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Abstract

Green chemistry ahgreen engineering aigeak to which a great mamgodern cherists
and engineers subscrib&@heengagement of chemists and engitsewvorldwide in the application
of green chemistry and engineering principles is one of the largest and most promising collective
efforts of our time. The core message of green chemistry and green engineering is to pursue
chemical and technical advancidmat benefit society and the economy, whilst minimizing or

avoiding human and environmental hazards.

Designing smart materials with green chemistry in mind is a common theme throughout
thisthesis Smart surfaces, i.e. a surface that can perform maitisks as a function of an external
stimulus, have the potential to reduce waste by simplifying processes, reducing solvent use, and

extending the lifetime of materials through simple regenerative procedures.

The work presented in thibesisfocuses orthe development of C&responsive smart
surfaces for green applications. £@sponsive smart surfaces have been used as desiccants for
the removal of water from organic solvents. For the first time-@€ponsive smart desiccants
were able to remove more wat@nd were regenerated at a lower energy cost than traditional
recyclable desiccants such as molecular sieves. Additionalbyr€¥ponsive smart surfaces were
demonstrated to be smart supports for heterogeneous catalysigithitnium nanoparticles by
allowing reversible changes in catalyst selectivity for the hydrogenation of furfural. In both
applications, the C&responsive smart materials were recycled multiple times with little to no loss
in performance. Cgresponsie smart materials were demonstrated to selectively capture and

release hydrophobic liquids and dyes without loss of performance over time.

A variety of substrates were evaluated as-G@itchable surfaces using batimgle-unit
and polymericmodifiers A robust and usdriendly method forfisurfaceinitiated activators
generated by electron transfer atom transfer radical poigateno (SI-AGET-ATRP) is
described. The SAGET-ATRP technique is compatible with various £@sponsive polymers
and will allow future work to study topics of interest such as the relationships between grafting

density, molecular weight, and material performance.
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Chapter 1

| ntroducti on

1.1 CO2-switchable chemistry

The dissolution of C®in water affords a series of acid/base equilibrihe
dissolution of CQ into wateris dictatedby Henr yods Law (Equatior
concentration of dissolved GQ6 is proportional to the COpartial pressurery and
inversely proportiona(Ku8dheheélenegbdgodsalwawo

CQO, in water at 298 K is 29.41-Atmmol™.

5 N (1.1)
V)

The reaction of dissolved GQvith waterthen generates carbonic acidEs, a weak
acid with a apparent pKof 6.4%7 AqueousH.CQs is understood to dissociate by a
protonrelay mechanism that uses sevearafalysing water molecules.For this reason,
direct observation of aqueo#sCOs has proven to behallenging® Thus, he apparent
pKa (pKapp Equation 1.5 reflects the combination othe CQ hydration equilibria

(Equationl.2) andthefirst dissociation of HCOs (Equation 1.3

KH’ pCOz
COp = = CO; ) (1.2)

Where CQuaq) is a mixture of hydrated GQCO:;H20) and carbonic acid
(H2COs).



H,CO3,q) + HyO =~ H30" g+ HCO3 ag) (1.3
Kaz + 2
HCO37(5q) + H0 H30" aq) + CO37(aq) (1.9
Kapp (1 5)
CO, (ag) T 2H,0 H3O+(aq) + HCO3'(aq) :
, 00 060 (1.6)
v 50
Where:
00 60t00U "6 0 a.7)

Carbonic acid is a polyprotiacid its two actualdissociationvalues havebeen
measuregdthey are pK:i=3.8"% andpKa=10.2. The extent of dissociation and themedf

theconcentratiomf each species,280;, HCOs, and CQ@?, is pH dependent (Fige1.1).

pK,' =6.38 pK," =10.32
1.0

0.5

Fraction of species present

0.0 | 1 |

R I S P
0 1 2 3 45 6 7 8 9 10111213 14

Figure 1.1 A distribution plot of carbonic acidand the subsequent dissociasgcies
based on pH Kapp (Equatiors 1.5 and 1.9 is used inplace of both the hydrated GO
equilibrium (Equations 1.and 1.7 and the first dissociation of280sz(aq) (Equation 13).



Removal of CQ from an aqueous solutiors predominately governed by
equilibrium kinetics. However, the removal of &g&3from slutioncan be accelerated by
addingheat, thus reducing the solubility of €@ water, or by sparging with an irieyas
which effectivelyincreases the rate at which €®©removedrom solution (Equation 1.2).
The combination of mild heating (ca. 0 and sparging witr has successfully removed

CO; from a variety of C@responsive materials when in an aqueous soldiéh.

In recent year; O.-triggered switchable solvent$surfactants? latex particleg®
and heterogeneous surfa¢@s**23 that are switchable in paity or hydrophilicity have
been developetf?® In general, C@switchable functional groups are those that switch
from neutral to cabnic, anionicor carbamate salts. GQwitchable functional groups that
switch from neutral to cationiely on the protonation @ nitrogenous basghen CQ is
dissolvedin an aqueous solution.CO;, H-O, and a nitrogenous base have multiple
pathwaysby which they can react with one anathé\ tertiary amine, bulky secondary or
primary amine, guanidine, amidine, when in the presence of £4nd HO will reactto
preferentially form eicarborate salt (Equation 1)8 CO, can alsdorm carbamic acids
with primary and secondary amines amidines and guanidines containingHNoonds.
The formation of carbamic acid happens quickly and preferentially, often leading to
carbamatesalt formationwhena second equivalent of an amiiseavailable’’ (Equation
1.9. When possible and when water is present, the formation of carbamic acid and
carbamate salts is often in addition to and in competition with the formdtimoasbonate

salts.

R;N + H,0 + CO, [R;NH][HCO,]" (1.9




(1.9

0]
RNH2 + C02 ( ) —_— )‘k
g R\
N OH
H
(0] 0]
+ RNH = —— +
R 2 R + RNH;
N© o°

N OH
H

The work presented herein hagen limitedto the study of C@switchable
functional groups that do not contairHNbonds and switch from neutral to cationic. With
thesdimitations, the bicarbonate salt is the only produicthe reaction pathway when the
functionalgroupis mixedwith CQG; in H2O. Additionally, tre work presented herein has

focused on reactions of tertiary amines with,@OH20.

Most tertiary amines are moderatddgsic because of this, their pK/alues are
quite high and not accessible to abmke chemistry that occurs in an aqueous solution.
Thus, it is prudent to discuss tertiary amines and other similar basic species in terms of
their pKan value, which describes the ability of the protonated specileséthe proton.
Most tertiary amines have pKvalues ranging frorn 9-11. Polymers aataining tertiary
amines typically have pif values ranging frorh 6-9. The switch from neutral to cationic
relies on the protonation of the tertiary amine with carbonic gi{dpf6.4). Themore
basicthe tertiary amine is, the mofavourablethe catimic state becomes. Switching the
tertiary amine back to neutral requires deprotonation of the tertiary amine and removal of
CQOe from solution. @protonation is an endothermic process; hegemerallyrequired to

facilitate the deprotonation reaction (Tallé).



Table 1.1 The enthalpyof protonation of C@switchable surfactants and estima
pKan values for selected baseReproduced from reference @&h permission from the
RSC.

Molecule Enthalpyof protonation pPKan
(kJ-mol?) (H20 scale)

N'-HeptytN,N-dimethylethanimidamide
C/His—N

\> Me, 86 0.2 13.8

N'-Octyl-N,N-dimethylethanimidamide
NMCZ

71 1 12.2
N/

CgHyy

1-Methyl-2-octylimidazoline

: 54 0.7 11.0
Czﬁw%\
N

4,5-Dihydro-2-octyl-1H-imidazole

N
C8H17%\ j 47 0.8 111
N

1-(Dimethylamino)octane
CgH7NMe, 53 05 100

N-(4-Heptylphenyl)N,N-
dimethylethanimidamide

>—NMe2 48 0.3 10.8

Note: pKan values are estimatdsased upon the measure jpiralues of structurally
similar compound$®




The greaterthe protonation enthalpy, the more heat must be supplied to switch the

compound back to its neutral forrRolymers that contaivery basicsites (e.gthose with

pKan values above 13) are usually not preferred because, in most aqueous solutions, these

basicsites would bdargely protonatethy water even in the absenceanf acid stimulus.

Tertiary aminesandimidazolines have a low #malpy of protonation. Thus, the

reverse reaction requires less energy input than that of amidines or guanidines, which have

a higherenthalpy of protonatian Additionally, tertiary amines are synthetically more
accessible andommecially more available than imidazolines. When all factars
consideredtertiary amines make favourable &€witchable functionalities that facilitate
the synthesis and study of g€sponsive materials for nearoom temperature

applications.

1.2 CO2-responsive naterials

A CO»-switchable material is one whettee applicatioror removal ofCO; from a
materialcauses a physical or chemical change in the maté&id.stimulisused to trigger
the changestrongly affects the cost, environmental impactd ease of switching. In
comparison with other triggers such as acids/bases, oxidants/reductantansalight,
CQOzis an attractive choice as it is easiBmoved, does not accumulate in a system, and is
functional for nortransparent systengs.g.oil pipelines or steel reactor vessefs)CO; is
an abundant, netoxic gas and being keymetabolite m cells, it also possessegod
biocompatibiity and membrane permeability. Therefore, C@ has ken recently

exploited as a fAgreeno tR¥Yger for arti

fi

c



To achieve switchability, the application or removal of Qiften exploits the
inherent acid/base reactivity of a substrate to enact the change betweets tfalsemical
and/orphysical propertiesPrevious materials which hateen explicitly labelledsCO,-
switchable include surfactantsolvents, latexes, solutes, polymers, particlasd

surfaceg* %6

As demonstrated in Figure 1.2, the number of publications in the field of
COp-switchable chemistry hgsroliferatedover the past decade, with over ten times as

many publications 2016, ttan in 2006.
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Figure 1.2. Increasingtrend o ci ent i fi ¢ publ izxesamiitan
chemistry as a topic of discussion in various journals from-200%. Publications fron
the Jessop and Cunningham groaps highlightedwvith diagonal lines for illustrative
purposes.

To the best obur knowledge, literature examples of £@sponsive surfaces have
been limited to silicon wafet3*°and gold particle!?> These examples are discussed in
detail where relevant throughout thesis The introduction of C&responsive molecules

on substrates to form dynamic surfaces has rarely beerigated ands highly-desirable



The work presented here has seen-@3ponsive surfaces expanded to include new
examples of silicon surfaces, silica particles, gold surfaces, and polysaccharide surfaces
such as filter paper and woven cotton textf's:*® The envisioned uses of
COp-responsive surfaces aceu r r ent | y | i mimagndtionoHoweyerwey oned
have demonstrated pential for applicability as drying agents, functional supports for
catalysis, chromatographic packing materials, spkidse extraction mediums, and as

functionalfilters for analyte capture or eWater separatiotf-1118-31

1.3 Stimuli-responsivematerials

Stimuli-responsiveo r Asmart 0 usdergofaareversble transtion of
surface properties in response to environmental chahges attracted considerable
interest due to their promising applications in diverse fields, such as bioengineering,
switchable wettability, controlled lithography, and drug deliverfxternal stimuli
typically include electrical potentidf,pH,3 solvent3* counterions? light, 3 temperaturg’
and redox trigger® Several reviewswhich highlight the breadth of available stimuli,

have been published recent#/?

Smart surfaces with stimuliesponsive changes in wettability, especially switching
between superhydrophobicity asdperhydrophilicity are of interest for the development
of, for example micro- and nanofluidic devices, sedfearing and antfog surfacesand
sensor device$** Artificial surfaces with superhydrophobicity and superoleophobicity
are commonly fabricatedia two kinds of approaches: creating mitnanostructures on

hydrophobic substrates, or chigally modifying a micre/nanostructured surface with



materials of low surface free energgupehydrophilic and superoleophilic surfaces have
alsobeen fabricatedia increasing both the surface roughness and the surfaes&es/®

In somecasesthe surface chemical composition or geometrical structure of a rough surface
canbe tuneddynamically. Since thewettability of a solid substrates governedoy the
surface free energy and surface geometstraicture, dynamicallyalteringone of these

two properties can be used to modulate the surface wettabflits.

A variety of inorganic oxidefilms and organic materialare usedas stimul
responsivematerials. In general,inorganic oxidesoffer clear advantages overganic
moleculesthey arestructuraly and photochemicBl more stablethey have lowetoxicity
and remarkably larger wettability changeslowever, compared with inorganic metal
oxides organic compounds araore varied, ranging from phaensitive materials and
thermaesponsive films to pHesponsivgolymers Furthermore, organipolymershave
been shown to undergo conformational reorientations velx@osed to various stimuli
becauseof phase transitions between a well solvated and a poorly solvated*4tdfe
Stimuli-responsivepolymers in some casesakie the potential advantage of being dble
simultaneously control the surface energy and topography of a matdbt@kover, the
sophisticated design of organic films provides a versatile platform for introducing

appropriate chemical functionalitiesgatisfy various practical demanftfs

The majorityof smart surfaces describtrldateare responsive to only one kind of
external stimulus at a time, such as light, temperature, or solvkdditionally, the
stimulus must be held constant to achithedesiredstate, e.g. light mudte consistently
apgied to azobenzenderived smart surfacésfavour the hydrophilic cisonfiguration3®

To work in the complex conditions of a real environment, the next generation of intelligent
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materialswill have surface wettability that can be tuned by dual or multiple external
stimuli, such as a combination of temperature and solvent, light and tempesatueat

and light,electrial potential magnetic fields, and so on.

The work presented in this thesdescribe the development of a variety of
COp-responsive  and duatresponsive smart surfaces using suHadsgted
reversibledeactivation radicalpolymergation techniques to grafistimuli-responsive

polymer chains to both organic and inorganic substrates.

1.4 Reversibledeactivation radical polymerization

Free radicalpolymerisation(FRP) is one of the most common and practical
techniques for producing commodity polymefRPexhibits ahigh compatibility with a
wide range of vinyl monomers making it a vernust and cosgeffective process that
accounts for a significant portion of polymer production. FRP, when thermally initiated,
can be divided into three basic steps: initiator decomposition chath initiation;

propagation; and termination, by either conaltion or disproportionation (Scheme 1.1).

Initiator dissociation ;¥ op.
N ..

Initiation R-aiM 3 P,

Propagation kp

Fp - +M = Py -

Termination by combination Kec
i Pn'+Pn:'_’Dn+m

Termination by disproportionation g
) Prop By +By— Dy + Dy

Scheme 1.1.A general mechanistior free radicapolymerisatiorf®
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Due to the high reactivity of transient radical species, polymer chain lifetimes are
short¢ 0.1-1 s) with unavoidabletermination and transfer reactions that yield a broad
molecular weight distribution with statistical polymer architeetur his makes it difficult
to generate more complex and defined structures whrehrequiredfor advanced

applications*®

In the last 20 years, several methods of reversibletivation radical
polymerisation (RDRP), frequently known byh e t er mr O l6icwinadigab | | e d 6
polymerisation, have led to a paradigm shift in the synthesis of macromolecular structures
and soft matter materiat8. The most studied methods of RDRP are stable free radical
polymerisation/nitroxide mediated polymerisation (SFRP/NRAP}reversible addition
fragmentation chain transfer (RAFT)olymerisatior?®>> and atom transfer radical
polymerisation (ATRPJ®>® The central priniple shared by alforms of RDFP is to
suppress bimolecular termination lproviding a route for reversibly deactivating
propagating chains, and typically involvesaintaining a low radical concentration
throughout thepolymerisation This is accomplishedhrough an equilibrium between
dormant polymer chains, capped by a mediating species, and active polymer chains, which
are free to undergo propagation and other FRP mechanidmsequilibrium must favour
the formation of dormant chairand the formatiorof a dormant chain should be fast
suppresérreversibletermination reactionsThe general mechanism for ATRP, a form of

RDRP, is shown in Scheme 1.2.
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P-X + Cu/L ~ XxcdL t P
kdeact @
Monomer

Scheme 12. A simplified versionof ATRP kinetics

ATRP has been used almost exclusively in thissis The pioneering work on
ATRP was conducted independently by two groups in 19380 et al demonstrated the
polymerisatiorof MMA using a rutheniurbased comple8 while at the same time Wang
and Matyjaszewski showed the polymerization of styrene using a ebpped mediatoY.
Since then, an immense amount of literatureldesen publishedn ATRP and its various
incarnations, mostly using copper bound to a nitrdgesed ligand as the mediating

species due to its low cost and versatility comparedhter dtansition metaf{:+9.5861

Interest in the development of new hybrid materials has grown exponentially in the
last decad& Such materils are commonly obtained by tgeaft malification of surfaces
with polymer brushes via RDRPThe generation of polymer brushesdoyfaceinitiated
(SI) RDRPtechniques such as SRAFT %2 SI-NMP.%® and SIATRP % hasbecomea
powerful approach to developing new hybrid materials with the ability to tailor chemical
and physical properties of interfacels the most general sense, polymer brushesean
thoughtof asultrathin polymer coatings consisting of polymer chains #nattetherethy

one chain end to an interface, whisttommonlya solid substrate

12



Depending on the grafting density, a given polymer brush can adopt various
conformations. At high grafting densities, i.e. when the distance beteginbaring
grafting points issmall, steric repulsion leads to chain stretching and a iypsh
conformation of the surfaeethered chains. At lower grafting densities, suriatieered
polymer chains can adopt various other conformations, vareheferredo as mushroom

or pancak.

Polymer brushesire commonly preparedfollowing two main strategies: (i) the

grafting toand (ii) thegrafting fromstrategiegFigure 1.3)

Grafting to

NI \,-'fs' , Nefy
) /z\“/«-cf
Niid b A e

Figure 1.3 Chemisorption via reaction of appropriately d¢adctionalized polymers
with corresponding functional groums the substrate surfacgréfting to approach).
Polymerbrushes are growwia the surfacenitiated polymerisationtechnique grafting
from approach). Image adapted from Barbey éPal.

The grafting to strategy involves the attachment of prefabricated polymers via
covalent bond formatiowith a surface. Since the polymer is prefabricated before it is

attached to thesurface it can becharactesed directly thus allowing for an exact
13



determination of polymer loading and grafting density on the pohgredfted substrate.
Although experimentally very straightforward, tipeafting tostrategy sffers from several
limitations, which make idifficult to produce dense polymer brusheleric repulsions
between polymer chains hamper the formation of dense polymer brsisicesbound
polymer chains inhibit neighbouring attachment sSifesFurthermore, with increasing
polymer molecular weight, the reaction between the polymergemap and the

correspondinggroup on the substrate surface becomes less efficient.

An additional consideration when using thgafting to approach is the
compatibilityof the surface attachment site, the attachment moiety on the polymer, and the
functional groups on the polymer since the functional groups of the polymer can compete

with the attachment moieties for surface attachment sites (Figure 1.4).

Y Y T
[111111177777777

Figure 1.4. The depiction of the chemisorption of polymer molecules with functi
groups (F) to solid surfaces through the anchor group (black dot). Image adapte
Rilhe and Knolf®
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Competition betweetheanchorandthefunctionalgroups has been observed, for example,

in the case of the attachment of a low molecular weight alkoxysilane containing amine
groups to a silicon oxide surfa€®.In this systeminteractions between thedsig amine
groups of the silane and the (acidic) silanol groups of the silicon oxide substrate can
strongly competewith the chemisorption reaction of trekoxysilyl moiety with the
substrate silanol group#\s a result, a layeras obtaineavhereboth stronghysisorption

due toacid-baseinteractions and chemisorption occurrékhis problem is sel€orrecting

f or A mo n o msilanescsinhce aompetitive adsorption leads to rearrangement and
then chemisorptionspecifically at low concentratiof! However, given a polymeric
amine, the competitive adsorption would be more efficient and more likely, whereas
rearrangemens much les efficient owing to the steric bulk of the polymeric amine. When
considering C@responsive surfaces, thgrafting to method should be avoidedfor
substrates that interact strongly with £@gonsive polymers, which contain amines.
Substrates like siton or silica are better suited for thefting frommethod(Chapters 2
5),1%1whereas substrates such as polysaccharidebe#reated with either thgrafting

from (Chapter 6) or thgrafting tomethodg®19-23

In thegrafting fromapproachthepolymerisatioris directly initiatedrom initiator-
functionalized surfaces i Wi iLpolgnderisatiortechniquesre particularly attractive for
the preparation of polymer brushes following tirafting fromstrategy, as they allow
accurate control over brush thickness, composition, and archité®faf&’2 Examples
include anionic polymersation’¥" cationic polymerisation’™ ’®  ring-opening
polymerizationg®8 and ringopening metathesis polymerizati®it®®® Conventional
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free radicalpolymerisationhas also foundvidespread use for the synthesis of polymer
brushe$8%9%" Most of the polymer brushes produced by tafting from approach,

however, are prepared usiBRDRP5°

1.5 Surface wettability

Surface wettinginvolves the interaction between a liquid, the surrounding
environment, and a solid surface. The characterization of the surface energy, or the
wettability, of a given surface is commonly achieved through calculations using a

combination of static and dgmic contat angle measurements.

For a liquid drop resting on a horizontal sadidrface the contact anglé—ea) is
defined as the angle formed by the intersection of the lines tangent to thégsdid
interface and the liquigtapour interface (Figure 1.5.Ysenerally, a surface is considered
hydrophilic when—ea<90J and hydrophobic wherea>90J. Specifically, a surface with

—a>150) and a sliding anglesa<10Jis deemed superhydrophobic or supspellant.

Vapour

Solid

Figure 1.5. The contact angle (CA) of a given liquid on a solid surface. The contact
is measuretbetween the lines tangential to $@id-liquid and liquidvapourinterface.
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The —a of the drop is related to the interfacial energies acting between the
solidHliquid (" sv), solidvapour [ sv), and liquidvapour [ Lv) interfaces. Theea wasfirst
described by Thomas Young, over 200 yearsagovi t h an equati on now
equation(Equation 1.1258

YsL - Vsv (1'13

YLv

cos (Bca) =

Young's equation is simplification as it is strictly valid foan ideal surface that is
chemically homogeneous, atomically smooth, dodsnot change chacteristics due to
the interactiorwith the probing liquidor by any other outside forceNotably, there is no
such ideal surface in the real wotfdAny real surface will exhibit two contact angles, an
advancingd—) andarecedng (—r) contact angléFigure 1.6) The difference between the
two angles, commonly referred to as the contact angle hysteresis (CAH), is a measure of
the surfaceddeviation from ideality. CAH has important implications regarding the
adhesive nature @f given surface; the larger the CAH the more adhesive a surface will be
to the respective probe liquid. An additional indication of the adhesive nature of a surface
is provided by measur ement ofothe diitecal &@igtei | t an
between the substrate and the horizontal surface, at which the droplet starts to slide or roll.
Tilt angle measurements are described differentlysfooothand rough surfaces. The
sliding angle —sa) is used for macroscopically flat surfaces arelghedding angle-sna)

is used for macroscopically rough surfacesch as cotton fabrics and wools (Figure

1.6).100’101
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Figure 1.6 An illustration of the techniques for the determination of contact a
hysteresis: (a) advancing=) and receding contact angler); (b) tilt angle, i.e. the
so-called roll off angle or sliding anglesa); (c) the shedding angle-sna). Reproducec
from Reference 100 with permission from The Royal Society of Chemistry.

To describe noideal surfaceswo differentwettingmodesk, in which a droplet is

said to be in either a Wenzel regitffeor a CassiéBaxterregimel®® were developed to

explain the wetting behaviour on a rough surf@agure 1.7)

Figure 1.7. lllustration of a droplet placeohto a flat substrate (a) and rough substr.
(b) and (c). Depending on the roughness of the surface, the droplet is either
so-called Wenzel regime (b) or the Ca$8axter regime (c). Reproduced fron
Reference 100vith permission from The Royal Society of Chemistry.
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The two wetting regimes can be distinguished by surface roughimettee Wenzel
wetting regime, the liquid wets the surface, but the measured contact -a9giiffers
from the contactangle{ )as descri bed by Youngds Requat:

(Equation 1.13).

YsL - Ysv (1'13)

cos (0") =R ¢ cos (Ocp) =R
TLv

In equation 113, Ris the ratio between the actual surface area of the rough surface and the
projected (apparent) ar&a.The roughness factoR( promotes eithewettability (<90QJ)

or nonwettability =90J), depending on the nature of the substrate. In simple terms, the
Wenzel wetting regime is one in which the liqisidrface interface is not interrupteg b
surface roughness (Figure Y. When the surfaces imade of small protrusions, which
cannot be filled by the liquid and are tHilied with air, the surface wettability is described

by the Cassid®axter wetting regime (Equation 1.14).

cos (8%) = -1 + ¢y[cos (O¢,) + 1] (114)

YsL =Y
:_1+¢S[M +1]

YLv

In Equation 1.14%s is the fractionof the surface that is in contact with the liquid; the
remaining fraction (: %e) is in contact with the air (Figure 1.7 c¢). It is important to note
that Equation 1.14 applies to cases were the liquid touches just the top of the durface
partial penetration of the surface grooves by the liquid occurs, a more complex version of

Equation 1.14 is required®
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Consider a rough surface that follows the CaBsigter wetting regime when in
air, using water as a probe liquid. The pores oftlugh surfacare filledwith air, which
is hydrophobic. Thus, the contact angle of the rough surface will always increase relative
to that of a flat substrate having identical chemical composition, under the same conditions.

Hence, surface topographysha profound effect on a materials wettability.

Notably, the largest water contact angle for a flat surface has been predicted to
occur on a surface with clogmacked trifluoromethyl groups, having a surface energy of
x 6.0 mJm2.1%4 Nishino et al. reported water contact angles ofJl&here the surface
energy was determined toXb6.7 mIm, on a flat surface comprising hexagonallghed
i CFs groupst®® In comparison, fractal roughness was régato induce a water contact

angle of 17419

Recent work in the field of wettabiitincludes the identification of natural
examples with superwettability, the fabrication of superhydrophobic surfaces,
superhydrophilic surfaces, stimuBsponsive surfaces with switchable wettability,
adhesion controlled liquid/solid surfaces, superdbetyic surfaces, and lastly,
superomniphobic materials which are repellant to liquids of the dbweown surface

tension (10 mNm1).107
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1.6 Silicon and silica surface bemistry

Silicon sulstrates were used extensively throughoutttiesis Silicon substrates
are relatively robust, commercially available, and compatible with a wide variety of
analytical techniques including-ray photoelectron spectroscogXPS). Chemical
modification ofsilicon wafers and silica particles allowed for the creation and study of

COp-responsive surfaces.

Silicon wafers are commonly manufactured by the Czochralski prod@ssng
the manufacture oskilicon single crystals, @nor impurity atoms such as oo or
phosphorus can be addedtte molten silicon in precise amount® dope thesilicon
crystal, thus changing it intotype or ptype extrinsic semiconductoiVhen using XPS,
the semiconducting properties of the silicon wafer helps to reduce instrumental error that
is a result of charge buildugsilicon wafers used throughout this work were purchases as
oxides; thewaferswere thermally oxidiseduch that thesurface layer was comprised

silicon oxide

Silica particles are commonlgynthessed by the Stréber method, in which
tetraethyl orthosilicate (TEOS) undergoes a-setidensatiorpolymeriation to form
spherical colloidal particles thatre terminatedn silanol groups. Upon drying, the
hydrogel yieldsaxerogel, the finaproduct, which retains some or all of the silagi@ups
on its surfaceThe surface silicon atontend to have a complete tetrahedral configuration,
and in an aqueousedium their free valencdecomes saturated with hydroxyl grodffs
The surface properties of silica depend on the type and concentration of various surface
silanol groups. These silanol groups act as centres for molecular adsorption by partaking

in donoracceptor interactions, often in the form of hydrogen bondsitiple types of
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silanolspecies are present on the surfacthesilica particle at any given time including

free silanols, siloxane bridges, geminal silanols, and vicinal silanols (Figure 1.8).

Geminal
Siloxane S||Ijgol
O \ _OH
/e si”’

Vicinal
Silanol

Free
Silanol 2N

HO l
OH

Figure 1.8. Surfacesilanol species present on a silicon oxide surfduewa here as i
sphericalsilica particle. Reprintedwith permission fromS. Cerveny et glJ. Phys.
Chem. C2012 116 2434024349 Copyright (2017) American Chemical Society

Different types ofsilica are widely usedas efficient adsorbents arsklective
absorbentsactivephase carriers in catalysfglers for polymeric systems, adsorbents and
supports for gas and liquid chromatograpttyckeners for dispersion medans, binding

agentgor moulding materials, reinforcing fibres, and &wth.108

Chemical modification of thesilica surfaceallows researchers ttailor the
adsorption properties and technologichlaracteristics of composite materialsThe
acic-base activity of the various silanol species has been studied experint€&hgalty
computationally*!° Generally, these studies agree that there are two types of acidic silanol

species, those with pK4.5 and those with pk8.5, which correlatéo the free silanols
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and the geminal silanols, respectively. The various protonated silanol species'{SiOH
have pk values estimated to be lower th&ns 1%implying that protonation of the silanols

is unlikely to occur within theommonpH range. Additionally, computational results
estimatethat the second geminal silanol (i.e. S)(OH)) has a pk>1111°suggesting that

it is unlikely to be deprotonated within tbemmonpH range.

In addition to their acibase eactivity, silanol species are known to condense via
silane coupling, react as nucleophiles when in the presence of a strong electrophile, and
react as electrophiles in the presence of a fluoride source. These reactivity trends are

exploited throughout th thesisand will be highlightedvhereappropriate.

1.7 Research bjectives

The focus of thighesisis to incorporateCOx-switchablity into new functional
materials. C@switchable materials, also called &f@sponsivanaterials are materials
in which the physical properties tife material carbe reversibly changday the addition
or removal of CQ This research program has teentralthemes, the development of

COe-responsive materials and the application ob@€3ponsive raterials.

The first objective waso develop flat or rough surfaces that are thermally and
chemically stable and that have repeatable and reve@ibtresponsive behaviouiT his
involved the evaluation of different switchable groups, substrates, #adhement
strategies for the creation of G@sponsive surfaces. The goals were to understand the
factors that make the most responsive and yet chemically and thermally stable surfaces.
These factors include the rate of switching, the method of attathoh€-responsive
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functional groups, the loading or grafting density of€€&sponsive functional groupand
the structure of the C@esponsive functional group that is required to givegiteatest

change in surface hydrophilicity.

The second objeee wasto evaluate those surfaces in a variety of applications.
Flat and rough C@&responsive surfaces have been evaluated and compared using contact
angle goniometry.This researcthas pushed the boundaries of knowledge regarding the
chemistry of interfaces; S p esteuctdres oralargey | o o |
micro-structures and how we can tailor surface properties such as superhydrophobicity
superhydrophilicity These developments have led to the evaluation oft€§ponsive
surfaces as filters for the selective capture and releasgariicdyes and as filters for the
separation of oil from water.CO,-responsive particles havieen evaluateds drying
agents forthe removal of water from recycled organic solvents. Additionally, multiple
collaborative efforts have seen &f@sponsive particles evaluated as packing materials for
chromatographic columns, as packing materials for giiabe extraction columns, argl a

functional supports for heterogeneous catalysis.

Chapter 2 focuses on the development ob-@f3ponsive polymegrafted silica
particles and their application as &8witchable drying agents for wet organic solvents.
Chapter 3 demonstrates how £@sponsive silica particles can be used to create
switchable bifunctional catalysts. In Chapter 4, the developwfeatnovel and robust
methodfor the creation of C&responsive surfaces with improved performance, substrate
scope, and ease of charadation is presented. Chapter 5 outlines the evolution of

COe-responsive surfaces on flat and rough inorganic substrates. Chapter 6 outlines the
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evolution of CQ-responsive surfaces on a variety of polysaccharide substrates including

particulate and wovesubstrates.
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Chapter 2

COSwitchable Silica Particl

2.1 Preface

The development of synthetmethodologis for the synthesis @&O,-responsive
silicon surfaces (Chapter 5) svahalenging owing to the difficulty of theharacterization
of silicon surfaces Fourier transformrifrared (FTIR) spectroscopyanalysisis often
destructive to a silicon afer; X-ray photoelectron spectroscopy (XPS) analysis is a lengthy
pursuitthatrequiresa high degree of technical knowledge to interpret and process the data.
Common techniques such as nuclear magnetic resorgperoscopy(NMR) and
elemental analysi§EA) do not work with largesemifragile substrates such as silicon
wafers. The most accessible way to determine whether a synthesis on a wafer was
successful was by water contact angle (WCA) analysis. WCA analysis is a useful indicator
of the surfacenergy ofa material. Comparison ¥YCAs before and after the application
of a stimulus can indicate whether a change in surface energy has occurred, but it does not
indicate why that surface energy has changed. Qualitative assessments of synthetic
methalologies for the development of G@sponsive surfaces did not provide enough
information to move the project forward. The synthetic methods that will be outlined in
Chapter 5 were producing G@esponsive surfaces that would switch (i.e. applicatian of
stimulus would change the surface energy) for a cycle or two. However, subsequent cycles
failed to exhibit a change in surface energy. Better methods that allowed for the

characterization of the Gesponsive materialsere needed It becamepparenthat a
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more robust substrate that allowed for faster characterization by less knowledge intensive

methodsvasnecessary

Experimentationherein,with the functionalisationof silica paticles began as a
necessitynot as an intellectual pursuitSilica particles, which have the same surface
chemistry as a silicon wafer, are more robust and are conducwmlysisby various IR
(Infrared) techniques, EA, solstate NMR, BrunaueEmmettTeller (BET) analysis, as
well as XPS. With the use of silica piales as the preferred substrate, the development of
methodologies for the synthesis of &£@sponsive surfaces progressed rapidly. This
simple choice led to multiple new avenues of research, which in its entirety has included
multiple collaborators atarious academic institutions, professional research institutions,

privately held forprofit companies, and government funded research centres.
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2.1.1Abstract

Herein the synthesis and evaluatiorCéd,-switchable drying agents in the drying
of isobutanolaredescribed The conditions for use and regeneratoa exploredand it
is shown that COz-switchable aminecontaining particlescan remove water from
isobutanol and are easily recycled sevemks under very mild conditionsSpecifically,
COe-switchable drying agentsere createébor the first time ane@valuated in the drying of
wet isobutanol. Through the application of 0@ suspensions of drying agditA), the
water content of the isobutanol coile reducety 490mg-gDA™L. This value rceeds the
values obtained for commercial drying agents such as,sliaina, andnolecular sieves.
All of the CO,-switchable drying agents were superioruiefunctionalisedsilica and
aluminawith respect tothe quantity of water removed per g of anyiagent. The
synthesisedCO,-switchable drying agents were superior to the commercaaigjlable
aminefunctionalised silicawith respect talrying ability and hydrolytic stability at low pH.
The polymergrafted silica drying agents (PES& PGS2) capturé 10 timesmore water
per amine(mmol/mmola) than the other amireontaining CG-switchable drying
agents. Additionally, a new method fble measurement tiie accessible amine content

on surfacess reported
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2.1.2Introduction

Drying organic liquids (i.e. removing water from themaunsimportant task many
fields of chemistry as well as several industrial processes such as solvent recycling and the
production of ethanol and biodiesel. Many industries use large volumes of organic
solvents; solvent recycling helps to save money and the environriksetd solvents
usually contaminatedith water renderingit useless for the industrial process for which
it was intended.Ethanol, whernt is manufactured by fermentatiois also contaminated
with water! The presence fowater in fuel grade ethanol reduces the heat of fuel
combustion and causes phase separation in etpatroleum blend$ The removal of
water fromethanol, as well as many other solvents, is complicated by the formation of
azeotropes Azeotrope formatiomecessitates the use of additional means beyond
distillation to reduce the wet content;desiccantsarea commonly employed agent to

address this issue

Desiccants can bbroken down into two categoriesingle use desiccants like
sodium hydride and sodiusulphate;andreusable desiccants such as molecular sieves.
The desiccais in both categoriepose economic and environmental concerngill
singleuse desiccants result the generation of solid wasé@d therefore disposal issues
and recurring costs. Further, highly reactive single use desiccants such as sodium hydride
pos safety concerns and require significant energy consumption during manufacture.
Although molecular sieves have the advantage of being reusableethesesignificant
amounts of energyfor regeneratiod. Therefore it would be advantageous, both
economically and environmentally, to haweeusabl@esiccant (i.e. drying agert)at is

easily regenerated.
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The criteria for the ideal drying agent can be defined as follows: able to bind water
strongly dumg the capture stagable to release ater easily during regeneration; robust
enough to be recyclethert to the solvent of interestnd possessing a high water binding
capacity. To medhe first two ofthese requirements, tlgeying agent would have to be
'switchable' in response to an external trigger; its affinitywiater would be different

depending on whether it is in capture mode or regeneration mode.

The choice of external trigger strongly affects the cost, environmental impact, and
ease of switching. In comparison with other triggers such as acids/bases,
oxidants/eductants, salts and light, €@ an atractive choice as it is easilfgmoved, does

not accumulate in a system, and is functional fortnansparent systenis.

In recent years,COy-triggered switchable solventssurfactant$, and latex
particled that are switchable in paity or hydrophilicity havebeen developedn general,
COp-switchable materials rely on thergtonation of amine or amidinecontaining

molecules when C&s dissolvedn an aqueous solution (Equatiari).

2. #  (lz 2.( (# (2.1)

The fact that this reaction both consumes an equivalent of water and simultaneously
increases the hydrophiliciyf the charged specissiggests that there is the possibility of
capturing more than oneater molecule per nitrogenaah through waters of hydration

when in an organic solvent.

35



Fundamentally, a Cg&responsive drying agent must be robust enough to be
recycled many times in order to be effective. @€€sponsive functionalities have been
incorporated into homogenous materials such as porous polymer patidi¢sey have
been grafted frormorganic substrates such as sili€arous polymer particlese a viable
option as long as the polymer particle can withstand the conditions outlitieel drying
and regeneration step&ince polymers are naioavailable there should & no concern
regarding toxicity. Polymer grafting methods have allowed for a wideiety of silica
based stimulresponsivematerial€ Silica is an attractive candidafer an inorganic
support for C@-responsive functionalities owing the fact that ihas a high surface area
and is physically robustOne of the ways polymer grafting cae achieveds through
surfaceinitiatedatom transfer radical polymeaton (SFATRP). SI-ATRP has been used

to synthesie a CQ-responsive surfacpreviously’

Herein thesynthesis and evaluation ©60;-switchable drying agentsedescribed
The conditons for use and regeneratiane exploredand itis shownthat thetertiary
aminecontaining particlesanremove water from various organic solveatsl are easily

recycled severalmes under very mild conditions (Figure 2.1).
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Figure 2.1. A COz-switchable drying agent to which water could bind in three way
by reacting with the aminand CQ to form the bicarbonate salt b) bysadrtionto the
support (shown as a pink band), and c) as waters of hydration of the salt ions (st
a blue band Reproduced from referend® with permission from The Royal Society
Chemistry.

2.2 Results and dscussion

2.2.1Synthesis of porous polymer prticles

Porous polymer particles {B were the first incarnation of a G@esponsive
particle. A detailed account of their synthesis and characterization was published
previously!® Briefly, P-1 wassynthessed because itvas believedhat the high nitrogen
content ofmonomer 21 (5.4 mmol of nitrogen atoms pgrof material), would translate
into ahighaccessible nitrogen content in the resulting porous particles. Moneinga
synthesisedin two steps from commercially available Zi®romaol1,4-butanediol
(Scheme2.1), whichwas convertedo 1,4bis(diethylamino)2,3-butanediol under basic
conditions viaan epoxide intermediat€;2which reactedn situwith diethylamine. The

methacrylate moiety was introduced under basic conditions in dimethyl carbonate (DMC)
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with methacryloylchloride(MAC). Benign solventsvere usedn bothstepsand neither

step require@hromatographic techniques for product purification.

. X

i KOH, H,0 O Et,N (@) [6)
» Hp t
HO —7> e 2 Q\hNEtZ % Et,N
OH  Et,NH DMC, NEt; NEt,
o OH ’ N

Br [¢) (0}

Scheme 2.1.Synthesis of mnomer2-1, for porous CQ@-switchable polymer particles
Reproduced from referend® with permission from The Royal Society of Chemistr

The porous polymer particles were prepared using suspension pagtmeriof
2-1in a waterand toluene mixtureThe particles were determined to have a mean particle
si z e onhthr@dughOdiffractive lightscattering measurementsScanning electm
microscopy(SEM) images of the particles show afage with many deep pores (Figure
2.2), indicatingthat the polymer particles are highly porous. The porosity of the polymer
particleswas confirmedhrough N sorption experiments through which tBET surface
areawasfound to be 40 mg?®. Finally, the particles were shown to be thermally stable up

to 300 °C by termogravimetric analysis (TGA).
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Figure 2.2. SEM images of porous polymer particegmthesisedrom monomer2-1.
Reproduced fromeference 10 with permission from The Royal Society of Chemistr

P-1 was used to establisheregeneration conditions for G@esporsive particles.
The regeneration conditions outlined by experimentation with irere used as the
standard regeneration conditions for all future tests involving-1t€€ponsive particles.
After the drying proceswas performedor isobutanol using the polymer particles, TGA
was performean the used polymer particles; they were heated iso#ilgrat 50 °C for
4h and subsequently heaten 120 °C (Figre 2.3). The mass of the 'wet' particles
continues to drop as G@nd wateare lostat 50°C. However no further weight loswas
observedipon subsequent heatitgg120 °C. Thereforethe regeneration conditions were

set as heating to 50 °C féh.
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Figure 2.3. Thermogravimetric analysis of wet porous polymer particles)(&fter the
drying processvas appliedor the drying of wet isobutanoReproduced from referenc
10 withpermission from The Royal Society of Chemistry.

2.2.2Synthesis of polymergrafted silica particles: determination of initiator content

An idealsurfaceinitiatedatom transfer radical polymerisation {8TRP) is one in
which polymeris graftedto the substratsurfaceand the grafted polymer haslaw
molecular weightispersity To achieve good control, the initiator content in the system
must be high enough such that the persistent radical effect is achieved, yet low enough that
the probabity of irreversible terminatiois not significantly increasedTypically, chain
concentrations ofx 102 M facilitate controlled polymerizations in solution.
Comparativelysurfaceinitiated systems have amaller surface area, resulting in lower
initiator content and therefore lower chain concentration. To remedy this issue, free

initiator is often added in solution soirfaceinitiatedpolymerizations.Thus, to understand
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and execute aurfaceinitiated polymerization, both the free initiator and tbeund

initiator content should be known.

Initiator loading (i.e. bound initiator) is often reported as a mgovalue because
this value does not rely on surface area. As such, the ‘giehlue is substrate
independent; not all substrates (e.q. filter paper) are conducive to precise measurements of

surface area owing to their rough surface texture.

Commonly, researchers approximate the initiator loading by estimating the number
of grafted chainsand dividing it by the initiation efficiency. The number of grafted chains
can be estimated using the number average molecular wklghaiidthe percentage by
weight (wfo) of grafted polymer on the surface. h& My of the grafted polymers
commonly determined bylestructive etchingechniqueghat can be ineffective and non
selective. Thus, his approach often resuits poor confidencassociated with number of
grafted chains and subsequently the initiator loading. Alternatively, if frgenpolvas
producedn situ, it can be characterised to determingriplace of the grafted polymets.

16 This alternative, while widelpracticed remains somewhabntroversiaf’

In one instance, thimitiatorloading of silica nanoparticles was ogfed to be in
the region of 0.07 to 0.2Bmol-g*.!* Alternatively, anotherinstanceresulted in the
conclusive determination of initiator loading. Hansson et al. usksliphide-containing
initiator immobilisedon the surface af cellulosic substraté&\(hatmamo.1 filter paper):®
From that surfacepoly(methyl methacrylate)PMMA) was grown using SARGET-

ATRP. The polymer grafts were cleaved from the surface of cellulose using
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1,4dithiothreitol (DTT). The remainingthiol moieties present on the surface after
cleavage were utilisedmssest he i ni ti at or | oademplayedand EI | ma |
the initiator loading was determined to be 0.08fnol-g*. Additionally, the authors
repored good agreement between the free polyld?) produced in sitFP Mn: 20.9

k Da, n and the. gdafedl polymé6GP) (GPMn: 190k D a n that vias @eaved
from the substrate post reaction. Thiiatorloading value reporteddly Hansson et ais

lower than the otherglausiblybecaus@Vhatmanno.1 filter paper is low surface area
substrate.  When this approach was applted a high surface area substrate,
microcrystalline cellulose (MCC), havingleameter 20 m, the initiator loading waund

to be twice as high’ In summary, the initiator loading values were found to be dependent
on the surface areaf the substrate Reports ofinitiator loading values rangigom 0.02

mmol-g*to 0.25mmol-g*.

Throughout this research, two initiator typeere studied The firg initiator,
2-broma2-methylpiopionyl bromide (BIBB) was choserfor two reasonsfirstly, the
reactive acyl bromide facilitates the substitution reactions necessary for coupling with a
substrate. Secondly, the tertiary bromide functionality is well known as a suitable initiating
group for ATRP'® The BIBB initiator is, therefore,suitable for SIATRP using the
grafting from technique Methacryloyl chloride (MAC) wa the secondhitiator studied.

It was choselin part for the same reasons as BIBB; the reactive acyl chloride facilitates
the substitubn reactions necessary for coupling with a substrate. MAE&uitable for
SI-ATRP using theyrafting to or thegrafting throughtechniques, due to its accessible
double bond. Initial attempts at the functionalisation of silica particles via direct acyl
substitution proved fruitful, as the subsequent polymerisations were determined to have
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grafted polymer on the substrate surface. Thus, the conclusibat iheinitiator must
have been present on the surface ofntlagerial, otherwisethe polymer woud not have
been present. he polymergrafted silica particles were washed and sonicated in good
solvents, (tetrahydrafanor toluene) for the respective polymers, multiple times to ensure
that the polymer detected by TGAr NMR was a result of avalently bound

graftedpolymer and not physisorbed free polymer.

A series of experiments were undertaken, in which various initiators and conditions
were screenedo identify the grafting density of the initiator functionality on the silica
particle. Thegeneal reaction scheme in which silica particles wiengctionalisedwvith an
initiator (e.g. BIBB), in the presence of an auxilidrgsesuch agliisopropylethylamine

(DIPEA) to yieldinitiator-functionalsedsilica particles is shownin Scheme 2.2.

Qo Q& YY

YY

Scheme 2.2.The preparatiomf BIBB-functionalised silica particles (denoted by ble
circles). Reproduced from referenc® with permission from The Royal Society
Chemistry.

The initiatorfunctionalised silica parles wee characterised by EA and
solid-state NMR(Appendix I). Determining the amount of bound initiagmoveddifficult
due to low grafting densities. For instance, the %C of initigtafted silica particles, as
determined by EA, was found to be within the experimental errb0.d%. Additionally,
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the use of triethylamine as an auxiliary base is not recommended daestoipr opensi t \
stick to the surface of the silica particles (Appendix A.representative synthesis is

presented in theection 2.4.2with the remaining methods appearing in Appendix I.

2.2.3Synthesis of polymefgrafted silica particles: initiator content as determined by

the KiselewvZhuravlev constant

The initiator content remained an important value to which a reliable method for its
determination was still needed:he initiator reacts with free surface silanol groups in a
nucleophilt acyl substitutiomeaction. Initially, the methodology needed to calculéie
amount offree surface silanols on a silica particle substrate was unkndlagamount of
free surface silanols that weagailable to react with the initiator hadlte approximated
to standardie the reactions conditions.Early estimates postulated that the free surface
silanol concentration would be approximatdlymmol-g®. To achieve highinitiator
loadings on silica particles, the equivalence of free surface silanols on silickeparas
setas2 mmol-g?. In hindsight, tis was an over estimation that resultethia production
of significant amounts of free polymer in addition to the polygrafted materialsThus,

a better understanding of the nature of the silica paxtiakerequired.

To better understand the nature of the silica particle, the concentration of various
silanol species, and to redueeastefulnessthe scientific literaturavas searchedor
information regarding the surface chemistry of silica pagickn enlightening publication
and suggested reading for those working with silica partisiesT he s ur f ace cher

amor phous sil i c . A physicohanicdlreodel isnpoedeated. far the
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determinatiorof the concentration and distribution of various types of surface silanols and
to charactese the energéic heterogeneity of the silica surface as a function of the
pretreatmentemperature of Si@samples. The magnituad the silanol number, i.¢he
number of OH groups per ursurface are& on, when the surfacis hydroxylatedo the
maximum degree, isconsidered to be a physahemical constadf  The
KiselewZhuravlev constant,® on, is reported to be 4.@H-nm?2.  In tandem with this
constant, the surface area (SA) as determined by the BET method gaadto calculate

the amount of moles of the surface silanol species, and tekative distribution at a

specific temperature, for amorphous silica particles.

Two temperature regimeseof interest; between 180 and 2008 thenumber of
OH groups per unisurface ares 4.9 OHnm?, at 4003 the number of OH groups per
unitsurface arei ca. 2.35 OFhm?. If a high degree dtinctionalisatiorcanbe achieved
a thermabpretreatmenctould be used to influence the grafting density of grafted polymer.
A thermal pretreatment between 180and 2008 would result in a high grafting density
and ahermalpretreatmenat 4003 would result in a lower grafting density. In either case,
2 h is recommendednd the silica particles must be added to the reaction mixture
immediately after being removed from the oven. The calculation of the maximoumg
of free surface silanolsnmolon-g*), when pretreated between 180 and 208 for 2 h,
can be simplified to 0.00814 Ofh? mmol)!-SA, where SA is the surface area as
measured by the BET method, reported ffigmWhen prereated at 408 , the calculation
simplifies t00.00814 OH(m? mmol)*-SA. Since the only variable is tisarface areaf
the substrate, the free surface silanol concentration will vary for differerg dfpslica

particles (Table 2)1
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Table 2.1 The amount ofree surface silanols for silica particles asdetined byBET
analysis usinghe KiselevZhuravlevconstant.

Particle Particle Pore BET mmolow-g™* mmolox-g?
Designation Type Size Surface @ 2003 2 @ 4003 P
v Area
SiO; #1 Spherical 100 426 3.47 1.66
SIOx #2 Amorphous 60 285 2.32 1.11

Calculatedusing the KiselesZhuravlev constanf op=4.9 OH-nm?
bCalculated using KiseleZhuravlev constan®, o4=2.350H-nnv?

The KiselevZhuravlev constant was declared a pmaiemical constant because
the number of moles of surface silanols was shown to be independent of the origin and
structural characteristics of amorphous silftaSpherical silica particles have a surface
area larger than that of amorphous particles owing to their porous nature. Thus)biees
of molesof surface silanols (Table 2.%i0,#1) for sphecal silica particles will be higher
than that of amoifpous silica particles (Table 2.3i0G;#2). A considerable amount of the
surface area reported for a spherical particle will be internal. If the pore size is small
enough that it sterically disfavaifunctionalisationof the internal surface silanols, the
resultant magnitude of accessible surface silanols will be more akin to that of an amorphous

counterpart.

The internal surface area thus has implications in the grafting densities that can be
adiieved basedn the molecular weight of the polymer and grafting technique in which
the polymer chains are bound to a silica particle. For example kBAMPDIPAEMA
chain has a maximurength ofx 250 v (maximum extension 430) and a7.0 kDa
PDIPAEMA chain has a maximum length*60 v (maximum extension ca. 102;
sample calculations are providedAppendix IL If a grafting toapproach were applied,
polymers larger thaid.0 kDa would be much too big to covalently bind inside the gore
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assuming that the ain must be in an extended state, such that the reactive end group is
accessible and binding to the substrate can odeolymer chains in solution are unlikely

to be found in a fully extended state unless they are in an idealngobtea low
concentration. Their shapesblutionis best describely the random walk model, which
proposes thathe polymers size can be approximated Isyradius of gyration For
example, theadiusof gyration for a 3&Da freely jointed chain of PDIPAEMA ¥ 10.5

v (Appendix Il). Thus, a freely jointed chain could penetrate into the pores of the silica
particles, but the likelihood of a given polymer achieving an extended cwaiion within

a poreis low. Forgrafting totechniques to bsuccessfylthe end group that is capable of
reacting further must be accessible. The reactive end group wilbbeaccessiblehen

the polymer chain is in an extended conformation and not collapsed ugbnTitags, the

size ofthe porein which reactive groupgeside will play a major factor in whether a
polymer chain will successfully bind using theafting toapproach. If the polymer chain
cannot fully extend within the pore, it is unlikely that the reactive group omtimenus of

the polymer will be accessible. However, iffting fromapproach were applied, the
polymers could grow inside the pore until they become sterically hindered to the point that
they cease growing. Therefore, using the molar amount of frdacsusilanols to
determine grafting density will result in significant error. The error will reach a maximum

for porous materials using higher molecular weight polymers gmndfting toapproach.

Theoretical calculations usingalKiselevZhuravlevconstant havallowed for the
approximation of the maximum number of free surface silanols that are present on a silica
particle. Elemental analysis of initiatiunctionalisedsilica particles concluded that the

maximum initiator loading that could halseen achievedias 0.2nmol-g*. Accordingly,
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ca. 6.6% of the free surface silanolsSiiaFlashP60(SiO, #5) havebeenfunctionalised
by the initiatorgrafting methods presented in this chapter. Additionally, a great deal of
care shouldbe usedwhen rdying on EA or the KiselexZhuravlev constant when

estimating the grafting density of grafted polymer chains.

2.2.4Hydrolysis of COz-resporsive materials

The CQ-responsive systenas describedundamentally requires the presence of
water, whether as a solvent or an additive. In the majority of the sybtEns studied
water is the solvent. Thus, the hydrolytic stability of &Z&sponsive polymers and the
subsequent C&respormsive materialsmustbe takeninto consideration. The degradation
pathway that is expected to be the most prevalent forr€§ponsive polymers, which
havebeen graftedn silicon or polysaccharide substrates, is hydrolyetalyzedy either

acid or base.

Van de Wetdng et al. studied the hydrolysis of poly(@methylamino)ethyl
methacrylate) (PDMAEMA) and various monomeric analogues and their respective
degradation productS. Compounds of interest, tmeajority o which were studiedy Van
de Wetering et al.are presentedn Figure 2.4 The compounds of interest are
2-(dimethylamino)ethyl methacrylate (DMAEMA, A), -@imethylamino)ethyl
isobutyrate (DMAEIB, B), Zdimethylamino)propyl methacrylate (DMAPMA, )C
2-(dimethylamino)ethyl acrylate (DMAEA, D), 2-(dimethylamino)ethanol
(DMAE-OH, E), 2-(dimethylamino)propanol (DMARDH, P,
N-[3-(dimethylamino)propyllmethacrylamide (DMAPMAmM, G),
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3-(dimethylamino)1-propylamine DMAP-A, H), and lastly, for descriptive purpes, a

generic CQ@-responsive monomer (1).

<.
15\\/5\5&\ ks

Figure 2.4 A select group of C®responsive, tertiary amirentaining compound
and heir respective aminreontaining degradation productdtMAEMA (A), DMAEIB

(B), DMAPMA (C), DMAEA (D), DMAE-OH (E), DMAP-OH (F), DMAPMAmM (G),
DMAP-A (H), Generic C@responsive monomer (I), where!’=RH, methyl; R=
ethylene, propylene; R alkyl group.

Of initial interest from the study is that thKan of PDMAEMA decreases as
molecular weight increases, from 7.8t@kDa to 7.4 at 550 kD&. The variation irpKanx
values for PDMAEMA, as reported by Van de Wetering, is in good agreement with other
repatsl¥22 The pKan was determinedy a titration method in which solutions of
2-3mg/mL of polymer were prepared in 0.15 M NaCl, acidified with 0.1 M HCI, and
titrated with 0.1 M NaOH. One of the factors presented by Van de Wetering is of particular
importance to the mechanism of protonation and hydsylgsidemonstrated in Figure 2.5
DMAEMA is capable of adopting a cycliconformationin addition toits commonly

depicted stretched conformation.
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Figure 25. Thecyclic conformatiorof DMAEMA (A).

When DMAEMA adopts the cyclic conformatipthe free electron pair of the
amino group is delocalized by interaction with the carbaaybon thusbecomingless
accessible for protonation, therefore resulting in a tqk@.2® Similarly, when the amino
groupis protonatedthe moleculecanadopt a 7membered cyclic conformation through

hydrogen bonding tthe @arbonyl oxygen (Figure 2)6
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Figure 2.6. The cyclic conformatiomf DMAEMA -H*.

Coordination of the protonated amino group to the carbonyl oxygen via hydrogen bonding
renders the carbonyl carbon more electropositive, thus more susceptible to nucleophilic

attack. Interestingly, within a pH range of84 the observed rate of hydrolydisr
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compound C was smaller than those of compounds A and B, thus compound C is more
stable towards hydrolysis within that pH range. A possible explanation is that the
additional-CHy- group in the propylene linker of C disfavors tieemationof a cyclic
conformation that would lead westabilisatiorof the carbonyl carbon @Rcompound |,

Figure 2.4. The cyclic conformation of C, when protonated, would be an-eixgmber

ring, whereas the cyclic conformations for A and B, when protonatedid be segen
member rings. Additionally, when not protonated, the cyclic conformation for C is a six
member ring, where as those for A and B are-fiv@amber rings. Skmember ring
conformationsminimise ring strain and are thus the most stable ring size. Assizgy
increases or decreases from six, the ring strain increases and formation of that ring becomes
less likely. The inceased ring size of the hydrogbanded conformation of compound C
whenprotonateddecreases thékklihood of the formation of themy conformationand
thussubsequendestabilisatiorof the carbonyl carbon iseduced. The reduced tendency

to form the cyclic conformation that leads to carbonyl destabalisaztion is the likely cause
for the increased stability towards hydrolysis of coomud C in comparison to compounds

A and B. In support of this theory, Van de Wetering et al. postulated, on the basis of FTIR
spectral analysis, that intramolecular interactions ameed more pronounced in

DMAEMA -H* (A) than those in DMAMA-H* (C).1°

Another consideration that mube addressewvhen considering the hydrolytic
stability of these compounds is the substitution obtiekboneof the subsequent polymer
chain. Alkylation of the backl resulted in a significant improvement in the stability of
PDMAEMA over poly(2(dimethylamino)ethyl acrylate) (PDMAEA) towards hydrolysis.
PDMAEMA was shown to be resistant to hydrolysis as80with a kossof 1 108 at pH
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1.3, and 7 108 at pH 7.0. Whereas PDMAEA was shown to be quite susceptible to

hydrolysisat 803 , with akopsof 1 10° at pH 1.3 and 710° at pH 7.0.

A logical extension of this work is that when the size of the alkyl substgumn
the amino group increag®3, compound IFigure 2.4, the steric effects would result in
further destabilsation of the hydrolysispromoting ring conformation. Thus the more
hydrophobic the amino groupg, the less likely hydrolysis of the compound becomes.
Additionally, if the carbonyl carbowere to be morstable the rate of hydrolysis could be
decreased. Thus, amide bonding in the carboniety (G, Figure 2 Ylincreases resistance
to hydrolysis in comparison to ester bonding ia tarbonyl moiety (C, Figure 2.4With
all factors congslered, the C®responsive monomers that are most resistant to hydrolysis
would be those that contained a methacrylamide, a linker of 3 or more carBdnEi@ire
2.7), and significant hydrophobicity surrounding the amino grou} KRFigure 2.4).
DMAPMAmM (G, Figure 2.4was selected as a suitable monoméetasedn the synthesis
of COp-responsive silica particde owing to its commercial availabilityrelative

affordability and fit to the criteria previously mentioned.
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2.2.5Synthesis ofCO2-responsve polymer-grafted silica particles

Experiments were undertaken to determine what effect the uncertainty regarding
the amount of initiator on the initiator graftedica particles would have in the-8TRP
polymerisation of C@responsive silica particlesThe synthesis of C&esponsivesilica
particles in the presence of initiatgrafted silica particles waspproachedn two ways.

The first way consided each reactant individlig and accounted for the initiator loading

on the initiatorgrafted silca particles. The second way involved running an ATRP
reaction in the presence of the initiagafted silica particles, where the initiator loading
on the silica particlesvas not accountedor and its equivalencwas ignored In this
approach, the initiator BIBB was added in solution, similar to what would be done in a

normal ATRP.

The first approactwas usedor the majority of the reactions presented in this
chapter. The initiator loading on the silica particles, using the best approximations at the
time,was standardiseb1 equivalent (eq.), and the remaining reactants and reagergs
calculatedelative to the initiator content. This approaghs utilisedn making polymer
grafted silica particles (PGFGS1 and PGS. The silica particles resulting from these
reactions exhibited a hydrogite behavior in response to GQherefore, the actions

were deemed successful, in that polymer had been grafted to the silica particle.

As the experimentation evolved, more informatigras requiredfor the
characterization of the G&esponsive materials (i.e. the,Bf grafted polymer). The first
approaclhdid not allow for the production défeepolymer in addition to the C&responsive

material(i.e. PGS) during the polymerisation.h&reforg the only method tcharactese
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the CQ-responsive polymer was a destructive technique in which fluoride ionseddo

cleave the polymer from silica surface of the silica particle.

The second approach, which mirrors that of Hansson et al., provided free polymer
from which the M of the grafteebolymer couldbe approximated® This approachwas
appliedto the synthesis d?GS3, and PGS. In both cases, the initiator€. BIBB) was
addedo the polymerisation in addition to tivetiatorgrafted silica particles. The relative
amounts of free initiator in solution (mmedilior) and initiator grafted to the silica particles
(mmol kubstate can be calculated and compared. For BGISoiution 0.05 mmol, dubstrate
0.459 mmol. Thus,the total amount of initiator in the polymerisation wagi:l 0.509
mmol, where dowution 10% and dubstrate 90%. In the case of PGH the total amont of
initiator in the polymerisation wasth: 1.038 mmol, wheresdiution 6% and dubstrate 94%.

It should be noted that surface bound initiating groups often suffer from low initiation
efficiencies, typicallyx 10-30%14242>The lower efficiency of initiation from colloida
surfaces may be explained by steric congestithepinitiation sites (i.e. the surfabeund
2-bromoisobutyrate groujpé* In all casesthe resultant polymegrafted silica particles

(PGS1 to PGS6) were CQ-responsive.

The polymer that was collected from each experiment, whether by destructive or
nondestructivemeans, was subjected to analysis by gel permeation chromatography
(GPC), mass spectrometry (MS), NMR, and FTIR. The identity of the polymer
(PDMAPMAmM) was confirmedy NMR, FTIR, and MS.The M, of the polymers could
not be determined, by MS or GP@ith certainty. Due to solvent incompatibilities, the
PDMAPMAmM samples could not banalysed by GPC. Additionally, NMR was not

sensitive enough to determine the M the PDMAPMAmM samples, which suggests that
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the My >x 3.0kDa?® Extensive analysis by mass spectrometry provided inconclusive data

and thus failed to elucidate the molecular weight of the grafted polymer.

In retrospect, adding BIBB to the @n solution as the free initiator species was
a mistake. The reactive acyl bromide of BIBB, when in the presence of a variety of
nucleophilicspecies such as tertiary amimmegrotic solvents, will participate in a variety
of unwanted side reaction3.herefore, a less reactive analogue shbeldisedsuch that
unwanted side reactionsare minimised The suggested analogue is
ethyl 2-bromo2-methylpropionate (EBIB). EBIB was used for all subsequent

polymerisations.

2.2.6Characterization of surface CO2-responsive goups

To provide acomparisonto the porous polymer particlesP-{) and the
polymergrafted silica particles (PGS)pmmercially available silica, alumina, and silica
functionalisedwith 3-(dimethylamino)propybroupswerecharacterised aneivaluated as

drying agentgor wet isobutanol

Commercially availableminefunctionalisedsilica particles areharactesed by
the loading othe amineon the solid support, in units ofmol-g*. Amine loading refers
to the amount of amine in a given sample, whereas accessible amine cefiersin the
number of reactive amine graaijand does not include amigeoups that are physically

buried and therefore unreactive.

Commonly, amine loading Wwesare determinetly EA, howeverto differentiate

between the overall loading amines and thaccessibleamines a titration with a strong
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acid such as HCl is recommendé&jo et al.highlighted the difference between EA values
and titration valuesln one example, only 85% of the amines reported by EA are reported
accesible by titration to low pH (c&) with HCL?” Thetitration method used by Ojet

al. is aneffectivemethod for amineontaining particles that have only one protonatable
species. In the caseof the polymer particlegP-1), every protonatable site is an amine.
Therefore titration to low pH (c&) with HCl is anappopriate method for determining the
accessible amine contenElemental analysis of-B would determine amine loading but
would be ineffective for determining accessible amine content because it would account
for all amines, includinghysically buried aminethat would not participate in chemical

reactions under normal circumstances

Another problem arises when the material in question has two or more protonatable
species, as is the case with commercially available afuinaionalsedsilica partcles
(DMA-S) and thepolymergrafted silicaparticles (PGSl & PGS2). High grafting
densitiesare not easily achievedith silica based materials; asresult some surface
silanol groups remain activeA full titration of these particke reveals two equivalents
points (ca. pH 7 anda. pH 3). This phenomeon canbe attributedo both the amine
functionalities (pkn.3) and the uiinctionalisedsurface silanols (pk&4.5)28 The pKa
of PDMAPMAmM in solution is 8.8° To accurately report accessible amine content the
titration is stopped at pH 4, assuming that a#@f of the amines angrotonatecand none
of the surfae silanolshavebeen protonatedCentrifugation allows for the separation of
material from supernatant.aBk titration of the supernatant allows for the extrapolation of
an accessiblamine value that cahe fully attributedto the reactive amine functial
groups. This assumptios supportedby the data shown in Table22.
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Table 2.2 Determinationof accessible amine contemifiol-g?) in various drying
agents Reproduced from referenc with permission from The Royal Society
Chemistry.

Accessible Aine

Drying Reported Protonatable Sitesn(mol-g?) 1
Agent  Commercially (mmokg~)
pHi to pH 4 pHi to pH 2

DMA-S 1.51 1.1 0.70° 1.1
P-1 - 2.6 2.6 2.6

PGS1 - 0.3 0.50 0.3

PGS2 - 0.40 0.50 0.40

Silica 0 0 0.80 0

aSamples werétrated from the initial pH to the pH indicated.
b ossin protonatable sites is due to cleavage of amine functionalities from the silic
particle.

When titrated to pH 4, the silica sample shows no interaction with HCl. However,
when titrated to pH2, the silica sampl shows an interaction with H@halogous ta
protonatable site conteof 0.8 mmol-g*. Furthermore, when the silidmsed polymer
grafted samplesPGS1 & PGS2) are titratedto pH 2 they show an increase in the
accessible amineoatent, an increasatcanbe confidently attributetb the silica and not

the amine functionalities.

Interestingly when thesilicabasedDMA -S sampleswere titratedto pH 2 they
showed a decrease in the accessible amine cordahes are known tioydrolyzefrom
a silica support at low p. The reducecccessibl@mine content when titrated to pH 2
is a result of the SD-Si bondbeing hydrolgedand the subsequent cleavage of the amino

silanes from the silica support.

In contrast,PGS1 and PGS show no signs of hydrolysis at low pH. The
increased hydrolytic stability dPGS1 and PGS is of great importancéecausehe
hydrolytic stabiliyy of the polymemwas planned The amide bonds in PDMAPMAmM resist

hydrolysis at low pHwhereas the ester linkages in the mooenmonly used monomers
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such aDMAEMA, DEAEMA , andDiPAEMA hydrolyzeat ca. pH 3°

Regardless of the increased stability of the polymestadality of the link between
the silica support and the polymer chain was still in questidre stability of the StO-
C(=0) in comparison to the commonly used®8i bond was unknownSince no losin
accessiblamine contentvas detectedt low pH forPGS1 andPGS2, it canbe concluded
that the SIO-C(=0) remains stable at low pH (Table2R. The polyme might also
contribute to the overall stability of the-StC(=0) bond through steric hindrangertly

by blocking the cyclic conformation and partly dodts largehydrodynamic volume.

2.2.7Evaluation of COz-responsive particles as drying agents for wesobutand

The solvent chosen to compare the various drying agents was isobutanol, which
was dopeavith 5 wt% water The drying agen wt%)was addedo the 'wet' isobutanol
solution and CQg) was bubbledhrough the solution fot h. Thevial was then sealed
and stirred for 15 hSilica and aluminavere activatetbefore use by heating the absorbents
to 2503 for 24 h before being added to thetisobutanol solution.The same procedure
was then followeés describedbovebut in the absenagf CO,. The water content of the
solvent after filtrationwas determinedby gas chromatographyusing a thermal
conductivity detector (G CD). Calibration curvesvere preparetb determineghe web
water of each sample before and after the drying expeatimThe drying abilities of
multiple drying agentare compared Table 23. The response of the GOCD to water
and isobutanolvas monitoredver the course of 2 years by runnimgltiple calibration

curves. Theespons®f the GGTCD was found to be highly consistent.
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Table 23. Table detailing theetycling of various drying agents to remove water fr
isobutanol solutions.Reproduced from reference 10 with permission from The R

Society of Chemistry.
Accessible . WaterRemoved (mg-g?)
. . Particle
Drying Agernt Amine Si 7e Cycle
(mmol-g*) 1 2 3 4
DMA-S 1.1 20 180 140 160 140
P-1 2.6 220 300 220 200 160
P-1 2.6 220 38CF 52¢ 400 400
PGS1 0.30 60-100 490 480 480 470
PGS2 0.40 60-100 540 440 430 430
PGS1 0.3 60-100 520 5801 - -
PGS2 0.40 60-100 58(¢ 580" - -
Molecular sieves 0 4000 380 40 60 -
Silica 0 74-177 150 150 140 140
Alumina 0 37-63 40 80 70 80

#Reaction conditions: 10 g isobutanol with water at a concentration of 5 wt%, 0.5 g
agent addedl] h mixing with CQ bubbling through solutiothencontinued mixing in &
sealedvial for 15 h, water contergnalysedby GGTCD. Drying agent regenerati was
performedat 50 °C for4 h. "Water removedvith respect tadrying agent used.cAn

increased bubbling time of 3 h and continued mixing under 1 atm g§@a@s employed
dAn increased reaction time of 18 h was employ&or each cycle, a nesolution of
isobutanol containing 5 wt% water was used

Thesynthessedporous polymer particle{1) and polymegrafted silica PGS1
& PGS2) showed the greatest abjlito capture water (rows-2). The efficacy of most
drying agents decreasskghtly with continued recycling, with the exception being the
silicabased drying agents. With amcreased C®bubbling time of 3 h, the polymer
particles removeé more water peg of drying agent and maintaed their drying ability
through 4cycles (ow 3). Upon increasing the reaction time from 15 to 18 h, the polymer
grafted silica particles remoglenore water peg of drying agent than they did previously

(rows 6 and . Thus, drying performance is a function of £&posure and time

The porous polymer particlesP{l) were comparedo molecular sieves, an

industrial standard for reusableyolrg agents, in an attempt to understand the relative
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energy costassociated with regenerating each drying agést.seen in Table 3, both
P-1 and the molecular sieves are effective drying agents for one cycle, buP-ariky
effective after regeneration at 50. A possible explanation for the reduced recyclability
of the molecular sieves is that not enough thermal enesmy suppliedduring the
regeneration step for the releasevaterto occur Differential scanning calorimeti§pSC)
was used to compare the energy required to release water from the two drying égents af
one cycle.Heating P1 to the regeneration temperature ofs5@equres ca. 36-3* g of
particles compared to 325 and 219J-g* for the molecular sievesOnce at the
regeneration temperatur;1 requires 16)-g* of particles to desorb the water, according
to the DSC measurement, compared td-8G for the molecular sievesThus the lower
regeneration temperature and lower desorption enthedoit insignificant energy savings
when P-1, rather tlan molecular sievesare used Although this comparison is an
approximation and not fooptimised systems, it highlights the advantage of using

COp-switchabledrying agentsegardingthe lower energy required for regeneration.

Two further experiments were performed using isobutanol doped with less water to
evaluate the ability of these agents to dry isobutanol having a lower watial content.
P-1 was able to reduce theatercontent of solutions containirigwt% HzO, to a \alue of
0.8 wt%, but could not remove water from solutions containing onlyw@&H>0. The
lower limit for theP-1 to dry isobutanol is therefore slightly less thhmwt% H>O but not
as low as 0.5 wt% #D. Presumably, increasing the basicity of the fienal group, such
as by using amidine groups, woudreaseheefficacyof the drying agent to dry solvents

to a lower level of residual water.
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2.2.8Determination of the molar hydration value for CO2-responsive drying ajents

An important internal measuoé performance for a switchable drying agent is the
amount of waterrimoly) removed per accessible aminenfoky. Therefore, theoncept
of amolar hydrationvalue (mmol/mmoks) was introduced The molar hydration value
(MHV) allows for a quantitativadetermination of the amount of water captured per
protonatable siteThe molar hydration value of the drying agents varied greatly depending

on the syrtetic strategy employed (Table 2.4

Table 2.4. Quantitative determination of the Molar Hydratiosalue for each
COp-switchable drying agent.

Accessible Amine  Water Removed Molar Hydration Value

Drying Agent

(mmol-g?b) (mg-g?) (mmol/mmolaa)®
DMA-S 1.1 180 9.1
P-1 2.6 300 6.4
PGS1 0.30 490 91
PGS2 0.40 540 75

3Refer to Table 2.3’mmol ofwater removed per mmol of amine, refer to Appendix

The commercially available amifenctionali®d silica particle$DMA-S), as well
as the synthesised polymer particl&sl), behave predictably. Their molar hydration
values canbe attributedo the previously proposed three ways in which water can bind to
a COx-switchabledrying agent (Fjure 2.). However, he polymergrafted silica drying
agents have molar hydration values that are an order of magnitude greatedtbathe
commerciallyavailableaminefunctionalisedsilica. The hydration model proposed in
Figure2.1 does not adequately account for the molar hydration values of the polymer

grafted silica drying agent®(GS1 & PGS?2), suggesting that the polymeric nature of the
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amine functionalities plays a crucial role in the hydration of the patrticle.

In one example of polymeric hydration, thermsponsive poly(N
isopropylacrylamide (PNIPAAmM) and pH e s ponsi v ediethylaminpethid, N 6
methacrylate) (PDEAEMA) polymers were graftedcarboxymethylchitosaCMC) to
form highly waterswellable hydrogels with dual responsive propefie3he hydrogels
showed an enhancedhterswellability when gafted with PDEAEMA. The increase in
the bulk hydrophilicity of the hydrogetas attributedo the presence of tertiary amino
groups in the DEAEMA unit. Thus the polymeric aminesn (PDMAPMAmM) would
increase the hydrophilicity of the silica particle bghhaving as a hydrogel, therefore

capturing more water.

The watercontent of thenydratedpolymeric hydrogetan be estimatedPGS1
was determined to be A% polymer by thermogravimetric analysi8ccountingfor the
consistent water uptakef silica (150 mg-g?) and removingit from the equation,
340mg-g* of water uptake cahe attributedo the polymer. The polymds, therefore,
able to absorb 8&1t% water. IfPGS1is lookedatas a single entity, it can absorb\8®%6
water. In contrast,the CMC grafted P(DEAEMAO-NIPAAM) copolymerabsorbed
79wt.% water’® In another study, various free polymavsre testedsia a comparable
method yielding wateauptake values ranging from 0.@6% for neutralPMMA, to 88wt%

for sodium polyacrylate (PADa&).3*

With all factors considered, these values indicate hydiogjeaviar on the part
of the polymergrafted silica drying agents. Thighaviar would adequately explain why
polymergrafted silica drying agents have molar hydration values that are anajfrder

magnitude greater th&hl or the commercialbavailableaminefunctionalisedsilica. The
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hydrogetlike nature, and therefore the perfommoa of the polymegrafted silica drying
agents couldbe improvedby increasing the molecular weight of the grafted polymer,

thereby inceasing the polymer to silica weigtattio.

2.2.9Evaluation of CO2z-responsive particles as drying agents for wet organfolvents

other than isobutanol

The CQ-responsiveolymergrafted silicgparticles PGS 3) were teste@s drying
agents for a vagty of wet solvents Solvents that are immiscible with water or have a
miscibility of less tharb wt% with waterareincompatible withthe GGTCD method of
analysis. Future experiments cdre designedvith an alternative method of analy$s
determine drying efficiency in solvents such as hexanes, dichloromethane, or télaene.
suitable solvent€C O, wasintroduced ab kPa(gauge pressuyeia a needle into a vented

vial containirg a stir bar rotating at 400 RRTable 2.5.

Table 2.5 Removal of water fnm a variety of solvents usiRGS3, a CQ-switchable
drying agent. Reproduced from reference 10 with permisdimm The Royal Societ
of Chemistry.

WaterRemoved (mg-g?)

Solvent Cyclel Cycle 2
Isobutanol 560 520
Acetonitrile 380 380
Ethanol 220 280
Ethylene Glycol 380 70
Hexanes Incompatible

aReactionconditions: 10 g solvent with water at a concentration of 5 wt%, 0.5 g d
agent added, h mixing with CQ bubbling through solutiothencontinued mixing in &
sealedvial for 15 h, water contemtnalysedy GGTCD. Drying agent regeneratiovas
performedat 503 for 4 h. PWater removedvith respect talrying agent usedror each
cycle, a new solution of isobutanol containing 5 wt% water was used
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The combination of stirring and G®ubbling cause significant solvent loss with
solvents having boiling points lower thdrat of ethano(783 ). For example, THF has a
boiling pont of 6567 3 and within 30 minof bubbling CQ into THF over half of the
THF had evaporatedSolventevaporation is a pldem for thisexperimentif the solvent
is lostduring theexperimentthenthe end ratio of water @plventwill be artificially higher
than it should have been if no solvemas lost resulting in the perggion of lower

performance by the drying agent

The data suggestsat some solvent loss had oaear when drying ethanol (Table
2.6, cycle 1, 220mg-g?1). To test this theorya round bottom flask connected toedlux
condensewas usedn place ofa commorvial. The additional solvent retention measures
resulted in an increase dnying performance and therefore a more accurate representation

of thedrying abilityof PGS3 in ethanol (Tabl.6, cycle2, 280mg-g?).

Each solvent brings different dlengesto the removal of wategthyleneglycol,
for instancejs more viscous and has a significantly higher boiling point gL9han the
other solvents tested®etention of ethylene glycol during tparticle regeneration step is
significant, resulting inhecomplete loss of drying performance in subsequent siEps.
drying process would have to bptimisedfor ead solvent individually to provide a truly

green solution to the removal of water from organic solvents.

Following the publication of thesesults a partnership with Fielding Chemical
saw that the drying agents were tested in a real world scenario, using recycled solvents.
Fielding Chemical was interested in whether recycled isobutanol and recycled ethylene
glycol could be dried using the@S series of C@responsive materialsPGS6 was

synthessedand evaluated as a drying agentrecycled isobutanol (Table 3.6
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Table 2.6 Removal of watefrom recycled isobutanalsingPGS6, a CQ-switchable
drying agent.

IsobutanoMWaterContent (wt%)
As Received Cyclel Cycle2 Cycle3 Cycle4 Cycle5 Cycle6
19.5 14.7 12.1 9.7 4.6 0.9 0.7
The sameample of isobutanol (50 @)as used throughout the experiment. F85S
(2.5 g)was regenerated before each cycle in an oven atiofe0 4 h. Recycled
isobutanol was provided by Fielding Chemical Inc.

Theisobutanolsample supplied by Fielding Chemicahs determined to be 19.5
wt% water. The isobutanol was off coloured and heavily contaminated with particulate
matter. The recycled isobutanehs filtered through a 0.2 pumolytetrafluoroethylene
(PTFE syringe filter to removéheparticulate matterdfore use in the dryingxperiment
the colour remaired unchanged after filtration.Filtration was done as a preventative
measure to avoid clogging of the GC injector portwad not doneut of concern for the
drying processPGS6 (2.5 g was added t60 g of recycled solventgobutanol, 19.5 wt%
watel). CO; was introduced at 34 kRgauge pressuyeia a needle into a vented round
bottom flask containinthe recycled isobutand?GS6, and a stir barotating at 400 RPM
The round bottom flask wafitted with a reflux condenser to help prevent solvent loss
during theadditionof COyg). The round bottonflask was then sealed amdixed for an
additionall5 h. The drying agemias separateflom the solvent by vacuufiitration and
the solvent was collected and stored for the next cycle. The drying agent e/aesrated
in a vacuum oven at 59 for 4 h. Efforts were made toeuseas mub of the solvents
possible from cycle to cyclat no point wasreshsolvent addedThewater content of the
solvent was analysed by GICD. Utilising PGS6, the water contentof recycled
isobutanolwas reducedrom 19.5 wt% to less thahwt% over5 cycles. The application

of a 8" cycle did littleto furtherreduce the w8 of water in thésobutano(Table 2.6.
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In addition to removing water from isobutanol, various unknown contaminants
were removed by?GS6. Since the contaminants did not show up in subsequent cycles,
and the amount of water removed per cycle remained consisisiitygothesisethat the
unknown contaminantsere removefrom PGS6 during the regeneration step. However,
if adsorbed contaminants were harder to remove fi®@S6 than water during
regeneration, it is plausible that their presencB@&6 could explén for the apparent dip
in performance in cycles 2 and 3. The average drying performamse for recycled
isobutanol as received from Fielding Chemical was 31723 wt% (740 240mg-g?)
water per cycle, fob cycles. The 8 cycle was not includkin the calculation of average
performancéecaus€Ox-responsive drying agents lose efficiency belowt% water, as

was shown by earlier experiments with the porous polymer partiiEs (

2.3 Conclusions

COp-switchable drying agents have been created for the first timewane
evaluatedn the drying of wet isobutanol. Through the application ob @3suspensions
of drying agent, the water content of the isobutanol cbaldeducedby 490 mg pewg of
drying agent. This value exceeds the values obtained for commercial drying agents such
as silica or alumina. The closest commercial competitor was molecular sieves at 380 mg
of water removed peg of drying agent; however, the molecular sieves could ot
regeneratedunder the very mild conditions employed for {G&,-switchable materials.
Nonetheless, molecular sieves are supeniderms oftheir ability to dry wet solvent to

very low concentrations of waterAll of the COx-switchable drying agents weseperior
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to normalsilica and aluminaegardinghe quantity of water removed pgeof drying agent.
The synthessed COz-switchable drying agent®{1, PGS1, PGS2) were superior to the
commerciaaminefunctionalisedsilica OMA-S) regardingdrying ability and hydrolytic

stability at low pH.

The concept of molar hydration value leen introducedmolar hydration values
have been used to quantify the magnitude of water adsorption per accessible &mine.
polymergrafted silica drying ageés PGS1 & PGS2) capture 10 timemore water per
amine Mmmol/mmolaa) than the other amireontaining CG@-switchable drying agents.
Additionally, anew method for the measurement of accessible amine content on surfaces

hasbeen reported

The effortsof various Jessop and Cunningham group members have aided in the
understanding of Cgresponsive materials and their behaviour as drying agents.
Currently, the performance of the g@sponsive materials is understood tohioghly
dependant on the amount of £€@elivered into the system. Adequate 8 posure is
essential tonaximising the response of the G@esponsive material. Subsequently, drying
of organic solventss best donen series, where the solvent is exposed sedalbnto
mul tiple smal.l Aplugso of drying 2asghent

propellant ensures that each successive iplagequatelyexposedo CQp.
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2.4 Experimental methods

2.4.1Materials

All aqueous solutions were prepared with deionizetewéDIW) unlessstated
otherwise.All silica particlesnvere purchasefiom SiliCycleInc. The followingchemicals
were useds reeived unless otherwise statedifuric acid (Hsher, ACS reagent grade,
95-98%), anmonium hydroxide (Arich, ACS reagengrade, 280% NHs basis) water
(Millipore , type 1, 1 8), droyeq Pecoride @Idric, 30 ¥ in H0),
2-broma2-methylpopionyl bromideg(BIBB, Aldrich, 98%), methacrybyl chloride (MAC,
Aldrich, >97%), diisopropylethylamine  (DIPEA, Aldrich, 99%),
4-(dimethylamino)pyridine (DMAP, Aldrich, 99%), dchloromethane (DCM, ED
Millipore, &), tetyatiydrofuran THF,G\RIr&h, &nhydrous, contains 250
ppm BHT as inhibitor, 99.9%), methanol (MeOH, EMD Millipore, anhydrousopper(l)
bromide (Aldrich, 99.99% trace metals basjs)
N-[3-(dimethylamino)propyl]methacrylamid®MAPMAmM, Aldrich, contains MEHQ as
inhibitor, 99%) N,N,N',N ,N -pentamethyldiethyleetriamine (PMDETA, Aldrich, 9%),
ethylenediaminetetraacetic acid (EDTAAldrich, pu i f i e d 9&)a edium O
hydroxide Na OH Al dr i ch, %A@ausiniuneoxidegAdrich, acigated,

basic, Brockmann ).

Piranha solutions were used to clean silica substrates. Acidic piranha solution
consists of a 7:3 (v/v) mixturef concentratedulfuric acid and30% hydrogen peroxide

solution, commonly heated to 8. Basic piranha solution consists of a 5:1:1 (v/v/v)
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mixture of Millipore water, 30% hydrogen peroxidesolution and 40% ammonium

hydroxidesolution, commonly heated #® 3 .

Warning: Piranha solution is highly dangerous atsluserequires considerable
care. Piranha sdion is either strongly acidiar basic and a strong oxidizer. The mixing
of piranha solution is very exothermic and should be done slowly; if tgemtsaare mixed
too quickly the temperature can easily exceed 200which will result in boiling and
splashing of the piranha solution. Piranha solution will reaatently with organic
compoundsthereforeit should be used in a fume hood clear oboig solvents and waste.
Make only as much Piranha solution as needésnwdisposing oéxcess or usepiranha
solution do NOT cap the bottle. It commonly takes a day or two for the reagent to
neutralize fully, during this time oxygen gas is producdgefer to your institutiots

standard operating procedures before attempting to use or dispose of piranha solutions.

Silica particles for all experiments presented here were cleaned and hydroxylated

using Piranha solutions. An example is as follows:

Spheical silica particles (Si©#1, Silicycle,2065 00 e m par tvipard e si z
size 30 g were subjectedb athreeparttreatmento remove organic contaminants and
promote ahydroxytrich surface. Firstly, the particles were stirred in acidic piranha
solutionfor 1 h at 8% , followed by rinsing three times with Millipore wategecondly,
the particles were stirred in basic piranha solutr20 min at 7®& , followed by rinsing
three times with Millipore waterLastly, the particles were vacuumtdéited and dried in
an oven overnight at 1@0. The clean and hydroxylich particles were stored in a sealed

vessel undeAr until further use.
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2.4.2Initiator grafting on silica particles

Various experimental conditions were tested to determine a suitable method for
grafting theinitiating species on to a silica particle. These methods #tmed in detail
in Appendix I. The following method produced the most reliable results withetss |

amount of particle contamination from amio@ntaining auxiliary bases or catalysts.

Cleanand hydroxyrich silica particle$2 g)were addedo a 250 mL round bottom
flask and flame dried under vacuurReacantswere addedising Schlenk technigador
inert conditions diisopropylethylamine (1 eq., 4.09 mmol) and 150 mL of anhydrous
dichloromethangere addetb the round bottom flask. The round bottom flask was cooled
in an ice bath for approximately 30min, after which the initiator
2-broma2-methylpiopionyl bromide (BIBB,1 eq., 4.04 mmol|)was added dropwise via
syringe. The mixture was stirred for 20 mihe ice batiremoved and the mixture was
allowed to warm t@oom temperaturecé. 273 ). The reaction was stirred vigorously (via
magneic stir bar) overnight for approximately 16 fhe silica particles wereecovered
by vacuum filtration and washed thoroughly with methanol, followed by multipthings
with distilled water. The washed patrticles were dried at B1LGfor 20 min, then stred

underAr until further use.
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2.4.3Synthesis ofpolymer-grafted slica-1 (PGS1)

Initiator grafting (KB -B4-PG58):

Clean and hydroxytich silica particlegSiO, #5, SiliaFlash P60, 463‘ m, 100v
pore size5 g, 1eq, assumption 3.6hmol-g*) were added to a 100 mL round bottom flask
containing solutiorof potassium carbonate (4.6 mmol) in 50 mL of acetoifie. that
mixture, the initiator, 2-bromao2-methylpopionyl bromide(BIBB, 18 mmol) was added
dropwise aroom temperaturec@. 273 ). The contents of the round bottom flask were
heated at a continuous reflux for 12 fhe silica particles wereecoveredby vacuum
filtration and washed thoroughly with ethanol, followed by multiple washings with distilled
water. The washed particles weedried at 11& for 20 min, then stored undér until

further use.

SI-AGET -ATRP of PDMAPMAmM from silica, PGS 1 (KB-B4-PG63):

Initiator-functionalisedsilica particles $i0, #5, SiliaFlash P60, 463 * m, 100v
pore size, 2.5)were added to a 100 n8-neck round bottom flask containing 40 mL of
anhydrous methanol. The mixture wasspargedwith Ar for 1 h. The monomer,
N-[3-(dimethylamino)propyllmethacrylamid® MAPMAmM 90 mmol, 10 eq.\vaspassed
througha basic alumina column and spargeith Ar for 30 min. The catalyst was prepared
by mixing copper(l) bromide (9 mmol, 1 eqg.) withN, N, NNj NNjNj, N
pentamethyldiethylenetriamifEMDETA, 18 mmol, 2 eq.) in 10 mL anhydrous methanol.
The mixture wasspargedwith Ar for 1 h. The spargedcomponents were déd tothe

3-neck flask undeAr and heated to 45 overnight. The polymergrafted silica was
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recovered via vacuum filtration and washed thoroughly with an aqueous solution of
ethylenediaminetetraacetic acid (EDTAdllowed by multiple washings with distilled

water. The particles were dried at 110 overnight, then stored undar until further use.

2.4.4Synthesis of plymer-grafted slica-2 (PGS2)

Initiator grafting (KB -B4-PG62):

Clean and hydroxytich silica partcles SiO. #5, SiliaFlash P60, 463‘ m, 100v
pore size, 5 pwere added to a 100 mL round bottom flagktaining solutionof
triethylamine (80.9 mmol) in 50 mL of tetrahydrofuramhe mixture was continuously
stirred while being cooled to ® . After 1 h,the initiator 2-broma2-methylpiopionyl
bromide(BIBB, 18 mmol) was added dropwise to the cooled mixtufde mixturewas
warmed taroom temperaturec@. 273 ) and allowed to react for 12 fThe silica particles
were recoveredby vacuum iltration and washed thoroughly with ethanol, followed by
multiple washings with distilled watefThe washed particles were dried at B1Gor 20

min, then stored undér until further use.

SI-AGET-ATRP of PDMAPMAmM from silica, PGS2 (KB-B4-PG63):

Initiator-functionalisedsilica particles $i0, #5, SiliaFlash P60, 463 * m, 100v
pore size, 2.5)ywere added to a 100 mlrizck round bottom flask containing 40 mL of
anhydrous methanol. The mixture wasspargedwith Ar for 1 h. The monomer,

N-[3-(dimethylamino)propyllmethacrylamid® MAPMAmM 90 mmol, 10 eq.)vaspassed
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througha basic alumina column and spargeith Ar for 30 min. The catalyst was prepared

by mixing copper(l) bromide (9 mmol, 1 eqg.) withN, N, NNj NNjNj, N
pentamethyldiethylenetriamifEMDETA, 18 mmol, 2 eq.) in 10 mL anhydrous methanol.

The mixture wasspargedwith Ar for 1 h. The spargedcomponents were added to the

3-neck flask undeAr and heated to 45 overnight. The polymergrafted silica was

recovered via vacuum filtrationnd washed thoroughly with an aqueous solution of
ethylenediaminetetraacetic acid (EDTAQllowed by multiple washings with distilled

water. The patrticles were dried at 110 overnight, then stored undar until further use.

2.4.5Synthesis of plymer-grafted slica-3 (PGS 3)

Initiator grafting (KB -B5-PG61):

Clean and hydroxytich silica particlesiO» #5, SiliaFlash P60,46 3 e my 100
pore size6.5 g,1 eq. assumption 1.#2mol-g*') were added to a 250 mL roundttom
flask containing solutiorof diisopropylethylamine (1 eq., 11.0 mmol), in 125 raL
anhydrous dichloromethane @M). The mixturewas continuously stirredhile being
cooled to B . After 1 h, the initiator 2-broma2-methylpiopionyl bromide(BIBB, 1 eq.,
11 mmol) was added dropwise to the cooled mixtuféne mixturewas warmed tooom
temperatureda. 273 ) and allowed to react for 12 W he silica particles wenecovered
by vacuum filtration and washed thoroughly with ethanol, followed by mulakhings
with Millipore water. The washed particles were dried at Z1Gor 20 min, then stored

underAr until further use.
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SI-AGET-ATRP of PDMAPMAmM from silica, PGS3 (KB-B5-PG68):

Initiator-functionalisedsilica particles $i0, #5, SiliaFlash P60, 463 ‘ m, 100v
pore size,3 g, 1 eq., assumption lrathol-gt) were added to a 250 mL-r8ck round
bottom flask containing 100 mL of anhydrous methanidhe mixture waspargedwith
Ar for 1 h. The monomeiN-[3-(dimethylamino)propyllmethacrylamid®MAPMAmM
158 mmol,30 eq.)waspassed througa basic alumina column and spargeih Ar for 30
min. The monomer and sacrificial free initiat@rbromo2-methylpopionyl bromide
(BIBB, 0.01 eq., 0.05 mmol) were added to the reaction flask contapargednhydrous
methanol. The catalyst was prepared by mixing copper(l) bromide (9 mmol, 1 eq.) with
N, N, N NjpextahpngthydNgNylenetriaminPMDETA, 18 mmol, 2 eq.) in 50 mL
anhydrous methanolThe mixture waspargedvith Ar for 1 h. Thespargeccompments
were added to the-Beck flask underAr and heated to 4% overnight. The
polymergrafted silica particles wererecovered via vacuum filtration and washed
thoroughly with an agueous solution of ethylenediaminetetraacetic acid (Elidyed
by mutiple washings with distilled waterThe particles were dried at 120 overnight,

then stored undekr until further use.
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2.4.6Synthesis of polymesgrafted slica-6 (PGS6)
Initiator grafting (KB -B6-PG23):

Cleanand hydrayl-rich silica particlegSiliaFlash P60, 450‘ m, 100v pore size,
10.29, 1 eq. assumptiod mmol-g1)) were added to a B5mL flame driedround bottom
flask, to which a condenser was fixeReactants were addeding Schlenkechniques for
inert conditionsdiisopropylethylamine (1 eq., 22.0 mmol), 4dimethylamino)pyridine
(DMAP, 0.015 eq., 0.29 mmol) and @5nL of anhydrouslichloromethanéDCM) were
added to the round bottom flask. The round bottom flask was cooled in baticéor
approximately 30 mm, after which the2-bromo2-methylpopionyl bromide(BIBB, 1.1
eg., 22mmol) was added dropwise via syringe. The mixture was stiraeel magnetic stir
bar (1200 RPM) for 20 mihefore the ice bath was removed and the mixture was allowed
to warm toroom temperaturec@. 273 ) and allowedo react overnight. The BIBBrafted
silica particles werdghen collected by vacuum filtraticend washed multiple times with
DCM. The washed particles were dried at B1Gor 20 min, then stored undér until

further use.

SI-AGET-ATRP of PDMAPMAmM from silica, PGS-6 (KB-B6-PG25):

Initiator-functionalsedsilica particles(SiliaFlash P60, 480‘ m, 100v pore size,
6.5 g wereadded to 00 mL 3neck round bottom flask containidgOmL of anhydrous
methanol. The mixture was sparged with Ar for 1 h. The monomer,
N-[3-(dimethylamino)propyllmethacrylamid® MMAPMAmM 1.2 mol, 100eq.)waspassed
througha hasic alumina column and spargeath Ar for 30 min. The monomer and
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sacrificial free initiato2-bromao2-mettylpropionyl bromidg(BIBB, 0.005 eq., 0.06imol)

were added to the reaction flask contairtimgspargedanhydrous methanolThe catalyst

was prepad by mixing copper(l) bromide (1&hmol, 1 eq.) withN, N, N Nj, NNjNj, N
pentamethyldiethylenetriamifEMDETA, 24 mmol, 2 eq.) in 2BL anhydrous methanol.

The mixture wasspargedwith Ar for 1 h. The spargedcomponents were added to the

3-neck flask underAr and heated to 58 and stirred via magnetic stir bar (900 RPM)
overnight. The polymergrafted silica parcles wererecovered via vacuum filtration and

washed thoroughly with an aqueous solution of ethylenediaminetetraacetic acid (EDTA)
followed by multiple washings with distilled watelhe particles were dried at 119

overnight, then stored undar untl further use.

2.4.7Mass pectroscopyof polymer-grafted silica particles

Matrix-assisted laser desorpti@mrisation time of flight mass spectrometry
(MALDI-TORMS) was conducted on PGS using an Applied Biosystems DEPro
MALDI -TOF mass spectrometeby Mr. Da v i d Mcl eod of Queenod
Additionally, MALDI-TOF MSwas conducted oRGS6 using a Bruker Ultraflextreme
MALDI -TOF mass spectrometéy Dr. Randy Whittal of The University of Alberta.
Several matricesvere teste@ndboth dithranol and 2;8ihydroxybenzoic acid (DHB) did
not produce fragments but appeared to provide molecular ions, whereas other getaces
fragment ions. The data presented hereimvere collected using DHB as the matrix.
Samples werdissolved in DHB in aceton&ixed, and then spottedn the MALDI target.

Someof the PDMAPMAmsamples dighot completely dissolve in acetqieitthe samples
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dissolved at sufficiently high concentration to provaeadequaté/ALDI signal. The

data provided is in reflectron mode on the MBALinstrument to provide the best
resolution. Thesamples wereheckedn linear mode athe molecular weight (MW) was
expectedd be high. However, this does not appear to be the case; if high mass materials
were present, theyere not detectedAnalyss of the spacing between prominent peaks in

both spectrums vyields the MW of DMAPMAmM, 170.25 m/z, thus confirming that

PDMAPMAmM was formedFigures 2.728, 29, 2.10).
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Figure 2.7. MALDI-TOFMS spectrum oPDMAPMAmM free polymer collected fror
thesynthesis of PGS.
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Figure 2.9 MALDI -TOFMS spectrum oPDMAPMAmM free polymer collected fror
the synthesis of PG6.
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2.4.8Thermogravimetric analysisof polymer-grafted silica particles

Thermogravimetric analysis (TGA) waerformed using a TA Instruments Q500
TGA analyzer by heating the sample using the following ramp: 10 °C finom 30 to
1203 , held for 20 min and 128 , followed by 103 mint to 9003 . The initial
isothermal hold at 128 is to remove bulk solvents and adsorbed liquids such as moisture
from the atmosphereThe organic content of the polymerafted silica particlesvas
calculatedfrom the point at which mass loss begins to occur, after the initial isothermal

hold, until e point at which mass loss stops
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2.4.9Water content analysis bygas &iromatography

Quantitative gas chromatography (GC) using a thermal conductivity detector
(TCD) was performed on a PerkinElmer Clarus 680 gas chromatograph instrument
equipped with a C®/olamine (30 m x 0.32 mm i.d.)Calibration curves were collected
multiple times over the coursé# these experiments (Figure 2)13.ittle to no change in

the calibration curve was noted over time.

0.09
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0.07
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y = 0.0144x 0.0009

GC Response Ratio of water/isobutanol

0.05 R2 = 0.999
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0
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wt% of water added in sample

Figure 2.13 GC-TCD calibration curve for water in isobutanol (wt%).
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Chapter 3

CO-Responsive Heterogeneous

3.1 Preface

Spurredby the publication of the C&switchable dryingagentspaper multiple
collaboratve efforts began One of those efforts involvedrof. Walter Leitner and his
research group aRheinischWestfalische Technische HochschylRWTH) Aachen
Germany. The researclundertakensoughtto establish whether Gesponsivesilica
particlescould serve as an effectivemartsupport for heterogeneous catalysis. The
collaborationinvolved shipping out materials, which were madéause overseagor
experinentation and validation The collaboration is an ongoing effort; state of the art
COe-responsive silica particles are currently being investigated by Prof. Leitner and his

research group.
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3.1.1Abstract

COp-switchable polymers (PDMAPMAmM) were grafted fromicsil particles to
create C@responsive particles (RP, PG3 Ruthenium complexasere reducedn a
suspension of those particlesplace ruthenium nanoparticles (NP) on the surface of the
RP (NP@RP). The NP@RWRere examinedor catalytic activity,seletivity, and air
sensitivity in the presence and absence 0t.C@ collaboration with Sami El Sayed,
supervised by Dr. Kylie Luska and Prof. Walter Leitner at RWTH Aachen, Germany,
preliminary results utilising PG% show that the hydrogenation of furdiliacetone (FFA)
ascatalysed by RUNP@RReduces the C=C ar@=0 bonds in the absence of £t is

selective for just C=C bonds in the presence 05.€O

This work is proof of concept that not only can a smart material influence
heterogeneous catalysis kbt smart material can utilize GQxs an effective stimulus.
The forward stimulus is the application of €@ the presence of the smart material,
causing the smart material to become hydrophilic. The reverse stimulusgptiuation
of moderate heating, which causes the removal of fo@n the smart material. The

removal of CQ from the smart material returns it to its original hydrophobic state.
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3.1.2Introduction

Catalysis i®ftena necessary component for the effectiemsformation of readily
available building blocks intdigh-value materials. Research in this field has largely
focused on the development of new catalytically active species and their study. The aim
is to optimise performance to achieve high conversamuor selectivitied. Inspired by
nature, chemists have kledgurmttad yitmvwe styisg & tme
responds to an external stimulus. These systems work in much the same way as the activity

of an enzyme, via modulation throufgredback loops and various external stimdli.

The incorporation ofstimuli-responsivefunctionalities into catalytically active
systems could enable these systems to perform difficult or impossible transformations that
are currently out of the reach wiodern catalysisSwitchable catalysts have been used to
speed up or slow down the rate of reaction or change the stereochemical outcome of a
reaction given the presence or absence of a specific external stimukesent
developments include a catalysigstem that selectively promotes a single reaction from a
onepot mixture & building blocks. Williams etal. developed a chemoselective
COz-switchablehomogenousizinc catalyst which when under ap &timosphereatalyses
the ring-opening polymerization(ROP) of lactones, and when under a@&mosphere
catalysesthe ROP of epoxides. By alterinmptweenthesetwo conditions the authors

achieved theelectivepreparation of poly(carbonatdock-ester) copolymers.

A variety of stimuli carbe usedandthe modern chemist is only limited by their
imagination Recent years have demonstratemth heterogeneous and homogeneous
switchable catalytic systems that respond to a variety of stimuliasmH,>° light,'+25,

temperaturé®® redox3t*’ solvent*®>® addition or removal of analyt€$>® and
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mechanical force¥:%® The stimulus commonly causes steric effects, electronic effects,

supramolecular aggregation or dissociation, or coordination effects.

Diaconescu et al. demonstratetdoxswitchablehomogeneous catalyisased on
a Ce(lllysalencomplex, wherein oxidation of tt@mplexresulted inthe deactivatiornof
the catalyst and subsequent reduction activated the cafaljse Ce(lll}salencomplex
was catalytically active in the ROof L-lactide, achieving 85% conversion in o\&h.
The aldition of ferroceniumtetrakis[3,5bis(trifluoromethyl)phenyl]boratg FCBARF)
oxidisedthe Ce(lll) complex; th@xidised Ce (IV) complex showed no catalytic activity
towards ROP. The system cdile switchedn situ by reduction of the Ce(IV) complex
with cobaltocene. The +&ctivated complex showed no loss of catalytic activity. The
drawback to this gproach is that given enough cyclése salt will accumulate in the
system eventually requiring removalAlso, the chosen stimuli are complex reagents,

resulting in a significant financial investment over time.

A different approach to a redox system was reported by Matyjasz&Bknamic
modulatons of atom transfer radical polymerization (ATRP) rateseachieved through
electrochemical switching of the oxidation state of the copper catdlgstapplication of
a potential 0f0.68V (vs. Ag*/Ag) reduces the inactive Cu(ll) spectesthe active Cu(l)
species. Application of a more positive potentialo(40 V) shifted the equilibrium back
towards the catalytically inactive Cu(ll) species. Varying the applied potential between

0.69 V and-0.40 Vswitches he pol ymer i #oarespeotimelyi ono or

Switchable functionalities can lilisedto address multiple aspects of a catalytic
system Switchable functionalities can directlffect catalystbehaviouror they can

influencethe broaderreaction conditions, subsequently fatiting the separation ahe
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catalyst fromthe product For exampleswitchable phase transfer ligands hdneen
developedo shuttlea catalystbetweerphases in biphasic mixture3hus the catalystan

be recovered and reused after the reactiorgbas to completiof®’ Similarly, anionic

liquid catalyst habeen designed to phase separate as thieaegoes to completiqrsince

it is not miscible with one of more of the produgtsn 2007 Hamamoto et apublished

a novel solidphase reaatn system in water which is switchable with temperature. A
thermomorphicatalystwas created which the affinity for an organic substrate increased
with higher temperatureThisallowed forefficientcatalyst activity, driving the solid inner
phase okdative cyclisation of pent4-en1-ol to tetrahydropyra2-methanol. Lower
temperatures reduced the affinity for the organic substrate causing loss of activity and

phase separation, thereby allowing for easy catalystuct separatiof?.

Modern catalysts have overcome many challenges; often allowing for high
conversions, highturnover frequencies and highiegio- or chemeselectivities. A
challenging yet crucial component of the catalytic system that remalesdddresseid
the recovernand reuse of the catalyst. Precious metals and synthetically complex ligands
are often used to achieve higkgio- or chemeselectivities As such, their recovery is
paramount becaudbe loss of even a small percentage of catalyst over time regults
significantfinancial lossesand may eventually lead #ostrain on global resourced he
main problemscausing catalyst lossese either related to the catalystability in air or
moisture and the task of protecting it during product separation, @ati@ng of catalytic
material into theproductphase. To facilitate catalystproduct separation anainimise
financial loss, researchers have investigated supported catalyst systems in which a
homogenous catalys tetheredo an organic polymerisupport, annorganicsupport,or
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ahybrid support? In addition to a solid support, a variety of modern matehalebeen
developedwherethe material can encapsulate and protect a catalytically active species
during product separationThese materla include but are not limited toofymers of
intrinsic microporosity (PIMs)?® stimuli-responsive polymer8,porous organic glymers

(POPs)®"2 and metalorganic fameworks (MOFs}3

Kong et al. recently reported a smart heterogeneous catalyst @rahgoselective
tandem reductiofactonization of ethyl cylarylcarboxylate&® By taking advantage of
the thermoresponsive behaviour of poly(ethea@crylamideco-acrylonitrile) in water
and the confined feature ofisa nanoparticles, they prepdra silica material with chiral
rhodium/diamine functionality on SiOnanospheres coated with a watetuble
thermoresponsive polymeAt 403 the polymer coating is in an extended form, allowing
the asymmetric reaction to proceed with high catalytidcieficy owing to the
homogenoudike catalytic environment. At 15 the polymer coating is in a collapsed
state, completely stoppirtigecatalyticactivity and thus allowing efficient catalystoduct
separation and recycling. Interestingly, the catalyst displayed enhanced performance and
comparable enantioselectivitielative toits homogeneous counterpart. The authors
attribute this to the watesoluble polymer coating and the confined chiral rhodium/diamine
catalyst. The authors showed that the catatysid be recycled at leasighttimes withait

loss of its enantioselectivity.

Futureresearclefforts will seekto expand on current catalystpabilities in hopes
of developingmulti-responsive switchable catalysts that can control multiple catalyti
processes by applying stimuh a specific order. Further advances ¢@n madeby

incorporatingstimuli-responsivecatalysts with an inert supgothat facilitieseffective
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catalyst separatignor by incorporating stimuli-responsivecatalystswith a stimulk
responsivesupportthat facilitates multiple reactions pathways as wedféectivecatalyst
separation and protectionn this sense, e can envision a support that responds to a
different stimuts than the catalyst, therefoqgrotecting it during separatiomand
subsequently exposing it during a reactionwhich the catalyst can thdre activated

towards chemoor regieselective reggonsa viaadditional stimuli

In this chapter, traditional ATRP was utilised to create-@3ponsive supports
(i.e. polymergrafted silica particles) for catalytically active nanoparticlesThe
combination of functional support and catalysis investigatedor a specific catalytic
response as a function thfe state of the C&responsivesupport These heterogeneous
catalystshave the potential tewitch from active to inactive or from one selectivity to
another upon application or removal of £@ G-reponsive technology has the potential
to increase the lifetime dieteogen®uscatalsts, as well as the potential to expdhe

rangeof applications for which thesmtalystscanbe used
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3.2 Results and dscussion

3.2.1Synthesis of CQ-responsivepolymer-grafted silica particles

The CQ-responsive smart material was created usinggthéting frommethod
previously outlined in Chapter 2. PDMAPMAmM wggfted fromthe surface of silica
particles to create PGB The irregular silica particles had an agerparticle size in the
range of 4663 m. RGS7 was determined to be 17%tpolymer by thermogravimetric
analysis (TGA)nd ca. 6 Wi nitrogen by Xray photoelectron spectroscopy (XPS). This
batch of particles was synthesized without the addition ek fmitiator to the
polymerization elution. Additionally, the primarypurpose of this batch was to initiate
collaborative experimentation in hopes of determining whether ar€ponsive smart
material could serve as a smart support for heterogenetalgscm For this chapter,

PGS7 will be referred to directly or as a responsive particle (RP).

3.2.2Ruthenium nanoparticlesstabilised on COe-responsive plymer-grafted slica
particles

In collaboration with Sami El Sayed, supervisedny Kylie Luska and Rof.
Walter Leitner at RWTH Aachen, GermamPswere examineds functional supports for
ruthenium nanoparticlesMetal complexesvere reducedh a suspension of RRs place
metal nanopatrticles (NP) on the surface of the RP (NP@RP). The NR@&Bxarmed
for catalytic activity,selectivity,and air sensitivity in the presence and absence of CO

Preliminary resultsshow that the hydrogenation of furfural acetone (FFA) catalysed by
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RUNP@RP reduces the C=C &dO bonds in the absence of £l is selective for just

C=C bonds in the presence of £®

The synthesis of RUNPRIP was accomplisheldy wet impregnation of theGS7
support with [Ru(2methylallyl)>(cod)] followed by subsequent reduction undexgH
(Scheme 3.1). The PGS7 based matial was characterizetly N> sorption using the
BrunauerEmmettTeller (BET) method, revealing a surface area of 23g*mand a pore
size diameter of 80. Analysis of the RUNP@PGBusing high angle annular ddrkld
scanning transmission electron noiscopy(HAADF-STEM) revealed the formation of

RuUNPs with a particle size betweed hm/’*

(0]
QO nBr [Ru(2-methylallyl),(cod)] Ru@PGS Hy(g) (100 bar) RUNP@PGS
NH DCM,rt, 1 h 100 °C, 18 h
(0]
/
N
\
Scheme 3.1.Preparation of RUNP@PGEfrom PGS7 as reported bl Sayedet al

PGS-7
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3.2.3Hydrogenation of furfuralacetone with ruthenium nanoparticles stabilized on

COe2-responsive polymergrafted silica particles

Furfuralacetone (FFA) was chosenaasmodelsubstrate to study the influence of
PGSon the catalytibehaviar of supportedRuNP catalysts. The hydrogenation reaction
of FFA involves multiple steps, the first being the hydrogenation of the C=C bond to form
4-(furan-2-yl)butan2-one (FK). From FK there are two possible routes to the fully

hydrogenated product@etrahydrofuan2-yl)butan2-ol (THFA) (Scheme 3.2):

1. C=0 hydrogenation to4-(furan-2-yl)butar2-ol (FA), followed by aromatic

hydrogenation.

2. Aromatichydrogenatiorto 4-(tetrahydrofurar2-yl)butarr2-one (THFK), followed

by C=0 hydrogenation.

FA

\“\l//\/QO)
o Hz’_’_,f OH “*.‘[F":“].HQ

Route 1

ey =T : Y \

oW ML Ha [
- \H/“\,/\o/ R S

AP
T o

; \\\\\\“\\ ,///////' ”
FFA FK M. Hz . [M], Ho THFA

Route 2 \H/ﬂ\/ /\0/
¢}

(o)

THFK

Scheme 3.2.The reactionmechanism for the hydrogenation of FFA as reporteélb
Sayedet al.
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PGS7 was able to influence the selectivity of the RUNP when W&s present.
The hydrogenation of FFA with RUNP@PGSin the presence of C@rovided mostly
aromatic ketone (FK: 17%) and saturated ketone (THFK: 71%). In conthast,
hydrogenation of FFA with RUNP@PGS in the absence of C@rovided exclusively
saturated alcohol (THFA: 100%). In another experiméret,nydrogenation of FFvas
carried out with RuNPimmobilised on nonfunctionalized silica (RUNP@SHP and
compared to RUNP@PGE The results are as follows: RUNP@SIOHFK: 43%,
THFA: 50%) andRUNP@PGS (THFK: 76%, THFA: 16%). e data indicates that the
COp-responsivesilica particlegprovided selectivity towards THFK due to the presence of
the amine functionality and its interaction with £CQAdditionally, thedata indicates that
the hydrogenation of the alkene and aromatic moieties was facile, while the hydrogenation
of the C=0 bondwas hinderedn the presence of GO Thus, the combination of
RUNP@PGS& and an atmosphere of €©ould be employed to control the product

selectivity in this reactioft

The product selectivity towards THFK provided by RUNP@PG®thepresence
of CO,was achieveby hindering the catalystdés abild]
groups. Investigations are currently underway to elucidate the exact mechanism causing
this selectivity However, i is suspectethat the formation of the bacbonate salbf the
nitrogenous polymer is responsible for hindering the hydrogenation of the C=0 (Scheme
3.3). Itis important to note that while wateas not addetb the hydrogenation reactions,
the ®lvents used were not anhydraursdried by any aditional means.Additiondly, the
reagentswere exposedo the lab atmosphere, from which moisture could have been
absorbed or adsorbed. Since the hydrogenations were carried out with a small loading of
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RUNP@PGS (75 mg), it stands to reason that enougiater could be present in the
reaction to facilitate significant bicarbonate formation. Thus, formation of the bicarbonate

ion could be responsible for the increased selectivity towards THFK in the presence of

CO..

H

\\\\\ / o
N® HCO

\ \ }

Scheme 3.3. The formation of the bicarbonate salt of P&S(PDMAPMAmM) in the
presence of C&and HO.

Q! Q!
Co, + H,0
Br 2 2 B
0 N EEE— 0 o
NH AT NH
0 0
/
N

In order to determine the lifetime of RUNP@R®Sa variety of recycling
experiments were conductedinitial testing revealed thathe productselectivity of
RUuNP@PGS7 was inconsistenasthe yield of THFK decreased from 52 to 3@%erfour
cycles™ The drop in selectivity was attributed to the loss of catalyst (cat@) between
the first and fourth cycles. Further recycling experimergsevperformed using physical
agitation instead of magnetic stirring in an eftorteduce the mechanical degatidn and
loss of RUNP@PGS. Under shaking conditions, the catalytic activity and selectivity of
RUNP@PGS remainedconsistenpver the two gcles that were conducted. The yield of
THFK was between 488% after 16 H? It is possible that the reduced mass transport that
is achieved using physical agitation may be responsible for the lower activity observed for

RUuNP@PGS under these conditisn ltwasthereforedemonstratethat RUNP@ PGS

95



could be efficiently cycled and recovered using physical agitation as a method to induce

mass transpotithin the reactor?

3.2.4Considerations of functional response and iténfluence on catalytic ativity

Various particle sizes and morphologies of silica partialebeing exploredn
attempts to improve the catalytic properties of the RUNP@R&v methods have been
developed and implemented for the synthesis"dfj@neration C@responsive particles
(i,e. PGS15 and PGY7). The method development wbke outlinedin Chapter4;
however, due to the relevancetbé purpose of the materiéi.e. catalyticsupport) both
PGS15 and PGS.7 will be discussed here. Catalyst activgtgepenént on variatiorsin
the particle surfaces; including zeta potential, size, local pHiggeeeof protonation, and
local polarity. Itis important to note that the polymer brush conformation depends heavily
on a combination of solvent effectsgrafting density®’’ and the degree of protonation
achieved by introducing Cnto the solvent® Forthis discussion, is assumethat both

the CQ and water concentrations are in excess and the solvent chioleal.

It is worth noting that the size fluctuation of an individual particle due to the
polymer brush extending or collapsingnisgligible However either state could trigger
aggregation or flocculatioff:®° The P! generationCO,-responsive particles (i.8GS7)
lacked the ability to be characterised via traditional methods, thus the molecular weight
and dispersity of the grafted polymer is unknowrhis oversight was corrected in the
development of the "2 generation C@responsive particles. Consequently, the"?

generation C@responsive particles (i.e. P&AS and PGH.7), which are currently being
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tested, will be utilized for detailed discussioRor example, PGR7 was poly
(diisopropylamingethyl methacrylate (PDIPAEMA) grafted fro200-500 € mspherical
silica particles. The Mof PDIPAEMA was determined to be ca. 30 kDa, therefore
consisting of ca. 140 repeat units of DIpAEMA. The repeat urRDIPAEMA cortains

two carbori carbon bond equivalents, which are each ca.phd4h length. The polymer

in its extended state would then reaal25,000 pm (0.025m) off the surface of the silica
particle. If the smallest PGE/ particle were to be considered, having a diameter of 200
¢ mthe polymer brush would equate to ca. 90ff the diameter of the particle. Similarly,
the M, of PDIPAEMA grafted from PGS5 was determined to be ca. 43 kDa and the
smallest particle size to consider is 40m Therefore, themaximum extension of
PDIPAEMA off the surface of the particle is &036em, which equates to ca. 0.09% of
the diameter of the particle. At best, one should discuss these materials as hairy particles,
as is commonly done in literature, and not as -stsdl particles inwhich the core is

smaller orequal to the size ohe shell.

The particle size will remain effectively unchanged as a result of the extension or
collap= of the polymerush However,theseconformational changes will have a large
effect on the considerably smaller metal nanoparticles deposited omftee f the silica.

As discussed previously, the RuNR&re determinedto be *4 nm in diametef!
Comparing the size of the RuNP-41nm) to thesize of the CQ-switchable polymer
brushes (2886 nm when fully extended), a clearer image of how the brush might influence
catalytic activity begins to form. The brushes, if fully extended, would be-86.tBnes

larger than the RUNPs. It makes sense then thatukh bould effectively dictate the local
environment surrounding the RuNP. Changing this local environment is one mechanism
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in which catalytic activity is thought tme influenced The ntroductionof either carbamate
or bicarbonate ions proximity tothe RuUNP is another. The patrticle size, however, is
hypothessed to do little to change the local environment, and thus will influence the

catalytic activity in a negligible way.

3.3 Conclusions

Heterogeneous catalysts are industrially preferred over horaogstatalysts but
could be even more useful if they had the abilitgdtalyse one reaction and then another,
to catalyse a reaction and then protect themselves during separations, or to change their
selectivity from one product to anothen demand In collaboration withProf. Walter
Leitner at RWTH Aachen, Germanyreliminary results have demonstrated that
COp-responsive particles, whenagsas a functional support farthenium nanoparticles,
can influence the selectivity of the hydrogenatiofudiuralacetone in the presence of £0
The hydrogenation of furfuralatone (FFA) catalysed by RUNP@PG&duces the C=C
andC=0 bonds in the absence of £t is selective for just C=C bonds in the presence

of CQOp.

The hydrogenation results obtatheith RUNP@PGS were reproducible when
shaken, not stirred. When combined alongside experimental observations that were
collected inhouse it was determined that spherical silica particles are too fragile to

withstand the repeated abuse of a mechasttaihg via a stirbar.

Owing to the small size of the active metal sited(hm) and the maximum

extension of the polymer brush (BDato 43kDaequating to 2536 nm) it stands to reason
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that there may be a limit to the amount of polymer needed toemtkthe catalytic
propertiesof the active metal site It alsostands to reason th&aio much polymer may

inhibit mass transfer to the active metal site and reduceftbetivenes®f the catalyst.

This collaboration has aided in the identification of shortcomings that witfst
the 1% generation of C@responsive polymegrafted silicaparticles andthe method
utilised to synthesise thenConsequently, this collaboration has driven the developme
of a 2" generation of C@responsive polymegrafted silica particles, which wilbe
discussedin detail in chapter 4. In summary,"“2generation COz-responsive
polymergraftedsilica particles using BIPAEMA are currently being tested as a new
COo.responsive suppasfor RUNP and the effects of molecular weight and grafting density
arebeing explored PDIPAEMA has been grafted to irregular silica (RS and spherical
silica (PGS17) and will thus allow properties such as surface area and particle bee to

examined

Further experimentation is required to optimize reaction conditions with
RUNP@PGS7; howeve, from the experiments conducted with RUNP@PG& can be
concluded that the molecular weight of the grafted polymer must be determined. This work
demonstrates the need for a method of synthesizingr&ponsive polymegrafted
materials that can prale reliable insight into the molecular weight of the grdfpolymer

in a nomlestructive manner.
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3.4 Experimental methods

Experimental conditions outlined below are those that the author, Kyle J. Boniface
has undertaken,demonstrated and/or developed of & own accord Experimental
conditions relevant tthe work done by theollaboratoravasmentioned in the discussion

orcanbefound n t he mast eEl®Gayed*hesi s of Sami

3.4.1Materials

All aqueous solutions were prepared with deionized water (DIW) ustessd
otherwise. All silica particleswere purchasettom Silicycle. The followingchemicals
were useds reeived unless otherwise statedifuric acid (Fisher, ACS reagent grade,
95-98%), anmonium hydroxide (Aldeh, ACS reagent grade, -38% NHs basis) water
(Millipore, type3)ilydrodespedxid¥@lAricm3a@ ir2HO),
2-bromao2-methylpopionyl bromide (BIBB, Aldrich, 9&%),
ethyl 2-bromo2-methylpropionatéEBIB, Aldrich, 98%), diisopropylethylamin€DIPEA,
Aldrich, 99%), 4-(dimethylamino)pyridine (DMAP, Aldrich, 99%), dichloromethane
( DCM, EMD Mil | i por%), methandl (MeOk, EMD, Millipode8 . 5
anhydrous), apper(l) bromide (Aldrich, 99.99% trace metals basis)
N-[3-(dimethylamino)propyl]methacrylamid®MAPMAmM, Aldrich, contains MEHQ as
inhibitor, 99%),N,N,N',N ,N -pentamethyldiethyleetriamine (PMDETA, Aldrich, 9%),
ethylenediaminetetraacetic acid (EDTAAI dr i ¢ h, pur i %) sodumgr ade,
hydroxide Na OH, Al dr i ch, %Aa&usiniumeozide ¢Aidtich, adivated,

basic, Brockmann 1).
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Piranha solutions were used to clean silica substrates. Acidic piranha solution
consists of a 7:3 (v/v) mixturef concentratedulfuric acid and0% hydrogen peroxide
solution, commonly heated to 8. Basic piranha solution consists of a 5:1:1 (v/v/v)
mixture of Millipore water, 30% hydrogen peroxidesolution and 40% ammonium

hydroxidesolution, commonly heated to 20.

Warning Piranha solution is highly dangerous atgluserequires considerable
care. Piranha sdiion is either strongly acidior basic and a strong oxidizer. The mixing
of piranha solution is very exothermic and should be done slowly; if the reagents ede mix
too quickly the temperature can easily exceed 200which will result in boiling and
splashing of the piranha solution. Piranha solution will reamently with organic
compoundsthereforeit should be used in a fume hood clear of organic solesemtsvaste.
Make only as much Piranha solution as needégnnwdisposing oéxcess or usepiranha
solution do NOT cap the bottle. It commonly takes a day or two for the reagent to
neutralize fully, during this time oxygen gas is produced. Refer to iystitutions

standard operating procedures before attempting to use or dispose of piranha solutions.
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3.4.2Synthesis ofpolymer-grafted slica-7 (PGS7)

Cleaning and hydroxylation of silica particles:

Silica particles $iO, #5, SiliaFlash P60, 46 3 40\ pore siz¢were subjected
to athreepart treatmentto remove organic contaminants and promoteydroxytrich
surface. Firstly, the particles were st in acidic piranha solutiofor 1 h at 853
followed by rinsing three times with Millipore wategecondly, the particles were stirred
in basic piranha solution for 20 min at¥(Q followed by rinsing three times with Millipore
water. Lastly, the particles were vacuum filtered and dried in an oven overnightzat 110
The clean and hydroxyich paticles were stored in a sealed vessel uddarntil further

use.

Warning: Piranha solution is very dangerous. Refer to Materials section

Initiator grafting method (PGS7, KB-B6-PG32)

Cleanand hydroxyrich silica marticles GiO, #5, SiliaFlashP60, 406 3 400y
pore size, 15 dl eq. assumptiod mmol-g?) were addedo a 250 mL flame dried round
bottom flask, to which a condensemas fixed Reactants were addeding Schlenk
techniques for inert conditiongliisopropylethylamine (DIPEA, 1.Eq., 33.0 mmol),
4-(dimethylamino)pyridine (DMAP, 0.013 €g0.39 mmol) and 150 mL of anhydrous
dichloromethane (DCMyvere addedo the round bottom flask. The round bottom flask
was cooled in an ice bath for approximately 30 min, after whtod initiabr,
2-bromao2-methylpopionyl bromide (BIBB, 1.1 eq., 33.0 mmol) was added dropwise via

syringe. The mixture was stirred via a magnetic stir bar (1200 RPM) for 20 min before the
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ice bathwas removednd the mixture was allowed to mato room temperaturea. 273
andallowedto react overnight.The BIBB-grafted silica was then collected by vacuum
filtration and washed multiple times with DCMhe washed particles were dried at 310

for 20 min, then stored undAr until further use.

SI-AGET-ATRP PDMAPMAmM from silica, PGS7:

Initiator-functionalizedsilica particles $iO #5, SiliaFlash P60, 46 3  40f@y
pore size, 6.2)gwvere addedo a 500 mL 3neck round bottom flask containing 150 mL of
anhydrous methanolThe mixturewasspargedvith Ar via needldor 1 h. The monomer,
N-[3-(dimethylamino)propyl]methacrylamid¢DMAPMAmM 1.2 mol, 80 eq.)passed
througha basic alumina columandspargdwith Ar via needl€or 30 min. The catalyst
was prepared by mixing copper(l) bromide 28 mmol, 1 eq.) with
N,N,N,N",N -pentamethyldiethylenetriamine (PMDETA, 26 mm@l,eq.) in 25 mL
anhydrougmethanol. The mixturewas spargeavith Ar via needlefor 1 h. The sparged
solutionswere added to the-Beck flask undeAr, heated to 58 , and stirred via magnetic
stir bar (900 RPM)vernight. The polymekrgraftedsilica particles wereecovered via
vacuum filtration and washed thoroughly with an aqueous solution of
ethylenediaminetetraacetic acid (EDTAdllowed by multiple washingswith distilled

water. The particles were dried at 110 overnight, then stored undar until further use.

103



3.4.3Thermogravimetric analysis of PGS7

Thermogravimetric analysis (TGA) waerformed using a TA Instruments Q500
TGA analyzer by heating the sampising the following ramp: 10 °C minfrom 30 to
1203 , held for 20 min and 126 , followed by 10 °C mif to 9003 . The inital
isothermal hold at 128 wasto remove bulk solvents and adsorbed liquids such as
moisture from the atmospher@.he organic ontent of PG was determinedrom the
mass lost after the initial isothermal hold, from 9W86 to 80.5wt%. PGS7 was

determined to be 17% PDMAPMAmM by weight.

100 0.12
Sample: KBBEPG34 PGS7
Size: 19.8230 mg
Method: Ramp F
Comment: pgs7 010
95 I
~0.08
50 - - e
—_ ~0.06 =
g | <
< =
= o
=) g
& L
= F0.04
85 L ‘£
7}
(a]
~0.02
80+
~0.00
75 . . T T . . . T . T . T . . . T T . . -002
0 200 400 600 800 1000
Temperature (°C) Universal V4.5A TA Instruments

Figure 3.1. Thermogravimetric analysef PGS7. Ramp profile103 min™ from 303
to 1203 , held for 20 min agh 1203 , followed by 108 min™ to 9003 .
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3.4.4Nuclear magnetic resonancepectroscopy of PGS7

Solid-stateNMR (*3C and?°Si) spectravere recordedy Dr. Francoise Sauriol on
a Bruker Avance 60F-T-NMR spectrometepperating atL50.91 MHz ging a Bruker
5 mm cross polarizatiomagic angle spinning (CRIAS) probe. The spinningate was
12 kHz with a crosgpolarization contact time of 3 nasid a repetition delay of 2\¢arious
contact times anckpetition delaysvere exploredn efforts to improve the signal to noise
ratio. In some instances, longer contact times (i.e. 5 or 7 ms) resulted in a better spectrum
for silica samples with low organic content. For polygeafted silica samples, which

have a high organic content, a contact time of 3 ms with a delayisfremmended

PGS7 3C CP-MAS NMR (Figure 3.2: 177 ppm, 56 ppm, 47 ppm, 43 ppm, 23 pf
16 ppm

PGS7 2°Si CP-MAS NMR (Figure 3.3: -105 ppm-106 ppm-117 ppm
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Figure 3.2. 13C CRMAS NMR spectrum of PGS.
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Figure 3.3. 2°Si CRMAS NMR spectrum of PGS.
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3.4.5X-ray photoelectronspectroscopyof PGS-7

XPS measurements were conducted and interpretedrbabriele Schatte of
Qu e eUnivessity, Kingston, Ontario, CanadalThe XPS spectravere measuredn a
Microlab 310F spectrometer equipped with an XRtwin anode (Al/Mg). The
manufacturer of this systemV&5 Scientific The samples were mounted ostabtype
stainless steel holder using doublded adhesive Cu tape and kept under high vacuum
(108 mbai overnight inside the preparation chamber before Werg transferreihto the
analysis chamber (f0mba) of the spectrometer. The XPS data wenélected using
MgKg radiationat 1253.6 eV (280 W, 14 kV) and a spherical seeatmalyser (SSA)
operating in CAE (constaahalyserenergy) mode. Binding energiage referencetb the
Cls peak at 285 eV. Survey speetexe recordefom -5 to 1000 eV at a pass energy of
40 eV (number of scans: 5) using an energy step size of 2Hiyh-resolutionspectra
were measuretbr Cls, Ols, N1s and Br3d in the appropriate region at a pass energy of
20 eV and an energy step size of 0.05 dWe analysed area on the specimensabout

5x 2 mnt.

XPS analysis of PGS identified significant amounts of carbon and nitrogen on
the silica substrate. Thatomic composition was determined by comparative analysis of
peak heights, and is as follow87.19% carbon, 5.89% nitrogen, 56.91% oxygen, No
bromine was detected. The carbon to nitrogen ratio for PDMAPMA®.31 to 1
(experimental), and 4.5 to 1 (theoretical). Thed¥ithe polymer is unknown, so grafting
density cannobe estimatedor PGS7. However, the carbon to nitrogen ratio reported by
XPS is within acceptable limits for PDMAPMAmM, when consideratians givenfor

initiating groups and lovevel contaminantsuch as adsorbed carbon dioxid&énalysis
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for bromine failed to detectsagnd; thisis likely due to the low amount of bromine relative

to the total organic content of the sample, which is only 17% organic. Additionally, early
chain termination events could account for a loss of bromine in the grafted polymer. Such
events are umanted but would likely have occurred due to the high concentration of

catalyst used in the''generation C@responsive particle synthesis.

Table 3.1 XPS peak analysis for PGS atomic percent reported as a function of pe
area.

Name Start BE Peak BE EndBE  Area (rormalised) Atom %

Cls 291.4 285 282.15 31.76 7.72
Cls A 291.4 286.36 282.15 60.79 14.77
ClsB 291.4 287.54 282.15 44.07 10.71
CisC 291.4 289.05 282.15 16.44 3.99

Ols 537.95 532.21 529.5 31.9 7.75
Ols A 537.95 533.67 529.5 142 .4 34.61
OlsB 537.95 534.8 529.5 59.87 14.55

N1s 403.88 400.71 397.63 15.42 3.75
N1s A 403.88 401.55 397.63 8.79 2.14
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Figure 34. Surveyspectrum of PGS.
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Chapter 4

Met hod Devel opment f>BespbasbyatBasti

4.1 Preface

As the COx-switchable drying agergroject evolvedthe synthetic methodology
also evolved.Shortcomings of traditional ATRP metlsdere identified and resolved by
the use of special equipment, new monomarsl anovel i s u r-imitetedeactivators
generated by electron transfer atom transfer radical poé r i s SHAGETADRP) (
method. In this chapter, newly designed polymer grafting methoelslescribed A
robust, user and substrate frien@i¥AGET-ATRP method was developed specifically for
problematictertiary aminecontaining monomers. fie SIAGET-ATRP methodhas
facilitated the creationf a variety of C@-responsive surfaceslhe work in this Chapter

is currentlybeing preparetbr publication.
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4.1.1Abstract

The controlled radical polymerisation of PDIPAEMA from a surface tbheen
achievedwith levels of control not previously reported in thierature’ > ARGET-ATRP
and AGEFATRP methodologies were utilised to create.€€sponsive smart materials.
Using AGETATRP, high molecular weightand low dispersity PDIPAEMA can be
producedasa homopol ymer ()»lg0®OwkhDd,r oom: al .slut f ace
1.17) When [M]:[I] o:[Cu]o:[L] 0:[RA] is [253]:[1]:[0.66]:[3.3]:[10], and [M] is ca. 4 M,
the surfaceinitiated polymerisation proceeds to high conversion (>90% in 12 h), yielding
narrowly distributed PDIPAEMAgrafted surfaces. PDIPAEMA has been gifteom
silica particles, silicon wafers, and cotton fabric with good control. THeGHT-ATRP
method presented herein allows for the nondestructive approximation of the molecular
weight of the grafted polymer chaing.hus the relationship between moldar weight

and stimuliresponsiveness can be studied in greater detalil.

A 2" generation of C@responsive particles, created using theASET-ATRP
method, removed twice as much water per g of matg@@d3 mgH.O/g DA) than the 1
generation ofCOx-responsiveparticles (490mg H>O/g DA) when removing water from

wet isobutanol.
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4.2 Introduction
4.2.1CO2-responsive monomers

In the research described in ththapter the previously utilised monomer,
DMAPMAmM (N-[3-(dimethylamino)propyllmethacrylamijlevasreplacedoy DiPAEMA
(2-(diisopropylamino)ethyl methacrylgte The charactesation of PDMAPMAmM was
challenging. At the time, the research facility was ungoed to handle the analysis of
PDMAPMAmM by GPC due to a lack of solvent compatibility. PDMAPMAgquires an
aqueous mobile phase with an acidic modifier to dissolve the sample, whereas the
equipment was setup to use organic if@ophases. Additionally, NMR v&anot sensitive
enough to distinguish PDMAPMAmM peaks from ATRtiator peaks at the moletar
weights that werebeing investigated>2 kDa). Furthermore, matrix assisted laser
desorptionibnisationtime of flight (MALDI-TOF) mass spectrometry proved unsuccessful

at identifying molecular weights >5 kDa.

The first generation of C&responsivesilica particlesvassuccessful in that they
exhibited a response to G@ndthat responseouldbe quantifiedn terms ofthe number
of water molecules of hydration. The next logical step was to determine the amount of
polymergrafted on the silica pactes and howit relatedto waters of hydration. At this
point, questions that were critical to the future progress off@€§ponsive particlesere
raised Did more polymer allow foa larger wlumeof waterto be captured? Was there a
limit to the amaint of polymer that coultde loadedn the substrate? Did water capture
reach a local or global maximum at a specific molecular weighi&molecular weight of

the grafted polymer must lk@ownor at least approximated with a high degree of certainty
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to answer these question8ecause the molecular weight of PDMAPMAmM could not be

determined, PDMAPMAmM had toe replacedo move the project forward.

The foundation of this body of work is that the response te S(a direct
consequence of the formationaobicarbonate ion. GOH.0O, and a nitrogenous base have
multiple pathwaysn which they can react with one another. This work focuses on one
pathwayin particularand that is bicarbonate formation. Tertiary amines interact with CO
in water to form a igarbonateion. Thus only monomers containing tertiary amine
functional groupswere studied The following monomersnvere consideredas a
replacement for DMAPMAmM: Zdimethylamino)ethyl methacrylate (DMAEMA),
2-(diethylamino)ethyl methacrylate (DEAEMA), and 2-(diisopropylamino)ethyl

methacrylatd DIPAEMA).

DIPAEMA was chosen to replace DMAPMAmmonomer choicavas weighed
against multiplefactors but the decision to choose DIPAEMA came dowroidy two.
Firstly, in comparison to DMAEMA an®EAEMA, there are considerably fewer studies
usingDIPAEMA and the instances of controllpdlymerisationof PDIPAEMA are rarée
Thus, any work using DIPAEMA will have intrinsic value and will most certainly add to
therelativelysmall body of published studies in the scientific community. S#gpthe
dual pH and thermeresponsive properties of PDIPAEMA in an aqueous solution present
a unique opportunity for a G@esponsive systefit. The pH and temperature of a system
can be controlled independently of one another and either stimulus can be applied

independently to favour either the charged or neutral state of PDIPAEMA in solution

The CQ-responsive system, as described here, is one in which ainstérble

polyamineis suspendedh water. The polyamine, when suspended in water, is mostly
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neutral and thus hydrophobic and watesoluble. The polyamine may or may not be
boundto a surface. Upon addition of g@arbonic acids formed through an acidbase
reactionwith carbonic acidthe polyamine becomes cationic and thus hydrophilic and
watersoluble. The removal of GCrom the aqueous solution forces the equilibrium
towards the neutral, hydrophobic, and waitesoluble state of the polyamine. Removal of
CO:is achieved by the application of an inert gas to the aqueous solution or by application
of heat to the aqueous solution. Currently, reaction vessgisemsusedto atmospheric
pressure with C& At atmospheric pressure a8 °C, the pH range accessible with €0

in water is ca. %7.

Both the thermeaesponsivebehaviour and the pHesponsivebehaviour of
polyamines can be utilised to decrease the time it takes to switch the polyamine from its
charged, watesoluble state to its neutral, waiesoluble state. The watspluble to
waterinsoluble phase transition for polyamines is pH is dependent) i the neutral
state is hydrophobic enough to be wateoluble. The pHesponsive, watesoluble to
waterinsoluble,phasdransition isdependentn thepKaxof the polyamine The pKan of
linear PDMAEMA has been reported as 92047, and 7.8 The pKan for starshaped
PDMAEMA, atvarious molecular weights, was reported to range froa828 ThepKan
for PDEAEMA has been reported as 75,3% and 6.7 The pKax for PDIPAEMA has
been reported as 6*2For the three polyamines in question, PDMAEMA, PDEAEMA,

and PDIPAEMA, theipKaH values are ca..7

While the pHresponse of PDEAEMAaNnd PDIPAEMA have been reported and
studied, theirespectivethermaresponsivebehaviouris just becoming understood. A

recentstudyby Thavanesan et ahvolvedfluorescent dyes to probe thgueoudehaviour
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of PDMAEMA, PDEAEMA, and PDIPAEMA as a fution of pH and temperaturd.heir
findings concluded that PDMAEMA showed little thermesponsivédehaviar across the
pH range of 6.08.9. PDEAEMA showe pronouncedesponse to temperature as pH
decreases, notably a sharp phase transition from-aalidnle to wateinsoluble occurs at
60 °C (pH 6.9)and abroadphase transition from watsoluble to wateinsoluble occurs
across a range of 20 to 4Q, at pH 7.7. PDIPAEMA exhibited drasticresponse to
temperaturacross the pH rangd 5.2-6.6. Most notably with PDIPAEMA, a sharp phase

transition from watesoluble to watemnsolubleoccuredat ca. 28C, at pH 6.6

The polyamines PDEAEMA and PDIPAEMA are therefore of greater value to a
COp-responsive system than PDMAEMgince their dual pH and thermeresponsive
properties occur in aqueous solutions, within a pH range that is accessible with
COoresponsive systems. The polyamine which exhibits this tarimraviar to the
greatest extent is PDIPAEMA. Thus, with all factors considered equRDIPAEMA
would exhibit the fastest and most pronounced switch from a charged andsofatelie
species when CQ is presentto a neutral and waténsoluble species when GQOs
removed Additionally, the temperature required to aid the transition from charged and
water-soluble with CQ, to neutral and watensoluble without CQ is only 28°C. For the
applications studied in this work, in which the charged and vealeble statés required
at room temperature and atmosphericpressure of Cg) PDIPAEMA is the most
attractive of the three polyamines to study. PDIPAEMA is pbthand thermeresponsive
within the pH and temperature ranges that are accessible to tiresponsive system and
the solubility of PDIPAEMA in watels governedoy the combination of both pH and
temperaturé.
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Whether the thermoesponsivebehaviarr of polyamines is an advantage depends
on the end use and the temperature range in which the maesighectd to perform.
Additionally, the CQ and water equilibriare influence@nthalpically. Addedeatdrives
the reaction in reverse, disfavoring the formation of dissolvegl €®bonic acid, and its
various dissociated species. The enthalpic influence on the concentration, af CO
solution will hinder the ability of the polyanme to stay watesoluble athigher
temperatures However this couldbe addressebly increasing the pressure of €@ the
system. Future applications will need to consider both the thexspmnsive properties of
the polyamines as well as the effects of temperature on the concentratiop ocbf®Onic

acid, and its various dissolved forms in solution.

4.2.2SI-ATRP asa tool for the g/nthesis of CQ-responsive polymergrafted silica

particles

The F'generation oCOx-responsive silica particlesassynthessedby SFATRP
utilising Cu(l)Br as the copper sourcéltilising Cu metal sources, commonly Cu(l)Br or
Cu(I)Cl, as a precursor for the active catalyst is indieatiftraditionalATRP methods?®
13 These metals are air sensitive and much care is required to prepare the catalyst. Any
oxygen in tle reaction will rapidlyoxidisethe Cu' species to th€u' oxide. Removal of
oxygen,thusreducing the amount of Clost to the formation o€u" oxide, is important
becausé¢he ATRP rate isensitive to the amounf CU in the system (Gheme 4.1). Any
deviations from the planned amount®@fl in solution will henceforth alter the rate of
propagation and the controlled nature of finepagationleadingto variable conversions

and a broad molecular weight dispersity in the final polyther.
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Scheme 4.1.A simplified version of ATRP kinetics higlghting thenegativeeffect of
oxygen in the system. Where the ligand is representéd by

Polymergrafted materials are challenging to create and reproduce using traditional
ATRP methods. Larger substrates, suchsiison wafers, complicate the necessary
deoxygenation steps since they require larger reaction vessels that are not conducive to
Schlenk techniques. ifsolved oxygen resultant froimmadequate deoxygenation &
critical issue fortraditional ATRP. Sincedissolved oxygen iglways present to some
extentandits concentratiomnconsistent, the proper amount of Cu(l)Br couldimetidded
or determined once in solution. gblymeriationoccurs, the results would be difficult to
replicate As these problemmbecame more apparent and more limiting, specifically in
surfaceinitiated applications, the scientific community engagedan effort to find
alternatives to traditional ATRP methods. Thedfort has produced multiple elegant
solutions to traditional ATR, the most applicable to this project being AGETRP and

ARGET-ATRP 1618

The defining characteristic of AGET or ARGET ATRP is that a mechanism exists
for the reduction of a Cuo aCu' species.Commonly, arexternal reducing agent such as
ascorbic acid, Cli glucose or tin(ll) 2ethylhexanoate is responsible for this proééss.

However, amineontaining monomers and ligands can also facilitate the reduction
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process®?®  The major distinction between AGETand ARGETATRP is the
concentration of copper in thgolymerisation reaction. ASET commonly consists of
higher concentrations of copper, typically frord00 tox 1000 ppm. On the other hand,
ARGET was developeth the pursuit of lowering copper concentration bedo¥®0 ppm
Using ARGETATRP, Dang et al. successfully polymeeid DEAEMA using 100 ppm
Cu(ll)Cl2.*° In this thesis literature methods were modified adkRGET-ATRP of
DIPAEMA was successfully carried out with copper concentrations less Xf@appm
(Chapter 4, KBB8PGB Mn: 10.7 k D a , 1.38).. AGET-ATRP has been successfully
carried outwith consistent results, with coppeosncentrations of ca. 1300 pd@hapter
4, KBBOPGS8, PDIPAEMAMK: 111 k D&hapter 5KBRIPGS82,;PDIPAEMA
SI-AGET-ATRP, silicon wafer, M: 39.6 k Da , n : Chapter 14,KBB9PG14,

PDIPAEMA, SFAGET-ATRP, silica particlesM,: 42 .8 kDa, n: 1.27).

In general, the AGET/ARGET process begins with the catalyst metal precursor in
its oxidatively more stable stat®r Cu-based systems, this is CuThe less stabl€u
speciess then generateth situ via reduction with an external reducing agent such as
ascorbic acid or tin(ll) 2thylhexanate, or via reduction with an internal reducing agent

such as a nitrogenousonomer orligand4192° (Scheme 4.2 and 4.3).
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Monomer
Oxidized Agent + HX Excess Reducing Agent

Scheme4.2. Simplified mechanism for AGET and ARGET ATRPIX is a byproduct
when ascorbic acid is used as a reducing agent.

cul/L

0, Reducing Agent

cull/ L

Scheme 4.3. The fundamentapurpose of the reducing agent in ARGET or AG
ATRP. Whether by ATRP mechanisms or by oxidation from oxygen catalysis

shuffledbetween the two oxidation states. The presence of excess reducing agen
Cu' to the Clistate.

Externally reduced AGET or ARGEATRP systems havéeen extensively
reported for monomers such as styrene, methyl methacrylate, poly(ethylene glycol)
methacrylate and poly@$opropyl acrylamide). In contrast, considerably fewer instances
of controlled AGET or ARGET ATRP methods halween reportedor tertiary amine
containing monomers relevant to this project, sueh DMAEMA, DEAEMA,
DMAPMAM, and DIPAEMA. Evenfewerinstances ofyrafting fromor grafting toa
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surface, using these techniques, have been regortgdditiondly, aminecontaining
monomers such @&MAEMA or DMAPMAmM area more difficult class of monomer to
polymerse in a controlled manner due to their propensity for either competitive
complexation with the catalyst(Scheme 4.4), or their ability to react as internal reducing

agents (Scheme 4.5).

:,\ JT—ECU?O\

.I’N"\,

Scheme 4.4. The poposed equilibrium involving DMAEMA and
N-propyl- 2-pyridylmethaniminécopper complexeswhere R is an alkyl grouf
Reproduced fromaference 21vith permission from The Royal Sociatf Chemistry
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Scheme 4.5.Proposed mechanism of reduction of Cu(IljJTPMA with DMAEMA.
Adaptedwith permission from H. Dong and K. Matyjaszews$W¥acromolecules2008,
41, 6868 6870. Copyright (2017) America@hemical Society.

The amount of ligand in the system is an important consideration for AGET or
ARGET polymergations specifically wherutilising monomers that compete for binding
sites on the catalyst. Traditional ATRP is typically carried out with 1 or 2 eq. of ligand
relative to copperAGET and ARGET on the other hand commonly use 5 or more eq. of
ligand?°?? Excessligand serves multiple purposdastly, to facilitate a higher rate of
complexation to the catalyst and thus a higher concentration of active catadghition.
Therefore, the excess ligahdlps to negate the effects of competitive complexation to the
catalyst by the nitrogenous monomerSecondly, excess ligand mist addedo account
for ligand lost to protonation via HBr, whidgh producedas a byproduct of the reduction

of Cu(Il)Br; with ascorbicacid!® Thirdly, the excessligand can servas a sacrificial
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reductant much the way that ascorbic acid does. Thus, the presence of excess ligand aids
in scavenging oxygen from tip@lymerisatiorreaction. However, too much ligand can be
detrimental to the controlled naturepflymerisation If excess ligand reduces too much

Cu' to Cd the rate of polymerisation will be too high, resulting in a loss of coniFbk

right balance of ligand, copper, and external reducing agent mmestdentified

experimentally.

Herein, AGET and ARGET methods for ATRP of DiPAEMvere developeth
pursuit ofsynthessing CO,-responsive surfaces. The molecular weight and dispersity of
the graftedpolymerwas approximatetly charactesing free polymer thatvas produced
in situ durhg grafting fromreactions. Reagent ratios that provided narrowly distributed
molecular weights with high conversiomere identified Tris(2-pyridylmethy)amine
(TPMA), an ATRP ligand, and Sn(Ek)a commonly used reducing agent, were
determined to be compatible withsilica particles.CO,-responsive surfaces were created
using newly developed AGET ATRP conditions and evaluated for the drying of wet

isobutanol.
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4.3 Results and dscussion

4.3.1CO2-responsive plymers onspherical silica particles: investigation of particle
size andmorphology

In Chapter 3, C®@responsive polymegrafted silica particles (RP) were
demonstrated to be suitable supports for ruthenium nanopartiRld¢P( The smart
catalyst RUNP@RRP responded to COas a stimulus, alteng the selectivity of the

catalytic hydrogenation of furfural.

It is plausible that the selectivity could be improved if the stimegponse was
more pronounced. Additionally, the lifetime and reusability of the smart catalystm®uld

improvedby chaming thesizeand morphology of the silica particle.

The particlesizeand morphology of the silica substraiee essentiapars of the
overall picture when designing a functional support for heterogeneous catalysts. The
particle size can directly inflence the polymer grafting denstfythe amount of
polymergrafted the application in which the material is best suited, the ease of use, the
ease of recovery, and the lifetime of the mateN&rious particlesizesand morphologies
were investigatechs a means of improving the performance of the-féSponsive

polymergrafted silica particles.

The first generation polymeagrafted silicaparticleswere difficult to handle and
difficult to characterisdecausehe slica particlesaccumulated static charge. These of
use of these materials wasor and attempts to rectify thatere undertaken Initial
grafting from experimentsitilised the mosteadily availablesilica source available at the

time, which was SilielashP60. SiliaFlashPG8 an irregular silica particle that varigs
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sizefrom 406 3  S0M ppresize; PGS7, and byextension RUNP@RPwerecreated

from SiliaFlashP60. Duringxperimentationthe RUNP@RPmaterialwas consistently

lost during mass transfer steps such as catalyst loading and subsequent recovery post
reaction. ltwas observethat the smaller the silica particlase,the more prone thegre

to accumulatingstatic charg.

The accumulation oftatic charg@ onthe materianot only causes mass loss during
transfer steps but it causes difficulties with more advaadkathcterisatiotechniques such
as XPS and SEM. The static chatigat builds up on the surface of the material decreases
the amount ofncident electrons lading on the specimen, thereby decreasimgamount
of secondary electrons thare emittedby the sample and available for detection.
Deteriorating the signal in this manner often resuttsa poor quality image and

low-resolutionspectra

A larger spherical particle was employedavoid static charging For PGS17,
spherical silica particlesS{O. #3, Silicycle, 20656 0 0 ¢ m gwza 500V pore stze
were utilisedas the support for the G@esponsive polymer. iwas observethat whe
the particles arevet, they are easily transferred and collectédowever, when dry, the
particles are still prone tetatic chargingand mass losduring transfer and collection
becomesinavoidable. Therefore, we can conclude that static chargiegused but not

eliminated by using larger spherical particles.

The switch to spherical particles did not completely solve the static charging
problem but it did offer anoher variable to experiment witlhe poresize Spherical

particles are avkable in a variety of particleand poresizes whereas early experiments
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with irregular silicahadone poresize(100v). Future experimentation will allowarious

particlesizesto be exploredandcharactesedvia BET N sorption analysis.

The switch to spherical particles, while intrinsically valuable with regards to being
able to vary the particle specifications, came with a variety of challenges. Firstly, the
spherical particles are not robust enough to withstand the mechanical fareestedy
impact with a magnetic stir bar. Although it was unknown at the time, this was an inherent
advantage of using SiliaFlashP60 (RG&® PGS7). The particles, being irregular in shape
and having a solid core, are resistant to further degradationmechanical forces, such
asthe impact force generated from a stir bar at 800 revolutions per minute (RPM). Initial
attempts at using G&witchable spherical particles (P@X PGS9) resulted in poor
resultswhenemployedin the same fashion as PG3n the RUNP@RRxperiment; the
spherical particles failed to change the selectively of the catalyst (unpublished Woek).
synthesis of the spherical RP and the RUNP@RP experiment both mechanically degraded
the spherical silicgarticle. Degradationof the silica particle resdt in a sporadic
depositimm of RuNPs, thus reducingolymerto RuNP contact. The resultant material
performedsimilar to RuNPon silica The RUNP@RP experiment che easily doneia
shaking, thus avoiding the issue of medbahdegradation via impact with the magnetic

stir bar (Clapter3, Table 3.3).

The polymergrafting steps not asforgiving and it is essential to hawelequate
mixing to achievea controlled ATRP. A variety of SAGET-ATRP experiments have
been runwith various substrates including cellulose particles, silica partisiéspn
wafers, and cotton fabrithe minimum recommended stir rate varies witle substrate

For example, all AGEFATRP homopolymesationswere carried out with minimum stir
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rate of 800 RPMusing a magnetistir bar (Clapter 4, KBBOPGS8PDIPAEMA, Mn: 111

kDa, 117). Adequate mixing foen SI-AGET-ATRP from a silicon wafeis achieved
atroughly 600RPM (Chapter5, KBBOPG82,Mn: 39.6k D a , 1.1} higherRPM often
results in a damaged substrate contrast, adequate mixirigr silica particles is much
higher commonly 90(RPM is necessary to keep the silica particles dispersed throughout
the solutionChapter 4, KBBOPG1Mn: 42.8k D a ,1.27) Interestimgly, a recent report
suggested that stirring, when conducting 8ASRP from a silicon wafer, results in early
chain termination for surface bound chafhs The study found that when the
polymerization was not stirred, the grafjgdlymer layer was thicker than when the
polymerization was stirred. Additionally, the study concluded that this observation was
not applicable to paudie/colloidal substrates, owing to the fact that constant stirring is
required to keep the substrate dispersed in solutipadequate mixing in an NTRP
leads to lower grafting densities on the material agdeater disparity between the free
polymerand the grafted polymer. #te suggestion of the industrial partner on this project,
Bruce Richter of Agilent Technologiesyerhead stirringeplacedmechanical stirring for

all subsequent SATRP reactions utilizing particulate substrategyure 4.1).
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N ’ _.; "N
Figure 4.1. Experimental setup,utilising the overhead stirring device, fi
SI-FAGET-ATRP for the synthesis of G&esponsive polymegrafted spherical silic:
particles

Kungiang Jiongalsoof Agilent Techntogies suggested that tharBnha solution
prereatment (cleaning and hydroxylation of silica particle) may be too aggressive for
spherical silica and the particle integrity is likely bed@amnaged by subsequent treatments
of acid and base piranha solutionsin plae of piranha solutionsthe following
prereatment method wasiggestedstir silica particles in M hydrochloric acid, 50C, 4
h. Adjust solution back to neutral pH with ammonium hydroxide, collect silica via

filtration, andwash with watermultid t i mes (henceforth referre

To ensure that particles were heing degradedia either mechanical or chemical
means, the particlgoresizewas monitored bgollectingN2 sorption isothermat various
stages during material symitis and useThe BET method is commonly used to determine

the surface area and paigeof a porous materigP 2’ With this information, the particle
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integrity can be monitored at various points durmgynthesis to evaluaterhether

significant degradation has occurretio determine changes in particle integrtigth the

N2 adsorption/desorption isotherms (&ig4.2) and the porsizedistributions (Figire4.3)

were collected and monitored for chandg®iO, #1 (Silicycle, 20056 00 e m parti cl €
100v pore size)wastst ed fAas i so f r dmndtpltedagangi@f act ur
#1 pretreated withAgilent method(S1-2), andSiO, #1 that waspretreated by Agilent
methodandgrafted with the ATRP initiatoR-broma2-methylpiopionyl bromide(S1-3).

The BET specific surface arefieach sample was determined to be 36§1(S1-1), 285

m2g1(S1-2), and 287 rfg (S1-3).

700
600
500
400
300

Vol (cm-1)/g

200

100

0 0.2 0.4 0.6 0.8 1 1.2
Relative Pressure
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Figure 4.2. CombinedN adsorption/desorption isothermsspuherical silica (20600
‘m, 100 A, SiQ#1).
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The poresizedistributions reached a maximum value at ¥0(51-1), 138v (S1-

2), and 138 (S1-3).
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Figure 4.3. Combined porsizedistributions for spherical silica, 2@00*‘ m, 100 A
(SiOz #1), as determined by-Mdsorption/desorption isotherms.

As a result of the pteeatmentthe poresizegot larger by ca. 38%nd the BET
specific surface area got smaller by 686. Acidic or basic treatments are expected to
increase porsizevia silanol hydrolysis. As the posgzeincreases, a decreaseBET
specific surface arga also expectedSubsequent grafting of thaitiatordid not change
the poresizeor BET surface area significantlyThe results of the pretreatment method
were expected since they are minor deviations, they arfelittle cause for concern.
Subsequent experimentation, as shown by the initgtafting step, causano significant
change in either the porgze distribution or the BET specific surface are®article
integrity was maintainedvithin reasonable expectatis. The Agilent recommended

prereatmentind the experimental setuplising the overhead stirring deviegetherefore
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suitable for the synthesis of G@esponsive particles; they were used exclusively for the

reaming experiments with grafting PDIPAEMA frasitica particles.

4.3.2C0O2-responsive polymers on sphericalilica particles: investigations ofAGET
and ARGET for O2tolerance

The overheadstirring method was determined to be mechanicaiyndand wih
its usethe destruction of particlagasavoided However, the reagents and solvents must
be addedo thereaction flaskbeforethestir shaft is lowered into place. Thube reaction
flask containeé significantamount of oxygen, whethgaseous or dissolvedienceforth,
traditional ATRP methods r@d overhead Bting were deemedncompatiblewith the

resources at hand.

The nspiration for traditional ATRP methodology came from literatdr&gb
expertise, and past succes¥e#s mentioned previously, one of the challenges of using
DMAPMAmM was that the polymer properti@dn a n d), asiwell as reactioconversions
were not able to be determined with the available equipm®&niiching toDIiPAEMA
solved all of thecharacterisgon challenges and Tablelrepresents the first instance in
which conversion and molecular weighére successfully measurém COy-responsive
polymergrafted materials using traditional ATRP, and the first experiments with ARGET

ATRP of DIPAEMA.
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Table 4.1 Various reagent combinations explored for ATRP of DIPAEMA.

ATRP Type Reducing Catalyst [Cu] % Conv. Time  Mp° n

Agent ppm (h) (kDa)

1 Traditional - Cu()Br 1600 53 18 - -
KBB8PG7 PMDETA

2 Sl-Traditional - Cu(hBr 560 - 51 425 1.38

PGFR5 (Ch.6) PMDETA

3 ARGET ascorbic  Cu(ICl> 17 - 96 15.3¢ 1.19
KBB8PG15 acid TPMA 9.4 564

4 ARGET ascorbic  Cu(ll)Cl, 17 - - 10.7 1.34
KBB8PG37 acid TPMA

3Indicateghese values are associated with each otheslicateshese values a@ssociatec
with each other. “Determined by GPC in tetrahydrofuran (THF), based
poly(methylmethacrylate) (PMMA) equivalentsAll reactionswere carried out at

constant temperatufascorbic aicd]:[Cujvas 15:1.

Entry 1 representa typicalresult hat was observedvith the polymerisationof
DIPAEMA using traditional ATRP: 3% conversion in 18 h. Entryi8 thefirst instance
of graftingDIPAEMA from a surface; in thisaseit was a cellulosic substrate (Whatman
type 1 filter paper, 42.5 mpPGFR5, Ch.§. Surfaceinitiated polymerisationsusually
require a significantly greater volume of solvent than the corresponding
homopolymersatiory this is attributedto the need to submerge the substrate in the
polymerisatiorsolution. Thusthe [Cu]of entry 2 is significantly lower than that eftry
1, despite thequivalentof all reagentsother than the solvent being the sarvethanol
is routinely usedn literatureas a solvent for ATRP of DAREMA .23 However, it was
observed thasignificantamounts ofPDIPAEMA precipitate out methanol when,¥1L5
kDa. Sincethe goal is to graft narrowly distributedFPAEMA onto asubstratethe
polymer absolutely must remain soluble at all molecular weightsis,methanol is not a

suitable solvent and was replaceiivanisole(Appendix 111).
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Drawing inspiration from literatur® ARGET-ATRP was applied to DiPAEMAn

anisole (Table 4.2.

Table 4.2 Various reagent combinatioegplored for ARGET ATRP of DIPAEMA.

ATRP Type Reducing Catalyst [Cu] % Conv. Time M, n

Agent ppm (h) (kDa)

1 ARGET Sn(EH» Cu(IDCl2 120 89 19 10.3 1.99
KBB8PG451 TPMA

22 ARGET d-Toluene Cu(Il)Cl> 130 93 26 - -
KBB8PG452 Sn(EH)  TPMA

3 ARGET Sn(EH» Cu(IDCl> 80 40 46 - -
KBB8PG49 TPMA

4 SI-ARGET Sn(EH» Cu(IDCl2 80 61 72 193 25
PGS10 TPMA

5 SIFARGET Sn(EH» Cu(IhCl> 120 65 67 20.7 2.59
PGS11 TPMA

aReaction carried out intblune a40°C, dl otherreactionsvere carrieadut at aconstant
temperature of 46C in anisole PDetermined by GPC in tetrahydrofuran (THF), basec
poly(methylmethacrylate) (PMMA) equivalentsConversion determined byH NMR
spectroscopyWhere [Sn(EH)]:[Cu] was 100:1

Whenthe reducing agent to copper ratias reducetb 100:1; almosidenticalconversion
was achieveavith PDIPAEMA (entry 1) as was reported fDMAEMA (90% conv., 18
h,Mn:61.5kDa n : ° However) he molecular weight and dispersity fDIPAEMA

(entry 1) were considerably less impressive than that reportdeliMAEMA.

The development of an ARGET method f@IPAEMA was particlarly
challenging owing to theery smallamount of reagents that are called for when running
small scaldgestreactions. To further complicate the process, the full amount of copper in
an ARGETFATRP processs not fully dissolvecat any ondime; this makes the use of a

stock solton of catalyst cumbersome atiklely to lead to irreproducible results. Catalyst
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stock solutionsvere usedor NMR monitoringexperimentgFigure 4.4 andthe results

weresuccessful, buthallenging to reproduce (Table4enty 2).

DIpAEMA PDIpAEMA

f
a, a, b ¢ d e
T=0h ﬁ | g A L hi
T=3h I i ' _.__ B M

T=7h 4. ; ~ N N Y S
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Figure 44 H NMR monitoring of an ARGEFATRP of DIPAEMA, KBB8PG452
(entry 2, Table 4.2).

As seenn Figure 4.4 it takes ca. 8 beforean appreciablpolymer signabppears
in theH NMR spectrum.The peak at 4.0 ppm is the est@H.- of the monomer (peak
b); as the monomes polymerisedthis -CH>- peak shifts slightly upfieldrad broadens
considerably (peak)g By comparing the integration of the vinyl peaks (pegkral a, ca.
6.16 or 5.27 ppm) to the combined e3t€H.- peaks (peaks b and ga. 3.8 tat.2 ppm)

themonomerconversion caibe approximated

Further modification oARGET reaction conditionéed to variable but acceptable

results and aurfaceinitiated grafting reactiorwas attemptedn silica particles PGS10
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and PGS&l11 (Table 4.2, enes 4 and breached modest conversions with almost identical

molecular weight and dispersity despite RGISusing half of the solvettatPGS10 did.

However, after considerable investigation it was determined that the ligand
(TPMA) was selectively biting to the silica particles (Appendix I)XPS andysis of
each sample of PGHL, showed a bimodal distributio for the peak area in the
high-resolution NLs corelevel spectrumin their study of maghemite nanoparticles, Prado
et al. atributed a 404V peak in the Ns corelevel spectrum to getramethylammonium
(TMA™) cation3! Similarly, the XPS results for PGS1 could be explained by a cationic
TPMA-H*, with the silica substrate (&) forming the anion.Thus, TPMA was replaced

as the ligand of choice for further studies.

TPMA is considered to be a highly active ligand for ATRP, as suishc@mmonly
pairedwith Cu(Il)Cl.. Cu(Il)Clzis a less active copper source owing to the strength of the
copper chloride bondUpon replacing TPMA with PMDETA, which is less activertha
TPMA, the copper metal soureeas changetb Cu(ll)Br.. The halide bond in Cu(ll)Br
is more labilethan that of Cu(ll)Gland therefore more reactive in ATRP. The increased
reactivity of Cu(ll)Be serves to accommodate the use of a less active If§aNtbving
forward with reaction screeninthe choice was made to switch from ARGET (low levels
of Cu) to AGET (500+ ppm of Cu) in hopes of decregsiaction time by incorporiaty
more catalyst. A shown in Table 4, the switch to AGET ATRP produced immediate

results as the rate pblymerisatiorincreased drastically.
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Table 4.3 Various reagent combinations explored for AGETRP and SIAGET
ATRP of DIPAEMA using Sn(EH)as a reducing agent.

Entry ATRP Reducing Catalyst [Cu] % Time Mg® n
Type Agent ppm Conv. (h) kDa

1 AGET Sn(EHx Cu(I)Brz 1100 68 1.5° - -
KBB8PG67 PMDETA 77 5.0°

2 AGET Sn(EHy Cu(l)Br 1100 82 18 158 1.79
KBB8PG71R1 PMDETA

3 AGET Sn(EH» Cu(I)Brz 490 67 18 - -
KBB8PG71R2 PMDETA

4 AGET Sn(EHx Cu(I)Br. 1100 64° 4.0° 16.3 1.75
KBB8PG75 PMDETA 667 21

5 AGET Sn(EHY Cu(I)Brz 1100 - 24 94 134
PGS12 PMDETA

6 SFAGET Sn(EHy Cu(i)Br. 1100 61 20 9.8 2.20
PGS13 PMDETA

3ndicates these values are associated with each 8thdicates these values are associc
with each other.®Indicates these values are associated with each dtimeficates thest
values are associated with each othéDetermined by GPC itetrahydrofuran (THF)
based on poly(methylmethacrylate) (PMMA) equivalents. All reactions were carriec
constant temperature of 40 °C in AnisoleConversion determined byH NMR
spectroscopyWhere [Sn(EH)]:[Cu] was 100:1.

Varioussolvent volumesveretestedo determine the effect thte volumeof solvent had

on conversionandwhetherincreasing solvent volume would still facilitate a moderately
successfupolymergratfting reactiorio a silica particle substrateFrom the analysisof
entries 13, it is clear that the higher [Cu1000 ppmfacilitatedhigh conversions in under

5 h. This markeda significant improvement over previous experimantsvhich the
polymerisatiortook days to reach cqmarable conversions. Entby(PGS12) was run as

a control reaction to probghether the presence of silica particles was detrimémtake
polymerisation similar to that which occurred with TPMA in PE® andPGS11. The
PDIPAEMA sample collected from entry 5 agreed well witbdheticalM predictions and

exhibited an acceptabM, dispersity of 1.35.1t is fair to say the silicparticles did not
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interact significantly with angf thereagers in the AGETATRP, at least ndb the extent

such that the interaction wdstrimental to the controlled nature of thelymersation

Complicationswere observedn SI-AGET-ATRP reactions(Table 43, entry 6
PGS13) thatwere not observeduring theAGET-ATRP of FDIPAEMA homopolymers.
After precipitation, alose examination of thremaining solig from PGS13revealed two
material types, the polymgrafted silicaparticlesand another white solid After IR
analysis the unknown solid is believed to be the reducing agent Sa(lBHb)s various
oxidised states. To resolve the paible confusion and to avoid issues withe
charactesation of the polymergrafted particles, Sn(Ekjvas replaced with {ascorbic
acidfor future experimentationThe switch td_-ascorbic acid (Table 4entry 1) yielded
the best results reported astlis date, with BIPAEMA homopolymer having 8, of

111 kDa and a n of 1.17

Table 4.4 Various reagent combinations explored for AGETR® and SIAGET ATRP
of DIPAEMA using L-ascorbic acid as a reducing agent.

Entry ATRP Reducing Catalyst [Cu] % Time Mp? n
Type Agent ppm Conv. (h) kDa
1 AGET ascorbic Cu(ll)Br2 1300 - 16 111 1.17
acid PMDETA
2 SI-AGET ascorbic Cu(ll)Br2 1300 - 16 429 1.27
PGS15 acid PMDETA
3 SIFAGET ascorbic Cu(l)Br. 1300 - 16 51.7 2.20
PGS16 acid PMDETA
4 SIFAGET ascorbic Cu(l)Br. 1300 - 16 294 1.77
PGS17 acid PMDETA

aDetermined by GPC in tetrahydrofuran (THF), based on poly(methylmethacr
(PMMA) equivalents. All reactions were carried out a constant temperature of 40
Anisole. Conversion determined Bi# NMR spectroscopy Where [ascorbic acid]:[Cu
was 15:1.
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The GPC traces fromariousSI-AGET-ATRP grafting fromreactionsare shown
in Figure 45. PGS15 was grafted from irregular silica particles, whereas the rest were
graftedfrom spherical silica pécles. PGSL6 suffered from material degradation owing
to poor placement of thstirring shaft during synthesis. These GPC traces serve to
highlight the improvements in molecular weight dispersity as th&GHT-ATRP
methodology evolved. The moleculaeight dispersity is narrower whamafting from

irregular particles (PG%5,n: 1.27) than it is from spherical particles (RGBn: 1.77).
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Figure 45. GPC traces of BIPAEMA homopolymers produced in situ durii
surfaceinitiated polymerization fromvarious types of silica particles.

Further experimentation sought twild on the success of experiment AA
(DIPAEMA homopolymeriation, Table 44, entry 1) by grafting PDIREMA from
various substrates acontrolled manner (Figure6). Those substrates included irregular
silica particles (PG8 5, n: n ¥B2.8KkDa, Td 44, entry 3, spherical silica

particles (PGSL 7, n : n 20.4KDQ, Tablév.4 entry 4, silicon wafers (Si@S18, n:
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1.17, Mk: 39.6kDa, Chapter 5)and mttonfabric(PGC-1 , n : n:55.6kBa, Chapter
6). PGS15 and PGS.7 were sento our collaboratordylr. Sami El Sayed, supervised by
Dr. Kylie Luska and Prof. Walter Leitner at RWTH Aachen, Germatoy,further
investigate C@responsive polymegrafted silica particles and their applicability as

supports for RUNP in the next generation RUNP@RP.
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Figure 4.6. GPC traces of BIPAEMA aspolymersed PGG1-FP (cottorfabric), PGS
15-FP (rregular silica particles), AA (homopolymer)SiO,-S18(silicon wafer).

4.3.3Activation of SI-AGET/ARGET ATRP

Controlling the initial activation and the final deactivation of ploéymerisations
a challenging and often futile pursuit for AGET or ARGET AT Rwing to the multitude
of equilibria that are dependent on the' @uCd' ratio in solution. Advanced ATRP
methods such asATRPhave elegantly addressed this challengieg arelectric current.
Applied current either forces the metal to an active or an inactive state, thus providing

absolute control over thgolymerisation* AGET and ARGET ATRPwill, in theory,
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remain dormant until the exteal reducing agens added Once the reducing agei#t
addedhere is geriod often an hour or two, in which the inactive metal oxatesreduced

in situand the dissolved or gaseous oxygen is remoid.much can be done to control
the length ofitme it takes for the oxygen tme remove@nd thepolymerisatiorto become
fully active since the concentratiaf dissolvedor gaseous oxygen is variabl@hus,
precise monitoring of a SARGET or SIAGET ATRP is challenging and was not achieved

in thiswork.

While experimenting witPARGET-ATRP and variougeagent ratios, a chance
mistakeledto an interesting observatioihe goal of the experiment was to determine the
effect that different ligands have on the polymerisation
N, N, N NjpeNtapngthyllidtdiyienetriamine (PMDETA) and tris(2-
pyridylmethyl)amine (TPMA) were selected because thaye commonly usedor
traditionalATRP; their differences are well studied and haeen reportegreviously?®2°
In this instancetwo reactionswhere all thing being equal except the ligand, were to be
started and monitored in unison. The two reactions were prepared and started at the same
time by simultaneous injection of the reducing agent to both reaction fleigkgever, an
oversightoccurral and the ligand (PMDETA) was not added to reacliamtil 12 h after
the reactions halleen started Interestingly, no conversiowas notedduring that12 h
periodand itwasnat until after PMDETAwas addedhat thepolymergationin reactionl
began. In contrast, reaction 2 was at 61% conversion by the 12 h mark (Table 4.1). This
observation implies that the reactican infact,tb e fist ar t e d owithgdt#en i nt e
ambiguity associated with the dormant period where dissolvedjasebus oxygenra

slowly being removed by the reducing agemherefore, the addition of ligand, if added
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after a period in which dissolved and gaseous oxggenemovegdcan be used to precisely

control the activation of theolymerisation

Table 4.5 Ligand effects on ARGEERTRP of DIPAEMA.

KBB8PG66 Ligand Conv.% (12 h) Conv.% (15 h) Conv.% (21 h)
Reaction 1 PMDETA (0.35 eq) 0.0° 74 78
Reaction2 TPMA (0.25 eq) 61 62

aConditions: DIPAEMA/EBIB/C(ll) Bro/Ligand/Anisole/Sn(EH} 117/1/0. 05l./_/270’5
40°C. "PPMDETAwas added to reactidrafter 12 h had passe@onversiordetermined
by IH NMR spectroscopy.

The data in Table 4.%night be misleading if not interpreted correctly; one
interpretation of the data might lead to the conclusion that the reaction wiEPMis
considerably faster (P4 conv.,3 h) than theeactionwith TPMA (61% conv., 12 h). Tis
interpretation is incwect; the reactionwith PMDETA is not faster than threactionwith
TPMA. Table 4.5rovides inadequate information to compare reactdes However
it is knownthat TPMAgivesa higher rate of activation than PMDETPA What the table
fails to addressrethe underlying equilibria that must occur before gudymeriation
begins, such as tlmmplexset of equilibria that are responsible fbe complexation of
dissolved and gaseous oxygen to the external reducing ageotherinterpretation of
this data is that reactiohappears to reach a high conversion quidldgausealissolved
and gaseous oxygdres been removed Thus,all the systenrequired was the liganat
form the activecatalyst sah thatthe polymerisatiorcould begin. A thirdnterpretation of
this data is that both reaction 1 and reaction 2 are faghahthesampling intervalslid
not occur early enougio monitor thepolymerisation While the last interpretation is most
likely, it is hard to say with certainty whigficorrect. Future work can exploit this finding
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to enable precise monitoring of the polymerization by ensuring that oxygen is scavenged
from the reactionbefore the ligand is added, thus allowitlge activation of the

polymerization at the users descretion.

4.3.4CO2-responsivepolymers onspherical silica particles: investigation ofactive
chain ends

Polymers preparetly ATRP have active chaiends thatcan beused for chain
extenson or furtherfunctionalsation thus allowing for the preparation of copolymers,
supramolecular architectures, and bioconjught® Not only are active chaiands
necessaryor furtherfunctionalisatiorbut they are an important measure of thecess of
the polymerisation A polymerisationthat results in a lovfraction of active chairends
would likely have a broad molecular whtgdistribution owingin large partto early
termination events causing significant amounts of dead polymer ch&aos.reasons
mentioned previously, broad molecular weight distributions are unwanted and can be
considered an indicator af poorly controllecbolymersation A polymergation with a
high fraction of active chairends would likely have a narrow moleculareight

distribution.

To probe the degree of chairend functionality that remains present on
polymergrafted silica particles, a batch oDPPAEMA -grafted silica particles (Scheme
4.6, PGS15,4-3) wassubjected to subsequentSGET-ATRP with styren€Scheme 4.7)

In this experiment, th®DIPAEMA -grafted silica particles act as a lang@croinitiator
from which styrene wilpolymerse, or with which free polystyren@S) will combinevia

radical termination or radical disproportionation.
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Scheme 4.7.Chain extension of PG$5 @-3) with PS to yieldlPGS15EXT-PS(4-4).
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13C CRMAS NMR spectroscopyas used to identify whether PS Hamkn grafted
to PGS15. In Figure 4.{PGS15) the strong carbonyl shift oDFPAEMA is visible at
176ppmand there are naoticedle shifts between 1670 ppm. InFigure4.8 (PGS15
EXT-PS) the strong carbonyl shift oDHFPAEMA is visible, as are multiple aromatic peaks
at145 ppm and 127 ppm, hexforth attributed to PS. Since PGS EXT-PScontansPS
the grafted polymemust be a block copolymer of PBREMA -co-PS. TherefordRGS15
must havecontainedactive chainend functionalitis. No meaningful changewere
observedetweerthe?’Si CRMAS NMR spectra oPGS15 and PGSL5-EXT-PS, which
further bolsters the evidence for the successhAGET-ATRP of PDPAEMA on silica

particles.
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Figure 4.7. 13C CP-MAS NMR spectrunof PGS15 (4-3).
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Figure 4.8 3C CRMAS NMR spectrunof PGS15-EXT-PS(4-4).

4.3.5SI-AGET-ATRP for CO2-responsive plymers: the workup

The method forthe separation and isolation of the free polymer and the
polymergrafted substrate varied considerably over the course of this research. The
variations will be evident from the experimental section, in which each experiment
documentedh detail. The wrkup procedure depended on whether a substrate was present
as well as the nature of that substrategrhfting fromreactions on solid substrates such
as a silicon wafer or a cotton swatch, the isolation of the substrate from the free polymer is
as simple as physically removing the substrate and treating the substrate and the reaction
solution as two separate entitieswhich each receives further treatment. However, care
mustbe takerwhengrafting fromsilica particles when Sn(Ekls being used as a reducing
agent. The particles musé separateffom the reaction solution before being introduced

to a precipitatn solvent. Otherwisethe reducing agent and its various oxidised forms
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might be mistaken for siligaarticles since tin precipitates are indistinguishable from silica
particles by eye. Alternatively, if ascorbic acib&ng used reducing agent, nepecial
care is needed for silica particles because ascorbic acid is soluble in the precipitation

solution, as described ithe following workupfor PGS17.

The recommended workup for PDIPAEMafted silica particles involves two
precipitations, the pHor either precipitation sationis 9<pH<11. In both cases, the pH
must be above thpKan of the polymer such that the polymer is not protonated and is
therefore insoluble in water. In the first precipitation, the higher pi¢¢essaryo ensure
full solvation ofethylenediaminetetraacetic acid (EDTAEDTA is necessary to remove

any remaining copper from the polymer and or the polygnafted substrate.

The recommendeavorkup procedure for C@responsive silica particles is as
follows: The reaction setuis dismantledand the contentarepoured over a 600 mL glass
frit vacuum funnel. The polymergrafted silica particles are separated from the reaction
solution using the vacuum funnel. In casé®erethe reaction solution is particularly
visocous and the separation is proceeding slowly, a small amougbad solvent can be
added to speed up the process. T#fecommendeds it can be reduced in volume under
vacuum much more easily than otlgod sdvents such & anisole or toluene. The
sidearm flask containing the filtrate (i.e. the reaction solution) is removed and stored until

it is time to add it to the precipitation solvent.

The polymergrafted silica particles, which remainn the vacuum dnnel, are
washed repeatedly with THFplfowed by sonication in THF (10 min, three times)
remove anyphysisorbedolymer. The vashed polymegrafted silica particles artden

stirred gently forl h in an agueous solution of EDTA (0.1 M), pH>9, adjdsteh NaOH.
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The polymergrafted silica particles are collected via vacuum filtration and washed with
distilled water multiple times. The particles are then washed with THF, collected, and
dried under reduced pressure at36@vernight. The dry particteare then storednder

Ar until further use.

If the sidearm flask containing the filtrate (i.e. the reaction solution) has additional
THF in it, the solution can beeducedn volumein-vacuo as much as possible beftire
first precipitation. To prodice a pure polymetwo rounds of precipitation are required.
Each precipitatiorservesa specific purposeThefirst precipitation solution was chosen
solubilize all parts of the reaction medium exd@PiPAEMA. The precipitation solution
is a 0.1 MEDTA solution,adjustedto a pH>9 with NaOH. With vigorous stirring ad
slow addition, approximately 200 nf the bulk polymer solutionis addedo 3.5 L of
preciptation solution. The solution ieft stirring overnight to yielda semisolid off-
white/yellow polymer. Therecipitated polymersi collected, pressed dry withpaper
towel, and then dissolved in THF. &lsecond precipitation solvent is water adjusted to a
pH>9 with NaOH With very slow stirring and slow addition, approximat&80 mL of
the polymer solutionis addedto 3.5 L of precipitation solvent. The polgmsolution
precipitatesimmediately to yield a white solid, whicls easily collectedfrom the
precipitation saltionby hand.The solid polymer ipressed dry with paw towel and then
dissolved in THF. THF is removed from the polymer solutiomvacuo to yield a dry

PDIPAEMA sample, whichs then characterisexhd sbred as needed.

The precipitation events were carried out in 4 L beakers, commonly with large stir
bars to provide the mixing. If one has access to an overhead stirring devicejsthighéy

recommended The vigorous stir rate achieved with an overhead stirring device
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significantly reduces the overall time it takes for the first precipitation evemcur. With
the use of an overhead stirring device, the total time fartintkupto occur care reduced

from a full day ta2 h.

This workup procedure can be applied to PDMAEMA, PDEAEMA, and

PDMAPMAmM since each polymer is insoluble in basic water $psirecommended

4.3.6The gpplication of PGS 17 as a CQ-responsive drying agent for the removal of

water from isobutanol

COp-responsive materials created with the ARET-ATRP described in this
chapterwere appliedto an industrially relevant scenario. PGB was utilisedas a
COp-responsive drying ageribA) for the removal of water from wet isobutanol. The
removal of water from organic solvergsch assobutanolhas previously been shown to
be of importance tthe chemical industr$ The experiments presented here follow the
same experimental procedure thats digussedn detail inChapter 2. Table 4.¢hows
that when CQis appliedto a solution of wet isobutanol, 170 mg of water is lost (entry 1).
Additionally, when CQ is not present, PG$7 fails to remove a statistically significant
amount of water from theet isobutanol solution (0.0£t% water, entry 2). When PGIY
and CQ were both added, 1053 mg®/g DA was removedrom the wet isobutanol
solution. PGSL7 was collected and regenerated at40@r 1 h, then used again in cycle
2, whereit removed1034 mg HO/g DA (entry 4). In both cycles utilising PG and

COy, ca. 50% of the water content was removed fromwiigsobutanol solution (4 wt%

153



water total). This result is a stark improvement over the previous generation of

COp-responsive dryinggents in which PG was able to remove 490 mg®ig DA.

Table 4.6 Application of PGS17 as a C@responsive drying agent for the removal
water from wet isobutanol.

Entry Water Isobutanol PGS17 CO; H20 Removed H20 removed

(9) (9) (9) (mg) (mgH20/g
DA)
1 Controll 2.17 41.50 0 Yes 170 -
2 Control2 2.11 41.67 1.2 No 9 7.5
3 PGS17 2.51 60.02 1.25 Yes 1317 1053
Cycle 1
4 PGS17 2.50 60.02 1.20 Yes 1241 1034
Cycle 2

#Reaction conditionsl h mixing with CQ (when indicated). C&was bubbledhrough
solution at ca. 34 kPa. After GOubbling, the vial was sealed and left standing fan.1
The water contentvasanalysedoy GGTCD. PGS17 regeneratiorwas performeat
100 °C forl h. For each cycle, a new solution of isobutanol contaibing% water was
used

4.4 Conclusions

To date, studies evaluating &8witchable technology on surfaces do not report
the molecularweight of the grafted polymér® In the best cases, ellipsometry is used to
measure the thickness of thewing polymer surface, from which grafting densihay
be approximated The molecular weightis not reportedbecause a relde and
nondestructivenethoddoes not exist. Additionally, studies have useplolymeristion
solvents such as methandhat are not conducive fmlymersing controlled ®IPAEMA
at molecular weights greater thda® kDa, owing to the tendency ofDHPAEMA to

precipitate from polar solvents.

This work presents a method that can produce high molecular weight PDIPAEMA,

with low dispersity, as a homopolymév¢> 1 0 0 k D &) ,or fram a sarfackM,>40
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k Da, n.. Thé& coftrol)provided by this methadids confidence to the overall
characterization of the Gesponsivenaterial. The drying of wet isobutanol with PGS

17 (1043 mg KO/g DA) was asignificantimprovement over PG3 (490 mg HO/g DA).

The combination of a newly found confidence in thetom of thepolymerisation
and theimproved performance of th@" generation ofCO.-responsive particlei a
industrially applicable scenario, validates the use of the@EET-ATRP method presented
here,as well as the use of G@esponsive technology address challenges in the chemical

industries.

The SFAGET-ATRP method developed in this work is a powerful tool that can be
used to answer the quest. how much polymer is enough The My of the system is a
statisticaldistribution;thereforea pre¢se answer of exactly whidi, strikes the perfect
balance between material performance and polymer loading wibenaichievedbut a
reasonable appximation can be determinedy varying reaction time, temperature and
equivalents of monomgthe molealar weightto response relationship che elucidated
The SI-AGET-ATRP methodpresented in this chaptera robust anghowerful tool for

thatendeavour
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4.5 Experimental methods
4.5.1Materials

All aqueous solutions were prepared with deionized water (DIW) ustessd
otherwise. All silica particleswere purchasettom Silicycle. The followingchemicals
were useds reeived unless otherwise statedifuric acid (Fisher, ACS reagent grade,
95-98%), anmonium hydroxide (Aldeh, ACS reagent grade, -38% NHs basis) water
(Millipore, type3)ilydrodespedxid¥@lAricm3a@ ir2HO),
2-bromao2-methylpopionyl bromide (BIBB, Aldrich, 9&%),
ethyl 2-bromo2-methylpropionat€EBIB, Aldrich, 98%), diisopropylethylamin€DIPEA,
Aldrich, 99%), 4-(dimethylamino)pyridine (DMAP, Aldrich, 99%), dichloromethane
( DCM, EMD Mil | i por%), methandl (MeOk, EMD, Millifode8 . 5
anhydrous),dimethylformamide (DMF,Aldrich, 98%) anisole (Aldrich, anhydrous,
99.7%), toluene (Aldrich, anhydrous), toluemigAldrich, 99 atom % D) tetrahydrofuran
(Aldrich, anhydrous, contains 250 ppm BHT as inhibito§9.9%) copper(l) bromide
(Aldrich, 99.99%% trace metals basjgjopper(ll) bromid€Aldrich, 99.99% trace metals
basis) copper(ll) chloride  (Aldrich, 99.998 trace metals basis)
N-[3-(dimethylamino)propyl]methacrylamid®MAPMAmM, Aldrich, contains MEHQ as
inhibitor, 99%), 2(diisoprgoylamino)ethyl methacrylate (BAEMA, Aldrich, 97%,
contains ~100 ppm monomethyl ether hydroquinone as inhipitor
N,N,N,N,N -pentamethyldiethylengamine (PMDETA, Aldrich, 99%),
tris(2-pyridylmethyl)amine (TPMA, Aldrich, 98%), ¢hylenediaminetetraacetic acid
(EDTA, Aldrich, purifie d g r 988%), odi@n hydroxide (NaOH, Aldrich, ACS

reagent , aunduih%dxide (Aldrich, actvated, basic, Brockmann 1),
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(3-aminopropyl)triethoxysilane (APTESAIdrich, 99%), l-ascorbic acid (AA, Aldrich,

reagent grade), tin(Il)-2thylhexanoat€Sn(EH), Aldrich, 92.51 100%).

Piranha solutions were used to clean silica substrates. Acidic piranha solution
consists of a 7:3 (v/v) mixturef concentratedulfuric acid and0% hydrogen peroxide
solution, commonly heated to 8. Basic piranha saotion consists of a 5:1:1 (v/v/v)
mixture of Millipore water, 30% hydrogen peroxidesolution and 40% ammonium

hydroxidesolution, commonly heated to 0.

Warning: Piranha solution is highly dangerous atsluserequires considerable
care. Piranha sdiion is either strongly acidior basic and a strong oxidizer. The mixing
of piranha solution is very exothermic and should be done slowly; if the reagents are mixed
too quickly the temperature can easily exceed 200which will result in boiling and
splashing of the piranha solution. Piranha solution will reaotently with organic
compoundstherefore it should be used in a fume hood clear of organic solvents and waste.
Make only as much Piranha solution as needéennwdisposing oéxcess or usepiranha
solution do NOT cap the bottle. It commonly takes a day or two for the reagent to
neutralize fully, during this time oxygen gas is produced. Refer to your instition

standard operating procedures before attempting to use or dispose of pataibas.

Silica particles for experiments P&3o PGS11 were cleaned and hydroxylated

using Piranha solutions. An example is as follows:
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Spherical silica particlesSiO, #1, Silicycle, 2065 00 e m p ar tvipard e
size 30 g were subjectedo athreeparttreatmento remove organic contaminants and
promote ahydroxytrich surface. Firstly, the particles were stirred in acidic piranha
solutionheated to 83 for 1 h. The particles were collected via vacuum filtration and
washed thoroughly ith Millipore water. Secondly, the particles were stirred in basic
piranha solutiorheated to 7@ for 30 min The particles were collected via vacuum
filtration and washed thoroughly with Millipore watelastly, the particles were vacuum
filtered anddried in an oven overnight at @@ . The clean and hydroxyich particles

were stored in a sealed vessel ursleuntil further use.

Silica particles for experiments PA2 to PGS17 were cleaned and hydroxylated

using the method suggested by Agileethnologies. An example is as follows:

Silica particles IO, #5, SiliaFlash P60, 46 3  €0@y pore size, 10 gyvere
subjected to a twpart treatmentio removeorganic contaminants and promoteyalroxyl
richsurface. Firstly, the picles were stred withan overhead stirrer in an dai solution,
consisting of 1 MHCl@q)for 4 h at 503 . The silicaparticles werecollected by vacuum
filtration and rinsed three times wiMillipore water. Secondly, the particles were added
to 1 L of Millipore water and stirred vigorously with an overhead stirrer. Small volumes
of ammonium hydroxidevere addedintil the pH of the solution reaetipH 7. Lastly, the
neutral particles wereollectedby vacuum fitrationand dried in an oven at 2@0 for a
minimum of 2 h. The clean and hydroxyich particles were used immediately upon

removal from the oven.
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For illustrative purposes, the full synthesis and chaeggttion of PGSL5 and
PGS17 arepresented here. The remaining experimental data can be found in Appendix

V.

4.5.2Synthesis ofpolymer-grafted slica-15 (PGS15)

Initiator grafting method part 1, (KBBOPG1):

Clean hydroxytrich silica particles$iO, #5, SiliaFlash P60, 46 3  40@w, pore
size, 2 g were addedo a 500 mL glass reaction vessel. The glass reaction weasel
equippedvith an overhead stirrer and an ethylene glycol heating unit. The vess&kept
at a constant temperature of ¥0 The atmosphere in the reaction seswas removed
under vacuum and replaced wiln. To the sealed reactimessel 500 mL of anhydrous
toluene was addedvia cannula transfer.  After vigorous stirrindg mL of
(3-aminopropyliriethoxysilane(APTES) was added/ia syringe. The reaction was left
stirring at 703 overnight. The APTESgrafted silica was collected by vacuum filtration

and washed multiple times with ethanol before being stored émdertil further use.

Initiator grafting method part 2, (KBB9PG 2):

APTESfunctionalied silica particlesSiO, #5, SiliaFlash P60, 46 3 40@y
pore size 2 pwere added to a flame dried 250 mL round bottom flask wkahequipped
with an overhead stirrer.Reactants were addeding Schlenk techniques for inert

conditions diisopropylethylamine (1 eq., 4.0 mmol) and 200 mL of anhydrous
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tetrahydrofuran (THR)vere addedo the round bottom flask. The round bottom flask was
cooled in an ice bath for approximately 3@in, after which the initiator
2-broma2-methylpiopionyl bromide(BIBB, 1 eq., 4.04 mmol|)was added dropwise via
syringe. The mixture was stirred for 20 min before the ice aih removednd the
mixture was allowed to warm to room temperatui( 273 ) andto react overnight.The
BIBB-graftedsilica was then collected by vacuum filtratiand washed multiple times

with THF before being stored undér until further use.

SI-AGET-ATRP PDIPAEMA from silica, PGS15 (KBB9PG14):

Initiator-functionalisedsilica particles $i0, #5, SiliaFlash P60, 463 * m, 100v
pore size, 10.5)gvere added to a 250 mL round bottom flask equipped with an overhead
stirring device. ZADiisoprgoylamino)ethyl methacrylate (DAEMA, 235 eq., 401 mmol)
waspassed througan inhibitor remover column [Sigr@aldrich, removinghydroquinone
(HQ) or hydroguinone monomethyl ether (MEHQ;méthoxyphenol), or ert-
butylcatechol (TBC)] and charged to the 250 mL round bottom flask containing the
initiator-functionalised silica.  Anisole (100 mL), Cu(l)Br (0.66 eq., 1.1 mmol),
N,N,NNj, N NjéhtamethMdiethylenetriamine (PMDETA, 3.29 eq., 5.6 mmol) and
ethyl 2-bromo2-methylpropionate(EBIB, 1 eq., 1.7 mmol) were added tioe round
bottom flask and the mixture was stirred vigorously while slowly heating 8.4@nce
the mixture eached the desired temptire,L-ascorbic acid (10 eq., 16.7 mmol) was
added to theound bottom flaskwhich was promptly sealedNo additional techniques

were used to remove atmosphericdissolved oxygen. The polymeaison solution
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changed coloufrom blue (oxidized opper) to colourless (ca. 2dm average) and then to

yellow/orange over the course @ .

Isolation of free polymer and polymergrafted silica:

Refer toSection 4.3.5

4.5.3Synthesis of plymer-grafted silica-17 (PGS17)

Initiator gr afting method part 1, (KBB9PG23):

Clean hydroxyktrich silica particles$iO, #3, Silicycle, 2066 00 e m parti cl e
500v pore size 20 g were addedo a 500 mL glass reaction vessel. The glass reaction
vesselwas equippedvith an overhead stirrer and an ethylene glycol heating unit. The
vesselwas kepiat a constant temperature of ¥0 The atmosphere in the reaction vessel
was removed under vacuum and replaced with To the sealed reactimessel 500 mL
of anhydrous toleanewas addedia cannula transfer. After vigorous stirrifigmL of (3
aminopropyltriethoxysilane (APTESkas addedvia syringe. The reaction was left
stirring at 703 overnight. The APTESgrafted silica was collected by vacuum filtration

and washed nitiple times with ethanol before being stored untieuntil further use.
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Initiator grafting method part 2, (KBB9PG23):

APTESfunctionalisd silica particlesiO, #3, Silicycle,2065 0 0 e m parti cl e

500v pore size20 g were added to a flantried 250 mL round bottom flask-he round

bottom flaskwas equippeavith an overhead stirring devic&keactants were addeding

Schlenk techniques for inert conditiomiisopropylethylamine (1 eq., 4.0 mmol) and 200

mL of anhydrous tetrahydrofuran (Fjwere addedo the round bottom flask. The round

bottom flask was cooled in an ice bath for approximately 30 min, after wredhitiator,
2-bromao2-methylpopionyl bromide(BIBB, 1 eq., 4.04 mmol)was added dropwise via

syringe. The mixture was gtd for 20 min before the ice batbtas removedind the

mixture was allowed to warm to room temperatuia( 273 ) andto react overnight.The
BIBB-graftedsilica was then collected by vacuum filtratiand washed multiple times

with THF before being sted undeAr until further use.

SI-AGET -ATRP of PDIPAEMA from silica, PGS17, (KBBO9PG23):

Initiator-functionalisedsilica particles $iO, #3, Silicycle, 20656 00 e m par t i ¢
size, 500v pore size23 g were addedo a 250 mL round bottom flask equipped with an
overhead stirring device. -(®iisoprgpylamino)ethyl methacrylate (DAEMA, 258 eq.,

439 mmol) wagassed throughan inhibitor remover column [Sigraldrich, removing
hydroquinone (HQ) ohydroquinonemonomehyl ethe (MEHQ, 4methoxyphenol), or
4-tert-butylcatechol (TBC)] and charged to the 250 mL round bottom flask containing the
initiator-functionalied silica. Anisole (100 mL), Cu(ll)Br2 (0.68 eq., 1.2 mmol),

N, N, N NjpextapngthydMgNylenetriamine(PMDETA, 3.26 eq., 5.5 mmol) and
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ethyl 2-broma2-methylpropionate(EBIB, 1 eq., 1.7 mmol) were added tioe round
bottom flask. The mixture was stirred vigorously while being slowly heatedza 4bnce

the mixture reached the desired tenapare,L-ascorbic acid (10 eq., 17 mmalps added

to the round bottom flaskvhich was promptly sealed. No additional techniques were used
to remove atmospheric or dissolvexiygen. The polymeraionsolutionchanged colour
from blue pxidisedcopper) to calurless (ca. & on average) and then to lel/orange

over the course of 11&

Isolation of free polymer and polymergrafted silica:

Refer toSection 4.3.5

4.5.4Infrared spectroscopy ofpolymer-grafted silica particles

Fourier Transform Infrared (FTIR) spectroscoagalysiswas conducted on a
Bruker Alpha spectrometer using a Diffuse Reflectance Infrared Fourier Transform
(DRIFT) accessoryThe spectrometer wasferencedising a gold diskPGS samples (10
mg) were dipersed in KBr (100 mg). Samples were mixed thoroughly using a mortar and
pestle prior to analysis. Particle samples will typically contain water as extensive drying
procedures were not conducted prior to analysis. In addition, fluctuations in thadasel
that occur between 2200 ¢nand 2500 cm can be attributed to user error, specifically to
exhalation. Caution should therefore be exercised when assessing the spectra. The
presence of bound GOwhich is likely, should not be inferred by these expents. It

should be noted that various forms of Infrared (IR) analysis were conducted over the course
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of this research project. DRIFHTIR spectroscopy vastly outperforms Attenuated Total
Reflectance (ATR) and traditional Fourier Transform (FT) IR spscbpy when it comes
to the analysis of silica particlesdsilicon wafers. DRIFIFTIR spectroscopy is nen
destructive using DRIFFFTIR spectroscopy better resolution was achieved in

comparison to ATRFTIR when detecting graftegolymers on silicon wars.

For illustrative purposes a select few spectra and been pro@s$edgraphed
into Figures 4.9 and 401 Additional spectra can be found in Appendix I'8ince each
spectrum is recorded relative to a background scan, the peak heights tengbé&iween
experiments. To falidate visual comparison the-gxis has been normadid to a value of
1. Figure 4.9llustrates a typical spectrum that is recorded for a polygnafted silica
sample, juxtaposed to a control spectrum. AG$8onsists ofgherical silica particles that
have been grafted with PDIPAEMA. The control sample is the same spherical silica
particles used for PG$7 but withoutchemical modificatiorof any means. Comparison
of these two spectra allows for the identification ofjédrregions in which one looks to
determine whether a given sample of silica contains polymer. The regions between 1300
cmt to 2000cmt and 280@m® to 3000cm® are the target regions ivhich the presence

of peaks aréndicative of functionalisatiowith PDIPAEMA.
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Figure 49. DRIFT spectrunof cleanSiO; #3 (control) superimposed against polyr
grafted silica (PG{7).

Figure 4.0 illustrates the same PGS sampe that was shown in Figure %4.
juxtaposed against a spectrum collected from a sample of PDIPAEMA homopolymer. The
homopolymer was precipitated e the 'H NMR spectrumof the twice precipitated
polymer did not show signs of residual monomé&igure 4.0 clearly indicates that the
target regions identéd from analysis of Figure 4.12300 cm' to 2000 cnt! and 2800
cmt to 3000 cmt) are resultant from PDIPAEMA and not from an impurity. AHKSBET-

ATRP and SIARGET-ATRP reactions listed in this seati contain indications of
PDIPAEMA. The best agreement between peaks that are characteristic of functionalisation
with PDIPAEMA are 1727 2 cmit! and 2874 1 cnil. Therefore, the SAGET-ATRP
experiments that can conclusively be declared as to have sfutiyegrafted PDIPAEMA

to silica particles are PG and PGS.7.
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Figure 4.10. DRIFT spectrumof PDIPAEMA superimposed against polymgrafted
silica (PGS17).

4.5.5Thermogravimetric analysis of polymergrafted silica particles

Thermogravimetric analysis (TGA) wagrformed using a TA Instruments Q500
TGA analyzer by heating the sample using the following ramp: 10 °C fram 30 to
120°C, held for 20 min and 120 °C, followed by 10 °C rhito 900 °C. The initial
isothermal htal at 120 °C is to remove bulk solvents and adsorbed liquids such as moisture
from the atmosphereThe organic content of the polymerafted silica particlesvas
calculatedfrom the point at which mass loss begins to occur, after the initial isothermal

hold, until the point at which mass loss stops.

Figure 4.11shows that the onset of mass loss for a sample of PDIPAEMA
homopolymer occurs at ca. 300. Figures 412 and 4.13lemonstrate close agreement
with Figure 4.1] the onsetof major mass loss fohé polymergrafted silica samples

containing PDIPAEMA begins at ca. 30€. From analysis of the Figurel. it is
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concluded that PG3$5 was 45 wt% polymerFrom theanalysisof Figure4.13 PGS17

was determined to be 35 wt% polymer.
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Figure 4.11 The hermogravimetric analysif PDIPAEMA homopolymer.
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Figure 4.12 The thermogravimetric analysi$ PGS15.
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Sample: PGS-17
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Figure 4.13 The thermogravimetric analysi$ PGS17.

4.5.6Nuclear magnetic resonancespectroscopy of polymergrafted silica particles

CP-MAS NMR (BC and?°Si) spectravere recordetby Dr. Francoise Sauriol on a
Bruker Avance 60GT-NMR spectrometeoperating al50.91 MHz ging a Bruker 5 mm
CP-MAS probe. The spinningate was 12 kHwvith a crosspolarization contact time of 3
msand a repetition delay of 2 ¥arious contact times and repetition delayse explored
in efforts to improve the signal to noise ratio. In some instances, longer contact times (i.e.
5 or 7 ms) resulted ia better spectrum for silica samples with low organic content. For
polymergrafted silica samples, which have a high organic content, a contact time of 3 ms

with a delay of 2 $s recommended

Selected spectra havwmeen providedor illustrative purposes.Additional CR
MAS-NMR data for PGS samples can be found in Appendix T¥e following figures
arehigh-quality exanples of the soligstate CPMAS NMR spectra obtained from silica

based materials3C and?°Si spectra for sphieal silica (SiQ #3) and irregular silica (SO
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#5), at the various stagesfahctionalisation, are provided. The wt% polymer for PGS
was ca. 45% and for PG it was ca. 35%. The spectra for $5#3 are in good agreement

with the spectra colleatisfor SiQ #5.

The exception to the agreement tenseerby comparing Figures 4.16 4.22 in
which the 2°Si spectra are given foAPTESfunctionalied SiO; #3 and SiQ #5
respectively. Figure 45 shows two peaks closefgsociated, where&sgure 4.22hows
two very distinct peaks. For functionalisation with a silane derivative such as APTES, two
separat@eaks in thé®Si spectrunare expectedThis canbe seefin Figure 4.22with one
peak for the SO bond, and one peak for the-Giband. Similar spectra have been
independently validated by colleagues anelwell reportech literature It is unclear why
there is a discrepancy, especially considering that*epectra for both silica samples

are in good agreement at each stagemdtionalisation.
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Figure 4.14 2°Si CP-MAS NMR spectrunmof SiO; #3 cleaned using the Agilent methc
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Figure 4.15. 2°Si CP-MAS NMR spectrunof SiO, #3 treated with APTES.
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Figure 4.16 ngi CP-MAS NMR spectrurmf SiO, #3 treated with APTES and BIBB
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Figure 4.17. 2°Si CP-MAS NMR spectrunof PGS17.
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Figure 4.18. 13C CRMAS NMR spectrunof SiO, #3 cleaned using the Agilent methc
The same spectrumas obtainedegardless of silica type.
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Figure 4.19 3C CRMAS NMR spectrunof SiO, #3 treated with APTES.
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Figure 4.2Q 3C CRMAS NMR spectrunof SiO; #3 treated with APTES and BIBB.
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Figure 4.21 3C CRMAS NMR spectrunof PGS17.
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Figure 4.22. 2°Si CP-MAS NMR spectrunmof SiO; #5 with APTES.
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Figure 4.23 2°Si CRMAS NMR spectrunof Si0; #5 treated with APTES and BIBB
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Figure 4.24 2°Si CP-MAS NMR spectrunmof PGS15.
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Figure 4.25 2°Si CP-MAS NMR spectrunof PGS15-EXT-PS.
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Figure 4.26. 3C CP-MAS NMR spectrunof SiO, #5 with APTES.
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Figure 4.27. 3C CP-MAS NMR spectrunof SiO, #5 with APTES and BIBB.
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Figure 4.28 13C CP-MAS NMR spectrunof PGS15,
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Figure 4.29 3C CP-MAS NMR spectrunof PGS15-EXT-PS

4.5.7Gel permeation ciromatography

Gel Permeation Chromatography (GPC) was performed with a Waters 2690
Separation Module and Waters 410 Differential Refractometer with THF as the eluent.
The column bank consisted of Waters Styragel HR (4.6x300 mm) 4, 3, 1, and 0.5 separation
columns operding at 40°C and 0.3 mL mif. GPC data are reported as
poly(methylmethacrylate) (PMMA) equivalents, based on a calibration curve of narrow

molecular weight distribution PMMA standards purchased from Polymer Standards.
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Chapter 5

CO-Responsive I norganic Surfa

5.1 Preface

This chapter is unique in tlsensdhat the work presented herein, in part, predates
the previous chapters. Much of the early work on inorganic surfaces such as glass or silicon
wafers was unsuccessful. As previously discussed, the work in Chapter 2 began with the
intent of solving thedrger problems that were plaguing the synthetic efforts focused on
inorganicflat sufaces The methods developed throughout Chapters 2, 3, and 4 were then
applied to the synthesis of G@esponsive silicon surfaces, thus bringing the project full

circle.

The development of C&responsivanorganicflat surfaces is perhaps the most
challenging pursuit undertaken to date. The scientific field in which this research
applicablehas multiple broagjoals. However one in particular that receives consistent
attention is the creation of robust, superhydrophobiectedining surfaces. Innovations in
this field often find harmony between fragitenoscalearchitectures and larger more
robust, micre, and macrescalestructures. The unity of structural design and chemical
response, at all scales, holds the greatest hope for the attainment of these goals. The work
presented herein represents curieditiyen science in pursuit of the relationship between

simple struatres and the chemical responses governed byr&ponsive chemistry.
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5.1.1Abstract

Synthetic methods for the synthesis of &&sponsive silicon surfaceare
presented CQOy-responsive surfaces havéeen evaluated using singleunit
functionalisation techmjues such as sedissembled monolayg (SAM) and direct
functionalistion techniques, whiclise acylransfer reagents to mediate the coupling of
COp-responsive functional groups to a silicembstrate. Polymericfunctionalistion of
silicon substrates vgachieved using grafting fromapproactwith surfaceinitiated ATRP
(SI-ATRP). Poly(2-(diisopropylamino)ethyl methacrylate PDIPAEMA) was grown
from various silicorwafersand a reproducible response to @s documentedith no
losses in performance aftéf cycles. Techniques to induce microscale amahoscale

roughness onto the silicon surface Wil presentednd discussed.
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5.1.2Introduction

Switchable surfacesan beusedas smart materiafer many applications, soe of
which have potential to be applied in an industrial setting. One envisioned industrial
application aims to address the needctfeaning reaction vesselad/omipelines that have
otherwise become less efficient and/or hinder reactions due to chemical residugbuild
If a reaction vesselnd/or pipeline were coatedwith a switchable surface, the
vesselpipelinecould be effectively cleaned by simply applyiag external stimulus.We
have demonstrated that a &£@sponsivesurface can switch between a hydrophobic and a
hydrophilic form¥4  Only molecules with like properties will adhere to the
vessel / pi pel i ne ong hydraphdbis moletules (e.gil residugs breay, o
in which CQ is solble) stick to aresselpipeline wall when the switchable surface is in
its hydrophobic form. With the application of the appropriate stimulus, the surface
switches from its hydrophabform to its hydrophilic formand all hydrophobic molecules
that were previously adheretb the wall are forced off.Once clean, the surface cha
switched back to its hydrophobic fornand reaction&ransportationof materials can

continue3®

During the past few decades, many different synthesis stratbgies been
developed to fabricate functional surfaces wstiperwettability i.e. superhydrophilic,
superhydrophobic, and superoleopholsiorface$. Applications of surfaces with
superwettability includewater harvesting, antorrosion antricing, antifogging,
oil-water separations, drug release, printing, textiles,-grdgction, microfluidics, and

self-cleaning®
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Surfaces with superwettability can agaptedor use as switchable surfacdsor
example, gperhydrophobic materials can become less effedtiego contamination from
oils and other hydrogibic materials. If these supsdrophobic materialsould switch
their propertes between a superhydrophobigieoleophlic surface to a
supehydrophilickuperoleophobisurface,then surface contaminantgould be readily
removed or washed awayOnce clean, the surface could be swetthback to its
superhydrophobisupepleophilic surface for further useFor example, the switchable
surfacecouldrespond to Cg) to a flushing inert gagnd/orto heat(ca.50 °C) as external
stimuli. In an industrial application of such a switchable surface, 6&hand heat could
be captured from waste streams of other processes, allowing a repurposing of the waste

heat and C@

Other smart materials that use lightpH to switch, instead of GQcan beused
industrially, but would require retrofitting reaction vessels to facilitate light exposure, or
would generate excessive amounts of waste cfamtrolling pH. Additionally, the
accumulation of salt in a closed & from the use of pH modifiers such as NaOH and
HCI has been shown to significantly reduce the performance of-eegptdnsive smart
material’ The useof CO; as an external stimulus is distinct from other methods of
achieving a pH change (addition atids/bases) sincthe pH change can be readily
reversed by removal of C{rather than by addition of a counteragtbase Thus, material

performance will not degrade over time due to the accumulation of salt in the system.

The wetting characteristics of a surface can be greatly enhanced by physical
modification of the surface (i.e. creating surface roughness) ohdmyical modification

by means ofmodifying a surface (rough emooth with hydrophobic coating$.Various
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methods for both chemical modification of a surface with,-@8ponsive functional
groups and physical modification of inorganic substrates have been investigated for the

developmenbf COp-responsive smart surfaces with superwettability.

5.1.3Chemical modification of surfaces

An initial assessment of switchable materials yielded multiple pathways in which
chemical modification techniques could be used to cee@te-responsivesmart surface.
In the broadest of terms, the &fdinctionalities could be physisorbed or chemisorbed to a
surface. Physisorbed G@esponsive surfaces can be created by spin coating thin films of
a CQO-responsive functionality/polymer onto an inorganicface such as a silicon wafer

or a glass microscope slide.

Of the chemisorbeghathways assessed, safisembly stood out as a relatively
simple and welktudied method for creating a smart surface. Moleculalassémbly is
the assembly of moleculesithout the control of an outside influence. Ssdembly
occurs spontaneously throughout nature, the most prominent example being the double
helix of deoxyribonucleic acid(DNA). Of the divers approaches for molecular
selfassembly, two strategies haeeeived the most attention; electrostatic-asembly

(layerby-layer assembly), and sedssembled monolayers (SAMs).

Electrostatic sethssembly involves anionic and cationic interactions to assemble
layers atop of one anotheFypically, one layer acts as a binding layer for another, leaving
the top layer to become the active surface layae chemistrpf aCO,-switchablesystem
involves the formation of ions (an ammonium hydrogen carbonate specasnge the
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ionic strengh of a solution; incorporate this into surfadeemistry and the ions play a role

in wettability. Since electrostatic selsembly involves both cations and ané@iasd not
always a perfectly balanced amount of either, becswsgessfubindingdoesnaot depend

on a perfect ratid this process could potentially hinder the effects of an ammonium

hydrogen carbonate species on wettability.

The better alternative for sedssembled materials is the approach consisting of the
formation selfassembled monolays. The SAM approach involves the spontaneous
assembly of synthetically accessible constituent nubdscsuch as thiols and silar@go
an appropriate substrate.l n t he 19806s, scientists
spontaneously assemble on nobleatsetThis discovery opened up the doors t&iraple
andeffectivemethod for creating new surfaces. They found that, by placing a gold surface
into a millimolar solution of an alkanethiol, virtuallyyadesired surface chemistry could
be achieved The esulting crystallindike monolayers on the metal surfasere then

termedself-assembled monolayet$.

Thiol and dithiol SAMs on metalgarticularly on Auhave attracted considerable
attention due to thegasypreparatiorfrom gasphaseor from solutionand theirelatively
high stability mediated by the strength of théA8 bond and by van der Waals

interactions’

The sulfur-gold affinity is one ofthe driving force for selfassemblybut it has
little to no influence on the arrangen@eh each molecule on the surface. Surface packing
is chiefly controlledby the hydrophobic van der Waals interactitvet occubetween the
methylene carbons on thmeighbouringalkane chains. These hydrophobic interactions

cause alkanethiol chains tidt in order tomaximise chainchain interactions, effectively
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lowering the overall surface energy of the SAM/hen chain length exceeds ten carbon
atoms, the hydrophobic chagiain interactions are strong enough such that they overcome

t he moslowtonal degbeesf freedomt!-12

A typical alkanethid is broken down into three partthe terminalsulphur group,
which forms a strong, covalent bond with the substthgd)ydrocarbon chain (of variable
length), which stabilizes the SAM through van der Waals interactoksthe head group
which can have different functionalitie§he head group provides a platform to tailor the
surface chemistry of the material througintfierfunctionalisation By simply changing
the head group, a surface can be glemil to be: hydrophobic (alkylfydrophilic
(carboxyl, amino, etc.)protein resistant (ethylene glycolr chemically reactive (azide,
sulfur, alkene, carboxyl, primarymane, etc.).® Due to the wide variety of surface
properties that are readily alable, the golethiol SAM system is a very attractive

methodology for the creation of smart materials.

An alternative to the go#thiol methodology for SAM creatiois the siliconsilane
method. Silane coupling agents are a family of organosilicon marsnrepresented by
the general structure -RiXs, where R is a functional group bound to silicon in a
hydrolytically stable manner. Silane compounds are commonly available, with
functionalities suctasamino(-NHa, -NRy2), vinyl (-CH=CH), alkyl (-CHs), ard mercapto
(-SH). The X term is most commonly a methox®CHs) or ethoxy {OCHCHs) group.
These groups undergo hydrolysis in the presesfaninute quantities of watés form a
reactive silanol speciedAfter hydrolysis the reactive silanol species will undergo either
self-condensation, which isot desired or condensation with the substrate, which is

desired
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Silane hydrolysis and condensation (sil@ilane or silanesubstrate) reactions
transpireat the same timdor most silanedvoth reactions happen rather rapidly. Silane
self-condensation reactions needb® minimisedin order to form weHlordered SAMs.
Prolonging the lifetime of the reactive silanol specresolutionwill increase the chances
of silanesubstrate condensation and reduce the chances of-silane selicondensation
Slightly acidified water, pH &, has been shown to slow the condensation prdéeBer
most silanes, an acidic solutios preferred To further avoid seltordensation, silane
concentrationshould not exceed 1 to 10% v/v; commordl§mM silane in an anhydrous

solventis used

Silanes with basic functionalities (i.e. an amim® susceptible to potentially
problematic aciebase interactionsuch as protonatn of theaminewhen low pHaqueous
deposition solutionsare used Protonation of the aminean hinder silansubstrate
condensation, thus reducing monolayer formation. Additionally, protonation of the amine
functionalities at low pH will reduce the number arhine functional groups that are
capable of binding C& thus require additional workugteps to yield a fully functional
COp-responsive surface. It is therefore recommendedhat silanes with basic
functionalities, such as amine\H>, -NR2) groups be deposited do substrates in basic
or anhydroussolutions. Basic solutions with pH vakieupwards of pH 1llare

recommendedriethylamine is commonly used as thdditive to increase pH.

Most commercial silanes have limited solubility in common solveiitse most
versatile solvents for silane compounds effeanoland toluené®® While both solvents
are effective deposition solutions, the higher boiling point of toluene allows for higher

temperatures thatan drive off the alcoholic byproducts of silane hydrolysis and
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condensation, thus driving the surfdoactionalisationforwards. Multiple depositions
were screenedhroughout thisthesis However the use of anhydrous toluene as the

deposition solvent resulted in the most reproducible results.

Further chemical modiation of a silicon surface, whether at the silicon interface
or from a tethered functionality, cdre achievedhrough standard peptide coupling and
acyl transfer methodsThe reaction of nucleophiles with acyl transfer reagents, such as
acid chloridesis one of the most important classeduwfctionalisatiorreactions used in
organic synthesi¥’*® Fundamentally, acyl transfer reactions allow for the linking of two
nucleophilic species. Thus, acyl transfer reagents provide a powerful tool for building
molecules or functional materials, such as @&3ponsive surfaces. Commontihe
corresponding transfer of an electrophilic carbamoyl speciHR?K=0)is usedin the

formation ofureas carbamates and thiocarbamates.

One of the more prominent acyl transfer groups that has recerglyedattention
in the | i t-erbenyldimidazole €DI)1 , Thdintermediateimidazolides
obtained upon the reaction of CDI with a nucleophilic species possess reactivity
comparable to acid chlorides. However, they are more easily handled and may be isolated
if required!® In addition to the ease of use, CDI is relativatgxpensiveand the
byproducts of the reaction are €énd imidazole. In most regards, the use of CDI and
CDI-mediated coupling is an example of green chemistry. As such;ntéDiated
coupling is an attractive alternative to traditional carbodiirtideedreagents that are
commonly employed in peptide coupling reactions such as

N, Migyclohexylcarbodiimidg DCC), 1-ethyt3-(3-dimethylaminopropykarbodiimide
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(EDC), and N-[(dimethylamino}1H-1,2,3triazolo[4,5-b]pyridin-1-ylmethylene}N-

methylmethanaminiurhexafluorophosphate-hixide (HATU).

Polymer grafting methods, such as-AAIRP, are powerful tools for the
modificationand manipulation of surface propertf@sin the broadessensepolymeric
grafts canbe thoughof as athin film of polymer thats covalently linkedo a substrate.
Covalent bonohg imparts a durability to the polymer thin film thatnot easily achieved
with physisorbed methods. -BIGET-ATRP methods developed in Chapter 4 vioé
discussedhereas they are applied to silicon surfaces. Additionally, two literature examples
of COz-responsive polymer grafts on a silicon surface Wl presenteénd reviewed

critically.”?!

5.1.4Physical modification of surfaces

The wetting characteristics of a surface banhancebly creating a rough surface
on a hydrophobic material or by modifying a rough surface with a hydrophobic coating.
Consequently, the pursuit and study of superhydrophobic surfacesiftdaes the
physical modification of silicon surfaces. Surface lwgng or patterning is often
achieved througbhotolithographynanocastingvertically alinged carbon nanotubes, wet
etching, and electrorbeam lithograph§. Despite their excellent performee, these
methods suffer from shortcomings, such as involving multiple complex steps that require

expensive clean room facilities and the need for expensive lithographic fhasks.

In comparison to these methodgect laser processing of the silicon substrate has
emerged asa dominant novk approach for the modification ofudace wettability.
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Numerousexamplef hierarchical structures consisting of micamd nanoscale features

have been created using laser patterning. Laser patterning systems do not require clean
room facilities and experiments came conductedn a vaauum or gaseous atmospheres

such asir and Sk.?? Laser patterning isgsticularly useful for the creation of biomimetic
surfaces in which complex surface patteans required There have been several laser
assisted techniques applied to the fabricatiobiaiimetic surfacesIn a recent review,
Chenet al compiled acomprehensive study of lasericrofabricationon biamimetic
wettability; techniques such as direct laser writing, laser interference lithography, pulsed

laserdeposition, and lase¢extured templatingre discussetf

Traditional nanosecond (ns) laser systems have an apparent drawback of
photothermal ablation, which bringbaut a significantamount of molten material and
produces a ficor on a & Pegressimtdchnolbgy has divenebtrtietd h o |
a newfemtosecondf§) laser system witlan ultrashortpulse of <1 picosecond (psA
comparisorbetweenthe structuresreated with the ns and fgsers demonstrates that fs
laser micromachining can tremendously increase the precisiagsociated with
microstructiring. The increase in precisi@man be associated withe very rapid creation
of vapaur and plasma phases, negligilileat conduction, and an absence of a liquid

phase?

Despite being in its infancy, lasericrofabricationtechniques argaining attention
as reports of their ugwoliferate rapidly The first reported example of a e&@sponsive
superhydrophobisuperhydrophilicsurface was reported by Stratakis et al. using-dual
lengthscale roughened silicon wafers that were fabricatsithg fs laser patterning

techniques.
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5.2 Results and dscussions

5.2.1COz2-responsive polymer thin flms

COp-responsive polymeric thin films were evaluated as smart materials. The smart
surfacecomprises a silicon wafer, or a glass slide, onto which a polymer thin fillreleas
spun PDEAEMA has been studied within the Jessmp Cunningham researghoups
and has been shown to b&€@,-switchable polymet PDEAEMA and PDEAEMACco-
polymers were synthesised using conventional free radical polymerization ustog VA

as a thermal initiator (Figure 5.1).
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Figure 5.1. PDEAEMA (5-1), P(BMA-co-DEAEMA) (5-2), P(MMA-co-BMA-co-
DEAEMA) (5-3).
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Thin films of x 50.0 kDA poly(diethylaminogthylmethacrylate (PDEAEMA)
polymersand copolymerswere spunonto clean glass microscope slideSolutions of
PDEAEMA in methanol having a concentratioh2 mg/mL were spun at 5000 RPM.
Coated slides were oven cureda0J #or 10 min. CO,-responsive behaviour of the thin

films was examined using WCA (water contact apglealysis. WCAanalysiswas
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conducted before and after €exposure; C@was introduced to, and removed from the

thin films by the following protocol:

1. COyg was bubbled through a gas dispersion tube inflassbeaker of Millipore
water (pH 8.2) until pH was <4Thesolution was at room temperature, which
was ca. 22C.

2. Glassslide supported thin filmaere placednto the low pH solution for a total of
30 min. CQ) was continually bubbleduring that30 minexposure time

3. After 30min, the glass slidsupported thi films were removed antharactesed
by WCA analysis

4. Ar was spargethrough the glasseaker of Milliporevater, whichwas heatedb
60e C.

5. The hydrophilic forms oflass slidesupported thin filmsvere placed into the
Millipore water for a total of 30 minAr was continually bubbleduringthat 30
min exposure time and a constant temperature ¢330as maintained

6. After 30min, the glass slidsupported thin films were removed artthractesed

by WCA analysis

Initial characterization of thEDEAEMA thin films proved difficult; PDEAEMA
(5-1) hasa low glass transition temperaturg)®f ca. 20°C.242°> Below its Ty, a polymer
will be glassy, hardand brittle. Above its ¢ a polymer will be in a molten or rubbery
state, making it difficult to manipulatand weigh precely, which is the case for
PDEAEMA at room temperature. Thg df amorphous mixtures and random copolymers
were estimated usirthe Fox equationwhere w is the mass fraction of component A, and

Tyais the glass transition temperatureioo mop ol ymer A, e®cé ( Equ:
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T (5.1)

gCopolymer-1 = WATgA-1 + WBTgB-1 + WCTgC-1
Once the PDEAEM thin film was exposedo CQG in water,the polymer film
separated from the glass slidad partlly dissolved in solution. Desorption of the

polymer thin film washypothessedto be due td¢ h e p o high sadubililysn water

when exposed to GO

To decreasé® D E A E Mwabes solubility, a hydrophobic monomesas added
Butyl methacrylate (BMA) has aredictedlogD of 2.63, wherea®EAEMA has a
predictedogD of 1.03 at pH=&ndlogD of -1.41 at pH=4.6 BMA was opolymersed
with DEAEMA at variousratios to lowerthe water solubility of the resultartopolymer
(5-2). The resultant P(BMAco-DEAEMA) polymers were not soluble wwaterat room
temperature. bwever the P(BMA-co-DEAEMA) polymers had &4 of approximately
17 °C, thus theP(BMA-co-DEAEMA) polymerswere difficult to work with at room
temperatureTheP(BMA-co-DEAEMA) polymers were spun onto glass slides and despite
having a decreased solubility in water, they separated fromldke slidaupon exposure

to CO and water.

Poly(methyl methacrylatefPMMA) has a F of 104°C.28 Thus, PMMA was
considered a suitabl e candyd OEBAEMA BMA, andai se a
methyl methacrylate (MMA)were coplymerised at a 1:1:1 molar ratio to yield a
terpolymer(5-3) with an adequate ¢I(45 °C) and a sufficiently low water solubility.
Unfortunately, theesultant terpolymer still failed to remain attachethie glass slide upon

exposure to C&in water. Generation of the terpolym@rhydrophilic forma salt complex
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with a bicarbonate anigmaised the terpolymés water solubility such that it peelad/ay

from theglass slide (Figure 5.2).

Figure 5.2. A COz-responsivepolymer thin film of P(MMAco-BMA -co-DEAEMA)
terpolymer(5-3) desorbing from the glass slide. The image was captured shortly
exposure to Cein water.

It was concludedhat CO,-responsivepolymer thin films failed to show any
promise in applications that would beafrrentuse Additionally, owing to the fact that
a CQ-responsive polymer becomes increasingly soluble in water whers@@sent, the
COp-responsive polymer auld need to be covalently boutal the substrate to prevent

desorption of the C&responsive functionality from the surface.

5.2.2CO0O2-responsive aminesilane self-assembledmonolayers

The problems associatedgith the materials prepared by coating a surface with a
COp-responsivehin film (i. e. desorption)vere addressed bynctionalisingthe surface of
a olid material by covalently attaching switchable moiety. Covalently attached
COp-responsive surfaces were achieved bydihectfunctionalisatiorof a silicon wafer or
glass slidausing silanes bearing@0O.-responsive moiety (Scheme 5.1).
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Scheme 5.1. A genericdepiction of a C@responsive silar&nctionalised surface
where X: ethylene or propylene and R: methyl or ethyl.

Glass microscopslides were cleaned by exposure to acidic piranha solution at
85°C for 1h, followed by basic piranha solution at 70, for 20 min?*3° The cleaned
surfaces were functionaéid immediately after the greatmentprocessto minimise
unwanted surface contaminatio@leaned surfaces were immersed i%@v/v solution of
silane in anhydrous toluenat 70°C, overnight. Silandunctionalised surfaces were
washed thoroughly and sonicated in toluene three times toectisat any physisorbed
silane was washed away from the substr8ianefunctionalised surfaces were evaluated

by WCA before and after G&xposure, the results of whiahe summariseth Table 5.1.

195



Table 5.1. Water contact angles of glass slideated with various silanes.

Water Contact Angle

Silane Initial Exposed CO . Switch
to CO» Removed

n-Hexyltrimethoxysilane (S1) 101J 103] 101] 3J 2]
(N,N- 87J 57] - 6J 30
Dimethylaminopropyl)trimethoxysilane
(S2)
(Diethylaminomethyl)trimethoxysilane  84J 48] - 6J 36J
(S3)
[3-(Diethylamino)propyh 94J 20J 91J 9 74
trimethoxysilane (S4)
N,N-dimethykN &(3- 69J 42] - QA 27
(trimethoxysilyl)propyl)acetimidamide
(S5)

The molecular structures for the silanes testexishownn Figure 5.3. Silanes
S1-S4 were purchasedrom commercial sources and S5 was synthesised from

3-(aminopropytriethoxysilane (APTES) ahJN-dimethylacetamiddimethyl acetal.

/ /
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Figure 5.3. Various aminesilanes used for thiinctionalisationof glass and silicor
substratesThe corresponding names of each compound can be found in Table 5

An alkyl-silane, hexyltrimethoxysilane §1), was first used to functionaéisthe
silicon or glass surfaces to establish whether direct bond formation between the surface

and silane would beobustenough to withstanthe CO; switching processesS1 was
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chosen as a test compound because it was structurally similar to silanes bearing
COe-responsivéunctional groupsutit did not contairma CQ-responsive functional group;

thus, the stability of the silane linkage to the surface could be isolated and gty .

The surface of a glass microscope slide functionalised with S1 remiayakedphobic
beforeCO, exposureafter CQ exposure, and after G@emoval (Table 5.1). Thug,was

concludedhat theSi-O-Si bond was strong enough to withstand thiéching process.

A variety of amine or amidireontaining silanewere testethy WCA analysidor
COp-responsive behavioufTable 5.). A detailed description of WCA analysis for
COp-responsive behaviour is  outlined in Section 5.4.10.
[3-(Diethylamino)popyl]-trimethoxysilane (S4) offered the largest change water
contact angle upon switching between its hydrophilic form and its hydrophobic form.
ConsequentlyS4 was selectedbr further testing. Glass surfaces functionalised w4
weresuccessfully switched from a hydrophobic fornatbydrophilic form by exposure to
CQO: in water The aldition of Ar and heat( 60 °C) resulted in the switch of the material
back to its hydrophobic form, but the material was not readily switched badk to i
hydrophlic form with subsequent exposu@ CC; in water. The material(s) persisted in
a hydrophobic state. XPS analysis of the sHfametionalisedsurface before and after
CO, exposure indicated no change in the nitrogemtent; therefore, the lss of
COo-responsive functionalities from the substrate surface was not the cause of the
persistent hydrophobic state. The persistent hydrophobic nature of the surface was
hypothesised to be due to interactions between ahenofunctional group and

nonfunctionalisedsurface silanols on the silicon substrate (Figure 5.4).
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Figure 5.4. A graphic depictiorof two possible interactions between a&€sponsive
silane and the free surface silanols on a-83ponsivesilanefunctionalised surface.

Two strategies were envisioned to prevent unwanted asilarol interactions.

Firstly, aminasilane surfacewere prepared Once preparedhe functionalisedsurface

were treatedwith 1,1,1,3,3,8hexamethyldisilazane trimethylchlorosilane(HMDS +

TMCS) tofunctionaliseanyremaining free surface silanols (Scheme 5.2). This process is

known asendcappingand is quite common with siloxane based matetrai$33’ the

reaction is known to work in the presence of amiies

TMSCI1
R;Si-OH —_—
Base, 1t

HMDS
2 R3Si-OH —_—
It

HMDS
5R;Si-OH ———
1% TMSCI
rt

R;Si-0-Si(CH3); + Base HCI

(5.2)
2 R3Si-O-Si(CH3)3; + NH; (5 3)
5 R3Si-0-Si(CH3); + NH,"CI" + NH,4 (5.4)

Scheme 5.2. Reactions of common silylating agents used for silanolcagbing.

Adapted from Anwander et &t.
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Typical hydrophobic states, with contact angle9@Bb5Jwere observetbr glass
slides treated witB4and subsequently erchpped Equation5.4). Upon exposure t€0,
for 30 min, no change in the WCA was noticédiditional exposure for a total time @fh

yieldedaminimal, arguably negligibleyariationin the WCAof approximatelyl0J.

A final treatment with glycolic acidrasconductedo ensure full protonation dhe
amine functionalities. Protonation with glycolic acid should induce a hydrophilic state,
even if for some reason carbonic acid had fail&dlycolic acid is astronger acid, having
apKaof 3.83, whereasarbonc acid has m apparenpKappof 6.36. Exposure of the end
capped amindunctionalised surfaces to glycolic acid failed to induce a hydrositgie
the surface waslightly more hydrophilic with a measured WCA of ca?.8%hus, loth
carbonic acidand glycolic acid fagd to make asignificant difference in the overall
hydragphilicity of the material. lis hypothesisedhat either: a)the TMS capping group
must be blocking the pathway for protonation by steric hindraoceb) through
hydrophobiccontributiors to the surfaceTMS counteracts the hydrophileffectsof the

protonated amine species.

It was postulatedhat creating araise e f f e ¢ t by inteodusingdohgarc e o
and/orlarger monovalent or divalent moieties to the switchable tynoray put enough
distance between the G@esponsive domain and the mswitchable silanol or capped
silanol groupgo createa surface in which the top domain is £@sponsive.Having two
distinct domains may be sufficient enough to allow the surfaexhibit COx-responsive
behaviour. However, bng chain amingilanes that would distance the &£@sposive

group from the substrate surface were not readily available.
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It was thus determined thaivitchable silane moieties attached to silicon surfaces
via SFO-Si linkageghat constain alkyl linkersf ethyleneor propyenechains (Figure 3)
were not a readily viable means for accessing a switchable surfacerrefit use.
Nevertheless, amidines and tertiary amine functionalities containing methyl and ethyl alkyl
groups were demonstrated to@@.-responsivand the SIO-Si linkagesveredetermined

to be stable over the range of conditions employ&tiOnswitching processs

5.2.3CO0e2-responsivegyold-thiol self-assembled mnolayers

A COp-respomsive selfassembled monolayer (SAM) omgald surfacewas studied
as an alternative in which potential atidse interactions between free surface silanols and
COp-responsivemoietieswould be nonrexistent Additionally, the covalent gokthiol
bond circumvents earlier concerns regarding the physical desorption of #hespOnsive
functionalities. A selfassembled monolayerr e a t e d -(6umercaptghex¥N,N-

dimethylacetimidande was evaluated for C&esponsive behavioscheme.53
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Scheme 5.3.A COr-responsive selissembled monolayer on gold 86) where the
funct i on al-(6-mehcapmhexytN,N-dimitdylacetimidamideand X is a
hexylene linker.

Au-S6 was evaluated for C&responsive behaviour as outlined in Section 5.2.1,
and in detail in Section 5.4.10/CA analysis was used to monitor changes in surface
energy between the native statéafS6(relatively hydropbbic), the state oAu-S6when
exposed to Ce(relatively hydrophilic), the state &u-S6 after CQ had been removed
from the system (relatively hydrophobic), and the statsueE6during subsequent cycles

of CO, exposure and removal (Figure 5.5)
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Figure 5.5. The CQ-responsive behaviour of AB6 as measured by static water con
angle analysis ov&.5cycles of switching from hydrophobic to hydrophilic and bacl
hydrophobic. Error bars represent the standard deviation for each data AwiS6
with COz (¢ ) and AuS6without CQ (s). Experimental procedure outlined in Secti
5.4.10.

Observance of cyclibehaviarr over a period of 2.5 cycles indicates successful
switching between the relatively hydrophilic and relatively hydrophobic stat&s-&6.
The average magnitude of change between ©&@osure and CQemoval was 19 6J.
The magnitude of change is not consistent over time (Figure 5.5). The relatively
hydrophobic state could habeen reducelly the incomplete removal of the bicarbonate
species. The increased basicity of the amidine functionaétgtive to aminesilanes
S1-S4, would require a larger thermal input to reverse the reaction and evolv&d®©
Au-SE6 the persistence of bicarbonate salt aftertieemaltreatment would account of the
reduced hydrophobicity noted in cycle Bu-S6was cycled.5times; havever,by the2™
cycle, atemperature increase was necessary to induce its hydrophobic form. Removal of
CO; from Au-S6in the hydrophilic state wasinsuccessful at 6%. Partial regeneration

of hydrophobicsurface charactevas observedt 70°C; full regenerationvas not observed
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until extended exposure 80 °C, which is sufficiently high to limit the energy savings

offered by aCO,-responsive system.

Additional analysis of Figure 5.5 shows an overall increase in the hydrophobicity
of Au-S6, in both the charged and the neutral states. This upward trend is likely due to a
combination of factorsthe hydrophobicity of the surface could have been increased by
contaminatiorwith dirt or oil, or by thdossof S6from the gold surface It was noédthat
the fragile mica substratento which the Au layewas depositedwas easily damaged

throughout the C&®switching process.

Importantly, Au-S6 was repeatedly able to switch between a hydrophilic and a
hydrophobic state; the surface AfI-S6 does no contain silanols because it a gold
substrate. Therefore, the switchab&haviar of Au-S6supportghe idea that interaction
between free surface silanols and the-@&ponsive aminkinctionalitieswas responsible
for the persistent hydrophobic state thais observedith aminasilane functionalisation

techniques on silicon and glagsble 5.1and Figure 5%

Furthemorg efficient use of SAMscurrently requires Au surfacesvhich are
expensiveand not practical fowidespreaduse lining industrial pipelines or reaction
vessels; also, tertiary amitbiols are not readily available commercially, nor are anaidin
thiols. Thus,amidinofunctionalisedthiol selfassenbled monolayers on gold amet a

readily viable means for accessing a switchable sudacerrent use.
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5.2.4COz2-resporsive silicon surfaces us i n g -catbgnyldimidazole as an acyl

transfer reagent

The search for a robust method of functiosiag a silicon surface with a variety of
COp-switchable functionalitiesitially led to the use of , -dafbonyldiimidazolgCDI).
The Jessop and Cunningham research groups have had success with CDI based
functionalisatiormethods in the past, whesllulose nanocrystals (CNCg)ere modified
through a onestep CDI-mediated coupling with -{3-aminopropyl)imidazole API) to
createCQOp-responsive ellulose nanocrystaf Additional experimentatiomsing CD}
mediated coupling for the synthesis of £@sponsive polysaccharide surfacss

discussedn Chapter 6.

In this section, the synthesis of G@esponsive silicon surfaces by CBlediated
couplingis presented CQOpy-responsive silicon surfaces were creatad unfortunately,
they could nobe reliably reproduced CDI-meditated reactionsere explorecand more
reactve CDFbasedcarbamoylimidazoliunsaltswere utilisedn attempts taeproducehe

successful results.

CDI-mediated reactions on silicon result in a silyl ester carbonate/carbamate
linkage. The silyl ester carbonate/carbamate linkage was determiretbim unstable for
the conditions at which the G@witching processes occur. The envisioned

COp-responsive surface as prepared by acyl transfer reagesttswnin Scheme 5.4.
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Scheme 5.4.A COo-responsivesurface utilising a silyl ester carbonate linkage to
bulk substrate. X: ethylene or propylene, R: methyl, ethyl, isopropyl.

The synthesis of a Gadesponsivesurface via acyl transfer reagents contains three
constituent parts: the silicon surfatiee acyl transfer reagent, and the &€sponsiveo-
nudeophile A variety of CQ-responsiveco-nudeophilic species were selected for their
various pkw and logy values. The scope of C@responsiveco-nudeophilic speciess
shownin Figure 5.6. Highlights include species sast?-(diisopropylamino)ethanol, that
is both basic and hydrophobic;ddnethylaminel-ethanol, which is basic and relatively
hydrophilic; and i(3-aminopropyl)imidazole, which is hydrophilic but a relatwaleak

base.
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Figure 5.6. ProposedCO,-responsive caucleghilic species foracyl transfergroup
mediated coupling with a silicon substrate. All valwesre predicted using mod
compounds; model compounds are indicative of the compound when bound to a
via a carbon@ or carbamate bond (Appendix VAl
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In general, theCOp-responsivesurfaceswere preparedn two ways. The first
method involves mixing a solution of CDI and silicon substrate, then adding the
COp-responsive camudeophilic species. The second method involves mixing CDI with
the COx-responsive caudeophilic speciedirst, and then transferring that solution over a
silicon substrate. Owing to the difficulty eharactesing a silicon surface, redagime
analysis othe reaction could not happen. Therefore, the reactters deemeduccessful

if the resultant surface exhibited g€&sposive behaviar.

COp-responsive silicon surfaces using @Dédiated coupling were not achieved
using the methods that had been provsuccessful on polysaccharide surféces.
CDI-mediated synthetic approaches result in the formation of imidazoline intermediates.
When various acid catalysts are used, thmdazoline becomes a more reactive
imidazolide. The addition of acid catalystas metwith varying successCQ, has been
shown to increase the rate of Gikdiated coupling (Scheme 528)The application of

CQ; gas to the coupling reaction did not result in a@&ponsive surface.

RZR3NH
o O with and 0
RIJJ\ cDI AL ,§ without CO, 'JLN'RE
|

R N™
OH R
N - N e

[N\> +COy [N\>
b i1 N
cDl

Scheme 5.5. GeneralCDI-mediatedcouplingwith and without CQ. Image adapte:
from Vaidyanathan eil.*®
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In Scheme 5.5, Rs the silicon substrate resultant framitial coupling with CDI.
The application of C®was shown to facilitate the second coupling reaction through the
mechanism shown in Scheme 5.6, whetdsRhe silicon substrate resultant fronitial
coupling with CDI and BNH; is a CO.-responsive caudeophilic species such aS9

(Figure 5.6). Theeactive intermediate, is expanded for clarity in Figure 5.7.

2 —- +
RINH, + 00, —— RAn"G RHgR?
H

0
r2 M- =2 - -

N~ o NHsR O-acylation RT"S07 N
Mechanism 'a' I H

L 0 }\‘ CO,
AL

]
rR2 M+ )
N” "OH NH3R? N-acylation R "N

Mechanism 'b'

N

[\} +CO,
N
H

Scheme 5.6.ExpandedCDI-mediated couplingvith and without CQ. Image adapte:
from Vaidyanathan eil.*®
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Figure 5.7. Reactive intermediatel, when envisioned for the synthesis of
COy-responsivesurface, Si@H.
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The failure of the C@promotedCDI-mediated coupling reactions is postulated to
occur whenSiO.-l is formed This reactive intermediate is highly unstable and upon
contact with a nucleophilic or protic species will likely degrade. A mechanism for the base
catalysed degradatiorof SiO-I with residual water is proposed in Scheme 5.7. The base
could be any number apecies an@robablecandidates are shown; the most likely basic
species involved in the catalytic degradation S¥O-I is the tertiary amine of the

amino-functional group.

:B
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(0] (0] ®
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©)
CO + Q + ®gh OH B
2 | —_— | +
SiO, Surface SiO, Surface

B = (\NJI\O/\/N\ HO/\/IL\ N&=/\NH

Scheme 5.7. Proposed mechanism for the ba&s¢alyseddegradatiorof SiO,-1 with
residual water.
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Similarly, the final product is expected to bestableowing to the silyl ester
carbonate/carbamate bond. The bzestalysed degradatiorof thefinal product SiOx-1l)

with residual water is shown in Scheme 5.8.

RZ R2
o H/ + Hzo —_— 0 -~ —— o N 7 . @BH
L 1 1"
SiO, Surface SiO, Surface Si0, Surface
SiO,-11

/\ W
© 2
OH )J\ R

SiO, Surface SiO, Surface

—

N

I | _
B : (:TLO/\/N\ Ho/\/TL\ QNH

Scheme 5.8.Proposed mechanism for the basg¢alyseddegradatiorof SiOp-11 with
residual water. The bond to the surface could be a silyl ester carbamate (as sh
silyl ester carbonate depending on whiB,-responsive caucleghilic speciess used

Imidazole hydrochloridelinHCI) has been showto be a suitable alternative to
using CQ as a promoting agent for Cidediated coupling reactiondmHCI has been
shownto promote the amidation of aromatic rings through -@i2diated coupling by
acting as a proton source for acid catafjiScheme 5.9). The benefit of using ImHCI

over CQ is that the reactivantermediate Si@| is avoided
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Scheme 5.9.CDI-mediated coupling the addition of imidazole hydrochloride (ImF
to form reactive intermediate 1l. Image adapted from Woodmalr&t

Protonation of the aromatiwound imidazole group biymidazole hydrochloride
increases the electron withdrawing properties of the bound imidazole. The resultant
aromatiebound imidazoleH™ is a better leaving group and thus facilitates the subsequent

nucleophilic attack,asuling in the formation of the ds#red product.

Both conjugate bases of the aciatalysed reactions using either G@r ImHCI
must be considered. G®& evolved from the system after the initial coupling to form the
reactive intermediaté (Scheme 5.6). Additionally, COs a byprodct of the final
reaction. As such, COs present at each step of the reaction andbeagasily removed
when necessary. When ImHiSlusedas the aciatatalyst the conjugate base byproduct
is imidazole. Imidazole is already a byproduct tisgirodued throughout the coupling
reaction. Additional imidazole is of little concern since its presence does not already inhibit
product formation. Woodman et al. usedexcess ainHCI (1.5 eq.) and concluded that

the addition of ImHCI significantly enhancése rate of the reactiol. Thus, in theory,
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either acid catalyst (COor ImHCI) should not negatively affect the formation of the

intended product.

In the literature, acid catalysis of Cibiediatedcoupling reactions results in faster
formation of reactive intermediates | and Il. However, that enhancement did not translate
to a silicon surface owing to the instability of the reactive intermediate ISizhen CQ
is the additive) and the instabyliof the final product Si@ll (both CG and ImMHCI). No
direct evidence for this conclusion is available since one cannot isolaté, rGnonitor
the reactions when a silicon wafer is involvedldditionally, the surfaces tested did not

exhibit obviousCO»-responsivebehaviour.

There are two discernable differences between the published methodologies and
the methodologies that aneroposed here (Scheme 5.5). Herein, the proposed method
involves a silicon wafer and a G@esposive functionality. Publhed methodologies do
not contain either. Thus, it is likely that the wafer, the-@3ponsive functionality, or the
combination of the two are causing the failure of an otherwise robust reaction pathway.
The remaining series of experiments in this ¢hawill fundamentally address one or both

of these concerns.

The degradation pathway of the reactive intermediate-5i® proposed tde
catalysedy the presence of a weak base (Scheme 5.7). Additionally, regardless of whether
an acid catalysis present,the product Si@ll is formed. SiQ-Il contains a silyl ester
carbonatiearbamatethat is hypothesisedo degradesimilarly to SiG-l. Given the
stipulation that the silyl ester carbonate/carbamate species will exist and the reactive
intermediate -1 is avoided the only variable to manipate is the base catalyst.

CDI-mediated coupling is tolerant to the imidazole {@k6.97) byproduct thas formed
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in situ. However there is no precedent for the stability of a silyl ester carbonate/carbamate

in the presence of imidazole. One must presume that the silyl ester carbonate/carbamate is
stable in the presence dfmidazole. Otherwise the CDFmeditated approach is
fundametally not suitable forsilicon substrate. It isentirely possible that the
CDI-mediated approach is nauitable for silicon substrates. However, for initial
experiments that hypothesis mbstrejected Instead, we look to the most basic functional
group that is present in the system, at the same time as the silyl ester carbonate/carbamate,

being the C@responsive tertiary amine.

To stop the baseatalyseddegradatiorof SiOx-1 or SiO-1l the CQ-responsive
tertiary amine was protonated with HCl flarm the hydrochloride salt. The remaining
coupling steps were carried out in the presence of the hydrochdaitdad itwas notuntil
the materialvas fully preparedhat the hydrochloride saltas removedvith an excess of
a nonnucleophilic base, teamethylguanidine (TMG). SiO»-S7, a dimethylamine

terminated C@responsive surface was prepared in this manner (Scheme 5.10).
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Scheme 5.10.Synthesis of a dimethylamiserminated silicon surface, Si€37.

Si0,-S7 exhibited CQ-respomsive behaviar over 4.5 cycles, switching from

neutral and hydrophobic to charged and hydrophilic and back again (Figure 5.8).
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Figure 5.8. The CQ-responsivebehaviour of Si@S7 as measured by static wa
contact anglanalysis over 4.5 cycles of switching from hydrophilic to hydrophobic
back to hydropitic. Error bars represent the standard deviation for each data
SiOx-S7 with CQ (# ) and SiQ-S7 without CQ (s). Experimental procedure outline
in Section5.4.10.
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The hydrophobic state of Si57,as determined by WCAyasconsistently>80J
and the hydrophilic state was caJ4Uhe reproducibility of the C&responsivéehaviar
declined after the 4 cycle, after which testingvas concluded The declinein the
COp-responsivebehaviar is hypothesed to be the result of a loss of G@esponsive
functionality over time. It is plausible that when given enough time in solution, the final

stateof SiO,-S7 degrades through the degradation pathway propoSsheme 5.8.

The results of this experiment could betreproducedespite multiple efforts (e.g.
sample CDI14 and CDi15). XPS analysisvas conductedn those subsequeetforts
the nitrogen content was incredibly low and barely distinguishable trarbaseline (0.6
At%). WCA of subsequent efforts showed no change in surface energy in response to CO
exposure. To increase the likelihood of achieving a result similar to tB&Ds57, more

reactive acyl transfer reagents were employed.

5.2.5CO2-responsivesilicon surfacesusing thloroformates asacyl transfer reagents

Acylations of silicon wafers and silica particles were carried out using yheth
chloroformate(MCF), ehyl chloroformatg ECF), and phosgene in attemspd reproduce

the results 08i0,-S7.

The functionalisation of silica particles with MGEBB5PG39 was confirmed by
XPS analysis Subsequently, the MCfanctionalisedparticles were treated with S9 to
produce a C@responsive materigKkBB5P(48). XPS analysis of the S@eatedparticles
revealed a significardecrease in the At% of carband a negligible amoumtf nitrogen

relative to the MCHunctionalised patrticles. The natural conclusion is that the MCF
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functionality on silica is unstable in the presence of a nucleophile as S9 It was
hypothesisedhat the instability of the MCF functionalitg dueto therelativestability of

the leaving groups (Scheme 5.11).
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Scheme 5.11MCF on a Si@Qsubstrate. Applicable to either a silicon wafer or a si
particle. A proton transfer is indicated by PT.

The two elimination pathwaysre showrin Schene 5.11. On the left, the surface
silanolis eliminatedand the resultant product is an umdtionalised silicon wafer (MGH.
On the right, the methoxy grous eliminated and the resultant product is the
aminefunctionalised silicon wafer (MGH). This reactionwas appliedo both a silicon

wafer and silica particles, with the samesults. Tl functionalisedsurfaces did not
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demonstrate a response toL@hus it is probable that the silanol is the preferred leaving

group when MCHs usedas an acyl transfeeagentyielding MCFI as the major product.

To increase the likelihood of silicailica functionalisation(i.e. formation of
MCF-II) the leaving group needed be improved The methoxy group of MClas

changed t@n ethoxy group, using ECF (Scheme 5.12).

4
0 @: NH,R

SiO, Surface

b

eo@ @

(0]

©
Lfo NHR NH,R NHR
1K AN o%%m
—~——— B S— I—ll

Si0, Surface SiO, Surface

b

RHN CH;CH;0H  +

OH .

SiO, Surface

o™\

SiO, Surface

SiO, Surface

ECF-1 ECF-I1

Scheme 5.12.ECF on a Si@substrate. Applicable to either a silicon wafer or a si
particle. A proton transfer is indicated by PT.

The ethoxy group of ECF iskeetter leavinggroup than the methoxy group of MCF
due to the increased ability of the longer alkyl chain to @dioe the charge th& formed
on the oxygen of the leaving group. This increase in stability, however slight, proved

enough to facilitate the functionalisation of the silicon wafer with a-f@Sponsive
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functionality ECFI11). XPS analysis of a silicon wafer treated with ECF @&hdshowed
significant nitrogen content (5.68 At%). Initis®/CA analysisof SiO,-S13 exhibited
characteristihyydrophobic contact angles (xB0 Additionally, hexadecane contact angle
analysis (HCA was used to probe the oleophilic nature of the substrate.-3i®was
found to besuperoleophilicexhibiting an HCA ok10J. However, subsequent exposure

to CO and drying cycles reduced both the hydrophobic and oleophilic nature of the
substrate. tlis hypothesisethat the silyl ester carbamate bond linkBgto the silicon

surface was not stable in the conditions associated withs@iching over time.

A final effort to probe the stability of silyl ester carbonates/carbamates and
COx-responsie functionalities was undertaken using phosgene as a coupling agent
(Scheme 5.13). Phosgene is highly reactive and when handled appropriately is an efficient

T albeit not greenmethod of acyl group transfer.

O

A L

Cl
N _—
OH 15wt % phosgene Y Cl
in toluene

DIPEA, 1,4 Dioxane

/§\ /§\
n-BuLi, THF, -40°C N Q 1@

N\\\/N\/\/NHZ > \/N\/\/NH L

O —

N )J\ i NO\/\/N%U—’ \\OJJ\N/\/\N/\§

(6} Cl H \\

Si0,-S14 N
Scheme 5.13.Synthetic method for the synthesis of i®14via phosgene mediate
acyl transfer
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Additional steps were taken to further increase the likelihood of the successful
functionalisatiorof a siliconsubstrate with a C&responsive functionaiit The reactivity
of the COx-responsive caudeophilic species was increased by activation wHBULI.
Sl1l4was chosems the besCO,-responsive camudeophilic speciedbecausehe primary
amine can be activated and the tertiary amine (i.e. ther€porsive functionality) is less
likely to promote a hydrolysis reaction in comparison to other@8ponsive groups. The
imidazole ofS14is sterically hinderecand a weaker base than other 2&ponsive
functionalities, therefore it is less likely tatalyse a hydrolysis reaction that would lead to
the cleavage of the G@esponsive functionality from the silicon surface. The efforts were

successfuand CQ-responsivéehaviarr over4 cycles was recorded (Figure 5.9).
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Figure 5.9. The CQ-responsivebehaviourof Si0-S14 as measured by static wa
contact angle analysis ovércycles of switching from hydrophobic to hydrophilic a
back to hydrophobic. Error bars represent the standard deviation for each dat:
Si0-S14 with CQ(* ) and SiQ-S14 without CQ(s). Experimental procedure outline
in Section 5.4.10.
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Observance of cyclibehaviar over a period of 4 cycles indicates successful
switching between hydrophilic antlydrophobic states of Sk$14. The average
magnitude othange between hydrophilic and hydrophobic states decreases over time. As
seen in Figure 5,9the hydrophobic nature of Si€$14 is consistent whereas the
hydrophilicnatureof the surface gradually decreas@&bis observation could be explained
by conaamination of the surfacevith hydrophobic particles/oils or by the loss of
COp-responsive functionalities. The @@esponsivefunctionalities could have been
hydrolytically cleaved from the surface of $i614in the same manner in which Si0
was propsed to degrade (Scheme 5.B)a loss of CG-responsive functionality did occur,
the resulting surface would consist of a free surface sgad previously discussed, the
acid-base interactions between free surface silanols and€¥ponsive functioalities are
hypothesiedto result in a persistent hydrophobic state. Thus, the loss sfé&sPonsive
functionalitieswould result in an increase ithe hydrophobicity of the surface when
exposed to Cg) thereby decreasing the average magnitude of ehaetgveen hydrophilic

and hydrophobic states as measured by the water contact angle.

In summary,CO,-responsive surfaces have been created using a variety of acyl
transfer reagents. Cyclic switching behaviour tbeen observefibr multiple cycles. The
lifetime of these CQ-resporsivesurfacess short, often undér cycles, with aneasurable

reduction in performandaking placeas each cycle progresses.

Changes in both the hydrophilic state and the hydrophobic state-aeSgbnsive
materialswere observedaver the course of experimentation. £®@sponsive surfaces
synthessed through the use of acyransfer reagents are thought to be hydrolytically

unstable. The silyl ester carbonate/carbamate linkage is not stabfghen@an aqueous
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environment to keep the G@espomive functionality bound to the silicon or silica
substrate. Multiple degradation pathwaysre proposed and discussed. The main

degradation pathway is thought to be base catalysed hydrolysis.

5.2.6CO2-respnsivesmoothsilicon surfacesusing surface-initiated atom transfer

radical polymerisation

Surface graftegholymer brushedunctionalisedwith a tertiary ethyl amino group
havebeen reporteds a C@-responsive technologyThe authors of thigeport describa
PDEAEMA brush that can be switched between extended (hydrated) andsedllap
(dehydrated) chain conformatigrby passing C&and an inert gas such asiN solution.
They use the Cg@responsive surfacéor the reversiblecagure of proteins. Wh 5
consecutive switchedeing reported cyclic CQ-responsive behaviour has bee

demonstrate@Figure 5.10.
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Figure 5.10. The CQ-responsive behaviour of PDEAEMA brushes grafted from sili
wafers. (aJmage isdenoting cyclidoehaviouiin response to CO (b)Image isdenoting
the loss of cyclidoehaviourin response to acid and base stimuli. Imaapeptedrom
Kumar etal.’
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The CQ-responsive polymer brush webkaracterised by ellipsometry and WCA
The authors didot report the molecular weight of the grafted polymer chain. Additionally,
grafting density was modifiedut not reportedn enough detail to facilitate reproduction

and verification of their resudt

Low-density surfaces result in a net reduction of steric repulsions and
intermolecular interactions that can occur between neighbouring polymer brushes. S
changes in surface propertresulting fromthe useof polymer brushes aren most cases,

a consequence of morphological changes, ademsity surface would be expected to
contribute to the ease at which this morphological change can ddowrever,Kumaret
al. do notspecifically outline the exact ratias reagentsequired to produce lowensity

surfaces within their described system

Additionally, the method in which the polymerisatiwas conductets not suitable
for other CQ-responsive polymers, such as PDIPAEMA, that may be of interest. For
example, one could not produce near odisperse PDIPAEMA chains at:M * 10 kDa,
owing to the tendency of PDIPAEMA to precipitate out of polar solvents,daedveases;
methanol was usedin their study. Their work carbe improvedupon with the

COp-responsive polymerisation methods presented here.

Through the use of low initiatazontent Kumar et al. were able to achieve an
unprecedented increase the magnitude of change between the charged and hydrophilic state
and the neutral and hydrophobic staf the polymer graft onsmoothsurface. Since the
exact ratio of reagentge not publishedt is impossible to know for sure what the grafting
density of the smart material was. However, a minor investigation into grafting density

was conductedsing a novel SAGET-ATRP approach developed here. TheARIET-
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ATRP polymerisationmethod, when coupled with the synthetic outline for surface
functionalisation that is presented within this chaptes proven to be a viable tool to

study these effects.

Another instance of a pkesponsive surfackeing achievedhrough the use of
SI-ATRP was reported by Stratakis et @igure 5.11¥! The PDPAEMA brushes were
grafted from botlsmoothand rougheed surfaces using traditional ATRP methods. The
molecular weight and dispersity of the grafted polymerenot reported Ultra-fast lasers
in a reactive gas atmosphevere usedo texture three dimensional mieraanostructured
silicon surfaces, fromvhich the PDIPAEMA chains were grafted his work highlights
what carbe achieveavhen theCO,-responsivehemical responss coupledwith cutting

edge surface patterning techniques.
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Figure 5.11. Average CA values of a water droplet residing on the PDIPAE
functionalised hierarchically structured aj, and smooth (b) surfaces followinc
successive immersions at pH 8.5 and pH 2.5. Reproduced from reference -
permission from The Royal Society Chemistry.
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Where Kumar et al. used G@s a trigger, Stratakis et al. used HCI and NaOH
solutions. As demonstrated by Kumar et al., the €@tem outperforms the adihse
system over continuous cycles when using a single solution to elicit ansesfrom the
material. The acidbase system as demonstrated by Stratakis et al. used multiple solutions
where the acid never came in contact withlthse so the salt accumulation that Kumar et

al. demonstrated did nbappen

When grafting froma smoothwafer, Kumar et alestablishedhat low density
PDEAEMA brushes switched reversibly from hydrophilic (WCA 31t hydrophobic
(WCAx 90J). Stratakis et al. demonstrated a reversible switch from a hydrophilic state
(WCA X 60J) to a hydrophobic stateVCA x 90J) when grafting PDIPAEMA from a
smoothsurface and from a hydrophilic state (WCA Jd1Lt a hydrophobic state (WCA

x 15Q0J) when grafting PDIPAEMA from a rough surface.

The two polymers, PDIPAEMA and PDEAEMA, are very similar and differ only
at the alkyl substitution of the amine. Why is it then that Kumar et al. and Stratakis et al.
observed very different results? The chosen polymer, grafting density, molecular weight,
and anion effects could gdtobably explainhe observed difference. Theoblem that lies
herein is that these effectwere not thoroughly investigated Additionally, the
polymerization methods used by Kumar et al. and Stratakis et al. are not conducive to

studying these effects.

Kumar et al. and Stratakis et al. both useditional SIATRP methods to graft
COp-responsive polymers from a silicon surface. The shortcomings of traditieAalIRS?
methods orsmoothsurfaces are not as pronounced as they are with spherical surfaces.

Regardless, the AGET-ATRP methods presesd within this work represent a step
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forward in the design and understanding o.@€€sponsive material€Efforts to reconcile
the work of Stratakiet al.and Kumaret al.were undertakensing the SIAGET-ATRP
methodology developed in Chapter asd are presentedherein. Methods to apply
SI-AGET-ATRP across smootind roughened surfacage presentedTwomethodsvere
developedo graft PDIPAEMA on amoothsilicon wafer (Schemes 5.14 and 5.15). The
molecular weight (M) and molecular weight dispersitfn ) of grafted
approximated by precise characterisation of the free polymer (FP) that is prodigded in

during thesurfaceinitiated polymerization.

EtO o—si” >,
|:|—OH + \Si/\/\NHZ Anhydrous Toluene Og/
EtO// 70°C, 12 h
EtO Si0,-I11
0
0
- ‘/\/\N
SiO.-III + Anhydrous THF 0—Si
e Br DIPEA, 23 °C, 12 h o7/ H Br
Br (0]
Si0,-IV
0
/\/\ Br
—Si NH
AGET-ATRP j%// l n Y
Si0,- IV > o] N
40°C,12h © o Y
Si0,-V

Scheme 5.14 SFAGET-ATRP of PDIPAEMA from a silicoroxide surface, Si@V.
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Scheme 5.15SI-AGET-ATRP of PDIPAEMA from a silicon oxide surface, SiUll.

In both casesthe ATRP initiator is grafted using silane bonds to a silicon oxide
surface. The first experiments use a-step process to put the initiator on the silica
surface $i0x-1V), whereas the latter method utilised a commercially available inkiator
containingsilane (SiQ-VI). Theresuls of bothmethodsare thesame. However the use
of acommecially available silandased initiator simplifies the procesSiO>-S15was

synthesised using the first method shown in (Scheme 5.14).
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Figure 5.12 The CQ-responsivebehaviourof SiO-S15 as measured by static wa
contact angle analysis over 5 cycles of switching from hydrophilic to hydrophobi
back to hydrophilic. Error bars represent the standard deviation for each date
SiOx-S15with CO, (# ) and SiQ-S15 without CQ(s). Experimental procedure outline
in Section 5.4.10.
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The polymerisation foSiO,-S15reached 97% conversion in 24 h (FR:N6.4
kDa, n : 1 .Re@oducible switchindgehaviourusing CQ in water as the forward
stimulus and waste heat as the reverse stimuhssobserved SiO-S15demonstrated a
reversible switch from a hydrophilic state (WCB0J) to a hydrophobic state
(WCAX 90J); this observation is in good agreement with the response observed by

Stratakis etl?!

Similar CQ-responsivebehaviourwas observedor SiO,-S16. SiO;-S16 was
synthesisedy the method shown in Scheme 5.15. The syntheSg3»{S16 tooka total
of 3 steps: plasma cleanimg the substratanitiator grafting, and polymerisation. The
method outlined in Scheme 5.15 represents the shortest route in whichraspQsive
polymer carbe graftedfrom a silicon surface. This experimemés conducteth tandem
with another wafer that possessethser etchegattern §i0,-S17). The polymerisation
of Si0,-S16 reached 80% conversion and was stopped prematurely due to high viscosity
(FP M 41.1kDan: 3. 7). The mol ecul agolymergroduded di s p
in situ during the plymerisation SiO,-S16is poorly controlled. Experimental conditions
were varied in subsequenblpmerisations to increase the controlled nature of the
polymerisation, thus lowering the dispersity of the molecular Wweiglistribution.
However, despite poor molecular weight disper8i(,-S16 exhibited a reproducible

response to Cg(Figure 5.13).
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Figure 5.13 The CQ-responsivebehaviourof SiO,-S16 as measured by static wa
contact angle analysis over 3.5 cyakéswitching from hydrophobic to hydrophilic ar
back to hydrophobic. Error bars represent the standard deviation for each dat:
Si0,-S16 with CQ (¢ ) and SiQ-S16 without CQ(s). Experimental procedure outline
in Section 5.4.10.

The CQ-responsive PDIPAEMAyrafted silicon surfaces produced to date are in
good agreement with each othBigiures5.12, 5.13) and with the work amoothsilicon
surfaces reported IStratakis et al. (Figure 5.11).However, Kumar et al. report a much
large change in the magnitude of the response te,@fding that their resultsvere
achievedy tailoring the grafting density of the polymer chains. Kumar et al. changed the
initiator-grafting step sut that a mixture of silanesas graftedo the surface; a silane
containing no ter mi-hahcft wasmddedd fdditiontgtheo up (A
silane containing a functional group that facilitatesASTRP (Af uncti onal 0) .

of this proedureare not reported

SiOx-S18was createth an attempt to understand the work published by Kumar et
al. (Figure 5.10). SiO,-S18was polymerisedrom a surface that contained a mixture of

silanes. The silane depositiosolution casisted of 25 mol% functional silane
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[(3-trimethoxysily)propyk2-bromao2-methylpropionate and 75 mol% no+iunctional

silane [rpropyltriethoxysilane]n anhydrous toluene
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Figure 5.14 The CQ-responsivebehaviourof SiO,-S18 as measured by static wa
contact angle analysis ov@i5cycles of switching from hydrophobic to hydrophilic a
back to hydrophobic. Error bars represent the standard deviation for each dat:
Si0,-S18 with CQ (¢ ) and SiQ-S18 without CQ(s). Experimental procedure outline
in Section 5.4.10.

The polymerisation 08iO,-S18reached 96% conversion in 24 h (FR. 8B.6 kDa,
n: 1 Sid-B)8demonstrated a reversible switch from a hydrophilic state (YWT®&)
to a hydrophobic state (WCA 9QJ); this observation is in good agreement with the
response observed by Stratakis et al. f@meothsilicon surface. Howevert did not
exhibit the larger switch as reported by Kumar ettak possible to infer a slight difference
betweenSiO;-S18 and previous exampleSjO-S16 for example. Thiydrophilic state

for SiO,-S18 (WCA x 70J) appears to differ slightly from the hydrophilic states for
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Si0,-S15 andBiO-S16 (WCA: 60J). This is a small but potentially meaningful decrease,

which could becorrelated to the grafting density of PDIPAEMA on i0

5.2.7CO2-responsive pughsilicon surfaces sing surface-initiated atom transfer
radical polymerisation

It hasbeen demonstrated the literature that a roughened surface is a necessary
component for creating superhydrophobic mateffa#é:*>4* Consequently, it has been
considered that a surfaceds switchable pr
roughened before beinfyinctionalised that a roughenedugface functionalisedwith a
switchable moiety may be able to switch betweesuperhydrophobicstate and a
superhydrophilic state. Multiple methodeere evaluatedor their ability to produce a
roughened surface. The methods range from extreacelysdile (i.e. physical abrasion

with sand paper) to restricted access equipment (i.e. laser micromachining systems).

Physical abrasion methods, using a various grit sandpaper, failed to induce a
hydrophobic state on a silicon wafer. Even the smallesthgticanbe foundat the local
hardware store is much too big to creite nanoscaleroughness thais requiredfor

hydrophobicity.

Wet etching methodsusing various exposure times to aqueous solutions of
hydrofluoric acid HF), successfully modified the hydrophilic silicon surface to a
hydrophobic state. The general procedure for wet chemical etching with HF on a silicon

wafer is shown below, alongsidelevantalterndive wet treatments (Figure 515

Silicon wafers (Icm by 1cm)were subjectetb the following treatments:
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A: Control silicon wafer, used as received from manufacturer
B: Silicon wafer treated with acidic piranha solution (7:5&k: 30% HOy).

C: Silicon wafer treated with acidic piranha solution (7:356s. 30% HO,),
followed by treatment with basic piranha solution (5:1:1 WateraOH{ 30%

H205).

D: Silicon wafer treated with acidic piranha solution (7:3584: 30% HO»),
followed by treatment with basic piranha solution (5:1:1 WateraOH{ 30%

H20») and teatment with HF (known etchant of silicon)

E: Silicon wafer treated with HF
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Figure 5.15. Wet chemical treatments for enhancing hydrophobicity through su
roughness

Following treatment with piranha solutioaad/orHF, each surface was analysed

by WCA to measure ithydrophobicity. It was foundthat surfaces B an@ were not
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0roughenedd by t heand/orkasicepmanhaeaiution. win tohtrasa c i d i
surfaces D an& wereroughened by their treatment witlF, as evidenced by the observed

cont act angl es; waterd6s behaviour on a su
surfacebds t exsmoathe Cantact angle far exadebanevasd. wateere
measuredor each surface (Figurg.15) The high water contact angles observed for

surfaces D and E suggest that roughening a supfatteatment with HIEan enhance that

surfacebs hydrophobicity

Laser micromachiningvas accomplishedt Nanofabrication Kingston (NFK)
under the supervision of the lab mana@ar,Graham Gibson. Thaser micromachining
was performed using an Oxford Lasers A Series Comphctomachining System,
equipped with a 355 nm solgtate diodgoumped picosecahpulsed laser.The system
contains an integrated power meter, which indicates apasesr of 45.7 + 4.5 mW, which
is variably attenuatedavith motorised optics. The associated software usescGde
programs to manipulate an XY stage and laser opticZ)(ito perform the machining.
Programs were created to nulidsin asilicon substratevith the ability to vary thesize
of the grid laser power, pitchetween laser passasd the speed at which the stage moves

during the process

The silicon substate is placed inside the enclosure of the lasieromachining
system and fixed onto the x/y stagemetal holster t@revent any movementhile the
stage isin motionOnce i n pl ace, usi ng t heubstratesis e mo6 s
brought into foas by adjusting the height of the laser optics (with mouctedera) and
focusing using the eacreen optical imageWhen the substrate is in foctlee Gcode

machining routine can baitiated and the milling process begins.
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Figure 5.16 A silicon wafer witha laser patternegrid. Line spaces are 100n apart.
Image was taken using a Carl Zeiss Axio Imager A1m optical microscope at NFK
A close up of the inside of the laser micromachining unit featuring the laser, suk
and metal holster (right).

The laser patterned surfacewere cleaned with O plasma. The
oxidizedpatterneesurfaces were determined to be hydrophilic, with a WCA df Zthe
oxidizedpatterred-surfaces were then wet etched with HF to inchexreoscaleoughness
and hydrophobic surface character. Témooth parts of the silicon wafers were
determined to have a WCA of §@onfirmingthe results shown in Figure 5.18he HF
etchedpatterned part of the surface was determined to be very hydropholig WICA

of 16QJ (Figure 5.17.
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Figure 5.17. Oxidized and patterned silicon wafer (left) exhibiting a hydrophilic W
of 20J. HF etched and patterned silicon wafer (right) exhibiting a hydrophobic W(
16Q0.

HF etching oma laser patternegrid was able to increase the WCAtbe silicon
wafer from 90 to 16Q). This increasen the hydrophobicity of the silicon wafés a
significant improvement ovehatwhich canbe achievedby chemical modification of the
silicon wafer with a C@respomsive polymer (90); wet etching amoothsubstrate with
HF (90J ; grid laser patterning20J . The working hypothesis was that when a>CO
responsive polymewas graftedrom a HFetchedlaserpatterneesurface the resulting
surface would be switchable taeeen a hydrophilic state and a hydrophobic state that
bordeson the lines of superhydrophilic and superhydrophobic. The envisioned system for

asmoothand a rough C@responsivesurfaceis shownin Figure 518.

234



4{ CO,-Responsive Surfaces }7
Smooth Surfaces Rough Surfaces

Arg), H,0, 50 °C Arg, H,0, 50 °C

Hydrophilic Hydrophobic Superhydrophilic Superhydrophobic
& & & &
Oleophobic Superoleophilic Oleophobic Superoleophilic

Figure 5.18. Hypothesized responsés various liquids of a given GQesponsive
system as a function of exposure to a stimulus.

Roughened surfacegere graftedvith a CQ-responsive polymer (PDIPAEMA) in
two ways. The synthetic method varies at the point of attachment to the silicacesurf
One of the ways invaes silane coupling chemistrgijane coupling chemistry relies on
condensation of the silane silanols with free surface silanols on the silicon substrate.
Therefore, the silicon substrateistbeoxidized Oxidation by @plagna is an accessible
method to ensure that organic contaminants leen removedrom the silicon surface
and that the silicon surfacedgidised For methods using silane bonds to graft the initiator

to the surface, plasma cleaning was the first step.

Oxidized-laserpatterneesurfaces (no HF treatmentwere subjected to
SI-AGET-ATRP to graft PDIPAEMA. A C®@responsive surface (Si€s17)was created

in this manner.
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Figure 5.19 COy-responsive behavior of Si€517 as measured by static water con
angle analysis over 3.5 cycles of switching from hydrophobic to hydrophilic and b
hydrophobic. Error bars represent the standard deviation for each data potrE13i
with CO; (¢ ) and SiQ-S17 without CQ(s). Experimental procedure outlined$ection
5.4.10.

SiO,-S17 (Figure 5.19, laser patterned) was created in tandem withS3ED
(Figure 5.13, smooth surface) using the sameolgmerisation conditions. The
polymerisation ofSiO-S16 reached 80% conversion (FR:M1.1 kDa,n : 3.7) . T
polymerisation of SiO»-S17 reached 87% conversi@fP Mn: 47.0 kDa,n : 1.7) . Bo
polymerisations were stopped early due to high viscosity, thus the molecular weight
distribution of the resultant homopolymers is wider than expected. ThedeS@onsive
behaviour of both surfacelsavebeen overlayed and presented in Figure 5.20. Tdoasy

has been scaled down to-500to better compare the two surfaces
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Figure 5.2Q The CQ-responsivéddehaviounf Si0,-S16 and Si@S17 as measured b
static water contact angle analysis 08es cycles of switching from hydrophobic f
hydrophilic and back to hydrophobic. Error bars represent the standard deviat
each data point. Sp»B16/17 with CQ (¢ ) and SiQ-S16/17 withoutCO; (s).
Experimental procedure outlined in Section 5.4.10.

The polymergraftedii | as er p a tstmeotton esdwr faancde si e x hi bi
response to C® The laser pattern did little to increase the hydrophilic or hydrophobic
nature of the surface whean a charged or neutral state. It appears that the chemical
response of the G@esponsive polymer is more of a factor in governing the surface

properties of the silicon wafer than the laser patterned microstructure.

The laser patternednfcrostructurg was etched with HF to further roughdre
suface of the substraby creating nanostructures within the microstructure. The effects
of HF ona laser patternesurface were demonstrated previouslyiguFe 5.17 A silicon
surface that habeen treateavith HF is terminated withsilicon hydride (SiH) species
The StH surface must then loxidised(Si-OH) to allow for silane coupling. The oxidation

process (SOH to SiH) returns the silicon substrate to a hydrophilic state. Thusilise
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the hydophobic character of the HF treatment theHSsurface must bé&nctionalised

directly.

Subsequently, new synthetic methodsre developedo functionalise silicon
substrates thatere terminateavith Si-H bonds. Hydrosilylation of the silicon hydride
surface was achieved by adaptation of the work reported by Boukherroulf?et al.
Boukherroub eal. reportedthat the thermal reaction ahdecylenicacid with a hydrogen
terminated porous silicon surface takes place at®%o0 yield an organic monolayer
covalently attahed to the surface through-Sibonds. The acid terminalgroup remains
intact and is not affected by the chemical process. The authors also reported further
derivatization of the carboxylic acid with commonly employed peptide coupling
techniques.For the purposes dhis work peptide coupling conditions were adapted from
MacMillan et al. where they demonstrated that HATWliimethylformamidg DMF) was
a suitable reagent system for coupling of an alkyl carboxylic acid and an ‘Gmiire

proposed reactioschemds shownin Scheme 5.16.
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Scheme 5.16 SFAGET-ATRP of PDIPAEMA from a silicon hydride surface,
SiO2-X.

/

A COo-responsive surfac&s{0-S19 was created using the synthesis outlined in
Scheme 5.16. The polymerisation of 19 reached 60% conversion (FR. BD.2 kDa,
n: 2SiO4319 (Figure 5.21) demonstrated a reversible switch from a hydrophilic state

(WCAX 60J) to a hydrophobic stai@vVCAx 90J).
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Figure 5.21. The COz-responsivebehaviourof SiO,-S19 as measured by static wa
contact angle analysis over 5 cycles of switching from hydrophobic to hydrophili
back to hydrophobic. Error bars represent the standard deviatieadbrdata point
Si0,-S19 with CQ (¢ ) and SiQ-S19 without CQ(s). Experimental procedure outline
in Section 5.4.10.

The CQ-responsivebehaviourof SiO»-S19was very similar to each previous
COp-responsivesurface in which PDIPAEMA habtieen graftedrom a silicon surface

(Figure 5.22).

100
90
80
70
60
50
40
30

20 - ®- Si02-516

18 e @err SI02-S17

0 1 2 3 4
Cycles

Figure 5.22. The CO,-responsivebehaviourof SiO-S16 émooth), SiC-S17 (laser
patterned), and S¥519 (HF etched) as measured by static water contact angle ar
over 3.5 cycles of switching from hydrophobic to hydrophilic and back to hydrophe
Error bars represent the standard deviation for each data pointSS817/19 with C@
(* ) and SiQ-S16/17/19 without C®(s). Experimental procedure outlined in Secti
5.4.10.
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The natural conclusion fromme analysisof this body of work is that the surface
energy of the C@®responsive surfaces was controlled by the surface chemistry of the
COp-responsive functionality and not the surface strustubat were present ate
substrate A variety of surfacesvere testedvhere microscale roughnesss achieved
through lasempatterningand theend resultwas that the micrasle roughness did not
changehe performance of the CG@esponsive surface. Additionally, the HF enchfailed
to impart the expected additional hydrophobic character associated with nanoscale
roughness in the C@esponsive surfaces. The polyrigafted surface probably filled in
the smallnanoscal@oughness created by the ldt€h thus the effect ahe HF treatment

was lost.

It is expected that HF treatment of a laser pattern, followddrmtionalisatiorby
hydrosilylation and SAGET-ATRP of PDIPAEMA would fail to produce a
COp-responsive superhydrophobic surfat@rger more robust nanostrucés such as the
nanopillars employed by Stratakisabtare most likely required to impart the hydrophobic
effectsthat are associate@ith dual micre and nanoscale roughness into the surface

characteristics of the stimuli responsive material.
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5.3 Conclusions

Single-unit functionalisation of a silicon surface haeen demonstrated Acyl
transfer reagents were used to create-f@éSmwnsive surfaces. However, adyansfer
methods result in the formation of a silyl ester carbonate or a silyl ester carbamate linkage
to the silicon surfaceSilyl ester carbonates and silyl ester carbamates are not stable enough
to achieve reproducibleCOp-responsive behaviar over mdtiple cycles in a
COp-responsive systemFor singleunit functionalisationmethods to be commercially

viable, alternative surface linkages need to be explored.

Additionally, the coordination of singleunit CO,-responsive functionality to
carbonyl moiges increases the likelihood of temgle-unit CO-responsive functionality
hydrolyzing from the surface. The alkylene chain between the carbonyl and the
COp-responsive unit should be at least three methylene units long (i.e. propylene linker) to
minimise the risk of hydrolysis and other unwanted coordination events. Steric bulk
around the C@responsivdunctionality (i.e. isopropyl>ethyimethyl) decreases the risk
of coordinationevents,thusdecreasig the likelihood of the singlanit CQx-responsive

functionality hydrolyzing from the surface.

Polymeric functionalisation of a silicon surface was shown to produce
COz-responsive surfaces that are stable in the-@€ponsive system for numerous cycles
(>10). The surface characteristic of a &@sponsive surface was determined to be
dominated by the chemical nature of the@€sponsive functionality and not by the
surface structure. Microscale roughness as achieved by laser patterning did not change the

surface character of the polyrgrafted COpy-responsive surfaces. Nanoscale roughness
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asachievedby HF etching did nothangethe surface character of the polyruygafted

COp-responsive surfaces.

It hasbeen demonstrated the literature that exotic surface structuaes able to
impart adlitional hydrophobic and hydrophilic character to a silicon surface containing
COp-responsivefunctionalities However the relatively simple methods for altering the
surface structure of the silicon wafer thvegre employed in this study were unable to

reproduce thesffect.

Lastly, the grafting density of a G@esponsive polymer on a surface has been
identified as an important parameter, which contributes to the overall surface energy of the
polymergrafted material and to the magnitude of the chéeg@een the native and neutral
hydrophobic state and the @@xposed and charged hydrophilic state. Preliminary results
indicate thathe SI-AGET-ATRP methodoresented heres ia suitable technique to create

and study C@responsive surfaces with varialgeafting densities.

5.4 Experimental methods

5.4.1Materials

All aqueous solutions were prepared with deionized water (DIW) ustessd
otherwise. All silica particleswere purchasedrom Silicycle unless statkotherwise.
2 ,-Rzbdhisisobutyronitrile (AIBN, Aldrich, 98%) was recrystallized from metharidie
following chemicalswere usedas reeived unless otherwise stated: &1 (Wako
Chemicals), btyl methacrylate (BMA, Aldrich, contairt® ppm MEHQ as inhibitor 39),
methyl methacylate (MMA, Aldrich, contains 80 ppm MEHQ as inhibitor, 99%),

243



2-(diisopropylamino)ethyl methacrylate (DIPAEMA, Aldrich, 97%, contaii06- ppm
MEHQ as inhibitor), Zdiethylamino)ethyl methacrylate (DEAEMA, Aldrich, contains
1500 ppm MEHQ as inhitor, 99%) N,N-dimethylacetamide dimethyl acetal (TCI
America, stabilized with 510% methang| 6-amincl-hexanethiol hydrochloride
(Aldrich), Amberlite-OH exchange resin (Aldrich)pdium borohydride (Aldrich, 999%
trace metal basishydrofluoric acd (Aldrich, ACS reagent, 48%), agnesium sulfate
(Aldrich, >99.999% trace metals basjs3-(dimethylamino)propyfunctionalisedsilica
(Aldrich), COyg) (Chromatography grad®raxair) Argon(5.0,ultra-high purity, Praxair),
hydrochloric acid (Fisher Sagific, concentrated, reagent grade),
1 , -dadbonyldiimidazoleCDI, Aldrich, reagent gradeN,N-dimethylacetamidelYMAc,
EMD Millipore, anhydrous), dimethylsulfoxide (DMSQ Fisher Scientific),
1,1,3,3tetramethylganidine (TMG, Aldrich, 99%),iscon wafer (N type, P dope, 100m
(wafersize), single side polist825‘ m (thickness of thermally grown oxide layer), test
grade fromuniversitywafer.com)glass microscpe slides (Fisher Scientific) piaxial
gold on mica (size 75x25 nfirwith (111}layer ofgold, 300 nm thicknes$iom George
Albert Physical Vapour Deposition Coating&ermany, 4-(dimethylamino)pyridine
(DMAP, Aldrich, 99%), dchloromethane (DCM, EMD Millipore, anhydrousabilised
wi t h an al k e nahanol Q\8e®H,5 EAJD, Millipore, anhydrous)
dimethylformamide (DMF, Aldrich, 98%,rasde (Aldrich, anhydrous, 99.7%joluene
(Aldrich, anhydrous)tetrahydrofuran (Aldrich, anhydrous, contains 250 ppm BHT as
inhibitor,  99.9%), copper(ll) bromide (Aldrib, 99.999% trace metals basis),

N,N,N,N",N -pentamethyldiethylengamine (PMDETA, Aldrich, 99%),

ethylenediaminetetraacetic acid (EDTA, Aldrh , puri fied alunade,
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hydroxi de ( NaOH, A 97%)r dumihiym 04d€ @\ldricke actiated,t |,
basic, Brockmann 1), €dminopropyl)triethoxydane (APTES, Aldrich, 99%), dascorbic
acid(AA, Aldrich, reagent grade)irt(ll) 2-ethylhexanoate (Sn(ER)Aldrich, 92.5100%),
ethanol (Commercial Alcabis, anhydrous), thyl acetate (Aldrich, anhydrous, .8%0),
methyl chlaoformate (MCF, Aldrich, 99%),tRyl chloroformate (ECF, Aldrich, 97%),
3-(diethylamino)proplamine (DEAPA, Aldrich, >99%), 2-dimethylamino¢hanol
(Aldrich, >99.5%), 2diethylamino-1-propanol (Aldrich, 95%),
3-dimethylaminel-propanol (Aldrich, 99%), Zdiethylamino)éhanol (Aldrich, > 99.5%),
2-(diisopropylamino)éhanol (Aldrich, >99%), N3-aminopropyl)pperidine (Aldrich,
95%), ZX(3-aminopropyl)imidazole (Aldrich, >97%), -13-aminopropyl)pyrrolidine
(Aldrich®PR), potassiumtert-butoxide (Adrich, reagengrade >98%), posgene solution
(Aldrich, 15 wt% in toluene), a&lium bicarbonate (Aldrich, reagent grae9.7x),
n-butyllithium solution (Aldrich, 2.5 M in hexanes)
(3-trimethoxysilyl)propyt2-bromo2-methylpropionate  (Gelest), 4ihdeceoic acid
(Aldrich, 98%), N[(dimethylamino)1H-1,2,3triazolo[4,5-b]pyridin-1-ylmethylene}N-
methylmethanaminiurhexaflorophosphaté&l-oxide (HATU, Aldrich, 97%),
n-hexyltrimethoxysilane (Aldrich), Nl,N-dimethylaminopropyl)trimethoxysilane (Gelest)
(N,N-diethylaminomethyl}Yrimethoxysilane (Gelest), {&liethylamino)propy#}

trimethoxysilane (Gelest).

Piranha solutions were used to clean silicon substrates. Acidic piranha solution
consists of a 7:3 (v/v) mixturef concentratedulfuric acid and0% hydrogen peroxie

solution, commonly heated to 8&. Basic piranha solution consists of a 5:1:1 (v/v/v)
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mixture of Millipore water, 30% hydrogen peroxidesolution and 40% ammonium

hydroxidesolution, commonly heated to 7G.

Warning: Piranha solution is highly dangers andits userequires considerable
care. Piranha sdion is either strongly acidior basic and a strong oxidizer. The mixing
of piranha solution is very exothermic and should be done slowly; if the reagents are mixed
too quickly, the temperature camasily exceed 100C, which will result in boiling and
splashing of the piranha solution. Piranha solution will reamently with organic
compoundstherefore it should be used in a fume hood clear of organic solvents and waste.
Make only as much Rinha solution as neededh&n disposing oéxcess or usepiranha
solution do NOT cap the bottle. It commonly takes a day or two for the reagent to
neutralize fully, during this time oxygen gas is produced. Refer to your instition

standard operatingrocedures before attempting to use or dispose of piranha solutions.

5.4.2Surface preparation methods

An initial literature reviewwas conductedo identify an appropriate method for
preparing various surfaces for functionalizatidime sirfaces to béunctionalisedncluded
test grade silicon wafergjlass microscope slidesind epitaxial gold on mica. The
cleanliness of the substrates was judged by contact angle measuranuktits quality of
the SAMfunctionalized surface that wasoduced.Shiralet al did a thorough review of
18 methods for the pretreatment of glass filler for silane boridir@f the 18 methods
reviewed, they concluded through XPS studies that placing thes8i3trate in @oiling

5% sodiumpersulfateaqueous solution for 15 min followed by ultrasonic rinsing with
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acetone for 15 min produced a contaminant free sunfaaesde manner, within a short
amount of time Craset al tested8 methods of pretreatment for glasdstiate$® They
took glass microscope slides and subjected them to a variety of pretreatments only to

conclude thamultiple methods were deemed suitgietreatments.

Multiple other sources suggested using piranha solutions for the pretreatment of
glass and silicon substrates. Piranha solutions are well known and widely used but
considerably more dangerous. Piranha solutioeere usedor the majority of the work in

this chaptey exceptionswill be notedvhen applicable.

Silicon substrates, wafeend/orglass microscope slidesere cut into 1 cm x 1
cm pieces. The pieceswere subjectedo a threepart treatmento remove organic
contaminants and promote a hydroxigh surface. Firstly, the silicon substrates were
stirred in acidic piranha solutiofor 1 h at 85°C, followed by copious rinsing with
Millipore water. Secondly, the silicon substrates were stirred in basic piranha sdiution
20 min at 70°C, followed by copious rinsing with Millipore waterLastly, the silicon
substrates were blown dry witkr and dried in an oven overnight at 1%0. The clean
and hydroxyrich silicon substrates were used immediately or stored in a sealed vessel

under arAr atmophere until further use.

In some instances;jlicon wafers were cleaned by oxygen plagoreb min. The
necessary equipment, a Plasmatic System PiSeen microwave oven, was stationed at

Nanofabrication Kingston (NFK).

Gold substratesvere handledvith great care. The micasupporting the gold is

fragile and layers easily separate due to the shear steesiantfrom handling the
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substrate. The gold surfaoeererinsed with copious amounts of acetone and blown dry
under a stream AAr. Literaure sources recommend ultrasonic rinsing in acetone, both
pre and posfunctionalisatiorf* However in practice, ultrasonic rinsing was found to
destroy the mica support, rendering the gold unsupportedtrarsd not suitable for

functionalisation

5.4.3Synthesis of CQ-responsive polymer thin flms

Polymerisations took place in anisole, sparged witlor a minimum of 30 min. A
switchable initiator VAO61was usedor each polymerisationA solution of VA-061 was
made in anisole and sparged whh before being cannula transferred into the reaction
vessel. Approximately 100 mg of VA)61 was usedn each synthesisPolymers were
isolated by precipitatioin various solvents; commonly a xtiire of water and acetone

successfully precipitated the polymer.

The CQ-responsivebehaviar of DEAEMA was utilisedfor the workup of the
P(MMA-co-BMA-co-DEAEMA). Specifically, the crude polymer was dissolved in 40 mL
of methanol and diluted with 160Lnof water. CQ was bubbled through the solution to
help solubilize the polymer. The cloudy solutiwas then heatet approximately40 J #
and Ar was spargedhrough the solution. After some time, the polymer completely
separated from the water. The waters decantedand the polymer frozen with liquid
nitrogen. The frozen polymer was crushed up in a small blender and stored in a glass jar

for future use.
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Thin films were createdn glass microscopslides by theuse of a spin coating
apparatus. Thin films ofx 50 kDA poly(diethylaminogthylmethacrylat§ PDEAEMA)
polymersand copolymerswere spunonto clean glass microscope slideSolutions of
PDEAEMA in methanol having a concentratioh2 mg-mL™* were spun at 5000 RPM.

Coated slides were oven curedla®J #or 10 min.

5.4.4Synthesis of CQ-responsive aminesilane selfassembled monolayers

N,N-dimethytN &(3-(trimethoxysilyl)prgyl)acetimidamide was synthesised using
asimpleandeffectives y nt hesi s based on AA syndgah*esis of
3-(Aminopropyl}triethoxysilane (APTES, 0.0269 mmol) was mixed witk,N-
dimethylacetamideimethylacetal (0.038 mmol) in methanahd stirred a60J #or 2 h.

The methandbyproductwas removedinder vacuunand the intended product was formed

in high yield 85. The productvas confirmedsia *3C and*H NMR spectroscopy

Cleaned substrategere addedo a 100 mL glass reaction vessel. The vesssl
keptat a constant temperature of ¥ The atmospheiia the reaction vessel was removed
under vacuum and replaced waln. To the sealed reactiamessela 1% v/v solution of
silane in anhydrous tolueneas addedia cannula transfer. The reaction was left gently
stirring at 70J #overnight. The silanegrafted substrates were collectadd washed
multiple times with ethanol, followed by sonication in etha&tines The silangyrafted

substrates were blown dry wifkr and storedn a sealed vessel undér until further use.
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5.4.5Synthesis of @2-responsive golathiol self-assembled mnolayers

N &(6-Mercaptohexyl)-N,N-dimethylacetimidamide was synthesisedas follows:
6-Amino-1-hexanethiol hydrochloride (0.1026X.0* mol) was mixed with

Amberlite-OH exchange resin (1.02 @A molecular sieve(0.026 g)methanol (40 mL)
and magnetically stirred for approximately 24The mixturewas then filtereanto a new
round bottom flask. To theew round bottom flask,N,N-dimethylacetamidelimethyl
acetal(TCI America,stabilisedwith 5-10% methanol, 88 mmol)was addedthe mixture
wasstirredat 60J #or 3 h. Any volatile components (methanol and fpduct)were then
removedunder vacuunand the crude product was treated with NaB3® mg in water) at
50J #or 30 min. Any remaining NaBH wasneutralisedand thecrudeproduct mixture
was protonatedvith an acidic workup. Sodium chloride saltere filteredout of the
mixture and the water was removed under vacuum. Isolated
N §6-mercaptohexybN,N-dimethyl acetimidamidewas purified using ahert silica
column and a 40:60 v/v acetonitrile to ethanol mobile pha§ke purified product,

N §6-mercaptohexyiN,N-dimethylacetimidamid€30 mg, 0.15 mmol, Z& yield), was

charactesgedvia'3C NMR and'H-13C HSQC (Heteronuclear Single Quantum Correlation)

NMR spectroscopy.The gpearancef a quaternary carbon at approximately 180 ppm

confirmed that the amidine functionality hbden synthesiseand high-resolutionmass

spectrometry confirmed an expectedlecnlar weight of 202 g/mol.
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Functionalisitionof a cleaned gold substrates performeds follows:

1. A select thiol compound (25 mg) was added to anhydrous ethanol (6.5 mL) and
then further diluted (3.2 mL of thiol solution into 8.8 mL anhydrous ethano
yield a final concentration of-& mM.

2. 1,1,3,3Tetramethylguanidine (TMG) was added to the diluted thiol solution (ca. 1
mM)

3. Gold surfaces were added toveal containing the thiol solution;he vial was
backfilled withAr and sealednd left for 4&h.

4. Functionalisedgold surfaces wer removed and rinsed with 1 mM TMG in
ethanol solution for 1615 s. The surfaces were then rinsed thoroughly with
anhydrous ethanol (50 mL) and blown dry under a streafw tdr approximately
4 min.

5. Functionalisedyold surfaces wergtored in a sealedal underAr until further use.
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5.4.6Synthesis of CQ-responsivesilicon surfaces by carbonyldiimidazole-mediated

acyl transfer
Synthesis of a dimethylamineterminated silicon surface, SiQ-S7:

2-Dimethylaminel-ethanol was distilled under vacuurand dissolved in a
minimumamount of ethyl acetate (1 eq., 2.50 mnmI30 mL). To this solution, 0.8 eq.
of 38% hydrochloric acid (10.42 M) was added drop wkeesulting aqueous layer was
separated and the water reradvunder vacuum.An isolated hydrochloride salt of
2-dimethylaminel-ethanolwas addedo a solution of 1.0 eq. carbonyldiimidazofeyl,
0.42 g,2.50 mmol) in a minimum otlimethylacetamidéDMAc). This mixture was
allowed to reacat room temperatured. 233 for 24 h, after which itvas addedo avial
containing a cleaned silicon oxide waférhis mixture sat at room temperature for 48 h,
after whichthewaferwas rinsedvith a solution of dimethylsulfoxidebMSO, 40 mL) and
1,1,3,3tetramethylguaidine (TMG, 10 mL). The wafer was then rinseslith distilled
water, dried under a streamAuf and subjectetb experimentation and water contact angle

analysis.

Note CDI-14 and CDi15were prepareth the same manner &0O,-S7.
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5.4.7Synthesis of CQ-responsivesilicon surfaces by chloroformate-mediated acyl

transfer
KBB5PG33:

A silicon wafer was cleaned and dried as outlined previously. The wasgplaced
intoa 50 mL round bottom flask (RBF) containing a small stir bar; the RBF was fitted with
a cadenser and purged witAr. Anhydrous tetrahydrofuran (THF, 16 mL) and
triethylamine (TEA, 65 mmol) were injected into RBF, which wasubsequently cooled
with an ice bath. Methyl chloroformate (MCF, 65 mmol) was added dropwise to the
solution. The eaction wawigorousand a white precipitateas formednstantly. After
addition of MCF, the solution was warmed slowly to the point of reflux (cd. #and
allowed toreactfor 12 h. The MCF functionalised wafer was removed fronstiietion
and rinsed with THF, after which it was dried under a streafw ahd placed into a clean,

dry, 100 mL RBF for furthefunctionalisation

A solution of 3(diethylamino)propylamine (DEAPA, 3.8 mmol) and potassium
tert-butoxide (tBuOK, 0.92 mmol) in 60 ma of anhydrous THRwas prepared The
solutionwas mixedthoroughly and cannula transferred into the RBF containing the MCF
functionalisedsilicon wafer. The solution was heated tas5@nd stirred overnight under
staticAr. The wafer was removed fronmetbolutionand rinsed with fresh THF, blown dry

with Ar and subjected to WCA analysis.
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KBB5PG39:

Silica particles$iO; #5, SiliaFlash P60, 463‘ m, 100v pore siz¢were subjected
to a threepart treatment in order to remove organic contaminantpromdote a hydrop-
rich surface.Firstly, the particles were stirred in acidic piranha solut@mnl h at 8% ,
followed by rinsing three times with iMpore water. Secondly, the particles were stirred
in basic piranha solution for 20 min at¥Q followed by rinsing three times witHlillipore
water. Lastly, the particles were vacuum filtered and dried in an oven overnight at.110

The clean and hydroxyich particles were stored in a sealed vessel until further use

Warning: Piranha solutiors ivery dangerous. Refer to Materials section

Clean and hydroxytich particleg4 g)wereadded to a flamédried 250 mL round
bottom flask containing 140 mL of anhydrous dichloromethane (DCM) and mixed
thoroughly by magnetic stirring. The flaskas fitedwith an addition funnel. The addition
funnelwas chargeavith 20 mL of anhydrous DCM an@ mL of methyl chloroformate
(MCF, 116 mmol). The contents of the addition furmele dischargeéhto the round
bottom flask at a rate of 5 drops per secondetfiylamine (TEA, 11.8 mL, 87 mmolas
injectedin the flask, the contents of which were stirred overnight at room temperature (ca.
27 3 ). The MCF functionalised silica particles were collected via vacuum filtration,
washed thoroughly with DCM, methanwlater, and lastly once more with methanol. The

MCF functionalised particles were dried under reduced pressur@)at for 48 h.
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KBB5PG48:

MCF-functionalised particles (1 gyere addedo a flamedried 250 mL round
bottom flask. A solution of -gdiethylamino)propylamine (DEAPA, 54 mmol) and
potassiuntert-butoxide (tBuOK, 54 mmol) in 125 mL of anhydrous TH#as prepared
The solutionwas mixedthoroughly and cannula transferred into the RBF containing the
MCF functionalised silica particles. The solution was heated 8o &Ad stirred overnight
under statidAr. The silica particles were collected via vacuum filtration and rinsed with
fresh TH-. Only 0.22 g of silica particlesere recovered The functionalised particles
were examined by XPS This attemptwas deemedinsuccessful as the XPS analysis

showed no signs of nitrogen on the silica particles.

SiO2-S13KBB6PGA40:

A silicon wafer wasleaned and dried as outlined previously. The wafes placed
into a 100 mL round bottom flask (RBF) containing a small stir bar; the RBF was fitted
with a condenser and purged wiin. Anhydrous dichloromethane (DCM, 60 mL) and
diisopropylethylamine (IREA, 12.5 mmol) were injected into the RBF and subsequently
cooled with an ice bath. Ethyl chloroformate (ECF, 12.5 mmol) was added dropwise to
the solution. The reaction weigjorousand a white precipitat®as formednstantly. After
addition of ECFthe solution was warmed slowly to the point of reflux (caJ #%and
allowed toreactfor 12 h. The ECF functionalised wafer was removed fromgbleition
and rinsed with DCM, after which it was dried under a streaftr ahd placed into a clean,

dry, 10 mL RBF for furthefunctionalisation
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A solution of1-(3-aminopropyl)imidazoléAPI, 12.5 mmol), water (10.8L) and
potassiuntert-butoxide (tBuOK, 25.1 mmol) in 72 mL of anhydrous THF was prepared.
Water was added to THF to bring the overall watstent of the solution up to G24°
The solution was mixed thoroughly and cannula transferred into the RBF containing the
MCF functionalised silicon wafer. Thelaton stirred overnight at room temperature
(ca.26 3 ) under statiAr. The wafer was removed from solution and rinsed with fresh

THF, blown dry withAr and subjected to WCA and XPS analysis.

Si02-S14 KBB7PG80:

The following experimental procedure iardjerous. The manipulation of these
reagents requires great care and should@andertakewithout first reviewing the proper

techniques for neutralizing phosgene and working with acid gases.

A silicon wafer was cleaned and dried as outlined prelyoushe wafemwas placed
in a 50 mL round bottom flask (RBF) containing a small stir bar; the R&Fpurgedvith
Ar. The following steps were undertaken using aertirenvironment. Anhydrous
1,4-dioxane was driedover molecular sieves. Diisopropyletasnine (DIPEA) was
removedrom a fresh bottleits purity was checked bYH NMR spectroscopy and GEID
and deemed satisfactory. A solution of DIPEA (1 mL, 5.8 mteq.) in 10 mL of dried
1,4-dioxane was cannula transferred over the silicon wafeg.s®lution was stirred gently
(60 RPM) via magnetic stirring, the solution was cooled using an ice bath. Phosgene
solution (1 mL, 15 wt% in toluene, 5.6 mmelgas chargedo the RBF containing the

silicon wafer. The reactiowas leftfor 4 h, after which dried 14ioxane was purged
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through the RBF using a series of cannula needles. The purged solvent exited the RBF
into a sodium bicarbonate solution. At no point was the wafer removed from RBF, the
waferwas keptunder an inert environmeat all times. The wafer and RB¥erepurged

with anhydrous THF. Excesslgentwas removedrom the RBF containing the wafer

with dynamicAr. The wafemwas leftunder vacuum overnight

n-BuLi in hexanes was tiited and determined to be 0.88%" A solution of
1-(3-amiropropylimidazole (API,10 mL, 84 mmol) in anhydrous THF (15 mlwas
charged to a flamdried 100 mL RBF. The solution was cooled using a dry ice/acetone
bath. The solution was stirred vigorously aBuLi in hexanesvas addediropwise (59
ml, 0.98M). The mixture was stirred fdr h, after which the APl had beentaated to
form the lithium salt of the API anionpwreferred to aactive API. Active-API soluion
(5 mL, ca. 4 mmol of Activéd\PI) was chargedo the reaction flask containing the
functionalisedsilicon wafer. The solution transferred was enotmtoat the wafer fully
The mixture was left overnight to react. The RE&s purgeavith anhydroud’ HF; purged
solventwas neutralisedith a sodium bicarbonate solution. The ABhctionalisedvafer
was rinsed withTHF and sonicated in water for 0.5 h. The ABhctionalised wafer
(Si02-S14) was dried in a vacuum over atHvernight. Si@-S14was then testefibr

COp-responsiveness by WCA analysis.
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5.4.8Synthesis of CQ-responsivesmoothsilicon surfaces bysurface-initiated atom

transfer radical polymerisation
Si02-S15 KBBIPGA47:

A clean silicon wafer (diameter 5 cmwas addedo a 500mL glass reaction vessel.
The glass reaction vessshs equippedvith an overhead stirrer and an ethylene glycol
heating unit. The vesselas keptat a constant temperature of 0 The atmosphere in
the reaction vessel was removed under vacuum and replacedwitfo the sealed
reactionvessel, 500 mL of anhydrous toknewas addedvia cannula transfer. After
vigorous stirringb mL of (3-aminopropyl)triethoxysilane (APTES)as addedia syringe.
The reaction was left stirring &0 3 overnight The APTESgrafted silicon wafewas
removed from the reaction flagind washed multiple times with toluen&llowed by
sonicationfor 10 minin toluene, repeate8ltimes TheAPTESgrafted silicon wafewas

blown dry withAr and storedn a sealed vessel undér until further use.

SiO2-S15 KBBI9PGA4T7:

An ATPESgraftedsilicon wafer (diameter 5 cmyas addedo a 500 mL glass
reaction vessel.The glass reaction vessghs equippedvith an overhead stirrer and an
ethylene glycol heating unit. The vesagls keptat a constant temperatured$ . The
atmosphere in theeaction vessel was removed under vacuum and replacedAwith
Reactants were added sing Schlenk techniques for inert conditipns
diisopropylethylamine (1 eq.,23.0 mmol) and 200 mL of anhydrous tetrahydrofuran

(THF) were addedo the reaction vessel The initiator 2-bromo2-methylpopionyl
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bromide (BIBB, 1 eq., 21.4mmol) was added dropwise via syringe. The mixture was
stirred for 20 min beforéhe temperature control unit was turned off andntite¢ure was
allowed to warm to room temperatu( 273 ) andto react overnightTheBIBB-grafted
silicon waferwasremoved from the reaction flagkd washed multiple times with tolugne
followed by sonicatiofior 10 minin toluene, repeategitimes The silanegrafted substrate

wasblown dry withAr and storedn a sealed vessel under until further use.

SI-AGET-ATRP PDIPAEMA on silicon, SiO2-S15 KBB9PG47:

An initiator-grafted silicon wafer (diameter 5 cmyas placedinto a 500 mL
reaction vesseéquipped with an overhead stirring devicg:(Diisopropylamino)ethyl
methacrylate (DIPAEMA, 235 eq., 2X0mol) was passed througim inhibitor remover
column [SigmaAldrich, removing hydroquinone (HQ) or hydroquinone monomethyl ether
(MEHQ, 4methoxyphenol), or 4ert-butylcatechol (TBC)] and chageg to the 500 mL
round bottom flask containing the initiathmctionalisedsilicon wafer. Anisole (100 mL),
Cu(ilBrz (0. 6 eq. , 0.58 mpaddmegthyldietiylendtriakhidg N NjNj, |
(PMDETA, 3.2 eq., 2.9 mmol) arethyl 2-bromo2-methylpropionat€EBIB, 1 eq., 0.88
mmol) were added to the round bottom flask and the mixture was stirred vigorously while
slowly being heatedo 40 3 . Once the mixture reached the desired teatpee,
L-ascorbic acid9.5 eq., 8.5mmol) was addedo thereactionflask, which was promptly
sealed. No additional techniques were used to remove atmospheric or dissolved oxygen.
The plymerisationsolutionchanged colour from blu@Xidised copper) to colourless (ca.

2 hon average) and then to lel/orange over theourse of 1. Thepolymergrafted

silicon waferwas removed from the bulk soluti@mnd washedhoroughly with anisole
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followed by multiplewashingswith THF. Thewaferwas washeth basic EDTA saltion
before being dried at 110 for 1 h. The free ptymerwas collectecs described in Section

4.3.5

SiO2-S16 KBBIPG60:

A clean silicon wafer (1 cm x 1 crjas addedo a 50 mL glass reaction vessel.
The vesselvas keptat a constant temperature of 80 The atmosphere in the reaction
vessel was removed under vacuum and replacedAwitfT o the sealed reactimessel 25
mL of a 10 mM solution of (3trimethoxysilyl)propyt2-bromo2-methylpropionate in
anhydrous tolueneas addedia cannula transfer. he reaction was left gently stirring at
703 overnight. The silanegrafted substrate wallectedand washed multiple times
with ethanol, folbwed by sonication in ethanol 3 time$he silanggrafted substrateas

blown dry withAr and storedn a seald vessel under until further use.

SI-AGET -ATRP of PDIPAEMA on silicon, SiO2-S16 KBB9PG73:

An initiator-grafted silicon wafer (1 cm x 1 cmyas addedo a 100 mL glass
reaction vessel2-(Diisopropylamino)ethyl methacrylate (DIPAEMA, 238 eq., 52 mmol)
waspassed througan inhibitor remover column [Sigm@adrich, removing hydroquinone
(HQ) or hydroquinone monomethyl ether (MEHQ;m#&thoxyphenol), or ert-
butylcatechol (TBC)] and chardeto the100 mL round bottom flask containing the
initiator-functionalisedsilicon wafer. Anisole (25 mL), Cu(ll)Bs (0.65 eq., 0.15 mmol),
N, N, N NjpeNtaihngthyiegNylenetriamine (PMDETA, 6.5 eq., 1.4 mmol) and
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ethyl 2-bromo2-methylpropionatg EBIB, 1 eq., 0.22 mmol) were added to the round
bottom flask andhe mixture was stirred gently avoid breaking the silicon wafer (ca. 400
RPM), while slowly heating to 48 . Once the mixture reached the desired teatpee,

tin(ll) 2-ethylhexanoate (9.7 eq., 2.2 mmulas addedo the reaction flask, which was
promptly sealed. No additional techniques were used to remove atmospheric or dissolved
oxygen. The plymerisation solution changed colour from blueoXidised copper)to
colourless (ca. & on average) and then to kwi/orange over the course of b6 The
polymergraftedsilicon wafer was removed from the bulk solution and washed thoroughly
with anisole followed by multiplewashingswith THF. The waferwas washedn basic

EDTA solution before being dried at 120for 1 h. The free polymewas collectedhs

described irbection4.3.5

Si02-S18 KBBIPG8O:

A clean silicon wafer (1 cm x 1 crmjas addedo a 50 mL glass reaction vessel.
The vesselvas keptat a constant temperature of 80 The atmosphere in the reaction
vessel was removed under vacuum and replacedAwitff o the sealed reactimessel,75
mL of a 10 mM solution consisting of 25 mol%3-trimethoxysilyl)propyt2-bromo2-
methylpropionate(0.18 mmol) and 75 mol% -propyltriethoxysilane(0.56 mmol) in
anhydrous tolueneas addedia cannula transfer. The reaction was left gestilying at
80 3 overnight. The silanegrafted substratevas collectedand washed multiple times
with ethanol, bllowed by sonication in ethanol for 10 min, repea®ddnes The silane
grafted substrateasblown dry withAr and storedh a sealed vessel und&r until further

use.
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SI-AGET -ATRP of PDIPAEMA on silicon, SiO2-S18 KBB9PG82:

An initiator-grafted silicon wafer (1 cm x 1 cmyas addedo a 100 mL glass
reaction vessel2-(Diisopropylamino)ethyl methacrylate (DIiPAEM 238 eq., 40 mmol)
was passed througim inhibitor remover column [Sigm@adrich, removing hydroquinone
(HQ) or hydroquinone monomethyl ether (MEHQ,-ndethoxyphenol), or ert-
butylcatehol (TBC)] and charged to theDQ mL round bottom flask containing the
initiator-functionalisedsilicon wafer. Anisole (10 mL), Cu(ll)Bs (0.65 eq., 0.11 mmol),
N, N, N NjpeNtabijhyli&ifiyjenetriamine (PMDETA, 3.2 eq., 0.56 mmol) and
ethyl 2-bromo2-methylpropionatg EBIB, 1 eq., 0.17 mmol) were added to the round
bottom flask and the mixture was stirred gently, to avoid breaking the silicon wafer (ca.
400 RPM), while slowly hating to 403 . Once the mixture reached the desired
tempeature,L-ascorbic acid9.8 eq.,1.7 mmol) was addedo the reaction flask, which
was promptly sealed. No additional techniqgues were used to remove atmospheric or
dissolved oxygen. Theotymerisation solution changed colour from blueoxXidised
copper) to colourless (ca.h2on average) and then to kwl/orange over the course of 16
h. Thepolymergraftedsilicon wafer was removed from the bulk solution and washed
thoroughly with anisolgollowed by multiplewvashingswith THF. The wafewas washed
in basic EDTA saltion before being dried at 110 for 1 h. The free polymewas

collectedas described i®ection4.3.5
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5.4.9Synthesis of CQ-responsiverough silicon surfaces bysurface-initiated atom

transfer radical polymerisation
SiO2-S17 KBB9PG60:

A clean laseretchedsilicon wafer (1 cm x 1 cmyvas addedo a 50 mL glass
reaction vessel. The vesse#hs kepiat a constant temperature of 80 The atmosphere
in the reaction vessel was remowatder vacuum and replaced withn. To the sealed
reactionvessel,25 mL of al10 mM solution of (3trimethoxysilyl)propyt2-bromo2-
methylpropionate in anhydrous toluenas addedia cannula transfer. The reaction was
left gently stirring at 78 overnight. The silanegrafted substrate wasollectedand
washed multiple times with ethanol, followed by sonication in ethandlo min, repeated
3times The silangyrafted substrate wddown dry withAr and storedn a sealed vessel

underAr until further use.

SI-AGET -ATRP of PDIPAEMA on silicon, SiO2-S17 KBB9PG73:

An initiator-grafted silicon wafer (1 cm x 1 cmyas addedo a 100 mL glass
reaction vessel2-(Diisopropylamino)ethyl methacrylate (DIPAEMA38 eq., 52 mmol)
was passed oven inhibitor remover column [Sigmaldrich, removing hydroquinone
(HQ) or hydroguinone monomethyl ether (MEHQ;mé&thoxyphenol), or ert-
butylcatechol (TBC)] and charged tbet 00 mL round bottom flask containing the
initiator-functionalisedsilicon wafer. Anisole (25 mL), Cu(ll)Bs (0.65 eq., 0.15 mmol),
N, N, N NjpeNtaihngthylgNylenetriamine (PMDETA, 6.5 eq., 1.4 mmol) and

ethyl 2-broma2-methylpropionatg EBIB, 1 eq., 0.22 mmol) were added to the round
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bottom flask and the mixture was stirred gentb avoid breaking the silicon wafer (ca.
400 RPM), while slowly heating to 48 . Once the mixture reached the desired
tempeature,tin(ll) 2-ethylhexanoate (9.7 eg., 2.2 mmwaids addedo the reaction flask,
which was promptly sealed. No additionethniques were used to remove atmospheric
or dissolved oxygen. Theolymerisation solution changed colour from blueoXidised
copper) to colourless (ca.h2on average) and then to el/orange over the course of 16
h. Thepolymekrgraftedsilicon waferwas removed from the bulk solution and washed
thoroughly with anisolgollowed by multiplewashingswith THF. The wafemwas washed

in basic EDTA saltion before being dried at 110 for 1 h. The free polymewas

collectedas described i®ection4.3.5

Si02-S19 KBBIPG59:

A clean silicon wafer (4m x 1 cm)was subjectetb wet etching with hydrofluoric
acid (HF). The clean silicon waferas addedo a plastic centrifuge tube containidg
mL of 48% HFkaqy The wafer was left in solution for 5 min toseire the complete removal
of the silioon oxide surface. The etched wafer wased thoroughly with water and blown
dry under a stream @&r. The etched wafer was immediatelgdedinto a Schlenk tube
containing 15 mL of neat t0ndecenoic acid that hdmben deoxygenatdaly two freeze
pump thaw cycles. The wafer/undecenoic acid mixiae further deoxygenatdxy two
more freeze pump thaw cycles. The mixture was heated td ¥atder dynamidr, for
16 h. The resultarftinctionalsedwafers were rinsed thoroughly with DMF, followed by
sonication inDMF. At this point, the wafer wasonsidered tde terminatedvith a

carboxylic acid functionality.
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A carboxylic acid functionalised wafer was furthemctionalisedby HATU-
mediated copling with an ATRPinitiator, 2-hydroxyethyt2-bromoisobutyrat¢ HEBIB).
The carboxylic acid functionalised wafeasaddedto a Schlenk tubeontaining solution
of TEA (9 mmol) and HATU (1 mmol) in anhydrous DMF. The mixture was cooled with
anicebatand stirred for 30 min. isafSsoomteditha mat i or
colour changejhe solution changes colour from a light yellow to a deep orange/red when
t he fiactisiformed Aftes 30enin, by which time the colour change Hhmeén
observedHEBIB (0.35 mmol)was addedo the mixture. The ice batkas removeaand
the solution was allowed to warm to room temperafceie233 ) as it reacted foth. The
ATRP-initiator grafted silicon wafer was rinsed thoroughly in DMF, followed ibging

in anisole. The wafewas then subjected SFAGET-ATRP without further treatment.

SI-AGET -ATRP of PDIPAEMA on silicon, SiO2-S19 KBB9PG59:

An initiator-grafted silicon wafer4 cm x 1 cm)was addedo a 50 mL Schlenk
tube. 2(Diisopropylamino)ethyl methacrylate (DIPAEMA, 228q., 16nmol) waspassed
throughan inhibitor remover column [Sigmaldrich, removing hydroquinone (HQ) or
hydroquinone monomethyl ether (MEHQ;n#ethoxypheng| or 4tert-butylcatechol
(TBC)] and chargedlb 50 mL Schlenk tubeontaining the initiatefunctionalisedsilicon
wafer. Anisole (10 mL), Cu(ll)Bt (0.66 e&., 0.046 mmol),

N, N, N NjpeNtaihngthylrgNylenetriamine (PMDETA, 3.3 eq., 0.22 mmol) and
ethyl 2-broma2-methylpropionat€d EBIB, 1 eq., 0068 mmol) were added to the 50 mL
Schlenk tube and the mixture was stirred gently, to avoid breaking the silicon wafer (ca.

400 RPM), while slowly heating to 48 . Once the mixture reached the desired
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tempeature tin(ll) 2-ethylhexanoate (19 eq., 1.8#nmol) was addedo the reaction flask,

which was promptly sealed. No additional techniques were used to remove atmospheric
or dissolved oxygen. Theolymerisation solution changed colour from blueoXidised
copper) to colourless (ca.h2on average) antthen to ydbw/orange over the course of 16

h. Thepolymekrgraftedsilicon wafer was removed from the bulk solution and washed
thoroughly with anisolgollowed by multiplewashingswith THF. The wafemwas washed

in basic EDTA solution before being diieat 1103 for 1 h. The free polymewas

collectedas described iBection4.3.5

5.4.10Water contact angle aralysis of CQ-responsivanorganic surfaces

A surfaceds hydr ophi lbée maatunethy@ quaritatider o p h o b
anal ysis of a surfaceds f heanglemtwhidhalgeid ener g
interface meets a solid surface, which banmeasuregia contact angle goniometry. A
substrate of interestas placed nt o a g o nenatioredeek.r Bhe gowidmster
then deposits a 0.75L droplet of probe liquid (commonly Millipore water) onto the
w a f esurfacsand captured high-resolutionimage of the droplet. A contact angle can
be calcul ated usi ng Thslpreceduresrcononondytreemedosas s of t w
a sessile droplet methodContact angles were measured using an AST ProM{cts
Optima Goniometer. The goniometer used for measuring contact angles was not equipped
to accurately measure radff angles The gonbometemwas usedor COx-responsivaminc

silane surfaces and gettiol surfaces.
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To facilitate apid assessment of static contact angles and sliding angles of
functionalised surfaces the remaining contact angle analyses were carried out using a
VehoVMS004D microscope. Images were processed udmggedand Dropsnake
software?® Full instructions can be found online at
http://bigwww.epfl.ch/demo/dropanalysis/.  Droplet volumes when using the USB

microscope were ca-B‘ L.

A standardisedhethod for the static contact angle analysis of surfaces is as follows:

1. COxwas bubbled through a gas dispersion tube into a beaker of MiNiadoee for

10 min.

2. A functionalisedwaferwas placednto the CQ-sparged solution for a total of 30
min. The solution was continuously sparged wit@, over the course of the 30
min.

3. After 30 min, it was assumedhe wafer had become protonated and thus
hydrophilic. Thewaferwas removed ancharacterisetdy WCA analyss.

4. After water contact angle analyshs, was spargethrough a beaker of Millipore

water, whichwas heatetb 60e C

5. Thefunctionalisedvafer was placed into the heatéd-sparged solution for a total
of 30 min. The solutionwas continuously spargedth Ar over the course of the

30 min.

6. After 30 min, it was assumedhe wafer had become deprotonated and thus

hydrophobic. The wafer was removed @hdracterisethy WCA analysis.
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In someinstancesuser errorcan significantly change the outcome of the water
contact angle analysis. Consequentiger error was recorded and monitored over
time. User error or repeatability (i.e. the error associated with the author, Kyle J.
Boniface, making the measurementstom same imageas most recently recorded

1.9J, where8 measurements were recordeddditionally, the instrument error as
calculated by finding the average stardideviation from a population of 3®&here
those 33 standard deviations are resultdrdgver 100 individual measurements, was
recorded as 1.8). For reference, thiaterlaboratoryreproducibility) error is cited to
be ca. 10J8The errorassociated with the reported contact angle is highly dependent
on the user and the quality of the im&ge? The sessile drop method was used in all
measuements for the contact angles reported in the entirety offthsss The sessile
drop method is the most reproducible and has the greatest reproducibility owing to the
simplicity of the method® The surface structures in this chapter did not hinder contact
angle analysisHowever,the surface structures of pofyecharide substratesti@pter
6) hinder contact angle analysis; the error associated with each measursment
inherently higher because the larger surface features interfere with captatewy a

image of the substrat#roplet interface.
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Figure 5.23. Sessile droptatic contact angle analysis for a £®@sponsive surfac
(KBB9PG61, PDIPAEMA-grafted silicon wafgr Raw image of the surface whi
charged after exposure to €@ water (upper left) and processed image (upper ri
Raw image of the surface when neutral and dry (lower leftpamcessedmage (lower
right).
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To ensure thahe reported contact angle data is significant, the standtast Was
applied to each dataset. A representatitesrt is shown below. The procedure for the T
test and instructions for its execution using Microsoft EXtatere taken from a helpful
book titled fAData analysis for chemistry, a

scientistso written by D. Brynn Hibbert an

WCA Measurements

Hydrophobic State Hydrophilic State

92 65
91 65
91 68
92 72
91 70
64
Average 91.4 67.3
Standard Deviatior 0.547 3.21
F-Statistic 34.22
Degrees of freedon 5 6
p 0.0022
T-statistic 18.08
Degrees of freedon 5
on T-statistic
p 0.0000095

If p < 0.05, reject null and conclude that the two data setsigméicantly different
Probability of data sets being significantly different 99.99999
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5.4.11Gel permeation chromatography

Gel Permeation Chromatography (GPC) was performed with a Waters 2690
Separation Module and Waters 410 Differential Refractometer with THF as the eluent.
The column bank consisted of Waters Styragel HR (4.6x300 mm) 4, 3, 1, and 0.5 separation
columns operding at 40 3 and 0.3 mL mirt. GPC data are reported as
poly(methylmethacrylate) (PMMA) equivalents, based on a calibration curve of narrow

molecular weight distribution PMMA standards purchased from Polymer Standards.

5.4.12X-ray photoelectron spectroscopyf CO2-responsive inorganic surfaces

Detailed accounts of the XPS studies conducted onr€sponsive inorganic surfaces

can be found in Appendix V.
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Chapter 6

CQResponsive Polysacchari des

6.1 Preface

Natural polysacchariddibres, when utilised as substrates for £2@sponsie
systems, suffer from their inherent hydrophilicity. The native state of a polysaccharide
surface is superhydrophilic and/asorbent To enable a stimulugsponse, the surface
of the polysaccharide mulse sufficiently modifiedvith a hydrophobic fuctionality that
is capable of responding to a stimulus. When the polysaccharide surface area is large, or
the degree opolymersation of afibre is high, thedegreeof modification must also be
large to effectively modify the polysaccharide surface dtara Unfortunately, this is
quite difficult to achieve withsingleunit modifiers partly because the larger
polysaccharides exist mheterogeneostate when in solution and partly because the ratio
of polysaccharide tbydrophobicmodifier is so high.Polymeric modification allows for
a greater amount of hydrophobic modifier relativgptysaccharide Thus, polymeric
modificiation was found to benore appropriate for modifying the surface character of
larger polysaccharide maials such as membranes, filters, and cloth. Herein, both single
unit and polymerienodifications on various polysacharidasboth low and high surface

area are demonstrated.
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6.1.1Abstract

Functionalisation of polysacchariddres with COp-responsive singtunit and
polymeric functionalitiess presentecherein. High surface area polysaccharides with
singleunit modifications were evaluated as £€Witchable drying agents, similar to the
polymergrafted silica particles in Chapters 2 and 4. Low surfaea polysaccharides
with polymeric modifications were evaluated by contact angle analysis and by selective

sorption tests using various oils and dyes, with or without 2€sent.

The effects of singleinit COx-responsive functionalities on a polysacchafidre
wereminimal, owing to a low degree of substitutiohhe CQ-responsivdibres, as made,
remained considerably hydrophili¢his inherenhydrophilicity significartly reduces their
ability to function as a Cg&switchable drying agent, in which sagnificant change in
hydrophilicity is required. In contrast, the effects of polymeric @@sponsive
functionalities on a polysacchariflbre are quite pronounced. The natural roughness of a
woven cellulose surface enhanced the change in surface character thas@idsive
functionalities, whergrafted froma surface, can achieve. The neutral and hydrophobic
state of PDIPAEMA whemgrafted fom a cotton fabric surface was determined to be ca.
1503, where previously the neutral and hydrophobic state of PDIPAEMA whafted
from a smoothsilicon substrate was ca. ®0 The charged and hydrophilic state of
PDIPAEMA, when grafted from a cottonalric surface,was determined to be
superhydrophilicand absorbent where previously the charged and hydrophilic state of
PDIPAEMA whengrafted froma smoothsilicon substrate was ca. 50Thus, where the
laser etching techniques presented in ChapteailBdf nature has provided a readily

available and easily modifiable rough surface.
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6.2 Introduction

Natural polysaccharides are biopolymers made of monosaccharide units bound by
glycosidic linkages. A few examples of common natural polysaccharidesaginate,
cellulose, chitin, chitosan, dextran, and starch. These biopolaremoducedh nature
by a variety of living organisms such as plants and fuhigese biopolymers are abundant,
renewable, and lowost materials. Furthermore, they typicallyhiit nontoxicity,

biocomptibility and biodegradability

Increasing environmental awareness has driven research efforts to replace
petroleumbased polymeric materials with materials from renewable resources. However,
the application of biopolymers tnaditional industriess limited by their incompatibility
with petroleurabased polymeric materials and the aasated processing techniques.

Chemical nodification of biopolymers isften employedo overcome these issues

Cellulose is an abundant, inexpensive, biodegradabla @mewable resource that
possesses several attributes such as high strehgdbility, the ability to absorb moisture,
high thermal stabilitygood biocompatibility, relativelylow cost and good mechanical
properties at a low density. Cellulose and various other polysacchamdéerefore used
as fillers or addities in composites. Haver,cellulose has some inherent drawbacks such
as poor solubility in common solvents, poor dimensional stability, lack of thermoplasticity,
high hydrophilicity, and a lack of antimicrobial properti@$e hydrophilicity of cellulose
can eithetbe an adantage or a disadvantage depending on the intended applic&ton.
overcome such drawbackshemical modification of the polysaccharide surface is often

applied!
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Surface modification of cellulose and other polysaccharides gogft
polymerisation has been widely studiedfor several decades® Early work on
polysaccharide modification sought to modify the hydrophilic nature of the polysaccharide
with graft and block copolymer$. Dimensional stability, resistance tbrasion, wrinkle
recovery, oil and water repellency, heat resistance, and antimicrobial activity are examples
of properties that can be improved by giadpolymerisation of cellulosé. When cellulose
fibres are used as reinforcing agents in composites it is gran@bfterdifficult, to obtain
a sufficientfibre-to-matrix adhesion Grafting of hydrophobic polymers to tlibre surface
greatly enhances the hydrophobicity of the polysacchditidtes, thus improving their

adhesion to a polymer matrix.

Recentlya class of higheordered cellulosertown as cellulose nanocrystaldNC)
has become readily available. CNCvédeen receiving increasing attemtion recent
years due to thelrigh specific strength and modulus, high surfaea(dimensionf ca.
100 nm by 10 nm), andnique optical properti€s:'’” CNC are only dispersible in
polar/hydrophilic  systems which greatly restricts their use in common
nonpolar/hydrophobic systems such as hydrophobic polymer matAde#ionally, once
CNC aredry, thdr subsequent redispersiag challenging'®'® Due to their properties,
CNC have been considered for use amnofilles in composites and as

absorbents/flocculants.

In 2015, Wang et al. demonstrated that modification of a CNC surface with
COp-responsive functionalities could control the ability of fli@ctionalisedCNC to
disperse in aqueous solutions. The prepared-résponsive CNC showed fast and

reversible dispersion behaviour hdut requiringsonication, vortexg, or stirring?’ In
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2017, Garcia et al. demsinated similar C@responsive behaviour when grafting
COz-responsive polymers to the surface of CMCThe CQ-responsivepolymergrafted
CNC displayed more stable aqueous dispersions in pinetonatedstate than in their
neutral state. hvas determinethat the critical properties of CN@ere preservedvhen
the CQ-responsive polymerswere graftedto their surface.  Modification of
polysaccharides with Cesponsive functionalitigsas the abilityd address some of the
challenges of using polysaccharides, specifically flaek of solubility andpoor ability to
dispersein most solvents. Therefore COy-responsive technology for polysaccharides

might be useful at the industrial scale.

In additionto their use as fillers or additives in composites, cellulose and various
other polysaccharidefiores canbe woveninto larger materials commonexamples are
various forms of papefijters, membranes, aridxtiles These woven cellulosic substrates
are the focus of a stdet of research on superhydrophobic surfaces, which focuses on
developing superhydrophobicharacter on renewable substrates. The fabrication of
superhydrophobic cellulose surfaces could exterduie of cellulose ants derivatives
into new areas such as seléaning textiles, water repellent packaging materials, coatings

with improved barrier properties, and membrane technology.

One of the most common cellulosic substratesithstudied is filter paperFilter
paper is commonly available and easy to handle. Nys#toath reported a graft on graft
method of functionadiing filter paper to induce seifeaning and superhydrophobic
propeties®® Wanget al demonstrated that polymeric coatings ottao fabric could be
used to create a novbifunctional Janus membrane that could separate oil frosm-oil

water emulsion$?
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As previously discussed inh@pter 5, the wetting charadsgics of a surface can
be greatly enhanced by physical modification of the surface (i.e. creating surface
roughness) or by chemical modificatiby modifying a surface (rough @mooth with
hydrophobic coatings. The rough surface structure otéflalosic substrate inherently
l ends itself to the crveeydhtyiddompbbbbsopeshydiac
graft modification of cellulose substrates is a viable method forctbation & smart

surfaces.

Cellulose is inherently more reactiamd easier to work with than the inorganic
substrates like the silicon wafers thare usedn Chapter 5. Understanding the molecular
structure of cellulose is the key to its maodification. The repeating

I -D-anhydroglucopyranose units are held togetilyér-1,4-glycosidic bonds (Figure 6.1).
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Figure 6.1. The molecular structure of cellulose (n=fegreeof polymerisation.

The degreeof polymerisation(DP) of cellulose varies with its source and extraction
techniques.In the cas®f cotton and other plant fibres, DP values range fromI&0Q00.
Regenerated or highly processed celluliisess have DP values that range from-2001
Cellulosefibres form larger aggregates and sheets through extended hydrogen bonding

networks; when these networks are disrupted, or a given celfidosés at the surface of
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the bulk aggregate it cdre chemically modifiedy either of the three hydroxyl groups in
the glucose repeat urffigure 6.1)

In glucose, the equatorial hydroxyl groups ata@d G have reactivitytypical of
secondary alcohols and the hydroxyl graiifs has reactivity typical of a primary alcohol.
However, the reactivity of cellulose canto simplifiedto that of a trihydric alcohol that
is similar in its chemistry to a simple sugar containing three alcohols. The heterogeneity
of the cellulosesubstrate in solution, combined with the polymeric nature of the cellulose
substrate greatly influences the reactivity of each hydroxyl group.

Studies involvinghe esterification of cellulose found that the hydroxyl groupsat C
can react ten times faster than the other hydroxyl gréxfdsAdditionally, the hydroxyl
group at Gwas observed teeacttwice as fast in etherification reactions as the hydroxyl
group at G.2* Thus,the primary hydroxyl group is often the most reactive and the first of
the three to participate in a substitution reaction.

Starch, a structuralyelated polysaccharide, was also investigatethe present
study. Plants store glucose as starch; there are two forms of starch, amylose and
amylopectin. Amylose consists typically of more than 1006@lUizopyranoside units
connected by -1,4 linkages (recall cellulose haslinkages). Amylopetin is similar to
amylose except that amylopectin hag,6 branching points that occur at intervals of 20
25 glucose units. The chemical reactivity of stdilaresis very similar to that ofellulose
fibres. Any noticeable differences in chemical gedies is thus due to the larger
supramolecular structures of either polysacchdiide.

Herein, both celluloseand starch fibres were modified with C&regonsive

functionalities using the synthetic methods outlined in Chapter 5 (Scheme 6.1).
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C0,, H,0

Ar, 40-80 °C

Scheme 6.1.A generic CQ-responsive polysaccharide, where=Rthylene,
propylene; R= alkyl group.

COp-responsivepolysaccharidesvere evaluateas CQ-responsive drying agents
for the removal of water from wet isolamiol. Additionally SFAGET-ATRP was applied
to cellulosic substrates to create £®@sponsiveotton fabricthat could reversibly switch
between superhydrophilia n d  fhywd®phgbi®. To the best ofmy knowledge, a
superhydrophilitsuperhydrophobic or super hydhydgrhoghaltifiova

COp-responsive cellulosic surface has heen reported
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6.3 Results and dscussion
6.3.1COz-responsive ellulosefibres

As described in Chapter 5, atsdnsfer reagentsere appliedwith limited success,
to the synthesis of C&responsive silicon surfaces. The stability of the silyl ester
carbamate/carbonate linkage was hypothesised to be low, which resulted in a high rate of
hydrolysis for thesingleunit functionalised C@respons/e silicon materials. The
synthetic methods presented herein are the same as those from Chapter 5, with some minor
modifications. When these synthetic methads appliedo a polysaccharide surface, the
resulting linkage is a carbonate/carbamate ¢Steheme 6.2). Carbonate/carbamate esters
are considerably more stable than their silyl counter parts; thus, a high degree of
polysacchariddunctionalisationwith COy-responsive functional groupsas expected
Two synthetic methodwere examinedor the functionalisationof cellulosefibres with

COp-responsive functional groups (Scheme 6.2 and 6.3).

OH \/o\(o

(0]

0 DIPEA 0
* 0 + )I\ —_—
e 07 DCM, 0°C t0 26 °C . Q
%
Cellulose ud OH 0
ECF-Cellulose
0]
NHz/\/\N/ 0
ECF-Cellulose \ > (0]
* 0
2 eq. tBuOK, THF 9\*
HO OH n

Scheme 6.2. Synthetic method 1 for th&nctionalisationof cellulosefibres with
COxresponsive functional groupslethod adapted from Kim et &.
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Scheme 6.3. Synthetic method 2 for th&nctionalisationof cellulosefibres with
COu.responsive functional groups.

Native cellulose fibres were treated with ethyl chloroformate (ECF).-&&li&lose
fibores were modifiedwith a variety of C@responsive functionalities (Figure 6.2).
Cellulose based drying agents are more robust than shiea counterparts; as such,
mechanical stirring causing degradation is natrgcern The ease of use of both materials
iscomparable. The cellulo$ibres are a white powder and are considerably less prone to

static charging than the silica based drying agents.
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HZN\/\/N\/\/
3-(dimethylamino)propylamine 3-(dibutylamino}1-propylamine
pKan: 9.3 pKaH: 10.35
logyv:-0.11 logv: 2.54
LogD (pH 4.6):-3.58 LogD (pH 4.6):-0.96
LogD (pH 7.4):-2.00 LogD (pH 7.4):-0.31
Al A2
W HzN/\/\N/\
—/
HzN\/\/N\/ — HZN\/\/N
3- 1-(3- N-(3-
(diethylamino)propylamine  aminopropyl)imidazole aminopropyl)piperidine
pKaH: 984 pKaH: 679 pKaH: 906
logv: 0.6 logv: -0.22 logv:0.74
LogD (pH 4.6):-2.89 LogD (pH 4.6):-0.80 LogD (pH 4.6):-2.17
LogD (pH 7.4):-1.80 LogD (pH 7.4):-0.29 LogD (pH 7.4):-0.92
A3 A4 A5

Figure 6.2. Proposed C®responsive caucleophilicspecies foracyl transfergroup
mediated coupling with a polysaccharide substrate. All vahees predicted using mod
compounds; model compounds are indicative of the compound when bousdrface
via a carbonate or carbamate bond. As such, theyafues correspond to the tertia
amine and not the primary amine (Appendix).?3

Functionalisatiorwas confirmedy FT-IR andsolid-stateNMR spectroscopy.In
one example, FIR spectroscopyof Al (method 2) suggests thainictionaligtion of
cellulose with3-(dimethylaminojl-propylamine was successfulThe IR spectrum of
Al-cellulose was different from the HR spectrum of notfiunctionalised cellulose, in that

the peak at ~1600 ctrwas broader foAl than norfunctionalied cellulose, and thus

indicative of finctionalistion. Additionally, the broadening of tHéC cellulose peaks and
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the appearance of néwC peaksat 168 ppm and 38 ppm suggest thiactionalistion had

occurred.

Characterisation of the G@esponsive cellulosgbres was difficult owing to the
relatively low surface area and the degree of substitution that likely occurred. In
comparison, theharactesation of COx-responsive CNC, which has a relatively high
surface area, wasraightforward’ The reactions with polysaccharides, specifically larger
fibreslike cellulose, are heterogeneousbres form aggregates in solution, which further
reduces the accessibility of the reactive primary hydroxyl site. This problem is
compounded after each step in siyathesislow ECFgrafting will resultin an even lwer

aminegrafting.

The COp-responsivecellulosefibres were investigatedor their ability to act as
COp-responsive drying agents (DA). Thelsent chosento comparethe utility of
switchable cellulose materials as drying agevdsisobutanol, whichwas dopedvith 5
wt% H2O. TheCOz-responsivee el | ul ose and O wwdredaddeddab ut anc
vial, and CQwas spargethrough the solution fdat h. The vial was then sealed and stirred
for 15 h. TheCOp-responsivecellulosefibres wereseparatedrom the wet isobutanol
solution via vacuum filtration; watezontentremaining in the isobutanol solution after
filtration was analyzedia gas chromatography thermal conductivity detector-{@&D).

The esultsare reportedn Table 6.1.
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Table 6.1. The removal of water from wet isobutanol using2€&sponsive cellulos
fibres.

Water removet® (mg HO/gDA)

Cellulose Cycle 1 Cycle 2 Cycle 3 Without CQ
Controf 170 11 - - -
Cellulose % 440 1 300 4 430 5 -
Cellulose 2 460 5 300 4 130 6 -
ECFCellulose 430 4 - - 110 5
Al-Cellulose 230 1 340 2 480 3 -
A2-Cellulose 330 6 - - 190 5
A3-Cellulose 320 1 - - 380 9
A4-Cellulose 380 3 - - 270 4
A5-Cellulose 460 5 - - 260 4
Al-Cellulosé 450 2 - - 340 10
A2-Cellulosé 500 1 - - -

#Reactionconditions: 10 g isobutanol with water at a concentration of 5 wt%, (
drying agent added, h mixing with CQ bubbling through solutiothen continued
mixing in a sealed vial for 15 h, water contamalysedoy GGTCD. PDrying agent
regeneratiorwas performedat 503 for 4 h. ® Water removedwith respect tadrying
agent usedCellulose (as received) with GOubbling. “Cellulose (as recead) without
CO, bubbling. ®Synthesisedy synthetic method 2'No drying agent was added to t
control experiment. Water removed is a result of,G@arging. Reported error ¢
associated with measuring in triplicate; all values are representative of a
experiment.Each cycle used fresh isobutanol with 5 wt% water.

Untreated cellulosBbres are hydrophilic and perform well as drying agents in the
presence of C&{Table 6.1 row 1). However, the performance of untreated cellfiorss,
without CQ, declines ovethreecycles (Table 6.1, row 2). It is plausible that the addition
of CO aidsin the dispersion of the untreated celluligees by disrupting the extended
intermolecular hydrogen bonding network of the cellufdsess. Further dispersion of the
cellulosefibres would result in a higher surface area to which water could be banohd
removed from the isobutanol solution. Thus, it is likely that the performance fluctuations
for untreated cellulose fibres are a result of how well the fibres are dispersed in solution

and not a direct result of whether £€®© present.
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Modification of the celluloséibreswith CO,-responsive functionalities did little to
increase performance as a drying agent. In most instances, thresponsive cellulose
fibres performed worse in the®'lcycle than untreated cellulose. The data might suggest
that CQ-responsive cellulosibres (Table 6.1 rows 4.0, column 1) perform better in the
presence of C® than without CQ (Table 6.1 column 5). It is plausible that
COp-responsive functionalities in their neutral state would aid aggregate formation by
participating in hydrogen bonding, thereby reducing the surface area accessible for the
removal of water, thus reducing performance as a drying agent. It is also plausible that the
COp-responsive functionality would aid in the redispersion of the aggregaterial when
CQOuis present, thus increasing therformancef the drying agent. This type of behaviour
was demonstratedith high surface area G@esponsive CNC in aqueous solutidhs.
However, the drying experiments presented hgeee not conductedh an aqueous
environment; tey were conducted insobutanol with5 wt% water. Therefore, the
COp-induced redispersion effect woube severely limitedby the polarity of the solvent

and the availability of water.

As evident fronthe performance of untreated cellulose, the avithalof water
in the organic solvens not the limiting factor. Untreated cellulose (ca. #4#MH.O/g DA)
performed simildy to the ' generation of polymegrafted silica particles (Chapter 2,
490mg H.O/g DA) but not as well as thé®generation of polymegrafted silica particles

(Chapter 41053mgH,O/g DA).

It is more likely that drying performance is a function of posure and the
relative amount of exped surface area of the drying agent. The relative exposed surface

areaof a polysaccharide could be increased by reducing the overall size of the
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polysaccharide (e.g. CNC instead of celluldibges) and by increasing the amount of
grafted CQ-responsivefunctionality. Due to theincreasedstability of single-unit
COp-responsive functionalities on polysaccharides it is possible thatsingleunit
COp-responsivepolysacchedes could be effective drying agents wheresingleunit
COp-responsive silica particles were not. Additionally, polymer grafting methods are
another wayn which the relative surface area of a @&®@sponsive drying agent coube
increased Grafting polymer chains frompolysacharideessentially results in a branched
copolymerand itis well documentethat branched polymers are less likely to aggeegat
in solution than their linear counterparts due to a reduction in intermoleaitiactive
forces. Thus, C@responsive polymegrafted polysaccharides would experience less
aggregation due to branching effects and greater dispersion in polar solient€® is

present due to the formation of the amimearbonate salt complexes.

6.3.2CO2-responsive starchibres

Starchfibres were investigated briefly as a polysaccharide based support for
single-.unit functionalisationwith COp-responsive functional groups. was hypothesised
that the branched nature of starch would allow for a higher degree of substitution with
COp-responsive functional groups; the relative surface area of starch would be higher that

than of cellulosdibres of similar size.

It was observedhat unfunctionalisedstarch was not soluble in water at room
temperature, but that could be solubilised by boiling watéor a shortperiod Once

solubilisedinto hot water, the resultant starch solution could beecbahd stored foa
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moderateperiod though itwas observethat the starch would eventually aggregate and

precipitate out othewater.

Synthesis of a switchable starch, involving surfaggcfionalistion to comprise
switchable moieties as defined abowes initially investigated to provide means for
solubilising starch withoutthe use of excessive heat Starch was functionalised with
COp-responsive functional groups using a @bédiated coupling approach. Similar
challengeswere encounterewvith start that were encountered with cellulosgbres;
characterisatiowasdifficult and it was hard to extrapolate what effect the-@€3ponsive
functionalities were having. A quantifiable increase, relatively to native starch, in the
solubility of single-unit functionalised C@responsive starcfibres in aqueous solutions
with CO;, presentwas not observed Therefore, work related to C@esponsive starch
fibres was ceased The same conclusions thaere drawnfor cellulosefibres apply to

starchfibres. Detailed synthesis can be found in Appendix VI.

6.3.3CO2-responsivesingle-unit functionalised filter p aper

Single-unit  functionalisation of cellulose surfaces with C@esponsive
functionalities was achieved usingDI-mediatedcoupling. Initial experiments used
Whatmantype 1 filter paper as the cellulose substratds a proof of concdp
CDI-mediated coupling wademonstratedusing | ong chain Awaxyo ca
the surface of the filter paperThe functionalized fier paper was observed to be
hydrophobic, with no discernable changes in surface energy as a result of exposute to CO

Various CDI-mediatel coupling methods were evaluated with Cf&resposinve
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functionalities on filter paper. Detailed schemes and disonsan be found in Appendix
VI. However, in every case, these methddded to producea CO,-responsive
polysaccharide surfac&urther work on singlenit functionalisatiormethod development

was abandoneir more promising polymerifunctionalisaton techniques

6.3.4CO2-responsive polymergrafted filter p aper

COp-responsivepolymers wereggrafted fromcellulosic substrates and tested for
their ability to modify the surface energy of the substrate under a vafietyternal
triggers. The traditional ATRP polymer grafting methods terte presentesh Chapter
2 were appliedo polysaccharide substrates. At the time, thd BGET-ATRP method
presented in Chaptenas not developedkKnown CQ-responsive polymensere grafted
to Whatman type 1 filter paper. The first attempt at grafting PDMAPMAmM to filter paper
(PGFR1) utilised the same strategy thas employedor grafting PDMAPMAmM to silica
particles (PGY). The filter paper was analysed by AR IR spectoscopy and WCA
PGFR1 failedto exhibit CQ-responsive behaviour and grattB®MAPMAmM could not
be identifiedin the IR spectrum. Nvas hypothesisethat thesurfaceinitiated grafting
reaction failed due to poor initiator loading. Various technicaressuggested the
literaturethat would enable thiaitiatorgrafting step. The suggestions aim to disrupt the
hydrogen bonding network in cellulose, thus making the hydroxyl functional groups more
accessible. The suggestions include soaking the pieer in THF or NaOR), the

addition of auxiliary bases, the addition of salts, and the use of polar aprotic solvents such

291



as DMSO or DMAJ'324  Additionally, it was recommended that thefmpeetreatments

or refluxing with solvent should be avoided to preveeattreating the cellulosébres?®

A second attempt at grafting PDMAPMAmM to filter paper (P&fPwas
undertakerwith the specific goal of avoiding any and all applications of heat to the filter
paper surfae?® WCA analysis and IR spectroscopy determined that the grafting reaction
wasunsuccessful. This reaction was carried out without the presendeeelitiator in
solution. Itwas hypothesisedhat the addition of free initiator to thgolymerisation
solution in tandem with avoiding heat treatment offthees would result in a successful
grafting reaction. Thus, a third attempt of grafting PDMAPMAmM to the cellulose surface
was cmducted IR spectroscopy indicated the presence of polymer osuiffi@ce but the
surface energy of the cellulose surface was not modified substantially. Either the grafting
density of PDMAPMAmM was too low, or PDMAPMAmM was not hydrophobic enough to
modify the surface energy of the cellulose surface. Thus;r€§porsive polymerswith

higherhydrophobic charactevere usedn place of PDMAPMAmM.

A fourth polymer grafting experiment was conducted using PDEAEMA (PGFP
which is more hydrophobic than RIAPMAmM. Heat treatment of thigbres was avoided
and free initiatowas addedo thepolymergationsolution. IR spectroscopy confirmed the
presence of grafted PDEAEMA. Initial WCA analysis indicated that the modified cellulose
substrate was hydrophobiEigure 6.3). The modified surface remained hydrophobic for
10-20 s, after which the water dropletais slowly absorbethto the cellulose substrate.
This behaviour is common of polymgrafted filter papesubstrates that have low polymer
loadings?® PGFR4 exhibited CG-responsive behaviour; PGEPwhen exposed to GO

andwaterwas superhydrophilic, PGHPwhen dried, was hydrophobic for a shuetiod
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Figure 6.3. PDEAEMA grafted filter paper, PGF# (left). WCA analysis of PGFR
in the neutral and hydrophobic stétight). Experimental procedure outlined in Secti
5.4.10.

A fifth polymer grafting experiment was conducted ustigiPAEMA (PGFPR5),
which is more hydrophobic than PDMAPMAmM or PDEAEMA. Heat treatment of the
fibres was avoidedand free initiatorwas addedo the polymerisationsolution. IR
spectroscopy confirmed the presence of grafted PDIPAEMA. Initial WCA analysis
indicated that the modified cellulose substrate was hydrophobic (Figure Sufjace
charactesationof a rough filer paper is not straightforwardymtact agle measurements
arecomplicatedby both the surface roughness andabsorbingnature of the filter paper.
Therefore,the contact angle measurememqesented here, as measured from a rough
cellulose surfacezcanonly be considereds estimates of theidace propertiesPGFR5
exhibited CQ-responsive behaviour; PGFPwhen exposed to CCand water, was
superhydrophilic; PGFB when dried, was hydrophobic for an extendedod PGFR5
did not show a loss of hydrophobic character as a function ofsexpdo water. It is
possible that this behaviour is a result of the increased hydrophobic character of

PDIPAEMA in comparison to PDEAEMA or PDMAPMAmM. Additionally, tpeolonged
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hydrophobic character of PGFPcould be due to a higher polymer loadingaassult of

a bettempolymersation

Br \( CA Left= 137 469 Right= 135.360
n N
o) (0]
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Figure 6.4. PDIPAEMA grafted filter paper, PGF® (left). WCA analysis of PGFB in
the neutral and hydrophobic stgtentre and right) Experimental procedure outlined
Section 5.4.10.

The free polymer produced in situ during theASIRP of PGFR5 was collected
andanalysed The molecular weight of the grafted chaives approximatethroughthe
characterisationf the free polymer produced in situ. The molecular weight and dispersity
of free PDIPAEMAweredetermined to be M 42.5 kDa,n: 1.38. As a result of these
experimentsit becameapparenthat PDIPAEMA was C@responsive and hydrophobic
enough to exhib prolonged hydrophobic surface character when grafted from a

polysacchade surface.

Filter paper, while hydrophobic, was tegasistant and could be manipulated easily.
However, prolonged exposure to £@nd water, in tandem with subsequent
charactesation,destroyedhe polymergrafted filter paper. To continue testing, a more
robust substrate was required. Woven cotton swatebesusedor the remainder of these

experiments. At no point did the woven cotton substrate show signs of degradation
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6.3.5CO2-responsive polymergrafted cotton fabric

COp-responsive polymergrafted cotton fabric wa synthesised using the
SI-AGET-ATRP method presented in Chapter 4. The naturally rough surface of the cotton
fabric proved to be a suitable support for £€sponsive polymers. C@esponsive
polymergrafted cotton fabric exhibited vehydrophobic behaviour when neutral, and

superhydrophilic beaviour when charged (Scheme)6.4

Non-wetting

Hydrophobic
+ C02 (aq), - C02 (aq)l
25°C. 1Th a0°C. 12 h

Complete wetting
Hydrophilic

s

Scheme &. The COz-responsivepolymergrafted cotton fabric system. The prot
liquid was a solution of blue food colouring in watefhe surfaceshown is PGEL.
Experimental procedure outlined in Section 5.4.10.

Polymergrafted surfacesvere analysedy WCA, IR spectroscopy, XPS, and
SEM. Fre PDIPAEMA was characterised by GPfor PGG1 the free polymer was
determined to be M55.6 kDan : 1.25. COxresponsivebehaviouwas demonstratenver
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multiple cycles no deterioration in performanoeas observed(Figure 6.5. The
hydrophobic state was persistent; any change in contact angle over time was due to
evaporation of the water droplet and alagorptionof the water droplet. When exposed to

COz and waterPGG1 remained superhydrophilic for upwards of 1 h whendefiosed to

the laboratory atmosphere. The superhydrophilic nature of the charged surface was lost
slowly over the course of 2 h; extended exposure of the charged surface to the laboratory

atmosphere fully restorddGG1 toits neutral and hydrophobic sta

180
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Water Contact Angle
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20

0 1 2 3 4 5 6 7 8
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Figure 6.5 The CQ-responsivebehaviourof PGG1 as measured by static wa
contact angle analysis oveiscycles of switching from hydrophilic to hydrophobic a
back to hydrophilic. PGQ with CQ (¢ ) and PGE1 without CQ (s). Experimental
procedure outlined in Section 5.4.10.

Further contact angle analysis &fGG1 in the reutral state showed the
polymergrafted cotton fabric to be very hydrophobic (WCA ca.l %Md adhesive. The

surface is thus very hydrophobic amat superhydrophobic (Figure 6.6

296



\

Figure 6.6. WCA analysis oPGG1 at various inclinations. Parallel to the ground (le
90J rotation from theground(middle), 180 inversionrparallel to theground suspende
with tweezers (right). The probe liquich®/a solution of blue food colouring in wate

Further contacaingle analysis of PGCT was conducteafter exposure to CQOn
water forl h. PGC1 was determined to be superhydrophilic abdorbent Figure 6.7

shows full adsorption of a water droplet coloured with blue food colouring.

Figure 6.7. WCA analysis ofPGG1 after exposure to COn water forl h. The probe
liquid was a solution of blue food colouring in water.

SEM analysis of the polymarafted cotton surface reveals polymer globules
grafted along the cellulosigbres. Attempts to map theitnogen content using various
X-ray techniquesvereunsuccessful as thegh-energyelectron beam charred the cotton

surface and reliable datmas not collected Nonetheless, the SEM images are a clear
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indication of the grafted®DIPAEMA chains and provide a striking visual representation

of theactualnature ofPGG1 and the graftedPDIPAEMA chains.

Figure 6.8 SEM images of a washed cotton swatch (left) and a PDiPAgkadted
cotton swatch, PGQ (right). 300 m scale bar.

— ;
40 pm '

Figure 6.9 SEM images of a washed cotton swatch (left) and a PDiPAgkadted
cotton swatch, PGQ (right). 40' m scale bar.
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Figure 6.10 SEM images of a washed cotton swatch (left) and a PDiPAigkadted
cotton swatch, PGQ (right). 10° m scale bar.

One envisione@pplicationof a CQ-responsive cotton membrane/filter is that it
could be useas a recyclable filter for wastewater remediation. Additionally, it could be
used as a recyclable osmosis membrane. It was enivsioned that contsiconéthibe
capturedrom wastewateandsubsequentlyeleasedluring a regeneration treatmetiie
filter could be reused in this manner multiple times. Alternatively, a-i@§ponsive
membrane would be ideally suited for £€witchable forward osmosis, achnology that
has been develodeby Forward Water Technologiesd one that remains a point of
interest in the Jessop group. Lastly, this technology could be used for the separtion of
from oil-in-water emulsionssimilar to Janus membranes reporgdwWang et at® For
PGGC1 to be considered in these applications, it would have to be able to capture
contaminants, maintain its G@ esponsi ve behaviour dile
cleaned without suffering subsequent loss in performance. Whether thandi©ed
changes in surface energy would be enough to expel contaminants was of particular

interest.

299



Various dyes were used to test the hypothesis thata€&3ponsive polysacchde
surface could selectively capture and release hydrophobic or hydrophilic compounds. The
hydrophilic probe liquid \&s blue food colouring in watemd the hydrophobic probe
liquids were Oil Red O in both hexadecane and soybean oil. ThegSAonsivesystem,

in the presence of various proimuids was testedising PGCL1 (Figure 6.1).

COyq,1h Dry 50 °C, 12h ‘
e PCC.1:P —— B Y reC-1-H R
‘ Dry 50°C, 12h
PGC1.A o l C02 (aq) 7 1 h
Blue food colouring,( , b b PociG L
Aqueous
. N@Qﬂ (aq)
OilRed O, pH: 10-11, 1h G
Hexadecane WNEL .
B poc 1y
Qil Red O,
Soybean Oil
Dry50°C,12h

Figure 6.11 PGGC1, a CQ-responsive polysaccharide, exhibiting selective capture
release of hydrophilic and hydrophobic probe liquids.

In the hydrophobic statéGG1 repelsthe blue hydrophilic probe liquid (PGG
A). Upon exposure to COn water, PGEL adsorbs the blue hydrophilic probe liquid

(PGG1-B). Subsequent drying of PGCreturns the surface to its hydrophobicnfor
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Hydrophobc probe liquids @d) were introduced to the dried surface amdre
subsequently absorbday the surface (PGQ-C). The oilsaturated surface waken
further tested with the hydrophilic probe liquid (blue) and shown to be hydrophobic,
despite being satated with hexadecane and soybeaiR@CG1-D). The CQ-responsive
behaviour of PGElL was not lostlespite being saturated with oils. PG@Qvhen exposed

to CQy in water became hydrophilic and subsequealblyorbedhe blue hydrophilic probe
liquid (PGG1-E). Cycling of the C@responsivesystem, as outlined in Scheme @dd
illustrated by the large arrows in Figure B.Was carried out over numerous cycles with
no loss in hydrophobic or hydrophilic charactdrwas observethat bulk oilwas expelled
from PGGCL1 during the carbonatiastep;howeverthe red and blue dyes remained adhered
to the polymergraftedcotton fabric. Removal of the red dye was achieved by quickly
dipping PGCL1 into THF. Within secondsf being exposed to THF the red dyas
removedfrom PGCG1l (PGC1-F). Removal of residual blue dye was slightly more
challenging PGG1 had to be treated with NaQ}jfor 1 h to remove all traces of the blue
food colouring. There was a concern thatNla®Haq treatment might degrade P&Chy
cleaving the polymer from the surface, however subsequent exposure to the

COp-responsive system conditiosBowed no loss in performan@GG1-H, -1, -J).
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6.4 Conclusions

COp-respomsive chemistrywas investigatedor polysaccharides surfacesBoth
singleunit and polymericfunctionalisationtechniqueswere presented Singleunit
functionalistion techniques were successful in modifying the polysaccharide surface with
COp-responsive functionalitiesHowever, sigle-unit functionali®d materials failed to
show any promise in applications that would be afrrent use Singleunit
functionalisation techniques could be improved by achievioghogeneougeaction
conditions and by using higher surface area subssatésas CNC or cellulosibreswith

low degrees opolymerisation

Polymeric functionalisation techniques provided, for the first time, a
COo.responsive verpydrophobic/superhydrophilic polysaccharide surface. The natural
roughness of a woven cellulosarface was able to increase the change in surface character
that CQ-responsive functionalities, whemafted froma surface, can achieve. The neutral
and hydrophobic state of PDIPAEMA whemafted froma cotton fabric surface was
determined to be ca.50J, where previously the neutral and hydrophobic state of
PDIPAEMA whengrafted froma smoothsilicon substrate was ca. »0The charged and
hydrophilic state ofPDIPAEMA, when grafted from a cotton fabric surfacgas
determined to besuperhydrophilicand absorbent where previously the charged and
hydrophilic state of PDIPAEMA whegrafted froma smoothsilicon substrate was ca. 50
Thus, where the laser etching techniques presented in Chapter 5 failed, nature has provided

a readily available and sidy modifiable rough surface.
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For the firsttime, a CQ-responsive polysaccharide filter has been wsedpture
and release various dyes and oils selectiveyOp-responsive chemistry was able to
remove bulk oil from the surface of the &f@sponsive atton fabric However a
hydrophobic dye could not beleasedwith CO, and had tde removedwvith THF, an
organic solvent. Proof of concept that ax€spmsivemembrane can selectively capture

and release oil from wat&ithout suffering a loss in plrmancewas demonstrated

6.5 Experimental methods
6.5.1Materials

All aqueous solutions were prepared withionizedwater (DIW) unlessstated
otherwise. The following chemicalgere useds received unless otherwise statediter
(Millipore, type3)ilhydrodeB petoxidel(Alrchm30@t92irkq),
2-broma2-methylpiopionyl bromide (BIBB, Aldrich, 98%), diisopropylethylamine
(DIPEA, Aldrich, 99.9%), 4-(dimethylamino)pyridine (DMAP, Aldrich, 99%),
dichloromethae (DC M, EMD Mi | | i p @8.580), teteaiytirgfudtan @Aldrich, O
anhydrous, contains 250 ppm BHT as inhibito99.9%), methanol (MeOH, EMD
Millipore, anhydrous)dimethylacetamide (DMAc, EMD Millipore, anhydrougthanol
(Commercial Alcohols, anhydus), dimethylsulfoxide (DMSO, Fisher Scientific), ethyl
acetate (Aldrich, anhydrous, 99.8%ppper(l) bromide (Aldrich, 99.999% trace metals
basis), copper(ll) bromide (Aldrich, 99.999% trace metals basis),
N-[3-(dimethylamino)propyllmethacrylamid®MAPMAm, Aldrich, contains MEHQ as

inhibitor, 99%), 2-(diisopropylamino)ethyl methacrylate (DIPAEMA, Aldrich, 97%,
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contains ~100 ppm MEHQ as inhibitor)(@ethylamino)ethyl methacrylate (DEAEMA,

Aldrich, contains 1500 ppm MEHQ as inhibitor, 99%)N,N,N,N ,N -
pentamethyldiethylenetriamine (PMDETA, Aldrich, 99%), ethylenediaminetetraacetic

acid (D TA, Al dr i ch, 9%5%),li-dsdorbid acig (AA,dAlrich, @agent

grade), sodium hydroxide Na OH , Al dri ch, 9%, Ctmimumaogident , o
(Aldrich, activated, basic, Brockmann 1), nonanoic acid (Aldrich, 96%),

1 , -dadbonyldiimidazole €DI, Aldrich, reagent grade), 1,1,3t8tramethylguanidine

(TMG, Aldrich, 99%, N,Ndimethylformamide (DMF, Aldrich, 98%), anisole (Aldrich,
anhydrous, 99.7%)potassium tert-butoxide (Aldrich, reagent grade98%), methyl
chloroformate (MCF, Aldrich, 99%), ethyl chloroformate (ECF, Aldrich, 9786gium

hydride (Aldrich, 95% trace metal basisd;(dimethylamino)propylamine (DMAPA,

Aldrich,  >99%), 3(dibutylamino)pr@ylamine  (DBAPA, Aldrich, >99%),
3-(diethylamino)propylamine (DEAPA, Aldrich, >99%N-(3-aminopropyl)piperidine

(Aldrich, 95%), X(3-aminopropyl)imidazole (Aldrich, 87%), cellulosefibres (Aldrich,

Sigmacell cellulose type 101gtarch (J.T. Baker, CAS00584-9), hexadecaneAldrich),

Oil Red O (Aldrich), sybean oil (Presidents Choic&)yhatman type 1 filter paper, 42.5

mm (Fisher Scientific}got t on f abric (provided by Dr. Gu
Kingston, Ontario, Canada),-(@8imethylaminopropionic acid hydrochloride (Aldrich,

97%), imidazole hydrochloride (Aldrich, ACS reagent grade >99%), methyliodide

(Aldrich, >99.5%), CQ) (Praxair),Argon(5.0,ultra-high purity, Praxair).
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6.5.2Synthesis of CQ-responsive celluloseilbres
Synthetic mehod 1:

Cellulosefibres (Aldrich, Sigmacell cellulose type 101) were dried overnight at
1103 in an oven.Dried cellulosaevas then useds is, with no other pteeatments Dried
cellulosefibres (6.5 g)were addedo a 250 mL round bottom flagind flame dried under
vacuum. Reactants were addedsing Schlenk techniques for inert conditipns
diisopropylethylamine (1.6 eq., 0.1%l) and anhydrous dichloromethane (150 mL, alkene
stabilised were added to the round bottom flask using Schlenk igebs for inert
conditions. The round bottom flask was cooled in arbaté for approximately 30 mjn
after whichethyl chloroformate(ECF, 1.5 eq., 0.18nol) was addeddropwisevia an
addition funnel to the cooled mixturdhe mixturewas warmed to room temperature and
allowed to react for 12 hThe cellulosdibres were recovered by vacuum filtration and
washed thoroughly with ethanol, followed by multiplashingswith distilled water. The

washed particles were dried at 13 0overright, then stored undéyr until further use

ECFfunctionali®d cellulose (1 gyvas addedo a 150 mL rand bottom flask.
Following aproceduraeported by Kimet al,?? tetrahydrofurar(THF, 80 mL) with 0.26
waterwas added to the round bottom flask and stirred for 30 min. Potatsitiputoxide
(2.2 eq.) was added, turning the clear solution a cloudy light yeRoselectamine (1.1
eqg.) was addedo the reaction mixture, which was then left stirring overnight at room
temperatureqa. 263 ) exposed to air.The aminefunctionalisedcellulosefibres were

recovered by vacuum filtration and washed thoroughly Wi, followed by multiple
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washingswith distilled water. The washed particles were dried at Bl®vernight, then

stored undeAr until further use

Synthetic method 2:

Cellulosefibres (Aldrich, Sigmacell cellulose type 1pWere dried overnight at 110
3 in an oven. Dried cellulosewasthen useds is, with no other pretreatmentBried
cellulosefibre (6.5 g)was addedo a 250 mL round bottom flask and flame dried under
vacuum. Diisopropylethylamine (1.6 eq., 0.18ol) and anhydrous dichloromethane (150
mL, alkenestabilised) were aded to the round bottom flask using Schlenk techniques for
inert conditions The round bottom flask was cooled in an liegh for approximately 30
min, after whichethyl chloroformatg1.5 eq., 0.18nol) was addediropwisevia addition
funnel to the coolé mixture. The mixture was allowed twarm to room temperature, ca.
27 3 , and allowedto react for 12 h. The cellulosefibres were recovered by vacuum
filtration and washed thoroughly with ethanol, followed by multypéeshingswith distilled
water. The washed particles were dried at BlQovernight, then stored undér until

further use

3-(Dimethylamino)1-propylamine (DMAPA, 1 eq. 75.2 mmol) was added
dropwise under inert conditions to a cooled (ice bath, ca.)lsuspension of sodium
hydride (1eq., 75.2 mmol) in tetrahydrofuran (40 mUO)he ice battwas renovedand the
mixture was stirred rapidly while being allowed taanw to room temperature (ca.
263 over the course of ca. 3 h.In a separate round bottom flask, tle¢yl

formatefunctionalised cellulosgvas dried at 118 for 3 h and then stored temporarily
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under dynami@r. The mixture of §dimethylamino)propyil-amine and sodium hydride
(comprising sodium (@aminopropylflimethylamine)vas then transferreda cannula into
theround bottom containing thethylformatefunctionalisel cellulose after & hal passed.
The resultant mixture was stirred rapidly at room temperatusgnight The reaction was
neutralsed using an excess caAmmonium chloridesolution (ca. 1.3 eq.)n water.
Functionalised celluloseas recovered using vacuum filtratiofio deprotonate any of the
cellulosethat had beerprotonated by the excess ammonium chloride, it was mixed
overnight in a solution oftetramethylguanidinéétrahydrofuran (1:4 v/v). The
functionali®d cellulosewas then rinsedvith copious amounts of ethanol, followed by
sonication for 20 minin 50 mL of ethanol (repeated three timed)he functionalied
cellulose vas then dried in an oven at 140for 4 h, after whichit was characterised by

ATR-FTIR spectroscopy

Synthetic method 3:

3-(Dibutylaming-1-propylamine (DBAPAL eq. 75.2 mmol) was added drajise
under inert conditions to a cooled (ice bath, ca.)lsuspension of sodium hydride (1 eq.,
75.2 mmol) in tetrahgrofuran (40 mL). The ice batlwas remove@nd the mixture was
stirred rapidly while being allowed to warm to room temperature (ca.)26ver ca. 3 h.
In a separate round bottom flagkhylformatefunctionali®d cel | ul ose was dr
for 3 h and then stored temporarily under dynamde. The mixture of
3-(dibutylamingpropytl-amine and sodm hydride (comprising  sodium
(3-aminopropyldlibutylaming was then transferred via cannula under inert conditions into
the round bottom flask containinige ethyl formatefunctionali®d cellulose afteB h had
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passed.The resultant mixture was stirred rapidly at room temperature overnight to yield a
butyl-amine finctionali®d cellulose. The reaction waseutralsed using an excess of
ammonium chloridedution (ca. 1.3 eq.in water. Functionali®d cellulose was recovered

using vacuum filtration.

To deprotonate any of tharictionaligd cellulose protonated by excess ammonium
chloride it was stirred overnight in a solutiontetramethylguanidinéétrahydrofurar{1:4
viv). The fnctionali®d cellulosewas then rinsedvith copious amounts of ethanol,
followed by sonication for 20nin in 50 mL of ethanol (repeated three times)he
functionali®d cellulose was then dried in an oven at 21@or 4 h, after whichit was

characterised by ATIRTIR spectroscopy
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6.5.3Synthesis of CQ-responsivepolymer-grafted filter paper

Various methods were evaluated for the synthesis of-r€€ponsive polymer
grafted filter paper. For illustrativeurposesmethod 5 for the synthesis of PGI5Hs
presented below. Detailed accounts of the synthesis of RGEPGFP4 can be found

in Appendix VI.

Method 5 (PGFRY5):

A cellulosic substrate Whatmantype 1 filter paper, 42.5 mm) was rinsed
thoroughlyin acetame, followed by THF. The cellulosic substrate was then sonicated in
acetone for 30 min, followed by sonication in THF for 30 min. The cellulosic substrate
was then left in fresh THF to soak férh. In a 100 mL 2neck round bottom flask, a
solution of tiethylamine (TEA, 2.2 eq., 1375 mmol, 0.1916 mL),
2-broma2-methylpropionyl bromid€BIBB, 2 eq., 1.25 mmol, 0.154 mL), and a catalytic
amount of 4dimethylaminopyridine (DMAP, 0.01 eq., 0.0625 mmol, 7.6 mg) was
prepared in 40 mL of tetrahydrofuran, abm temperaturéca. 263 ), underAr. The
cellulosic substrate was immersed into the solution and left overnight at room temperature
(ca. 263 ) to react. The resultant functionalised substrate was then rinsed and sonicated
in tetrahydrofuran, followed bgonication in methanol. The functionalised substrate was

left in dry methanol until it was ready to pelymerised

The BIBB-functionali®d filter papemwas placedn a 250 mL round bottom flask,

the flask was charged witk(diisopropylamino)ethymethacrylatg DiPAEMA, 300 eq.
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186 mmol, 34 mL)ethyl 2-broma2-methylpropionatéEBIB, 1 eq., 0.62 mmol) and 100
mL of anhydrous methanaoinder Ar Ethyl 2-bromo2-methylpropionatavas used as an
ATRP initiator and served as a sacrificial initiatorstk barwas addedb the round bottom
flask and the flaskvassparged withAr via needle forl h. The radical inhibitor MEHQ
was removedrom DIPAEMA by passinghe monomethrough a basic alumina column.
In a separate flask, the catalyst was prepared by  mixing

N, N, N NjpeNtapngthyidNiNylenetriamif@ MDETA, 2 eq., 1.2 mmol, 0.22 mL) with
copper(l)bromide (1 eq., 0.62 mmol, 90 mg) in 15 mL of anhydrous methBinekcatalyst
solutionwas sparged withAr for 0.5 h. The solution containing monomer aBiBB-
functionalisedilter paperwas heatedo 453 , at which point the catalyst solution added
via cannula. The polymerisation was leftoccur, with stirring under Awover the course

of 34 h. The resultanpolymergrafted filter paper was sonicated for 20 min in fresh
methanol (three times) to remove physisorbed polymer, excess monomer, ligand and
catalyst. ltwas observethat the filter paper appeared white, with no colour from residual
copper. The presee of polymer was confirmed by ATRTIR spectroscopy and

subsequent C&responsive behaviour was observed as determined by WCA analysis.
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6.5.4Synthesis of CQ-responsivepolymer-grafted cotton fabric

Method 1(PGC-1):

A swatch of cottorfabric (ca. 4 x 4 cm, 0.3301 d,eq., @1 mmol-g*) was soaked
in THF overnight to remove residual organic contaminants. The cotton swatch was
sonicated in fresh THF for 20 min, after which it was rinsed thoroughly and left to soak in
fresh THF until further se was required. The decontaminated cotton swatch was added to
a flame dried 250 mL round bottom flask. Diisopropylethylamine (2.5 eq., 0.7525 mmol),
4-dimethylaminopyridine (DMAP, 0.2 eq., 0.065 mmol) and 150 mL of anhydrous THF
were added to the rourmbttom flask using Schlenk techniques for inert conditions. The
round bottom flask was cooled in an ice bath for approximately 30 min, after thieich
initiator, 2bromo-2-methylpropionyl bromide(BIBB, 1.5 eq., 0.495 mmol) was added
dropwise via syringe The mixture was stirred for 20 min before the ice atk removed
and the mixture was allowed to warm to room temperature, ca. andallowedto react
overnight. The initiatografted cottorfabric was collected by vacuufiitration, washed
multiple times with THFand then soaked in anisole for 30 min, at which point the solvent

was exchangefbr fresh anisole in preparation for thelymerisatiorstep.

The initiatorgrafted cotton swatclvas placedinto a 250 mL reaction vessel.
2-(Diisopropylamino)ethyl methacrylate (DIPAEMA, 258 eq., 219 mmol) wassed
throughan inhibitor remover column [Sigmaldrich, removing hydroquinone (HQ) or
hydroquinone monomethyl ether (MEHQ;n#ethoxyphenol), or ert-butylcatechol
(TBC)] and chargedo the 250 mL round bottom flask containing the initisjoafted

cotton swatch. Anisole (50 mL), Cu(l)Bs (0.7 eq., 0.58 mmol),
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N, N, N NjpentahngthydiiNylenetriamine (PMDETA, 3.3 eq., 2.8 mmol) and
ethyl 2-bromao2-methylpropionatg EBIB, 1 eq.,0.85 mmol) were added to the round
bottom flask and the mixture was stirred vigorously while slowly heating to.4@nce

the mixturereached the desired temperaturascorbic acid (10 eq., 8.5 mmalas added

to the reactiorflask, which was promptlysaled. No additional techniques were used to
remove atmospheric or dissolved oxygen. Pblmerisationchanged colour from blue
(oxidisedcopper) to colourless (ca. 2 h on average) and then to yellow/orange over the
course of 12 h. Thpolymergraftedcotton swatch (PGQ) was removed from the bulk
solution and washethoroughly with anisole, followed by multiple washinggh THF.

PGG1 was washeth abasic EDTA solutiorfpH>10)before being dried at 110 for 1 h.

The free polymewas collectedisdescribed in Sectio#.3.5
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6.5.5Infrared spectroscopy of CQ-responsivepolysaccharides

Fourier Transform Infrared (FTIR) spectroscopy was conducted on a Bruker Alpha
spectrometer using an Attenuated Total Reflectance (ATR) accessory. The substrate that
provided the most reproducible response te @Qvater wasPGG1. Therefore, selected
spectra that illustrate the polyregrafting process foPGG1 are providedhsa reference
The IR signals for PDIPAEMA and the native cotton ®hiaare expected to Isemilarand
in mostcasesthey are overlapping. To illustrate the IR peaks associitidonly the
grafted PDIPAEMA chains (Figure 6.14), the IR spectrum of a washed native cotton
swatch (Figure 6.13) was subtracted from the IR spectrum of a PDiPAdgtMied cotton
swatch (Figure 6.15). Characteristic IR peaks associated to PDIPAEMA are 1728,cm
74 and 1583 cmi (3 , 7 4. Where:n =medium,1 =weak, 7=strong,1 =narrow,
v=broad, 7 ®sharp. Additional IR spectroscopy data for various siAgtet

functionalized substrates can be found in Appendix VI.
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6.5.6 X-ray photoelectron gectroscopyof CO2-responsivepolymer-grafted cotton

fabric

XPS measurements were conducted and interpretedrb¢abriele Schatte of
Queends University, .KRherX§S dpectnere @easusedniao , Can
Microlab 310F spectrometer equipped with an XRtwin anode (Al/Mg). The
manufacturer of this systemV&5 Scientific The samples were mounted on a styie
stainless steel holder using doublded adhesive Cu tape. The samples were kept under
high vacuum (16 mbar) overnight inside the preparation chamber befoey Wwere
transferrednto the analysis chamber (1@nbar) of the spectrometer. The XPS data were
collected using MKy radiationat 1253.6 eV (280 W, 14 kV) and a spherical sector
analyser (SSA) operating in CAE (constaahalyser energy) mode. Binding energiase
referencd to the Cls peak at 285 eV. Survey spestege recordedrom -5 to 1000 eV
at a pass energy of 40 eV (number of scans: 5) using an energy step size of 2 eV.
High-resolutionspectra were measured for C1s,sOM1s and Br3d in the appropriate
regions at a pass energy of 20 eV and an energy step size of 0.05 e&halised area

on the specimens is about 5 x 2 fam

PGG1 was found to contain 4.37 At% nitrogen. Additionally, RGGhowed a
small contaminatiowith silicon (2.87 At%). While cross contamination of samples within
the vacuum is possible, the silicon on RGE most likely from the silicon grease that was
used to help create an inert atmosphere within the reaction vessel in which ResC

synthesised.

315



Etch Time 05
Pass Energy: 160 W F.: 4475 Encrgy Step 1000 ¥
Total Acqu Time 2 mins 0.600 5 (100.0 ms x 1 x 1206)
Acquired On: 2017/ 5/17 1026:44
Source: Mono(Al (Moro)) (150 W)

Kratos Azis NOVA

survey

o1s rh

8

P

Mame Pos PWHM Area A%
20 C1s  53.32 345 5352.41 1919
b Ci1s 28432 316 TH6.63 1320
Nis 29732 286 80839 474
SiZp 10032 255 33631 287
15
2
2
»
e
o
10|
] M
. T T T T
500 500 200 300 200 100
Binding Energy {eV)
Figure 6.15 Surveyspectrunof PGGL1.
Cls
Etch Time 0 5
Pass Energy 20 WF.: 4473 Energy Step 0100 eV
Total Acqu Time 5 mins 1500 5 (3000 ms x 5z 201)
Acquired On: 2007/ 5/17 204321
Bource: Mono{Al (Mone)) (150 W)
Instrument: Kratos Axis NOVA
] Q
] o
J o Hame Fos.  Aea A%
10 n a1=, CO £32.78 ZPMEE2 T4
— o O i=, C{OW, O-5RC B8 326210 1078
D s, =0 008 2MBT1 082
1 M 1=, NCi=p2) 29945 18398 089
] N 1=, NC{zp2) B3 BB 34R
G 1=, COW 2pRAR 57735 53T
1 Cis, C0,C=0 28708 2BRET 28R
Cis, CH 28585 151728 1411

CPs x 10°2

T
528

Binding Energy {eV)

Figure 6.16 High-resolution O1s corkevel spectrum of PGQ.

316




H1s
Etch Time 0 5
Pass Energy- 20 W . 4473 Energy Step 0030 eV
Total Acqu Time 36 mins 6.000 s (3000 ms x 20 x 361)
Acquired On: 2017/ 5/17 20:4321
Source: Mono(Al (Mono)) (150 W)
Instrument: Kratos Axis NOVA

140 Name
01s, C0

H 1s, MC(sp3} 0 1=, Ci0Y0, O-5HC
! ats, C=0

1 [ M 1=, NCisp2)

f M 1=, NCispd)

i G 1s, CIOWD
1 G s, €0, C=0
90| ] G, CN
G 1s, CGC, CHx
1 ) G 1s, phenytG, C-5i
] 50 2p, 502

5i2p, 0-500

1 5 2p, 050

cps x 107!

Fos.
S22 TR
£31.61
530,08
29945
29832
ZBR1R
ZBT.08
28585
28500
28415
10259
102.28
101.43

Area
2245 62
326210

24BT1

163.98

641,868

£71.36

28B.ET
1517.29
ME2 46
241185
1501
T415
28327

At

1078
082
089
348
537
288

41

mnom

) rd
012

200

T
404 400 396
Binding Energy {eV)

Figure 6.17. High-resolution N1s coréevel spectrum of PGQ.

317




Cis
Etch Time 0 5
Pass Energy- 20 W 4475 Energy Step 0100 eV
Total Acqu Time 3 mins 31500 5 (3000 msx 32 221)
Acquired On: 2007 5/17 204321
Bource: Mono(Al (Mono)) (150 W)

Instrument: Kratos Axis NOVA

i Mame Fos. Area At
01,60 5RTE IM5E2 T4
25| 01=COM.0SC 2161 w210 0T
4 o160 5009 22T 082
1 M= NGy 945 18356 0.89
1 mois NG X2 488 348
G 1=.GP}0 28818 57135 537
1 G1=G0.6=0 20706 25T 268
{ cicn 28585 151735 1411
30| ci=cG.GHx 20500 215248 200
G i phemG,GS 28415 U85 T2 .
1 sizp o2 10358 1501 012 C 1s,/phenyl-C, C-Si
1 sizp 050G 10236 THI5 0R
| sy osc 10143 2037 2m0

cPs x 10°2

|
296 253 82 284
Binding Energy {eV}

Figure 6.18 High-resolution C1s corevel spectrum oPGG1.

318

T
6




Etch Time 0 s

Pass Energy- 20 W .- 447 Energy Step 0100 2V
Total Acqu Time @ mins 3.000 5 (3000 ms x 10z 181)

Acquired On: 2007/ 5/17 204321
Source: Mona(Al (Monae)) (150 W)
30 Instrument: Kratos Axis NOVA

Si 7p

Hame: Pes.
| owco 53278
01 CICI0, 05C 53161
| oco 5008
N 1=, NC4sp2) 296,45
1 MAte, NCep2) agp 32
G 15, CICI0 288 18
5] Giecoco 287.08
Gis CN 2585
4 C g, CC, CHx 28500
G 1=, phenytC, C-Si 20415
1 5 2p, 502 10259
Si2p, 050G 10236
1 sz osc 101,43
20
by
=
2
=
w0
o
oG
15|
10

Ara
224562
226210

24871

163 96

4185

5T7.35

2B8.5T
1517.29
HE2.48
241.85
15.01
T415
26327

[
100 46
Binding Energy {eV)

Figure 6.19 High-resolution Si2p corevel spectrum of PGQ.

319



6.5.7Gel permeation ciromatography

Gel Permeation Chromatography (GPC) analysis was performed with a Waters
2690 Separation Module and Waters 410 Differential Refractometer with THF as the
eluent. The column bank consisted of Waters Styragel HR (4.6x300 mm) 4, 3, 1, and 0.5
separation colmns operatingat 40°C and 0.3 mL miff. GPC data are reported as
poly(methylmethacrylate) (PMMA) equivalents, based on a calibration curve of narrow

molecular weight distribution PMMA standards purchased from Polymer Standards.
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Chapter 7

Conclusions and Recommendat

7.1 Conclusions

A variety of CQ-responsive smart surfaces haleen developedor green
applications. COz-switchable drying agentsis described in chapters 2 andhvdye been
created for the first time anglere evaluateth the drying of webrganic solvents such as
isobutanol. C@responsive polymegrafted silica particlesere superior totheramine
containing drying agents girying ability and hydrolytic stabiy at low pH. Additionally,
the 29 generation of C@responsive polymegrafted silica particles considerably
outperformed all previous drying agents including traditional drying agents such as

inorganic oxides and molecular sieves.

Chapter 3 demonstted that C@responsive particles are relevant to more than just
removing water from organic solvents. &f@sponsive particles, when used as a
functional support for ruthenium nanoparticles, can influence the selectivity of the

hydrogenation of furfuralcetone in the presence of £0

Chapter 4 presented the development of a robust and substrate friendly method that
has considerably improved the synthesibaractesation and substrate scope for
COp-responsive materials. A SI-AGET-ATRP methodologywas developedfor the

production of C@-responsive materialsThis methodcan produce high molecular weight

PDIPAEMA, with low dispersity, as a homopolyméi{ 100 k Da, n: 1.17)

surface FP, Mn>4 0 k D a, . The cortrol firdvided by this methaddsconfidence

to the overalcharactesation of CO,-responsivanaterials.
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Varioussingleunitfunctionalisation techniquegere evaluatetbr the synthesis of
COp-responsive surfaces on inorganic and organistates Chapter 5 demonstrated that
a glyl ester carbonatearbamatesurface linkage is nosufficiently stable to achieve
reproducibleCOp-responsivéoehaviar over multiple cycles in a C&esponsive system
Additionally, coordination of a singlanit CQx-responsive functionality to aarbonyl
moiety increases the likelihood of the singleit CQOx-responsive functionalitypeing
hydrolysedfrom the surface Therefore, the alkylene chain between the carbonyl and the
COp-responsive unit should be at least three methylene units longr@mylene linker).
Additionally, steric bulk around the C@esponsie functionality
(i.e.isopropybethyl>methyl) should be present to minimise the risk of hydrolysis and
other unwanted coordination events that would ultimately decrease the numbédablava

amines on the C&responsive surface.

In Chapter 6, similar singlanit functionalisation techniquegere appliedo the
creation of C@responsive surfaces on organic surfaces such as cellulose, starch, and
cotton.  Singleunit functionalisation techniques failed to noticeably modify the
hydrophilicity of the native substrate when £/4s etheraddeddr removed. Thus, single
unit functionalisation of thesmaterialswith COz-responsive functionalitiefgiled to show
any promise in applicationshat would be ofcurrent use However, singleunit
functionalisation techniques could be improved by achievioghogeneougeaction
conditions and by using higher surface area substrates such as CNC or ddditdegdth
low degrees ofpolymerisation The ester carbamate/carbonate linkage between a
polysacharidesurface and the GQesponsive functionality was stable to a variety of
conditions such as thopertaining taCO,-switching, additional heat treatments (>1B0)
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and exposure to NaQ4d) Despite the surface linker having increased stability, the
conclusions regardingalkylene linker length and steric bulksurraunding the
COzresponsive amineoiety apply to all COp-responsive surface®ntainng a carbonyl

moiety and a C@-responsive amirenoiety.

Various polymeric functionalisation techniqueere evaluatetbr the synthesis of
COp-responsive surfaces on inorganic and organistates Chapter 5 demonstrated that
polymeric functionalisation of a silicon surface produced-@f3ponsivesurfaces that are
stable in the C@responsive system for numerous cycles (>10). The surface behaviour of
a CQ-responsive surface was determined to be dominated by the chemical nature of the
COp-responsive functionality and not by the surface struct@irthe silicon substrate.
Microscale roughness as achieved by laser patterning did not change the surface character
of the polymergrafted CQ-responsive surfaces. Nanoscale roughneastasvedy HF
etching did notchangethe surface character of thelpmergrafted CQ-responsive
surfaces. In Chapter 6, polymeric functionalisation techniques provided, for the first time,
a CQ-responsive verhydrophobic/superhydrophilic polysaccharide surface. The natural
roughness of a cotton fabric was able tor@ase the change in surface character that
COp-responsive functionalities, whemafted froma surface, can achieve. The neutral and
hydrophobic state of PDIPAEMA whegrafted froma cotton fabric surface was
determined to beca. 150, where previously # neutral and hydrophobic state of
PDIPAEMA whengrafted froma smoothsilicon substratevasca.90J. The charged and
hydrophilic state ofPDIPAEMA, when grafted from a cotton fabric surfacgas
determined to besuperhydrophilicand absorbent where previously the charged and
hydrophilic state oPDIPAEMA whengrafted froma smoothsilicon substratevasca.60J.
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Thus, where the laser etching techniques presented in Chapter 5 failed, nature has provided
a readily available and easily modifiablough surface. Additionally, for the firtstne, a
COp-responsive cotton fabric has been usedapture and release various dyes and oils
selectively Proof of concept that a G@espamsivemembrane can selectively capture and

release oil from watewithout suffering a loss in performanagas demonstrated

The newly developed SAGET-ATRP method allows for the controlled
polymerisation of C@responsive polymers from a variety of substrates. The increased
performance of the "2 generation C@responsive polymer surfaces in industrially
applicable scenarios validates the use of thRRGET-ATRP method as well as the use of

COp-responsive technology to address challenges in the chemical industries.

7.2 Future work

Important questions regarding thalevelopment and performance of
COp-responsive materialsemain  Polymer loading, polymer molecular weight, and
polymer grafting density are threatical variables that directly affect the performance of
COp-responsive materials. The-S8GET-ATRP methalology, while not perfect, is well
suited to investigate these variables. Using a proven andstudied polymer
(PDIPAEMA), future research can systematically vary the molecular weight of the grafted
polymer and monitor the performance of tG€»-resporsive material. For studies
involving polymergrafted silica particles, the proven and wstlidied drying agent
platform is a suitable standard test to monitor the changes in material performance as a

function of molecular weight. For studies involvinglymergrafted surfaces, whether
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smoothor rough, contact angle analysis is a suitable platform for monitoring changes in

surface energy.

Additionally, the study ofrafting density and its effeon material performance is
quickly moving to the forefranof stimuliresponsive surface research. It is common
knowledge that low grafting densities allow for a variety of polymer conformations to
occur. Moreover, low grafting densities permit grafted polymers to transition from one
conformation to another as result of an external stimulus. What is not common
knowledge is whether it is the transitions between conformations that allow for reversible
changes in surface energy or it is a sirglaformationthat best responds to an external
stimulus. As demonstrated in Chapter, Smoothsilicon surfaces are best suitéat
identifying the role of grafting density and surface energy as a function of an external
stimulus, such as GO Techniques such as contact angle analysisy photoelectron
spectrosopy and variable angle ellipsometry will allow researchers to determine surface
energy, grafting density, and film thickness. Additionally, surface energy and film
thickness should be monitored as a function of exposure to a stimulus, e,gtoCO
deternine at which grafting density does the stimulus haventbst significah effect.
Furthermore these techniques will also allow researchers to monitor the conformational
changes of the grafted polymers as a function of temperafimeeone of the meanf®r
the removal of C@ is hypothessed to be facilitated by temperaturglependent
conformational changes in the graft polymer layer, monitoring film thickness as a function
of temperature, for known grafting density and molecular weight, will providealkdu

insight into the mechanism of G@esponsivebehaviour.
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An additional variable that warrants further investigation is the effect of stirring on
the grafted polymer layer. Recent research suggested that stiBhgTRP results in a
higher rate btermination between grafted polymer chaiisThe study proposes that the
increased termination is due to an increaselilitypof graftedchains as a result of stirring
the reaction solution. The authors suggest that linear substratedi¢og. wafer, cotton
swatch) should be depositeat an angle acute from normaland left in solution
undisturbed.Additionally, when grafting from a particulate surface, the authors found that
polymer brush growth is affected by the curvature of the particle; when the particle had a
diameter of less than 450 nthe growth of the polymer brush was significantly increased.
The authorssuggest that above a diameter of 450 nm the grafted chains are in an
environment similar to that of amooth surface and that polymer brush growth is
effectively independent of surface curvaturltn summary; the authors concluded that
AThese f il & bofnbgoad intere$t to anyone conducting surfaitated
polymerisation because they demonstrate that polymerisations conducted under the same
reaction conditionsvith the same reaction time do not produce equivalent brushes; rather,
they are dependen on t he s u b?simporsantly, stigrate musttramgin igh
enough, when grafting from particulate surfaces, to keep the particulate substrates well

dispersed in solution.

Furthermore, moving towards smaller particle sizes would have multiple
advantages for applicationequiring a high polymer to substrate ratio. Investigations
centred around the synthesis of sub 450 nm silica particles and their subsequent
functionalisation with C@responsive polymers could prove very fruitful. Unfortunately,
the benefits of using sb0 nm silica particles are not applicable to applications such as
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chromatography or SREince the backpressure that woblel associatedith their use
would be too high for current technologga( 1030 bar). Currently, spherical silica
particles ofca.2 * m diameter are the smallest particle size that is commercially available
for use in ultra performance liquid chromatography (UPLC). It is recommended that
COe-responsivepolymergrafted silica particles, having a diameter o&. 2 ‘ m, be

evaluateddr COp-responsive UPLC applications in the near future.

The work presented inthikesishas f ocused on the fAneutr a
COp-switchable materials. Additionally, within that subset, this work has focused solely
on tertiary amines. I€hapter 3, proof of concept that a £@sponsivgolymergrafted
support could influence the activity of a deposited heterogeneous catab/giresented
One limitation of the subset studied here is that water must be présentommon
knowledge tat water is often incompatible wittnaditionalc at al yst s. The 7
cationicd subset c onsi s-bulkn gecomdary gmmesntlaus y am
forming carbamic acid and carbamate salts with,,Cddes not require water to be
responsive. Thefore, the work demonstrated in Chapter 3, which requires minute
amounts of water to elicitr@sponséo CO, could be extended to water sensitive catalysis

if primary or nonbulky secondary amines were used instead of tertiary amines.

Additionally, thework presented in thigthesishas focused on C@esponsive
behaviour at room temperature. If the operational temperature range efrasponsive
material needed to be tailored, e.g. to modify the selectivity of a heterogeneous catalyst as
a function & CO; at slightly elevated temperatures, a stronger bond tp v@snld be

required. Increasing the basicity of the &@®sponsive amine or using G@sponsive
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amines that are selective to carbamate salt formation, are two ways in which a

COp-responsive ntarial could remain cationic at slightly elevated temperatures.

Lastly, the work presented in thisesisandthe literature has identified surface
roughness tessentl factor for the creation of superhydrophobic, superhydrophilic, and
superamphiphobimaterials® Future research should continue to examine various organic
and inorganic substrates witiniqueroughness in the pursuit of creating robust,CO

responsivesuperamphiphobisurfaces.
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Appendix |

Synthesis and characterization of initiatorgrafted silica particles

Elemental analysis of initiator-grafted silica particles

A series of experiments were undertaken, in which various initiators and conditions
were screenedo identify thegrafting density of the initiator functionality on the silica
particle. Initial graftingexperimentsutilised the most abundant silica source available at
the time, which was SiliaFlash P60. SiliaFlash P60, ordered in bulk, is commonly used
throughout he Chemistry Department for flash chromatography. SiliaFlash P60#£5i0O
see Appendix VIFor more details) is an irregular silica particle, varying in size from 40

6 3 ¢ mv {ork 6ifk).

Table A.1. Elemental analysis of Nitrogen (N), Carbon (C), and Hydrogen (H
initiator-functionalisedksilica particles as achieved by various grafting methods.

Method N C H Carbon content Initiator content
(%) (%) (%) mmol-g! mmol-g!
ControlSiO,; 0.082 0.028 0.913 0.023 -
5-MAC 0.083 0.757 0.735 0.630 0.158
6-MAC 0.03L 0.271 0.413 0.226 -
7-MAC 0.08 0.513 0.415 0.427 -
3-BIBB 0.050 0.736 0.483 0.613 0.153
4-BIBB 0.0 0.250 0.385 0.208 -
8-BIBB 0.06 0.272 0.459 0.226 -

Experimental error was0.4%, which equates to +0.333 mmgf for carbon +0.285
mmol-g*for nitrogen, and +3.97 mmaj* for hydrogen.

BIBB on SiG is C4HeOB.

MAC on SiGis G4HsO.
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Examnation of the EA data in Table.Al s h o wreethod BBaltB B/ and

i met AMAGO 5 h thevhighest overall carbon content with c& @mol-g* of carbon

each. These twmethodsnvolve different initiators, but the same auxilidogse (DIPEA)

and solvent (DCM) was used in both reactions. Additional reagents, such as
4-(dimethylamino)pyriche (DMAP), were not used in either reaction. Further
examination of the EA data presentsltiple problems; firstly, the experimental error is
greater than the majority of the recadd#ata. Secondly, the hydrogesntent reported for

the cortrol sampleis greater than the experimental err@ihe control samplshould not
contain hydrogen Thus the control sample or the EA instrument must have been
contaminated. The conclusion is thus that EA is not a suitable instrument for the
determination ofinitiator loading on silica particles using the aforementioned synthetic

methods.

CP-MAS-NMR spectroscopy of initiator-grafted silica particles

Cross polarizatioomagic angle spinning (CRIAS) NMR spectroscopyvas used
to examine th@ossibilty of residualnitrogen hydrogen, and carbdreing boundo the
silica particles postunctionalistion (Figures All, Al.2, andAl.3) by means other than
the initiator. Silica particles were stirred in a flask containing an auxiliary base, DIPEA or

TEA, and DCM.
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Figure A1.1. 3C CP-MAS NMR spectrum of clean SiG¥5.
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Figure A1.2. 3C CP-MAS NMR spectrum of Si@#5 treated with TEA
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Figure A1.3. 13C CP-MAS NMR spectrum of Si@#5 treatedvith DIPEA.

As seen froma comparisorof the 13C peaks irFiguresAl.1, Al.2, and Al.3 the
silica particles were contaminated as a result of exposure to an auxiliary base and DCM

Theresultant contamination of the silica particles with an auxiliary base was considerably
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lower when DIPEA was used instead of TEA. The reduced degreerdminatiorseen
when DIPEA was used i&ely due to the compourds increased steric bulk whickeduces
its ability to participate in an acidase reaction with the slightly acidsilica particle.
Therefore all subsequenteactions that call for the use of an auxiliary base in the presence

of silica particleautilise DIPEA.

Initiator grafting method 1:

Clean and hydroxytich silica particles (5 glvere addedo a 100 mL round bottom
flask containing solution opotassium carbonate (4.6 mmol) in 50 mL of acetone. To that
mixture, the initiator, 2broma2-methylpropionyl bromide (BIBB, 18 mmol), was added
dropwise via amadditionfunnel at room temperature (ca.27. The contents of the wod
bottom flaskwere heatedat a continuousreflux for 12 h. The silica particles were
recovered by vacuum filtration and washed thoroughly with methanol, followed by
multiple washingswith distilled water. The washed particles were dried atzl1or 20

min, then stored under Ar until further use.

Initiator grafting method 2:

Clean and hydroxytich silica particles (5 glvere addedo a 100 mL round bottom
flask containing solution ofriethylamine (80.9 mmol) in 50 mL of tetrahydrofuran. The
mixture was continuously stirred via a magneticlsairwhile being cooled to 8 . After
1 h, a solution of the initiator,-Bromo-2-methylpropionyl bromide (BIBB, 18 mmol) in
10 mL tetrahydrairan, was added dropwise via addition funnel to the cooled mixture. The

mixture was stirred for 20 min, the ice batimovedand the mixture was allowed to warm
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to room temperature (ca. 27). The reaction was stirred vigorously (via magnetic stir bar)
overnight for approximately 16 h. The silica particles were recovered by vacuum filtration
and washed thoroughly with methanol, followed by multydeshingswith distilled water.

The washed patrticles were dried at B1Gor 20 min, then stored under Antil further

use.

Initiator grafting method 3:

Clean and hydroxytich silica particles (2 glvere addedo a 250 mL round bottom
flask and flame dried under vacuurReactantsvere addedising Schlenk techniques for
inert conditions diisopropylethylarme (1 eq., 4.09 mmol) and 150 mL of anhydrous
dichloromethangvere addetb the round bottom flask. The round bottom flask was cooled
in an ice bath for approximately 30 min, after which the initiator,
2-bromao2-methylpropionyl bromide (BIBB1 eq., 4.04mmol), was added dropwise via
syringe. The mixture was stirred for 20 min, the ice bathoved,and the mixture was
allowed to warm to room temperature (ca32)( The reaction was stirred vigorously (via
magnetic stir bar) overnight for approximatél§ h. The silica particles were recovered
by vacuum filtration and washed thoroughly with methanol, followed by multipthings
with distilled water. The washed particles were dried at31fdr 20 min, then stored

under Ar until further use.
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Initia tor grafting method 4:

Clean and hydroxytich silica particles (2 glvere addedo a 250 mL round bottom
flask and flame dried under vacuurReactantsvere addedising Schlenk techniques for
inert conditions 4-dimethylaminopyridine (DMAP, 0.015 eq., @6 mmol),
diisopropylethylamine (DIPEA,1 eq., 4.09 mmol), and 150 mL of anhydrous
dichloromethangvere addetb the round bottom flask. The round bottom flask was cooled
in an ice bath for approximately 30 min, after which the initiator,
2-broma2-methypropionyl bromide (BIBB,1 eq., 4.04 mmol), was added dropwise via
syringe. The mixture was stirred for 20 min, the ice lbathoved,and the mixture was
allowed to warm to room temperature (ca32)l The reaction was stirred vigorously (via
magnetic stir bar) overnight for approximately 16 h. The silica particles were recovered
by vacuum filtration and washed thoroughly with methanol, followed by multipthings
with distilled water. The washaghrticles were dried at 119 for 20 min, then stored

under Ar until further use.

Initiator grafting method 5:

Clean and hydroxytich silica particles (2 glvere addedo a 250 mL round bottom
flask and flame dried under vacuurReactantsvere addedisng Schlenk techniques for
inert conditions diisopropylethylamine (1 eq., 4.0 mmol) and 150 mL of anhydrous
dichloromethangvere addetb the round bottom flask. The round bottom flask was cooled
in an ice bath for approximately 30 min, after which thi&ator, methacryloylchloride

(MAC, 1eq., 4.0 mmol), was added dropwise via syringe. The mixture was stirred for 20
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min, the ice batihemovedand the mixture was allowed to warm to room temperature (ca.
27 3 ). The reaction was stirred vigorously (vimagnetic stir bar) overnight for
approximately 16 h. The silica particles were recovered by vacuum filtration and washed
thoroughly with methanol, followed by multiplewashingswith distilled water. The

washed particles were dried at 130for 20 min, hen stored under Ar until further use.

Initiator grafting method 6:

Clean and hydroxytich silica particles (2 glvere addedo a 250 mL round bottom
flask and flame dried under vacuurReactantsvere addedising Schlenk techniques for
inert conditions 4-dimethylaminopyridine (DMAP, 0.015 eq., 0.06 mmol),
diisopropylethylamine (1 eq., 4.09 mmol), and 150 mL of anhydrous dichlorometkeame
addedto the round bottom flask. The round bottom flask was cooled in an ice bath for
approximately 30 min, aftawhich the initiator, methacryloyl chloride (MAQ,eq., 4.0
mmol), was added dropwise via syringe. The mixture was stirred for 20 min, the ice bath
removed,and the mixture was allowed to warm to room temperature (ca.)27The
reaction was stirred gorously (via magnetic stir bar) overnight for approximately 16 h.
The silica particles were recovered by vacuum filtration and washed thoroughly with
methanol, followed by multiplevashingswith distilled water. The washed particles were

dried at 1138 for 20 min, then stored under Ar until further use.
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Initiator grafting method 7:

Clean and hydroxytich silica particles (2 glvere addedo a 250 mL round bottom
flask and flame dried under vacuurReactantsvere addedising Schlenk techniques for
inert conditions diisopropylethylamine (DIPEA, 1 eq., 4.0 mmol) and 200 mL of
anhydrous tetrahydrofuramere addedio the round bottom flask. The round bottom flask
was cooled in an ice bath for approximately 30 min, after which the initiator, methacryloyl
chloride (MAC,1eq., 4.0 mmol), was added dropwise via syringe. The mixture was stirred
for 20 min before the ice batas remove@dnd the mixture was allowed to warm to room
temperature (ca. 23 ). The reaction was then heated to a continuous reflux (ca.)90
and stirred vigorously (via magnetic stir bar) overnight for approximately 16 h. The silica
particles were recovered by vacuum filtration and washed thoroughly with methanol,
followed by multiple washingswith distilled water. The washed particles were dried at

1103 for 20 min, then stored under Ar until further use.

Initiator grafting method 8:

Clean and hydroxwtich silica particles (2 giere addedo a 250 mL round bottom flask
and flame dried under vacuunReactantsvere addedising Schlenk techniques for inert
conditions diisopropylethylamine (DIPEA, 1 eq., 4.0 mmol) and 200 mL of anhydrous
tetrahydrofuramwere addedo the round bottom flaskThe round bottom flask was cooled

in an ice bath for approximately 30 min, after which the initiator,
2-bromao2-methylpropionyl bromide (BIBB1 eq., 4.04 mmol), was added dropwise via

syringe. The mixture was stirred for 20 min, the ice lbathoved,and the mixture was
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allowed to warm to room temperature (ca.®J. The reaction was then heated to a
continuous reflux (ca. 98 ) and stirred vigorously (via magnetic stir bar) overnight for
approximately 16 h. The silica particles were recovered by vadilivation and washed
thoroughly with methanol, followed by multipleashingswith distilled water. The

washed particles were dried at 130for 20 min, then stored under Ar until further use
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Appendix Il

Titration procedure and sample calculationsancerning polymer-
grafted silica particles ontaining amine functionalities.

Titrations of amine-functionalized particles

Extra cautiorwas usedo prepare precise pH solutionall containers/vessels were
plastig theywere purchased brand new and rinsed thoroughly with Millipore water (18.2
Mqgtcm). The vesselwere filledwith Millipore waterand the pH was measuredf the
pH of the solution was & the vesselvas rinsedoncemoreand a new pH readingas
taken This processvas repeatedntil the pH was 6. A pH of 7.5 #.3was achievedn
most occasionsin someinstancesit was hard to removeissolved CQy), as a result of
the dissolved Cg&y), the pH of the wadr was >6 but & Stock solutions of NaOH
(9.006 mM) and HCI (10.5mM) were prepared In some instances, the stock solutions
were dilutedto either 5.25 mM (HCI) or 0.9006 mM (NaOld) achieve better accuracy.

In a typical experimenta. 10 mg of drying agemtas addedo 20 mL of Millipore (18.2

Mg tcm)in a 50 mL centrifugevial. 10.5 mM HClwasaddedin 0.1 mL aliquotgo the
centrifuge vial;between eacladdition, the vial was capped and vigorouslyadten for
20-30 s The pHwas recordedafter eachadditionand the titratiorwas stoppeda. pH 4

or pH 2 depending on the nature of the titratiokcidified samplesvere then centrifuged

for 30 min at 3000 RPM15 mL of the supernatant was removed and placed into a freshly
washed centrifugeial. The acidified supernatant was baadkated with NaOH until

neutral, ca. pH.7
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The pH ofultrapureMillipore water, which should be 7, when measured in a glass
vial was >8 owing to thbasicnature of the glasgal. Multiple purification systemwere
testedin both the Department of Chemistry and the Department of Chemical Engineering

at QuUnigensibysand the effect of the glassals on pH was consistent.

Sample calculation for the titration of accessible amines (i.e. protonatable sites) on a
CO2-responsive slica particle (PGS-1, sample D)
Moles of HCI| added Moles HCI left in supernatant = Moles of Accessible Amines

D¢ a0 OOQI tfb("ﬂ‘@i‘xz'nin TOTY ézc‘xp nmrnQ ada € a
G " "Q OanoaMQ pa ¢ a pQ Q

N0 udlq € 5.25 106 mol

no 18ty € 1.62108 106 mol

no x8rt 0 1.62108 10% mol/0.015 L
) ¢ T 0 6 1.08072 104 M

a B X3 Q & 1.08072 104 M * 0.021 mL
w pad & 2.26951 106 mol

o} vg Ww O & & &

® PRGD S 2.98049 10 mol

0 T80 TT TOIQED . - £

& & & 0 wwQi oA Of

) 'Oy O @ o DIadNQE 'Qi2.98049 103 mmol /
W

puwd 0.00937g
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Sample calculation for Molar Hydration Value (MHV):

Sample ID: DMAS.

Where: Accessible aming¢aa); Drying agent (DA).

DMA-Saa 1.1 mmoddQgoa, as determined by titration.

DMA-S removedl80 mgHO/gpa, as determined by drying wet isobutanol test.
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Therefore the Molar Hydration Value for DM8 isuB1 o———.
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Polymer extension calculations

The following calculations are provided as a reference for the discussions regarding
polymer length and pore size compatibility in Section 2.2.3. Herein, the maximum

extension and ideal length of a PDIPAEMA homopolymer are calculated.

N . Y
o 0/\/ N\(

Figure All.1. PDIPAEMA homopolymerf n repeat units, where the repeat uni
enclosed within the parenthesis.

Firstly, the repeat unit length must be determined. The repeat unit, as denoted with
parenthesis in Figur&ll.1, consistf one full GC bond and two half €€ bonds. The
repeat unit therefore consists of two fulkGCbonds; since all three carbons aré sp
hybridized, the individual bond lengths are 1\G4hus, the repeat unit length is 308

The bond angle for each®pybridized carbon is 10915

The maximum extension of a polymer is then calculated by multiplying repeat unit

length by the number of repeat units (Equatidil)

Lp=nb (AlL1)
where Lp=length of polymer, n =number of repeat unlitsjlength of repeat unit.
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For example, a given sample of PDIPAEMA was determined to be 30 kDa relative
to PMMA standards. Since the molecular weight of DIPAEMA is 213.32 g/mol, the
number of repeat units 30 kDa sample of PDIPAEMA is roughly 140. Using Equation
All.1, the maximum extension of a 30 kDa sample of PDiPAEM#Aes calculated to be
ca. 430v. The maximum extension of a polymer is useful for theoretical comparison,
however, to fully stretcla polymer to the point where each bond was linear, thus fully

extended, is thermodynamically highly improbable.

A more precise measure of a polymers length, when extended and bond angles

remain constant (i.e. nbhear), is given by Equation All.2.

Lp = Nlcos(6/2) (All.2)
whereLp=length of polymerN =number of bonds, | =bond length=bond angle, 1095

The number of bonds can be determined by multiplying the repeat unit (2 bonds) by the
number of repeat units in the polymer (ca. 140 repeat units in a 30 kDa sample). Thus, the

30 kDa sample of PDIPAEMA consists of ca. 28@C®onds. Using Equatiohll.2, the

length of a 30 kDa sample of PDIPAEMA is then calculated to be car.250
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The radius of gyration of an ideal polymeg, B a meaningful calculation because

it provides a measure for size of a polymer coil (Equaiids3).

Rg2 — N12/6 (A”3)
Where:N= number of bonds and I=bond length.

For example, a 30 kDa freely jointed PDIPAEMA chain would have a radius of

gyration ok 10.5v.
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Appendix IlI

Investigations of SFARGET and SI-AGET-ATRP of DIpAEMA

Solventscreening from PDIPAEMA

Varioussolventsvere screenefbr their ability to dissolve a sample cdDPPAEMA
(Mn: 153kDg n: 1 .AlI9) andlesebtuady replace methanol gsoéymersation
solvent. Anisole and toluene readily dissal¥iee polymeras didTHF. Acetone dissolves
small amounts of BIPAEMA but at higher loadings failed dissolve thePDIPAEMA
sample As a general statement, solvents that have a polarity gtbatesr equal to that

of acetone arbadsolvents for PDIREMA.

Table Alll. 1. Good and bad solvents for PDIPAEMM 15 kDa,
mg/mL
Good Anisole Toluene Tetrahydrofuran Acetone

Solvent
Bad Methanol Ethanol Isobutyl alcohol Isopropyl Water Acetonitrile
Solvent alcohol

Observations regarding the selectivéinding of TPMA to silica particles

The following isprovidedas a detailed reference for the discussion regarding the

analysis of PGS.1 and the binding of TPMA to silica particles in Section 4.3.2.

TPMA proved to be a suitable ligand for ARGRTRP of POpAEMA when in
solution. However, when conducting a/ARGET-ATRP (PGS10 and PGS1) from

silica particles TPMA was observed to be selectively binding to the silica particles. Bound
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TPMA not only hinders thgrowth of polymer brushes througitericinteractions but it

reduces the amount of active catalyst in solution, thus slowing the rate of propagation.

An initial visual inspection of both PGB) and PGS.1 concluded that both
samples were coloured. The colour of these materials was unexpectedesineghe
polymer nor the substrate contain chromophoreSigure Alll.1 shows the coloursf
PGS11 over the various stag of synthesisAt all stages, the material is expected&
white. The sample second fraheleft is PGS11 as itwas firstcollected it has a slight
green colour to it. A green colour could easily be attributed to residual copper left in the
polymer or stuck on the silica particle itself. Further washing to remove copper resulted in
the removal of the majority of the greenlour but the sampleemaired off-white and
slightly brown. Oven drying of PG$1 turned the green sample into a dark red/brown

sample (shown furthest to the right).

Figure Alll. 1. The colours of PG81 at various stages afynthesis. From left
initiator-grafted SiQ; PGS11 as collected®GS11 rinsed then dried followda a wash
with an EDTA solutionPGS11 left overnight in the oven at 11G.

TGA of each sample oPGS11 was found to have two significant mass loss
regimes Theonset of mass loss occurred at ca. Z5QFigureAlll.2). This observation
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