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ABSTRACT

The properties of amphiphilic polyether macromonomers and their behaviour during homo-polymeri-
sation in water and in water/benzene mixture are reported. Homo-poly(glycidol) macromonomer
bearing polymerisable p-vinyl benzyl end groups (PGI55-St) and two block poly(glycidol)-b-poly(glycidyl
phenyl ether) macromonomers, containing polymerisable p-vinyl benzyl end groups attached to the
hydrophobic (PGI52-b-PGIPhES-St) or hydrophilic (PGIPhE9-b-PGI54-St) block were used for investiga-
tions. DLS measurements showed formation of micelles by all macromonomers, what is the reason for
enhanced homo-polymerisation. In water the polymerisation initiated with 4,4’-azobis(4-cyanovaleric
acid) was fast, while macromonomer conversion was over 90%. Introduction of benzene to the poly-
merisation system resulted in formation of swollen (less packed) micelles and to a decrease of the local
concentration of double bonds in the micelle core. As a result the decrease of reaction rate followed by
longer polymerisation time in case of PGI55-St and PGI52-b-PGIPhE8-St was observed. Nevertheless,
their conversion remained high and varied from 95 to 10. In contrast for PGIPhE9-b-PGI54-St increase of
polymerisation rate, accompanied by slight increase of conversion was observed for homo-polymerisa-
tion in water/benzene mixture.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Branched and star-like polymers have attracted attention due to
their unique properties [1-5]. Their solutions show lower viscosity
in comparison to their linear counterparts. Additionally, their
properties may be influenced by proper modification of functional
end groups, which number is much higher in a branched molecule
than in the linear chain. The properties in condensed phase are also
different as the chain entanglements, which decide about the
viscoelastic properties of the materials, are not likely to be formed.

Among the branched polymers a special class are regularly
branched copolymer brushes. Depending on the relative length of
the branch versus the polymer backbone such polymers assume
a conformation that looks like a star or a brush. Generally, there are
three methods which were applied to synthesize cylindrical poly-

mer brushes: “grafting onto”, “grafting from” and “grafting through”.
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In the “grafting onto” technique [6-8] the polymers having
reactive chain ends, react and attach to another polymer backbone
main chain, which bears functional groups. The advantage of this
method is that both the main chain and side chain length or
molecular weight distribution can be influenced (e.g. by controlled
methods of polymers synthesis). However, in general only a small,
usually insufficient amount of polymer reacts with the backbone
due to sterical hindrance resulting in low grafting density.

The “grafting from” technique is based on the preparation of
branched polymers by grafting of the side chains directly from the
main polymer chain [9-12]. By this method well-defined polymer
brushes with high and uniform grafting density can be obtained.
However, the molecular weight of the side chains can only be
calculated indirectly from the overall molecular weight of the
brush, or if possible, by subsequent detachment of the side chains
from the backbone (for example by hydrolysing the ester linkage in
the brushes) [12].

The “grafting through” synthesis of branched polymer is based
on homo-polymerisation of macromonomers bearing a polymer-
isable group, mainly vinyl group [13-15]. Homo-polymerisation of
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macromonomers provides regular multi-branched comb-like
polymers with a high branch density, where for example for a vinyl
type macromonomer a branch is situated on every second carbon
atom. Generally, both the length of branches and backbone in
a comb polymer can be controlled during the synthesis. An
advantage here is the use of a known macromonomer as a branch,
where the molecular weight and its distribution is predicted and
controlled by the method of preparation (i.e. living anionic or
cationic polymerisation, group transfer polymerisation, ATRP) [15-
17]. The main disadvantage of the “grafting through” method is the
fact the macromonomers often polymerise with difficulties because
of their high molecular weight as compared to lower molecular
weight monomers [18]. High segment density around the propa-
gating site is considered to prevent the propagating active site from
approaching the polymerisable end group of macromonomers via
the steric effect. As the result the degree of polymerisation of
polymacromonomers is usually low [19-23].

It was, however, found that one feature which has great influ-
ence on both the rate of the polymerisation of macromonomers and
degree of polymerisation of the polymacromonomers is the self-
organization of macromonomers in the solvent. Such behaviour
was observed in case of amphiphilic macromonomers, for example
poly(ethylene oxide) macromonomers bearing hydrophobic poly-
merisable groups, where the polymerisation in water was very fast
and the obtained degree of polymerisation high [24-27]. In such
solvent which is a good for one part and poor or non-solvent for the
second part of the molecule, micellar structures were formed. This
aggregation locally concentrated and oriented hydrophobic poly-
merisable groups, which enhanced and accelerated their poly-
merisation [28-31]. This had given a new impetus to the studies of
the synthesis of the brush molecules of well-defined structure.

The aim of this work was the synthesis of polymacromonomers
(brushes) based on polyethers, with different properties and archi-
tecture by the “grafting through” method. Furthermore quantitive
conversion of macromonomers, fast reaction rate and high DP of
polymacromonomers were desired. Two types of macromonomers
were synthesised for this studies: (i) homo-poly(glycidol) macro-
monomer bearing a polymerisable p-vinyl benzyl end group
(PGl55-St), and (ii) block poly(glycidol)-b-poly(glycidyl phenyl
ether) macromonomers with a polymerisable p-vinyl benzyl end
group attached to the hydrophobic (PGls,-b-PGIPhEg-St) or hydro-
philic (PGIPhEg-b-PGls4-St) block. As aggregation in solution influ-
ences the polymerisation of a macromonomer the behaviour of such
amphiphilic poly(glycidol)-based macromonomers in water was
studied in details as first part of the work. In the second part the
influence of different parameters on free radical polymerisation of
obtained macromonomers in water or in water/benzene mixture
was investigated.

Poly(glycidol) is a functional analogue of poly(ethylene oxide),
where one of the hydrogen atoms in the chain repeating unit is
replaced with a CH,OH pendant group. Similar behaviour like that
observed for PEO macromonomer was expected for homo-poly-
merisation in the applied polymerisation systems. Additionally
each poly(glycidol) unit posses easily accessible hydroxyl groups
providing possibilities for post-modification, opening a new route
for more complex structures.

2. Experimental procedures
2.1. Materials

Tetrahydrofuran (THF, POCh) was dried over CaH, (Fluka) and
refluxed over Na/K alloy. p-vinyl benzyl chloride (Aldrich), glycidol

(2,3-epoxypropanol, Aldrich), ethyl vinyl ether (Fluka) were
distilled prior to use. Glycidyl phenyl ether (Fluka) and glycidyl

acetal (synthesised according to literature [32]) were purified three
times by distillation over CaH; under inert atmosphere. a,0’-Azo-
bis-isobutyronitrile (97%, Aldrich) and 4,4’-azobis(4-cyanovaleric
acid) (98%, Aldrich) were crystallized from methanol and dried
before use. 1,6-Diphenyl-1,3,5-hexatriene (DPH, Aldrich, 98%),
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Fig. 1. Synthesis of amphiphilic macromonomers based on poly(glycidol).
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potassium tert-butoxide (Aldrich), p-toluenesulfonic acid (POCh),
benzene (p.a. POCh Gliwice), 2,5-dihydroxybenzoic acid (Aldrich)
and oxalic acid (Fluka) were used as received.

2.2. Preparation of macromonomers

Chemical structures and synthesis conditions of polyether
macromonomers used for the investigations are presented in Fig. 1.
The procedure of macromonomer synthesis was described in detail
in our previous work [33].

Briefly, poly(glycidol)-based macromonomers were obtained by
anionic polymerisation of glycidol acetal in THF initiated with
potassium tert-butoxide. Block macromonomers of glycidol acetal
and glycidyl phenyl ether were obtained using living anionic
copolymerization with sequential monomer addition. After full
conversion of monomers the reactive p-vinyl benzyl groups were
introduced into polyether chain by termination of living polymer-
ising centre with p-vinyl benzyl chloride. The last step of synthesis
was the removal of protecting acetal groups from poly(glycidol)
(PGI) block of macromonomers under acidic conditions. The syn-
thesised macromonomers are further denoted as PGl,-St, PGly-b-
PGIPhE,-St and PGIPhE,-b-PGl,-St where x corresponds to the
degree of polymerisation of PGl block and y to the degree of poly-
merisation of poly(glycidyl phenyl ether) segment.

2.3. Polymerisation of macromonomers

Conventional free radical homo-polymerisation of macro-
monomers was carried out in two systems: (i) in water with 4,4'-
azobis(4-cyanovaleric acid) (AVA) as initiator at 60 °C; (ii) in water/
benzene mixture (10:1 v/v) using 2,2’-azobis-isobutyronitrile
(AIBN) as initiator at 70 °C. In order to evaluate the influence of
time on macromonomer conversion samples were drawn at given
times in range from 0.5 to 24 h. After removal of solvents the
polymerisation product was dissolved in DMF and analysed using
SEC-MALLS chromatography.
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2.3.1. Polymerisation in water

The macromonomer (the amount varied from 0.25 g to 2 g) and
AVA were placed in a 10 mL glass reactor, dissolved in 2 mL of
bidistilled water and stirred overnight. The 10-fold molar excess of
initiator in respect to the amount of reactive p-vinyl benzyl end
groups of macromonomer was used. The air was removed from the
reaction mixture by three freeze-pump-thaw cycles and the
reactor was purged with nitrogen. The polymerisation was carried
out in an oil bath at 60 °C for 24 h.

2.3.2. Polymerisation in water/benzene mixture

Proper amounts of AIBN were placed in a 10 mL glass reactor
and dissolved in 0.2 mL of benzene. The macromonomer (amount
varied from 0.25 g to 2 g) was dissolved in 2 mL of bidistilled water
and added to the initiator solution. The reaction mixture was
intensively stirred overnight. The 10-fold molar excess of initiator
in respect to amount of reactive p-vinyl benzyl end group of macro-
monomer was used. After air was removed by three freeze-pump-
thaw cycles the reaction mixture was purged with nitrogen and
placed in an oil bath at 70 °C for 24 h.

2.3.3. Purification

Water-soluble polymacromonomers were purified from
unreacted residue by dissolution in methanol and dialysis through
a SpectraPor membrane with an exclusion limit of 50,000 g/mol.
The dialysis was carried out from 5 to 7 days. Water insoluble
products obtained by polymerisation of PGIPhEg-b-PGls4-St were
purified from unreacted residues by precipitation from DMF solu-
tion into water.

2.4. Characterisation
DLS measurements were performed on a commercial laser light
scattering spectrometer (ALV/DLS/SLS-5000) equipped with an

ALV-5000EP multiple digital correlator. Laser goniometer system
ALV/CGS-8F S/N 025 with a helium-neon laser (Uniphase 1145P,
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Fig. 2. Example 'H NMR spectrum of PGls,-b-PGIPhEg-St in DMSO-dg.
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Table 1
Properties of macromonomers used for investigations.

Sample name M, [g/mol] dn/dc My/M, Degree of
—_— e P e
TH NMR  SEC—MALLS functionalisation
PGls5-St 4400 4500 0.055 1.06 0.71

PGls-b-PGIPhEg-St 5300 5700
PGIPhEg-b-PGls4-St 5600 6000

0.066 1.06 0.74
0.065 1.05 0.72

@ Calculated as ratio of intensity of one proton from p-vinyl benzyl group and
intensity of one proton from tert-butyl initiator group.

output power of 22 mW, with 1=632.8 nm) was used. Samples
were passed through a 0.2 pm nylon membrane filter, transferred to
10 mm diameter test tube and immersed in thermostated toluene
bath at 25°C. Hydrodynamic radius measurements were per-
formed at the scattering observation angles 6 varying from 15° to
120° with 15° steps. The value of hydrodynamic radius and poly-
dispersity index (PDI) of the micelles were obtained by cumulant
analysis while Ry, distributions were calculated with CONTIN.

Static light scattering (SLS) measurements were performed on
a modified FICA 50 SLS apparatus equipped with a He-Ne laser
(wavelength of 632 nm). For CMC measurements the aqueous
solution of macromonomers in the range from 0.0044 g/L to 20 g/L
were filtered using 0.1 um nylon filters right into the 20 mm test
tube, immersed in thermostated bath at 25 °C and measured. The
measurements were taken at observation angles #=90° (deter-
mination of CMC) and at § varying from 15° to 120° (molecular
weights of micelles).

The refractive index increments (dn/dc) of macromonomers in
water and in DMF were measured at 25 °C with a refractometer
FICA 50.

'H NMR spectra were recorded using Brucker DRX 500
(500 MHz).

Size exclusion chromatography measurements were performed
in N,N-dimethylformamide (DMF) with 5 mmol/L LiBr at 45°C
using a set of PSS GRAM 10 pm columns: 103, 10? and 30 A. All
chromatograms were obtained at 1 mL/min flow. A differential
refractometer An 1000 from WGE Dr. Bures was used as the
concentration detector. The molecular weights were determined
using the DAWN multi-angle laser light scattering (MALLS) detector
from Wyatt Technology Corporation and their Astra software.

Surface tension measurements of the series of aqueous solutions
of macromonomers in the concentration range from 0.0044 to 10 g/L
were taken at 25 °C on the DSA KRUSS INSTRUMENT tensiometer.

UV-vis measurements were preformed using UV-vis Lambda 19
(Perkin—-Elmer) spectrometer. Samples for measurements were
prepared as follows: 25 pL of 0.4 mM DPH solution in methanol was
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Fig. 3. CMC determined by surface tension measurements of PGls,-b-PGIPhEg-St (A ),
PGIPhEg-b-PGlss-St (1) and PGlss-St (o) macromonomers in aqueous solution.

Table 2
CMC values of macromonomers according to surface tension, UV-vis and SLS
measurements.

Sample CMC [g/L]

Surface tension UV-vis SLS
PGlss5-St 8.5 Not measured 9.0
PGls,-b-PGIPhEs-St 0.75 0.8 0.75
PGIPhEg-b-PGls4-St 0.6 0.6 0.6

added to the 2.5 mL of aqueous polymer solution in the concen-
tration range from 0.0044 to 10 g/L. The final solutions, containing
1% v/v methanol and 0.004 mM of DPH, were left in the dark to
equilibrate for at least 1 h but no longer than 24 h. The spectro-
scopic measurements were made in the wave range 300-500 nm,
where the main absorption intensity peak characteristic of DPH at
356 nm was used for determination of the CMC of the polymers.

3. Results and discussion

Amphiphilic macromonomers can be prepared by sequential
living anionic polymerisation of the oxiranes, glycidyl phenyl ether
(GIPhE) and protected glycidol (glycidol acetal - GlAc) [33]. The
polymerisation was carried out in dry THF at 60 °C using potassium
tert-butoxide as initiator and p-vinyl benzyl chloride as terminating
agent. Protective acetal groups were removed under acidic condi-
tions to give a hydrophilic block of poly(glycidol). Using this
procedure a variety of macromonomers with different composition
was prepared. The example '"H NMR spectrum of PGls,-b-PGIPhEg-
St macromonomer after hydrolysis is presented in Fig. 2.

The problem which appeared during synthesis of all types of
macromonomers was non-quantitive termination of living chains
with p-vinyl benzyl chloride. As the result the functionalisation of
obtained macromonomers with reactive p-vinyl benzyl groups was
never quantitive. The obtained macromonomer functionality
calculated from 'H NMR spectra as a ratio of intensity of one proton
from p-vinyl benzyl group and intensity of one proton from tert-
butyl initiator group varied from 0.65 to 0.80.

From the synthesised macromonomers three samples with
properties presented in Table 1 were chosen for the experiments
described in this work.

3.1. Amphiphilic properties of macromonomers

A number of amphiphilic copolymers were shown to aggregate
in the form of micelles in water [34]. The unique solution properties

0,10

0,08 &

o

[

>
1

o

o

N
1

o
Fl. O

v
-B--8-3680 DBQ/F ©
CMC

T T T

0,1 1 10
Concentration [g/L]

Absorption intensity at 356 nm
T
@)

o

o

N
1

Fig. 4. CMC determined by UV-vis measurements of PGIPhEq-b-PGlss-St ((0) and
PGlss-St (0) macromonomers.
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Fig. 5. CMC determined by static light scattering measurements in water (open symbols) and in DMF (closed symbols) of PGIPhEg-b-PGls4-St (A) and PGlss-St (B).

of amphiphilic polymers are the consequence of their molecular
structure. When a block copolymer is dissolved in a selective
solvent, which is a thermodynamically good solvent for one block
and a poor solvent or non-solvent for the other the copolymer
chains may associate reversibly to form micellar aggregates which
resemble in most of their aspects those obtained with classical low
molecular weight surfactants. In case of block macromonomers of
PGl5,-b-PGIPhEg-St and PGIPhEg-b-PGls4-St the solubility of the
blocks is different. Poly(glycidyl phenyl ether) is soluble in a wide
range of solvents such as chloroform, THF, acetone, benzene, DMF,
DMSO, while poly(glycidol) is a highly hydrophilic polymer soluble
only in polar solvents like water, low alcohols, DMF or DMSO.
Taking these into account formation of micelles by those macro-
monomers in water was expected. Micellization is of great influ-
ence on the polymerisation behaviour of macromonomers as it was
reported by Ito et al. [24-27]. Since the self-assembly process is
crucial for the polymerisation rate of macromonomers detailed
studies were performed in order to estimate the critical micelli-
zation concentration of obtained macromonomers, micelle size and
the aggregation number.

3.1.1. Critical micellization concentration (CMC) measurements

One of the parameter which is used to describe the formation of
micelles is the critical micellization concentration (CMC) defined as
the concentration above which micelles are spontaneously formed.
Generally, by dissolution of amphiphilic macromolecules in water
the polymer will initially partition into the water/air interface
lowering the energy of the interface, removing the hydrophobic
parts of the polymer from contacts with water. Subsequently, when

the surface coverage by the solute increases and the surface free
energy (surface tension) decreases the amphiphilic polymer starts
aggregating into micelles. Thus, the system free energy is decreased
again by decrease of the contact area of hydrophobic parts of the
amphiphilic polymer with water. Excessing the CMC any further
addition of amphiphilic substance will just increase the number of
micelles.

Three different methods were used independently in order to
estimate the CMC of poly(glycidol)-based macromonomers:
Surface tension measurements, UV-vis spectroscopy, and static
light scattering, where each of the techniques used different
properties of the micellization process. Measurements were carried
out only in pure water.

3.1.1.1. Determination of CMC by surface tension measurement. In
Fig. 3 semi-logarithmic plots of the surface tension measured for
aqueous solutions of macromonomers versus their concentration in
water are presented.

As it can be seen with increasing macromonomer concentration
the surface tension decreases almost linearly till a transition point
is reached, which implied subsequent aggregation and corre-
sponded to the CMC directly. For these materials the surface
tension curves suffered a downward trend after the transition
point, however decrease of the surface tension values was not so
steeply as before breakpoint. Such behaviour was however already
observed and was assigned to the dispersity of amphiphiles [35].

The CMC values of the three different macromonomers deter-
mined from the transition point are collected in Table 2. As was
expected the values measured for block macromonomers were

(O @ @ @O

~u—— Poly(glycidol)
v Vinylbenzylgroup

0.1 1 10 100 1000

10000

Fig. 6. Ry, distribution (unweighted) at ® =90° of PGlss-St macromonomer in water (C= 20 g/L).
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much lower than the one measured for homo-poly(glycidol)
macro-monomer (PGls5-St). It is connected with the fact that in
case of PGls5-St the only hydrophobic group which drives the
micellization process is p-vinyl benzyl end group.

3.1.1.2. Determination of critical micellization concentration by UV-
vis measurements. Spectroscopic techniques based either on optical
absorption or on emission of light from probe molecule, are well-
established for investigating a wide range of physical properties of
micellar solutions [36]. The fact that micelles can solubilise rela-
tively large amounts of sparingly water-soluble compounds has
been used to determine the onset of micelles formation by
measuring the change of concentration of a chosen sparingly
soluble substance, possessing a convenient UV-vis absorbing
chromophore. Below the CMC, the concentration of the solubilisate
in the solution is the same as in aqueous solution in the absence of
surfactant. Above CMC, the total amount of additives in solution
increases sharply as the total micelle concentration increases
because sparingly soluble substances are solubilised in the hydro-
phobic micelle core.

In this work the solubilisation of the dye (1,6-diphenyl-1,3,5-
hexatriene, DPH) was employed in the investigation of the CMC
values of macromonomers. The curves of DPH adsorption intensity
at 356 nm versus log C of macromonomer are presented in Fig. 4 for
PGIPhEg-b-PGls4-St and PGlss-St. The results obtained for PGlsy-b-
PGIPhEg-St were corresponding well to that obtained for PGIPhEg-
b-PGls4-St.

The curves obtained during UV-vis measurements of block
macromonomers were sigmoidal with the district increase of the
absorption above a certain value. The first inflection of the curve
indicated the micelle formation and was used for the determination
of the CMC. The second inflection corresponded to the complete
solubilisation of the dye in hydrophobic core of formed micelles.
The CMC values determined from the inflection point are collected
in Table 2.

In case of PGls5-St macromonomers determination of the
precise value of CMC using this method was problematic. Although
an increase of the concentration of the macromonomer was
accompanied by the increase of the absorbance no district inflec-
tion of curve was noticed. This can be assigned to the structure of
the micelles. In case of PGlss5-St macromonomer the only group
forming the hydrophobic core is p-vinyl benzyl end groups. Hence,
dye solubilisation is lower than in case of micelles formed by block
macromonomers.

3.1.1.3. Determination of CMC by static light scattering measure-
ments. The CMC was also determined by static light scattering
experiments at 25 °C, where the Rayleigh ratio of aqueous and DMF

0.1 1 10 100 1000 10000

h

macromonomer solution at a scattering angle of 90° was plotted
against the macromonomer concentration. As can be seen in Fig. 5
micelle formation in water was proved for the macromonomers as
the Rgg parameter increased steeply with increase of concentration
above that to be identified as CMC. From the other side in DMF,
which is a good solvent for both blocks of macromonomers, only
negligible scattering was observed indicating the molecular
dissolution of macromonomers.

In case of aqueous solution of block copolymers a two step
increase of Rgy was observed. In the concentration region from 0.1
to 0.8 g/L a slight increase of Rgg value was observed indicating
probably the formation of loose aggregates and the initiation of the
micellization process. However, in that region the concentration of
the polymer was too low so that no well-defined micelles could be
formed. Nevertheless, starting from the concentration 0.8 g/L,
which was identified as CMC, the district increase of Rgg value with
increasing concentration of macromonomer indicated formation of
well-organized micelles. Similar behaviour was observed for PGls;-
b-PGIPhEg-St. The CMC of investigated macromonomers was
summarized in Table 2.

To conclude, the CMC values of the macromonomers were well
in accordance despite of the applied determination method. For the
block macromonomers CMC was low and varied in the range 0.6-
0.8 g/L, while macromonomers bearing p-vinyl benzyl end groups
as the only hydrophobic group showed much higher CMC in the
range 8.5-9.0 g/L. The much lower CMC values measured for block
macromonomers results from the presence of poly(glycidyl phenyl)
block thus from their higher hydrophobicity. As a result such
macromonomers forms micelles easier.

3.1.2. Light scattering measurements of macromonomers
micellization

3.1.2.1. Dynamic light scattering measurements in water. DLS tech-
nique is also a powerful tool in order to investigate the behaviour of
polymers in solution. Similarly to SLS the DLS measurements
confirmed formation of micelles by all studied macromonomers;
however obtained results were depending on macromonomer
structure.

In case of PGls5-St relatively broad distribution of the hydro-
dynamic radii was observed as can be seen in Fig. 6. The formed
structures were relatively large with the size of 58 nm. As the size of
formed structures in water is relatively big (taking into account
macromonomer molecular weight) PGls55-St form loose, undefined
aggregates with high amount of water in its structure. The hydro-
dynamic structure of obtained aggregates for PGls5-St was
proposed as presented in Fig. 6.

In case of block macromonomers monomodal distribution and
much more compact micelles were formed with the hydrodynamic

R, =10 nm
PDI=0.09

0.1 1 10 100 1000
h

10000

Fig. 7. Ry, distribution (unweighted) at ® =90° of micelles formed by PGIPhEg-b-PGls4-St (A) and PGls,-b-PGIPhEg-St (B) in water (C=5 g/L).
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Fig. 8. Probable structure of micelles formed by block macromonomers PGIPhEg-b-PGls4-St and PGls,-b-PGIPhEg-St in water.

radius in the range of 10 nm (Fig. 7) and dispersity index of ~0.1.
The obtained micelles were stable and in the studied range the Ry,
was also almost independent on the macromonomer concentration
(from 0.8 to 5 g/L).

Taking these data into account the micelle structure can be
proposed as shown in Fig. 8. The hydrophobic core of micelles
formed by PGIPhEg-b-PGls4-St and PGls,-b-PGIPhEg-St macro-
monomers consists of poly(glycidyl phenyl ether) and optionally
p-vinyl benzyl groups and is surrounded by hydrophilic poly-
(glycidol) shell.

As the goal of the work was also studies of macromonomer
polymerisation in water/benzene mixture in the next step to the
water solution of micelles proper amount of benzene was added.
The water/benzene ratio was kept on the level 10/1 v/v (the same as
used for polymerisation experiments). Directly after addition of
benzene into micelle solution in water the mixture became very
turbid. For PGls5-St after intensive stirring overnight turbidity
remained almost unchanged. In contrast in case of block macro-
monomers decrease of solution turbidity was obtained after stirring
for 24 h. As benzene is solvent for PGIPhE block and non-solvent of
PGI block it migrated into micelle hydrophobic core and swollen,
less compact micelles were formed.

In Fig. 9 are shown Ry distribution of micelles/aggregates in
water/benzene mixture for PGls,-b-PGIPhEg-St and PGls5-St. As can
be seen in comparison to measurements carried out in pure water
10-times increase of R, value of micelles was observed for PGls,-b-
PGIPhEg-St in water/benzene mixture confirming the migration of
benzene into hydrophobic micelle core. The behaviour of PGIPhEg-
b-PGls54-St was similar to that observed for PGls,-b-PGIPhEg-St
(data not shown).

In contrast in case of PGls5-St Ry distribution in benzene/water
mixture was very broad. However, in this macromonomer only
vinyl benzyl groups are able to migrate into benzene droplets.
Under the applied experimental conditions probably inhomoge-
neous dispersion of droplets in water was formed.

3.1.2.2. Static light scattering measurements — number of aggregation
in water. The aggregation number of macromonomers in micelles
is very important in terms of their polymerisation process. It
provides information about average number of molecules per unit
and corresponds to that of the double bonds and of w-alkyl groups
of the macromonomers. Thus, from the concentration and angular
extrapolations of the excess integrated scattered intensity of the
copolymer samples in dilute aqueous solutions, i.e. from the Zimm
plots, the apparent molecular weight of micelles were determined.
Knowing the values of the refractive index increments (dn/dc) of
the corresponding polymers the weight-average molecular weights
(My) and the corresponding average association numbers could be
calculated. The results obtained for block macromonomers at
different concentrations are listed in Table 3. Measurements were
carried out for macromonomers concentration in the solution up to
100 g/L. At higher concentrations polymer solutions were too
turbid. At this concentration aggregation of micelles took place.
The investigated macromonomers showed different aggrega-
tion numbers depending on macromonomer structure. In case of
PGIPhEg-b-PGls4-St the obtained value was lower than for the
macromonomer of similar block length but opposite order of the
blocks, i.e. the double bond attached to the hydrophobic block. It is
likely that the differences are connected with the structures of
formed micelles. As was shown in Fig. 8 in case of PGIPhEg-b-PGlsg4-

1 10 100 1000 10000

Rh =95 nm
PDI=0.25

10 100 1000 10000

R [nm]

Fig. 9. Ry, distribution (unweighted) at § = 90° of PGlss-St (A) and PGls,-b-PGIPhEg-St (B) in water/benzene mixture (10/1 v/v) at C=20 g/L and 5 g/L, respectively.
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Table 3
Properties of micelles formed in water by block macromonomers according to SLS measurements.
Sample dn/dc in water C=5g/L C=25¢g/L C=50g/L C=100¢g/L
My N My N My N My, N
PGls2-b-PGIPhEg-St 0.134 582,000 102 702,000 123 840,000 147 860,000 151
PGIPhEg-b-PGls4-St 0.136 486,000 81 500,000 83 603,000 100 15,000,000 Aggr. of micelles

N - Average association number.
M,, - molecular weight of micelles [g/mol].

St the p-vinyl benzyl groups may form the core of the micelle too
(flower-like micelles) increasing spatial hindrance by formation of
loops. This may lead to the decrease of the amount of chains
forming the micelles core. In case of PGIPhEg-b-PGls4-St also at
concentration ~ 100 g/L aggregation of single micelles into micelles
aggregates appeared.

In the next step determination of the aggregation number of
micelles in water/benzene mixture was performed. Measurements
were only possible for diluted polymer solutions (5 g/L) as at higher
concentration the turbidity of the solution was too high. Molecular
weight of micelles was found to be M,, = 402,000 g/mol (N = 70) and
My, = 390,000 (N = 65) for PGl5,-b-PGIPhEg-St and PGIPhEg-b-PGls4-
St, respectively. Introduction of benzene into polymer solution
caused thus reduction of aggregation number of micelle. However,
for calculations the refractive index increment of macromonomers in
water was used, thus the result may be not fully correct.

Estimation of M,, of micelles formed by PGls5-St in water or
water/benzene mixture by SLS was not performed. As this polymer
is a mixture of macromonomer able to aggregate and unfunction-
alized poly(glycidol) the determined M,, would be the average
molecular weight of micelles and soluble polymer. Additionally,
turbidity of water/benzene mixture was too high.

3.2. Free radical polymerisation of macromonomers

The polymerisation of macromonomers in organic solvents
usually leads to low degrees of polymerisation, slow polymerisa-
tion and low conversion [19-23]. The reason is the steric screening
of the propagation centre by the branched structure formed in the
polymerisation, which hampers the access of the polymerisable
group to the reaction centres. However, high degrees of polymeri-
sation were obtained when amphiphilic macromonomers consist-
ing of poly(ethylene oxide) chains terminated with reactive double
bonds were polymerised in water [24-27]. Additionally, the poly-
merisation of such macromonomers was fast with almost quanti-
tative conversion of macromonomers.

Poly(glycidol)-based macromonomers form micellar structures
with hydrophobic cores and hydrophilic shells. It was expected that
formation of micelles by macromonomers should influence their
behaviour in homo-polymerisation reactions. Thus, the free radical
polymerisation of the amphiphilic poly(glycidol) macromonomers
was carried out in two different polymerisation systems:

e In water using the water-soluble initiator AVA (4,4'-azobis
(4-cyanovaleric acid)) (T =60 °C);

o In water/benzene mixture of the volume ratio 10:1 v/v using
water insoluble initiator AIBN (2,2’-azobis(isobutyronitrile)
(T=70°C).

In the first system the initiator is a water-soluble compound,
which has to diffuse into the hydrophobic micelle core in order to
initiate polymerisation [24-27]. The second system was intended to
enhance the reaction between the initiator and the reactive hydro-
phobic group of the macromonomer. The hydrophobic initiator

(AIBN) was expected to penetrate into the hydrophobic core of the
structure and to initiate the polymerisation of macromonomers in
the region where the concentration of reactive groups is the highest.
Since the applied initiator is water insoluble, it was introduced as
benzene solution into the water reaction medium, preserving the
same water to benzene volume ratio of 10/1 in all experiments. The
hydrophobic solvent was also expected to penetrate the hydrophobic
part of the aggregates were the polymerisable groups are concen-
trated, thus further increasing the polymerisation [33].

3.2.1. Detection of macromonomer conversion and molecular
weight of polymacromonomers

All synthesised macromonomers are the mixture of functional-
ized macromonomer and non-functionalized oligomer, inert to
polymerisation. The degree of functionalisation of macromonomers
used for investigations varied from 71 to 74%. It has to be kept in mind
that regardless of the structure the only part of macromonomers
which is involved in polymerisation reaction is the p-vinyl benzyl
group. Thus, the maximal conversion of macromonomer is equal to
its degree of functionalisation.

The polymerisation of the macromonomers was monitored by
TH NMR spectroscopy and SEC. In 'H NMR measurements the
disappearance of double bond of p-vinyl benzyl group was followed
giving quantitative information of the polymerisation progress. In
SEC measurements in all cases the polymerisation product was well
separated from the mixture of non-reactive oligomer and unreac-
ted macromonomer (Fig. 10). The conversion of macromonomers
was normalized by the degree of functionalisation to give the real
conversion of macromonomer in the system (Eq. (1)). For instance
70% conversion of sample PGls5-St with functionality 71% refers in
total to 99% of macromonomer conversion.

Sem__100% (1)

% Conversion = m

Spm — peak area of polymacromonomer; S - sumof all peak areasi.e.
of polymacromonomer, unreacted macromonomer and non-reac-
tive oligomer; DF - degree of functionalisation of macromonomer.

Mixture of unreacted macromonomer
and non-reactive oligomer

Polymacromonomer,

Elution volume [mL]

Fig. 10. SEC trace of polymacromonomer obtained from PGls,-b-PGIPhEg-St.
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Fig. 11. Plot of molecular weight versus elution time for polymacromonomer obtained
from PGls,-b-PGIPhEg-St; My, = 250,000 g/mol.

The M, values of polymacromonomers were determined by
SEC-MALLS measurements using refractive index increments
determined for macromonomers (see Table 1). The necessary
condition for the correct molecular weight determination by SEC is
the linearity of the molecular weight versus elution volume plot.
This was well fulfilled for all synthesised polymacromonomers
(Fig. 11 confirming that regardless on the structure good separation
of the branched polymers was achieved on the applied columns
set). Hence, it can be concluded that the obtained molecular
weights of polymacromonomers are close to real values.

3.2.2. Conversion and rate of polymerisation of macromonomers

The conversion curves versus time obtained for poly(glycidol)-
type macromonomer during polymerisation carried out in water
and in water/benzene mixture are presented in Fig. 12.

As it can be seen the rate of polymerisation was strongly
dependent on the macromonomer type and polymerisation
system. In water maximally obtainable conversion of macro-
monomers varied from 90 to 99%, while the lowest value was
obtained for PGIPhEg-b-PGls4-St. The rate of polymerisation was
high in all cases as a constant value of conversion was reached after
less than 2 h. The highest rate of polymerisation was found for
macromonomers bearing polymerisable group attached to the
hydrophobic block (PGls,-b-PGIPhEg-St). Already after 30 min of
reaction 90% of macromonomer conversion was detected, while
after 1 h conversion reached final 99%.

Such behaviour seems to be the consequence of the structure of
micelles formed by macromonomers in water. The compartmentali-
zation of the reactive groups decreases the termination rate [29-32]. As
a consequence the rate of polymerisation (propagation step) increases.
PGls,-b-PGIPhEg-St forms the most compact well-organized micelles

Conversion [%]

0~ T

T T T T

2 4 6 8 10 12
Time [h]

with the unsaturated groups gathered in the micelle core (see Fig. 8). In
case of PGls5-St the formed aggregates are larger and less compact (see
Fig. 6) leading to the decrease of polymerisation rate in comparison to
PGls5,-b-PGIPhEg-St. The lower rate of polymerisation obtained for
PGIPhEg-b-PGls4-St in comparison to PGlsp-b-PGIPhEg-St results from
two facts: firstly the polymerisation product precipitates from water
during reaction causing the interruption of the polymerisation chain;
secondly although it forms compact micelles the reactive groups are
concentrated at the interface of core and shell (flower-like micelles) or
do not take part in the formation of the hydrophobic core at all being
concentrated than in the micelle shell. As the result the local concen-
tration of the reactive groups is lower than for PGlsy-b-PGIPhEg-St
macromonomer.

In case of PGlss5-St and PGls,-b-PGIPhEg-St macromonomers the
polymerisation carried out in water/benzene mixture was slower in
comparison to that carried out in pure water. For PGls,-b-PGIPhEg-
St the rate of polymerisation decreased about two-times, while for
PGls5-St 11 h was needed to reach 95% of conversion (2 h in pure
water). Nevertheless, in both cases conversion was as high as
during polymerisation in pure water. The decrease of the poly-
merisation rate for polymerisation in water/benzene mixture is the
effect of two opposite phenomena. From one side the hydrophobic
initiator penetrating the hydrophobic core of the micelle structure
initiated the polymerisation of macromonomers in the region
where the concentration of reactive groups was the highest.
However, as the initiation was introduced into the system after
dissolution in benzene swollen, less compact micelles were formed.
The local concentration of the double bonds in the micelle core
decreased leading to the decrease of the reaction rate. Since the
decomposition rate of AVA in water (kq=6 x 10~% s~1) and AIBN in
benzene (kg = 8.3 x 1078 s~1) was found to be only a little different
from each other, this cannot be the reason of the lower rate of
polymerisation in water/benzene system [24].

In contrast in case of PGIPhEg-b-PGls4-St macromonomer the
formation of swollen micelles enhanced the polymerisation rate.
The polymerisation rate of PGIPhEg-b-PGls4-St increased twice in
comparison to polymerisation in pure water and was on the level as
for PGls-b-PGIPhEg-St. In water/benzene mixture constant
conversion of this macromonomer was reached after 1 h. A slightly
higher conversion (~5%) was observed in comparison to polymer-
isation carried out in pure water. In our opinion it is the effect of the
increase of solubility of the growing radical during polymerisation.
The polymacromonomer obtained for polymerisation of PGIPhEg-b-
PGls4-Stis completely insoluble in water, but soluble in benzene. It is
thus possible that, especially at the beginning of the reaction, the
presence of the co-solvent improved the solubility of the growing
radical resulting in the increase of the polymerisation rate.

Conversion [%]

o

T T T

Time [h]

Fig. 12. Conversion of PGlsy-b-PGIPhEg-St ( A ), PGIPhEg-b-PGls4-St (1) and PGlss-St () in time: (A) in water using AVA (Cmnacromonomer = 0.20 g/mL, T= 60 °C); (B) in water/benzene

mixture 10/1 v/v using AIBN (Cmacromonomer = 0.20 g/mL, T=70 °C).
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Fig. 13. SEC traces during polymerisation at different conversion of macromonomer
PGls5-St for polymerisation in water (Cnacromonomer = 0.2 g/mL, T=60 °C).

3.2.3. Influence of conversion on the molecular weight and
dispersity of polymacromonomers

SEC traces of samples drawn at different time during PGlss-St
polymerisation are presented in Fig. 13. The data are normalized that
the sum of peak areas of macromonomer and polymacromonomer
remains constant. With increase of the macromonomer conversion
the area of the macromonomer peak decreases, while the area of
polymacromonomer peak increases. Also the increase of the poly-
macromonomer dispersity at higher conversions, mostly because of
appearance of low molecular weight fraction in the elution volume
range 30-33 mL (broadening of polymacromonomer peak) can
easily be followed.

Polymerisation of macromonomers showed the typical behav-
iour usually observed for free radical polymerisations. Regardless of
the polymerisation system or macromonomer type the molecular
weight of polymacromonomers decreased with increase of the
conversion of macromonomer (Fig. 14A). The decrease of the
molecular weight of polymacromonomer was accompanied by an
increase of the dispersity of the product (Fig. 14B). The largest
increase of My,/Mj, values was observed in last phase of polymeri-
sation, when the conversion of macromonomers exceeded 85%. It is
somehow typical for free radical polymerisations, where at high
conversion of reactive groups the interruption of the growing
chains by e.g. chain transfer reactions becomes more privileged.
Hence, the fraction of low molecular weight products increases
significantly increasing the dispersity of the product and decreases
its average molecular weight.
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3.2.4. Influence of macromonomer concentration on the degree of
polymerisation and dispersity of polymacromonomers

The influence of concentration of macromonomers during
polymerisation in water and in water/benzene mixture on the
degree of polymerisation (DP) of polymacromonomers and on M,/
M, values is presented in Figs. 15 and 16. The conversion of macro-
monomers was only slightly dependent on its concentration in the
reaction mixture and in most cases reached about 95%.

The degree of polymerisation of polymacromonomers increased
with increasing initial concentration of the macromonomers in the
reaction mixture regardless of the polymerisation system or macro-
monomer type. However, in all cases above a certain concentration
(about 0.2 g/mL) DP of the polymerisation products varied only
moderately with concentration of macromonomer. Additionally
degrees of polymerisation of polymacromonomers are close to the
aggregation numbers measured at different concentration (Table
3). In order to obtain high molecular weight polymacromonomers
polymerisations were carried out at concentrations higher than
suitable for SLS measurements. However, as an example the
aggregation number for PGlsy-b-PGIPhEg-St in water with
a concentration of 0.1 g/mL was 151 and the corresponding degree
of polymerisation was 140. Taking this information into account we
can expect that the polymerisation proceeds mostly in micelles
core. The slightly smaller PD value can be assigned to the incom-
plete functionalisation of the macromonomer.

In the case of PGlsy-b-PGIPhEg-St and PGls5-St the molecular
weights of polymacromonomers obtained for polymerisation in
water were higher than that obtained for polymerisation in the
benzene/water mixture with the same concentration. As was
already mentioned addition of benzene to the system caused
a decrease of aggregation numbers of micelles for block macro-
monomers. Probably because of that the degree of polymerisation of
PGls,-b-PGIPhEg-St decreased in water/benzene mixture, especially
at higher concentrations.

The opposite effect was observed for PGIPhEg-b-PGls4-St where
introduction of benzene to the polymerisation system slightly
increased the DP of the polymacromonomer. As was mentioned
earlier polymacromonomers obtained from PGIPhEg-b-PGls54-St are
insoluble in water and precipitates from the reaction mixture
during reaction. This leads to the interruption of the growing
polymer chain. As the result the molecular weight of the products
decreases. The introduction of benzene, which is a good solvent of
that polymacromonomer, on one side decreased aggregation
number of micelles but from other side enhanced the solubility of
the growing radical and higher molecular weights of poly-
macromonomers were obtained.
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Fig. 14. Influence of conversion on the molecular weight M, (A) and dispersity M/M, (B) of polymacromonomers during polymerisation in water using AVA
(Cmacromonomer = 0.20 g/mL, T=60 °C (open symbols)) and in water/benzene mixture 10/1 v/v using AIBN (Cmacromonomer = 0.20 g/mL, T=70°C (closed symbols)) of PGlsy-b-

PGIPhEg-St (A ), PGIPhEg-b-PGls4-St (01) and PGlss-St (o).
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Fig. 15. Influence of macromonomer concentration on degree of polymerisation DP (A) and dispersity My,/M, (B) of polymacromonomer for polymerisation in water (T= 60 °C) for

PGlsp-b-PGIPhEg-St ( A ), PGIPhEo-b-PGlss-St ([1) and PGlss-St (o).

The increase of the molecular weight of the polymacro-
monomers with increase of macromonomer concentration during
polymerisation in the mixture water/benzene was accompanied by
an increase of the dispersity of the product. This may suggest that
polymerisation took place in non-uniform benzene swollen
micellar aggregates of different sizes. On the other side for poly-
merisations in water dispersity of the polymacromonomers was
independent on the macromonomer concentration during poly-
merisation suggesting formation of relatively well-defined micelles
or aggregates, of course with exclusion of the polymacromonomers
obtained from PGIPhEg-b-PGls4-St, which precipitate from water
during reaction.

3.2.5. Properties of polymacromonomers

The homo-polymerisation of macromonomers provided a series
of regular polymers with comb morphology, depending on
molecular weight brushes or star-like structures. The polymerisa-
tion of homo-poly(glycidol) macromonomers (PGls5-St) resulted in
the hydrophilic polymacromonomer with the main chain consti-
tuted of poly(styrene) substituted in p-position with poly(glycidol)
chain. On the other side, the homo-polymerisation of block macro-
monomers PGlsy-b-PGIPhEg-St and PGIPhEg-b-PGlss-St resulted in
the core-shell structures. The properties of obtained comb struc-
tures depended not only on the chemical composition of the arms
but also on the relative arrangement of the blocks in the polymer
molecule, i.e. polymerisation of PGIPhEg-b-PGls4-St resulted in
polymacromonomer with hydrophobic PGIPhE shell, while PGls;-
b-PGIPhEg-St gave polymacromonomers with hydrophilic PGI shell,
as presented in Fig. 17.
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The unreacted residue was easily separated from the polymer-
isation product by dialysis or precipitation. Pure products with high
yield were obtained by dialysis, where after 7 days complete
removal of non-functionalized oligomers was observed. The effi-
ciency of the fractionation was proved by SEC (Fig. 18).

The obtained polymacromonomers in contrast to macro-
monomers used for their synthesis did not show amphiphilic
properties. When the hydrophilic blocks formed the shell the poly-
macromonomer was well soluble in water and polar solvents like
methanol, but insoluble in THF or acetone. In the opposite case when
short hydrophobic blocks constituted the shell the polymacro-
monomer remained soluble in THF, however, were completely
insoluble in water. This was rather surprising as this poly-
macromonomer was in 75 wt-% built of hydrophilic poly(glycidol).
The solubility of polymacromonomers seems to be determined by
the properties of surrounding outer shell i.e. the blocks forming the
outer part of the polymacromonomer. The exact composition of the
macromonomer seems to be of lower importance as even short block
of the poly(glycidyl phenyl ether) influenced the properties of
polymacromonomer considerably.

The presence of hydroxyl groups opens, however, possibility of
polymacromonomers post-modification a new synthetic approach
to more sophisticated structures with new properties.

4. Summary
The properties of amphiphilic macromonomers in water and in

water/benzene mixture were reported. DLS measurements showed
the formation of small, compact, monodispersed micelles by the
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Fig. 16. Influence of macromonomer concentration on degree of polymerisation DP (A) and dispersity M,,/M;, (B) of polymacromonomer for polymerisation in water/benzene
mixture 10/1 v/v (T= 70 °C) for PGls,-b-PGIPhEg-St ( A ), PGIPhEg-b-PGls4-St ([0) and PGlss-St (0).
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Fig. 17. Polymacromonomers obtained from: (A) PGls,-b-PGIPhEg-St, (B) PGIPhEg-b-PGls4-St, (C) PGlss-St.

block macromonomers in water, while in water/benzene mixture
swollen, well-defined micelles were formed. The core of the micelle
was formed by poly(glycidyl phenyl ether), where poly(glycidol)
formed the surrounding shell. In case of homo-macromonomer
PGls5-St formation of undefined, loose aggregates in both water
and water/benzene mixture was observed.

Formation of micelles and aggregates significantly influenced
the polymerisation of studied macromonomers in water and in
water/benzene mixture (10/1 v/v). The homo-polymerisation of all
investigated types of macromonomers in water initiated with AVA
was fast, where after about 2 h the conversion of macromonomers
reached 90-99%. The rate of polymerisation was extremely high in
case of block macromonomer with polymerisable group attached to
hydrophobic block. In case of polymerisation of poly(glycidol)-
based macromonomers in the mixture of water/benzene initiated
with AIBN the rate of polymerisation was the highest for macro-
monomer with polymerisable group attached to hydrophobic
block. The degree of polymerisation of polymacromonomers
increased with increasing initial concentration of the macro-
monomers in the reaction mixture regardless of the polymerisation
system or macromonomer type. However, above a certain
concentration (about 0.2 g/mL) DP of the products varied only
moderately with macromonomer concentration.

After polymerisatio
1 day of dialysis
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3 days of dialysis
4 days of dialysis
5 days of dialysis
6 days of dialysis
7 days of dialysis
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Fig. 18. Purification of polymacromonomer obtained from PGls,-b-PGIPhEg-St
(M, = 505,000 g/mol) by dialysis in methanol.

The homo-polymerisation of the synthesised poly(glycidol)-
based macromonomers led to the mixture of densely branched
macromolecules and unreacted residue due to not quantitative
functionalisation. The residue was successfully removed from the
polymerisation mixture by dialysis or precipitation. In that way
high purity products were obtained.

Acknowledgements

The authors appreciate the support of the Polish Ministry of
Scientific Research and Information Technology (grant no.
4T09A05225) and of the European Graduate College “Advanced
Polymer Materials” (EGC 720) founded by Deutsche For-
schungsgemeinschaft (DFG). The authors are also thankful to Prof.
Dr. K.-F. Arndt (Fachrichtung Chemie und Lebensmittelchemie, TU
Dresden) for the use of DLS and SLS system and Dr. V. Boyko for
help in measurements.

References

[1] Terao K, Nakamura Y, Norisue T. Macromolecules 1999;32:711-6.

[2] Terao K, Hakajo T, Nakamura Y, Norisue T. Macromolecules 1999;32:3690-4.

[3] Sek D, Kaczmarczyk B. Polymer 1997;38:2925-8.

[4] Zhang M, Breiner T, Mori H, Miiller A. Polymer 2003;44:1499-506.

[5] Rathgeber S, Pakula T, Wilk A, Matyjaszewski K, Beers K. ] Chem Phys
2005;122:124904/1-124904/12.

[6] Schappacher M, Billaud C, Paulo A, Deffieux A. Macromol Chem Phys
1999;200:2377-86.

[7] Deffieux A, Schappacher M. Macromolecules 1999;32:1797-802.

[8] Ryu SW, Hirao A. Macromolecules 2000;33:4765-71.

[9] Beers KL, Gaynor SG, Matyjaszewski K, Sheiko SS, Moller M. Macromolecules
1998;31:9413-5.

[10] Boérner HG, Beers K, Matyjaszewski K, Sheiko SS, Moller M. Macromolecules
2001;34:4375-83.

[11] Cheng G, Boker A, Zhang M, Krausch G, Miiller A. Macromolecules
2001;34:6883-8.

[12] Walach W, Kowalczuk A, Trzebicka B, Dworak A. Macromol Rapid Commun
2001;22:1272-7.

[13] Neiser M, Okuda J, Schmidt M. Macromolecules 2003;36:5437-9.

[14] Aggour Y, Tomita I, Endo T. React Funct Polym 1995;28:81-7.

[15] Aoshima S, Ebara K, Higashimura T. Polym Bull 1985;14:425-31.

[16] Shen R, Senyo T, Akiyama Ch, Atago Y, Ito K. Polymer 2003;44:3221-8.

[17] Shen Y, Zhu S, Zeng F, Pelton R. Macromolecules 2000;33:5399-404.

[18] Tsukahara Y. In: Mishra M, editor. Macromolecular design: concept and
practice. New York: Polymer Frontiers International; 1994. p. 161-227
[chapter 5].

[19] Sierra-Vargas ], Masson P, Beindert G, Rempp P, Franta E. Polym Bull
1982;7:277-82.

[20] Takaki M, Asami R, Kuwabara T. Polym Bull 1982;7:521-5.

[21] Rempp P, Lutz P, Masson P, Chaumont P, Franta E. Makromol Chem Suppl
1985;13:47-66.

[22] Masson P, Franta E, Rempp P. Makromol Chem Rapid Commun 1982;3:
499-504.



354

[23]
[24]

[25]
[26]

[27]
[28]
[29]

A. Mendrek et al. / Polymer 51 (2010) 342-354

Nomura E, Ito K, Kajiwara A, Kamachi M. Macromolecules 1997;30:2811-7.
Ito K, Tanaka K, Tanaka H, Imai G, Kawaguchi S, Itsuno S. Macromolecules
1991;24:2348-54.

Chao D, Itsuno S, Ito K. Polym J 1991;23:1045-52.

Kawaguchi S, Yekeda A, Duhamel ], Winnik M, Ito K. ] Phys Chem
1994;98:7891-8.

Ito K, Hashimura K, Itsuno S, Yamada E. Macromolecules 1991;24:3977-81.
Riess G. Prog Polym Sci 2003;28:1107-70.

Prochazka K, Martin T, Webber S, Munk P. Macromolecules 1996;29:6526-30.

[30]
[31]

[32]
[33]

[34]
[35]
[36]

Zhu G. Eur Polym ] 2005;41:2671-7.

Kawaguchi S, Maniruzzaman M, Katsuragi K, Matsumoto H, Ito K,
Hugenberg N, et al. Polym ] 2002;34:253-60.

Fitton A, Hill J, Jane D, Miller R. Synthesis 1987;12:1140-2.

Mendrek A, Mendrek S, Trzebicka B, Kuckling D, Walach W, Adler HJ, et al.
Macromol Chem Phys 2005;206:2018-26.

Ishizu K, Uchida S. Prog Polym Sci 1999;24:1439-80.

Maiti S, Chtterji P. ] Colloid Interface Sci 2000;232:273-81.

Alexandridis P, Holzwarth ], Hatton T. Macromolecules 1994;27:2414-25.



	Amphiphilic behaviour of poly(glycidol)-based macromonomers and its influence on homo-polymerisation in water and in water/benzene mixture
	Introduction
	Experimental procedures
	Materials
	Preparation of macromonomers
	Polymerisation of macromonomers
	Polymerisation in water
	Polymerisation in water/benzene mixture
	Purification

	Characterisation

	Results and discussion
	Amphiphilic properties of macromonomers
	Critical micellization concentration (CMC) measurements
	Determination of CMC by surface tension measurement
	Determination of critical micellization concentration by UV-vis measurements
	Determination of CMC by static light scattering measurements

	Light scattering measurements of macromonomers micellization
	Dynamic light scattering measurements in water
	Static light scattering measurements - number of aggregation in water


	Free radical polymerisation of macromonomers
	Detection of macromonomer conversion and molecular weight of polymacromonomers
	Conversion and rate of polymerisation of macromonomers
	Influence of conversion on the molecular weight and dispersity of polymacromonomers
	Influence of macromonomer concentration on the degree of polymerisation and dispersity of polymacromonomers
	Properties of polymacromonomers


	Summary
	Acknowledgements
	References


