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SUMMARY

Responsive polymeric materials and structures have received considerable attention due to
their abilities to change their morphologies and properties by responding to estienné)

and potential applications in drug delivery,dsiensing, biamaging, selhealing coatings,

and soft robotics. Polymers containing ionic groups, such as polyelectrolytes and
poly(ionic liquid)s, are promising candidates for designing uniqueoresve polymeric
nanostructures with diverse morphologies and functionalities. However, it is challenging
to program the formation of complex morphologies with adaptive and switchable
properties by using polyelectrolytes and poly(ionic liquid)s with sstipl linear
architecture and amorphous organization. This research addresses this issue by considering
variable macromolecular architecture, well beyond simple linear chains, functionality, and
environmental conditions into the assembly of polyelectrslgted poly(ionic liquid)s.

The ultimate goal of the research is to establish fundamental routes for generating
nanostructures with pyerogrammed and responsive morphology and properties by
controlling the assembly of novel branched polyelectrolytes @t and liquid interfaces.
Accordingly, in the first place, the role of chain architecture and chemical composition on
the assembly, interfacial behavior, and complex interfacial morphologies of branched
polyelectrolytes is examined. We studied the respengiroperties of amphiphilic
hyperbranched polyelectrolytes with variable peripheral chemical compositiomsttair
interface and in LangmuiBlodgett monolayer at asolid interfaces. We found that
thermaresponsive hyperbranched polyelectrolytes wgimmetric chemical composition

and different terminal ionic groups showed unusual morphological transformation from
disk to ridgelike structures upon surface compression, which is different from that of
traditional amphiphilic block copolymers. Not ontyorphology and but also mechanical
response of their monolayers can be tuned by changing temperature and surface pressure.
Secondly, we studied the effect of highly mobile themagponsive macroations,
ionically linked to terminal ionic groups on dynmmassembly of hyperbranched
polyelectrolytes. The macrocations can hop between neighboring terminal ionic groups,
generating mobile coronas which can contribute to obtaining diverse morphological
variation under changing assembling condition. In solut@sjcle or planar structures
were formed and changed into chains of spherical structures with increasing temperature
or large aggregates with increasing solvent ionic strength. Tempeiaduced
morphological transition from wetlefined disk domains theterogenous morphologies
was also observed in the monolayers asalid interfaces. Thirdly, the assembly of star
shaped oligomeric ionic liquids containing inorganic cores and organic shells with alkyl
substituents of variable lengths is investigaldte length of hydrophobic alkyl substitutes
significantly affects the selfrganization in agueous media and on a solid surface. Surface
morphology of the films of the oligomeric ionic liquids was transformed from spherical to
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cylinder micelles with decese in surface adhesion by increasing the length of the alkyl
substituents. Finally, we utilized hyperbranched poly(ionic liquid)s as a binding functional
component to fabricate functional composite materials. Multiple functionalities of
hyperbranched pofionic liquid)s enable the generation of multiple physical interactions
with 1D cellulose nanocrystals in the netwdokmed composite materials. The resulting
composite ionogel materials show both enhanced mechanical and ion transport properties,
which exceed those of traditional electrolyte materials. Thus, the ionogel materials
developed in this study can provide a breakthrough to resolve mechanical stability vs ionic
conductivity dilemma for developing higterformance electrolyte materials.

Overall, his work provides novel approaches to preparing finely tuned polymer
nanostructures with responsive morphology and properties by modulating the assembly of
branched polyelectrolytes. This work also offers promising potential of branched
polyelectrolytes inthe development of novel composite materials with tunable
morphologies and unique smart functions, potentially discovering-gedration
materials in advanced applications, such ashesdfable and selfharged devices, targeted

drug delivery, multisimuli responsive soft actuators, and switchable optics.
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CHAPTER 1.INTRODUCTION

The development of responsive nanostructures with controlled and tunable morphology
and propertiess critical for demanding applications, including biomaterials, drug delivery,
catalysis, sensing and optitsPolyelectrolytes (PES) with ionizable gpsiin backbone

or side chain have shown promise as building block materials to fabricate responsive
nanostructures with tailored capabilities. The ionization degree and hence the charge
density of PEs can be tuned in a wide range via the solution pHiorsiwength, which
enables PEs to form a variety of responsive morphologies. Poly(ionic liquid)s (PILs), a
subclass of PEwith ionic liquid moieties have received increasing attention since the
amphiphilic nature of PILsvith countless combinations ofrie liquid pairscan help to
achieve precise control over structural complexity and ordering in polymers, creating non
traditional morphologies with distinct interior domains. Variation of chain architectures of
PEs offers greater control over the confotiores, interactions, organization, and final
morphologies. There have been invested efforts on synthesizing branched PEs with diverse
architectures, such as star, miktoarm star, hyperbranched, and dendritic PEs as well as
understanding their se#fssemblybehavior into complex morphologies in bulk and
solution. Unlike linear counterparts, branched PEs can have functionalized branched cores
and terminal groups and exhibit pronounced steric repulsions and heterogeneslsetiore
morphology, all of which canebused to control molecular organization, phase separation
and resulting morphologies and properties.

1.1 Assembly of Polyelectrolytes and Poly(ionic liquid)s
1.1.1 Introduction to PEs and PILs and Their Phase Behavior

Polyelectrolytes (PEs) are polymers that ammpgosed of ionizable groups in backbone or
side chainsDepending on the type of the ionizable group, PEs can be classified into three
groups: cationic, anionic and zwitterionic polyelectrolytes that carry both cationic and
anionic groupsPEs can be alsdivided into strongand weak polyelectrolytes. Strong

polyelectrolytes are fully charged over a wide range of pH, and their charge density is



relatively insensitive to pH. On the other hand, weak polyelectrolytes are charged in a

smaller pH window, showmpH-dependent charge dens(figure 11).2
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Figure 1.1. Chemical structures of common polyelectrolytes and poly(ionic liquid)s

Polyelectrolytescan dissociate in a polar solvemdleave a charged chain and counterions

in solution.Theyshow peculiar phase behavior compared to neutral polymers due to intra
and intermolecular electrostatic interactions, such as extended chain conformations, a
significantly lower critical concentratig and a higher osmotic pressure in solufipEnc-

group modification of neutral amphiphilic block copolymerswith ionic groups
significantly altes intermolecular interactionsuch as hydrogen bonding and/or dipolar
interactions, enhancing the segregation strength between polymer.bldeksfore, the
selfassembly behavior can be modulated by introducing ionic end gmuplock
copolymers’® For examplethe attachmendf oneionic groupto the end of poly(ethylene
oxide) (PEO)block in amphiphilic block copolymerscomprisingpolystyrene (PS) and
PEOQO resultedin the morphologicaltransition fromdisordeed to ordered morphologies,
such asamellae, cylinders or gyroid (Figuie2a).” Not only electrostatic interactions but
also counterion entropy and local solubility play an importald in phase behavior of
polyelectrolytes. For PBased block copolymers, counterion entropy suppresses phase

separation due to the penalty of counterion condensation in the vicinity of the PE block,



and counterion solubility can lead to either suppogssi enhancement of phase separation
depending on the polarization of surrounding medid?i! Thus, the phase diagrams of
PE-based block copolymers are shifted compared to those of neutral block copolymers,
showing a diverse range of ordered and disordered morphologies, including some of which

arenormally inaccessible to tiiional neutral block copolymers (Figute2h).*13
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Figure 1.2. Major phases and aitions of diblock polymers without and with sulfor

terminal group4)’ and a diblock polyelectrolyte aqueous systejrt{

Poly(ionic liquid)s (PILs) are a subclass of polyelectrolytes where ionic liquid (IL) species
are polymerized or incorporated as counterions (Figdjelbnic liquids are an interesting
class ofmaterials due to their unique properties, such as negligible vapor pressure, high
chemical/thermal stability and ionic conductivity, wide electrochemical stability widow
and norflammability. 14+ 15: 1617 The inclusion of IL groups can alter intrand
intermolecular interactions depending on the type of ionic liquids. PILs typically have
counterions of hydrophobic character. In case of cationic PILs, common caurdas

are hydrophobic anions such as tetrafluoroborate' jBRexafluorophosphate (B or
fluorinated amides ((GERSQ):N' and (CESQ)2N'"), while halide anions (GIBr and

1) are commonly used as coungrions for conventional cationic PEdt was reported

that the doping of acidtethered block copolymerwiith ionic liquids composed of
imidazoles and hydrophobiCFRSQ,).N' counteranionsenhanced the thermodynamic

incompatibility with the ionophobic polymer blociesultingin the formation of ordered



morphologies. However, as the content of hydrophobic co@amniens increased, repulsive
interactions between the anions and polymer chains became predominant and disrupted the
ordered morphologie$® When the ILwith ar omat i ¢ char actyper IS
interactions are involved in sedssembly of Pltcontaining polymersforming novel’ -

stacked structure82t In fact, various organized morphologies have been generated from
PIL-containing polymers due to thegdeculiar intra and intermolecular interactions in
solution and bulké?23242526 Non-traditional morphologies with distinct interior domains

such as cubosomes and pyramids were obtained visasssmbly of Pltbased
copolymers in solution (Figuré.3a)2"?82° Morphological transition from lamellar to a
coexistence of lamellar and 3D networks was also found in strongly micrepépasated

states of PIL block copolymers (Figut&b)2°

S p ¥

Poly(S-b-AEBIm-TFSI)

Figure 1.3. (a) selfassembled structures of PILsbosomes, pyramids, multilamellar partic
and nanoworm$'?¢2° (b) chemical structure (left) and TEM images (right) of PIL b
copolymers with weak (top) and strong (bottom) microphase sepatation.

1.1.2 Stimuliresponsive Assembly of PEs and PILs

The presence of ionizable groups and counterions of polyelectrolytes enables them to
createresponsivenanostructures that can deform their shapes and sizes in respond to
variation of external stimuli such as solvent pHand ionic strengtt:3!:32 For weak
polyelectrolytes, pH is a key parameter to tun theirastembly behavi@nd morphology.
When the solvent pH is changed, the ionizable grofipgeak polyelectrolytesan either
accept or donate protgngsulting in ionic/norionic transition Such transitianfluences

the hydrophobicity ofthe polyelectrolyte chains leading to a change in their

4



conformation®®3** For examplethe variation of pH strongly affected the satfsembly

and resulting morphology o&imphiphilic block copolymer consisting of poly(2
(dimethylamino)ethyl methacrylate) (PDMAEA). At pH 3, tertiary amine groups of
PDMAEA are protonated, resulting in the formation of spherical nanoparticles. At pH 7
where the amine groups are partially protonated, diverse morpholegregeneratd,
including spherical nanoparticles, multicomponent vesicles and larger vesicles. At pH 10
where the amine groups dtdly deprotonated, a unique vesicle morphology was formed,
having a welstructured membrane, which encloses small sphilgyarticles and surrounds

an inner vesicle, which either enclesemall spherical particles or vesicles in their
interior2® In addition, ncreasing the solvent ionic strength (e.g. adding salts) typically
induces conformational change of polyelectrolgteains from extended to collapsed
state®®3 It has been demonstrated that the salt addition results in a significant decrease in
the size of micelles formed from amphiphilic block copolynoenstainingpolyelectrolyte

block. This is due to the electrostashielding of salt ions on the charged groups, leading
to the shrinkage of the micellar coroff&° A rich variety of responsive morphologies have
been reported from polyelectrolyte block copolymers, such as sphericdikesftaairy,
crew-cut, and cylindrical micelles, vesicles, lamellar mesophasesnaetiar aggregates

at different solvent conditions (Figuet) 404142434445
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1.2 Assembly of Branched Polyelectrolytes and Poly(ionic liquid)s

BranchedPEswith various architectures, such as brustésstar copolymer34°°° and
hyperbranched moleculés?>have been reported to show distinct phase behavior due to
their spatial confinement and complex iatemnd intermolecular interactio$>*°° For
instance, branched polymers exhibit properties intermediate of those of tenuous chains and
soft deformable nanoparticlé§:>"-°8:5° Readily controlled diverse functionalities in
separate blocks within cores, branches, grafts, and terminal groups of branched
polyelectrolytes can facilitate the formation of complex morphologies with multifunctional

responsive behavigpo06162
1.2.1 Assembly of StdPEs and PILs

Star PEs are intriguing since they can possess a -defined composition and
dimensionality of armgromoting the formatio of novel colloidal soft nanoparticles with
coreshell morphologie$? ¢4 Star PEs can form various nanostructures which can
dynamically change via external stimuli, such as solution pH, ionic strength or temperature.
It was reported that star terpolymers bearing hydrophobic polystyrene (PS) arms and
amphoteric poly(inyl-pyridine)}b-poly(acrylic acid) (P2VF-PAA) arms exhibited
pH-dependent conformations in aqueous media and formed variouassethblies at
different pH conditions. At low pH, inner P2VP segment is protonated and adopts an
extended conformation, while outer PAA sesihtakes a collapsed conformation. The star
terpolymerscanseis sembl e i nt o cor el s hellidemgeiles,mol e c u
and multicore large compound micelles (FigurBal. At high pH, deprotonated inner
P2VP chains take a collapsed conformat while outer PAA chains are extended.
Multistar aggregates, netwalike large assemblies, and finally patchy compartmentalized
micelles were formed (FigureSb)%°

Assembly of miktoarm st&?Esbearing chemically distinct arms can result in the firam
of nanostructure of increased complexityThe interplay of unlike polymépolymer
interaction parameters and solvents being selective for one or two segments enables the
preparation ofcoreshellcorona structuresor core and corona&ompartmentalied

aggregate$®’®® For example, miktoarm st&Es consisting of polybutadiene, poly(2

6



vinylpyridine) and polyiert-butyl methacrylate) constructed spherical micelles in dioxane,

while a mixture of inverted micelles and elongated bdrrelk e fAwoodl ouseo a
were formed in waterThe assembly behavior of these PEs can be controlled by the nature

of counterion. Te addition of iodine increased the ratio of triiodide versus iodide
counterions, resulting inf the transformation from spherical micelles to Wwkemicelles,

their superstructures and woodlouse aggregates with a periodic, multilayered structure
(Figure 15¢)>°

Figure 1.5.Schematic andsT&M { eapgebymdér s ¢
and diblock copol gampr bampwotedi d bar
aqueous$Yme¢diCametde mit ed mor phol ogi cal
polyel edtrolytes.

The incorporation of stashaped inorganic core with functional groups is an alternative
approach to synthesizéas PEs Hybrid inorganieorganic star PEkave advantages over
conventional gganic star PEsince the introduction of an inorganic core increases thermal,
chemical, and mechanical stability of materidfs: ° "t Polyhedral oligomeric

silsesquioxanes (POSS$ a common inorganic core used for star FX3SS hasvell-



defined nanometesized cage structures with eight reaction sites and can be easily
functionalized with various groupsvhich can reactwith polymers, resulting in the
preparation of stashaped polymersvith well-controlled arm lengtH? 737475 The

synthesis and assembly BOSScored star PEs witetimuli-responsivepropertieshave
beenreportel 5% 76:77.78 For example, star PEs consisting of POSS core and poly[2
(dimethylamino)ethyl methacrylate] arms saffsembled into micelles with a cesieell
morphologysince the POSS provided awing force for the selassembly where the POSS

cages formed the crystalline core while the PDMAEMA chains formed the corona. Upon
changing solution condition (pH, i eomi c st

micell ed structures were al so observed

Compared tstarshaped PEstarshaped PlL&iave beetessexplored with a few studies
reported’©8081828384 |t has been reported that tassembly behavimf star PILs strongly
depends on the macromolecular architecture and countefionexamplelayerby-layer

(LBL) films of star PILs containingydrophobic bis(trifluoromethylsulfonyl)imide (")
counterions with anionic poly(styrene sulfonate) (PS®wed uniqueorous morphology

with interconnected networkgjhich is contrast to the LBL film of linear countergxith

uniform morphologyDuring the PIPSS deposition, as an aqueous solutioRP®8§ is
added, the PIL segments immediately contract as controlled by hydrophobic counterions,

resulting in the formation of granular and porous morphofdgy.
1.2.2 Assembly of Hyperbranched PEs and PILs.

Hyperbranched PEsare branched macromolecules with randomly branched
polyelectrolytes chain® The presence of multiple functional groups of hyperbranched
PEs allows for formation of complemorphologies with multifunctional responsive
behavior®®878 For example, hyperbranched PEs bearinuHasensitive hyperbranched
coreandthermaesponsiveblocks exhibited morphological variation under changing pH
and temperature, forming urdnd muti-micellar aggregates and their fusf§rChange in

the ionization degree of terminal ionic groups results in the formation of diverse

morphologies including worrike, branched, and curved shdike micelles®®



In addition, introducing large counterions of different nature can alter the functionality of
outer shells, affect hydrophilic/hydrophobic balance, and indsimuli-sensitive
behaviord®9192939495 Eqr examplethe assembly of hyperbranched PEs with fatty acid as
macracounterions significantly depends on the content of fatty acid. With increasing the
content of fatty acid, the transformation from miceltesamellaeand to nanospheres
occurred® HyperbranchedPEs ionically bound with thermaesponsive poly(N
isopropylacrylamide) (PNIPAM) macrocatioalsoshowed morphological transformation

from spherical micellar aggregates to vesicles under changing temperature due to low
critical solution temperature (LCST) trsition of PNIPAM (Figurel.6a).%®
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Hyperbranched PILs ka been synthesidevith focus on studying their structupeoperty
relationship’"9899100101102103 Three generations of hyperbranched PILs with 24, 32, and
56 imidazolium terminal groupswere synthesizedwith hexafluorophosphate as
counterionsAmong these three PILs, the hyperbranched PILs with 56 imidazolium groups
exhibited the highest ionic conductivity of %410* S cm! at 30°C, indicating that the



ionic transporproperties of hyperbranched PILs can be tuned by varying their ionic liquid
terminal groups-®* Amphiphilic hyperbranched PlLsvere synthesizedvith different
terminal ionic groups (carboxylate vs sulfonate) and counterions (imidazolium vs
triazolium). These amphiphilic hyperbranched PILs formed ecoeona micelles with the

size of 1216 nm at pH 11.6. On the other hands, the assembly of the hyperbranched PILs
at pH 5.2 depends on the type of terminal ionic groups due to higher degree of ionization
of sulfonate groups. The hyperbranched PILs with carboxylate groups formed large
micellar aggregates with the size of 1B00 nm, while the hyperbranched PILs with

sulfonate groups constructed micelles with the size ef®Bm(Figure 16b).1%°

1.2.3 Assembly of otlredbranched PEs and PILs

Other than hyperbranched and star architectures, there are many additional architectures
introduced to polyelectrolytes. For one, polyelectrolytes with brush structures, called as
bottlebrushpolyelectrolyts, have been synthesized with a large number of short grafted
chains which are ionizable. Thettlebrush polyelectrolytesre of particular interegt the

field of the polymer assemblgince theresponse otheir short ionizable chaingo
environmental coditions cancausea significant structural change. In a good solvent
without salt, the ionizable chains extend away from the grafting surface much more
strongly than neutral chains, while the addition of salts results in the substantial shrinkage
of the dainsi®®%” Numerous studies have reported conformational and morphological
transformation of bottlebrush polyelectrolytes induced by external conditions, such as salt
addition and change in solvent pf§109110 111112113114115 Eor example, theombination

of bottlebrush polygodium styrenesulfonatePSSNa) with tetravalent counterions
resulted in the formation of polyelectrolyte/counterion complexes. The morphological
transition from worrdike to curled structures was observed with increasing
concentration of counterions (Figure 1.74). Similarly, it was reported that the
morphology interpolyelectrolyte complexes formed by PSSN#én wnear anionic
polyelectrolytes can be tuned by adjusting the charge ration between two polyelectrolytes.
With increasing the content of PSSNa, brlikb structures wwre transformed to

intermediate, peamecklace structures and then to fully collapsglereg!t
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Figure 1.7. (a) AFM images of PSSNa bottlebrush polyelectrolytes showing morphol
variation!1® (b) Morphological phase diagram and characteristic snapshots of ass
formed by amphiphilic bottlebrush polyelectrolytes as function of side chain length
length (reciprocal to side chain density) and (eyigtion of the vesicle size as functior

side chain length!3

In addition to external conditions, the length and density of side chains play a critical role
in determining the morphology of bottlebrush polyelectrolytés® The computational

study for bottlebrush polyelectrolyte composethydrophobidbackboneandhydrophilic,
polyelectrolyte side chains revealed thatious morphologies can be obtained by varying

the length and density of side chains, such as random aggregates, unilamellar vesicles,
multilamellar vesicles and porous vesicles (Figure 1.7b). Further conttbkeaize and

overall membrane thickness of multilamellar vesicles can be also achieved by adjusting the
side chain length, attributed to the change of hydrophilic-chdén beads between two
hydrophobic layers of the membrane (Figure 11%t).
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Moreover, polyelectrolyte dendrimdrave attracted great attention due to the presence of
multiple functional groups easily accessible and located on the surface of the
macromolecules. Theyaao interact with oppositely charged molecules or polymers,
forming diverse morphologig$"118119120121 Eor example, the selissembling features of
2ndgeneration poly(amidoamine) (PAMAM) dendrimers ionically functionalized with
hydrophobic fatty acids as counterions can be modulated by changing the content of fatty
acids. Spherical micelles was formed twlbw fatty acid content and merged to form
lamellae and then nanospheres with a lamellar structures (Figure'!?.Bajas also
reported that ass@tion of PAMA dendrimers with anionic organic dyes can create diverse
morphologies, including micelles, ellipsoidylinders,and flexible cylinders, depending

on the type of organic dyes as well as the generation of PAMA dendfigare 1.8b)%°
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Figure 1.8. (a) Morphology transition of PAMAM dendrimers with increasing the co
of hydrophobic fatty acids® (b) Morphological variation of PAMAM dendrime

combined with anionic organic dy&%.

In comparison to dendritic polyelectrolyte$iet synthesisand assemblyof dendritic

poly(ionic liquid)s have been rarely explor&€d?312* Among very few studies, it was
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reported that highly fibrous spheres with a size of ~300 nm were formeenulyitit
poly(ionic liquid)s immobilized on nanosilicambined with rutheniumi)l dimer. These
spheres exhibited corrugated radial anatomy which creates open conical holes, facilitating
the chemical transport and reactiap.

1.3 Assembly of Polyelectrolytes and Poly(ionic liquid)s in lonic Liquids

The assembly of polymers in ionic liquids (ILs) is reported to be distinct from that in
conventional solvents since incorporating ionic liquid moieties introduces additional
interactions such aSoulombic forces. Many studies have investigated the effect of ionic
liquids on morphology of block copolymet& 127:128.129 |gnjc liquids are selectively
soluble with a more polar block. This selective partitioning of ILs increases the swelling
and polariy of the resident block and enhances the segregation strength between dissimilar
blocks, which decreases the minimum achievable long period and hence dom&ih size.
For example, addition of bis(trifluoromethane sulfonyl)imide 2ljfbased ILs into
polystyreneb-poly(methyl methacrylate) (P&EPMMA) induced disordeto-order

transition, creating domains with s nm size (Figure.2a) 131132
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The phase diagrams of BSPMMA in ILs showed shifted phase boundaries with a gyroid
phase, which is difficult to access in neat-tPBMMA. The phase boundaries shdte
toward lower values of the effective PS volume fraction by increasing the length of alkyl
groups of IL cations (Figure.db). This shift is attributed to the increase in van der Waals
interactions, which reduces relative contribution of Columbic intemastand thus

decreases the degree of swelling of the PMMA dom4ihs.
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The assembly of polyelectrolyte block copolymers in the presence of ionic liquids have
been studied with focus on morpholeggnsport relationships in polymer/IL
composites34135136 |gnijc liquids exclusively reside in the PE block and increase the
segregation strength between blocks, thus modifying the assembly behavior of PE block
copolymers 137 . 138, 139, 140 Eor  example, the addition of different ILs into
poly(styrenesulfonate-methylbuylene) copolymers resulted in various ordered

morphologies, such as lamellar, hexagonal cylinder, and gyroid, attributed to the dissimilar
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strength of ionic interactions between ILs and sulfonate groups, depending on the type of

ILs (Figure 110a)1%'In addition, ionization level of polyelectrolytes significantly affects

the assembly and resulting morphology of PE block copolymers by controlling the amount

of the absorbed IL on PE bloé®For instance, Ikincorporategp o |l y ( st yrenephosy
b met hy | dopolynyets ddmed)a series of ordered morphologies, such as lamellae,
gyroi d, hexagonal cylinder (HEKX}heabtencdy cen
and presence of ionic liquids. Small change in phosphonation level from 30% to 38% led

to morphological transition from HEX to A15 lattice while enhancing ionic conductivity
owing to a well defined 3DWY mmetry of A15

1.3.1 lonogels

The development ofasid and quassolid polymer/ionic liquid composite materiats a

real breakthrough in the field of energy storage/conversion applications since
reformulating liquidstate electrolytes into the solid form is a key to circumvent potential
safety concerndue to viscous fluidic nature ttie liquid-state electrolytesthe solid and
quastsolid compositesan be formed bgwelling polymer in an ionic liquid or mixing the
polymer and ionic liquid together with a-solvent which is subsequently removéathis

speci al class of ma t e r *2&ohogels combiras thd desirede d t o
properties of | L ,sachds hgoibnic dondudtiaty amd nmeehanical c e s
stability. A majority of ionogels reported to date have been prepared by using traditional
neutral polymers, such as poly(ethylene oxided gmoly(vinylidene fluorideco-
hexafluoropropylene)in relation to their ability to solvate ionic liquid&.Even for the
polymers which have complete miscibility with ionic liquids, there is a grand challenging
associated with the plasticizing effect afnic liquids which results in the loss of
mechanical stability on increasing the IL loadit§.Therefore, he development of
ionogels withboth high ionic conductivity and mechanicakistances a keyto expand

the range of potential application of [lsichas solidstate electrolytes for electrochemical
applications and novel functional materials in the fields of sensors, display devices,

catalysts, and separatiéfs.
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Since there is an inverse relationship betweercioanductivity and mechanical strength,
highly conductive ionogels have been obtained only at the expense of mechanical
strength!#®4’ One approach to prepare ionogels with enhanced mechanical and ion
transport properties is theilization of block copolymers consisting of an ioonducting

block and a rigid block. However, most ionogpispared from block copolymers show
insufficient ionic conductivity and low mechanical strengthich cannot satisfithe
requirementsor solid batteriesiestrictingthe practicaluse of the ionogefg8149150151 Ag

an alternativejonic polymershave beer explored to produce a supportingatrix for
ionogelst®2153154 Eor example, the ionogeisrmed byzwitterionic copolymerexhibited
remarkableroomtemperature ionic conductivities above 1 mS'cand compressive

elastic moduli in the MPeange(Figure 111a-b).1>*
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While branchedolyelectrolyte withmultiple functionalitiehave numerous opportunities
to generatsetworkmorphologiesvhich can be used as a supporting matrix for ionogels
and create interactions with ionic liqujdee use of branched polyelectrolytes for ionogels
hasbeenrarelydiscussed to date with few studies reported on ion@getsaedwith linear
poly(ionic liquid)s.*>>1%6157 A recent study demonstrated the fabrication of stretchable
ionogels consisting of crodmking network based otinear poly(ionic liquid) with
hyperbranched polymers as macrosslinkers (Figure 111c). The resulting ionogels
possesutstanding mechanical flexibility (>1000%) and high remmperature ionic
conductivity up to 5.8 mS ¢ making thenattractiveas highperformance strain sensors
(Figure1.11d-e).1%8

1.3.2 lonogels Reinforced with Nanofillers

High ionic liquid loadingis critical to produce highly conductive ionogels betuces
mechanical stability of the ionogels due to plasticizing effects of ILs. The inclusion of
nanofillers in the ionogels permits the improvement of the mechanical resistasing

from numerous intermolecular interactions including hydrogen bonding, van der Waals
and electrostatic interactions between the polymer, nanofillers and ionic liquid. Polymer
ionogels reinforced with inorganic nanofillers (carbon, metal, metaleoxind silica
nanofillers) have been widefgbricatedand shown enhanced mechanical strength without
lowering ionic conductivity!®®:160.161.162 Eqor example, the incorporation of TO
nanoparticles as nanofillers enhanced the mechanical properties of thelisince TiQ
nanoparticles provided crofieking sites. Indeed, as the content of Tikanoparticles
increases from 0.2 wt% to 1 wt%, compressive modulus of the ionogel inctéased.
Various biopolymers such as cellulose and chitosan have been also utilized as
reinforcement in ionogels to improve mechanical streAith®* For example, it was
reported that the addition of a small amount of chitosan (3 wt%) increased compressive
strength of the ionogels five timesnce hydrogen bonding interactions of chitosan

reinforced the thredimensional network of the ionogéF

1.3.3 Cellulose Nanocrystatbased lonogels
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In addition to reinforcement, nanocellulose can be used as supporting scaffolds for
ionogels®® Typical preparation of celluloseased ionogels involves dissolution and
reconstitution of cellulose in lonic liquid8*1671%8 However, this method results in loss of
inherent structural integrity, yielding fragile and thermosensitive gels with lack of
sturdiness. Celluloskased ionogels can be also formed by entrapping ionic liquids into
readily formed cellulose network structuwithout dissolving cellulose. For example,
bacterial cellulose (BC) ionogels were prepared using a solvent exchange method where
water in BC hydrogels is exchanged to volatile organic sohegt, ethanol) which is
subsequently evaporated and evemyualionic liquids. BC ionogels had high mechanical
strength and flexibility since the weixe structure and high crystallinity of the host BC

were preserved within the ionogéfs.

Moreover, cellulose nanocrystals (CNCs) can provide a mechanically todsistatrix

for ionogels due to their capability of forming a nanoscale network structure and their
inherent, high mechanical propertf¢8:’* The presence of surface hydroxyl and sulfate
groups of CNCs enable them to form physically cilodsed networks by mixing with
additives and polymer§?173 While multifunctional CNC ionogels can be formed by
integrating CNCs with functional substancestrent available studies have focused on
CNC hydrogels with little attention paid on CNC ionogels. For example, integration of
CNCs and thermoesponsive polyelectrolyte terpolymer, poly(di(ethylene glycol) methyl
ether methacrylatend-poly(oligo(ethyler glycol) methyl ether methacrylate)d-
poly(2-aminoethyl methacrylate) resulted in the formation of hydrogels with LCST
behavior!’ CO,-switchable CNC hydrogels were also prepared from the CNC suspension
with imidazole added where the reversible tramsfaiion of the imidazole to imidazolium

ion occurred in presence and absence of €O

It was reported that CNCs grafted with PlLs sefembled a thredimensional
interpenetrating network in ionic liquids, which served as a supporting scaffold for ienoge
The mechanically strong CNC skeletons enhanced the mechanical properties of the
ionogels. The grafted PILs associated with IL formed a continuous ion conduction domain
to facilitate effective ion transport (Figurkel2a-c). Therefore, the resulting iogels

exhibited exceptional ionic conductivity and low activation energies, close to those of
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PIL/IL ionogels which had lower mechanical stability (Fighir&2d).X"* In total, there are

a wide range of opportunities to form ionogels with enhanced mechanical and ionic
transport properties as well as responsive behavior by employing CNCs as mechanically
robust scaffolds and polyelectrolytes as-associating and funcmal domain building

block materials.
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CHAPTER 2.RESEARCH GOALS, TECHNICAL OBJECTIVES AND
DISSERTATION OVERVIEW

Although significant efforts have made on thgnthesis and assembly of branched
polyelectrolytes, there are still several critical issues to be addressed to generate responsive
nanostructures with pnerogrammed complex morphologies and multifunctional

properties from branched PEs.

First, comprehenge understanding dhe role of branched architecture and interplay
of core-arm functionality on the assembly of branched polyelectrolytes not achieved
yetdue to the complexity of interactions and conformations of branched PEs. Itis important
to notethat going beyond simple linear architecture makes polymer assembly complicated
and difficult to predict given very challenging and complex compesguatture
relationships in macromolecular structures bearing variable cores, arms, and terminal

groups wih virtually unlimited compositional combinations.

Secondg the presence of macrocatiomnd anions a well aslabile chain grafting are

critical for modifying structure -morphology relationship in polyelectrolyteswhich
remain largely unexploretd date.Instead, there have been many studiesdfreloping

an understanding toward unveiling the effect of traditional small counterions on the
assembly of polyelectrolytes with less attention paid on the role of macroions that can drive
hierarchical assembly ang from the balanced electrostatic interactions of ionic polymers

with oppositely charged macroions and the resulting multiplex formation.

Third, as the assembly of branched polyelectrolytes is affected by environmental
conditions such as solvenaturesandtemperaturenot only elaborate design of polymer
architecture and functionalities but atsareful control of environmental conditions are
challenging requirements for realizing dynamic assembly of branched PEghere their

self-assembly behaviors are controllably initiated and terminated via external conditions.

Lastly, the potential of exploiting branched polyelectrolytes for producing novel

functional compositeshas beenxplored only occasionallyAlthoughbranched PEs are
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capable of assembling into welefined, compartmentalized structures with
multifunctional resposive behavior, which are very attractive in emerging applications
such as drug delivery, controlled transport, and-tsedfling, the majority of studies
reported to date have focused on integrating linear polyelectrolytes with functional
substances to formovel composite materials with little attention paid on employing
branched PEs, which can unlock the rgamheration composite materials by offering novel

properties and functions.
2.1 Research Goals

The primary goal of this work is to establish fundamentaredictable routes for
generating nanostructures of complex morphologies with multifunctional responsive
behavior and tunable physical properties by controlling the assembly of branched
polyelectrolytes on different solidiquid and liquidair interfaces,under different

assembling conditions, and in myfihase states.

This work aims to elucidate the role of polymer architectures, functionalities, and
environments (stimuli, additives, solvents, and substrates) on the assembly of branched
polyelectrolyteswhich all afford control over functional and amphiphilic balance (Figure
2.1). The main hypothesis of the proposed reseaichhat branched macromolecular
architecture with multipleterminal functionalities can be leveraged to mediate the
organization ofpolyelectrolytes and poly(ionic liquid)s and guide their assembly into a
variety of domain morphologies, some of which that are distinct from the discrete
nanostructures encountered from linear counterparts. <Thmplex organized
morphologies of branchedER are evaluated in connection to their physical properties,

including phase state, mechanical and viscoelastic behavior, and ion transport.
This researctgoalis divided into the followingesearchiasks with specifiobjectives:

Objective 1. Unveil the role of chain architecture and chemical composition on the
assembly, interfacial behavior, and resulting morphologiesof novel branched

polyelectrolytes and poly(ionic liquid)s.
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Branched polyelectrolytes with different ratios of hydropholnid hydrophilic arms and
types of cores, ionic terminal groups and counterioase exploredto control phase
separation and resulting morphologiksparticular, theole ofasymmetric composition

of branched PEts investigated tdacilitate the formatiorof nonspherical morphologies.
Thevariation of terminal ionic groups, counterions and macroionss employedn this
research as a tool for modifying functional and amphiphilic balance and thus obtaining
prospective pr@rogrammed complex morphologies bag symmetric/spherical

organization.

Objective 2. Exploit the branched polyelectrolytes with stimigsponsive macroions as
active building blocks for generatingmultifunctional, responsive polymer
nanostructures via dynamic seHassemblywith on-demand molecular organization

transformation.

The assembly and morphology of branched polyelectrolytes contatimmgji -responsive
macroionsareinvestigated wittihe corresponding phase transition at different interfaces.
Understanding he reoganization of intermolecular interactions and micellar
shapes/orientation/separation caused by intramolecular transformation under external
stimuli is critical for establishing fundamental mechanisms of dynamicasslémbly of
branched PEs where their fseaksembly can be manipulated via external conditions,

resulting in forming diverseesponsiveinterfacial morphologies

Objective 3. Exploit the mechanisms of organization of branched polyelectrolytes to
develop PEnanocellulose ionogels with novel meeamical and ion transport

properties.

The assembly behavior of branched polyelectrolytes with cellulose nanociystal$ied
to produce mechanically robust and ion conducsimgporting matrices for ionogelBhe
relationships between morphology, micrasture, and interfacial interactions of the

ionogelsto their physical propertiereexaminedn order to unlock novel mechanical and

22



ion transport performance and expand the potential applicatiovws/ef functionamulti-

phase materials with inclusion bfanched PEs.

Role of Branched PE Architecture and Functionalities
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Figure 2.1. Outline of researckasks The structurenorphologyproperty relationships
branched polyelectrolytes to be addressed: molecular architecture and functional
environmental conditions (middle), and diverse morphologies amctifunal propertie
(bottom).
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2.2 Technical Objectives

This researchs conducted withprospective molecular architectures, functionalities, and
conditions in a stepy-step approach for responsive nanesiures with tunable
morphologies and properties and for forming multifunctional nanocomposites with novel

mechanical and ion transport properties.

Task 1.Understandinghe role of chain architecture and chemical composition on the

assembly, interfacial behavior, antbmplex interfacialmorphologies of branched

polyelectrolytes

Branched polyelectrolytes bearing diverse functionaldiesynthesizedy varyingtype

of cares and terminal groups ardtios of hydrophilic and hydrophobic arms and
introducing stimuliresponsive macroions (Figu2e?). For the synthesis of hyperbranched
polyelectrolytes 3¢ generation hyperbranched polyester polyol with 32 hydroxyl groups
is selectedhs an initial core, which allows for wide compositional widow for terminal and
pendant groups by exploring different branchésctadecylurethane and PNIPARte
exploited as hydrophobic arms and hydrophilic macrocations, respectinelthe othe
hands, polyhedral oligomeric silsesquioxanes (PGSS$hosen for synthesizing star
shaped oligomeric ionic liquids. Aliphatic tertiary ammonium groups with variable lengths
of alkyl substitutentis introducted in an organic shell, providing various jpleeral

hydrophilichydrophobic balance.

The selection of chemical composition is based upon the analysis of the differences in
solubility parameter; which reflects the dominating enthalpic contribution to the
interact i om Tpeasplabititgparameter o6'8 generation hyperbranched
polyester polyol core is 14.9 MB&awhile POSS has a higher solubility parameter of 20.6
MPal/2.176 177 The solubility parameter for the aliphatic and PNIPAM chains is ~172fPa

and ~23 MPH, respectivelyl’® 17 Therefore, it is expected that hyperbranched
polyelectrolytes containing hydrophobic octadecylurethane arms and hydrophilic
PNIPAM macrocations promote weak and strong segregated states. Variation of ratios of
hydrophilic and hydrophobic peripheral comipios would create hierarchical complexity

in segregated states, tailoring morphologies in a wide range from poorly organized
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morphologies in weak segregated state to discrete ordered morphologsti®ng

segregated state.
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in this research.

Task 2.Elucidating the role of highly mobile thermresponsive macrocations on the

dynamic assembly of branched polyelectrolytes.

The presence dhermaresponsive PNIPAM macrocations permits fine control over the
hyperbranched polyelectrolyte assemblies. Firstly, due to the LCST transition of PNIPAM,
the assembly behavior of the hyperbranched polyelectrolytes can be controlled by adjusting
temperatre®® In addition, mobile ionic bonding of the macrocations brings an intriguing
possibility of havingtailored dynamic assembly behavior in diffeteenvironmental
conditions, unlike static covalent bonding (e.g. dynamic association and disassociation of
macrocations under changing ionic strength and pH), which offers the potential for forming

diverse responsive morphologies.

Task 3. Developing ionogls with novel mechanical and itransportpropertieddy using

composites obranched PILs and cellulose nanocrystals as a supporting matrix
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Branched ply(ionic liquid)s arecomplexedwith cellulose nanocrystals (CNQGs)produce
mechanically strong and iesonducting matrix for entrapping a large amouniarfic
liquids. The selection 0€ENCsis based on the high mechanical properties and nanoscale
network forming capability of CNCs and the presence of surface functional groups
(hydroxyl and sulfate groups) that enable CNCs to make strong interaction®nwith
liquids and PILs all which improve mechanical stability of the ionogels (Figure
2.3).180181182183184 The robust percolatingNC/AL networkscanserve as the supporting

matrix with continuous ionophilichannels.
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Figure 2.3. (a) Chemical structure of CNCs prepared via sulfuric acid hydrokf3ig)
AFM topography images of CNCG& Schematic illustration of interactions with CNCs
ionic liquids (c}® and poly(ionic liquid)s (d$*

In summary this studyfocuses on understanding thesembly behavior of functional
branched polyelectrolytes to establish predictable routes for generating nanostructures with
tunable morphologies and physical propertiesis researchiask addresses significant
fundamental questions of how polymer atebiure and chemical composition affect the
assembly behavior of branched polyelectrolytes in solutions, at different interfaces and in

condensed standresponsive properties of their assembled structures
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In addition, exploiting these functional brahed polyelectrolytes as emerging building
blocks provides a new approach for developing multifunctional composites with enhanced
properties.In this regard,we elucidatethe principles of organization fdbranched
polyelectrolytes and poly(ionic liquid)&ith cellulose nanocrystal®r fabrication of
shapepersistent gedlectrolyte materialg/ith acombination of botlenhancednechanical
stability and high ionic conductivity, promisirfgr energy harvesting and storagms

separationandion-exchange membranes, and so on.
2.3 Organization and Composition of Dissertation

Chapter 1is a critical review of the structure of polyelectrolyvath linear and branched
architectures their assembly as well afinctional composites generated via ionic

interactions which defines thetateof-art in relevant research field.

Chapter 2 outlines the goals and objectives of this dissertation. It also contains an

overview of the organization of the dissertation, and brief description of each chapter.

Chapter 3 describegshe major experimental techniques used throughout the work of this
dissertation, which includes polymer synthesis, film deposition @prehensive
materials characterization. In several subsequent chapters, the experimental techniques are

supplemented with specific protocols used for the particular studies presented.

Chapter 4 is the study on the interfacial properties and assembly of thermally responsive
hyperbranched polyelectrolytes with carboxylate terminal groups at air/water intérface.
also describes emperaturenduced transformation of morphology and mechanical

property distribution of the monolayers of the PEs.

Chapter 5 is the study on the assembly of thermally responsive, sulfonate hyperbranched
polyelectrolytes with variable peripheral composition in agueous media and at air/water
interface, which provides a significant insight into the detailed conformational changes

mediated by ionically tethered macrocations with high mobility.

Chapter 6 is the study on the synthesis and assembly ofstiaped oligomeric ionic

liquids containing inorganic cores with variable alkyl substituents in their organic shells,
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which can makeonclusions on how the variation of cesleell composition affect the

morphology as well as mechanical properties of polyelectrolyte films.

Chapter 7 is about the assembly of hyperbranched poly(ionic liquid)s with cellulose
nanocrystalsresulting in tle formation ofPIL/CNC composites used as mechanically
strong, ionconducting supporting matrices for ionogdlee PIL/CNC ionogels have both

high elastic modulus and high ionic conductivity simultaneously.

Chapter 8 provides general conclusions for theerall work in the dissertation with a
focus on broad impact amaospective future researdirections.
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CHAPTER 3.EXPERIMENTAL TECHNIQUES AND MATERIALS

3.1 Materials: Composition and Chemistry

Materials used during the course of this stuadg acquired from our collaborators.
Branchedpolyelectrolytes and poly(ionic liquidgesupplied by DrAleksandr Stryutsky

i n Prof . Val ery Shevchenkoos group (Macrc
Academy of Sciences) in the course of ongoing colkimr. Cellulose nanocrystadse

providedvia collaborationwittbr . Mi nkyu Ki m i n PrapbGeorgiav. V.
Tech.

3.1.1 Hyperbranched Polyelectrolytes

Hyperbranched polyelectrolytes with different terminal groups and counterions are
obtained in carse of collaboration with ProProf. Valery Shevchenko (Macromolecular
Chemistry, Ukraine National Academy of Science&raing. Hyperbranched polyester
polyol (HBP-OH; Boltorn H30 Perstorp, Sweden) containing 32 terminal OH groups with
weightaveragemolecular weight of 3500 g/mol was used as an initial component for
synthesis of hyperbranchgmblyelectrolytess in this study. Amphiphilic yperbranched
polymer with variable contents bfydrophobid\-octadecylurethane arms and hydrophilic
terminal ionic ¢arboxylate or sulfona}groups were synthesized bgaction of HBPOH

with N-octadecylisocyanate, followed by reaction wighhthalic anhydride or -2
sulfobenzonic acid cyclic anhydride for carboxylate or sulfeoatéaining hyperbranched
PEs, respectivgl'®® These amphiphilic HBPEs were then neutralized with PNIPAM (Mn

= 2500 g/mol) to prepare thermally responsive HBPEs with PNIPAM macrocations (Figure
3.1).
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Figure 3.1. Scheme for the synthesis of thermally responsive hyperbrar

32:n

polyelectrolytes.

3.1.2 Star Oligomeric lonic Liquids

Starshaped oligomeric ionic liquid@ILs) containing tertiary ammonium groups with
alkyl substituent of different lengths as an organic shell and a mixture of octahedral
silsesquioxane (OSS) with cage and oepkain structures as an inorganic cae
synthesized in course of collaboration witto Valery Shevchenko (Macromolecular
Chemistry, Ukraine National Academy of Sciencé®)e initial compoundOSS with
hydroxyl andtertiary amino groups (OSSN+OHyas synthesized according @&owell
established methodby hydrolytic condensation of the quuct of interaction of -3
aminopropyl! triethoxysilane with excess of glycid®'8® OSS(N+OH) was reacted with
1-bromopropane or-bromodecane by quaternization of tertiary amine groups, resulting in
the synthesis oftar oligomeric ionic liquids wittthe OSS core (OS®ILs) containing
alkyl substitutes with variable lengths (OSEN(Br) or OSS(GoN'Br’), respectively.)
(Figure 3.2)
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Figure 3.2. Scheme for the synthesis of star oligomeric ionic liquid with inorganic

cores.

3.1.3 Preparation of Cellulose Nanocrystal Suspension

Cellulose nanocrystals (CNCs) were prepared using the common sulfuric acid hydrolysis
method!®"188 Firstly, precleaned andiried wood pulp was hydrolyzed by treating with
64% wi/w sulfuric acid at 48C under vigorous stirring for 60 min. The hydrolysis was
guenched by diluting the solution 10 ti mes
UV-R, EMD Millipore). The solutiorwas allowed to settle overnight, during which the
hydrolyzed wood pulp separated from water. The water was discarded, and the cloudy
sediment was collected and centrifuged at 6,000 rp&rfon twice to remove excess acid.

The aqueous phase (superndtaras discarded, and the hydrolyzed wood pulp (sediment)
was collected and dialyzed against deionized water using regenerated cellulose dialysis
tubing (12 000i 14 000 MWCO, Thermal Scientifia)ntil the pH value of the water
became constanffter dialyss, the solution was centrifuged at,Q00 rpm for20 min

twice in order to obtain CNC dispersion with a narrow size distributiime supernatant
wascooled down to 13.8C and therexposed to sonication fdt5min using on/off pulse
regime (5s/5s) and0% amplitude (@00 modelwith 1.2 cmdiameter probe, Qsonica).

CNC aqueous suspensiaras concentrated to a described concentrdijorvaporating
waterat 32.5°C.

3.2 Film Deposition
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3.2.1 Substrate Preparation

For film deposition on a silicorsubstrate, highly polished [100] silicon substrates

(University Wafer) were cleaned with Piranha solution (2:1 concentrated sulfuric acid to
hydrogen peroxide mixture, caution: strong oxidizer!) according to the common
proceduré! The substrates were thoroughly rinsed with ultrapure water and then dried

with dry nitrogen before film deposition.
3.2.2 Drop casting andpincasting

Drop-casting and spheasing were used to produce films of PEs and PILs under static and
shear conditions, respectively. Drogst films of the hyperbranched polyelectrolytes were
prepared by placing a drop of hyperbranched PE aqueous solutions, followed by drying at
ambient condion. Spircast film of the hyperbranched PEs and star OILs were also

prepared using a sptoater (Laurell Technologies) at desired spin speeds and time.
3.2.3 Langmuir Monolayers andangmuirBlodgett Deposition

The pressurarea (Langmuir) isotherms and monolayer films of the hyperbranched PEs
were obtained below and above LCST temperature using a KSV 2000 minithrough
equipped with water temperature conttdlirapure water was used as the subphdse

PE solutons were prepared at a concentration of 0.2 mg/mL in chloroform and spread
uniformly onto the water surface in a dropwise mant@r experimentselevated
temperature, water subphase in the through was heated to a target temperature before
spreading the P solutions.Langmuir monolayer at the awater interface was left
undisturbed for 30 min to allow for equilibration and solvent evaporation. Aftertveed,
Langmuir isotherms were recorded under compressti@rate of 5 mm/min to the target
pressureCo mpr essi onidecompression isotherms wer
monolayers to the maximum pressure and then expanding to maximum trough area.
Monolayer films of the hyperbranched PEs were prepared by Langtudgett (LB)
deposition (Figure 3)3The LB monolayers were transferred onto thegeaned silicon

substrates via vertical dipping at a rate of 1 mm#Ahin.
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3.3 Characterization
3.3.1 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy AR

ATR-FTIR was conducted to monitor thehemical compositionf the PEs and PILs and
molecular interactions in composite materials using a Bruker Vertex 70 system with
resolution of4 cnt! and the number of scans of 100. For each sample, 200 background
scans on a silicon ATR crystal without sample were collectéardsample deposition

Samples for FTIR were prepared as pellets mixed with KBr.
3.3.2 ProtonNuclearMagneticResonanceld NMR)

H NMRspectra were recorded with a Varian VB0 MHz spectrometer using DMSO
ds (Cambridge Isotope Laboratories, Inc.) as a solvent to investigate the chemical

composition of the synthesized PEs and PILs.
3.3.3 LCST temperature measurements

LCST behavior of the thermally responsive hyperbranched PEs was investigated by
observing transmittance at 500 nm with heating/cooling rate of 0.5 °C/min (Chiplssan
Applied Photophysics) in temperature range 6bR3C.
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3.3.4 Dynamic Light Scattering (DD)5Zetapotential Measurements

DLS/Zetapotential measurementgere conducted with Zetasizer Nano ZS (Malvevitih
NonInvasive BackScatter (NIBS) technology (HeNe gas laser operating at a wavelength
of 633 nm, scattering angle is 1783)study the assebly behavior of the PEs and PILs in
agueous mediand determin¢he size andurfacecharge ofthe PE and PIL assemblies
Each value of the size and zgtatential was obtained at ambient conditions by averaging

three independent measurements of 35rank each.
3.3.5 Atomic Force Microscopy (AFM)

AFM imaging was carried out to observe the surface morphology of saomitegan
ICON Dimension microscopéBruken in tapping modeAFM probes purchased from
Mikro-ma s ¢ h, -Q1%CrAuRadd HQ:XSC11/AL BS) were used with a desired
spring constant depending on gigfness of samplesThe scanning rataries in the range

of 0.11 1.0 Hz, based on scan siz&he resolutionof AFM imageswas either 512x512
pixels or 1024x1024 pixelsAll AFM images were processed and analyzed using

Nanoscope Analysis software (Bruker).
3.3.6 Quantitative Nanomechanical Mapping (QNM)

Quantitative Nanomechars (QNM)) was conducted with the ICON AFM (Bruker) to map

and investigate the nanomechanical properties of samples. For QNM mode, AFM probes
(Mikro-masch, HQ:XSC11/AL BS) were used with a tip radius of ~8 nm. Prior to each
new sample measurement, tip @erization was performed. Deflection sensitivity was
determined from forcéistance curves (FDCs) on a sapphire crystal and the spring constant
was calculated using the thermal calibration method. These measurements provide
simultaneous contrast vaii@a for regions with difference in stiffness and adhesion. For

the quantitative mechanical measurements, FDCs were collected from the selected regions
and analyzed using a micromechanical analysis software or Nanoscope Analysis software
(Bruker).

3.3.7 Scanningelectron Microscopy (SEM)
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SEM imaging of samples was performed on a Hitachi 8230 field emissionvBtNa
resolution of 1 nm Prior to imaging, samples were dried and spuibeted with

gold/platinum.
3.3.8 Ellipsometry

The effective thickness dfie hyperbranched PBonolayers was determined using an M
2000U spectroscopic ellipsometer with WVASE32 analysis software at three incident
angles of 65°, 70°, and 75°. At leasireeseparate locations on the sample were medsur

to determine the average thickness.
3.3.9 Thermogravimetric Analysis (TGAhd Dynamic Scanning Calorimetry (DSC)

TGA was performed on TGAQ50 (TA Instruments) for CNC/PIL ionagBISC was
conducted on STARe system DSC 3 (Mettler Toledo) for the PEs, PLEHC/PIL
ionogels. All samples were dried under vacuum &C7for 24 hours before TGA and DSC
measurements. For TGA;1® mg of dried samples were used and heated from room
temperature to 60000 °C at heating rate of 18C/min under nitrogen gas (40 80
mL/min). For DSC, 610 mg of dried samples were placed and sealed into a standard
Mettler aluminium crucible. DSC measurements were conducted with the temperature
range under nitrogen gas (80 mL/min). The heating/cooling cycle was repeated three times
at the heating/cooling rate of 2&/min. While the first heating/cooling run erased the
previous themal history of the samples, the second heating curves were used for
determining the glass transition temperature, melting temperature and cold crystallization

temperaturé®®
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CHAPTER 4. TRANSFORMATIONS OF THERMO -SENSITIVE
HYPERBRANCHED POLY ELECTROLYTE MONOLAYERS

4.1 Introduction

The assembly of functional polynseprovides exciting possibilities for the design and
development of materialsvith novel morphologies and propertiésr a variety of
applications, such as biomedical, sensing, energy storage and electrochemical
applicationst®%191192 |n this regard polyelectrolytes(PEs)are promising as they can
exhibit hierarchical assembly, forming various organized morphologies, such as micelles,
vesicles, and cubosom&g82° PEsare polymers composed of ionizable groups in their
backbone or side chainghich can dissociate into charged polymer chains and small
counterions in polar solvents® Thepresence of ionizablgroups can diversify intrand
intermolecular interactionsf PEs providing multidimensional driving forces for the
assembly of moleculesCompared to conventional neutral polymers, PEs show different
phase behavior due to dramatsymmetry in charge, mass and size between the
polyelectrolyte backbone and the counterionspos and solvent molecules. For example,
PEs have a higher osmotic pressure and more extended chain conformations in“Solution.

Various star and branched polymer architectures have been intromu&&s®* The
presence of multiple terminal groups can provide pathways to control the assembly of
polymers in solutionsat surfaces and interfaces as well as their stinegjponsive
behaviorl® 1% The assembly of hyperbrancheEP(HBPES) can be controlled by
changing the type of terminal ionic grod{s and the ratio of terminal
hydrophilic/hydrophobic segment¥. In addition, various morphologies can be achieved
by introducing terminal stimuliesponsive segments which respond to external stimuli,
such as temperature, pH and ligfk:199:200,201,202,203 pg|y(N-isopropylacrylamide)
(PNIPAM) blocks with low critical slition temperature (LCST) behavior have been
explored for this purpose as PNIPAM gf&ft®32%4and macrocation¥. For example,
bottlebrush copolymers composed RiEs with grafted PNIPAM fomed disassociated
nanoscale discoidal assemblies below LCST, while thicker circular discs above?¥CST.

For the HBHEs containing PNIPAM macrocatioymicellar assemblieswere formedwith
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diverse morphologies depending on temperaturBemperaturénduced transition in
mechanical properties has been also observed for the polymer surface grafted with
PNIPAM brushes.The collapse of PNIPAM chains above LCST causes the increase in
adhesion amh elastic modulus as a result of the combination of dehydration and chain
entanglement?®20>.206.207 \oreover, the incorporation of asymmetric comipos of
functional terminal groups can produce interesting morphologies by shifting the phase
boundarigs?08: 209,210, 211,212 For example, hyperbranched polyethers possessing
homogenous peripheral chemical composition did notssgHinize into ordered structures,
while hyperbranched polyethers partially terminated with benzoyl groups formed
macroscopic aggregaté's. However,to date, the majority of HBPstudies focused on

the synthesis and morphologies of HEP composed of symmetric chemical
compositiof®104214 with less attention paid to the assembly of HBRit interface$’’ It

has been shown that amphiphilic branched polymers at theater interface exhibit
interesting morphological transition upon lateral compresSiit? 216:217.218.219 pqor
example, poly(styrend)lock-poly(acrylic acid) (PS-PAA) dendrimeflike copolymers
under we n tto-borpuasnhcoa kter an s i t i 8% Peculimdredo-glabdemp rr e s s

and pancakgo-island transitions were also observed from brush block copolyii¥ét.

Here, we report the synthesis and assembly of novel therspmnsive amphiphilic
hyperbranched poéfectrolytes with asymmetric peripheral chemical composition. These
HBPEs are composed of hydrophobic polyester cores with 24 hydrophaobic n
octadecylurethane groups and 8 hydrophilic PNIPAM macrocations as peripheral
components with.CST transition (Figurd.la). Their assembly at the aivater interface

is investigated at different temperatures and surface presstlmtesmorphology and
mechanical property distribution of their monolayer films at thaalid interfaces are also
exanine in dry and wet conditions. These amphiphiiBPEs showed domain and
coalescent morphology due to the persistence of their shape afforded by the asymmetric
composition with branched architecture. Thermally triggered phase reorganization
resulted inalternating heterogeneous surface mechanical and adhesion distribution due to

the transformation of the beneath PNIPAM phase.
4.2 Experimental Section
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4.2.1 Materials

Poly(N-isopropylacrylamide) amine terminated (PNIPAM;#2500 g/mol) was obtained
from Aldrich ard used as received. Hyperbranched aliphatic oligoether polyol Boltorn
H30 (Perstorp, Sweden) with weight average molecular weigh) @l 3500 g/mol
(comprising 32 terminal OH groups in outer shell) was purified by precipitation of
dimethylformamide (DMF)solution in diethyl ether followed by vacuum drying at 25
30°C for 6 h (an equivalent Mmeasured by hydroxyl groups via acetylation technique is
equal to 117 gram/equivalertf. Phthalic anhydride was purified by sublimation. DMF,
ethanol, diethyl etér, acetone, acetonitrile, were dried and distilled before use. The
ultrapure water used in all experiments was prepared in agstage Millipore MillFQ

Plus 185 purification system (resistiviy1 8 . 2 Mq L ¢ m) (see mor e

Information).
4.2.2 Langmuir Monolayers and Deposition

The pr e s(sangmaiiisotheenss at the awater interface and Langmuitiodgett
(LB) deposition onto a silicon substrate wetegainedoelow and above LCST (28 and
37 °C) (as described earlierThe monolayerfilms of the HBPE were prepared via LB
depositionat different pressures (0.3, 20, and 49 mN/m).

4.2.3 Characterization

Fourier transform infrared (FTIR3pectra in 20@500cm? range and Proton nuclear
magnetic resonancéH NMR) spectra of synthesized HBR were collecteds described

earlier.

The surface morphology of HEPmonolayers was investigated with an atomic force
mi croscope (AFM) in t he toitHe usgahprooedurdd iighi n g
resolution AFM probes (Mikida s ¢ h, -CH5/GrARue were used with a spring
constant of 40 N/m. The scanning rate was kegtime r ange of 0. 21
resolution was either 512 512 pixels or 102K 1024 pixels. The effective thickness of
HBPE monolayers was determined usthg ellipsomete(asmentioned earliein Chapter
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3). AFM scratch test was also conducted to measure the monolayer thickness. The
monolayer samples were scratched with a sharp needler tA#tescratched area was
scanned over 10 X 1{0m? area, the thickness of the HBPhonolayers was obtained by
subtracting the average height of the bare silicon region from the average height of the
region where HBEs were deposited using a height histogram distribution with NanoScope

Analysis v1.4 software (Bruker, USA).

Forcet appi ng mode (Brukerdés Quantitative Nan
map the nanomechanical properties of lHBRonolayersas describedarlier The HBFE

monolayers were scanned in QNM mode at scan rate of 0.5 Hz using the resolution of 512

X 512 pixels. QNM measurements were conducted in air as well as in water below and
above LCST. For the measurements above LCST, the samples wex @haa Peltier
heating/cooling stage. Water was injected into the system by taking advantage of capillary
forces between the AFM tip and sample. After adding water, the samples were allowed to
equilibrate for 2 h. Water temperature was monitored todiatained above LCST. For

the quantitative mechanical measurements, FDCs were collected from the selected regions
with a ramp size of 200 nm and analyzed using a micromechanical analysis software (see

Supporting Information??
4.3 Results and Discussion
4.3.1 Synthesis of Hyperbranched Polyelectrolytes

We synthesized amphiphilic HBPEs consisting2df hydrophobic roctadecylurethane
groups and 8 hydrophilic carboxylate anions and PNIPAM macrocatienzeripheral
components (abbreviated as HBBROCt8[COOJPNIPAM]*) (Figure 4.1)%
Boltorn® H30 of 3rd generation (HBPH) containing 32 terminal primary hydroxyl
groups was used as an initial compound. Tidrophobicity of the hyperbranched
oligoester core was enhanced by the incorporation of hydrophobic octadecyl urethane
fragments(Figure 4.1). The change in the ratio of the hydrophobic octadecyl urethane
fragments to hydrophilic PNIPAM macrocations alkcontrol over the hydrophilic
hydrophobic balance
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The synthesis of HBR40Oct8[COOJPNIPAM]* was based on the partial blocking of the
terminal hydroxyl groups of the initial HB®H with n-octadecylisocyanate (OH : NCO =

4 : 3) followed by acylation of the residual hydroxyl groups of the reaction product with
phthalic anhydride (OH: (CQD = 1 :1 ) and neutralization of carboxyl groups by a
primary amino groups of the PNIPAM (Figurd.$).
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Figure 4.1. Amphiphilic HBPE with 24 hydrophobic -actadecylurethane arms
hydrophilic 8 poly(Nisopropylacrylamide) amine terminated macrocations (a). Red
indicates thepolyester core. Representative FTIR spectra of oligomeric hyperbre
polycarboxylic acid, HBFB2COOH and HBPE, HBR4OCct8[COO]JPNIPAM]" (b). H
NMR spectrum of HBR24Oct8[COOJPNIPAM] (c).

The chemical structure of the synthesi#8IPE compoundvas confirmed by FIR and

H NMR spectroscopies (Figurelb,c). The FFIR spectrum of the HBP compaind
contains absorption baldao&H (2874, 2922, 20M2ach),i ¢ f r a
3 -KCof CHs (10871312 cmt) , -Hiof @hand ©HOAGH; (¥60cm) , & sy C
H of CHs (1367, 1387 cm)) of hyperbranched core, octadecyl urethfragments and

PNI PAM macr ocat tOCn sb,0 ntbdasn dosf oefst3erC f r-ldgment s
of CH; (10061312cm') , bands of 3 C=0 bonds of- ester
1735cm') , bands of the characteri stilatleddni de g
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cmtand -HiamiMe Il at 1543 ci) , bands of aHat®Haer), ri ngs
ammonium cations, ami ddeat34303V00cm)eRiguradalle). gr ou p
The characteristic peaks of HERAOct8[COOJPNIPAM]* and its distinctivdéeature from

the initial oligomeric acid are signals from the carbonyl groups of PNIPAM (Amide | and

Amide 1I) and a significant increase in the intensity of the alkyl signals 3860 cm')
(Figure4.1b).

H NMR spectrum of théiBPE compoundshowssigrals of methyl (0.76L.14 ppm) and
methylene (1.24, 1.46, 2.2630 ppm) groups of hyperbranched core, PNIPAM fragments
and octadecyl tails, signals of protons from tertiary carbon atoms of PNIPAM fragments
(1.99, 3.85 ppm), urethane groups (4.80 ppm) ¢hderyl tails, aromatic rings, amide
groups (7.837.90 ppm) and ammonium cations (8.77 ppm) (FigLte). The chemical
structure ofthe HBPE is confirmed by positions of characteristic peaks and ratios of

integral areas of these signals (See Figuteand SI).

The degree of branching (DB) of the initial HEM which is a ratio of sum of branched
units and those containing terminal groups to sum of all units including linear ones was
determined based on th% NMR spectra as described by our previousg: (see Sl).

The obtained DB values are-38% (Mean value is 38.7%, Tabidel), corresponding to

the literature data for DB of the HBPH Boltorn H40 (3643%)2*which has a similar
chemical structure but with a different number of terminal hydroxyligs (64 hydroxyl
groups). The DB values are valid for bo#m intermediate productpligomeric
hyperbranched polycarboxylic adidBP-240ct8 COOH seeSl) anda final HBPE, HBP-
240ct8[COOJPNIPAM]* since these compounds were obtainediicessive polymer
analogous transformations of the initial cores without changing the total number of
terminal functional groups (see Sl). The molecular weight (MW) for the BEHBRS
determined as 32,857 g/mol based on the MW of oligomeric hyperbranalyednoxylic

acid (from acidbase titration technique) and MWf terminal groupsof PNIPAM and

constitutes (Tabld.1). This value is close to the theoretical valugZ33 g/mol).
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Table4l.MW and DB HBfDMHe sRB®ct 8COOH240dt BBEROO]
[ PNI PAM]

MW g/mol
Sample Mean DB %
Calculated Found
HBP-OH 3564 3744
HBP-240ct8COOH 13204 12857
38.7
HBP-240ct8[COO]
33204 32857
[PNIPAM]*

4.3.2 Langmuir Monolayers

The HBP-240ct8[COOJPNIPAM]" compounds formed stable Langmuir monolayers
transferable to solid surfaces due to their sealanced hydrophilityydrophobic character.
They have hydrophobic segments (core and octadecyl arms) sufficiently enough to
overcome thehydrophilicity of PNIPAM segments antthus irreversible dissolution in
water subphasé® At the same time, their PNIPAM macrocations are sufficiently
hydrophilic to prevent the desorption and aggregation of E$Bdh top of water surface.

To investigatehe thermally responsive behavior of Langmuir monolayers, the pressure
area isotherms were recorded below and above LCST (& 28d 37°C) (Figure 42a,b

and Table £).

First of all, b determine the LCST of HBPES, the transmittance of H&Eous solution

(0.5 mg/nL) was measured at different temperatures in range-6026 (Figure 31.3).

The transmittance slightly and gradually decreased to 15% from the initial transmittance at
around 3%C and dramatically dropped from 35 to ®8 which corresponds to tHeCST

range (see SP%227 LCST can be defined as the temperature where the transmittance
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decreases to 10% from the initial transmittawben asharp LCST transition occufg®?2®
According to this definition with a slight modification, we defined LCST as the
temperature where the transmittance decreases to 10% from the transmittance at the onset
transition temperature (34.9+0.1°C) instead of from the initial transmittance. W@ST
defined at 35.8+0.1°C. Therefore, we chos€Qznd 37°C as below and above LCST,
respectively. We also observed that the contact angle of water on tHe rA@®layer

films deposited in a liquid phase increased from 58°to 85° with increasing sudiphase
temperature fron23 °C to 37°C (Figure S.4). This result supports our choice3¥ °C

as above LCST, confirming that HBB underwent temperatuneduced phase transition

with PNIPAMs being less hydrophilic 87 °C.

Table 4.2. The dimensions fothe HBPE domains and the surface area per molecule at

different surface pressures and temperatures.

Temperature () 23 37
Surface area per molecule i
o 56.4 81.2
liquid phase, A(nn¥)
Surface area per molecule if
) 10.3 9.6
solid phase, A(nnP)
Surface Pressure (mN/m) 20 49 20 49
Domain Shape Disk Ridge Disk Ridge Island
Domain height (nm) 2.1+0.5 1.1+0.2 2.1+0.5 1.3+0.3 4.3+0.6
Domain diameter/width (nm) 86.1+44.2 8.6x£1.0 90.0+19.0 10.5+1.1 58.1+31.3
Domain surface coverage (% 39.6+£5.2 11.3+2.2 40.6+0.7 6.6+1.1 49+1.8
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The pressurarea isotherms for both temperatures showed a steady increase in surface
pressure upon compression, indicating the formation of stable Langmuir monétayers.
The isotherms were shifted toward larger surface area abo8@& dGe to the increased
hydrophobicity arising from LCST transition of PNIPAMs, which indicates the enhanced
stability of monolayer$?® The surfaceressure started to rise below 80%at23 °C and
below100 nntat37°C (Figure 42). For the isotherm at 28, a significant pseudoplateau
region appeared for the surface area below 3%) wile the isotherm recorded af 3

showed a relatively small pseudoplateau region for the surface area below. 20/han

the surface area was below h@v?, the surface pressure abruptly increased for both
temperatures, indicating the formation of the solid monolayers. For the isoth&riCa

a small shoulder appeared when the surface area reachéd 8 nm
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Figure 4.2. Langmuir isotherms of HBPEs (left) at 23 °@) @nd 37 °C ). The soli
and dashed lines are collected during compression and expansion, respective
height imagegright) of HBPE monolayers deposited at 0.3 mNax)( 20 mN/m &)
and 49 mN/md,h) at 23 °C €,e,g) and 37 °C {,f,h). Z scale is 11 nm for (c,d) and 7
for (e-h).
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The surface area occupied per molecules in liquid and solid phasasdAd, were
calculated by extrapolating the steepest segment of the linear portion of the liquid and solid
phags down to the zero surface pressure, respectively (FigufeaBd Table £) 81230

The value of Ais much larger at 37C, indicating that théiBPE molecules above LCST
occupy a larger surface area since the hydrophobized PNIPAM segments are desorbed
from water subphase to the -aater interface and act as barriers which limit compact
packaging between the molecuté&®3+232233234 The value of Awasaround 10 nrfifor

both temperatures (Figurd 8 and Table 2). The theoretical area occupied per molecule

in a solid phase can be calculated by considering 02asnthe known surface area
occupied per alkyl tail in a densely packed pifa$elhe total projected surface area per
molecule occupied by 24 hydrophobic alkyl chains is theoretically estimated torbe’4.8
suggesting that not only hydrophobic octadecyl tails but also hyperbranched core govern

thelimiting surface molecular area of HBPE monolayers in a solid phase.

The sharp drop in surface pressure upon expansion indicates that the reconstruction of the
condensed monolayer to the initial state is rather kinetically hindered at decompression
(Figure 42).235236.237 Then, the second compression results in the shift of Langmuir
isotherms toward lower surface due to the presence of the nuclei after first expansion as

well as the formation of continuous domains during second compression (FigGre S
7)_225,238

4.3.3 Monolayer Morphology

AFM images show a featureless, uniform morphology in a gas phase;defiedd disk

like domains in a liquigphase, and eventually, a network of riddge morphology in a

solid phase (Figures.Zc-g and 9.8-10). First of allthe disklike domains observed at

the surface pressure of 20 mN/m have the similar average diameters (8644 nm and 9019
nm at 23°C and 37 °C, respectively) and height of 2.1+0.5 nm for both temperatures
(Figure 43-4, Table 42). The size distribution of the didlkke domains is broader below

LCST than above LCST. Below LCST, about 16% of the -tkiek domains have a
diameter larger #n 150 nm, while very few (less than 1%) of the domains have a diameter
larger than 150 nm above LCST (Figuré)4 It should be noted that the diske domains
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exhibit a contrast between the outer region of about 10 nm and center arealiidedisk
domans in AFM phase images (Figuré4,b), having a concave shape with elevated rims,

observed from height profiles of AFM images as well as thieeensional images (Figures
4.3a,band 46a,b).
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Figure 4.3. High resolution AFM images and height profiles of HBPE monolaye
different surface pressures; 20 mN/m (a,b), 49 mN/m énd)at different temperatur
23 °C (a,c) and 37 °C (b,d). Z scale are 3 nm (c) and 6 rnu)a,
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Furthercompression induces a morphological transition where thelidiskstructures are
transformed into the network of ridges for both temperatures (Figdcg 4The average
height of the elevated ridges is 1.1+0.2 nm and 1.3+0.3 nnf@t&& 37°C, respetvely

(see profiles in Figure.d and Table £2). Larger islands with height of 4.3+0.6 nm
connected by the network of rid¢jke domains are observed only3t °C (Figure 43d).

AFM phase and thredimensional height images also show the morphological transition

induced by temperature and surfacessure (Figures36).

Figure 4.5. High resolution AFM phase images of HBPE monolayediftgrent surfac
pressures; 20 mN/m (a,b), 49 mN/m (caad at different temperatures; 23 °C (a,c)
37 °C (b,d). Z scale is°8or all images.

At the first glance, the Langmuir isotherms and monolayer morphology resemble those
commonly observed for linear amphiphilic block copolynfé?$° As known - Opanc
tobrusho -obrasaldGpetr ansi t iralordonit eanphgphilig blaclc e f or
copolymers, respectively, upon compression at thevaier interface as the hydrophilic

blocks desorbed from the water surface and submerged into the sublpffase-242243 |n

this case, thelomain height should largely increase as surface pressueases’3?+
However,the height of the ridgéke domains formed by HBES is close to 1 nm, which

is lower than that of the didike domains atower pressure (Tablé.2). Therefore, the
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interfacial behavior of HBBs upon compression cannot be explained by the common

pancakebrush transition.

6.0nm

" 00nm

00nm

Figure 4.6. Threedimensional AFM images of HBPE monolayers at different su
pressures; 20 mN/m (a,bhd 49 mN/m (c,d) and at different temperatures’@@,c) an
37°C (b,d).

4.3.4 Monolayer Formation

Considering that AFM monitors only the surface morphology, we also analyzed the data
on heights and effective thickness of theonolayers under different conditions as
measured by ellipsometry and AFM scratch test (Figute /s we observe, the effective
thickness of the monolayers in a liquid phase isl166nm below and above LCST. In a
solid phase, the average effectiveckiness increases to 2343 nm at 3 °C and 4.14.4

nm at 37°C. The larger effective thickness above LCST is associated with the presence of

the islands with height over 4 nm.

The effective thickness of the monolayerstefecive IS calculated as
Adoman (tdomairtttunde) +Aunde(tunder), Where Adomain @nd Aunder are the area coverage of the
domains and underlying layer, respectively, in percentAggditAunder = 1009%0),tdomain

is the height of the domains, atgheris the thickness of the underlyisgblayer?*®> From
this equation, the thickness of the underlying layer was calculated to-Be8é for the

monolayers in a liquid phase both below and above LCST.
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Therefore, a model for the monolayer organization in liquid and solid states that fulfills

these morphological observations is suggested in Figure 8. In this model, Ke®ly L

the disklike domains are formed in a liquid phase since hydrophobic segments &sHBP

tend to combine across the-aiater interface to avoid unfavorable interaction with water,

while the hydrophilic carboxylate terminal groups are anchored antéréace, ionically

linked with  PNIPAM macrocations that submerge in the water subphase.

The

hydrophobiehydrophobic interactions of terminal alkyl chains of HBHacilitate large

disk-like domain formation.
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Figure 4.7. Effective thickness (a,c) and underlying layer thickness (b,dHBPE

monolayer filmsmeasured by ellipsometry (a,b) and AFM scratch test (c,d).

It is alsoworth mentioningthat the height fodisk-like domains is around 2 nm, and this

value is slightly larger than the height of the hyperbranched core being flattened to a

pancake shape (B9 nmy* and smaller than the estimated length of fully extended

octadecyl chain (2.4 nm, see Figuré.8).

Therefore, we suggest that the dikle

domains are formed by the molecules with flattened hyperbranched core and randomly

oriented alkyl tails. Regarding thin underlying daper, we suggest that it is formed by

hydrophilic PNIPAM macrocationsyhich spread between hydrophobic segments and

hydrophilic silicon oxide surface (Figu#e).
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Assembly at air-water interface Transfer to solid surface
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Figure 4.8. Models of HBPE monolayer at the -auater interface at 2% (top) and at 3
°C (bottom) atdifferent surface pressures (20 and 49 mN/m) (left) and molecular p

of monolayers at solid substrate (right). Dashed line shows thelik#ggg@omains forme

by the molecules with alkyl tails in an-ught orientation.

The formation of the ridgike network morphology in the solid state can be attributed by
the high stability of diskike domains under compression caused by branched architecture
and asymmetric chemical composition of HBRFigure 4.3 and4.6). We suggest that

the branched architecture and asymmetry in chemical composition oEsiBRor the
formation of the diskike domains that have a concave shape with elevated rims, making
the pancak#o-brush or carpeto-brush transition less likely to occur and allowing the
disk-like domains to preserve their shape under high lateral compression. Meanwhile, the
steric and electrostatic repulsions induced by the PNIPAM macrocations may not be strong
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enough to convert their structure from flat casllet to brushlike structue even at high
surface pressure; thus, initial diske domains are preserved in the merged structures with

interdomain boundaries formed by peripheral rims at the original contact lines (Fgjure

Moreover, the thickness of the underlying layer sohd phase is close to the sum of the
initial height of disklike domains (2.1 nm) and the thickness of the underlying PNIPAM
layer in a liquid phase (0-:6.8 nm) (Figure #). This result suggests that the underlying
layer of the monolayers in a solghase is formed by the integration of the dikk
domains, and the ridgi&e network is produced as the alkyl tails of HBRolecules are
vertically oriented when trapped and compressed at the interdomain boundaries. This is
further supported by therige contact angle of water overH@&igure $1.4), indicating that
hydrophobic components constitute the surface of the monolayers. Indeed, our previous
study found that alkyl tails of hyperbranched polyesters can be vertically oriented at high
surface pessure, forming aggregate domains with height ¢dB6hm above the beneath

sublayer??®

Increasing temperature above LCST does not change thdl ®heae and dimension of

the domains but affects their size distribution in a liquid phase (Figuset).4 Above
LCST, the diskike domains have diameters mostly within 120 nm, showing more uniform
size distribution, compared to below LCST. This canelsplained by the effect of the
collapsed PNIPAM macrocations on limiting the domain combination. Above LCST,
PNIPAM macrocations collapse and become partially hydrophobic, thus promoting
PNIPAM desorption from water subphase and anchoring at tiveaser interface. This
anchoring results in the formation of a thicker outer region ofldiskdomains and causes
increased steric repulsion between HBMolecules, preventing full merge of the initial

domains (Figure 5).
4.3.5 Nanomechanical Mapping

QNM surface mapping was further performed to reveal the surface properties (apparent
elastic modulus and adhesion distribution) below and above LCST (§&48t@nd 4.12).
For both temperatures, under dry conditions, the-likekdomains possessightly higher

elastic modulus and adhesion compared to the interdomain region (Figaye Burther
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analysis of forcalistance curves (FDC) was performed to obtpantitativevalues of

elastic modulus and adhesion (Figaigd.14-15). The FDC analysishows the similarity

of the average elastic modulus of-3.5 GPa within experimental deviation (Figur&Gh).

These values are characteristics of ordered alkyl chain surfaces, in rargeETat*5247

This observation suggests that the topmostasarfof the HBE monolayer might be
covered by terminal octadecyl tails, which supports the proposed model (Figurdmt
addition, the adhesive forces for the domains and interdomain region are similar within
experimental deviation with a modest tempar@ dependence (Figurel@b). The
uniformity of surface adhesion distribution also supports our model that the topmost
surface does not consist of dissimilar components, and hydrophobic components are

located at the surface witleneath hydrophilic sublayer.
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Figure 4.9. Elastic modulus (a,b) and adhesion (c,d) distributioABPE monolayers
surface pressure 20 mN/and a233 (a,c) and 33 (b,d). Z scale is 250 MPa and 5

for the modulus and adhesion images, respectively.

QNM mapping and FDC analysis were also conducted forEHBBnolayers deposited in
a solid phase (Figusés4.13 and 8.16-18). QNM mappindor those deposited at 268
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shows that the ridgkke domains have a higher elastic modudns! lower adhesiothan

the interdomain region, supporting the suggestion that the-likkgaetwork is formed by
vertically oriented alkyl chains (Figuret33a,c). The vertically oriented alkyl chains are
more likely crystallized and thus expected to have higher elasitulus and lower
adhesion compared to randomly oriented alkyl ch#ftf$® On the other hat) the FDC
analysisshows that the ridges and interdomain region have similar average values of elastic
modulus (around 2.5 GPa) and adhesion (around 4 nN) éBut8). This similarity

further supports that the monolayers have the topmost layer composed of hydrophobic and

stiff octadecyl tails with the underlying stdyer formed by hydrophilic terminal arms.
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a dry state.

For the monolayers deposited at €7, the elastic modulus distribution does not show a
sigrificant contrast between domains and interdomain region, but adhesion mapping shows
a remarkable difference between domains and -oderain region with much lower
adhesion within the island domains (Figukel3b,d). This observation suggests that the
suface components for the islands are dissimilar from those for ridges and interdomain
region, supporting the proposed model that the islands are formed by the integration of
hydrophobized PNIPAM arms. The FDC analysis also shows the similarity in elastic
modulus and adhesion between the ridges and interdomain region. Notably, island
domains possess a lower elastic modulus of 0.4 GPa suggesting that the island
domains are formed by PNIPAM macrocations, which are much softer thasthie
composition 6 the HBPEs,hyperbranched core and octadecyl t4ifg4%250.251.252 ¢

should be noted that all measurements discussed above were conducted in an ambient air,
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which is a bad solvent for all comgtions of the HBPEs and for all temperatures.
Therefore, with all molecular components collapsing in air, the topmost surface of the

monolayers can show a relative uniformity of elastic properties irrespective of constituents.

In contrast to dry conditions, a clear heterogeneity of mechanical properties was observed
by QNM measurements in water below and above LCST (Figur®).4 Firstly, the
individual domains show a lower elastic modulus than the interdomain region below LCST
(Figure 411a), which is also confirmed by the FDC analysis (Figuta). The surface
adhesion distribution displays that the individual domains possess a higher adinasion

the interdomain region (Figureld.c), and the average adhesive force for the domains is
four-fold higher than that for the interdomain region (1.1 nN and 0.3 nN, respectively)

according to the FDC analysis (FiguréZa).

Figure 4.11. Elastic maulus (a,b) and adhesion (c,d) distributiorHBPE monolayel
depositedat surface pressure 20 mN/m at different temperatu#8s: (a,c) and 3%
(b,d). The images were collectedwater at temperatureelow (a,c) and above LC:

(b,d)3Z scale is 250 MPa and 5 nN for the modulus and adhesion images, respec
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Figure 4.12. Elastic modulus (a) and adhesion (b) of the domain and spreading ¢
HBPE monolayers asurface pressure 20 mN/mAll measurements were performec
water below and above PNIPAM LCST temperasure

These results suggest that the topmost surface of the domains is composed of softer and
more hydrophilic components than the interdomain redign. In addition, such
hetergeneity of mechanical response is in stark contrast to that under dry conditions,
indicating that the molecular reorganization occurs in water below LCST with PNIPAM
chains saturating the watdomain interface. When exposed to water, hydrophilic and soft
segments, such as terminal ionic groups and PNIPAM macrocations, beneath hydrophobic
and stiff components of the dried films swell and emerge to the surface, while the
hydrophobic segments collapse in water, which is a bad solvent for these terminal

grous .254,255

Above LCST, the modulus distribution changed to rather uniform across all domains and
interdomain region (Figuré.11b). The FDC analysis also shows the reduced difference
in the average elastic modulus between the domains and interdomain rélgeoaverage
elastic modulus for the domains increases from 250 MPa below LCST to 470 MPa above
LCST, while for the interdomain region, the average values of elastic modulus are about
700 MPa for both temperatures. In addition, the adhesion distribstiows a higher
adhesion for the interdomain region, which is in contrast to that observed below LCST
(Figure4.11d). However, the FDC analysis shows that the adhesive forces for the domains
and interdomain region are similar above LCST (0.9 nN and 1, tasidectively) (Figure
4.12b). These changes in mechanical contrast distribution suggest additional
reorganization of HBPE molecules due to the hydrophyidrophobic transformation of

PNIPAM chains. PNIPAM fragments are transited from swollen to csdidpstate
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preferably in the domains with their subsequent aggregation accompanied by orientation
of hydrophilic ionic ammonium and carboxylate groups on the surface of the aggregates
formed. This reorganization might enable the hyperbranched core tqbseexto the
surface, leading to the increased elastic modulus above LCST, and the ionic groups
oriented onto the surface could predominate the adhesive forces across the entire area of

the monolayers.

It should be also added that the increaselastic modulus of PNIPAM fragments above
LCST can contribute to the increased elastic modulus due to water repulsion from collapsed
shells. It has been reported that the elastic modulus of PNIPAM films increases by two
orders of magnitude from around-100 kPa in highly swollen state below LCST to
several MPa in collapsed state above LES$%27 |n addition, the temperatuiaduced
change in meclmacal response confirms that the PNIPAM fragments provide thermally
responsive surface behavior, supporting the proposed model that they have a critical role

in the formation of HBPE monolayers with temperatdependent morphology.
4.4 Conclusion

In this pape, we report the synthesis and assembly behavior of novel amphiphilic
hyperbranched polyelectrolytes at thewaater interface. The HBPEs studied here consist

of asymmetrical peripheral composition of hydrophobic octadecyl tails and hydrophilic
PNIPAM marocations, which provides HBPEs with amphiphilicity as well as thermo
responsive behavior. Stable HBPE monolayers were successfully formed with diverse
morphologies at the interface. The dide domains were formed in a liquid phase and
transformed ito almost uniform with the network of ridddé&e domains representing
interdomain boundary in a solid phase due to the high stability oflidesknorphology.

In a solid phase, islands connected by the network of -tikgedomains were only
observed aba/LCST due to the integration of hydrophobized PNIPAM macrocations into

monolayers.

Moreover, we observed the transition in mechanical response of HBPE monolayers from
homogenous distribution in a dry state to heterogeneous distribution in a wet state,

suwggesting the surface reconstruction under wet conditions, which further supports that the
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asassembled HBPE monolayers are composed of hydrophobic surface and hydrophilic
underlying suHayer. Further change in the mechanical response was observed vitien wa
temperature increased above LCST, which confirms the important role of thermo
responsive PNIPAM macrocations in the monolayer formation. The distribution of
mechanical properties changed from highly contrasteeptvase distribution below LCST

to nearuniform distribution above LCST due to the molecular reorganization associated
with the hydrophiliehydrophobic transformation of PNIPAM macrocations above LCST.
Therefore, the thermpesponsive HBPEs synthesized in this study enable the design of

multifunctional, smart nanofilms with tunable morphologies and mechanical response.
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Chapter 4 Appendix: Supporting Information
Materials
Sl4-1. Materials.

N-octadecylisocyanate (Aldrich, 98%) and polyi@dpropylacrylamide) (PNIPAM)
aminet er mi nated (AAl dricho, Mn = 2500 g/ mol)
aliphatic oligoether polyol (HB#®H) Boltorn H30 (Perstorp, Sweden) with weight
average molecular weight (MW) of 3500 g/mol (comprising 32 terminal OH groups in
outer shell) wagpurified by precipitation of dimethylformamide (DMF) solution in diethyl

ether followed by vacuum drying at-3® °C for 6 h (an equivalent MW measured by
hydroxyl groups via acetylation technique is equal to 117 gram/equivalent). Phthalic
anhydride was yrified by sublimation. DMF, diethyl ether, acetone, isopropyl alcohol,
acetonitrile, chloroform were dried and distilled before use. The content of acidic groups

in the composition of synthesized hyperbranched carboxyl and sulfone derivatives at
intermedate stage were determined by reverse-bagk titratiorf° The ultrapure water

used in all experiments was prepared in a tistage Millipore MillFQ Plus 185
purification system (resistivit9p 1 8 . 2 MqLcm). Al l PI Ls wer
tetrahydrofuran (BBI, CAS No 10999-9) for 16h at room temperature. The resulting
solution was added dropwise to water under stirring in Laminar Airfioilvat room
temperature. The tetrahydrofuran (THF) was evaporated by thorough stirringfoiT2@

final concentratn of PEs was &g/nL.

Sl4-2. Synthesis of hyperbranched polglectrolytes.

Synthesisof initial hyperbranched polycarboxylic acid (abbr. HBP-240ct8COOH)

with octadecyl tails.

HBP-240ct8COOHwas obtained as we described eafiter5.894 (0.0200g-equivalent)
of n-octadecylisocyanate was added to 3.42d.0267 gequivalent) of HBFOH in 16 ml
of DMF at 80 °C and reaction was held under stirring for 12 h until they@&wate groups

were completely consumed (according telRTspectroscopy) (sdegure S41). Further
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0.9819 (0.0067g-equivalent) of phthalic anhydride was added to the resultant solution
followed by reaction for 20 h at 80 °C being stirred. The solwer# partially evaporated
under reduced pressure and the remaining product waiecpitated from acetone to
hexane and dried at 4D °C. Yield 6.24g (62.4%). COOH group content: 2.8%
(calculated3.0%). The product is a clear light brown liquid,diéasoluble in hexane,

alcoholschloroform andDMF and insoluble in acetone, water, and diethyl ether.

Synthesisof hyperbranched thermally responsive HBPE (Abbr.HBP-240ct8[COOY
[PNIPAM] *).

The HBPE was synthesized by neutralisation 0956 g (0.0012g-equivalen} of
hyperbranched oligoester polycarboxylic acid ®Bh 3.043 g (0.0012y-equivaleny
PNIPAM in 5 ml of isopropyl alcohol followed by precipitation of resultant product to
diethyl ether. The synthesized compound was purifietepyecipitation from alcohol to
diethyl ether. Yield 4.83 g (96.6%). The compound C8P8 is a light brownish solid soluble
in isopropylalcohol, chloroform andTHF, solubleunderheating in DMFand DMSO,
partially in water and insoluble in hexane and diettyler.
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Figure $4.1. Synthesis of hyperbranched thermally responsive protic anionic |
HBP-240ct8[ COOJPNIPAM]*

FT-IR: 3 C=0 amide | (1649 cr, 3 NHC=0, Ui N-H amide Il (1543 cm), 3 C=0 of ester
and carboxylate groups (170335 cm'), Ui C-H of CH,, tas GH of CHs (1460cmY), U

sy GH of CHs (1367, 1387cm?), o C-H of CH3 (10871312cm?), 3 C-H of CH. (2874,
2922, 297xmY), 3 ar C-H (3075cm?), 3 N-H of ammonium, amide angrethanegroups
(3130:3700cm™).

IH NMR (DMSO-dg): 0.76-1.14 (CH(CH3)2, CH,CH3, C(CH.CO(O))CH3, 313H, 1.2
(CH,CH2CH,, 198H), 1.46 (CH(C(O)NH)CH2, 86H), 1.99 CH(C(O)NH)CHz, 44H),
2.25-4.30 CH2 of HBP core CH2S, NHs"CH2, 126H), 3.48 (OC(O)NHCH2, 12H), 3.85
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(CH(CHz)2, 42H), 4.8 (CH2OC(O)NHCH;, 6H), 6.837.90 @Ar, CH(C(O)NH)CH;, 48H),
8.77 (NH3", 2H).

Degree ofbranching (DB)

BEYE |

T 52 50 48 48
52 50 48 48 Chemical Shift (ppm)
Chermical Shift (ppm)

Figure $4.2. 1% NMR spectra of initial HBFOH with decoupling during relaxation
and without decoupling (b)
The degree of branching (DB) of the initial HEM was determined based on tH€
NMR (Fig $4.2) spectra according to R223 The specta was recordedwith signal
accumulation(200 scan$ both with Fig S4.2(a)) and without Fig S4.2(b)) decoupling.
DB was calculated in accordance wiRef223 as the ratio of the sum of the integrals
corresponding to the signals of a quaternary carbon atom in branched (D) units and those
containing terminal functional groups (T) to their sum witkegmél corresponding to
guaternary carbon atom in linear units (L) (Fig.2y. Chemical shifts and integrals values
for the Fig. 9.2 are summarized in Tablét$. DB values obtained on the basis of tf@
NMR spectra recorded both with and without dedimgpare almost the same and

constitute respectively 38,9% and 38,4%.
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Table S41. Chemical shifts and integral values féa NMR spectra (Fig. S2) of initial
HBP-OH with and without decoupling

Chemical shift, ppm Integration, relative units

Unit without without
with decoupling decoupling with decoupling decoupling

D 46.20 46.20 12.73 17.94

L 48.20 48.21 67.53 31.92

T 50.19 50.19 30.26 80.00

MW characteristics

Table S42. MW values for the initial HBFOH, oligomeric polycarboxylic acid HBP
240ct8COOH and HBPE, HBP4Oct8[COO]PNIPAM]*

MW g/mol
Sample
Calculated Found
HBP-OH 3564 3744
HBP-240ct8COOH 13204 12857
HBP-240ct8[COOJPNIPAM]* 33204 32857

The MW values for the initial HB®H, polycarboxylic acidHBP-240ct8COOHand
HBP-PIL HBP-240ct8[COOJPNIPAM]* were calculated based on their ideal structures
(Figure S41). The real (found) MW value for HB®H was established with use of
acetylation technque ( slee MaSle4 i al s 0) MW Vdue forrtiea |
oligomeric acid HBP240Oct8 COOHwas established via aelibse titration technique (see
AS4Ld) . The real ( HBRE rHBP-240¢ 8] COOIRANLPAM]  fwasr
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calculated based on the MWalue for the oligomeric acidHBP-240ct8COOHand
PNIPAM.
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S14-3. Thermoresponsive phase behavior of HBPILs
Measurement of Transmittance vs Temperature

To investigate temperatureduced phase behavior of HBPEs, the transmittance of HBPIL
aqueous solution vs temperauwas observed at 500 nm using Chiraguas

spectrometer (Applied Photophysics) in the temperature range5tf Zh

—=— Heating
—=— Cooling

Normalized Transmittance

25 30 35 40 45 50
Temperature (C)

Figure $4.3. Transmittance of HBPEs aqueous solution (0.5 rng/rs temperatul

during heating and cooling (Heating and cooling rate wa&dJrBin).
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Measurement of Contact Angle

The contact angle of water on the HBPE mamel films was measured using a KSV
CAM101 measuring system within 10 s of application of the water drop and at least three
separate locations on the sample.

a

€ 120

Il Bclow LCST
B Above LCST
100

Contact Angle (°)

N
o
1 L

Liquid Phase Solid Phase

Figure $4.4. Water contact angle on HBPE monolayer films deposited in a liquid
(a,b) and in a solid phase (c,d) and at different temperatures; 23 °C (a,c) and 37

Corresponding contact angle measurements (e).



Sl4-4. Langmuir isotherms of HBPE monolayers
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Figure S4.5 Langmuir isotherms of HBPEs during first compression at diff

temperatures (alangmuir isotherm recorded at 23 °C (b) and 37 °C (c), showin

limiting area per molecule in solid and liquid phasesaid A, respectively).
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Figure $4.6. Langmuir isotherms of HBPEs at 23 °C (a) and 37 °C (b) recorded ¢

multiple compressio®xpansion cycles.
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A9 mN/ms | 28 mN/m 20 mN/m 12 mN/m

R i o i

28'mN/m 20 mN/m

Figure $4.7. AFM height images of HBPE monolayers deposited at 23 °C (top) and
(bottom) at different surface pressures during second compression. Scale bar is 2C

Z scale is 10 nm for all images.
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Sl4-5. Morphology of HBP monolayers Deposited from AirWater Interface.

Figure $4.8. AFM image of HBPE monolayers at 0.3 mN/m as 2@&) and 3% (b). Z
scale is 11 nm for both images.
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Figure $4.9. AFM image of HBPE monolayers at 20 mN/m ag28a) and 3% (b).

Z scale is 7 nm for both images.
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Figure $4.10. AFM image of HBPE monolayers at 49 mN/m ag28) and 3% (b). Z

scales are 6 nnaand 9 nm (b).
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~8 nm

Color/Atom Map
®@ O OH

©Oc ON

O s

Figure $4.11. Molecular modeling of HBPEs (a), hyperbranched polyester cor
PNIPAM macrocation (c), and octadecyl chain (d).
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Figure $4.12. Elastic modulus (a,b), adhesion (c,d) and deformation (e,f) imay
HBPE monolayers at 20 mN/m affdrent water subphase temperatures: 23 °C (left
37 °C (right) Z scale for DMT modulus image is 600 MPa for (a) and 1,200 MPa 1
Z scale for adhesion images (c,d) is 4 nN and for deformation images (e.f) is 31

images were collected indry state.
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Figure $4.13. Elastic modulus (a,b), adhesion (c,d) and deformation (e,f) distributi
HBPE monolayers at 49 mN/m and at 23 °C (left) and 37 °C (right). Z scale for
modulus image is 4 GPa and 2 GPa for (a) and (b), respectively. Z scale for ¢
imagesis 2nN and 4 nN for (c) and (d), respectively. Z scale for deformation imag

nm and 6 nm for (e) and (f), respectively. The images were collected in a dry stat
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