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1 INTRODUCTION

1.1 Overview

Amphiphilic polymers are an interesting class oftenals because of their ability to
form self-assembled structures, e.g. in aqueoustisps and on various interfacEs.

Copolymerization is a flexible way for their synsiee as it allows a multitude of
functionalities (both hydrophilic and hydrophobiahd architectures (e.g. statistical,
block and graft copolymer) to be applied. Easilyplagable methodologies for the
synthesis of tailored polymer architectures by wulgd radical polymerization have

been developed during the past 15 yéars.

Amphiphilic copolymers could potentially be utildéo modify the wetting properties
of hydrophilic substrates, when applied as ultia-fiims from aqueous medium, as
shown in Scheme 1. Only a very small amount of pelyis expected to be needed for
the modification due to the nanoscale thicknegb®layer. The hydrophilic moieties in
the copolymer would ensure that the polymer cadissolved or dispersed in water. In
addition, it is advantageous if the hydrophilic gpe form strong interactions with the
substrate through electrostatic attraction or hgedrnobonding, so that the polymer can
be easily attached on the substrate by adsorptitime hydrophobic moieties in the
copolymer could subsequently be utilized to sigaifitty modify the surface wetting
properties, provided that during the modificatiorogess they finally end on the
uppermost layer of the surface. All in all, the tiveg properties of the modified surfaces
can be expected to correlate with the surface dtggnihomogeneity, roughness and
mobility of the obtained layers, as predicted bg turrent understanding on wetting

phenomen&.’
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Scheme 1. Amphiphilic polymers are applied fromeags medium to a hydrophilic
substrate (left), forming an ultra-thin layer ofmascale thickness (middle). The surface
wettability has been modified by the polymer layer,depicted by the water droplet
placed on the surface (right).

The aqueous medium allows the modification procedor be used in applications
where such environment is necessary, e.g. in indugbrocesses utilizing native
materials, such as papermakfhdgdnly relatively hydrophilic polyelectrolytes are
directly soluble in water, and therefore only ailed range of wettability levels are
attainable with them. However, even quite hydrophgimlyelectrolytes can often be
assembled to aqueous nanopatrticles, for exampbeighra solvent exchange process,

allowing also their adsorption from aqueous medfun.

12  Scopeof thethesis

The main targets of this thesis work were 1) totlsgsize amphiphilic copolymers in a
controlled manner 2) to study the properties ofgiethesized copolymers in aqueous
medium and 3) to apply the polymers on hydroplsilibstrates as ultra-thin layers from
agueous medium, and to study the properties, espeegvettability, of the obtained
layers.

The polymer synthesis was studied in publicatipnd, 111 andIV. The synthesized
amphiphilic copolymers were designed to allow sgronteractions with hydrophilic
substrates through the hydrophilic moieties, eittmough electrostatic attraction
(cationic groups in the polymer, aimed for aniosigbstrates) or hydrogen bonding
(carbohydrate groups in the polymer, aimed for chylrate substrates). In publication
I, graft copolymers with acetylated starch backband poly(methyl methacrylate)

(PMMA) grafts were synthesized by atom transferiaadpolymerization (ATRP). In
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publication |l, glycopolymers were synthesized. In publicatidhls and 1V, poly[2-
(dimethylamino) ethyl methacrylate] (PDMAEMA) basamphiphilic polyelectrolytes
with statistical and block copolymer structure wesmthesized. The polymers had
either 2-(dimethylamino)ethyl methacrylate (DMAEMAY its quaternized form [2-
(methacryloyloxy)ethyl] trimethyl ammonium iodideMETAI) as a hydrophilic
monomer and either methyl methacrylate (MMA), butythacrylate (BMA) or 2,2,2-
trifluoroethyl methacrylate (TFEMA) as a hydrophobionomer.

The aqueous solution properties of the synthesRBMAEMA based amphiphilic
polyelectrolytes were studied in publicatidns, 1V andV. The solution structures in
varying conditions were studied with dynamic ligicatteringH NMR spectroscopy,
cryogenic transmission electron microscopy and asaftension measurements. In
publicationlV, the aqueous conformations of PDMAEMA-PTFEMA copoérs were

studied by**F NMR measurements.

The ultra-thin layers of PDMAEMA based amphiphiticlyelectrolytes were studied in
publicationsIll and V on silica, mica and cellulose fiber substratese Hurface
structures were studied with atomic force microgcapd the wetting properties were

studied with contact angle measurements.

The aqueous and surface layer properties of starelft copolymers are briefly
discussed in publication The aqueous and surface layer properties of ghylgmers
synthesized in publication were not published, but they are briefly discussethis

thesis.
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13 Review of the concepts

1.3.1  Synthesis of the polymers

Controlled radical polymerization®©ver the past 15 years, there has been a great deal
of interest in the field of controlled ‘living’ rackl polymerizations. These
polymerizations allow the synthesis of polymershwidw polydispersities, predictable
molecular weights and tailored architectures. Aé tmoment several techniques
enabling controlled radical polymerizations exisf, which atom transfer radical

polymerization (ATRP) is one of the most commorpypléed.* 1

The mechanism of ATRP is commonly presented as shovischeme 2, even though
the subject remains controversial to some exterit.In ATRP, a catalyst system is
utilized, that typically consists of a transitioretal (e.g. Cu), a counter-ion X (e.g. Cl or
Br) and one or several ligands (L). In the meckamias seen in Scheme 2, the growing
polymer chains are present in dormant P-X statengunajority of the polymerization,
with —X groups at the chain ends. The catalysiitbaomplex can reversibly capture
the —X group, leaving the polymer chain with a cadliend group that can react with
monomers by a traditional radical polymerizationchrenism. In this capture step, the
oxidation number of the transition metal catalgsinicreased. However, as the reaction
equilibrium in Scheme 2 is strongly shifted towattle dormant species, the active
polymer chain end is soon returned to the dormtiésin the system, the undesired
termination through combination of two active poBmchain ends is suppressed, as the

active radicals mainly couple with the X groupsnfrthe catalyst.

kaC
PX + CuXL, == —- P\ +Cu'X,L,
deact kt
+M

termination

Scheme 2. The ATRP mechanism, presented with cogiadyst.
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Many types of unsaturated monomers can be polyettiiyy ATRP, as the method is
relatively tolerant towards different functionad$i. However, the propagating radical
group needs to be stabilized to some extent wittalsle substituents. Methacrylates
and acrylates are typical examples of monomersdhatbe polymerized successfully
by ATRP. A range of methacrylates with various fimealities have been previously
polymerized by ATRP, including the monomers thatenvapplied in this thesis: methyl
methacrylate (MMA)**® butyl methacrylate (BMAJ/™*° 2-(dimethylamino)ethyl

methacrylate (DMAEMAY)." 18 2024gnd 2,2 2-trifluoroethyl methacrylate (TFEMZ).
27

Polysaccharide based graft copolymers were alsthhegized in this thesis by ATRP. A
‘grafting-from’ method was applied, that involvdgetpolymerization of grafts starting
from initiator sites generated on the polysaccleahbdckbone. Polysaccharide grafting
by ATRP has been studied by several grdipéThe advantages of ATRP in graft
copolymerizations, when compared to traditional afgng-from’ radical
polymerizations, include the ability to polymerigeafts with controlled density and
length, and narrow molecular weight distributiom.addition, homopolymer impurities
are not formed in the polymerizatidhHowever, as the copolymer molecules contain a
multitude of growing grafts during the polymerizatj they are prone to intermolecular

termination and therefore also to gelation’

‘Click chemistry’. Click chemistry’ is a concept with an objectivesimplify synthesis
work by highlighting reactions that are easy torgaout in varying chemical
environments. The requirements for ‘click’ reactdnclude that the reaction is robust,
selective (i.e. side reactions do not occur witmawmn functional groups) and that it
works at mild conditions. Therefore, ‘click’ reamtis can be utilized to easily produce
complex macromolecular structures, functional p@ysrand polymer conjugat&sThe
Cu(l)-catalyzed azide—alkyne cycloaddition (CUAA®Is been the most widely studied
and employed of the available ‘click’ reactioli$* However, there are several reactions

potentially fulfilling the ‘click’ requirements, irluding the thiol-ene chemistfg:**
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1.3.2 Agqueous solutions

Conformation of amphiphilic polymers in aqueoususiohs. The conformation of
dissolved amphiphilic polymer chains in aqueous iomadcan vary from collapsed
globules to extended chains, depending on theadtiens of the polymer with itself
and the solvent. In the case of amphiphilic polyetdytes, the aqueous conformation is
controlled on one hand by the long-range repulgieetrostatic interactions between
charged groups and on the other hand by the shoger attractive hydrophobic
interactions between hydrophobic groups (Schente’3Y.

0908000,

.o...o‘o'o'%o..o.w

8/ \b
%\%

Scheme 3. The conformation of amphiphilic polyeddes in aqueous solutions can
vary from extended chains (a) to collapsed glob(tés

The balance between the repulsive and attractiveraiations in amphiphilic
polyelectrolytes in aqueous solutions is determimgdarious parameters, including the
relative contents of charged and hydrophobic gropps/mer concentration, solution
ionic strength and solution pH. The effects of éhgsmrameters on the solution
conformation of amphiphilic polyelectrolytes haveeh widely studied theoreticaffy*’

and experimentall§?>*

Structures of amphiphilic block copolymers in aqueosolutions. In optically
transparent aqueous solutions, amphiphilic bloggobomers can be present as unimers,
as equilibrium micelles, or as kinetically trappeahoparticles. Equilibrium micelles
are characterized by dynamic equilibrium betweegregpted polymer chains and
unimers. Micellar solutions have a characteristitical micelle concentration, below

which the solution consists of only dissolved unisne
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If the interfacial tension between water and thdrbphobic block is high, the unimer-
micelle equilibrium is not attainable. However, &iically trapped nanoparticles can be
assembled of such block copolymers with suitabésalving methods, e.g. by solvent
exchange from non-selective solvent. The sizes sivapes of trapped particles are
dependent on the dissolving procés%.>? It has been shown that surface tensions
observed in trapped systems are high due to thmlitgeof the hydrophobic blocks to
reach the surface of the solution, and that sucttesys behave like colloidal

suspensions of charged solid partictes.

1.3.3  Ultra-thin layers

Ultra-thin film is a layer of defined material witthickness in the nanometer scale.
Polymeric ultra-thin layers can be prepared e.gatisorptior?; °>* spin-coating’> >® or

casting’ from polymeric solutions on various substrates.

In order to prepare polymeric ultra-thin films bgsarption, attractive interactions
between the substrate and the polymer are needhede have been several studies on
the adsorption of polyelectrolyte films on surfacdsopposite charge from aqueous
solutions through electrostatic attract®3i? including the adsorption of amphiphilic

polyelectrolytes®

+ 5367 The properties of the films have been studied lothontact

with the polymer solution and after rinsing andidgy The effect of various adsorption
parameters to the surface morphology and adsorimedura have been studied,
including solution pH, ionic strength, polyelectyr® charge density and polymer
concentration. A few studies have also briefly exsd the wetting properties of the

amphiphilic polyelectrolyte film§> ¢’

Also hydrogen bondirf§ "t and van der Wadls "interactions have been utilized in the
adsorption of ultra-thin polymer films from aque@dutions. For example, cellobiose
functionalized polymethacrylat€sand various hemicellulos&shave been shown to
adsorb on cellulose substrates, probably due to sthelarities in the molecular

structures that can promote the formation of hydrolgonds.
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1.3.4  Wetting

Wetting is the process of making contact betweesolal and a liquid. The wetting
properties of a surface with regard to a certaguitl are commonly described with
contact angle values. Contact angle is defineth@smgle that forms at the three-phase
contact line between a solid, liquid and fluid pha& common system of interest is a
droplet of water placed on a surface and surrouihgealr. High contact angle between

a surface and a water droplet indicates that tifasiis hydrophobig.

Apparent macroscopic contact angles on surfacds taftographically and chemically
heterogeneous features, i.e., on almost all reéhees, result from averaging over the
various local contact angles that appear alondethgth of the droplet contact line. On
such surfaces, there exists a multitude of allowedfastable macroscopic contact
angles, each representing a local energy minimums& energy minima are obtained
from the interplay between the local contact angled the geometrical shape of the
droplet. Therefore, if the contact angle is measigienply by placing a droplet on a
surface, as in static contact angle measuremantjlude of values may be obtained,
depending on the method of drop applicafidn’®

The highest and lowest obtainable macroscopic coategles on a given surface with a
given liquid are the advancing and receding coniaagles, respectively. Their
magnitudes depend on the details of the movemetiteothree-phase contact line, as it
either advances or recedes over heterogeneousaste@ures. The difference between
these angles is referred to as contact angle legisér” ">’"Measurement of advancing
and receding contact angles allows a more accwiagi® on the surface wetting
properties than the static measurement. On polgnrifaces, not only the surface
heterogeneity, but also the ability of the surfaxeeorganize when in contact with the

measurement droplet has been shown to have an effee hysteresis range”®
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2 EXPERIMENTAL

21 Polymer syntheses

Starch graft copolymersOligomeric acetylated starch derivative (AS) wasvjtled by
the VTT Technical Research Center of Finland, whered been synthesized with a
method described in patent literatf?eAS was functionalized to ATRP macroinitiator
with different amounts of 2-bromo isobutyryl bromajdin tetrahydrofuran (THF)
solutions containing pyridine. The AS macroinitiateas applied in the polymerization
of methyl methacrylate with CuBr/bipyridine catdalggstem either in bulk or in 50 v/v-
% THF solution at 70°C, under oxygen-free atmosphém some polymerizations,

CuBr, was added to the reaction mixture.

Glycopolymerd. Poly(propargyl methacrylate) was synthesized byalgéc chain
transfer polymerization (CCTP), after which sugaidas were attached to the side-
chains through Cu(l)-catalyzed azide—alkyne cydiiizah. Generally, trimethylsilyl-
protected propargyl methacryl&te a-azidob-mannos& and p-azidob-galactos®
were synthesized with methods described in theatitee. The-azidoD-cellobiose was
synthesized by reacting-cellobiose octaacetate with trimethylsilyl azigedbtain -
azidob-cellobiose heptaacetate, which was further deptetewith sodium methoxide.
The trimehylsilyl-protected propargyl methacrylatas polymerized by CCTP in
toluene under nitrogen atmosphere with bis(borofluatiodimethylglyoximate)
cobalt(ll) catalyst at 60°C. The polymer was depctgd in THF solution containing
acetic acid and tetma-butylammonium fluoride. The purified polymer wasacted with
sugar azides in dimethyl sulfoxide (DMSO) solutioontaining triethylamine and
CuBr/bipyridine catalyst at 60°C overnight.

In some cases the double-bond end-groups of paolggpgyl methacrylate) were
functionalized through thiol-ene chemistry with ieais thiols (e.g. benzyl mercaptan)
in acetone solution at ambient temperature ovetnigith dimethylphenyl phosphine as

a catalyst.
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PDMAEMA-PMMA and PDMAEMA-PBMA copolyméfs.The copolymers were
synthesized by ATRP. In the block copolymer synhé@DMAEMA homopolymer

was prepared first, by applying a catalyst/sohsystem described by Mao et’alThe

polymerizations were conducted with CuCl/ 1,1,4710-

hexamethyltriethylenetetramine catalyst system gmtbluene sulfonyl chloride
initiator, at 25°C, with water and methanol added the reaction mixture. The
hydrophobic second blocks were subsequently poligedrby using the purified
PDMAEMA as a macroinitiator. The polymerizations tife second blocks were
conducted with CuCl/bipyridine catalyst, at 90°Athaeither anisole (for PMMA) or
toluene (for PBMA) as a solvent. The PDMAEMA-PBMAobk copolymers were
purified from traces of PDMAEMA homopolymer by euwsive precipitation of the
PDMAEMA-PBMA block copolymer in water. The stattstl copolymers of
PDMAEMA and PMMA were polymerized with CuCl/bipyiree catalyst and ethyl 2-

bromoisobutyrate initiator, in anisole at 90°C.

Quaternization of the amine groups of PDMAEMA wasné by applying a post-
polymerization reaction described by Baines &t &i.the method, the DMAEMA units
of the polymer were quaternized with methyl iodithe THF solution at ambient

temperature.

PDMAEMA-PTFEMA copolymef$. The copolymers were synthesized by ATRP.
CuBrMN-(n-pentyl)-2-pyridylmethanimine was used as catalystd benzyl 2-
bromoisobutyrate as initiator in 50 v/v-% toluerieQ@°C. The block copolymers were
prepared by one-pot sequential polymerization, eHefFEMA block was prepared
first and DMAEMA monomer was added at around 80%EMRA conversion. The
block copolymers were purified from traces of PTRERomopolymer by acidification
of a solution of the crude polymer in THF with déd HCI (aq), which led to the
exclusive precipitation of the PTFEMA-PDMAEMA blockcopolymer. The
guaternization of the DMAEMA units was conducted & similar manner to
PDMAEMA-PMMA and PDMAEMA-PBMA copolymers (see prexis section). The
reactivity ratios of TFEMA and DMAEMA were measurieg Jaacks methdd.
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22 Preparation of aqueous polymer solutions and dispersions

Starch graft copolymersThe aqueous microparticle dispersions were prephyea
method described in patent literat8té?olymeric particles were formed spontaneously
when polymer dissolved in aqueous THF was rapidiytetl with water, after which
THF was evaporated by slight warming of the dispers The dispersion was

concentrated through reversible flocculation by3@..

Glycopolymerd. The synthesized glycopolymers were directly digsolin water.

PDMAEMA-PMMA and PDMAEMA-PBMA copolymétsThe synthesized copolymers

were directly dissolved in water (containing 0 £ ™M NacCl).

PDMAEMA-PTFEMA copolymef$Y The block copolymers containing non-
guaternized DMAEMA were assembled to aqueous natiolgs through solvent
exchange process from acetone to water. Two sjigtiifferent solvent exchange
methods were used. In the results part of thisgiebapters 3-7), the solvent exchange
method resulting in 1 w/v-% solutioiisis referred to as solvent exchange method A
and the solvent exchange method that resulted @ Qv/v-% or 0.005 w/v-%
solutiond”" is referred to as solvent exchange method B. & sbhivent exchange
method A, water was slowly added into 1 w/v-% padyraolution in acetone, until 1:1
acetone:water solution was obtained, after whieh gblutions were dialyzed against
water to remove the acetone. In the exchange mdhavater was slowly added into 1
w/v-% polymer solution in acetone, until either b1110:1 acetone:water solutions were
obtained (depending on the polymer). Water was #ued quickly to provide a 0.1
w/v-% solution of polymeric particles in 90:10 waszetone mixture, after which they
were dialyzed against water to remove the acettméboth methods, the polymer
concentration, solution ionic strength and pH wadgusted as the final step of the

process.
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The block copolymers containing METAI units wersgilved directly in water at 80
°C. The statistical copolymers containing non-quared DMAEMA units were either
assembled to aqueous nanoparticles through sobxatiange method B from acetone
to water, or dispersed in water followed by a pHusiinent to dissolve the polymer.
The statistical copolymers containing quaternizeeT¥I units were dissolved directly
in water. In all the solutions, the ionic strengtas adjusted with NaCl and pH was
adjusted with HCI or NaOH.

2.3 Preparation of ultrathin polymer layerson surfaces

Starch graft copolymers.Starch graft copolymers were spin coated on pagfifi
hydrophilic silica surfaces at 1500 rpm from 5 Whvaqueous dispersions and 5 w/v-%
THF solutions. The effect of annealing at elevdtedperatures on surfaces spin-coated
from aqueous dispersions was studied by heatingdhgles in an oven at 180°C for

either 5 min or 15 min.

PDMAEMA-PMMA and PDMAEMA-PBMA copolymét2olymers were deposited on
purified hydrophilic silica substrates by adsorptiand spin coating methods. In
adsorption, the substrate was first immersed fomib in 1 w/v-% polymer solution.

The sample was then rinsed extensively with water dried at room temperature by
allowing the solvent to evaporate. In spin coatitigg polymers were spin coated at

2800 rpm from 1 w/v-% polymer solutions.

PDMAEMA-PTFEMA copolymers.Polymers were adsorbed on mica and cellulose
fiber substrates. In the case of mica, the fresldgved substrate was immersed for 10
min in 0.005 w/v-% polymer solution, after whichwes thoroughly rinsed with water
and dried with N flow. The effect of annealing at elevated tempees was studied by
heating the samples in a clean oven at 150°C;iatidosphere at 2 bar for 24 h. In the
case of cellulose fiber substrates, cellulosiefiftaper was immersed for 10 min in 0.05
w/v-% polymer solutions, after which it was immetsen water for 10 min and

thoroughly rinsed. The filter paper samples weitheei dried overnight at ambient
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conditions (non-annealed samples) or for 3 h at°’@2l a clean oven (annealed

samples).

2.4 Characterization

'H NMR and®*C NMR spectroscopyThe NMR spectra were recorded either on a
Varian Gemini 2000 300-MHz spectrométéror on Bruker DPX-400 and Bruker AV-
400 spectrometef's’

% NMR spectroscopy and imaging experimamse performed on a Bruker AMX300
spectrometer interfaced to a 7 T vertical superewigre magnet:°F spin-spin 1)
relaxation times were measured using the CPMG mégeence, which had from 2 to
256 180° pulses in the echo train. Spin-lattitg (elaxation times were measured using
the standard inversion-recovery pulse sequench, Matvalues of inversion times used.

F images were collected using the 3D spin-echcemagsjuenc¥.

Size exclusion chromatography (SE@)pparent molecular weights and molecular
weight distributions were determined by SEC. Rwifgy systems were used: 1) Four
Waters Styragel columns (3010°, 10" and 18 A) and a Waters 410 differential
refractometer, with either chloroform or THF/trigthmine 98/2 v/v mixture as eluent,
delivered at 1 mI/mih" 2) Two PL gel 5um mixed D columns, one PL gel 5 gurard
column and a differential refractometer, with cblorm/triethylamine 95:5 v/v as
eluent, delivered at 1 ml/mih3) Two PL gel 5 um mixed D columns, one PL geld m
guard column and both differential refractometed aitraviolet (UV) (at 250 nm)
detectors, with THF/triethylamine 95:5 v/v as elyedelivered at 1 ml/miff. The

systems were calibrated with either polystyrenpady(methyl methacrylate) standards.

Differential scanning calorimetry (DSCglass transition temperatures were measured

with a Mettler Toledo DSC 821e differential scamaalorimetet”
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Surface tensiorwas measured with a Kibron AquaPi tensiometer H®y Du Nouy

maximum pull force methot.

Dynamic light scattering (DLS)measurements were conducted with Nanoseries
(Malvern, UK) instruments. In the DLS samples, solvwas filtered with 0.25 pm
filters before the addition of the polym&v.

Cryogenic transmission electron microscopy (crydvifE&nalysis was conducted with a
Tecnai 12 Bio Twin transmission electron microscopbright field mode. In the cryo-
TEM samples, solvent was filtered with 0.25 pmefidt before the addition of the

polymer"

Atomic force microscopy (AFMBxperiments were conducted with either Nanoscope
llla Multimode scanning probe microscope (Digitaistruments Inc!) or Veeco
Dimension 5000 scanning probe microscope with Nemps V controller (Digital
Instruments, Inc.Y. Thicknesses were studied by scratching the samyitbsa needle
and determining the z-directional difference betw#ee bottom of the scratch and the
intact areas of the filll. Local surface concentration of adsorbed nanopestizas
determined from the AFM images by counting the nendf surface aggregates whose

centers were within a given area on the substrate.

Contact angle measurementSontact angles of water on the polymer layers were
measured using a KSV CAM 200 instrument (KSV Insteats Ltd., Finland) with a
sessile drop method. The advancing and recedingacbmngles were obtained by
slowly increasing (0.02 pl/s) and decreasing (0/%)the volume of a small droplet

(originally 5 pl) with a thin needlé"
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3 SYNTHESISOF STARCH GRAFT COPOLYMERSAND THEIR
POTENTIAL IN SURFACE WETTABILITY MODIFICATION'

Starch graft copolymers were studied as potentighse wettability modifiers. It has
been shown, that carbohydrate polymers can hagagtaffinity towards carbohydrate
substrates through hydrogen bondifignd can therefore be applied in the modification
of e.g. cellulose based materials. In this studymatransfer radical polymerization
(ATRP) was used to produce poly(methyl methacrylg@dMA) grafts onto acetylated
starch oligomer (AS) in a controlled manner, widrywng graft densities and lengths, in
order to increase the hydrophobicity of AS. Thdtgrapolymers were spin-coated onto
silica surfaces from water dispersions as well rasnf THF solutions. The wetting
properties of the produced graft copolymer layemsrenvstudied by contact angle

measurements.

Starch consists of interconnected anhydroglucoses,usach of which contains three
hydroxyl groups. The properties of starch, suchisasolubility in different solvents, can
be routinely modified through converting the hydrbogroups to other functionalities.
Grafting of starch (and other polysaccharides) vagmthetic polymers by various
methods has gained a lot of inter&st2

A series of ATRP macroinitiators was produced hycfionalization of AS. Part of the

hydroxyl groups of AS were converted to 2-bromdsistyryl groups, which are able to

initiate polymerization by the ATRP mechanism. Ehdifferent macroinitiators were

prepared with different degrees of substitution thog initiator group. The degree of
substitution (DS) was defined as the number of byygrgroups per anhydroglucose
unit, which have been substituted by other gro@asce anhydroglucose units contain
originally three hydroxyl groups, the maximum pb&siDS is three. However, since
AS used in this study already contained acetyl gsowith DS of 2.2, the maximum DS

for the initiator groups (Dig) was 0.8.
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The three prepared macroinitiators enabled graftiit low (DS, 0.02), intermediate
(DSini 0.09) and high (D 0.76) grafting density. The achieved degrees b§stution
corresponded to 51.4, 10.5 and 1.3 anhydroglucos® per initiating site, respectively.

A series of graft copolymers was polymerized bynggihe three macroinitiators that
had been synthesized. All the prepared macroiaiSatvere grafted both in bulk and in
1:1 v/v THF solution. The reason for the THF adufitivas to dilute the polymerization
mixtures, some of which were already highly viscaushe beginning. THF has also
been reported to increase MMA polymerization cdmivith CuCl/bipyridine catalyst
system due to the better solubility of the catalyill the polymerization mixtures in

the graft copolymerizations were partly heterogeisesith respect to the catalyst.

The polymerizations were followed byYf NMR and SEC. At low conversions, the
polymerization kinetics were first order and the lecalar weights of the graft
copolymers increased linearly with conversion. Heeve the reaction mixtures were
observed to form a highly viscous mass at relatil@v conversions (below 35 %). The
reason for the observed viscosity increase was rmosbably the intermolecular
termination leading to gelation. This type of bebavs typical for controlled radical

polymerizations initiated from multifunctional ifators*>’

It has been reported, that addition of Cu8eactivator to ATRP reactions can decrease
the tendency for termination by decreasing the epmation of active radicafé.
Therefore an additional polymerization was condiictehere CuBr was added to the
reaction mixture. This polymerization (AS-PMMA11yas slightly less prone towards
gelation, but effects of intermolecular terminatiware also in this case clearly visible
already at low conversions. The SEC chromatogramdPMMAL1l at different

conversions are shown in Figure 1.
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Figure 1. SEC chromatograms obtained from the ASWRAYL polymerization at
different conversions. The deformation in the skagfeghe curves as the polymerization
proceeded indicates intermolecular terminatibn.

In order to study the actual grafts produced anidm®e information about the level of
control in the polymerizations, a sample of AS-PMMAgraft copolymer was treated
with sulphuric acid to decompose the AS backbonéhef copolymer. The SEC trace of
the disintegrated grafts showed relatively low padpersity of 1.33, which indicates

the polymerization was controlled.

A set of graft copolymers varying in graft denstyd graft length were applied on silica
model surfaces by spin-coating either from THF sohs or from aqueous dispersions.
The static contact angles of the obtained surfagers were measured. On surfaces
prepared from THF solutions, the contact anglesllothe samples were between the
contact angles of AS and PMMA homopolymers. Onaie$ prepared from aqueous
dispersions the contact angles were much lowertHmitvalues could be increased by
annealing at 180°C so that similar contact angleegas in the surfaces prepared from

THF solutions were obtained.
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4 SYNTHESISOF GLYCOPOLYMERSAND THEIR POTENTIAL IN
SURFACE WETTABILITY MODIFICATION "

It has been observed that many polysaccharidepalychers with pendant sugar units
show affinity towards cellulose surfac®s.”* Therefore, amphiphilic copolymers
containing both sugar units and hydrophobic unitsild potentially be applied in
wettability modification of cellulosic substrateBhe amphiphilic glycopolymers could
be adsorbed on cellulose through the sugar unitg, surface wettability could
subsequently be modified through the hydrophobitsurThe adsorption properties
would be independent on electrostatic parametershis study, glycopolymers with

mannose, galactose and cellobiose containing salepg were successfully synthesized

(Scheme 4).
* n
(Y

HO HO Q
(0] —
HE&O@N N
OH *N”

OH

Scheme 4. The chemical structure of the synthesedirbiose pendant polymers. Also
polymers with pendant mannose and galactose umitse synthesized.

Catalytic chain transfer polymerization (CCTP) is efficient way to prepare vinyl
terminated methacrylic oligomet®. ®* In this study, CCTP was applied in the
polymerization of protected propargyl methacryl&eobtain polymers with alkyne
functionality in the side-groups and double bondcfionality in the end group. The
side-groups were subsequently reacted with sugialeszhrough copper catalyzed
azide-alkyne cycloaddition reaction (CuAAC) to yiekthe glycopolymers. Only
homopolymers were synthesized, but the synthescepure allows also the

preparation of amphiphilic statistical copolymers.

The double bonds at the polymer chain ends alloiwedtionalization of the polymers
through thiol-ene Michael addition with variousdis. Both CuAAC and thiol-ene
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Michael addition are considered to be reactionllfng the requirements of ‘click
chemistry’3 4 “ Therefore, the utilized synthetic approach is ptigdly useful and
versatile route not only to glycopolymers but asanany different types of functional

copolymers and polymer conjugates, as shown inrSette

1. CCTP
2. Deprotection 3. Thio-Michael addition 4. CuAAC

p L A “trﬁ:r
b2 8 o

\
Scheme 5. A wide range of structures can be oltdgeutilizing ‘click chemistry’ with
the applied synthetic approach. A polymer with at&kynd double bond functionalities
is obtained by CCTP. The end groups can be furalimed or conjugated through
thiol-ene chemistry and the side groups can betfomalized through CuAAC.

‘YN
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The adsorption of cellobiose pendant polymers watet on cellulose model substrates
by quartz crystal microbalance measurements frone@ss solutions.Unfortunately,
adsorption did not occur. The degree of polymeioradf the polymer applied in the
experiments was ca. 50. It is likely, that higheolecular weight polymers and/or
longer polysaccharide units in the side groups reeessary to obtain high enough

affinity towards the substrate for significant aqigimn to occur.

In biomedical systems glycopolymers are often shasvinteract with carbohydrate-
binding proteins, lectins, in a similar manner &tumal glycoproteins. In this study it
was observed, that the synthesized mannose andagdapendant polymers could be

recognized by immobilized lectins.

" Unpublished results. Measurements conducted by NikneA®epartment of Forest Products
Technology, Aalto University.
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5 SYNTHESISOF AMPHIPHILIC POLYELECTROLYTESBY ATRP'"'Y

A major objective of this thesis was to modify tivetting properties of hydrophilic
surfaces with an ultra-thin layer of amphiphiliclypuer. A large part of the study was
conducted with amphiphilic polyelectrolytes, whican be easily attached on surfaces
of opposite charge through electrostatic interastio The applied amphiphilic
polyelectrolytes were copolymers that containedhegit 2-(dimethylamino)ethyl
methacrylate (DMAEMA) or its quaternized form [2-€thacryloyloxy)ethyl] trimethyl
ammonium iodide (METAI) as a hydrophilic monomedaeither methyl methacrylate
(MMA), butyl methacrylate (BMA) or 2,2,2-trifluoraleyl methacrylate (TFEMA) as a
hydrophobic monomer. Both DMAEMA and METAI have eotial to obtain cationic
charge in agueous solutions. The structures oapipdied repeating units are presented
in Scheme 6. The copolymers were polymerized by RERd both statistical and block

copolymers were synthesized.

a) b) c) d)
* n * n * n *
o "0 o O 0]

o o
| Kk
© F

Scheme 6. The repeating unit structures used iratmghiphilic polyelectrolytes. a) 2-
(dimethylamino)ethyl methacrylate (DMAEMA) b) [2etimacryloyloxy)ethyl] trimethyl
ammonium iodide (METAI) c) methyl methacrylate (MMAbutyl methacrylate (BMA)
e) 2,2,2-trifluoroethyl methacrylate (TFEMA).

*

51  Synthesisof PDMAEMA-PMMA and PDMAEMA-PBMA copolymers'"

A series of copolymers with either DMAEMA or METAs the hydrophilic monomer
and either MMA or BMA as the hydrophobic monomerswsynthesized. These
copolymers are referred to as PDMAEMA-PMMA and PDEWMA-PBMA
copolymers throughout this thesis. Their properiespresented in Table 1.
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Table 1. The PDMAEMA-PMMA and PDMAEMA-PBMA copokgiie

Sample Composition (NMR) DMAEMA content M, ? (g/mol) PDI (SEC)
(mol-%) (NMR)

Block copolymers

B1(DzsM17)° P(DMAEMA;¢-b-MMA 47) 82 13600 1.08
B2(Dg:M,1)° | P(DMAEMAg-b-MMA ;) 79 14900 1.09
B3(QD;M17) | P(METAl&b-MMA 17) 82 24400 1.08
B4(QDsiM7g9) | P(METAIlg-b-MMA 79) 44 26100 1.16
B5(QDseB76) P(METAlgs-b-BMA 76) 47 30500 1.17
Statistical copolymer

C1(QDsMep) | P(METAlgrcOMMAG) ¢ | 49 | 15600' | 1.19°

“calculated from™H NMR spectra by comparing end-group peaks to apja@piside-chain peaks.
B1(D;eM;7) and B2(R:M,,) samples were approximated to behave identicallyDRM,;) was used in
the surface studies and B2(Ml,;) was used in the solution studiésefore quaternizatiofimolecular

weight estimated from the SEC result.

The block copolymers were synthesized by first p@yizing the PDMAEMA block by
ATRP and then using the purified block as a madiator in the polymerization of the
PMMA or PBMA block. In METAI containing polymershé DMAEMA units were

quaternized as the final step of the synthesis.

In the homopolymerization of DMAEMA, a solvent/dgtst system described by Mao
et al. was usetf The DMAEMA blocks prepared by this method had low
polydispersities (approximately 1.1) in all the yrakrizations. However, the obtained
molecular weights were approximately two times kigthan what was theoretically
expected. The polymerization mixtures turned ddep mmediately when the reaction
was initiated, indicating that large amount of cexffd) chloride was formed at the

beginning of the reaction due to termination byigaldradical coupling.

The polydispersities of the copolymers were also (below 1.2, Table 1). In the block
copolymerizations the molecular weight clearly w&df to a higher value when
compared to the homopolymer macroinitiator. Sigaifit macroinitiator traces were not
visible in the SEC curves of the purified block obymers. The SEC curves of the
B4(QDsiM79) and B5(QLReB76) block copolymers are shown as examples in Figure
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Figure 2. SEC curves of B4(@DM;g (left) and B5(QIgBre) (right). The
macroinitiator curves are presented alongside ttek copolymer curves.

52  Synthesisof PDMAEMA-TFEMA copolymers """

Another series of copolymers was synthesized, aittrer DMAEMA or METAI as the
hydrophilic monomer unit and with TFEMA as the hyplnobic monomer unit. These
copolymers are referred to as PDMAEMA-PTFEMA copodys throughout this thesis.

Their properties are presented in Table 2.

Table 2. The PDMAEMA-PTFEMA copolymers. The samglesnamed according to
their molar TFEMA contenlt:”

Sample Composition (NMR) TFEMA M2 PDP
content (g/mol) (SEC)
(mol-%) (NMR)

Statistical copolymers

C-12 P(TFEMA7co-DMAEMA 1,) 12 22000 1.39

C-24 P(TFEMA,co-DMAEMA 149 24 22900 1.39

C-51 P(TFEMAs-co-DMAEMA 75) 51 24100 1.24

QC-51 | P(TFEMAsco-METAI73) 51 34400 1.24

Block copolymers

B-20 PTFEMAgb-P(DMAEMA 15-cO-TFEMA,,) 20 39500 1.55

B-47 PTFEMA;-b-P(DMAEMA 1,-cO-TFEMA o) 47 37700 1.43

QB-47 | PTFEMA;-b-P(METAI;,-cO-TFEMA; ) 47 55000 1.43

B-77 PTFEMAorb-P(DMAEMA;¢-co-TFEMA,,) 77 27300 1.40

®calculated frontH NMR spectra by comparing end-group peaks to apja@pside-chain peak8with
DRI detection, after purificatiorfibefore quaternization.

DMAEMA was used as a hydrophilic monomer in statatcopolymers C-12, C-24
and C-51 and in block copolymers B-20, B-47 and/BMETAI was used in statistical
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copolymer QC-51, which was a completely quaternizexsion of C-51 and in block

copolymer QB-47, which was a completely quaternizexsion of B-47.

The copolymers were polymerized by ATRP in toluemi¢éh CuBrN-(n-pentyl)-2-
pyridylmethanimine as catalyst.?’ The method provided copolymers with reasonably
low polydispersities (Table 2). The kinetic cuna#ghe polymerizations were linear up

to high conversion¥.

The block copolymers were polymerized in a seqaéntanner; the TFEMA block was
polymerized first and DMAEMA was added when 70-80%EMA conversion was
reached. Due to the preparation method, the seblma#t was a statistical copolymer,
and 20-30% of TFEMA present in the polymer washim hydrophilic block.

The SEC curves of block copolymer B-20 are showaraexample in Figure 3. It was
noticed, that chromatograms obtained using diffemerefractive index (DRI) detection
did not give correct shape for molecular weightribsition, which could be ascribed to
the fact that PDMAEMA and PTFMA blocks have veryfalient intrinsic refractive
indices. Ultraviolet (UV) detection revealed unregc PTFMA homopolymer in the
crude product which could be removed by precigtatf pure PDMAEMA-containing
block copolymer under acidic conditions.

The molecular weights of the copolymers were deirezthfrom thetH NMR spectra of
the purified copolymers, by comparing the end-grpepks deriving from the initiator
to the appropriate side-chain peaks. The moleougéghts calculated from tH&l NMR
spectra were higher than what was theoreticallyeetqu, especially in the case of
purified block copolymer¥. As the crude block copolymers contained a rakieye
amount of PTFEMA homopolymer traces, the averagkecotar weights of the block

copolymers increased when the homopolymer impwiég removed from the samples.
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Figure 3. SEC curves of block copolymer B-20. Léén-purified block copolymer with
DRI (blue) and UV (pink) detection. Right: Non-fied block copolymer (black),
purified block copolymer (pink) and the trace remdvn the purification step (blue),
with UV detection.

The reactivity ratios of the TFEMA/DMAEMA monomeaip were measured by Jaacks
method® 9% *3They were found to begzwa = 0.76 and guaewa = 0.81. This indicates
that there was no tendency towards formation atkdavithin the statistical copolymers

or the statistical hydrophilic blocks of the blombpolymers.

" Unpublished results.
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6 AMPHIPHILIC POLYELECTROLYTESIN AQUEOUSMEDIUM """V

The amphiphilic polyelectrolytes described in Tableand Table 2 were dissolved or
dispersed in water, as the aim in the thesis wapply the polymers on surfaces from
aqueous medium. DMAEMA is a basic monomer unit, #mefefore the degree of
cationic charge in the DMAEMA-containing polymers iagueous solutions is
dependent on pH, and increases with decreasingThE.K, value of 8.4 has been
reported for the DMAEMA monoméf.The averagel, of PDMAEMA, defined as the

pH at which 50 % of the DMAEMA units are protonatesidependent on e.g. polymer
molecular weight, polymer architecture and the dosirength of the solution. For
multibranched PDMAEMA star polymers in salt-fredusimns, average K, values as

low as 5.9 have been measurgd.

In contrast, the quaternized form of DMAEMA, METAit is cationically charged
relatively independent of pH. Therefore, at neup#l conditions in water, polymers
containing METAI units have a significantly higheharge density than polymers
containing DMAEMA units and therefore have higheaslubility in water. The
hydrophobicity of the applied hydrophobic monomaitsiincreases in the order: MMA
(least hydrophobic), BMA, TFEMA (most hydrophobic).

6.1 PDMAEMA-PMMA and PDMAEMA-PBMA copolymersin aqueous

medium'"!

The PDMAEMA-PMMA and PDMAEMA-PBMA copolymers (Tabld) formed
optically clear solutions when dissolved in watethaut pH adjustment. The relatively
hydrophilic nature of the copolymers is explaingdthe rather hydrophilic METAI
units that were applied in the majority of the séapi.e., most of the samples in Table
1 were strong polyelectrolytes. Only two block clypeer samples in the series,
B1(DséM17) and B(DgiM21), contained non-quaternized DMAEMA units.
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In optically clear aqueous solutions, amphiphiliodik polyelectrolytes can be present
either as unimers, as equilibrium micelles or asetcally trapped nanopatrticles.
Roughly similar alternatives apply also for ampliliptstatistical polyelectrolyte§The

structure of the PDMAEMA-PMMA and PDMAEMA-PBMA sargs in aqueous

solutions was studied by surface tension measursméd NMR spectroscopy,

dynamic light scattering (DLS) and cryogenic trarssion electron microscopy (cryo-
TEM). Typically, 1 w/v-% polymer was dissolved ilow ionic strength aqueous
solution (0 M or 0.0001 M NacCl) with no pH adjustmieThe scattering intensities and
the determined solution structures of the samples pesented in Table 3. The
determination of the solution structure was basedresults of all the conducted
measurements. The key characteristics that werd imséhe determination of each

individual structure are also listed in Table 3.

Table 3. Solution properties of PDMAEMA-PMMA andNPEAEMA-PBMA copolymers
at low ionic strength (0.0001 M NaCl), at 1 w/v-@lyamer concentratioH.

Scattering
Sample intensity | Structure in solution Key characteristics
(keps}
D2 13 i I ttering int it
(PDMAEMA reference) unimers ow scattering intensity
higher scattering intensity,
B2(DgiM21) 190 equilibrium micelles | Dy =12 nm in DLS,
high surface activity
B3(QD;eM17) 28 unimers low scattering intensity
B4(QDs;M+o) 4160 trapped nanoparticlesrggvhsi(;?i?ggﬂ'\%snsny’
high scattering intensity,
B5(QDscB76) 7690 trapped nanopatrticleslow surface activity,
particles visible in cryo-TEM
. low scattering intensity,
CLQBMe2) 79 unimers narrow PMMgA peak ir}r/H NMR

¥rom the DLS measuremefitM, = 11400 g/mol (by NMR), PDI = 1.10 (by SEC). Foon® details, see
publication III.

The distinction between unimeric and aggregatectispecould be observed in the
scattering intensity results, since the scatternimgnsity increases significantly when
aggregates are present. On the other hand, thectish between equilibrium micelles
and Kkinetically trapped nanoparticles could be ole#® in the surface tension

measurements. The samples with longest hydrophbhlicks, B4(QRiM79) and
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B5(QDseB76), showed low surface activity even when compared RMETAI
homopolymer, which indicates presence of trappetetuilibrium particles® The *H
NMR results provided support for the determinedfeonations. For example, the
statistical copolymer C1(QfgMs) had a narrow PMMA peak in the aquedbisNMR

spectrum, which indicates the sample was non-agtgdg

The hydrodynamic diameterBy) of the aggregates containing METAI units could no
be measured by DLS at these low ionic strengthtisols, since the dynamics of
unscreened strong polyelectrolyte solutions areerdehed by the electrostatic
interactions, preventing the size measurerffeHbwever, the hydrodynamic diameters

of the aggregates were measured at solutions camged.1 M NaCf'

The conformations of the kinetically trapped namtiples of B4(QQR;M.g and
B5(QDssB76) Were further studied with cryo-TEM. There wasl@ac difference in the
aggregates of the two samples. The B4{d3g) image contained a wide distribution
of varying particles, whereas B5(@B-¢) image contained clearly defined particles

with diameters between 20-70 nm.

Figure 4. Cryo-TEM images of B4(Q@Mg) (left) and B5(QIB7e) (right). 1 wiv-%
solutions in 0.0001 M Nacl.

6.2 PDMAEMA-PTFEMA copolymersin aqueous medium'""V

The PDMAEMA-PTFEMA copolymers (Table 2) were morgdiophobic than the
PDMAEMA-PMMA and PDMAEMA-PBMA copolymers discusseth previous
section, because majority of the PDMAEMA-PTFEMA obymers contained non-



38

guaternized DMAEMA units instead of METAI units, daalso because the TFEMA
units were more hydrophobic than MMA or BMA uni@nly the copolymers QB-47
and QC-51, which contained quaternized METAI ursyld be dissolved directly in

water with unadjusted pH.

The aqueous conformations of PDMAEMA-PTFEMA polysjei.e. whether the
polymer chains were extended or collapsed in watere studied with 1 w/v-%
polymer solutions by NMR measurements. TFEMA units have three equitale
fluorine nuclei, resulting in a single peak of pdtally high signal-to-noise ratio (SNR)
in the'®F NMR spectrum. The spin-lattic&:) and spin-spinT,) relaxation times of the
¥F nuclei were measured of the prepared polymertisaki BothT; and T, of the
fluorine nuclei are affected by the mobility of thaclei, which further depends on the

conformation of the polymef.1%2

The polymer solutions for thé’F NMR measurements were prepared either by
dispersing the polymer in water and adjusting tlie ymtil the polymer dissolved
(statistical copolymers containing non-quaternib©@AEMA units, C-12, C-24 and C-
51 in Table 2), by assembling the polymer to agsesanoparticles through solvent
exchange from acetone to water (block copolymerstaioing non-quaternized
DMAEMA units, B-20 and B-47 in Table 2, solvent eange method Awas applied)

or by direct dissolution, possibly at elevated temapure (copolymers containing
METAI units, QB-47 and QC-51 in Table 2). The sttial copolymers containing non-
quaternized DMAEMA units were studied at varying phd ionic strength conditions

in order to study the effect of polymer charge dgren its aqueous conformation.

In addition to thé°®F NMR measurements, DLS measurements were condotthd 1

w/v-% block copolymer solutions. The expected solutstructure for the block
copolymers was a nanoparticle, where the hydrogh®bFEMA block formed the core
and the statistical P(TFEMAe-DMAEMA) copolymer block formed the corona.

Because the block copolymers were not directly ldelun water, and since the

" See chapter 2, experimental
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PTFEMA blocks were under their glass transition gerature (§rrema = 74 °C as
measured by DSC), the nanoparticles were expecidok tkinetically trapped non-
equilibrium structures. Thé&;, T, and DLS results of the polymers, alongside with th

determined aqueous conformations, are presenteanle 4.

Table 4.%F NMR and DLS results of the PDMAEMA-PTFEMA copelysplutions
and the expected aqueous conformations. The polyomeentration was 1 wiv-%%.

Sample | Solution conditiond | Dy (nm)® | ®F T, | ®F T, (ms) | Expected conformation of
pH [NaCl] (M) | (DLS) (ms) the copolymer in solution
C-12 8 0 320 13 collapsed globule
6.5 0 520 140 extended caoll
2 0 550 140 extended coil
C-24 6.5 0 430 81 extended (intermediate) cpil
2 0 540 150 extended coll
C-51 2 0 360 11 collapsed globule
QC-51 0.25 330 11 collapsed globule
B-20 0 45 340 0.12 (69%) | collapsed nanoparticle
11 (31%)
B-47 0 29 400 0.22 (86%) | collapsed nanoparticle
11 (14%)
QB-47 0.25 20 — 10060 480 0.73 (89%) | extended nanoparticle
81 (11%)

% the statistical copolymers C-12, C-24 and C-51 vatuelied also at 0.25 M NacCl solutions, but the
results are not presented here, as they were in most sisiar to the results in salt-free solutichs
relative standard deviation was <Z2%road distribution, extreme values are presented.

Significant differences were observed especiallthenT, values of the samples, where
variation greater than two orders of magnitude massured (from values less than 1
ms to 160 ms). The longer tAg and T, values were, the more extended the aqueous
conformation of the polymer was expected to be. ey, it must be noted that the
conformation estimations in Table 4 represent omdlative qualities between the
samples, and do not indicate the absolute extenhefcollapse or extension of the
chains. In statistical copolymers (C-12, C-24, C&id QC-51), increasing fluorine
content increased the association between the atamedant fluorine groups, and lower

pH values were necessary to maintain the extendefbenation or even solubility of

the polymers.

Two differentT; values could be separated from Theelaxation curves of all the block

copolymer nanopatrticle solutions. The presencevofdeparatd, values indicates the
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presence of separaté populations, at least on the time scale of thaxation time

measurements. It can be assumed that the shiorteerives from the TFEMA units
within the kinetically trapped core blocks of tharficles, while the longer; is due to

the TFEMA units within the statistical copolymerobks forming the coronas of the
particles. The relative populations of short andglé®F T, values could be estimated
from the relaxation decays and correspond to tkeive TFEMA populations in the

core and corona blocks reasonably well. The cordition of the corona was found to
be extended in the QB-47 sample, which contained MEinits and had therefore high
charge density in the corona. Correspondingly, dbeformation of the corona was
found to be collapsed in the other block copolys@mples (B-20 and B-47), which
contained non-quaternized DMAEMA units and hadefae low charge density at the

applied conditions with unadjusted pH.

In addition to the experiments described in Tablsodne of the PDMAEMA-PTFEMA
copolymers were studied also at lower, 0.005 w/{5% ppm) concentration by DLS.
The copolymers were assembled to agueous nandesrtlmrough solvent exchange
from acetone (method Bvas applied), after which the pH of the solutioasvadjusted
either with HCI or NaOH. The DLS results of thidugmn series are presented in Table
5. The solution series presented in Table 5 wathdurused in surface experiments

described in Chapter 7.

The B-47 results in Table 5 show that e of the nanoparticles almost doubled from
41 nm to 77 nm when the pH was lowered from 9 t®I8 B-47 corona blocks had a
low charge density at pH 9 whereas they had a blggrge density at pH 3. The
particles were expected to be kinetically trapmed] therefore the changely is not
expected to derive from changes in the aggregationber, as the pH adjustment was
done as the final step, after the nanoparticlesewiermed. Rather, the change is
expected to derive from the significant extensiérthe corona chains with increasing
charge density. This observation is consistent WEhNMR results of the copolymers
(Table 4).

" See chapter 2, experimental
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Table 5. The DLS results of the PDMAEMA-PTFEMA panticles prepared with
solvent exchange (method B). The polymer concémratas 0.005 w/v-% and NaCl
concentration was 0.01 M.

Sample | Dy (nm) (DLS}
Statistical copolymer
C-51 pH 3 Unimers — the C-51 particles disaggregatezhwie pH was lowered
pH 6.5 64
pH 9 Precipitated
Block copolymers
B-20 pH 6.5 82
B-47 pH 3 77
pH 6.5 64
pH 9 41
B-77 pH 6.5 60

@ Relative standard deviation was < 8 % for the nartagle hydrodynamic diameters.

As the aqueous solutions described in Table 4 wisiele in'°F NMR, the copolymers
in Table 4 have potential 88 magnetic resonance imaging (MRI) agefitd®’ The
polymers could potentially be incorporated e.ghiwittherapeutic particles or cells, and
could subsequently be trackéu vivo in a non-invasive manner ByF MRI. In the
method, a'°F image is superimposed on a familt&t density image, revealing the
location of the fluorinated compoundSF is an attractive tracking nucleus for MRI due
to its high sensitivity and the absence of a conding *°F background signal within the
body.

In *°F MRI utilizing spin-echo pulse sequence, the nedctive imaging agents will
have shorfT; relaxation times, lond> relaxation times and high fluorine contetts.
% MRI intensities of phantom images were measurech the Table 4 solutior!$.It
was observed, that increasing the fluorine cortétite polymer on one hand increased
the image intensity by adding moté nuclei to the image, but on the other hand
resulted in increased association, which at somet @mbarted to decrease the image
intensity as theT, shortened. Only water-solvated polymer chains. (&tistical
copolymers and block copolymer coronas) were daléetin the’®F MRI with the
pulse sequence that was applied. Thef the'°F nuclei in the solid nanoparticle cores

were so short that in practice the core nucleinditicontribute to the images.
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7 ULTRA-THIN LAYERSOF AMPHIPHILIC POLYELECTROLYTESAS
SURFACE WETTABILITY MODIFIERS""V

A major objective in this thesis was to apply anppilic polymers on hydrophilic
substrates as ultra-thin layers from aqueous mediurder to achieve a change in the
wetting properties of the substrate. In order tadgtthe potential of the synthesized
cationic amphiphilic polyelectrolytes as surfacetaigility modifiers, they were applied
on silica, mica or cellulose fiber substrates (de8ic filter paper) from aqueous
solutions. All the applied substrates have a negatharacter in water over a wide

solution pH range.

7.1 Structure and wettability of the PDMAEMA-PMMA and PDMAEMA-

PBMA copolymer layerson silica'"’

The synthesized PDMAEMA-PMMA and PDMAEMA-PBMA copwohers (presented
in Table 1) were applied on silica substrates flom/v-% aqueous solutions containing
0.0001 M NaCl. The solutions were presented in &bl According to the solution
studies, the copolymer samples formed unimeric,liegum micelle or kinetically
trapped nanoparticle structures in these conditiaepending on the polymer. The
copolymers were applied on silica by either spiatic@y or adsorption. The obtained
surface structures were studied with AFM and intilieawetting properties with static

contact angle measurements.

On spin-coated samples, the obtained polymer l#lyieknesses were 10-30 nm, as
measured by AFM with scratch method, indicatingt tie layers were thicker than
monolayers. The static contact angles on theseacsfwere below 20°, indicating
highly hydrophilic behavior. This can be attributedthe fact that only the lowest layer
of polymer chains was attached to the substrataitfir electrostatic interactions and the
uppermost chains were free to dissolve in the nreasent droplet, since all the
PDMAEMA-PMMA and PDMAEMA-PBMA samples were directlyoluble in water.

From this result the obvious conclusion can be drathat in case water-soluble
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polymers are used in surface wettability modifieatia monolayer must be obtained in

order to get layers that are stable when in contébtwater.

In order to obtain monolayer samples from the siated surfaces, the surfaces were
rinsed thoroughly with waterAfter rinsing and drying, only those polymer cteihat
were attached to the substrate were expected taimeon the surface. When the contact
angles were measured on these surfaces, less Ildropalues were obtained,
indicating successful wettability modification. Th&FM image of the obtained
B5(QDseB76) surface layer is presented as an example (Figuleft). The aggregates
visible in the surface are expected to derive ftbm kinetically trapped nanoparticles
present in the aqueous solution of B5@s) (see Figure 4). The contact angle on the

surface was 82°.

z=4nm

Figure 5. AFM topographic images of B5(@Bye) surface layers on silica. Left:x1
pmz2, surface prepared by spin coating (after rigsend drying). Right: %1 pm?2,
surface prepared by adsorption (after rinsing amging)."

The surface layers prepared by adsorption were lyngatureless. The B5(QiB7e)
surface was an exception; it had a structure ofZ@® nm wide and 2-6 nm high
aggregates separated by smooth areas (Figure I8). rihese aggregates are again
expected derive from the aqueous nanoparticles ®{fQBssB7¢). In general, the
adsorbed surfaces were significantly thinner thhe spin-coated surfaces, with
thicknesses clearly below 10 nm. It can be expetted the polymer layers were

monolayers irreversibly attached to the substrsitece the surfaces were thoroughly

" Rinsed surfaces were not prepared from all the spited samples, but from an example set consisting
of samples B5(QEB7¢) and C1(QRMsey).
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rinsed after preparation. Contact angles betwe@i6@9were measured on the adsorbed
surfaces, depending on the adsorbed polymer. Titacio angle of the adsorbed

B5(QDseB76) surface presented in Figure 5 was 58°.

From Figure 5 it can be observed, that the strestof the B5(QRB+¢) surface layers
prepared by spin coating and adsorption differgghiicantly from each other. Both
surfaces consisted of aggregates, but the surfaepamd by spin coating was
significantly rougher with greater aggregate heightl density. The differences are
expected to derive from the conditions of preparatin the adsorption process the
surface formation depends on the equilibrium fornoedthe solid-liquid interface,

whereas spin-coating is a forced process.

The contact angle on the spin-coated surface Bk was 82° whereas on
adsorbed surface it was 58°. It can be concluded,the obtained level of wettability
was dependent not only on the applied polymer Ied an the surface preparation

method and on the resulting surface structure.

7.2 Structure and wettability of the PDMAEMA-PTFEMA copolymer layers

on mica’

The synthesized PDMAEMA-PTFEMA copolymers (presdnia Table 2) were
applied on mica substrates from 0.005 w/v-% aquesmistions containing 0.01 M
NaCl. The solutions were presented in Table 5, avagority of them consisted of
kinetically trapped nanoparticles. The statisticapolymer C-51 was an exception;

when the pH was lowered to 3, the polymer dissob&dnimers.

The copolymers were applied on mica by adsorptiiter adsorption, the surfaces
were rinsed with water and dried under fidw. The structure of the formed polymer
layers was studied with AFM and the obtained s@rfaetting properties were studied
with dynamic contact angle measurements. The layeyee studied both without

annealing and after annealing at 150°C. The san(&% and B-47 were studied as a
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function of adsorption pH in order to evaluate #ifect of polymer charge density on

the properties of the layers.

The AFM images of the obtained surface layers aesemted in Figure 6. As the
polymer layers observed in the images were ablatttstand desorption during rinsing,
it can be expected that their adsorption processiwaversible. In the majority of the
non-annealed layers in Figure 6, nanoscale pastigkre observed in the AFM images.
The particles are expected to directly derive frahe solution nanoparticles.
Accordingly, the non-annealed C-51 surface layesodsed at pH 3 was rather
featureless, as the adsorbing species was uninfdtier annealing, the surfaces had

flattened and the nanoparticles had spread signitfiy.

The wetting properties (i.e. advancing and recedmgtact angles) of the surfaces are
presented in Table 6. The surfaces can be dividatiree different groups based on
their structures observed in the AFM images, inclgdeatureless surfaces, surfaces
with partial nanoparticle coverage and surface$ Wigh nanoparticle coverage. The

wetting properties of these groups are discusskedviseparately.

Table 6. Advancing/receding water contact angle®DMAEMA-PTFEMA layers on
mica. Notation << 10° indicates contact angle clas®°’

Sample contact angle contact angfe
(non-annealed) | (annealed)

Statistical copolymer

C-51 pH 3 81°/39° 85°/40°
pH 6.5 100° / <<10° 840/ 42°

Block copolymers

B-20 pH 6.5 47° [ <20° 63°/22°

B-47 pH 3 600 / <20° 71°/32°
pH 6.5 64° [ <20° 73°/32°
pH 9 80° / <20° 90° / 24°

B-77 pH 6.5 82° [ <<10° 96° / 63°

& standard deviation < 5°.
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Non-annealed

Annealed

6.5

Ve

Non-annealed

Annealed

Figure 6. AFM topographic images of PDMAEMA-PTFERGoolymer layers on mica.
Image bl is 2.82.5 um?, other images arex3 pum2. Inset of cl showsxll pm?
enlargement (z = 2 nm). Inset of d2 shows a@.7 pni phase contrast imagde.
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Featureless surfacehe C-51 surfaces adsorbed at pH 3 were ratla¢uridess, both
before and after annealing (al and a2 in Figur&éine aggregates were observed on
the non-annealed surface. The flat structure ostiteaces was attributed to the fact that
the adsorbing species was unimeric. Both the adivgrand receding contact angles of
these surfaces were relatively high, ca. 80°/4ah Ibefore and after annealing (Table
6). This behavior was likely a combined effect ln¢ trelatively low hydrophilicity and
high homogeneity and flatness of the surface. THgl pH 3 results demonstrate that
when the statistical copolymer was adsorbed asveofeneous layer, no annealing was

necessary to obtain significant hydrophobization.

Surfaces with partial nanoparticle coveragéhe B-20 and B-47 block copolymer
surfaces consisted of a polymeric layer partiatlyering the mica substrate (c1-f1 and
c2-f2 in Figure 6). Before annealing, these sudapensisted of an array of particles
divided by flat areas. After annealing the parscfattened and spread significantly.
The formation of these surfaces was attributetiéarreversible adsorption of B-20 and
B-47 nanoparticles. The particles had relativelgéa charged coronas, inducing steric
and electrostatic inter-particle repulsions on theface. According to the random
sequential adsorption (RSA) model, such adsorppimtess is expected to result in
fractional surface coverad® °Variation in the adsorption pH affected the sine a

charge density of the particle coronas, which tesuin variation in the nanoparticle

density on the surface, as observed in the pHssefiB-47 surfaces (d1-f1 and d2-f2 in

Figure 6).

The surfaces with partial coverage had rather laaggact angle hysteresis (B-20 and
B-47 in Table 6). The advancing contact angleshennion-annealed surfaces increased
with increasing amount of particles on the surfadeich at least to some extent could
be attributed to the hydrophilic mica substratedneiog increasingly covered. The
receding contact angles on the non-annealed ssriaere always low (below 20°). This
behavior could correspondingly, at least to sontergxbe attributed to pinning of the
receding droplet line on the hydrophilic areas n€avered mica. Annealing increased

both the advancing and receding contact angles;hwtould be attributed to the mica
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substrate becoming further more covered, and alsnpally to the hydrophobic blocks

reorganizing from the cores of the particles towdte uppermost surface layer.

Surfaces with high nanoparticle coveraddie C-51 and B-77 surfaces consisted of a
polymer layer fully covering the substrate (b1, g2, and g2 in Figure 6). Before
annealing, the surfaces were rough with particfegaoious sizes visible in the AFM
images. After annealing the surfaces flattened ifsigmtly. The high nanoparticle
coverage when compared to B-20 and B-47 samplssusked above) was expected to
be a combined result of increased corona hydropitgbidecreased corona charge
density, and decreased corona size of the adsoraingparticles, which have reduced

the inter-particle repulsions and allowed morecedfit packing on the surface.

The wetting behavior on the annealed surfaces waecéed to a large extent reflect the
intrinsic wetting behavior of the polymers, thoutjie roughness could also have an
effect as the surfaces were not perfectly smookie jotential hydrophobicity of the
annealed B-77 block copolymer surfaces was expedtedbe similar to the
hydrophobocity of TFEMA homopolymer. The contacigkes measured on the
annealed B-77 surface (96°/63°) were slightly lothan values measured by Honda et
al.”® on PTFEMA homopolymer surface (102°/84°). This Idoindicate that the

uppermost layer of the annealed B-77 surfacecstiitained some DMAEMA units.

The wetting behavior of the non-annealed B-77 ariLlGpH 6.5) surfaces was more
complicated, with a high level of contact angle thyssis. It has been observed
previously, that rough surface structure in nanemEtor micrometer scal& ’’ can

lead to high contact angle hysteresis. This typebatiavior has been connected to
surfaces, where the measurement droplet is ablevab the roughness features
thoroughly. The low receding contact angles on ssutfiaces have been attributed to
the entrapment of water during the receding stag@mthe roughness features through

the capillary effect.
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The static contact angles of B-77 and C-51 (pH 8usjace layers were also measured.
The measured contact angles were rather closectoaher on all the surfaces, within
75° - 85°, including both the non-annealed andatireealed surfaces. This demonstrates
how inadequately the static contact angle measuresnoan describe the wettability of
this type of surfaces.The wettability of the non-annealed B-77 and C(pH 6.5)
surfaces was actually highly different from the tability of the annealed surfaces.
When the non-annealed surfaces were in contact wéter (e.g. if the surface was
immersed in water and then withdrawn), continuoadew films were formed on the
surfaces, due to the poor ability of the surfacesléwet. On the contrary, when the
annealed surfaces were in contact with water,raiswater droplets were formed on the

surfaces.

73 DMAEMA-TFEMA copolymerson cellulose fiber substrates”

A set of contact angle experiments were conductedetiulosic filter paper surfaces, in
order to test the properties of the polymers whisoebed on cellulosic surfaces, which
bear a wide range of applications ranging from pap&ing to textile industry.
Whatman 3 filter paper, that was applied, consi$tsainly (over 98 %x-cellulose,
and can therefore be used as a model for cellllased materials. Cellulose substrates
are anionic with low charge density, and catiorotyplectrolytes have been shown to
adsorb on ther#11°

When those nanoparticles that provided high cordgagtes on mica were adsorbed on
cellulose fiber substrates from 0.05 w/v-% soluti@amd annealed (B-77 and C-51 at pH
6.5), highly hydrophobic surfaces were obtainedhwidvancing contact angles around
160° (Figure 7). The receding stage of the droplatsnot follow a well-defined path;
some parts of the droplets receded already abo®® iritlicating highly hydrophobic
behavior, whereas other parts had receding cortagkes close to 0°. The wetting

behavior of the modified filter papers likely assieom the combination of the inherent

" For this reason, the wetting results of AS graft ¢gpers in chapter 3 and PDMAEMA-PMMA and
PDMAEMA-PBMA copolymers in chapter 7.1 are only iralive.
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roughness of the filter paper and of the hydrophketimn of paper fibers by the polymer

treatment>? 116

Figure 7. The measurement of the advancing corgagte on cellulosic filter paper
treated c:\//vith 0.05 w/v-% B-77 solution, after animegl The advancing contact angle is
ca. 160°.
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8 CONCLUSIONS

This thesis described a method for modifying thettiwg properties of various
hydrophilic substrates with a minimal amount of &ippilic polymer that is applied

from an easily applicable solvent, water.

Majority of the experiments were conducted with &ippilic polyelectrolytes. The
polyelectrolytes had either statistical or blockpalymer structure and they were
synthesized by atom transfer radical polymerizag@mRP). Two series of polymers
were synthesized. The first one consisted of capelg with either DMAEMA or
METAI as the hydrophilic monomer and either MMA BMA as the hydrophobic
monomer (PDMAEMA-PMMA and PDMAEMA-PBMA copolymers)The second
series consisted of copolymers with either DMAEMAMETAI as the hydrophilic
monomer, and TFEMA as the hydrophobic monomer (PEMA-PTFEMA
copolymers). Polymers with low polydispersities aswhtrollable molecular weights

and compositions were obtained.

Solution properties of the synthesized amphiphiayelectrolytes were studied in
aqueous medium. The copolymers were either disgdahrectly in water or assembled
to aquous nanoparticles through solvent exchange. dbtained solution structures
were studied at varying conditions with e.g. dyrmartight scattering,"H NMR
spectroscopy and surface tension measurements. edojmequilibrium micelle or
kinetically trapped nanoparticle structures wersesbed, depending on the polymer,

solution ionic strength and solution pH.

The aqueous conformations of the PDMAEMA-PTFEMA a@ymers were studied by
F NMR relaxation time measurements at varying smutonditions. The longer the
spin-lattice T1) and spin-spinTy) relaxation times were, the more extended the @agie
conformation of the polymer was expected to be. dimtestF relaxation times were
obtained from TFEMA units assembled to solid namiiga cores. The longest

relaxation times were obtained from TFEMA units hiit water-solvated statistical
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copolymers with low TFEMA contents and high chadgmsities. The potential of the
PDMAEMA-PTFEMA copolymers as°F magnetic resonance imaging (MRI) agents

was investigated.

The copolymers were applied on hydrophilic substrdtom aqueous medium as ultra-
thin layers. The effect of the thin polymer layer surface wettability was studied by
contact angle measurements, and the obtained swstacwtures were studied by AFM.
The PDMAEMA-PMMA and PDMAEMA-PBMA copolymers weratleer spin-coated
or adsorbed on silica. Wetting properties of theawmied layers were indicatively
determined by static contact angle measurementsngslde with the polymer
composition, the surface preparation method wasdda have an effect on the surface
layer structure and wettability. The PDMAEMA-PTFEM®polymers were adsorbed
on mica and cellulose fiber substrates. Wettingoerties of the obtained layers were
determined by dynamic contact angle measurementange of wettability levels were
measured, with advancing contact angles up to d@0hherently flat surfaces (mica)
and up to 160° on inherently rough surfaces (ceslellfiber substrate). The receding
contact angles on mica varied from ~0° to 63°. Bueface layer structures, e.g,
whether the substrate was fully or only partly gedeby the polymer, were studied on

mica by AFM. The results could be correlated towiedting properties.

In addition to the studies with amphiphilic polyai®lytes, carbohydrate based
polymers were studied for their potential in a $amiwettability modification. The
studied polymers were starch graft copolymers dpdogolymers with various sugars

as side groups.

The starch graft copolymers consisted of acetylatadch oligomer as backbone, to
which PMMA was grafted by ATRP. Graft copolymergiwvarying graft lengths and
densities were prepared in a controlled manner.pbiymers were spin-coated on silica
from aqueous dispersions and THF solutions. A raafjevettability levels were

indicatively observed by static contact angle measents.
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The glycopolymers were synthesized with a rout®lvimg a combination of catalytic

chain transfer polymerization (CCTP) to obtain fhelymer backbone and Cu(l)-
catalyzed azide—alkyne cycloaddition (CUAAC) toadbtthe sugar-functionalized side
chains. The adsorption of cellobiose functionalizgalymers on cellulose model

surfaces from aqueous solutions was studied. Thyengos were found not to adsorb on
the substrates, possibly because they had quiteégnees of polymerization. However,
mannose and galactose functionalized polymers foered to be recognized by various

lectins, which indicated their potential in biologi applications.
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