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methacrylates, acrylates, and styrene with iron (EefEl,O) as the transition metal in most cases. As complexing ligand eithq
commercially available ligand (triphenyl phosphine) (PPdr synthetic aliphatic amines were used. As initiators, methyl

ra

2-bromopropionate, ethyl 2-bromoisobutyratey-dichloroacetophenone, and poly(ethylene oxide) macroinitiator were empldyed.

Block copolymerization of-butyl methacrylate-tiert-butyl acrylate (BMA-btBA) was performed by two-step ATRP method.

The results showed that, for well-defined copolymers, a low conversion macroinitiator (conversion 35%) is preferable to a
conversion one.
Four tetradentate nitrogen ligandsz. dichloro{[N,N’-diphenyl-N,N’-di(quinoline-2-methyl)]-1,2-ethylene diaminel),

{[N,N’-dioctyl-N,N’-di(quinoline-2-methyl)]-1,2-ethylene diamine), {[ N,N’-dibenzyIN,N’-di(quinoline-z-methyl)]-l,2-ethy|em_e

diamine} 3), and (1R,2R)-(-N,N’-di(quinoline-2-methyl)diiminocyclohexand), were synthesised at the University of Helsin}
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ABSTRACT

Atom transfer radical polymerization (ATRP) was applied to homo and block
copolymerization of vinyl monomers methacrylates, acrylates, and styrene with iron
(FeChb.4H,0O) as the transition metal in most cases. As complexing ligand either a
commercially available ligand (triphenyl phosphine) (BRm synthetic aliphatic amines
were used. As initiators, methyl 2-bromopropionate, ethyl 2-bromoisobutyraie,
dichloroacetophenone, and poly(ethylene oxide) macroinitiator were employed.

Block copolymerization oh-butyl methacrylate-bert-butyl acrylate (BMA-btBA) was
performed by two-step ATRP method. The results showed that, for well-defined
copolymers, a low conversion macroinitiator (conversion 35%) is preferable to a high
conversion one.

Four tetradentate nitrogen ligandgiz. dichloro{[N,N’-diphenylN,N’-di(quinoline-2-
methyl)]-1,2-ethylene diamine}lj, {[N,N’-dioctyl-N,N’-di(quinoline-2-methyl)]-1,2-
ethylene diamine} 2), {[N,N’-dibenzylN,N’-di(quinoline-2-methyl)]-1,2-ethylene
diamine} @), and (1R,2R)-(-N,N’-di(quinoline-2-methyl)diiminocyclohexand), were
synthesised at the University of Helsinki, and used as complexing ligands in iron-
mediated polymerization of methyl methacrylate. High to moderate conversions (87%,
43%) were obtained in relatively short times (90 min Xand 30 min for2), which
indicates an efficient catalyst system. When the bulkiness of the substituents was
significantly increased, as in ligadpolymerization rate was decreased and control was
lost. Ligand4 was less efficient than the other ligands, probably because the ethylene
bridge was replaced by cyclohexane bridge.

Poly(ethylene oxide) monochloro macroinitiators and poly(ethylene oxide) telechelic
macroinitiators (CI-PEO-CI) were prepared from monohydroxy functional and dihydroxy
functional poly(ethylene oxide) in the presence of 2-chloro propionyl chloride and
applied to the polymerization of styrene (S) or methyl methacrylate (MMA). The
polymerization of styrene was carried out in bulk at ¥amnd catalysed by coppBr(
chloride (CuCl) in the presence of 2Ripyridine (bipy) ligand (CuCl/ bipy), but the
polymerization of MMA was carried out in the presence of (R460O)/ (PPh)
catalytic system. With most of the macroinitiators, the living nature of the
polymerizations led to block copolymers with narrow molecular weight distribution
(MwW/Mp < 1.3). Adjustment of the content of the PEO blocks (>90% by mass) allowed
the preparation of water-soluble/water-dispersible block copolymers. Small amounts of
the PEO-PS-based block copolymers were applied to modify the paper surface.
Chain length of the hydrophilic block and/or the amount of hydrophobic block was
found to play an important role in modification of the paper surface. It was also
found that water-dispersible triblock copolymer containing 10 wt-% PS makes the
paper surface highly hydrophobic (contact angle 21)1and retards water absorption

on both light weight coated base paper (LWC) and fine base paper (FP). The effect on
oil absorption was less significant.
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1 INTRODUCTION

1.1 Scope of thework

As a multicomponent system, atom transfadical polymerization (ATRP)
comprises a monomer, an initiator with a transfierabom (halogen in most cases), and a
catalyst (composed of a transition metal speci¢l amy suitable ligand). Sometimes an
additive (metal salt in higher oxidation state)used. For successful ATRP, still other
factors, such as solvent and temperature, mustikdes into consideration.

This thesis describes the basic princippésATRP and its application in the
synthesis of homo-and block (co)polymers, and ports tests of the prepared
amphiphilic blockpolymers as coating agents for ggapAmong the living radical
polymerization systems ATRP was chosen becauds gérsatility and robustness. This
is in contrast to nitroxide-mediated polymerizat®MP), which is limited to a certain
type of monomer, and reversible addition fragmeoathain transfer polymerization
(RAFT), which involves coloured and odoured thieest

The thesis summarizes the research reportign five appended publicatioris\().
First, ATRP of butyl methacrylateBMA) both in bulk and in solution was undertaken
to find the best conditions (initiator, solventdaadditive) for a more controlled synthesis
of poly(n-butyl methacrylate) IJ. A commercially available catalyst
bistriphenylphosphine irofil) chloride tetrahydrate (Fe£AH,O/PPh), was employed.
The synthesised polymer was used as macroinitfataiert-butyl acrylate {BA) in the
preparation of the diblock copolymer poitjutyl methacrylate)—block-poligrt-butyl
acrylate) (PBMA-b-BA) (II). Some tetradentate nitrogen ligands were then
synthesized, and used as complexing ligands in-nrediated ATRP of methyl
methacrylate (MMA) to study the effect of ligandlikiness on the activity of the metal
complex in ATRPIII).

Finally, possibilities of applying block colgmers as coating materials on paper
surface were investigated. A well-defined waterbtd/water-dispersible amphiphilic
PMMA-b-PEO-b-PMMA triblock copolymer was prepareddacharacterizedlY), and

its usefulness as coating on paper and model ssfa@s investigated. Polystyrene-
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poly(ethylene oxide) di- and triblock copolymers$s(B-PEO, PS-b-PEO-b-PS) with well-
defined molecular structure, unlike their counteipaPMMA-b-PEO-b-PMMA were

successfully applied as paper coating matend)s (

1.2 Atom transfer radical polymerization (ATRP)

Several methods of living/controlled radiipalymerization have been developed in
the past decade including nitroxide-mediated rddicdymerization (NMP), reversible
addition fragmentation chain transfer polymeriza{BAFT) and atom transfer radical
polymerization (ATRPY* Living polymerizations will lead to well-definedolymers
only if the following prerequisites are met: intian is fast in comparison with
propagation, exchange between species of diffeaetitity is fast in comparison with
propagation, and the rate of deactivation is lowamparison with propagation. ATRP is
one of the most promising systems and has attragiee research interests® It has
proven to be efficient for a wide range of monoméssyrenes, meth(acrylates),
acrylonitriles, etc3 polymerizing not only with Cu catalyst but withansition-metal
complexes of RY, Pd® Ni*°, and F&°?3 Polymerization isconducted either in bulk or
in other solvents (benzene, water, €t.f° It is generally performed at moderate
temperatures (70-13%C). For all these reasons, ATRP has become a pawted| for
academic as well as industrial polymer chemistewahg efficient synthesis of novel,
tailor-made material%*®

An extension of the atom transfer radiaddiiaon reaction, ATRP is based on the
reversible deactivation of a propagating radicalttdaysfer of (in most cases) a halogen
atom from a transition metal complex in its higledidation state to the end of the
growing polymer chain. The mechanism of ATRP iseschtically depicted in Scheme 1,
where R-X denotes an organic halide as initiatingdormant species and Met is the

transition metal complex in lower (n) or higher {)-bxidation state.
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Ka
R—X + L,Met" = = R+ L Met™d
m
Kd

Alkyl halide Catalyst

Initiator nM

p | Initiation and
Propagation

Y

Active species RM, -

L,Met*(n+1)

Dormant species RM,—X + L Met™"

Scheme 1. Schematic presentation of atom tranatical polymerization (ATRP).

Initiation starts through halogen absimacfrom the alkyl halide (with rate constant
of activation k), resulting in a carbon-centred radical (R-) andedal whose oxidation
state has increased by one (M8t After addition of one or more monomer units, the
active radical reacts reversibly with the metal idel with the rate constant of
deactivation ki, regenerating the lower oxidation state transitiwatal and a halogen end-
capped oligomer. Polymer chains grow by the additibfree radicals to monomers in a
manner similar to conventional radical polymeriaati with the rate constant of
propagation, k However, by insuring that the reaction equilibmiufavours the
deactivated (dormant species) side, the numberdital species is kept low. At low
concentration of radical species a minimum ternimabccurs’ A successful ATRP will
not only have a small contribution of terminateaials, but also a uniform growth of all
chains, which is accomplished through fast inibiatand rapid reversible deactivation.

The redox properties of the ATRP catalyah de modified and its solubility

increased by employing metal ligands such as Dgridine and its derivatives or linear
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amines’ These ligands have been widely used in copperatetiATRP but rarely in
iron-mediated ATRB!!

Solvents influence the solubility of thetatgst, and the activity of the solution
affects the kinetics of ATREP** Matyjaszewski et &° studied the ATRP of n-butyl
acrylate (-BA) in the presence of various solvents and fouhdt polymerization
appeared to be homogeneous when ethylene carbeaatesed as a polar solvent, and it
was faster in solution than in bulk. The solverieef was also observed in the ATRP of
methyl methacrylate (MMA) in the presence of tole€b0% v/v) and benzonitrile (25%
and 50% v/v) where methyl 2-halo propionate wasl@seinitiator and copper halide/bpy
as catalyst’ The polymerization in more polar benzonitrile simn showed that
number—average molecular weights were theoretiqaigdictable (M = (A[M] / [l] o)
(Mwt)o, where M, A[M], [I] o, and (Mwt), present the average number molecular weight,
concentration of consumed monomer, the initial eom@tion of the initiator, and the
molecular weight of the monomer, respectively). &bollar weight distributions were
narrow?®3! In addition to polar solvents, hydroxyl-containisglvents affect the rate of
ATRP and accelarate the rate of polymerizatfon.

Block copolymers containing acrylates act anly challenging synthetically but
also interesting on account of their morphologiGahd mechanical properties.
Matyjaszewski and his co-workers have reported céffe atom transfer radical
polymerization of homo- and block (co)polymers oéthracrylates® methyl acrylatesd?
2-hydroxy ethyl acrylate¥, and tert-butyl acrylate®¥. However, there are very few
reports on the synthesis of acrylates by iron-media TRP*’

1.3 Poly(ethylene oxide)-based amphiphilic block copolymers

Amphiphilic block copolymers are typical monic polymeric surfactants, which
have attracted considerable attention for theistanding solution properties and wide
range of applications. These materials are highigresting from the point of view of
fundamental research, as they exhibit self-asseglproperties in the presence of a
selected solvent or surfateBlock copolymers consisting of dissimilar moietiés. a
hydrophilic moiety such as polyethylene oxide (PE®) a hydrophobic moiety such as
polystyrene (PS), poly(methyl methacrylate) (PMMA); poly(butyl methacrylate)
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(PBMA) are of interest for their potentially usefalorphological properties (phase
separation of the soft component from the hard mneddition to classical phase
morphologies such as cylindrical and lamellar phaganization, etc.) and mechanical
properties (elastic properties, deformation, eldivga etc.). When dissolved in a
medium, that is a good solvent for one of the bdoakd a nonsolvent for the other the
amphiphilic block polymers associate to form miegsllEach micelle consists of a core of
the insoluble blocks surrounded by a solvent-swolterona of the soluble block. In
aqueous systems, block copolymers with polyethyl@xide as water-soluble part have
attracted much attention in recent years and lheen extensively reviewed*® "V v
Indeed, block copolymers tend to self-assemble antdde variety of ordered structures
(e.g. lamellar, hexagonal-packed cylindéfsJo a certain extent, these structures can be
controlled by varying the composition of the blockpolymer and the segregation
between blocks (via temperature or the degree lyhprization). The phase segregation
between two domains is governed by the Flory—Hugygiteraction parametey, which
is strongly influenced by the weight fraction ofetlvarious block copolymers.The
ordered structures are realized through combinatianhigh glass transition temperature
(Tg) block (hard block) with a lowly block (soft block) and are highly attractive on
account of their potential application as thermsjitaelastomerg® 3

Diblock copolymers PS-b-PEO and triblockhalymers PS-b-PEO-b-PS have been
particularly studied. Originally they were prepait®dsequential anionic polymerization
of styrene and ethylene oxidebut more recently other systems, such as RPNRd
ATRP, have been investigated. The first exampléhefsynthesis of block copolymers
PS-b-PEO-b-PS by ATRP was published by Kops etlab reported the polymerization
of styrene using 2000 g/mol 2-halo propionate tedic poly(ethylene glycol) as
macroinitiator®. Similar studies were done by Ying et°affor the synthesis of ABA
block copolymers containing PS as A segment anderdiit hydroxyl-terminated
oligomers as B segment. The common feature of tees#ies was that the molecular
weight of the macroinitiator did not exceed 5006hg/ and polymerization was carried
out in the presence of copper complexes. Matyjaskiésvgroup>® in turn, reported the

synthesis of PMMA-b-PEO-b-PMMA triblock copolymeirs a controlled manner via
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ATRP as a first step toward the controlled synthes$itissue engineering scaffolds. Their
report focused on the physical and biological behawof these block copolymers.

Very recently, Wieser et Hl.described the preparation of amphiphilic diblock
copolymers made of poly(ethylene oxide) (PEO) aoly(pexyl methacrylate) (PHMA)
synthesised by anionic polymerization of ethylerel® and subsequent ATRP of HMA.
The PEO block was prepared by anionic polymeripatiof ethylene oxide in
tetrahydrofuran, end capping was achieved by treatrof living PEO chain ends with 2-
bromoisobutyryl bromide to yield a macroinitiatasr fATRP. The second block was
added by polymerization of HMA, using the PEO maut@tor in the presence of
dibromobis(triphenylphosphine) nickel(ll), NigPPh),, as catalystWieser et af’
suggested that PEO-block-PHMA block copolymers @do¢ used as novel structure
directing agents for the synthesis of nanostrudtp@ymer-ceramic hybrid materials.

Before the present work, there were no ntspia the literature on the synthesis of
well-defined water-soluble/water-dispersible PEON#M by ATRP in the presence of
iron as the transition metal. Iron is an attractransition metal in ATRP due to its low
cost, availability, and nontoxicity. Moreover, ntudies were found to indicate the
feasibility of using PEO-PS amphiphilic block copolers as coating materials in the
paper industry. Malmstrom et Blreported on the ATRP of methyl acrylate (MA) from
initiators immobilized on cellulose fibres (prepdwa of PMA-grafted filter papers). The
resulting polymer-grafted papers were extremelyrtgtobic (contact angle 133

It is worth mentioning here that a majaawlback of ATRP is the need for relatively
large amounts of redox active transition metal, avhimakes product purification
essential. The contamination of the polymer with thetal may be seen as a serious
limitation for the industrial application of ATRF.0 address this issue, a number of
researchers have examined the use of immobilizealysts®*®° where the catalyst is
bound to an insoluble support such as silica anngarticles; however, these have tended
to provide less control of the polymerization thambound catalysts. Other ways to
reduce the presence of catalyst in the final polypr@duct have been to utilize ion
exchange resif®, a hybrid immobilized/soluble catalyst systm, ligands with

temperature-variable solubilitié%, or room temperature ionic liquids as solvénits.
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2 Methods

2.1 Synthesis of homopolymers" "'

In a typical run of the polymerization, ir®nomer and the catalyst were introduced
into a Schlenk glass tube, which was then capped two-way stopcock, purged with
nitrogen in repeated vacuum/nitrogen cycles, andedt by a magnetic stirrer.
Solvent may or may not be used in this step. hoitiazvas then added under nitrogen with
a syringe, and the glass reactor was immersed oil ath at the desired temperature for
a specified reaction time. After the specified tintee reaction was stopped by
withdrawing the tube and cooling the reaction migtto room temperature. The mixture
was diluted with tetrahydrofuran (THF). The obtainmlymer solution was passed over
alumina to remove the catalyst, after which theyp@r was precipitated with an excess
amount of methanol and dried under vacuum at raampérature until constant weight
was obtained.

The table below summarizes the monomerstamaorresponding initiators used in

this study for homopolymerization.

Monomer Initiator
n-Butyl methacrylate (BMA) CH,
Methyl methacrylate (MMA) HoC——Br
——0
OC,H,

2-Bromo ethyl isobutyrate

tert-Butyl acrylate(tBA) CH,
Br
O

OMe 5 Bromo methyl propionate
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2.2 Synthesis of BMA-b-tBA block copolymers™

Block copolymers of (BMA-bBA) were prepared in the same way as
homopolymers but at 11 with 25% (v/v) acetone as solvent, and with miadtiator
(PBMA) was added to the flask in powder form unaignogen purge.

2.3 Synthesis of PEO-based amphiphilic block copolymers™:V

Different amphiphilic block copolymers wesgnthesised in two steps according to

the literature procedut®as outlined in Scheme 2.

(ﬁ 0
H3C—CHJLC|

a a
a0 °C | |
HO-{ oG, —Of H > HC-CHT—Of OO, —Of o0
PEG 4-(Dimethylamino)pyridine © ©
CHa, catalyst
Tiethlamine 4t specified Terp.
v
P(M)-b-PEO-b-P(M)

Scheme 2. Preparation of PEO macroinitiator and ¢tbheresponding amphiphilic block

copolymerg"
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2.3.1 Preparation of PEO macroinitiators'"" Y

A 100-ml three-necked bottle was chargeth wiiethylamine (TEA; 0.7 ml) and
CH.CI; (10 ml) containing 4-(dimethylamino) pyridine (DNPA 0.92 g) and was cooled
to 0 °C under stirring. A solution of 2-bromopropyd chloride (BPC; 1.3 ml) in C¥Cl,
(10 ml) was added. To the formed yellow dispersadnCH,Cl,, (50 ml) containing
poly(ethylene glycol) (PEG) or monohydroxyl poly{gene glycol) (MPEG) (2.5 mmol)
was added dropwise over 1 h. The reaction was &eptom temperature under, for
18 h. The mixture was filtered to remove the fornadmonium salt and half of the
solvent was removed by rotary evaporation, andB® macroinitiator was precipitated
in cold diethyl ether. After dissolution in abs@utthanol, the solution was stored over
night to recrystallize the product. The product waen filtered, washed with ether, and
dried in vacuum to give the PEO or MPEO macroitotias a white solid.

2.3.2 Preparation of PEO-based amphiphilic block copolymers™:"

The polymerization of the block copolymeras carried out under dry nitrogen in a
dried Schlenk tube equipped with a magnetic stirbar. The tube was charged with the
required amounts of the macroinitiator and catalgstled with a rubber septum, and
degassed to remove oxygen. Degassed monomer (Maakes with a nitrogen-purged
syringe, and the tube was degassed and backfilidnrogen three times. The contents
were stirred for 5 min. Finally, the tube was imsest in an oil bath preheated to the
desired temperature. After a given time, the reactvas stopped by withdrawing the
tube and cooling the reaction mixture to room terappge. The crude products were
dissolved in dichloromethane. The obtained polysodution was passed over alumina to
remove the catalyst, and the polymer was precaaitatith an excess amount of hexane.
The precipitated polymer was rinsed twice with idlext water at room temperature to
remove possible unreacted PEO macroinitiator, inseeein cold diethyl ether, and dried

in vacuum at room temperature.
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2.4 Polymer characterization

The dried product was characterized by ieouransform infrared spectroscopy
(FT-IR), proton nuclear magnetic resonancéH (NMR), and size exclusion
chromatography (SEC) techniques, and the convenses determined by gravimetry.
FT-IR spectra of the macroinitiator and block cgpaérs were recorded on a Nicolet
Magna FT-IR spectrometer using the KBr pellet téghe. The'H NMR spectra of the
polymer were recorded using a Varian Inc. (PalooAIEA) Gemini 2000XL NMR
spectrometer operated at 300 MHz. The polymer ismluivas prepared by dissolving
about 50 mg of polymer in 3 ml of deuterated chionm (CDCk) or in deuterium oxide
(D20).

The molecular weights were determined lynrdemperature SEC (Waters System
Interface model, Waters 510 HPLC Pumps, Waterseb#fitial Refractometer, Waters
700 satellite Wisp, and four linear PL gel colurafi?, 10°, 10° and 18 A, connected in
series). Chloroform was used as solvent and elUdrwt samples were filtered through a
0.5 um Millex SR filter. Injected volume was 2Q0 and the flow rate was 1 ml min
Nearly monodisperse polystyrene standards in thger@x16-150 g/mol were used for

primary calibration.

Differential scanning calorimetry (DSC) suwere performed on a Perkin-Elmer
DSC 7 apparatus equipped with a liquid nitrogenlingoesystem. Calibration was made
with indium under a nitrogen atmosphere. Sampl82(1 mg) sealed in aluminium pans
were quenched from room temperature to “6@nd then scanned at X&min to +140
'C, kept at this temperature for 5 min and thenedlack to —60C at 15 C/min. After
5 min at this temperature a finlagating run was made at iG/min to 140°C. Melting
(Tr) and crystallization (J) temperatures were taken from the peak maximahén t
second melting scan and the cooling scan, resgdgtiVhe values for the glass transition
(Ty) are reported as the temperature by which onedfalfe specific heath\C,) increase
in glass transition region had occurred.

Dynamic mechanical analysis (DMA) techniqierkin-Elmer DMA 7 in tensile

mode) was used for some samples to confirm theepoes or absence of phase
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separation. Tensile films were prepared by soleasting, and temperature sweeps were
conducted from —8{C at a heating rate of €/min.

Fine paper (FP) and light weight coated @Mpaper were chosen for studies
investigating the absorption characteristics ofgpapgP was PM 7 from the Stora Enso
Oulu Mill, which is producing offset paper grad€hemical treatments were made on
both the base paper and the final product (coastgukn) while LWC paper was from
UPM Kymmene Kaukas paper mill, which is producingng grades. The same thing
done for FP paper was also done for LWC paper.

For the ink penetration study, fine pagiezets were spray-coated with 1-3 weight%
polymer solutions. Ink penetration was investigatetth an Olympus BH2-HLSH optical
microscope. The micrographs were taken from théecoside of the paper using tenfold
magnification. A non-treated area was left on esludets as a reference area. Lines were
drawn on the coated and non-coated areas with arivased felt pen to observe the
penetration.

Polymers were also applied to a modelailisurface and characterized by optical
microscopy and contact angle measurements. Theabpthages were recorded with a
digital camera connected to a Leica MZ6 stereorsmwpe. The static contact angles of
water (distilled and deionized) were measured usinQAM 200 computer-controlled
video-based instrument (KSV Instruments Ltd, Fidlamand was analysed with software
based on the Young-Laplace equation. The sizeeoivéiter used in the test was 7 pL.
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3 RESULTSAND DISCUSSION

3.1 Synthesis of poly(butyl methacrylate) (n-BMA), poly(tert-butyl acrylate) (tBA)

and the corresponding PBM A-b-PtBA copolymer

Two initiators were examined in testing tldfect of initiator on ATRP
polymerization of -BMA in the presence of Fef4H,O(PPh), as catalyst. The
polymerization medium was homogeneous and darklguced, which indicated good
solubility of the iron(I) complex. The kinetics of the bulk polymerizatiohBMA at 90

“C initiated by ethyl 2-bromo isobutyrate amg-dichloroacetophenone are presented in
Figures 1 and .2

90 | # (CH;),CBrco.Et hd
m CHCI,COPh

Conversion %

0 2 4 6 8
Time (h)
Figure 1. Bulk polymerization of BMA with Fed@H,O (PPh), as catalyst and

(CH3)2CBr|COzEt or CHCLCOPh as initiator at 99C ([Monomer]/[Initiator]/[Catalyst]
= 150/1/1).

Figure 1 shows the increase of monomer exsmen with time, which is a basic
requirement for living systems. Figure 2, in tushpws, the semi-logarithmic kinetic plot
of In ([M]o/[M]¢) versus time, t, where [M]is the initial concentration of the monomer,

and [M} is the monomer concentration at any time. Thealig of the plot indicates that
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the concentration of growing radicals is const#t#.can be seen from theses figures,
ethyl 2-bromoisobutyrate is a better initiator BIVIA than isa,a-dichloroacetophenone.

Evidently the structure of the alkyl group in ett#/romoisobutyrate is similar to the
structure of the dormant polymer species, and itidsices better homogeneity to the

system”
2.5 -
2 4
(CH2),CBICO,E
= 1.5
=
=3 [ |
£ ./
CHCI,COP
0.5 1 |
0 T T T T T T
0 1 2 3 4 5 6 7 8

Time (h)

Figure 2. First order kinetic plot of In([M}J[M] ) versus time in the bulk polymerization
of BMA at 90 °C with (CH),CBrCOEt or CHCLCOPh as initiator
(IMonomer]/[Initiator]/[Catalyst] = 150/1/1)!

Polymerization of tert-butyl acrylatéBA) has been conducted using various
techniques, including ioni@ nitroxide-mediated?® ">and metallocene catalyst-mediated
reactions’’ A variety of acrylate monomers have been polyneetiefficiently by ATRP
technique’, """ but, most of them with Cu/bipyridine catalysttsyss.

Unlike the butyl methacrylate system, podyrpation oftBA in the presence of
FeCb.4H,O(PPh), catalyst in bulk was heterogeneous. Because sthitierogeneity, a

search was made for the optimal conditions forpihlgmerization! Table 1 summarizes
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the tested conditions and the characteristics efpiblytert-butyl acrylate) obtained by
ATRP.

Table 1 ATRP of tBA using Feg#tH,O(PPh), catalyst system and initiated by methyl

2-bromopropionate, under various conditions, inkoll

Entry [Monomer]/ Temperature Time Conversion Mgexp M, theo® M./M,

[Initiator] (°C) (h) (%) (@/mol)  (a/mal)
1 200/1 110 1 90 22800 23000 1.98
2 200/1 90 2 60 13000 15400 2.17
3 150/1 70 2 80 18900 15400 2.14
4 150/1 110 0.5 30 10000 5800 1.80
1 72 16300 13900 2.00
2 90 17000 17300 1.90

®Mn,theo = 128([tBA} / [methyl 2-bromo propionatgK conversion)

Entry 1 in Table 1 appears to give very faaction (90% conversion in 1 h) and the
theoretical number average molecular weight,tivo, is in good agreement with the
experimental value, Mexp, obtained by gel permeation chromatographyQ)GBut the
polydispersity (M/My) is rather high. More detailed information conéeg the
optimizing of conditions can be found in publicatid.

Matyjaszewski's grodpusedCuBr/PMDETH (pentamethyldiethylenetriamine) as
catalyst system in the bulk polymerizationtBA to obtain the target system with high
molecular weights (monomer-to-initiator ratio of0®J0They synthesisetBA polymers
with polydispersities as low as 1.22, but there wasgnificant deviation between their
experimental and theoretical molecular weightstipalarly at higher conversions. This
was attributed to the differences in hydrodynanotumnes between the potiyA) and
linear polystyrene standards.

Introducing a slightly polar solvent (ace#p proved to be an efficient way to
synthesise polymers with controlled propertiesceithe solubility of the catalyst was
improved.*’
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Figures 3 and 4 show the ATRP Kkinetics of the tsmhupolymerization oftBA,
which was carried out with methyl 2-bromopropionasenitiator.

0.9 y=0.0375x + 0.0293
0.8 R” = 0.990!

07
0.6
05
0.4
03
0.2
0.1

In([M]o /[M];)

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 3. First order kinetic plot of In([MJ[M] ;) versus time in solution polymerization
of tBA with FeGl.4H,O(PPh), as catalyst and C¥CHBrCO,CHs as initiator at 110°C
(IMonomer]/[Initiator]/[Catalyst] = 200/1/1)"

Figure 3 shows the semi-logarithmic plottieé heterogeneous ATRP tBA in
33%(v/v) acetone. The plot of In ([M]M]¢) versus time is linear and of first order

indicating a constant number of propagating spetiesighout the reaction.

Conversion%
n w B [o2) (2]
o o o o o
| | | \

=
o
L

T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20
Time (h)

Figure 4. Solution polymerization of tBA with Fe@H,O(PPh), as catalyst and
CHsCHBrCO,CH; as initiator in (33% vlv) acetone at 110°C
(IMonomer]/[Initiator]/[Catalyst] = 200/1/1)!
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Figure 4 shows the dependence of convemiatime for théBA monomer. As can
be seen, the consumption ratetBA evolves with time and the reaction ratetBA

during the polymerization process is slow (54% @&yaion in 20 h).

2.5

2 -
™~ % Conversion =54
/ ~ Mw/Mn = 1.20
\ M =

n=21400 g/mol

% Conversion = 30
Mw/Mn = 1.33
Mn = 15000 g/mol

1.5 4

GPC signal

0.5 4

3 3.5 4 4.5 5 5.5
Log(Molecular weight)

Figure 5 GPC curves of PtBA obtained under the same camitas in Figure 3.

The GPC curves of potg(t-butyl acrylate), BBA, which are single and symmetric
peaks, are depicted in Figure 5. The large increaiee molecular weights and the low
polydispersities with unimodal shapes of the GRLCds of the chain-extended polymers
demonstrate the success of the chain-extension.

Block copolymerization of BMA-EBA was conducted using a two-step ATRP
method. The first step was the synthesis of maiti@ior (PBMA)' (see above in this
section). The second step was to add a low correBBMA macroinitiator (conversion
=35%). Low conversion macroinitiator was used toidvoss of halogen during ATRP
synthesis of PBMA-b-BA block copolymers. Figure 6 presents the GPC
chromatograms of PBMA and PBMA-IBA obtained under the following reaction
conditions: {BA]/[PBMA]/[FeCl,.4H,0(PPh), ] 1000/1/1 at 110°C in 25% (v/V)
acetone (reaction time 15 h). As a result of thaircextension reaction, the molecular
weight was increased from M= 7650 g/mol, M/M, = 1.38, to M = 15400 g/mol,
Mw/M, = 1.55. The obtained block copolymer showed nb daithe low molecular

weight, i.e. no remaining PBMA macroinitiator.
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PBMA
Mn = 7650 g/mol
Mw/Mn = 1.38

PBMA-b-PtBA
Mn = 15400 g/mol
Mw/Mn = 1.55

1.00

GPC Signal

0.00
3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50

Log(Molecular weight)

Figure 6. GPC chromatograms of PBMA macroinitiatand PBMA-b-PtBA diblock

copolymer'!

Figure 6 shows how the GPC chromatogrammaxroinitiator PBMA is shifted to a
higher molecular weight position, upon the formatiaf diblock coplymer, PBMA-b-
PtBA.

3.2 Polymerization of methyl methacrylate in the presence of iron(I1) complex with

tetradentate nitrogen ligands "

Multidentate nitrogen ligands work well aopper-mediated ATRP, providing the
desired reactivity.Recently, iron-based catalysts containing iminarigs have drawn a
great deal of attention in ATRE. % Gibson and co-workers used Fg@bmplexes
bearinge-diimine ligands for the ATRP polymerization of MM& and styreneé®® Thea-
diimine ligands containing alkylimino substitueimduced well-controlled ATRP of both
MMA and styrene, whereas ligands with arylimino stitbents gave rise to chain-
transfer processes.

In the experiments of this section polymation, of MMA was performed using
iron as the transition metal with different tetratite nitrogen coordinated ligands in an
attempt to understand the influence of these tigaon polymer properties. Ligands}
(dichloro{[N,N’-diphenyl-N,N’-di(quinoline-2-methy)l-1,2-ethylene  diamine} 1),
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{IN,N’-dioctyl-N,N’-di(quinoline-2-methyl)]-1,2-etlylene  diamine} 2), {[N,N’-
dibenzyl-N,N’-di(quinoline-2-methyl)]-1,2-ethylergiamine} @), and (1R,2R)-(-)-N,N’-
di(quinoline-2-methyl) di-iminocyclohexan@)) were synthesised as shown in Scheme
3% All these ligands were synthesised at the Laboyawfr Inorganic Chemistry,
University of Helsinki. Ligand4 and2 were synthesised for the first time, while ligands

3 and4, which were synthesised earlier, were used hereTd®PAligands for the first
time.

- N
N—H X EtOH
+ 2 —
P Br K,CO;4
N N

Ligand1l: R = Ph
Ligand2: R = GH;7
Ligand3: R = CHPh

=
NS
| N
NH, N
O+ L —=— (X
p o]
NH, N N
H | N
| N
Z
Ligand4
Z 7
j( « SN
N N EtOH and CHCI, N /CI
+ FeCl, ———— Fe\CI
N N 24 h
| N
O - sle
—
Complex5

Scheme 3. Synthesis routes for the tetradentatadisl-4 and comple.'"
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It was essential as noted above, to opéinilze amount of catalyst in ATRP
polymerization of MMA since, the metal is considitigs a contaminant of the polymer.
Accordingly, the effect of molar ratio of catalystinitiator was studied carefully. Table
2 shows that the polymerization results were vesgdgwhen the molar ratio was 1.
When the ratio was decreased from 1.0 to 0.25, esigwelymerization and broader
molecular weight distribution was obtained, possithie to more frequent termination
reactions during the early stage of the polymeiopat
Table 2. Characteristics of the MMA polymerizatioith ligand 12"

Mn,exp  Mp,theo
Entry Catalyst [Cat])/[In] %Conversion Polydispersity (g/mol) (g/mol)

1 1 + FeCl; 1 87.5 1.35 26000 26250
2 1 + FeCl; 0.5 48 1.55 20700 14400
3 1 + FeCl; 0.25 29 1.58 21000 8700

conditions: T = 90C, [monomer]/[initiator] = 200/1, [catalyst]/[ligal = 1/1, time = 90 min,

solvent, o-xylene, 33%vV/v)

It is of interest to mention here that whdron(ll) chloride was replaced with
copper(l) chloride (Cu is superior as ATRP transitmetal), the result was poor control
of polydispersities and molecular weights. Simiksults have been reported by Zhu and

Yan!

The same conditions as used with ligdnaiere used for the polymerization of
MMA with ligand 2. Table 3, entry 1, shows good ATRP results aftexagtion time of
10 minutes (M/M, = 1.27), but after 40 minutes (entry 4) the polym&s rigid and
control was lost. Similar behaviour was found bybéib and MatyjazsewsKi in
polymerization of MMA initiated by 2-bromopropionie and catalysed by
diiminopyridine/FeBg complex. Their reaction was not controlled(M,=1.21 for 5%
conversion and 1.68 for 42% conversion;(GPC) was higher than Mheo). On the
basis of ours and their results, we conclude tHegaamd with long aliphatic chain on the
nitrogen atoms provides solubility of its metal q@exes in organic solvents. However,

increasing length of the alkyl substituents alsduges steric effects, which play an
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important role in determining the position of thu#ibrium between dormant and active

polymer chains.

Table 3. Results of the ATRP polymerization of Midiag ligand2 >

Mn,exp Mp,theo

Entry Time (min) Conversion, % Mw/Mp, (g/mol) (g/mol)
1 10 16 1.27 15000 3200
2 20 27 1.36 23000 5400
3 30 43 1.55 27000 8600
4 40 53 2.40 61500 10600

conditions: T= 90°C, solvent, o-xylene(33%(v/v)[monomer]/[initiatddatalyst]/[ligand] =
200/1/1/1.

Table 4 summerizes the results of the pelymation experiments when ligarid
which is bulkier than ligand$ and 2 was introduced. As the bulkiness around the
nitrogen increases, ATRP becomes uncontrolled dred golymers exhibit higher
molecular weights, broader molecular weight disiidtns, and lower rates of reaction in
relation to ligandd and2. Ligand4 was not at all efficient for ATRP polymerization of
MMA under the same conditions as for the othemdg" (No polymer was formed after

4 h and only traces after 7 h).

Table 4. Results of the ATRP polymerization of Midifvg ligand3 ®""'

Entry Ligand  Time (h) Conversion, M,/M, Mpyexp (g/mol)
%

1 3 1 8 1.8 550000
21 2.0 555000
3 3 3 53 1.8 500000

“conditions: T = 90°C, solvent, o-xylene(33%(v/v),[monomer]/[initiat(fdatalyst]/[ligand] =
200/1/1/1
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It is worth mentioning that these ligandsrev used in tert-butylacrylate {BA)
polymerization after activation with methylalumireme (MAQO). In general,
polyacrylates with high molecular weights and narpmolydispersities (M/M, ~2) were
obtained

3.3 Synthesis of amphiphilic PEO-b-PMMA/PS water-soluble/water-dispersible
block copolymers™V

Water-soluble amphiphilic polymers are of particutgerest due to the presence of
microdomains which may impart unusual reactivityaacchemical system. Moreover,
amphiphilic polymers are of low toxicity when waie used as solvent.

Esterification of a hydroxyl group of a mamolecule with halogenated acyl halide
(Scheme 2) proved to be an excellent method fodymimg macroinitiators suitable for
ATRP > % 9with this approach, a number of amphiphilic blamkpolymers were
synthesised from poly(ethylene oxide) PEO macraituits >

Boschet et &P* report that when the initial weight percentagettef hydrophobic
comonomer exceeds 10 wt-%, the corresponding copmlys not soluble in water. A
series of PMMA-b-PEO-b-PMMA triblock copolymers af$-b-PEO di- and triblock
copolymers with different molecular weights and pasitions were synthesised by
ATRP technique. In the case of the PMMA copolyntéies molecular weights of PEO
were 20,000 g/mol for Al, A2, A3, and A4; 10,00éngl for B; 6000 g/mol for C1, C2,

and C3; and 2000 g/mol for D1 and D2 (Table 5).
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Table 5. Characteristics of water-soluble PMMA-b@B-PMMA triblock
Copolymerssynthesised with the FeAH,O/PPh catalytic system’

Sample wt-%MMAM ,(theo) (g/mol) M(GPC) (g/mol) M/M,  Solubility in water

Al 5 21200 34700 1.21 soluble
A2 8 22000 32200 1.13 soluble
A3 15 23500 28000 1.25 dispersible
A4 20 25100 31000 1.27 dispersible
B 9 11000 15500 131 soluble
C1 5 6300 13200 1.02 soluble
Cc2 8 6500 12000 1.15 soluble
C3 15 7100 13000 1.03 dispersible
D1 5 2100 4800 1.09 soluble
D2 8 2200 5000 1.16 soluble

The results of the molecular characteiorabf the water-soluble/water-dispersible
PMMA-b-PEO-b-PMMA triblock copolymers presentedtable 5 show that controlled
water-soluble copolymers were synthesised by meéanke FeCl.4H,O/PPh catalytic
system.

In the same manner as for PMMA-b-PEO-b-PMiviBlock copolymers, a series of
PS-b-PEO di- and triblock copolymers with differembolecular weights and
compositions were synthesised with the (CuCl/biggtalytic system. Molecular weight
of PEO for samples 1 and 2 was 2,000 g/mol, fanpas 3 and 4 was 6,000 g/mol, for
samples 5, 6, and 7 was 10,000 g/mol, and for sssvghnd 9 it was 20,000 g/mol.

Table 6 shows the results of molecular ati@rization of water-soluble/water-
dispersible di- and triblock copolymers of PS-b-PEO
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Table 6. Characteristics of water-soluble/waterpdissible PS-b-PEO di and triblock

copolymers

wt-% Mn(theo) Mn(GPC)
Sample PS/FPS Block copolymer (g/mol) (g/mol) M,/M, Solubility in water
1 5 PS-PEO(2K)-PS 2100 5000 1.28 soluble
2 7 PS-PEO(2K)-PS 2200 4700 1.22 soluble
3 7 PS-PEO(6K)-PS 7200 7050 1.29 soluble
4 9 PS-PEO(6K)-PS 7600 7500 1.26 soluble
5 5 PS-PEO(10K)-PS 10650 18000 1.07 soluble
6 7 PS-PEO(10K)-PS 10750 18000 1.09 soluble
7 10 PS-PEO(10K)-PS 11000 19000 1.07 milky dispersion
8 9 PS-PEO(10K)-PS 11000 18000 1.17 soluble/turbid
9 5 PS-PEO(20K)-PS 23500 18400 1.4 soluble
10 7 PS-PEO(20K)-PS 25300 20500 1.35 soluble
11 9 PS-PEO(5K) 6000 6500 1.19 soluble
12 10 PFS-PEO(5K) 5600 9600 1.13 dispersible
13 10 PFS-PEO(10K)-PFS 11100 20000 1.09 dispersible

Tables 5 and 6 confirm that amphiphiliodd copolymers with low polydispersities
(which is the character of controlled/living polynzation) could be successfully
synthesised by ATRP method using either iron (forMP or copper (for PS) as the
transition metal. Well-defined di- and triblock adymers were synthesised using PEO

as macroinitiator.

3.3.1 Thermal characteristics of PMMA-b-PEO-b-PMMA triblock copolymers'

Since PEO is a semicrystalline polymer,itsopprties are related to its
morphological features such as degree of crysstitim and size and perfection of
crystallites. It is important, therefore, to studiie crystallization behaviour of
amphiphilic block copolymer containing PEO as hydhibp and crystallizable segment.
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Table 7. “Thermal characteristics” of PEG- homopulgrs, corresponding
macroinitiators, and water-soluble/water-dispergibPMMA-b-PEO-b-PMMA triblock

copolymers 'Y

Polymer T, (°C) T.(°C) T, PEG (°C) T, PMMA (°C)
PMMA 122
PEG 20K (A) 68 37 -39
PEG 10K (B) 68 38 -42
PEG 6K (C) 65 40 -39
PEG 2K (D) 61 26 -40
macroinitiator
CI-PEO 20K-Cl 64 35 -39
CI-PEO 10K-Cl 61 32 -39
CI-PEO 6K-Cl 55 28 -39
CI-PEO 2K-Cl 43 21 -37

block copolymer wt-9%MMA

Al 5 62 30 -39 100
A2 8 63 26 -39 100
A3 15 58 24 -39 100
Ad 20 59 25 n.d. 100
B 9 56 1+(32) -39 100
c1 5 56 27 -39 100
c2 8 54 26 -39 100
c3 15 51 21 -39 99
D1 5 43 15 -39 99
D2 8 44 17 -39 99

To understand the relationship between tNMR block and crystallization of
PEO, the crystallization behaviour of PMMA-b-PEO-RHRA copolymers was
investigated by DSC, and the obtained data are suedain Table 7. Melting and
crystallization temperatures are lower for the petlyylene oxide) blocks in all triblock
copolymers than for the pure PEGs precursors. stiegdy, copolymer B crystallized
very slowly, perhaps due to a fractionated crystalion process, leading to PEO
confined into cylinders or spher&s.

The melting endotherms of the two block dppers Al and A4 and the
corresponding macroinitiator CI-PEO(20K)-Cl used lweit synthesis are displayed in
Figure 7. The melting point of PEO decreases witheising block length of PMMA.

The inset curves in Figure 7 showthe presesf two glass transitions, suggesting

that the block copolymers are phase separateceriargl, in using Jin determination of
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polymer miscibility, it is assumed that the obsgion of a single Jbetween those of the
pure components indicates miscibility, whereas tppearance of two ¢§ stands for

occurance of phase separation.
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Figure 7. Melting curves of the water-soluble/disele triblock copolymers Al and A4
and the corresponding macroinitiator CI-PEO(20K)-CThe inserts show thegyT
transitions of the PEO and PMMA blocKs.
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3.3.2 'H NMR behaviour of PS-b-PEO-b-PStriblock copolymer in aqueous solution

L o e e L e L o e B L o e LA B e L A e o B o
10 9 8 7 6 5 4 3 2 1 0

ppm

Figure 8.'H-NMR spectra of PS-b-PEO-b-PS) triblock copolyrfgample 6 Table 6 in
CDCl; (top) and RO (below) solvents.

Figure 8 shows tHel-NMR spectra of PS-b-PEO-b-PS in CR@hd QO solvents.
When CDC} solvent was used, = 3.64 appeared for methylene protons of PEO blocks
ands = 6.5 and 7.2 for the phenyl ring protons of P&ks. In DO solvent, however,

d = 3.64 again appeared for the methylene proto®@ blocks, but the peaks ascribed
to the phenyl ring protons of PS blocks were nohs&be disappearance of the peaks for
phenyl ring protons indicated that aggregates resh formed. CDGlis a good solvent
for both PS and PEO blocks, and the block copolyshams were mostly extended in the
solution. Although RO is a good solvent for PEO blocks, it is a poor sotvfor PS
blocks, and, as a consequence, the chains of ithlecikc copolymers tended to self-
assemble and associated, forming aggregates witr insoluble PS blocks and outer
soluble PEO blocks.
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3.4 Application of PEO-PS amphiphilic block copolymers as paper coating
materials

Water-soluble/water-dispersible block cgpwérs (Table 6), were coated on paper

and model surfaces to study their effects on tis® adtion and spreading ink.

3.4.1 Polymerson silicon model surfaces: study of orientation and hydrophobicity"

Spin coating was used to obtain a rough afehe the morphology of the polymer
layer di- and triblock copolymers on silicon modekfaces.The copolymer (samples 11
and 8) (Table 6) were applied on silicon surfaces av-% aqueous solutions. Optical
microscopy was used, as well as contact angle measmts, to explore the
hydrophobicity of the surface, and gain an idealad orientation of the polymers. Figure
8 presents the optical microscopic images of sarhpléiblock copolymer) and sample
8 (triblock copolymer) on the hydrophilic siliconréace. Sample 11 (Figure 8 (a)) forms
a continuous layer, whereas sample 8 (Figure 8f@ms a more heterogeneous layer
consisting of a macroscopic precipitate and a #usorbed polymer layer with lamellar
crystal patterns. There is also a difference iraitpgeous solutions: the solution of sample
11 is clear, whereas that of sample 8 is turbid s€éhifferences originate from the block
structures of the polymers. Moreover, the diblockcure allows the formation of more
ordered micelle-like particles solubilized by hyphdic PEO blocks. The hydrophobic
PS end groups on the triblock copolymer, howevelyde bridging between the micellar
subunits leading to formation of larger and lesseced aggregates. Accordingly, during
the drying phase in spin coating, the increasingcentration leads to formation of a
macroscopic precipitate in the case of the tribloosgolymer (sample 8), whereas in the
case of the diblock copolymer (sample 11) the pladiare more sterically stabilized and

a continuous layer is formed.
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Figure 8. Optical microscope images of a) samgdlddiblock copolymer) and b) sample
8 (triblock copolymer) on silicon surface.

3.4.2 Behaviour of polymerson paper surfaces "

Figures 9 and 10 show that base papers leowore hydrophilic when treated with
pure PEO polymers (2k, 10k, and 20k). The changebedollowed by the contact angle
of water (Figure 9), which is lower, and by the pdlagdtomponent, which is higher, for
the treated papers than for the untreated refeneapers. In the case of the PS-b-PEO-b-
PS sample in which weight per cent of PS is 5 wt-8enfde 5, Table 6), there is no
change in hydrophobicity/hydrophilicity relative o pure PEO polymer. The situation is
different when the amount of PS is 7 wt-% (sample Bth wood-free and wood-
containing are less hydrophilic when coated with fhadymer than when coated with
pure PEO (10k) or PEO (20k) or with PS-b-PEO-b-PSainimg 5 wt-% PS (sample 5).
In fact, coating with PS-b-PEO-b-PS with 7 wt-% P&nfple 6) has virtually no effect
on the hydrophobicity or hydrophilicity of wood camting paper compared to untreated

reference paper (Figure 10).
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Figure 9. The contact angle of water atite polarity factor of surface energy on

polymer-coated FP base papétsamples from Table 6).

* Contact angle measurements were done by Kirsi Katayal T.
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Figure 10. The contact angle of water and the polarity factdrsurface energy on
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The felt pen test is considered to givgoad preliminary idea of the surface
modifying properties of a polymer. The optical ireagof samples on fine papers are
presented in Figure 11 ( Optical images were recoetetfelt pen tests done by Arto
Salminen, Department of Polymer Technology, TKK). Upgoeatment of fine papers
with PEO homopolymer, the paper surfaces become ewae hydrophilic than the
untreated paper, as was detected by contact angisunegnents.

Figure 11 shows that the ink penetration steenger in the treated zone (Figure 11
top) than in the untreated zone (Figure 11 bottokipwever, when the triblock
copolymer (sample 6, Table 6) was sprayed on therpsyprface, there was no clear
difference in the penetration of the water-basedimnkoth coated and non-coated areas

(data not shown).

Figure 11. Optical microscope images of felt pezated fine paper samples: PEO (20K)
(coated) top and non-coated paper below. 2 w-% eptration
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Measurements of the absorption of waterahaon the coated paper surface provide
additional information about printability. Water daiwil absorption measurements were
done by Henna Lampinen, VTT. From Figure 12 it carséen that pure PEO (10 k)
polymer increases the rate of water absorption; wagts the PEO-coated surface faster
than the non-coated LWC base paper, as measuregpabymeter AWR, which
characterizes wetting of the paper surface in zctioe. AWR is defined as the wetted
area divided by the measurement area. When blopklgmer containing 5 wt-% PS
(sample 5, Table 6) is applied, wetting of the coatierface occures as fast as in the case
of pure PEO. However, when the block copolymer with @éighmount of PS (7 wt-%)
(sample 6, Table 6) is applied, the rate of walesiogption is the same as for the original

wood-containing (LWC) base paper.

1.2

0.8 . p
£
0.6 ,'I ,‘l
.l ,}/ /( — PEO 10K
_’ ,' = = Sample 5 |
j / |

AWR

=A *Sample 6

=—&—\Wood containing paper

—&—Water treatment

0.1 1.1 2.1 3.1 4.1 51 6.1 7.1 8.1 9.1
time, [s]
Figure 12. Absorption speed of water in Z-directia® a function of time. Reference
samples are wood-containing paper and wood contginpaper treated with pure

water” Sample 5 is PS-b-PEO-b-PS containing 5 wt-% PSsample 6 is PS-b-PEO-b-
PS containing 7 wt-% PS.
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3.4.3 Treatment of paper surfacewith PS-b-PEO-b-PStriblock copolymer
containing 10 wt-% PS

In view of the preliminary results reportdzbge, the water-dispersible PS-b-PEO-b-
PS triblock copolymer in which PS is 10 wt-% (samplen Table 6) was selected for
detailed study of ink penetration and other surfiamoalifications. This polymer is more
hydrophobic than the other samples (indicated bytazi angle measurements, see
below). The penetration of water-based ink was weakethe coated area than the
uncoated area (cellulose fibres of the coated papeme still visible) It can be
concluded that the penetration of the ink moleculés the paper structure is weakened
by the addition of this type of polymer.

Printability was investigated by measuretmeh water and oil absorption as a
function of time. Polarity factors of polymer-codtesamples were determined by
measuring contact angles with five test liquids (watethylene glycol, tricresyl
phosphate, formamide, and diiodomethane). Figuded4, and 15 show the results.

Treatment of the surface with PS-b-PEO-biRBlock copolymer (sample 7)
delayed wetting of the surface with water (parameteR)\x the case of both fine paper
and LWC paper (Figure 13 (a,b)). As to oil absomtith is clear from Figure 14 (a,b)
that coating with polymer (sample 7) did not retandl wetting of the surface as
effectivelly as water absorption. In general, PBEHD-b-PS triblock copolymer (sample
7) had a greater effect on properties of the LW&ebpaper properties than on the FP

base paper.
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Figure 13. Water absorption measured by paramei#RAof a) fine paper and b) LWC
paper as a function of timsample 7 is PS-b-PEO-b-PS containing 10 wt-% PS).
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Figure 14. Mineral oil absorption measured by paeter AWR of a) fine paper and b)
LWC paper as a function of tingeample 7 is PS-b-PEO-b-PS containing 10 wt-% PS).
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Coating lowered the total surface enerduevaf the fine paper base (Figure 15 (a))
to almost the same level as that of the fine papeduct, but the contact angles of
individual model solvents (Figure 15 (c)) differed the coated and FP product samples.
With the FP base paper, sample 7 gave a substamifierent value for water than did
the FP end product (contact angle for the polymreated paper > 115and for the FP
end product < 70).
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Figure 15. Effect of PS-b-PEO-b-PS triblock copayron a) surface energy of FP base
paper, b) contact angles of LWC base, papers amdmadact angles of FP base paper.
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3.4.4 Treatment paper surface with poly(fluorinated styrene) (PFS-b-PEO) diblock
copolymers

Fluorinated block copolymers with wedifisthed structures can be generated by
ATRP. Huvilsted et at® demonstrated fast controlled polymerization of ,236-
pentafluorostyrene (FS) by this technigl¢uoropolymers have attracted significant
attention due to their high thermal stability andl and water repellency. They are
extremely hydrophobic materials, exhibiting largmiact angle valueS’ An even more
hydrophobic surface can be created with fluorinadggene, than with hydrocarbon
styrene’®®

To the best of our knowledge, we arefitise to report the synthesis by ATRP of
poly(ethylene oxide)-block-poly(2,3,4,5,6-pentaflostyrene) (PFS-b-PEO) copolymers

(di- and triblock structures see for example sasip2and 13 in Table 6).

i X
F “F g B
F F F F
F F

Structure of PFS-b-PEO-b-PFS triblock copolymerpaepared by ATRP

Table 8 shows a comparison of contagies and surface energies of PFS-b-
PEO diblock copolymers and their PS-b-PEO countespart
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Table 8. Contact angles and surface energies afriflated styrene polymers. Styrene

polymers are included for comparison.

Block structure Contact angle Surface energy wt-%
(Mp,PEO=5K(g/mol)) att=0s

PFS-b-PEO 90 41 mJ/m 10%-FS
PS-b-PEO 70 50 mJ/m 10%-Styrene

It is clear from the table that polyflucaied styrenes induce higher contact angles
and lower surface energies than non-fluorinated.ddiesilarly, Figure 16, which depicts
water absorption measurements for PFS-b-PEO and PEzbpolymers on fine base
papers, shows fluorinated styrene polymers delay nabsorption more than non-

fluorinated ones do.

—8—PFS-h-PEO
—4—PS-b-PEO

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

time, [s]
Figure 16. Absorption speed of water in Z-directadrfine paper as a function of time for

PFS-b-PEO and PS-b-PEO block copolymers.

It was of interest to perform an ink-jetrjiimg test on base paper coated with PFS-

b-PEO polymer. Figure 17 shows that the ink-jet pdrtiext on base paper spray-coated
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with polymer PFS-b-PEO is less fuzzy (i.e., sharpiged) than that printed on non-
coated base paper or commercial copy paper.

a) b)

Figure 17. Ink-jet printing text of a) non-coatbdse paper and b) PFS-b-PEO coated

base paper.
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4. CONCLUSIONS

The combination of synthetic versatilitydasimplicity makes ATRP a powerful
technique for use in the design and synthesis @f pelymeric materials of novel
structure. ATRP can be used to polymerize and copelize a wide variety of
monomers, including styrenes, methacrylates, angladaes, with accurate control over
the molecular weight, molecular weight distributi@md composition of the final
polymer.

It was demonstrated for four new synthebistradentate nitrogen ligands that the
rate of polymerization is reduced when steric hindeais increased on the ligand of iron
catalysts. As well as a decrease in the rate thex® an associated increase in the
molecular weight distribution. Thus the steric effeof the ligands determine the catalyst
selectivity and solubility in the reaction mixtur&€he ligands with significant steric
crowding (ligand2 and 3) exhibited low reactivity toward halogen abstractlmetause
they form the sterically more demanding Fe(lll) esjes only with difficulty. The
catalytic system where the ligand contained a cywmiidge between nitrogens (ligaddl
was not active in iron-mediated ATRP.

Amphiphilic diblock and triblock copolyme(®EO-PS and PEO-PMMA-based)
with low polydispersities were successfully synthasisg ATRP in bulk using CI-PEO-
Cl or PEO-CI macroinitiators and CuCl/bipy or Fe@H,O/PPh complex as a catalyst.
FT-IR and'H NMR spectra confirmed the block architecture of do@olymers. The
results obtained by GPC analysis confirmed the éwmmiuof the number average
molecular weights with monomer conversion and low gislyersities.

Very weak melting and crystallization peaksl @o glass transitions of PEO were
observed in PMMA-b-PEO-b-PMMA block copolymers, aifig related to the outer
PMMA segments moved to a lower temperature. We suépitad PEO crystallized from
a phase-segregated melt into confined microphasteiPMMA matrix.

Water-soluble PEO-PS and PEO-PMMA-baséock copolymers were prepared
through adjustment of the content of PEO blocks (RBfent >90% by mass). Water-
soluble PS-b-PEO-b-PS and PEO-b-PS block copolyrsieosved promise as coating
materials in experiments done on silicon model paper surfaces. On model silicon

surface the diblock structure allowed the formatdmore ordered micelle-like particles
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whereas the triblock structure led to less ordeggtemyates. On the paper surface, PS-b-
PEO-b-PS with 7 wt-% PS appeared as the most effictiall synthesised water-soluble
block copolymers. The coating hydrophilicity/-phaby could be modified through
change in the PEO/PS ratio in the triblock copolyniyrdrophobicity of the base paper
surface was increased when the paper was coatedcaptblymer when the molecular
weight of PEO block was about 10,000 g/mol and theuarhof PS exceeded 7 wt-%.
PS-b-PEO-b-PS triblock copolymer containing 10 wtP$ is a water dispersive-
polymer and creates a highly hydrophobic paperasetfit also showed good resistance
to water absorption and to a lesser extent to abgition. Poly(fluorinated styrene)
block copolymers were more hydrophobic and of lowarface energy than with

hydrocarbon styrene polymers
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