properties with a lower critical solution tempeature (LCST) at about 40

oC:! 2,2,2Trifluoroethyl methacrylate (FMA) and 2,3,4,5,6pentafluorostyrene (FS)

are commercially available monomes candidates which have been reportedin
preparation for O-switchable polymer materials#é The newly synthesized
fluori nated acrylamide monomersincluding N-(2-fluoroethyl) acrylamide (F1EA), N
(2,2-difluoroethylacrylamide  (F2EA), and N(2,2,2-trifluoroethyl)acrylamide
(F3EA), are hypothesized to be promising Q-switcable monomers due to their
relatively hydrophilic stru cture and variable number of fluorine atoms compared to

FMA and FS’2 It is important to note that CQ and O switchabilities are based on
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different mechanisms. CQ molecules dissolved in an aqueous solution could
protonate the tertiary amine groups in DMA/DEA and significantly increase
hydrophilicity. -2 Van der Waals intermolecular interactiors between dissolved Q
molecules and the fluorine atoms decrease hydrophobicity othe fluorinated

segment and enable Q-switchability of the polymers. 46

Based on these gaswitchable monomer candidates, thespecific researchobjectives
of each chapterare summarized below, with a detailed description of contributions

provided:

x Toinvestigate O,-switchable properties of commercialy available fluorinated
monomers FMA and FS, and newlgynthesized F1IEA, F2EA and F3EAo
provide a general methodology for dewelopment and selection of @

switchable monomersand polymers(Chapter3).

x To provide a chemistry method fora combination of both @ and CQ
switchable functionalities into a single monomer, andto investigate gas

switchability of the homopolymers (Chapter 4).

x To develop the first Q and CQ dual gasswitchable microgel system ancto
investigate changes intheir properties in response totrigger gas treatment

(Chapterb).
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[1]
[2]
[3]
[4]

[5]
[6]
[7]

To fabricate dual gasswitchable microgetcolloidosomes based on the
microgels prepaed in chapter5, andto investigate their loading andcontrol

releasingprofiles of cargo molecules upor®, and CQ treatment (Chapter6).

To prepare porous membranes withCQ-switchable surfacewettability from
high internal phase emulsion (HIPE) templates, and to investigate their

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

x To develop various advanced porous polymer materials from microgel-

stabilized high internal phase Pickering emulsion which include porous
spheres and porous matixes, throughcuring of dispersedor continuous phase

of the emulsions (Appendix).
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2 GAS-RESPONSIVEPOLYMERS

This chapteris a literature review on the development of gasesponsive polymers
This review offers a comprehensive introduction of various gases triggers and their
specific corresponding functionalities, and their stateof-art of applications. This
review is a reproduce ofthe published Viewpoint Paperin Qi Zhang, Lei Lei, Shiping
Zhu, 0" £A ODPI1 1T OE OA AGBIMatyd e 2617, 6 (5), 515522 (DOI:
10.1021/acsmacrolett.7b00245) with the permission from ACS publisherThe review
represents a profound understanding and perspctive on the development of gas

switchable polymers.

Author contributions

The idea of thistimely review was initiated by Dr. Shiping Zhu Dr. Qi Zhang(a

bl OOAT AOT OAl  AA1 a&nbl k(as RIPhD: cBndidat@didCtiae] literande

10
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review together and prepared thefirst manuscript. Dr. Zhu did final revsion and

provided quality control of the manuscript.

8 2.1 Abstract

Gasresponsive polymers have inspired much interest overthe past ten years. Gas
triggers can interact with functionalities on polymer chains and thusmodulate their
chain structures, architectures and aggregation statesThis review summarizes the
latest research progresssin the theme ofdeveloping different gas triggers for fine
control over some critical properties of polymers, as wll as their potential
applications in various areas. We focus on the interactions/reactions between gass
and gasresponsive functionalities of polymers, and highlight somestate-of-art
developmentswhich provided good insight andunderstanding of eaclparticular gas
responsive polymer.We also offer a perspective point of view orfuture research
directions on gasresponsive polymers, both in fundamental studiesand in potential

application developments.

8 2.1 Introduction

Over the past decades, stimulresponsive polymers have been developingapidly,
and receiving growing interest from both academia and industry:-4 External stimuli
cause changes irthe physical/chemical properties of polymers, and lead to their

rearrangement or changes in dimensions, strucires, and interactions,as well as

11
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aggregation states2 Such@martdpolymers have found diverse applications itvarious
areas,including functional materials,>” nanomedicine and nanotechnology;!! bio-

imaging 2 sensingl3 14 and so on.The stimulus (also calledtrigger) can be either
physical or chemical The most wellstudied and understood stimulus arepH 15 16
light,17- 18and temperature.l® However,each type of the stimuli hagdrawbacks, which
can limit their applicability. For pH, it has thesalt accumulation issue, which may
weaken theswitchability of pH-responsive polymers.20 Ultraviolet light would cause
damage to biologicakissues Thermosensitive polymers acquire high costs inenergy
consumption, if operated in a large volume. The recentadvent of gas stimulihas
provided great opportunity for the development of smart materials and systems.
Compared to the other stimulimost gasesare easy to add and easy temove in large
volume operations Therefore, gas triggersare of great interest in industrial

applications.

Several gaseous triggers have been reported so far, includiogrbon dioxide (CQ) 21

23 oxygen (Q),24 25 nitric oxide (NO)26-28 hydrogen sufide (H:S)2° sulfur oxide
(SQ),3%and so onAs an abundant, nontoxic, and envimmentally benign gasCQ has
been widely used in chemical engineering processes (e.g., supercritical 2.CO
extraction), polycarbonate synthesis3! as well as an inert gas in welding and fire
extinguisher. Q is as important as C@in photosynthesis and respiration, while it is
also a veryuseful gaseous oxidant in chemical engineering industdt.H.S, NO and CO,

though quite toxic, are found to be thekey signaling molecuésin living creatures

12
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involved in various biological pathways3? Having apungent, rritating smell, SQ is
also a toxic gas but useful as agood reductant, goodcandidate material for
refrigerants, as well asan important compoundin winemaking. All the gases of COXx,
NOx and SOx are important in environment protectionPrevious studes 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 polymersWhile CQ is the most studied gas trigger, researason

other gasresponsive polymersare at their infancy stages

Herein, we summarize the latest research progresss on the theme ofemploying
various gas triggers for fine control aver some critical properties of polymersand
their nanoaggregates as well as tkeir potential applications in different areas.For
each specific gasesponsive polymer system, we focus on the interaction®or
reactions between gassand gasresponsivefunctionalities of polymers, and highlight
somestate-of-art developmentsto give a ketter understanding of each particular gas
responsive polymer or application.Finally, wewill give a perspective point of view on
future research directions on gasresponsivepolymers, both in fundamental research

and potential application studies.

§ 2.2 CQ-responsive Polymers

As a nontoxic, inexpensive, benign, and abundant gas, €ecame the most studied

gas trigger in the past ten years. It can selectively react with specific functionalities

13
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(such as tertiary amine and amidine groups) to make a dramatichange on their
hydrophilicities and polarities. Moreover, due to the reversible nature of those

reactions, CQ could be completely removed by washing with inert gass (argon or

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

chemical agents.Therefore, CGEO A 0001 U [T EIT A AT A OCOAAT ¢
polymers. Several review papers on C&responsive polymers have recently been
published 23 3437 To assist readers have acomprehensive view on gagesponsive

polymers, we briefly highlight some ofthe keyresearch progresgsin a time order.

The reaction of carbon dioxidewith primary amines is awell-known chemical
reaction, which has been widely used for the absorption of greenhouse gases in
industry. However, the nverse process usually requires more hash conditions, such
as high temperature or vacuum. In 2006, Jessop et al. first reported tamidine-CQ
reversible chemistry22 The amidine group in its neutral state reaad with carbonic
acid to form amidinium bicarbonate, and revered back to its neutral state uponthe
removal of CQ under milder conditions, as compared to primary amine$2 The big
difference in polarity and solubility between these two states has provided plenty of
opportunities in making CQ-switchable surfactants andpolymers. Several different
approaches have been successfully developaihce then, tomake CQ-redispersible
polymer latexes including switchable surfactant, switchable initiator, switchable

comonomer,switchable reactive surfactant, and so ors-42

14
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However, theamidine groupshavelimited stability in water dueto partial hydrolysis,
not to mention that the synthesisof amidine groups is complex and costl§? 44 Thanks
Ol : EAT 8 O Aeebsibl®dhénlistryl bdEedton ertiary amines, research on
CQ-responsive polymers has entered into a new eravith blowout growth 45 It was
found that the neutral tertiary amine groups of commercially available monomes
such asdiethylaminoethyl methacrylate (DEAEMA could be effectivey protonated
by carbonic acid, and it was reversible upon the removal of G& Moreover, this
group of amines was found to have improved stability over hydrolysis, viich are
advantageous overamidines. Over the past several years, lots of wellefined CQ-
responsive polymers have been prepared via controlled living radical polymerization
(CLRP), and their changem solubility, size and morphology of aggregates towards
CQ have been thoroughlyinvestigated.*6-58 For example, Yan et atecently showed
that CQ could act as a physiological triggeto biomimic shape transformations of the
organelles®2 They designed and synthesized a series oABGtype triblock
copolymers, which was composed of a hydrophilic PEO stabilizer, middle
hydrophobic polystyrene (PS), and CQG-responsive PDEAEMAblock (A). The
copolymers could self-assemble into threedifferent initial nanostructures: spherical
particles, worm-like micelles, and giant vesicleswhile varying the middle PS block.
After treated with CO,, the morphology of the nanoaggregates turned into swollen
spheres,straight and rigid nanowires, andcompartmentalized large.compound sacs
respectively 2 It was proved that these morphological transformations were caused

by the synergy effect | £ AT Ol T AMAEAET OAPOI OET 1

15
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hydration 52 Later on, more and more C@regulated morphology deformations of

block copolymer assembliesvere reported.

In the meanwhile, C@responsive microgels (crosdinked polymers) have also gained
much interest, andthey were found to be very useful irdiverse application areassuch
as CQ capture, efficient emulsion separation (e.g. emulsification and demulsification

for Pickering emulsions), and so or?: 60

Redispersible BCP Morphology Breathing
Latex Transition Microgels

&% \9 &
(3 Tigger & j) /N, @
SO -

Figure 2-1. Schematic presentation of representative CQ-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 CG-responsive polymers mentioned above, a
diversity of examples utilizing CG-responsive polymershave beenreported during
the past a few years, including gasswitchable surfaces?! redispersion of carbon
nanotubes (CN7,52in-situ recovery ofgold nanoparticle (AuNP) catalyst83 recyclable

draw solute for forward osmosis desalinationf4 and so on.

16
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§ 2.3 Oz-responsive Polymers

Accounting for 20.8 vol.% of air, @is the mostimportant gas for all lives on earth. It
is alsoa very useful gaseous oxidant in chemical indusies$5 %6 However, it has not
been used as a trigger for stimulresponsive polymers, until very recently Jung et al.
reported pentafluorophenyl end-capped poly(ethylene glycol)(PFPEGPF as the
first example of Q-sensitve polymers?4 The polymer in water showed a_CSTof 24.5
°C,which increasedby only 1.5°Cto 26 °Cupon O aeration. They also proved that
this LCST shift was caused by thiatermolecular interactions between O, molecules
and the cabon-fluorine bonds, since the ortho-fluorine of PRPEGPF downfield
shifted in the 19F NMR spectran DO, whereas the chemical shift of the protons of

PEGdid not change in thelH NMR spectra in RO.24

On the basis of this discoveryZhu® group reported a new design of fluorinated
polymers, targeting for a more general and efficient strategyfor O.-responsive
polymers.25 The strategy wasased on commercially availabléuorinated monomers.
They synthesized a random copolymer of,2,2-trifluoroethyl meth acrylate (FMA)
and N,Ndimethylaminoethyl methacrylate (DMA) via atom transfer radical
polymerization (ATRP).The copolymer mly(DMA-co-FMA) (PNF) displayed a LCST
around room temperature in aqueous solution.Alternative treatment of O, and No

towards the PNF solution at room temperaturewould make it undergo areversible

17
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transparent-turbid transition. TheLCSTincreased dramatically from 24.5t0 % °C as
determined from the turbidity change. Moreover, purging with N; for 1 h oould

remove O; and LCST wenback to the initial valuez> The switchability of PNF wa
attributed to the intermolecular interaction between Q and fluorinated moieties.
Following this, the same groupcontinued to conduct a systematic study onO»-
switchable thermo-responsive random opolymers based ondifferent 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 as2,3,4,5,6pentafluorostyrene (FS)8” LCSE of these copolymers
could be precisely designed in a wide range of temperatures by varying theshemical
compositions. More importantly, LCSTscould be further switched to different levels
by treating Oz or CQ, and be recovered tdhe initial states by washing off the trigger
gas®’ Later on, they reported the first O, and CQ dual gasswitchable thermo-
responsive homopolymer based on a newly synthesized monomer {R-fluoroethyl

amide)-N-(2-(diethylamino)ethyl) acrylamide, (AM(F1LEADEAE), which possessed
both O-switchable fluorinated ethyl amide and CQ-switchable N,Ndiethylamino
ethyl moieties on the polymer side chain® Poly(AM(F1EADEAE) prepared via
reversible addition-fragmentation chain transfer polymerization (RAFT) exhibited
good temperdure-responsive propertiesin water, and the LCSTcould be reversibly
tuned to different levels by respectively purging @or CQ into its aqueous solution.
The Q-treatment shifted LCST to a higher temperature, while the G@reatment

made the polymer fuly water soluble. The polymer could be readily recovered to its

18
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initial state by washing off the trigger gas with an inert gas such as nitrogenhis work
provided an effective monomer design approach for the preparation of and CQ

dual gasresponsive plymers.
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Figure 2-2. Summary of chemical structures of the reported O 2-responsive polymers.
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O is also capable for making vivid changes in polymeric nanoparticleZhu et al.
reported a novel approach fo preparing CQ- and O:-responsive polymerc self
assemblies?® As shown inFigure 2-3, the amphiphilic copolymer, PE&h-(DEAEMA
co-FMA), bearing both C@responsive aminemoieties and Q-responsive fluorinated
moieties, could selfassemble into vesiclesin water. It underwent various shape

transformations upon & and CQ treatments. With O, bubbling, the vesicles
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expanded 8 times involume, while CQ bubbling collapsed the vesicular morphology

and transformed it into small spherical micelles.5?
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Figure 2-3. Synthesis routes of CQ- and Oz-sensitive diblock copolymer PEOb-(DEAEMA-co-
FMA), and schematic representation of CQ- and O:-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. reportedO, and CQ dual-gasresponsive microgels.”® Incorporation

of fluorinated monomer 2,3,4,5,6pentafluorostyrene (FS) rendered the microgels
good resporsivity towards O, as evidentfrom the increased swelling. Moreover,
microgels having different levels of responsivity could be designed and prepared by
varying FS content in the copolymerThe microgek weremore responsive to CQthan
O, and multicycles of O CQ/ N, aerations showed no loss in the dual gas

responsivity and switchability .70
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§ 2.4 NO-responsive Polymers
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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

2014 John Wiley and Sons.

Later, t he

regul stedds @mb | yarlespandi ve

[26]. Copyright

samasgrobtipendpgenedst gas)epotus

copol ymers,i st imydr o fphoiblyi(col i go( et hyl ene

met hac r(ylCEtGaWA)

respoaresisWN@snedn st tyj vwer ed deywrn tgunieali zae@AE Tt i al
pol ymerlimniattiiaolrkh.y s embhki eg |l 6 f

nanost,r wmchti crhe waesn stQv@elaltSakbrse .q u e n t

transfor med

andontawo

bl ocks

tt hoeo r ienotipehradiboirc bbleonczko t e b d # chige t mo |

22

t r2f DHh o c& mehoipmH iyl

paCdsessing

bl oc kpacadpgaluyl mdr

NO addit



Ph.D. Thesig Lei Lei McMaster Universityz Chemical Engineering

mor phological transition?from swollen mice
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8 2.5 H>Sresponsive Polymers
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Figure 2-5. (a) H2Sresponsive cleavage of o-azidomethylbenzoate (AzMB) -containing diblock
copolymer (PEO-b-PAGMA) and HS induced cascade reaction mechanism. (b) Schematic
illustration of their polymer self -assembly into vesicles and H:Sresponsive controlled

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

8 2.6 SQ-responsive Polymers
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mL™M) of PPLGPyBF4-r-OEG at 25 °C and the optical images of PPL&yBF4-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.

8 2.7 Conclusion and Outlook
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3 O> ANDCO- SWITCHABLETHERMO-

RESPONSIVERANDOM COPOLYMERS

In this chapter, a serious of fluorinated acrylamide monomers with optimized water
solubility and variable number (1, 2 and 3) of fluorine atomswere introduced to the

family of Op-swichable monomers. The Q-switchable properties of both the
commercialized fluorinated monomers FMA and F&nd thenewly discovered F1EA,
F2EA and F3EA wamvestigated based on the LCST shift of their thermoesponsive
random copolymers.This chapteris areproduction of the published paper inLei Lei,
1E : EAT Ch 300AT OggetstitchatieBH2imb-r@spondtv® ran@om
copolymersdPolymer Chemistry2016 , 7, 54565462 (DOI:10.1039/C6PY011450with

the permission from John Wiley and Sondg his work providesa geneal methodology

for design and screening of monomer candidates fothe O-switchable polymer
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preparation. The supportinginformation referred in the text is attached at the end of

this chapter.
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§ 3.1 Abstract

Herein, we report the synthesis of oxygen (&-switchable thermo-responsive
random copolymers based on fluorinated acrylamide monomer homologues:-(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 additionfragmentation chain
transfer (RAFT) polymerization yield thermo-responsive random copolymers, which
have dual switchability towards @ and carbon dioxide (C®). The inherent low critical
solution temperature (LCST) of these copolymers can be precisely designed in a wide
range of temperatures by varying their chemical composbns. Importantly, this LCST

can be reversibly switched to different levels by respectively purging £or CQ 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 appach for the preparation of Q-

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 pHight,2 3 thermo,* ionic
strength,5 magnetic and electro fielB 7OEAOA O0OI AOOG6 DBI 1 Ui A0O
in their physicochemical properties and give output signals, such as shrinking and
expansion of volumes °transformation of shape and morphobgy 10 1optical change,
and selftassembled architecture modulationt?2 Stimuli-responsive polymers have
many high potential applications for functional materialsi® sensors!4 and
nanotechnologies!> The thermo-responsivity is the most fundamental and bst-
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.
The LCST can & 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 LCB8

An effective approach to regulateLCST 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 €® discovered that
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poly(N, N-dimethylaminoethyl methacrylate) (PDMAEMA) in water can react with
carbon dioxide (CQ) and have its LCST reversibly tuned by purging and removing €0
gas from the system. Copolymerization of the G@esponsive monomers with
thermo-responsive  monomers like Nisopropylacrylamide (NIPAM) and 2-(2-
methoxyethoxy)ethyl methacrylate (MEQMA) provides a general strategy for the
development of CG@-switchable polymers with tunable LCST. Huang et &.
synthesized an acrylamide monomer bearing both isopropyl amide (thermo
responsive moiety) andN, N-diethylamino ethyl (CQ/pH -responsive moiety) groups,
which represents another type of thermeresponsive polymers with their LCST
tunable by pH and C@ Lei et ak! synthesized a new monomer N2-fluoroethyl
amide)-N-(2-(diethylamino)ethyl) acrylamide, i.e. AM(FLIEADEAE), bearing both
O- and CQ-switchable moieties, and prepared the first @switchable thermo-

responsive homopolymer system with its LCST tunable by G@nd G treatment.

Compared to other stimuli, gas triggers have advantages in adpgation where a large
volume operation is required (compared to thermaresponsive systems that require
heat transfer, which is limited by large volume) or where little contamination is
allowed (compared to pHresponsive systems that use strong base andid¢which

result in buffer contamination and salt accumulation). C&has been well reported as
a green and abundant gasrigger.22 23CQ-responsivity has been applied to various
functional material systems, such as redispersible latexé$3° vesicle/microgel

OA OA A & BlEahdC bldtk copolymer selfassemblies with their morphology
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OOAT OEOQEI T AAOxAAT O EARCA cAnddversly fedatiwith AT A O
amine, amidine, and carboxyl moieties in aqueous soluticd,and dramatically change
their hydrophobicity/polarity properties. Moreover, these changes can be recovered
upon purging CQ by an inert gas like N, without any salt accumulation and

contamination to the system.

Beside CQ, oxygen (Q) was thought to be another promising gas tgger candidate.
It is well known that perfluorocarbons (PFCs) are useful in enhancing-@issolution
(with solubility increased 20 times in water),33 O, carrier and delivery;3* and O
molecular separation. However, it is until very recently that @switchable polymers
have been reported. Jeong et &. prepared pentafluorophenyl endcapped
poly(ethylene glycol) (PFPEGPF) and showed that intermolecular interactions of
pentafluorophenyl moieties with O, slightly increased the polymer solubility in
agueous ®lution, thus increasing the solution LCST from 24.5 to 28C. Zhang et &.
prepared fluorinated random copolymers from commercially available monomers
2,2, 2-trifluoroethyl methacrylate (FMA) and N,N-dimethylaminoethyl methacrylate
(DMA) and found that agieous solutions of the copolymers treated by fdiramatically
increased the LCST from 24.5 to 50 °C, which provided a big operation window for the
development of Q-switchable materials. Later on, Zhang et &}. also developed @
and CQ dual-responsive narpaggregates of the fluore and amino-containing
copolymers. The vesicles selissembled from these copolymers in agueous solution

underwent different volume/shape transformations upon @ and CQ treatments. CQ
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and @ dual gasswitchable microgel systems vere also developed based on poly¢2
(diethylamino)ethyl methacrylate-co-2,3,4,5,6pentafluorostyrene), i.e. P(DEAco-

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

by either CQ or O; aeration and the volume could be receered to its initial state by
OxAOEET C 1 £E6 OEA OOECCAO CAOQADhiswdud&E Al
expansion upon C@and & treatment of the microgels provide a mimetic model for

EATTciT AET OAOAAOEET GCo8

An examination of the literatures reealed that only pentafluorophenyl (PF}2 2,2,2-
trifluoroethyl methacrylate (FMA),8 31and 23,4,5,6pentafluorostyrene (FSY have
been explored as the monomer candidates for developing.@witchable polymer
systems. Among these candidates, the Rapped polymers have very limited Q-
switchability with a narrow LCST shift of only 1.5°C upon Q 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 wdt,° copolymerizing FS
with 2-(diethylamino)ethyl methacrylate (DEA) enabled both @ and CQ-
responsivity of P(DEAco-FS) microgels. Based on intuition, the £&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 &
responsivity, a new type of relatively more hydrophilic fluorinecontaining

monomers are highly cdesirable. 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’. 18 The water solubility, thermo-responsivity and
biocompatibility of their copolymers were investigated. However, their @-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 O-switchable monomer candidates. The monomers were random
copolymerized with N,N-dimethylaminoethyl methacrylate (DMA, C@switchable
monomer) through reversible addition-fragmentation chain transfer (RAFT) free
radical polymerization. A series of C&and & dual gasswitchable thermo-responsive
random copolymers were thus prepared. The precise LCST tailag was achieved by
varying the copolymer composition,which were also regulated byswitching of the
copolymers with the gas treatment of @and CQ. 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), 2,3,4,5,6entafluorostyrene
(FS, 99%, Aldrich) and N,Mlimethylaminoethyl methacrylate (DMA, 99%, Aldrich)

were passed through an inhibitor remover column beforeuse. 2,2 -Azobis (2-

methylpropionitril ) (AIBN, 98%, Aldrich) was recrystallized from methanol twice
and stored in refrigeration prior to use. 2Fluoroethylamine hydrochloride (90%,
Aldrich), 2,2-difluoroethylamine (97%, Oakwood), 2,2,2trifluoroethylamine
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. Mi#lQ grade water
prepared from BarnsteadNanopure Diamond system was used in all aqueous solution
preparation. CQ, @, and N gases were controlled by FMAA2100 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 mahnomers

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

fluorine atoms were synthesized following the method reported by Lee et &l: 18 The

s o~ X PPN
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convenience. Take N2,2-difluoroethyl)acrylamide (F2EA) preparation for an
example. 2,2Difluoroethylamine (10 g, 123.4 mmol), TEA (27.63 g, 185.1 mmol),
DMAP (1.21 g, 9.87 mmoL, 8 mol%) and @Bk (130 mL) were added into a 250 mL
round-bottom flask and cookd in ice water. Acryloyl chloride (13.96 g, 154.3 mmol)
diluted with 20 mL dichloromethane was added dropwise 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 hen washed with brine three times and the
organic layer was dried with NaSQ 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,wgng a white crystal solid
product (7.83g, yield 47%). FLEA and F3EA were synthesised following the same
procedure, giving a transparent oily liquid product of 23% yield and a white solid

product of 50% vyield, 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. 2Dodecylsulfanylthiocarbonylsulfanyl2-
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methylpropionic acid (DMP) was used as the chain transfer agent and
azobisisobutyronitrile (AIBN) as the initiator. Take poly(N,Ndimethylaminoethyl
methacrylate-co-N-2-fluoroethyl acrylamide), i.e. P(DMAco-F2EA), wih 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 roundbottom flask and sealed with rubber stopper. The
solution was degassed with N for 30 min under stirring. After that, the flask was
placed into an oil bath set to 7®C. 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 O, and CO-switchable LCST tests

The LCST of the fluorinated random copolymers in aggous 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 L£and CQ-
switchable LCST characterization, the polymer aqueous solution (10 mg/mL) was
firstly treated with a specific gas (@, CQ 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.
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3.3.3 Characterization

IH NMR spectra collected in CDE€bnd DMSGds on Bruke AV200/600 MHz NMR
spectrometer were used to determine the monomer structures and polymer
compositions, respetively. The molecular weight and the polydispersity index of the
polymers were collected from PLGPC 50 (A Varian, Inc. Company) by using DMF as
effluent. The LCST of polymer aqueous solution (10 mg/mL) was characterized by
Cary 300 UWvis spectrophotometa 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 (Q, CQ and Np) 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’- 18 SinceOp-switchability of the fluorinated polymers is determined by

their water solubility and the number of fluorine atoms$- 31the fluorinated acrylamide

monomers were hypothesized to possess improved hydrophilicity and water

solubility, compared to the comnercially available 2,2,2trifluoroethyl methacrylate

(FMA) monomer. The reasons were thregEl 1 Ad p q OEA ,=C(CRAEEHBAOUI E

A S RN

i TEAOU ET &-! xAO AEKRQAAED &a®BADQUK A OFEA( (
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coeqe ET &-! xAO OAOECODAHQOI EdAI&ERANAONC I DOEA
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 £switchable

properties. Thedifferences in structure between FMA and FEAsere shown inFigure

3-1 a). ITH NMR spectra in Figure3-S2 confirmed successful synthesis of the

fluorinated acrylamide monomers.

a) Fluorinated monomers

o=~ F. l E o_«{/ o~ o] <;"

0 a NH NH NH
S F l
FF F F FE FreF
FMA FS F1EA F2EA F3EA

b) Fluorinated random copolymers

\ HoOC. . /)4~ )-S__S.
_/ o ,.7':/"lmt “Un ] G
(o] o DY s £ N 0= =0 §
o NH VA AIBN, Dioxane O HN
i 4 + C12H25<s.x\5 ';k/"'COOH { \
R 70 °C, RAFT 1 R
N bmp N
\ F1EA (R=CH,F) \
_— F2EA (R=CHF,) P(DMA-co-F1EA) (R=CH,F)
F3EA (R=CF) P(DMA-co-F2EA) (R=CHF,)

P(DMA-co-F3EA) (R=CF,)

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 irFigure 3-1 a) and N,N
dimethylaminoethyl methacrylate (DMA), P(DMAco-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). Table3-1 summarizes all the random

copolymers prepared and used in this work. The chemical compositions of the
copolymers were estimated from thelH NMR spectra in Figue 3-S3to Figure 3-S8.

For example, the F2EA molar fractions in P(DMAo-F2EA) copolymers (Run 49)

x AOA AAl AOWAOMNA &Of ipdhbpdh xEAOA O! 6 OAEAOC

for specific hydOT CAT AOT 1 O EI

AT A6 O E gCHEBNICHs)2 of DMA, in Figure3-S8. The molecular weight and the
polydispersity of all the polymers used in this work were measured by GPC, as listed

in Table3-1.

Table 3-1. Random copolymers prepared based on the fluorinated monomers and the
characterization results of their gas -switchable thermo -responsive properties.

"FM" LCST ¢C)e
Run Samplea (rlr?gff‘nlggﬂ ,  content (g/rr'\:lgl) , PDId N O B(On-No)
(mol%) ¢ 2 2
1 PNFS5 95:5 4.6 8900 1.21 36 65 29
2 PNFMAS 95:5 51 8700 1.31 38 73 35
3 PNFL5 95:5 3.7 8200 1.30 78 85 7
4 PNF25 95:5 54 8300 1.27 65 >85 >20
5 PNF35 95:5 4.1 8400 1.32 52 >85 >33
4 PNF25 95:5 54 8300 1.27 65 >85 >20
6 PNF2-10 90:10 8.6 8100 1.18 50 75 25
7 PNF220 80:20 19.0 7900 1.21 45 65 20
8 PNF240 60:40 394 7500 1.22 25 43 18
9 PNF250 50:50 46.3 7400 1.33 20 36 16
Note: a: Random copolymers runiv @ DOAPAOAA AAOGAA 11 A& O1 OET AO

repreOAT OO0 O$-1'06N &ph &ch &o OAPOAOGAT O &pw' h &c

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 oiH NMR spectra. d: Molecular weight
and polydispersity index measured from GPC. e: LCST of the polymer aqueous solution (10

mg/mL) under N2 and G treatment.

2.4.2 Thermo-responsive properties of the fluorinated random copolymers

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

randomly copolymerized with a thermo-responsive and C@switachable monomer

DMA to prepare P(DMAco-FM) random copolymers, as shown in the Run-% 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

°C19 The LCST of P(DMA&o-FM) random copolymers is defined as the temperature,

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

Figure 3-2 shows the LCSTof the copolymer aqueous solution (10 mg/mL)
investigated by Cary 300 UWis spectrophotometer. It was found that FSand FMA

based copolymers (PNFS and PNFMAS) had their LCSTs at 36°C and 38°C,
respectively. Compared to PNFMA, PNF35 had a dramati@lly increased LCST from

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

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

&-1 AT A &o%w!' | Ol AOEAAOUI EA6 EDA @6 ! EIOALD-00 00/
OAIl EAA6 ET &o%w!' qa 7EAT OEA 101 AAO T &£ A 6
decreased to two (F2EA) and one (F1EA), the LCST of the copolymers PISFand

PNF215 further increased to 65°C and 78°C, because of improved monomer

hydrophilicity (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.

+ PNFMAS

»-PNFS-5
—e—PNF1-5
—4-PNF2-§
—v—PNF3-5

Transmittance (%)
33

=]
i

\J T J T T T T
20 30 40 50 60 70 80 90 100

Temperature (°C)

Figure 3-2. Temperature based transmittance changes of P(DMA -co-FM)-5 random copolymers
ANOAT 6O O11 OO0EIT jpm 1¢¥i,qs8 O&- 06 OADPOAOATI OO
F1EA, F2EA, F3EA).

Compared to F1EA and 3EA, F2EA showed a balance between water solubility and
number of fluorine atoms for the therma-responsive properties, which was consistent
xEOE , AA AD8 Theé BAST of th@ibeesponsive 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, 69 in Table 3-1 and Figure3-3 a). Their inherent LCST curves
were measured based on 10 mg/mL P(DMA&o-F2EA) (i.e. PNF2) agueous 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 This was because that [EA was

more hydrophobic than DMA, and that PF2EA had a much lower solubility in water
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than PDMAL’. 18 The increased hydrophobic component decreased the temperature
of phase transition.Figure 3-3 b) shows the LCST of P(DM&o-F2EA) copolyme as a
function of F2EA molar fraction. The data correlation suggested that in the range 6f 5
50 mol%, the LCST decreased lgarly with the F2EA fraction (fzes): Q.CST ="

0.930fFea+ 640

70

a) 100 b) .
—&—PNF2-5
—=—PNF2-10 60 - . __
Te_PNF2.20 y =—0.9333x + 64.333
80 —A—PNF240 ] R® — 09538
—_— —vy—PNF2-50
8 50 «
g 1 g T,
© E -
£ 8 a0
£ 40 a
£
©
= -
204 30
e
04 204 .
T T T T L] L T L] L
0 20 40 60 80 100 0 10 20 30 40 50
Temperature (°C) F2EA fraction (mol%) in P(DMA-co-F2EA) random copolymer

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 Ozand CQ switchable thermo -responsive random copolymers: Oz-induced

LCST shifting

In addition to the thermo-responsive properties, all the fluorinated acrylamide
copolymers of F1EA, F2EA and F3EA showed-S8witchable properties, which were
compared with the previous reported copolymers & commercially available
fluorinated monomers (FMA and FS). The&switchable properties were reflected by
the shift in LCST of copolymer agueous solution before §Nand after Q treatment at

10 mL/min for 60 min.
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2.4.3.1 Reversible LCST shifting updd and CQ treatment.

LbBOXIWYLE AOFNIWER

Transmittance (%)

Ll
[ Lo

30 40 5 60 70 80 %0 100 N, O N, O, N, 0, N

Temperature (°C) Gas cycles

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, & and N2
respectively. b) LCST curves of PNF220 aqueous solution (10 mg/mL) after different gas

treatment procedures. ¢) The reversibility of PNF2 -20 aqueous solution upon O 2 and N:
treatment.

Figure 3-4 a) shows the photograph of gagreated (CQ, @G and Nb) PNF220 aqueous
solution (10 mg/mL) at different temperatures, which exhibited very different
temperature-dependent turbidity changes. The trigger gas (and CQ) treatment
clearly increased hydrophilicity of the random copolymer. As seeim Figure 3-4 b),
the inherent LCST (under N treatment) of PNF220 was determined to be 45°C,

which increased to 65°C after 1 hour Q treatment at 10 mL/min under ice-bath
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protection. The van der Waals intermolecular interactions between £molecules and
fluorine atomsin F2EAT AOAAOAA OEA OQUOOAI 60 EUAOI PEEI E
Ox-switchale 31 32 Different from O, the copolymer treated with CQ for 1 hour
became totally water soluble and there was no LCST transition observed up to 85.
This was because C{dissolved in aqueous solution protonated the tertiary amine
and dramatically increased the system hydrophilicity? 19 It has been reported in
literature that COx-induced LCST shift could be regulated by the E®eatment time
(i.e., partial protonation of the tertiary amine atoms)® Both CQ- and G-induced
increases in LCST were easily recovered by washing off the trigger gas through N
purging for about 30 min or by boiling the aqueous solutions for 2 min. The ©
induced LCST shift and recovery of PNF20 aqueols solution were repeated for

many cycles, without any lose of @responsive properties, as seen ifrigure 3-4 c).

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

Figure 3-5 a) shows the temperaturebased transmittance change of the copolyers

of DMA with F1EA, F2EA, F3EA, FMA and FS, in 10 mg/mL aqueous solution. All the
polymers showed increased LCST with Qreatment. Specifically, the LCST of FMA
based copolymer (PNFMA5) increased from 38°C to 73°C, while FSbased copolymer
(PNFSb5) increased from 36°C to 65°C.Figure 3-5 a, b) show that, treated with G,

the copolymers based on F1EA, F2EA and F3EA experienced an incomplete change in
transmittance due to the temperature limit of 85°C in the LCST characterization. The

hydrophilicity of the copolymers was in the order of PNFB, PNF35 and PNF15.
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PNF25 had the highest @induced hydrophilicity at 85 °C as seem fronfrigure 3-5 a)
and b). It is very encouraging that only 5 mol% F3EA in the copolymer with DMA
(PNF3-5), could obtain at bast 33°C of Q-induced LCST increase (from 52C to 83C).
This represented a significant improvement from previously reported 10.5 mol%
FMA copolymer with DMA, P(DMAco-FMA), which gave an increase from 24.5 to 86
after O, treatment.2” Figure 3-5 ¢, d show the LCST curves and the LCST increase of
P(DMA-co-F2EA) copolymers after @-treatment. With the increased F2EA fraction in
the PNF2 copolymer, the increase in&nduced LCST gradually decreased. At the low
fluorinated monomer content, the number offluorine atoms played the major role in
interacting with Oz and in increasing the polymer hydrophilicity. At the high
fluorinated monomer content, the hydrophobicity derived from the fluorinated
monomers restricted the increase in @induced hydrophilicity. F2EA appeared to be
the best Q-responsive monomer candidate reported so far. It provides adequate;©O
responisve capability, while not severely restricted by hydrophobicity. Moreover, the
LCST of P(DMAo-F2EA) could be tailormade to various differentlevels 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 O: treatment. ¢) 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 » OOAA QI AT O8ns that dhe LCEA

characterization were restricted due to the high temperature.

It is important to mention that gas-switchable systems are usually limited to the
operation temperaturel2 Op-responsivity is based on van der Waals forces
intermolecular interactions, while CQ-responsivity is on protonation. Q-
responsivity is more easily to be weakened by elevating temperature, which seriously

breaks Q-fluorine interaction, decreases @ solubility, and drives G out of the
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aqueous solution. Actually, most as-switchable applications are in the range of
10~60 °C, the G-responsive polymers reported in this work are promising as the ©

responsive polymer systems.

§ 3.5 Conclusion

In conclusion, Q-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-@sponsivity of
these copolymers have been demonstrated, in comparison to the previously reported
commercially available Q-responsive monomer candidates (FMA and FS). The
inherent LCST of these therma@esponsive copolymers can be precisely designed in a
wide range of operation temperatures (from 20 to 65°C) by varying their chemical
composition. Furthermore, the shifting of LCSTan be reversibly tuned by purging @
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 introdudng Q-switchability to the
gasresponsive system. Their @switchabilities are also more durable in the higher
temperature range. They are potentially good @switchable monomer candidates.
This work provides a robust and efficient approach for the develament of Q-
responsive  monomers and their polymers, which significantly expanded the

operation window.
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§ 3.7 Supporting information
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Figure 3-S1. Schematic illustration of fluorinated acrylamide monomers (F1EA, F2EA, F3EA)

preparation.
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Figure 3-S2. 1H NMR spectra of fluorinated acrylamides (F1EA, F2EA, F3EA) in CDCls.
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Figure 3-S3. Mas spectrometry (MS) of a) F1IEA 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 CDCk.
e
b
? 11 e s
HO m n ) CiHzs
o (o) S
(0] <0
c h
S d CF,
e—N
\
e
H a, f
d
bl g
| ,
T T ‘ T T T T [ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T | T
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

ppm

Figure 3-S5.1H NMR spectra of P(DMA-co-FMA)-5 in CDCb.
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Figure 3-S6.1H NMR spectra of P(DMA-co-F1EA)-5 in CDCB.
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Figure 3-S7.1H NMR spectra of P(DMA-co-F2EA)-5 in CDCb.
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Figure 3-S9.1H NMR spectra of P(DMA-co-F2EA) with 5, 10, 20,40, 50 mol% F2EA content in
CDCb. (PNF2-5, PNF210, 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(DM&o-F2EA) with 5, 10, 20,40, 50 mol% F2EA
content in CDCI3. (PNF2-5, PNF210, PNF2-20, PNF240, PNF2-50), the molecular weight and

polydispersity of all the random copolymers were listed in ~ Table 2-1.
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Figure 3-S11. Water contact angle of the PFMA and PF3EA homopolymer films .
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4 O> AND CO-SWITCHABLETHERMO-

RESPONSIVEHOMOPOLYMERS

This chapterreports synthesis ofthe first O, and CQ dual gasswitchable functional
monomer A\M(FLEADEAEp based on the @ switchable monomer candidate F1IEA
prepared in Chapter 3 and CQ switchable monomer DEA. Thegasswitchable
properties of their homopolymers are investigated. This chapter is reproduced from

the published paperii , AE , AEh 1E : EAT Qdxygénh@LarboB E E h
Dioxide Dual GasSwitchable Thermoresponsive Homopolymer8 ACS Macro Lett

2016, 5 (7), pp 82&832 (DOI: 10.1021/acsmacrolett.6b00426ith the permission of

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

of this chapter.
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8 4.1 Abstract

Herein, we report the first oxygen (Q) and carbon dioxide (C®Q) dual gasswitchable
thermo-responsive polymers based on a newly synthesized monomer -(2-
fluoroethyl amide)-N-(2-(diethylamino)ethyl) acrylamide, i.e. AM(F1EADEAE),
which bears both Q-switchable fluorinated ethyl amide (FLEA) and C&switchable
N,N-diethylamino ethyl (DEAE) moieties on its side chain. PolyAM(F1EBEAE)
samples prepared from reversible additionfragmentation chain transfer (RAFT)
polymerization exhibited good temperatureresponsive properties. Their inherent
low critical solution temperature (LCST) could be reversibly tuned to different levels
by respectively purging Q or CQ into its aqueous solution. The @treatment shifted
LCST to a highetemperature, while the CQ-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 appro@h for the preparation of Q- and CQ dual gasresponsive

polymers.

8 4.2 Introduction

Stimuli-responsive polymers able to shift their physicochemical properties in

responsive to external inputstimulus like pH} light,2 thermo,3 ionic strength* and
magnetic/electro field,>¢ have gained great interest over the past decades. Such
appealing stimuli-OAODBT T OEOA OxEOAEEI ¢ ZAAAOOOAO | AE/
promise potential applications in sensorg, optoelectronicsg and control-release

systems? Among varioustypes of stimuli, the thermoresponsivity attracts the most

attention. Lower critical solution temperature (LCST) is the key design parameter in
developing thermo-responsive polymers!o The shift of LCST reflects the change in

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

pH11-12 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 stimutesponsive

systems. C®@is the most reported gas trigger since it is green and abundakt4 CQ-

responsive polymers have been used to prepare vaus functional materials such as
redispersible latexes!52t OAOAAOEAAT A6 OAOBRRbek&senbled [ EAO

i T OPEITTCU OOAT OEOEI T O AAOxAAT 2 éidevedl | AOS
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mechanoresponsive polymers based supersaturated GGolution.2> Oxygen (Q) is
another outstanding gas trigger, which has been reported very recently. However,
almost all Q-switchable polymers reported so far are from copolymerization of
fluorinated O»-switchable monomers with some other hydrophilic monomerg2.26-27
Homo-polymerization of fluorinated monomers would result in very hydrophobic
polymers with limited water solubility and thus impair their O2-switchable

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

Recently, multistimuli -responsive polymers represents an emerging area in smart
polymer research and developments-2° Adding two or more stimuli to a single
stimuli -responsive system is of particular interest since it broadens the selection of
triggers, improves the degee of responsive precision, and enlarge the operation
window for switching.30 Multi-stimuli-responsive polymers (e.g. thermdight,3?
thermo-pH/CO,,11-12]ight-pH-thermos2 and etc.) have been reported by incorporating
various types of functional monomersin either block or random copolymers.
However, block copolymerization normally involves timeconsuming and
troublesome intermediate steps for macroinitiator preparation and purification.
Random copolymerization inevitably requires additional effort for inwestigating
copolymer composition distribution. Multi-functional monomers are thus highly
desirable for preparation of multi-stimuli-responsive polymers. Huang et &k
synthesized an acrylamide monomer bearing both themoesponsive isopropyl amide
and CQ/pH -responsive N,Ndiethylamino 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 GOt
provides an effective alernative approach in preparation of multi-stimuli -responsive

polymers through the design and synthesis of mulktstimuli-responsive monomers.

In this work, we design and synthesize a novel monomer-[2-fluoroethyl amide)-N-
(2-(diethylamino)ethyl) acrylamid e, i.e. AM(F1LEAEAE), based the newly reported
Oz-switchable monomer candidate N(2-fluoroethyl) acrylamide (F1EA)33-34 and the
well-studied CQ-switchable poly((N,N-diethylamino)ethyl methacrylate)
(PDEAEMAJ® This monomer bears a fluorinated ethyl ande (F1EA) moiety and an
N,N-diethylamino ethyl (DEAE) moiety. The former is @switchable while the latter
is CQ-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 thermesponsive 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 O and CQ in aqueous solution, which in turn change their
water solubility and shift their LCST to higher temperatures. This work demonstrates
the first O, and CQ dual gasswitchable thermo-responsive homopolymer system
with gas-switchable LCST, whih 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

8 4.3 Experiments and Characterization

43.1 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 (NaSQ, 99%, Aldrich), 2(dodecylthiocarbonothioylthio)-2-
methylpropionic acid (DMP, 98%), dimethylformamide (DMF, 98%, Aldrich) were
used as received. 2@Azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich) was
recrystallized from methanol twice and stored in refrigeration prior to use. MilltQ

grade water prepared from Barnstead Mnopure Diamondsystem was used in all
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aqueous solution preparation. C@ @, and N gases were controlled by FMAA2100

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

43.2 Experiment

4.3.2.1 Synthesis of Nfluoroethyl acrylamide (F1EA)

F1EA was synthesized using the method described by Lee et!dpecifically, 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 @Bk (130 mL) were added into a 250 mL
round-bottom flask and immersed in an ice salwater. 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 vashed with brine three times and the organic
layer was dried with N&SQ 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 laght yellow oily liquid F1EA
(7.83g, yield 66.64%).'H NMR in Figure4-3 pd 1 j PBIl qd HiCB 4 1 8 ¢

(2H, FCHCH,), 5.68, 6.36, 6.58 (3H, I&=CH>).

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 °C 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=3:2with 1 vol. % TEA) as eluent, giving orange oily liquid F1EA

DEAEL1 product (6.25 g, yield 73.19%)H NMR inFigure4-S2, 1 | BDPi Qd t180h
F(H.CH), 3.4 (2H, FCKH>), 8.03 (1H, CON), 2.83 (2H, NHCHCH.CONH), 1.98 (1H,
HNCHCHCONH), 2.52 (2H, HNGI@H.CONH), 2.5 (2H, HN&CHN(CHs)2), 2.39

(2H, HNCHCH2N(GHs)2), 1.00 (6H, N(CHCH3)2), 2.46 (4H, N(Ei2.CH)-.

4.3.2.3 Synthesis of N(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl) acrylamide

(AM(F1EADEAE))

AM-(F1EADEAE) was synthesized through amidation reaction of acryloyl chloride
and the intermediatel (FLEA-DEAE). Specifically, FIE®REAE (8.1g, 233 g/mol, 34.73
mmol), TEA (7.77g, 149.19 g/mol, 52.10 mmol), DMAP (8 mol%) and &tk (20 mL)
were added into a 50 mL roundbottom 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 Ng&SQ and evaporated under reduced
pressure. The residue was pufied 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
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AM(F1EADEAE)?2 product ( 3.62 g, yield 36%).1H NMR in Figured-p A Qd )
4.3, 4.4 (2H, FB:CH), 3.4 (2H, FCHCH2), 5.68, 6.36, 6.58 (3H, I&=CH2), 3.24 (2H,
NCH2CHCONH), 2.66 (2H, NG&@H>CONH), 3.06 (2H, NG&2CHN(GHs)?2), 2.53 (2H,

NCHCH2N(G:Hs)2), 1.00 (6H, N(CHCHs)2), 2.46 (4H, N(E1.CH)2.

4.3.2.4 Preparation of Poly(N-(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl)

acrylamide) (PolyAM( FIEADEAE))

PolyAM-(FLEADEAE) homopolymers having three different molecular weights were
synthesized from reversible additionfragmentation chain transfer (RAFT)
polymerization with 2-dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid

i $-0Qq AO OEA AEAEIT -&rOofsisobuzfotitrileA(GIBN) @s thel A
initiator (Scheme 4-S1). The recipe was fixed to [Monomer]:[DMP]:[AIBN]=100:1:0.4
by using DMF as the soknt. Specially, AM(FLEAEAE) (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 fbr

30 min under stirring. After that, the flask was placed into an oil bath of 88C 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 prification 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 CR@h Broke AV600 MHz NMR
spectrometer.13C NMR of the M(FLEADEAE) monomer in CDGland 1°F NMR of P1

in DO under Q and N 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 usj 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 UWis 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 0b,GCQ and N\b 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 F1EARigure 4-S1) was synthesized followirgy
the procedure described by Lee et &P The critical intermediate N-(2-fluoroethyl
amide)-N-(2-(diethylamino)ethyl) (1: FIEADEAE) was synthesized from an Aza
Michael addition reaction between F1EA and Ndiethylethylenediamine in ethanol
at 80 °C. Thus both @ and CQ switchable moieties (FLEA and DEAE, respectively)
were incorporated into this intermediate. The IH NMR spectra in Figure4-S2
confirmed the structures of both fluoroethyl amide (F1EA) and diethylamino)ethyl
(DEAE) functional groups in theintermediate 1 (FLEADEAE). Then, the mult
responsive functional monomer N(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl)

acrylamide, i.e.2 AM(F1LEADEAE), was synthesized from an amidation reaction
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between acryloyl chloride and the intermediate 1 (FLIEADEAE). The molecule
structure was confirmed by the IH NMR and13C NMR spectra in Figure4-1.

Specifically, the proton analysis inFigure 4-2 (a) confirmed the signal peak

integration of lalpresn:lc:l@+grnylizlgr+y = 2:6:1:8:6:3, suggesting succehd
preparation of the targeted monomer2.
a) RTY ' b) H oa,
HWO H]/k (0}
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Figure 4-2.1H NMR (a) and 33C NMR (b) spectra of AM (FLEADEAE) monomer in CDCb.

Poly(N-(2-fluoroethyl amide)-N-(2-(diethylamino)ethyl) acrylamide)
homopolymers, polyAM(F1EADEA), having three different molecular weights were

prepared through RAFT polymerization of AM(FIEADEAE) with 2
dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP) as the chain
OO0AT OFAO A C A i-aobisisplutyr@nitriel (BBNY; ds thedinitiator (Figure 4-
S3). The recipe was fixed to [Monomer]:[DMP]:[AIBN]=100:1:0.4 for all the
polymerization runs conducted in DMF at 8@C for different time periods in order to

control the polymer molecular weight. The reaction mixtures were sampled foriH
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NMR characterization immediately after the polymerization was stopped. The

[ TT1 1RO ATTOROOETT jiil HE-AXBOTAQOBIAGKSE
AAOAA 11 OEA AOAAO 1T £ AEASLGHYO DOE O E #d BHA OE ©
AM(FIEAS$ %! %q 11111 A0QqQ AUD#HAO tBOI @PIO jide Al OE
AM(F1EADEAE) monomer and poly(AM(F1EAEAE)) homopolymer). The polymer

iT1 AAOI AO xAECEOO xAOA OEAT AOOEI AGAA &EOI I
CT 1 1 Higors 4-4 shows the IH NMR spectra of theP1 homopolymer after

purification, to confirm the macromolecular structure. The samples were also
characterized by GPC measurements, as seen frdfigure 4-S5. The GPC results

agreed with the molecular weights from the NMR analysisand 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.

Reaction 'HNMRa GPC LCST
Sample time Con. Mn Mn
(Hours) (mol%)  (g/mol) (g/mol)

PDI N2 Q@ 3, #33]

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(F1EREAE)
homopolymers estimated from 1H NMR spectra of he reaction mixture right after

polymerization. ®"Molecular weight (Mn) and polydispersity index (PDI) of the homopolymers
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determined by GPCLCST of the homopolymer agueous solution (1 mg/mL) pretreated by-N
or O; at 10 mL/min for 1 hour.

a) 1004 b 100 —=— 1.0 mg/mL
—&— 18700 g/mol —e— 0.5 mg/mL
—e— 21900 g/mol —4—0.2 mg/mL
804 —A— 27300 g/mol 80+
g £
8 0 8 e0
2 :
E 40 E 40
[ [
g g
20 + 20 4
04 04
U L) ) U \J U ¥ T lJ T J T
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
Temperature {°C}) Temperature {°C)

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(F1EADEAE) homopolymers exhibited very good water
solubility at room temperature, which showed light yellow transparent color in
agueous solution Figure 4-4 a). An abrupt increase in turbidity at a ertain
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 Wi
spectrophotometer at500 nm wavelength. The LCST was defined as the temperature,
at which 5% decrease of the transmittance was reacheéigure 4-3 (a) shows the
transmittance versus temperature curves for the aqueous solutions (1 mg/mL) of

polyAM(F1LEADEAE) homopolymers havingdifferent 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 3€ to 40°C and

45#8 4EEO xAO OAOOI OAA MEOIGOIGOHEH AMEARMEETAC |
A £ ER % Ordode side, the chairend 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, #he 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.

4EA OAEI OOA A£EAEI 006 ADPDAAOARNured 3 (afh SuctAT 1 ET A
OAEI OOCET 1T AEEAAOSG xAO MEOOOEAO AA -BEOE)OAA A
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, @ and CG
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, G;and CG

treatment. C) Reversibility of LCST shift induced by O 2-treatment.

It was also demorstrated that the polyAM(FLEADEAE) homopolymer exhibited @
and CQ dual gasswitchable thermo-responsive properties. The LCST of polymer
agueous solution could be effectively switched by treatment with trigger gases (O
and CQ) at 10 ml/min for 60 min, and recovered by treatment with inert gas N.
Figure 4-4 (a) shows that the P1 aqueous solution treated with j @ and CQ
exhibited distinct turbidity difference at different temperatures (25, 38 and 52°C). N
was used to remove the trigger gas (£or CQ) dissolved in the polymer solution, as
the control sample for comparison. The @and CQ treatment increased the polymer
water solubility and shifted its transmittance-to-turbidity transition to higher
temperature. These observations could be confirmedrdm the temperature-based
transmittance curves shown in Figure 4-4 (b). The inherent LCST (under N
treatment) of the polymer was determined to be 38C, which increased to 52C after
1 hour & treatment under ice-bath protection. CQ 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 (gf@reatment time.11
Table4-1 lists the change of LCST induced by:@eatment, also seen the LCST curves

from Figure 4-%. With the increase in molecular weight, the LCST ©f1, P2 and P3
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polymers increased 14, 15 and 16C, respectively. The effect of polymer molecular

weight on LCST appeared to be minor.

The Q-induced LCST increase could be attributed to the van der Waals intermolecular
interaction between dissolved Q molecules and the fluorine atoms of F1EA
component, which increased the hydrophilicity of the polymer. This caibe proved
from the 1°F NMR spectra o1 in deuterium oxide (Figure 4-S7) after N and &
treatment, the fluorine peaks at72.15 ppm under N condition downshifted to -71.93
ppm after & treatment. This result is in agreement with the previous studies,
suggesting that the coordination between the fluorinated moiety (F1EA) with ©
affect the electron distribution around fluorine atoms, and thus change the chemical
shift.26. 3738 The CQ-triggered LCST increase was resulted from the protonation of the
tertiary amine group in DEAE by CQlissolved in water, which significantly increased
hydrophilicity of the polymer.11l. 35 Both &, and CQ induced LCST increases were
recoverable by washing off the triggergas through N purging for about 30 min or
boiling the aqueous solution for 2 min. Since the polymer became totally water soluble
after CQ-treatment, there was thus no LCST measurable in the temperature range.
Figure 4-4 (c) shows the Q-induced LCST shift and recovery cycles for P1 aqueous
solution (1 mg/m). The G-induced LCST switching was reversible and repeatable for

numerous cycles, without any loss of the £responsive properties.
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It is worth mentioning that F1EA is just one example of many#>»witchable monomer
candidates. Its homologues N2,2-difluoroethyl)acrylamide (F2EA) and N(2,2,2-
trifluoroethyl)acrylamide (F3EA),33-34 could also be good candidates for preparation

of O-switchable homopolymers.

8 4.5 Conclusion

In conclusion, we demonstrated @and CQ dual gasswitchable thermo-responsive
homopolymers through the monomer design by combining @switchable F1EA and
CQ-swictbale DEAE into a single monomer. PolyAM(F1EBEAR) homopolymer was
then synthesized by RAFT polymerization. The polymer exhibited an outstanding
thermo-responsive property. Its hherent LCST could be reversibly triggered to
different temperature levels. Q-treatment increased water solubility of the polymer
and shifted LCST to a higher temperature. G@eatment made the polymer totally
water soluble. This LCST shift was fully rexverable by removing the trigger gas with
an inert gas washing or heating. This work provides an effective monomer design

approach for preparation of Q-responsive homopolymers.
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8 4.7 Supporting information
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Figure 4-S1.1H NMR spectra of FLEA in CDG.
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Figure 4-S2.1H NMR spectra of FLEADEAE in CDG.
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Scheme4-S3. Synthesis route of polyAM(F1EA -DEAE) homopolymer from RAFT polymerization.
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Figure 4-34.1H NMR spectra of PolyAM(F1EA-DEAE) in CDC4.
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— P1: M, = 18100 g/mol; PDI=1.14

—— P2: M, =20300 g/mol; PDI=1.19

P3: M, = 26300 g/mol; PDI=1.21
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Figure 4-S5. GPC characterization of polyAM(F1EA-DEAE) homopolymers: P1, P2 and P3.
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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 Oz treatment.
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Figure 4-S7.19F NMR spectra of P1 in D;O under N2 and Oz treatment.
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5 O> AND COr- DUAL GAS-SWITCHABLE

MICROGELS

In this chapter, we developedthe first O and CQ dual-gas switchable microgel
system. This chapter is reproduced from the manuscript of @xygen and carbon
dioxide dual gasresponsive and switchable microgels prepared from emulsion
copolymerization of fluoro- and amino-containing monomersopublishedin Lei Lei, Qi
Zhang, Susan Shi, ShipiC : Gxy@en@nd Carbon Dioxide Dual G&esponsive and
Switchable Microgels Prepared from Emulsion Copolymerization of Fluoroand

Amino-Containing Monomer® Langmuir, 2015, 31 (7), pp 2192201 (DOI:

10.1021/1a504829j), and with the permission from ACSublisher.
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valuable help and discussion on organization dhe manuscript. Dr. Zhang and Dr.
Shuxian Shi revised the first manuscript and Dr. Zhu did final résion before

submission.

§ 5.1 Abstract

We report herein the design and preparation of microgels that are responsive to both
O, and CQ gases. The microgels @re synthesized through soagree emulsion
copolymerization of G-responsive monomer 2,3,4,5,6entafluorostyrene (FS) and
CQ-responsive monomer 2(diethylamino) ethyl methacrylate (DEA) with N,N-
methylenebis(acrylamide) (BisAM) as the crosdinker. The P(DEAco-FS) microgels
dispersed in agueous solution could undergo volume phase transitions triggered by
either O, and/or CO; aeration. The particles were very responsive to GOwhile their
responsivity to G was moderate. Microgels having different level 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
AR AAOEI U OAAT OAOAA AU Ox AOMuE-cyGle G, &2End OE A
N2 aerations were applied and no loss in the dual gagsponsivity and switchability

was observed.
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8§ 5.2 Introduction

Over the years, stimuliresponsive polymers have attracted increasing attention with
high potential in various applicationareas?! 2 Stimuli-responsive microgels, as one of
the most important examples, have been developing very rapidly for potential
applications, such as controlled deliveryrelease3# oil recovery,> water treatment,®

Pickering emulsion?-8and so on. Uporreatment with stimulus or triggers, chemical

POl PAOOEAO 1T &£ OEAOA 00i A0OO6 1 EAOI CAI O

interactions between polymer chains and solvent molecules, leading to dramatic
volume phase transition (VPT) and thus making them usefidwitchable 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’: 8 9 For example, when strong base and acid are ehagyed to
regulate pH, problems associated with buffer contamination and salt accumulation
could occur?. ® 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 largeolume
systems at mild conditions are worth of much research effort in developing smart

materials.

Recently, the advent of gas stimuli/trigger las offered great opportunities?0. 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, G@as raised great
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interest, with steady increase in publications. C&s a weak gaseous acid, anti¢ould
react with amidine 3. 14. 15, 16gmine 17 and carboxyl groupstéto increase or decrease
their hydrophilicity. Moreover, CQ could be easily washed off by simply bubbling of
inert gas like N>, without any accumulation to the system. In the recentears, several
CQ switchable materials have been reported. For example, Jessop et“al> 1°and
Wang et ak% 21designed and developed C&switchable latexes. The latex particles
could be reversibly coagulated by B bubbling and re-dispersed by CQ bubbling.
These innovations potentially benefit the latex separation, storage and
transportation. Armes et al’ prepared poly(2-(diethylamino)ethylmethacrylate -co-
poly(ethyleneglycol) methacrylate) microgel, which underwent reversible latexto-
microgel transition triggered by CQ/N > aeration. When this microgel was used as
switchable surfactant for Pickering emulsions, C£purging for 4 h was needed for a
complete demulsification. N purging alone was not enough to recover the Pickering
emulsion. Very recetlly, Wang et ak? reported a switchable Pickering emulsifier,
which could be used to reversibly control the stability of Pickering emulsions by

alternatively CQ/N 2 purging.

CQ-stimulated transformation of morphologies has received much attention in the
study of the switchable materials?® Zhao et al. systematically studied C@riggered
self-assembling of block copolymers. The hydrophilitqyydrophobic balance and shift
of block copolymers with CQ induction were examined?i”- 2¢ which provided the

foundation for the stimuli-responsive selfassembling?® Various selfassembled
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morphologies from block copolymers responsive to C{aeration, such as, expansion
of spheres and vesicle&; stretch of folded nanofibers?6 and compartmentalization of
lamellar vesides?26 Poly(ethylene oxide)b-poly((N-amidine)dodecylacrylamide)-b-
polystyrene copolymers were synthesized and selissembled into rigid tubular
geometry, which could be transformed into vesicle and sphere back and forth by
alternative CQ and inert gas aeation.2” In addition, Yuan et al? 286developed thermo
and CQ dual-responsive triblock copolymers poly[(N,Ndiethylaminoethyl
methacrylate)-b-(N-isopropylacrylamide)] and poly(N-isopropylacrylamide)-b-
P 1 1 -thpralactone)b-poly( N,N-dimethylaminoethylmethacrylate), both could be
reversibly turned from vesicle to spherical micelle and expanded vesicle by respective
thermal and CQ treatment. Furthermore, Feng et al! synthesized the block random
copolymer of poly(ethylene oxide)b-poly(2-(diethylamino) ethylmethacrylate-co-
styrene) and demonstrated seHassembled vesicle structures responsive to GO

inducement (from vesicle to micelle).

Besides CQ@ O-responsive polymers have also attracted growingnterest. Very
recently, @-OAT OEOEOA DAT O AcKppdd Qblyethilénd) glycoR Twas
reported by Jung et aP® Interactions between oxygen and & bond increased the
solubility of PFPEGPF and as a result, shifted its lower critical solution temperature
(LCST) from 24.5 to B °C. Zhang et aP reported a new design of fluorinated

polymers, based on commercially available 2,2-&ifluoroethyl meth -acrylate (FMA)

and N,Ndimethylaminoethyl methacrylate (DMA). The LCST of the copolymers in
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aqueous solutions increased dramaticdy from 24.5 to 50 °C, which provided a big
operation window for the Ox-switchable materials. Later on, Zhang et k. prepared
O, and CQ dual-responsive nancaggregates of fluore and amino-containing
copolymers. This type of copolymers could selissembe into vesicles, which
underwent various shape transformations upon @ and CQ treatments. With &
bubbling, the vesicles expanded eight times in volume, while @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 G@nd . These microgels were
synthesized through soapfree emulsion copolymerization of C@switchable
monomer 2-(diethylamino) ethyl methacrylate (DEA) and Q-swtichable monomer
2,3,4,5,6pentafluorostyrene (FS). N,Nmethylenebis(acrylamide) (BisAM) was used
as the crosslinker (Scheme4-1). The volume phase transitions (VPT) of the microgels
were induced and regilated by both CQand & aerations. Moreover, the trigger gases
could be easily washed off by simply bubbling inert gasJANTo our best knowledge,
this is the first dual gasswitchable microgel system that is sensitive to both ©and
CQ. It should be ponted out that this work is very different from the previous work,
which was based on selassembly of amine and fluorine- containing copolymersz2°.
30, 31 it represents the first Q/CO2/N > 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 Oz 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, Methylenebis(acrylamide) (BisAM,
99%, Aldrich) and 2,Bazobis(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. £QG and

N2 gases vere controlled by FMA! ¢ pmtmd O A&l T x [ AOAOO /1 AC/

constant gas flow of 10 mL/min.

5.3.2 Experiment

5.3.2.1 Preparation of P(DEAco-FS) microgels
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Poly(2-(diethylamino) ethyl methacrylate-co-2,3,4,5,6pentafluorostyrene)
microgels (in short, P(DEAco-FS)) having different compositions were prepared via
an aqueous surfactant free emulsion polymerization by using2,26azobis(2-
methylpropionamidine) dihydrochloride (V-50) as cationic initiator. FS content
within the microgels were regulated betwesn 0, 2, 5, 10, 15 and 50 wt% based on the
total monomer mass (mbeatmeg). All microgel samples had 2 wt% crosséinker 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 M, 0.1 g of FS and 40 mg of BisAM
were charged into a 100 mL rouneflask. 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 rgn and degassed with N flow.
Meanwhile, the reactor was gradually heated to 7@C. After 30 min, the predegassed
initiator aqueous solution (40 mg of 50 in 5 mL of water) was injected into the flask
to start the polymerization. Within 10 min, the reacton 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 PEAco-FS)
microgel were prepared in their latex state. The particle size and distribution of the
latex was characterized by DLS. The P(DE®-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 CQ and O responsivity tests of P(DEAco-FS) microgels

The purified P(DEAco-FS) microgel dispersions were diluted with DI water to 0.5
mg/mL and pretreated with N> before the tests. The dispersions were purged with

two cycles of different gases in themler of | N.dz CQd3 O.d3N2d3 O.d3COdZN2[  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(DEAco-FS) microgels

The swelling ratios of P(DEAco-FS) microgels with different FS contents under GO

or O, treatment were estimated from the DLS measurement. Nreated microgel

latexes were taken as reference. The changes in swelling ratio were followed in

bubbling constant CQ and G 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

1 co2= VeodVn2 = (DcodDn2)s AT Ao2=1VodVn2 = (DodDn2)s, WE A O BoDO AT OS
represent hydrodynamic diameters of the microgels after C{and Q treatment; and

O¢od AloA APLA AT OOAODPI 1 ARA CE ®xG\HA EH WA G AZOETT A8k
I £/ OEA 1 AOAg PAOOEAI AOh OEWE @AM OOE OB |
of the particles after dialysis purification and N treatment.
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5.3.3 Characterization

The changes in turbidity of the microgel dispersions after N @, and CQtreatments
were followed by recording transmittance of the dispersims at 550 nm using UWis
(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, 900PIlus), equipped with 35 mW red diode laser soweat 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 characteize the changes in particle size and morphology of the microgels
before and after gas treatments. One drop of phosphotungstic acid (PTA) agueous
solution (0.2 wt%) was added to 1.5 mL of microgel dispersions pretreated by.NG
and CQ for the purpose ofstaining 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 sanple was freezedried before the TEM tests. TEM

images were recorded using JEG1200ex instrument.

8 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 sizeata from the
O1 10k 1 O6-fre® EnfulBion copolymerization of C@switchable monomer DEA
and Q-swtichable monomer FS with BisAM as the crodaker. The pH value of the
reaction system was about 8.3 before polymerization, which were initiated by cationic
initiator V -50 at 70°C 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 crosslinker, 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 numberaverage particle diameters between 192 nm and 373 nm, with
OAl AGEOGAT U 1T AOOT x OEUA AEOOOEAOQOOEITT j
the increased FSontent. This could be attributed to hydrophobicity of the FS units
and their strong GF intramolecular forces?’ leading to much solid microgel
structures. The Dz values were smallerthan@ O AAAAOOA 1T £ OEA
and unreacted monomers the dialysis purification. The total monomer conversions
determined by a gravimetric method ranged from 5570 wt%. Take Run 3 as an
example, after polymerization, the comonomer (FS) conversion in P(DE®-FS)

microgel estimated from the total monomer cowersion and polymer composition

was about 78 wit%.
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Table 5-1. Experimental conditions of the emulsion copolymerization of DEA and FS with
BisAM, and patrticle sizes of the resulting P(DEA -co-FS) microgels

- -7 %4 I ¢ # 1

204 &8 xOF _ _ 0%~» . . -
p1rq LD $A& L& $uh qurd
p L oxaom8m ocuvqg ' pmT ¢ULUB8
q q CXPTMBM (PG OT(CB8C QwWT pYs
o v CTOmM8MTM (PUOXTLUB8E TWUPCS
T p Tt gaomn8mn ¢gnyomnmyoc8c TPp¢Y8n
pu CPEMB8TM pWT CMLP3( oouTtT8o0
¢ LT pwcm8m puppuLPB8L pPPCPBC

Note: a: Run 16 were conducted with 2 wt% BisAM crosdinker at 70 °C 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 afterD 1 1 Ui AOE U &A@ B b00SA AH O%
represent hydrodynamic diameters of the microgels after COG and N OOAAOI Ab®8 Aq C
AT Ac001OADPOAOGAT O OEA OxAll EdndOteéAreRtl 1T £ | EAOT CAI

5.4.2 CQ and O responsivity of P(DEA-co-FS) microgels

The CQand G responsivity of P(DEAco-FS) microgels were thoroughly investigated
by taking themicrogel with 5 wt% FS (Run 3) as example. ThexMaturated microgel
dispersions were used as the initial latex. A constant GOr O, 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, CQ and Oz 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. ¢) DLS data of the microgel dispersions

before (black) and after treatment wit h CQ (blue) and O 2 (red), respectively.

Optical changes of the microgel dispersion after GO and N treatment were shown

in Figure 5-2 a). The original microgel dispersion (top) was creamywhite, which
became clear gradually after 30 min purging wittO; (right). O appeared to be not as
efficient as CQ (left), which took only about 10 min to become transparent. The
microgel dispersion remained as stable dispersion after treating with @and CQ, no
particle coagulation was observed. Turbidity measunment 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 ohb@nd CQ aeration, respectively.
This dramatic transmittance increase is caused by the fi@ctive index decrease due

to microgel swelling.

The changes of microgel diameter with time were monitored by dynamic light

scattering during gasresponse and recovery processes in every 10 min, Figuse2 b)
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shows both swelling and deswelling kinetics bRun 3 sample towards C&02 and N
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 CQ, the latex was swelled
to more than 95 % (486 nm) of its total diameter expansion. Further GQpurging
leveled off the diameter at about 495 nm. This GOnduced microgel swelling was
recovered by 95% in 20 min of N purging. The total recoery to the initial latex state
required 60 min N2 purging. In comparison, purging @ for 40 min swelled the
microgel particles by 95% (364 nm), which was slower than CQrigger process (10
min). Similarly, applying longer Q treatment time slightly increased the diameter to
a constant value at 370 nm, which could be fully recovered within 60 min by 2N
purging. Figure 5-2 ¢) also showed the increased hydrodynamic diameters from the
initial microgel after the O, and CQ treatments. The particle size distribdions were
clearly unimodal. These changes in both turbidity and particle size demonstrated the

responsivity of P(DEAco-FS) microgels to C®and Q.

Transmission electron microscopy (TEM) was applied to further visualize volume
expansion of the microges upon gas stimulus. Phosphotungstic acid (PTA) agueous
solution was used as the staining agent. A typical spherical particle morphology was
observed for the original microgel, as showrin Figure 5-3 a). Asmeasured from the
TEM images, the average partielsize of the original microgel was approximately 193

+ 16 nm. After treated with Q, the particle size increased to around 338 + 32 nm
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(Figure 5-3 b). After treated with CQ, the microgels expanded to 455 + 45 nm (Figure
5-3 ¢). These TEM images clarifiedthe 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 inclued the thickness of
electrical double layer, which was absent in TEM test. Thus, it cand@ncluding that
volume expansion of the microgel were caused by the individual microgel swelling,

not their coalesce/aggregation.

Figure 5-3. TEM images of P(DEAco-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 C@and G treatments was then examined
to see if the dual gas swithable process could be reversed by purging the system with
inert gas No. The gas replacement process was repeated by two cycles of gas aeration

in the order of Nod3CQd3 Oz N203 O.d3CQd3 N2 . 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 byO,, CQ and N bubbling.
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Figure 5-4. Changes in the particle size of P(DEA-co-FS) microgels (Run 3) during two cycles of
CQ, O and Nz treatments.

It has become clear that both C£and G could effectively drive the vdume expansion

of the microgels. Typically, when P(DEAO0-FS) microgel dispersion was treated by

CQ, the system transferred from milky white to nearly transparent (see Figuré&-2

a). This was because the tertiary amine groups of DEA were easily protonategd CQ

dissolved in aqueous solutior?3 In order to balance the osmatic pressure generated

by the charges, water molecules swelled into the microgel network, which reduced

OEA OUOOAI 60 1 ECEO OAAOO-baranbparenEconkeksion3A T A 1 A

This process could be easily reversed by.Meration, which expelled the dissolved CO
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and the hydrodynamic volume of the microgel particles returned to the original value.
In the O-triggered volume transition, the fluorinated component enhanced ©
solubility in water. 33 34. 35|nteractions between the dissolved @ molecules and the
fluorine atoms in the polymer improved hydrophilicity of the material 20 31 and thus
facilitated water absorption and swelling of the microgels. The dissolveds®nolecules
could also be easily washed off by Nbubbling 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 (C£and Q) to their swollen state. The distribution wert
back to its original level after N purging. DLS and TEM results suggested no
agglomeration happened during C&O2/N 2 cycles. It can also be pointed out that our
experiment results verified that pure PDEA microgel latex was not responsive t0,O
and pure PFS latex was not responsive to GODEA and FS units in P(DEéo-FS)

microgel were one to one stimuliresponsive toward CQ and Q, respectively.

543 %AEAAO 1T £ &3 Al T OAT GAABRBQOKEADAGE]I BOU
The CQ and O responsivity of P(DEAco-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 crosdinker content of 2 wt% BisAM. The FS
content was varied from 0, 2, 5, 10, 15 to 50 wt% to regulate the2CO; triggered

swelling ratio.
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Figure 5-5. Change of the swelling ratio in CO 2 and Oz 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 Gé@nduced sweling ratio of 25.8. Adding 2
wt% FS content made the microgel responsive to both G@nd G. The Q-induced
swelling ratio was 2.30, while the C@induced swelling ratio decreased from 25.8 to
18.3. The swelling mechanisms towards G&nd & were different: CQ protonated
amine group while Q interacted with fluorine moiety. Introduction of the FS content
reduced the number of functional groups responsive to GOThe fluorine moieties
also provided constraints on volume expansion of the microgel in the Gdhduced
swelling. When the FS content increased to 5 wt%, thex@duced swelling ratio

reached to its highest level, while the C&induced ratio continued to decrease.
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Further increasing the FS content to 10 wt% reduced the swelling ratios triggered by
both O, and CQ. Swellability of the microgels stemmed from @fluro interactions was
relatively low, compared to that of amine group by C® 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 »tnduced
swelling ratio decreased to only 1.18, but it could still be swollen with CQreatment

} ¢o2= 4.36). With 50 wt% FS content, the microgel became insensitive to £& O,
inducement. It becomes clear that P(DE&0-FS) microgels having different levels of
CQ and Q& dual responsivity could be designed by varying the FS content.dhould
be pointed out tha the latexes containing pure PF®ere not oxygen responsive and

the particles did not change their size aftetreated with O. for even hours.

§ 5.5 Conclusion

The microgels were prepared through soagree emulsion copolymerization of
2,3,4,5,6pentafluorostyrene (FS) and 2(diethylamino) ethyl methacrylate (DEA)
with 2 wt% N,N'-methylenebis(acrylamide) (BisAM) as the crosslinking agent. The FS
content varied from 0O, 2, 5, 10, 15 to 50 wt%, based on the total monomer mass. The
microgels thus synthesized contained fluore and amino moieties and were
responsive to both Q and CQ. The particles dispersed in agueous solution underwent
significant volume expansion with Q and/or CQ, aeration. The swelling ratio strongly
depended on the FS autent. With 5 wt% FS, the microgel particles increased from

215 nm to 370 nm in diameter when bubbled with @ and to 495 nm when bubbled
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with CO.. These volume phase transitions were reversible and could be easily
recovered by N aeration. When bubbled wih N, both the Q- and CQ-treated 5 wt%
FS particles shrank to 215 nm. The particle sizes associated with,CCQ and N
treatments were definite and repeatable, regardless of the order of gas aeration and
the number of cycles applied. It is believed thahis work represented the first report

on the design and preparation of dual gasesponsive and switchable microgels.
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6 O> AND COr- DUAL GAS-SWITCHABLE

MICROGEICOLLOIDOSOME

This chapter is the continue work of chapter5. Based on the @and CQ dual-gas
switchable microgels, micrael-colloidosomesare prepared from Pickering erulsion
template and used as microcapsules for hierarchical contragklease of water soluble
cargo moleculesThis chapter isreproduced from the published work in Lei Lei, Qi
: EAT Ch 300A1 3Hrdathable miEd&dolpidosobé® Gadswitchable
microcapsules with Q@ and CQ tunable shell permeability for hierarchical size
selective controtreleased Langmuir, 2017, 33 (24), pp 61086115 (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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§ 6.1 Abstract

Microcapsules enabling precise delivery andcontrolled release are highly
desirable. However, it is still challenging to control the release profile by
regulating the microcapsule shell permeability. In this work, gaswitchable
microgel-colloidosome (MGC) with oxygen (€ and carbon dioxide (CQ) dual
gastunable shell permeability has been developed and tested for controklease
of water-soluble cargo molecules, based on size exclusion mechanism. The@d
CQ dual gasswitchable poly(2-(diethylamino)ethyl methacrylate-co-2,3,4,5,6
pentafluorostyrene), P(DEAco-FS), microgels having surface modified with
amino group (ZNH2) were synthesized and used to stabilize oiln-water (O/W)
Pickering emulsions. The oil soluble poly(propylene glycol) diglycidyl ether
(PPGDGE) was added as an intenicrogel cross-linker. The crosslinking between
adjacent microgel particles at the wateroil interface was achieved through the
amine-epoxy reaction of PPGDGE with the amine groups at the particle surface.

Fluorescentlabelled dextran model cargo molecules of 10 kD@1) and 2000 kDa
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(D2) were uploaded under CQ treatment and locked inside the MGC with B
treatment. The Q and CQ dual-gas switchable properties offered the MGC with
tunable shell permeability, which allowed the hierarchical release of Dand D,
based on size exclusive mechanism. This work provides a robust method for
preparation of gasswitchable microcapsules with tunablepermeability and size-
exclusive hierarchical release profile, promising for multiple ingredient

controllable release, separation, ad 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 reseath 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 migmrgeting and overdosage

of active cargoeg.Various microcapsules have ben developed from block copolymer
self-assembling (vesicles/polysomes} polymer precipitation by phase separationt

interfacial polycondensation? layer-by-layer polyelectrolyte deposition$-8 and so on.

Colloidosome is one of the most studied microcapsules, witits shell built by self

assembled colloid particles at oil/water interface template from Pickeng emulsion 2
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910 Technically, almost all particles (e.g. microgefs;14 silica solsi®> polystyrene
latexes! 1617 Aul8, FeO41° and metatorganic framework (MOF}° 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 fractionthe concentration of
particulate stabilizer (building block), the homogenization speed, and so G0
Subsequent processing for robust colloidosome fabrication, such as adlosome
transfer (remove emulsion template) and purification, normally requires
reinforcement (locking) of the particle shell, which can be realized by thermo
annealingl” chemical crosslinking,® 16 2and physical bridging throughtrapping of
high molecular weight polymers!3 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 mechanisti? 13 Breaking or dissolution of the
microcapsule shell would result in an immediate release of the encapsulated
ingredient, while a sustained release is often preferabl€& Thus, control over release
profile of the core ingredients represents a critical challenge in the development of

microencapsules.

Due to the flexibility of microgels, microgeicolloidosome (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 gsH- 11-12. 16 gnd thermo-,13-

14, 21and magnetic!> 19. 23For example, using poly(Nisopropylacrylamide) (PNIPAM)
microgel particles, Shah et al. reported thermaesponsive MGC with reversible
thermo-induced size changes through microfluidic W/O emulsion templat& Cayre
et al. reported pHresponsive MGC from polystyrene latex surface modified with
poly(dimethylaminoethyl methacrylate) (PDMA)! The microgel particles on
emulsion droplet surface were chemically crosdinked either by 1,2-bis-(2-
iodoethoxy)ethane (BIEE, amine in DMA reacted with iodend group in BIEE) or by
poly(propylene glycol) diglycidyl ether (PPGDGE, amine in DMA reacted widpoxy-
end groups in PPGDGE). Both encapsulation and controlled release of dextran
molecules were achieved by regulating pH of the environmeitAn alternative
method for smart coloidosome 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® FesOs 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, gasswitchable polymers have attracted tremendous attention in
the recent years. Carbon dioxide (C{ is the most reported trigger gas4-28 After

hydrolysis in water, CQ can reversibly react with amine, amidine, guanidine and
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Imidazole moieties and regulate their hydrophilicity.2> 28 Another gas trigger is Q,
which can reversibly interact with fluorinated groups in aqueous solution through
van de Walls interaction and increase water solubilityf the fluorinated monomers2®-

33 These gasOx EOAEAAT A DPOT AAOOAO AOA OCOAAT o6 A
contamination and fully reversible without loss of switchability. Moreover, @and CQ
possess great biocmpatibility and membrane permeability, making them desirable
candidates for biomedical applications such as controlled drug release and tissue
engineering. O, and CQ dual-gas switchable microgels has been reporte®# The
microgels can swell to different levels upon @and CQ treatment respectively, and
recover to their initial states by wash off the trigger gases with NIn this work, using
such Q and CQ 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 shélwere crosslinked with an oil soluble crosdlinker. 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 watersoluble ingredients. Dextran molecules of 10 and 2000
kDa were successfully loaded into the MGCs using £@ maximize the shell
permibility. A hierarchical release of @ and D, molecules was demonstrated by
treating the MGC with @ and CQ, respectively.To our best knowledge, this work

represents thefirst gas-switchable MGC system. Thex@and CQ dual gastunable shell
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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\yJémethylenebis(acrylamide) (BisAM,
99%), 2,2, -azobis(2-methylpropanimidamide) dihydrochloride (V-50, 99%), N-(3-
aminopropyl) methacrylamide hydrochloride (APMA), fluorescein Gmethacrylate
(97%, ), poly(propylene glycol) diglycidyl ether (PPGDGE, MW = 640 g/mol),
hexadecare (>99%), FITCzdextran (D1: My = 10 kDa), and bluedextran (D2: My =
2000 kDa) were purchasedrom Aldrich and used as received. Ethanol (99%) was
purchased from Commercial Alcohols in ON, Canada. Milii grade water was

generated from Barnstead Nanopur®iamond system.

6.3.2 Experiments
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6.3.3 Characterization

The hydrodynamic particle size and distribution of micogels before and after trigger

gas (Q and CQ) treatment were measured by particle size analyzer (Brookhaven,
900Plus). All the microgeistabilized O/W Pickering emulsions, microgel
colloidosomes (MGC) and the MGC loaded with dextran (MGC*) were charaizied

by fluorescence microscope. The fluorescence images were acquired from Zeiss LSM
510 Meta Confocal Microscope (Zeiss, Gottingen, Germany). The fluorescence images
presented crosssection 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 UWis
spectrometer absorption at485 nm and 630 nm, respectively. Samples were balanced

for 2 min before each measurement.

8 6.4 Results and Discussion

6.4.1 Preparation and characterization of O » and CQ dual gas-switchable

microgels
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Figure 6-1. Synthetic route of the O > and CQ dual gas-switchable P(DEA -co-FS) microgel with

surface modified by amino ( ZNHz) groups.

P(DEAco-FS)microgels having different chemicalcompositions were prepared from
surfactant free emulsion copolymerization of FS and DEA, as described in our
previous work.33 Asillustrate d in Figure 6-1, 2 wt% BisAMwas used ascross-linker
and 3 wt% APMAas surface amino-agentin preparation of all the microgels (based
on the total monomer mass).The FScontent in the microgel varied from 5, 40 to 80
wt% (basedon the total monomer mass),in order to regulate gasswitchability of the
microgel aslisted in Table 6-1. The gasswitchable properties of different P(DEAco-
FS) microgels were reflected from the changesin their hydrodynamic diameters
before (Dn2) and after Oz (Do2) or CQ (Dco) 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 O,-swelling ratio | —
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Table 6-1. Prepared P(DEA-co-FS) microgels and their gas -switchable properties

MGs Composition Dn22 PDI O CQO
(DEAFS, wt./wt.)  (nm) Do2b ] o02° Dcod ] coz®
MG-F5 95:5 80 0.105 142 5,59 191 13.6
MG-F40 60:40 83 0.095 89 1.23 137 450
MG-F80 20:80 84  0.089 85 1.04 86 1.11

Note:a b.dThe hydrodynamic diameters of the microgels under N G and CQ treatment,

respectively. ce Swelling ratio of the microgels under @and CQ treatment, defined as:
H ﬁ— i OAT A ANOAOGEI T HE© qADDI EAAAT A O O
As shown inTable 6-1, the microgels having different FS contents gave distinct©
and CQ- switchable properties, consistent with our previous studies3 P(DEAcO-FS)
microgel containing 5 wt% FS (M&5) showed Q and CQ dual gasswitchability,
with the hydrodynamic volume changed upon 9and CQ treatment, exhibiting
swelling ratios of 5.59 and13.6, respectively. Increasing the FS content to 40 wt%
decreased the volume changes tg = 1.23 andy = 4.5, due to inherent
hydrophobicity of the fluorinated monomer FS. However, the microgel containing 80
wt% FS (MGF80) almost lost its gasswitchable properties and acted as solid latex

particles.

The hydrodynamic volume changes of P(DE&o-FS) microgels upon @ and CQ
treatments were due to interactions between the trigger gases and function groups in
the microgels. C@dissolved in aqueais solution induced protonation of the tertiary

amine group in DEA and significantly increased the microgel hydrophilicity. The
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dissolved Q molecules interacted with the fluorine atoms of FS through Van der
Waals forces, which improved microgel hydrophikity, facilitated water absorption
and thus, promoted size expansion of the microgel upon trigger gas treatmefit3o. 33
It should be noted that the size expansion induced by both.Gnd CQ could be
recovered totheir initial states by washing off the trigger gas with an inert gas (N or

heating.

6.4.2 Microgel-colloidosome preparation and purification
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EAGAAARAAAT A A0 4B WER DERAOAEAAA AOAAOEIT xA
I7 O1 6A1 Oi11 6i Agqs $OOET ¢ Ai OIl OEAEAAOCET T h O
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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 controtrelease application, all the microgel particles
were surface modified with amino group ¢NHz) by adding 3 wt% APMA (based on
monomer mass) during the microgel preparation. PPGDGE containing epoxy end
groups (-CH(CH-0O")) inter -crosslinked the selfassembled micogel particles at the
oil/water interface through amino zepoxy reaction, as illustrated inFigure 6-2 (a-l).
The MGCs prepared in this work exhibited monolayer architecture. Since the microgel

particles were dispersed in the continuous aqueous phase and dhcrosslinker
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PPGDGE was dissolved in the internal oil core phase, the linking of adjacent microgel
particles was realized through intermicrogel 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 4C

for 24 hourst 34 Such MGMG crosslinking fixed the microgel particles on the
oil/water interface, acting as a permeaéle microgelshell for the MGC microcapsules,
asillustrated in Figure 6-2 (a-11). It was worth to note that microgel without surfacez
NH. modification cannot be used as the building block for MGC preparation by using
the same method. Afteppreparation, 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 fob 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-111). The gasswitchable properties of the colloidal MGC shell enabled

the regulation of shell permeability through Q and CQ treatment respectively.

Figure 6-2 (b) shows the fluorescence image for an aqueous dispersion of MGE
crosslinked with 0.5 wt% PPGDGE (based on the microgel mass). The microgel
particles labeled with fluorescein Gmethacrylate (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 crefisker in MGGF5

preparation varied from 0.5, 1.0 to 2.0 wt% (refer toFigure 6-S2). All the MGCs
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remained intact after CQ treatment, with standing the maximum swelling of MGs. The
change in sizeof MGC before and after GQreatment was barely noticed. In order to
minimize the effect of inter-microgel crosslinking on the gasresponsive properties,
MGGCF5 crosslinked with 0.5 wt% PPGDGE was used in the following gésggered

loading andcontrol-release experiments.

c-1) MGC-F80

Figure 6-3.2)3 %- Ei ACA® COBMOAA wg0$ BB3qQ | EAOT CAITOAYmO®GE uvh 1
&3 Al 1 Phad O-smuth &u3x O Iphck] - ZBawh &3« @bd] - By#h  &Bx EP 8
SECODABET xO 3%- EiI ACAO 1 &£ OEA -' #0 xEOE uh
- ®ouoh Bt#w ATAyn' #EAOI AAPOOI AOG8 4EA xOETEI A
I £/ OEA AT OA PEAOA AOOEIT C 3%- OAI Pl ROPOAAO!

OEA AilTlTEA OEAI 18 &Oii OEA 1 AGCI EAEAA 3 %-
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IIl. Locking: MGC*
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i T OEAO OI 1 O006ET T xAOA 110 ZRiykAbADOAGARAET 10
OOOEAAAB 1| OOOI ET ¢ OEA OAIAR IAIADEIOCC 11A OEBRA $
- ®&t1nh AAT OO ¢u xObp $p AT A p8omn z&0OP8 $cO x A
OET x1 ElwAgECO®AA DPEI O EIi ACAO j1 AEOQ AQEEATE
COAAT O1 Al OA AEOAO 1T AAETC 1T A UGHA TAAGRGI T
DAT AOCOAOA R &GO AAAET ¢ O OEA UAITTTx AT11TO0
COAAT 11 OEAO O11 OOETT j3$p AT A $¢ 1 E@OOOA |
- #h 1 AEO OEA Al OA $¢ ETCOAAEAT O EAEOIGEA 11
OEA &I 01 OAOGAAT AA Ei ACAO j OECEOQ xEEAE OET x
- #®&1nh EECEI ECEOAA xEOE COAAT Aiii O AEOGAO
ET OAOT Al Zhra® TAOAA#1T1T OEA OAI A OOOZEAAA 11
xObP$adgq AT A 1wxOP j$¢q AT AADPOOI AOEI RuA EEEA
xEOEET ¢ EI O0OOh OAOPAAOGEOAIT U8 "1 OE $p j COA
Al OA mm -AmOAO 11T AAET ch AO OEI x1 oAz QBA £l C
) O xAO A ODEADI OEA AG EAREA ICAPA MHEEGAIOOU AOCE |
AEFEBEADAOEAAA GARADEBC 40k EAKKERAT dp AT A $¢ A
iT1 AAOT AO AAAOAAOGAA &O01 1 OEA 11 OGEAO Oi 1 O0E
ETTAO Al OAQj AEASBBERADPADOOI AOBIT1 B AxEkEAEBDAA
@WEA $p AT A $¢ AT AAPOOI ACOAROXERAEEI ACGEAREET T A
$p AT A $¢ AT AADPOOI AGETI T xAO AAOGAA 11 A OE

AEEZEAOCAT AA T & EBI 1T PEROOAOERO Oi 1l O0EIT AT A E
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OEA AAOGi 171 AAOI 0 bMITTAGEMOAGE AGEA -)'0 xAC
0j $%H®R3Qq | EAOI CATI O OEAO OAcOiI AGAA OEA DAOI
OOAAOI AT O 1T ATCOBHEIO®ADAEAG I 1T OEA Al biZz ui Ao
&uv AT AADOOI AGAA A& Ok ApARDAOISQA -FABTEZU $p |

&ymn AT AAPOOI ACA 11 BAMDQIAAE 1TAR GJARD RO TATOE

8 Y8 YAAOECCAOAIAMAROITITA du IAADIRO AAGRHPAA EI

&w

v ®Bu OAI DI AO Al AADOOI AOAA xEOE Zpe G OPA (Bho
Al DI T UAA O ET DOECEROBHA IGEADORDOT HAOOEAO |
S ®mus [EAOI AADOOI AO xAOA AEOEAAMAIENT (OHQA
AACAOOAA $) xAOAODBODRAKOAODAOGA AEAOAEDDAO
AOAAI AA xEQE E1 AOOOEBDAQhCARIOBEAAOEOAI U8 4E/
AT 1 AAT OOAOEI T O ET OEA AT OGEOITI AT O OI BOOET ]

OEO ODPAAOOI i AGAO AO twu 11 j%$pQqQ AdE oom Ti
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Figure 6-5. AQ XAEBCCAOBM ¢ - THAOI AADOOI A OAl AAOEIZLEOPOT AE|
OPAAOGOI I AOAO AO Tyl 1jisgameq Al A gom

10O A AT 1 001 BuGAIODAAIDAIAO #@EOEI ET OAT AAGAA OA
$ch AO OAAlpdHIEOS E OGEICOHDAOAT AAGAO 1T £# OEA AAO
xAOA Al AAOI U AAOAAOAA ET OEA Al OBQIATIAAT O C
#/h OAOPAAOEOAINSS gt OBBALOBAAA A EDIE OAT AAOGA ET v
xAO OAAAEAA E1 omn [ EI.®A) RAGAT O0d0@pqOAAD A
AEOAO 1 1T.AOAPREERC8 4EEO OEUA AQADIOOCEGEA QRDI
DAOI AAAETI EOUDARRA OxAT 1T ETC T &£ OEA [T EAOT CAT «
Of ATT AO $p AOQ@8 14 @A OERAOR OL@BDAS/ET 11 OA OAO
i £/ OEA T EAOI CAT O AT A OEOO 1 PAT AA Kb O&E Ax K&
TT OEAAA OEAO $p OAI AAGAOG 1 OAE MEAOGOAO AO OE
OEA AEOOO pn 1 ET 8 4EA 1 AGEI O $p OAd AAOA

OOAAOQI AT 08 #1711 PAOAA OI $ph $¢ OAI AAOA xAO C
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AT 1T AAT OOAOEI T AO m8¢tOORARIEARIADC A AOA Ox ApGx AIED
Oif A1 AT TOATO T /&£ $p AT A $¢ AT OI A AA AAOAA
AOAOEI U b@ADAOBAI BI' & xAO Agbi OAA O1 AOQIT OD
OEi A | RBAQ8xAEEO I ECEO AA AOOOAEQICIOAIAD DI ADE

xEEAE COAAOQOAIT T U DPOTiI1TOAA OEA OAI AAGA T &£ $p

O, and CO,
dual gas-switchable
microgel-colloidosome
(MGC)

Figure 6-6.3 AEAT AOEA EI | OOOOAGROECE EOBAPEEADACAIZAAOAS T &£

i EAOT AADOOI A AT AADQ@OIIACDAMIAA xAEAODECT x AIGAIGAADI AO EAOET C
xARECEOOS

As illustrated in Figure 6-6, it was found that Q only triggered the release of D1 from

MGGF5* microcapsule, while C@was capalte to induce the release of both D1 and

D2. N did not work as a gastrigger. The hierarchical release profile of the cargo
molecules was based on a size exclusion mechanism. &d CQ could reversibly

interact with the functional groups of P(DEAco-FS) microgels (fluorine atoms and

ternary amines, respectively), increasing hydrophilicity and induce microgel swelling.
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§ 6.5 Conclusion

YT ATTAI OOGET T h OEA 1 EAOI CAI AT T1TEAT OTI AO
xAOA POAPAOMA BHOKEIAD /0 x BAO FoEB8!q | EAOT CAT Oh

xAOA OOOAZAAAA 11 AEAEZAQQsx E)OE -Al# 18RO ACEOA @OAE Tj1 |
OOAAEIEHADAOEDEAEAOEI ¢ Ai O1 OETT xAO OOAA |
4EA -'# xAO DPOOEAZAZEAA AU xAOEET C 1 £& AGAAOGCGC

OEA TEI AT OA DEAOGA8 4EA OOAAAOOAEOI AT AADPOC

AEEAEAOAT O OEUAO ji11AAOI A ®AE CERRT To@OAA GA k|
xEOE OEA OEAI 1T DPAOI AEARIGARW [OAAH B EOICE AAD8C
2A1 1T OEJO@E#/ICAO CAO 1T AA O1 AT 1 OOAAOEIT 1T & OE.

ET OEAA8 4BRAAOABODE . @#AOPAAOEOAI Uh A DPOAEEOAEE
$,AT Ax80 1T AOAOOAAS 4EA OA1T AAOA xAO AAOAA i
OxEOAEAAEI EOU 1T £ QEA BHAAOCCAT O O0OBDVOI DAA A
DAOI AAAEI EORADABEAOADAEDA AU U8 A A ELRIBD

-'# I EAOI AADOOI AO xEOE OO1T AAT A OEDRAI ABDdAI A

E
I £ 1 Ol 0OEPI A ET COAAEAT OOs8
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§ 6.7 Supporting information
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Figure 6-S1.Dynamic light scattering (DLS) characterization of the gas (02 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 = 40wt%), 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 CO; treatment.
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MGC-F40. ¢, " 1 47 N MGC-F80

Figure 6-S3. SEM image of MGEF5, MGGF40 and MGGF80.
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7 CO2-SWITCHABLEMEMBRANESUSED

FOROIL/W ATER SEPARATION

This chapter reports the generation of highly porous membranex EOE -@RAPRD
structure and CQ-switchable surface wettability and their applcation on CQ-
controlled oil/water separation. This work is reproduced from a newly prepared

i AT O OA OHighl® pollouE paly(high internal phase emulsion) membranes with

Ol BAART 1 & 000 OAGENake wétthblity #séd for controlled oil/water
separationd.  The combination of stimuli-responsive functionality and novel

macrostructure enablepromising applications in the areas of control-release, smart

separation, tissue engineering and so on.

Author contributions

The idea of this work is generagd from the discussion with Dr. Qi Zhang. Lei Lei did

all the experiments and prepared the first manuscript under the supervigon of Dr.
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Shiping Zhu. Dr. Zhang and Dr. Shuxian Shi provaigaluable discussionand first

revision of the manuscript. Dr. Zhu @l the final revision before submission.

8 7.1 Abstract

Polymer membranes with switchable wettability have promising applications in

smart separation. Hereby, we report highly porous poly(styreneco-N,N
diethylaminoethyl methacrylate) (i.e., poly(Stco-DEA)) mMA T AOAT AO xAEAGH 601 B
structure and CQ-switchable wettability prepared from water-in-oil (W/O) high

ET OAOT Al PEAOGA Ai O1 OET T j(AAIN®wq BOAGTBOCAOAO:
facilitates fluid penetration through the membranes. The combination of CO

switchable functionality and porous microstructure enable the membrane with C&

switchable wettability from hydrophobic or superoleophilic to hydrophilic or
superoleophobic through CQ treatment in an aqueous system. This type of
membranes can be used fogravity-driven CQ-controlled oil/water separation, in

which oil selectively penetrates through the membrane and separates from water.

After treated with CQ switching wettability of the membrane, a reversed separation

of water from oil can be achieved. &h wettability switch is fully reversible and the

membrane could be regenerated through simply removal of GGand oil residual

through drying. This facile and cost effective approach represents the development of

first COp-switchable polyHIPE system, prorsing for smart separation in large

volume.
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8 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.! In general, oil/water separation can be
classified as oiremoving, water-removing, and smart controllable separatior?3
Stimuli-responsive membranes with tinable wettability are promising for various
applications such as oil/water separatior?%’ anti-fouling,8219 cell capture and
releasell and so on. The surface wettability of these advanced membranes is an
important factor in the applications, which couldbe regulated by changing chemical

composition and surface structure of the substance?’.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 214 thermo,”14 electric-field,> and UV%16 for on-off switching. For example,
thermo and pH duaktcontrollable oil/water separation material has been reported by
Cao etal.}* in which poly(dimethylaminoethyl methacrylate) (PDMAEMA) was
coated on a steel mesh through lighinitiated 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°C 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 oftenused pH regulation

might also cause secondary contamination by acid and base addition. Recently, carbon

dioxide CQQq EAO AAAT xEAAI U OADPI OOAA AO Al AAODI
19 which has been applied to various smartsystems including redispersible

latexes1619 OAOAAOEAAIT A2 [blBck Qpblygnkr €efiassembling and
shape/morphology deformations2® Such stimuliresponsive features are attributed

to the reversible reactions of C@with such functional groups asamines, 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 speific wetting properties, as described by Wenzel
model and CassidBaxter (GB model)122%27 Wenzel model reveals that surface
roughness could enhance both wetting and antivetting properties of liquid on the
surfacez G" I T AAT  A@OAT AA A topddudtishirfade®and sudyested E
that air trapped in porous roughness could facilitate preparation of antwetting
surfaces?® The development of nanotechnology, polymer science and interfacial
engineering provide a wide range of methods and technologi¢s prepare fibrous and
porous membranes. For example, Che et“teported poly(methylmethacrylate-co-
N,N-diethylamino ethylmethacrylate) (i.e., PMMAco-PDEAEMA) nanofiberous

membranes prepared from electrespinning, 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 melt$82°The wettability of membrane
could be switched between hydrophilic and lipophilic by applying and removing GO
trigger. The combned nanoporous structure and C@switchbility enable the
membranes successful oil/water onoff separation. Using the same technology, Li et
al2 deposited poly(methyl methacrylate)b-poly(4-vinylpyridine) (i.e., PMMAb-
P4VP) block copolymer on a metal més and prepared pHresponsive fiber
membranes. P4VP gave the membranes with psWitchable surface wettability while
PMMA provided mechanical strength and stability. The asrepared membranes
enabled highly efficient and reversible gravitydriven pH-controllable oil/water

separation.

Compared to the fibrous membranes consisting of perpendicularly arranged fibers

forming a network, porous membranes provide outstanding threedimensional

mechanical strength and stability against liquid flow and exhibit higheffiltration

efficiencies due to their irregular pore path23%32 High internal phase emulsion

(HIPE) is an unique emulsion system consisting of more than 74 vol.% internal
phase33.34 Highly porous materials could be obtained by curing or polymerizing
continuous phase and extracting internal phase out of the emulsion, known as
polyHIPE3335%39 Based on morphology of the porous structure, polyHIPE could be

Al ACOEEEAAAARAIDLO OAPARI OAIN OAAPAT AET ¢ xEAOQOE.

interconnected channels (aka Ox ET AT x06Qq ET FTAAOx MAfRe OEA £
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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 on33z37.4@42 Compared to electrespinning membranes, polyHIPE is facile
in preparation. HIPEs could be easily processed under ambient conditions and
OAOOAAG ET OI Aii Pl Ag OEAPAO jAscs8 11111 EOE
template moulds and polymerization under mild conditions323539 Jing et al3
prepared opencell porous polystyrene (PS) monolith templates from watetin-
styrene HIPEs. This ultrdow density monolith could reversibly absorb and release
(squeezed out) spilled organic liquid (e.g. mineral oil and dichloromethane)dm
water, which is promising for purification of oil contamination. Polystyrene HIPE with
both closedcell and opencell porous structures have also been reported by Yu et @l.
The opencell polyHIPE products are highly gas permeable due to their
interconnected porous structure. The closegell polyHIPE was used for reversible
absorption separation of oil from water, exhibiting a higher dichloromethane (CkChk)
absorption capacity (33 g/g) than its opencell electro-spinning counterpart (20.21
g/g).43 It is believed that the closeecell structure helps to hold more organic phase,
but may restrict the rate of absorption, which took about 1 min to reach its maximum

capacity?

Oil/water separation has been realized by either filtration separation or absorpgbn
separation. Fibrous membranes are often used for filtration separation while porous

materials are used for absorption separatioriz6.14.16 Filtration separations are more
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applicable for continuous oilwater separation operation. Porous membranes are

rarely used for liquid filtration separation due to a high pressure drop issuéé This

xI OE OADPT 000 A AAAEI A 1T AOET A A O AAAOEAAOQE]
AAT T o 0 0 0 0 A,&WitchAble Avktidbility# /Such poly(styreneco-N, N
diethylaminoethyl methacrylate) (i.e., poly(Stco-DEA)) HIPE membranes are

prepared from polymerizing the continuous oil phase of W/O high internal phase

Al 01 OET 1T OAi I AOGAO AT A AQGOOAAOQET ¢ -AMHA 6AEO
porous structure enables fluid penetation through the membranes. The combined
CQ-OxEOAEAAT A £OT ACET 1T Al EDAI 1Al AO G ERG ®EAA0T B¢
membranes with CQ-switchable wettability between hydrophobic or superoleophilic

and hydrophilic or superoleophobic. Such membranes cddi be used for reversible
CQ-controlled oil/water separation. This work represents the first CQ-switchable

polyHIPE system, which is coseffective for the preparation of large volume porous

separation device with consistent porous quality and switchablevettability.

8§ 7.3 Experiments and Characterization

7.3.1 Materials

Styrene (St, 99%, Aldrich), Adiethylamino)ethyl methacrylate (DEA, 99%, Aldrich)
and divinylbenzene (DVB, 80%, Aldrich ) were passed through an inhibitor remover
column (Aldrich) and stored at 4°C prior to use. Span 80, calcium chloride (CaCl

Aldrich) and potassium persulfate (KPS) were purchased from Aldrich and used as

146



Ph.D. Thesig Lei Lei McMaster Universityz Chemical Engineering

received. Ethanol (95%), hexane (95%) and chloroform (99.5%) purchased from
Caledon Laboratory Chemicals are used aseceived. 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(Stco-DEAYHIPE

All polyHIPE membranes were prepared from polymerizationof the water-in-oil
(W/O) HIPEs. Take poly(Stto-DEA)HIPE with 30 wt.% DEA content (based on total
monomer and crosslinker mass) as an example. The oil phase was prepared by
adding St (2.4 g), DEA (1.2 g), DVB (0.4 g) and Sf&h(1.4g, 35 wt.%) into a50 mL
plastic (polypropylene) tube. The water solution (36 mL, 90 vol.%) of KPS (0.08 g)
and Cad (0.4 g) was degased with B for 30 min. HIPE was prepared by
homogenizing the oil phase at 20000 rpm, during which the aqueous phase was
slowly added by syrhnge within 5 min. Homogenization was continued for another 2
min after the complete addition of water phase. The freshly prepared HIPE was casted
ET A ETTAITAAA 4AEI 11 1T AT AOATA 11T AAT | AEAT A
and closed. The model was thenured in an oven at 70°C 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 vacuunovernight at room temperature.
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7.3.2.2 CO-switchable oil-water separation

PolyHIPE membranes with 30 wt.% DEA content were used for @@ontrolled
oil/lwater separation. The membrane was trimmed into a circular shape with
diameter about 47 mm and itwas then fixed on to a filtration apparatus (Synthware
Glass). A metal mesh waapplied to support the membrane during filtration. Dry
membrane and CQ@treated membrane were used for the filtration of hexane/water
and chloroform/water, respectively. Speciically, the membrane was first thoroughly
dried and it was then immersed into HO for CQ 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 CQ 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 pas and cells and

windows were counted and evaluated withthe software Image J. The membrane

wettability was characterized by an optical contact angle measurement instrument.
SPAAEEAEAAT 1 Uh A1 O xAOOAO AT 1T OAAQ-safutaed A | AA
DI water was applied to the sample in air and meased after 90s stable. Hexane was

used for oil contact angle measurements, following the same procedure forater

contact angle (WCA) testing. Specifically for underwater oil contact angle test, the

membrane was immersed in water and treated with C@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.

8 7.4 Results and Discussion

7.4.1 Poly(St-co-DEA}HIPE membrane preparation and surface morphology

characterization

a) b) )

Caei .
: astr,-,g Continuous phase
Polymerization

000000000

u | Homogenization |xixan

= *\ 190000800 ¢ )\
' = Tl

[ water phase
@ 0Oil phase

W/O HIPE Mold Open-cell PolyHIPE

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 Ewas casted into a homemade membrane mold. ¢) 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(Stco-DEA)YHIPE 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 piilase

including monomers is responsible for construction of the membrane frame
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work.344042 Fijgure 7-1 illustrates the process of highly porous polyHIPE membrane
preparation. The oil phase contained monomers (DEA and St), crelasker (DVB) and
oil-soluble surfactant (Spar80). Specifically, St was used as a substrate monomer to
provide the membrane with mechanical strength. DEA as G®witchable monomer
enabled the membrane with C@switchable wettability.1723 As a classic oil soluble
crosslinker, DVB @polymerized with St provided the membrane enough mechanical
strength and prevented the membrane from dissolving in organic solvents. @bluble
Span80 was used as surfactant to stabilize W/O HIPE. The aqueous phase volume
fraction was fixed at 90 vol% &d dissolved with thermal initiator K2S$0s and
assistant stabilizer CaGl For HIPE preparation, water phase was gradually added to
the system during oil phase homogenization Kigure7-1a). The viscosity of the
emulsion system increased dramatically as the@queous phase was continuously
added, suggesting the formation of HIPE. The readily prepared creagel like HIPE
was casted into a homemade modelF{gure7-1b) and cured by polymerizing the
continuous oil phase of W/O HIPE at 80C. Poly(Stco-DEAYHIPE menbranes with
varying compositions were fabricated and purified by washing the residual
monomers and surfactants off with ethanol in Soxhlet apparatus, and vacuudried

overnight at room temperature (Figure7-1c).

74.1.1 PolyHIPE porous structure characteration as function of chemical

compostion
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The morphology of poly(Stco-DEA)HIPE membranes was characterized by SEM, as

shown in Figure 728 ( ECEI U EEAOAOAEEAAI DIANIAG 1 A
structure were generated. The polymerization of monomer phse formed skeleton of

OEA 1 Al AOAT A8 4EA EEOOO 1 AOGAT 1T &£ PITU()O0%
the porogen of water phase, which constructed the microcellular structure, as
highlighted by the red cycle in Figure7-2 (c-p 8 4 EA ET OAQDAI IxIOAAOA
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 droplet$>3° The
diametAOO 1T £ AAT 1 O AT A xET ATl xO AOA AATT OAA AO
OAOET AAOxAAT xETAT xO AT A AAI 1O EO AAEET AA

critical for evaluation of consistent mass transfer through polyHIPE.

Table 7-1. Poly(St-co-DEA)-HIPE membrane preparation and characterization

Recipe ® PolyHIPE morphology ¢ WCAd
RuNS® —59) DEA(@ Dj il djii n_ 0% Air co
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. AT A 1T £ OEA 1 Al AOAT AOh O- 6 rduAtObicaingBEA O1 Al A
Ai 1T OAT 68 Ascs O-pmdo OAAEAOO O PITU()YO® | Al AOAT
of monomer and crosslinker. ® Monomer composition for poly(Stco-DEA)-HIPE preparation.

The oil phase includes St, DEA, DVB (0.4 g) and S@an(1.4 g, 35 wt.%). Water phase contains

K>S0 (0.08 g), CaGl(0.4 g), HO (36 mL).c SEM characterization of polyHIPE membrane

i TOPEITTcUg Os$so6h AAI 1T AEATI AOGAONn OAdh xET AT x AE
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AAAE AA]]T%@%% @1 xEEAE O16 AAAI 61 6O &£ O OEA
windows counted ineachcellrO/ 6 h T DAT T AOO T £ OEA | Ai AOAT Ah A2
«xET AT x AOAA AT A AAI+ é&éomz\/smca,&a@mm-Mhae

water contact angle tested with DI water (air) or C@saturated DI water in air condition.

Figure 7-2 presents SEM images of polyHIPE membrane samples composing different

DEA contents. Their precursor HIPEs were stélized with 35 wt% surfactant (Span

80) based on monomer (St/DEA) and crostinker mass (DVB). As summarized in
Table7-ph EO xAO £ 01 A OEAO Al OE OEUAO 1T &£ AAL
t8Pe¢ O o8uvt t1I AT A p81¢ Ortentingaaged fromfio OAODA
O tu xOp8 4EA AOAOACA APDPAOAT O 10i AARAO 1.
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 tod in

each cell. Further increase in DEA caused cells collapsing and dramatically decreasing

the window size. As seen from the crossection 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

OEA Z£EiI i EADPPAT AA8 /1 OGEAR ITOEAOODEBBGA OEAAG
mass trarsfer through the membrane, the area ratio of window and cell, defined as

Ol PATT AOGOGoh EO AOEOEAAI O1F AOAI OGAOGA OEA 1A

7-1, PolyHIPE with 30 wt% DEA content (M30) showed the highest openness of 40.13
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%, suggestingthat nearly half of the cells was open for mass transfer, which is

promising for filtration separation.

DEA (’45\ wi2%)|

2K

Figure 7-2. SEM images of poly(Stco-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.% SpaB0 stabilized HIPE were also
presented as SEM images and characterization summarized in Figui<s1 and Table
7-S1, respectively. Large cavities could be fad 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.

74.2 CQ-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 of152¢
on the membrane surface at 0 and 300 second. b) The tumble process of w ater droplet at
membrane surface at 5°. ¢) 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 structure27.13 To probe the wettability of poly(Stco-
DEA)YHIPE membranes, the water contact angle (WA} was firstly measured in air. It
was found that such highly porous membranes exhibited significantly higher WA
compared to their smooth film counterparts. Ashown in Figure %3a, the membrane
composing 10 wt% DEA (M10) was able to stand a spherical kindred water droplet
with WCA of 152. The WCA did not change even after 5 min, despite reduced droplet
size due to water evaporation, suggesting that surface wetbility 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 5 (Figure 7-3b and Video7-S1). All these observations
suggested superhydrophobicity of the membrane M10, even though both PS and

PDEA have intrinsic WCAclose or less than 9@4 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
surface could dramatically reduce the contact area with water droplet, which

increasedrepellency of the membrane against water droplets.

The oil wettability of the membrane was tested through oil (hexane) contact angle
(OCA) measurement, as shown in Figur@-3c. It was found that the oil droplet
penetrated into the membrane, as soon as iattached the membrane surface,
indicating the membrane was supdyophilic 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 PDpéssessed surface
energies of 40.7 and 33.7 mJ/& respectively, much higher than the surface tension
of hexane (18.43 mN/m)4546 Such surface enrichment components endowed the
membrane high affinity to oil and oleophilicity. 3D microporous surface geomey also
facilitated the oil affinity. Thus, both surface enrichment and microporous structure

offered the membrane with great oleophilicity?:3

Chemical composition is another factor that affects water wettability of polyHIPE
membranes, as reflected fronWCAvalues 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%CAof the
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membrane decreased to 152, 134, 126 antl05, 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 greaaffinity 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. ¢) COx-saturated water contact angle at 0 , 30, 60 and 90 second in air. d) Oil
(hexane) contact angle under CO »-saturated water. €) CO2-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(Stco-DEAYHIPE membrane is a weak polybase with pKa about 743.
The wettability of PDEAbased membrane could be altered by manipulating GO

aqueous environment of the membrane, as a consequsn for protonating and
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