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Abstract
Graft copolymers of acetylated starch oligomer (AS) and poly(methyl methacrylate) (PMMA) were polymerized by
atom transfer radical polymerization (ATRP). AS was converted to an ATRP macroinitiator by converting a part of
the hydroxyl groups of AS to 2-bromoisobutyryl groups. Macroinitiators with varying degrees of substitution for the
2-bromoisobutyryl group were prepared. The polymerizations were conducted using CuBr/BiPy catalyst system, either
in bulk or in 1:1 v/v THF solution. They proceeded with ﬁrst-order kinetics and the molecular weights of the polymers
increased linearly with conversion. Graft copolymers with diﬀerent graft densities and graft lengths were prepared in a controlled manner. The hydrophobicity of these copolymers was studied by contact angle measurements.
Ó 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Starch is one of the most abundant organic materials in nature. As a raw material it is renewable and
economical. Starch and its derivatives have widespread industrial applications [1,2].
Starch consists of interconnected anhydroglucose
units, each of which contains three hydroxyl groups.
The properties of starch, such as its solubility in dif-

*
Corresponding author. Tel.: +358 9 451 2614; fax: +358 9 451
2622.
E-mail address: jukka.seppala@tkk.ﬁ (J. Seppälä).

ferent solvents, can be routinely modiﬁed through
converting the hydroxyl groups to other functionalities. Usually, this is done by either esteriﬁcation or
etheriﬁcation reactions, but also grafting of starch
with synthetic polymers by various methods has
gained a lot of interest [1,3–6].
The most common way to synthesize starch
based graft copolymers has been a radical polymerization with ‘grafting-from’ approach [3–6]. The initiating radicals have been formed on the starch
chain either with chemical initiators or with irradiation. However, these methods suﬀer from low control of the graft density and length, and from the
formation of unattached homopolymer.
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Recently, there has been a lot of research interest
in a new ﬁeld of controlled radical polymerization.
At the moment several techniques enabling such
polymerizations exist, of which ATRP (atom transfer radical polymerization) is one of the most commonly used [7]. The signiﬁcant advantages of these
polymerization techniques when applied in graft
copolymerizations include the ability to polymerize
grafts with controlled graft density and length, and
narrow molecular weight distribution (MWD). In
addition, homopolymer impurities are not formed
in the polymerization [8].
Starch can be converted to an ATRP macroinitiator by converting part of the hydroxyl groups
of starch to halide containing groups that are able
to initiate the polymerization. There are several
examples of polymerizations from saccharide-based
initiators with ATRP technique. Several polymerizations have been conducted from low molecular
weight mono- and disaccharides [9–11] and cyclodextrins [11–13]. Unmodiﬁed polysaccharides are
often insoluble in most solvents, but there are
reports of heterogeneous surface initiated ATRP
conducted from cellulose and chitosan substrates
[14–17] as well as from starch granules [18].
A few groups have grafted polysaccharides by
homogeneous ATRP. Usually the polysaccharides
have been modiﬁed by substitution in order to
increase their solubility to typical ATRP solvents.
Shen et al. polymerized methyl methacrylate onto
cellulose diacetate [19] and methyl methacrylate
and styrene onto ethyl cellulose [20]. Vlcek et al.
[21] polymerized styrene, methyl methacrylate and
butyl acrylate onto cellulose diacetate. They were
also able to polymerize grafts with block structure.
Recently, Bontempo et al. [22] were able to graft
unmodiﬁed pullulan and dextran by ATRP using
dimethylformamide/water mixtures as solvents.
Their polymerization system was adjustable to
many diﬀerent monomers, and produced graft
copolymers with good control.
However, to our knowledge, there are until now
no reports of graft copolymerization by ATRP
using dissolved, starch based materials as macroinitiators. In this study, we used ATRP to produce
PMMA grafts onto acetylated starch oligomer in a
controlled manner with varying graft densities and
lengths. The graft copolymers were spin-coated
onto silica surfaces from water dispersions as well
as from THF solutions. The hydrophobicity of the
produced graft copolymer surfaces was studied by
contact angle measurements.
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2. Experimental
2.1. Materials
Acetylated starch derivative (AS) with free
hydroxyl groups, preferably at C-6 position of
anhydroglucose unit, was prepared by using method
described in the patent literature [23]. According to
method native potato starch triacetate underwent
acid catalyzed transglycosylation with ethylene glycol at 120–130 oC, which resulted in decrease in
molecular weight and partial transesteriﬁcation of
C-6 acetyl with ethylene glycol. The degree of acetylation (number of acetyl groups per anhydroglucose unit) of the AS product was approximately
2.2. Mw of AS was ca. 50,000 g/mol and Mn
4400 g/mol according to SEC measurement against
PS standards. Before use the AS powder was dried
under vacuum at 60 °C overnight.
Methyl methacrylate (MMA) (99% Aldrich) was
dried with molecular sieves, passed through basic
alumina to remove the inhibitor and stored under
argon at 20 °C. CuBr (98% Aldrich) was stirred
several times in glacial acetic acid, washed with ethanol and dried in vacuum. Tetrahydrofuran (THF)
and pyridine were analytical reagent grades and
dried with molecular sieves. 2-Bromo isobutyryl bromide (BIB) (98% Aldrich), 2,2-bipyridine (BiPy)
(99% Aldrich) and CuBr2 (99% Aldrich) were used
as received. Acetone, sulphuric acid, methanol and
n-hexane were analytical grades and used as received.
2.2. Synthesis of the AS macroinitiator
AS was functionalized with diﬀerent amounts of
BIB. Typically, 5 g of AS (16 mmol of hydroxyl
groups) was dissolved in 25 ml of THF. 9.9 ml of pyridine (122 mmol) was added. The solution was cooled
to 0 °C, and subsequently 7.5 ml (61 mmol) of BIB
was added dropwise. The reaction mixture was stirred
for 1 h at 0 °C and then overnight at room temperature. The resulting salt was removed by centrifugation. The product was precipitated in hexane and
puriﬁed by several repeated dissolutions in THF
and precipitations in hexane. Finally, the product
was dried in vacuum at 60 °C overnight. The degree
of substitution was determined by 13C NMR analysis.
2.3. Graft copolymerization
The polymerizations were conducted with a constant [MMA]/[Initiator group] ratio of 380:1. Since
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a series of AS with diﬀerent initiator group densities
was used in polymerizations, the total amount of AS
was varied in order to achieve this ratio.
For example, polymerization using AS functionalized with 0.09 initiator groups per anhydroglucose unit was conducted as follows: AS (530 mg,
0.19 mmol of initiator groups), CuBr (51 mg,
0.35 mmol) and BiPy (110 mg, 0.71 mmol) were
placed in a dry Schlenk ﬂask equipped with a magnetic stirring bar. The ﬂask was evacuated and
back-ﬁlled with argon three times. Degassed THF
(7.6 ml) and degassed MMA (7.6 ml, 71 mmol) were
added with gas-tight argon ﬂushed syringes. The
mixture was stirred until AS was dissolved. The ﬂask
was immersed in a pre-heated thermostated bath at
70 °C. A 0.2 bar argon overpressure was maintained
within the ﬂask throughout the polymerization. The
polymerization was continued until the polymerization mixture became too viscous to be mixed.
During polymerization, samples were withdrawn
at certain time intervals from the polymerization
mixture using argon ﬂushed syringes to follow the
development of the molecular weight and monomer
conversion. The molecular weight was determined
by SEC and the monomer conversion was determined by 1H NMR, by comparing the relative ratios
of MMA (@CH2) peaks (at 5.56 ppm and 6.10 ppm)
and PMMA –OCH3 peak (at 3.60 ppm).
The polymers used in surface analysis were prepared otherwise as above, but they were quenched
at certain time points, always before the viscosity
of the mixture became high. In addition, after the
polymerization they were diluted with THF and
passed through basic alumina to remove the catalyst. The products were precipitated in hexane and
puriﬁed by repeated dissolution in THF and precipitation in hexane.
2.4. Hydrolysis of the AS backbone
The hydrolysis of the AS backbone was conducted according to method described by Shen
et al. [19]. One gram of graft copolymer was dissolved in 30 ml THF and 20 ml acetone, then 4 ml
of 70% sulphuric acid was added. The solution
was reﬂuxed at boiling point for 6 h. The residual
polymer was precipitated in methanol.
2.5. Graft copolymer characterization
Molecular weights and molecular weight distributions of the polymers were determined with res-

pect to polystyrene standards by size exclusion
chromatography (SEC) at room temperature. The
system was equipped with four Waters Styragel
columns (102, 103, 104 and 105 Å) and a Waters
410 diﬀerential refractometer. Chloroform was used
as an eluent and was delivered at a ﬂow rate of 1 ml/
min. 1H NMR and 13C NMR spectra were recorded
on a Varian Gemini 2000 300-MHz spectrometer in
d-chloroform. Glass transition temperatures were
measured with a Mettler Toledo DSC 821e diﬀerential scanning calorimeter.
2.6. Graft copolymer surface preparation
and characterization
The graft copolymer samples were applied onto
hydrophilic silica surfaces either from 50 g/l THF
solution or 50 g/l aqueous dispersion. The aqueous
dispersions were prepared by a method described
in the patent literature [24]. The method has been
known to be suitable for most hydrophobic
starches. The polymer particles <1000 nm in diameter were formed spontaneously when 2 g polymer
samples dissolved in 100 ml of aqueous (20%)
THF was rapidly diluted with 300 ml of water.
THF solvent was evaporated by slight warming of
dispersion at 40–60 °C. Solvent free polymer particle dispersion was concentrated through reversible
ﬂocculation by Na2SO4. The amount of salt used
was 2% by weight of the water dispersion. After
precipitation of particles the dispersion was further concentrated by centrifuge, diluted again to
250 ml volume with water and centrifuged 10 min
2000 rpm. The washing cycle by centrifuging was
repeated twice to receive dispersion of puriﬁed
micro-particles.
The hydrophilic silica was prepared from polished silicon wafers. The wafers were cut into slides
and then cleaned (i) for 15 min in boiling mixtures
of alkali and peroxide and (ii) for 15 min in boiling
mixtures of acid and peroxide. The treatment
induces the formation of hydroxyl groups on the silica surface. Spin coating was performed at spinning
speed of 1500 rpm.
The eﬀect of heating on surfaces spin-coated
from aqueous dispersions was studied by heating
the surfaces in an oven at 180 °C for either 5 min
or 15 min. The silica slides were allowed to cool
down at least for an hour before performing the
contact angle measurements.
Dynamic contact angles on the graft copolymer
layers were measured using a KSV CAM 200
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computer-controlled video based instrument (KSV
Instruments Ltd., Finland), which measures the
development of the contact angle as a function of
time. The measurements were made with MilliQ
water. The measurements were repeated at least
three times and the average value at time 10 s is
reported.
The optical images were recorded with a digital
camera combined to Leica MZ6 stereomicroscope.
3. Results and discussion
3.1. Synthesis of the AS macroinitiators
A series of ATRP macroinitiators was produced
by functionalization of AS. Part of the hydroxyl
groups of AS were replaced with 2-bromo-isobutyryl groups, which are able to initiate polymerization
by the ATRP mechanism. Three diﬀerent macroinitiators (AS–BIB1, AS–BIB2, AS–BIB3) were prepared with diﬀerent degrees of substitution for the
initiator group. The degree of substitution (DS) is
deﬁned as the number of hydroxyl groups per anhydroglucose unit, which have been substituted by
other groups. Since anhydroglucose units contain
originally three hydroxyl groups, the maximum possible DS is three. However, since AS used in this
study already contained acetyl groups with DS of
2.2, the maximum DS for the initiator groups
(DSini) was 0.8.
Macroinitiators were prepared by adding diﬀerent amounts of BIB relative to the amount of
hydroxyl groups of AS to the reaction. The macroinitiators are presented in Table 1. They enabled
grafting with low (DSini 0.02), intermediate (DSini
0.09) and high (DSini 0.76) grafting density. The
achieved degrees of substitution correspond to
51.4, 10.5 and 1.3 anhydroglucose units per initiating site, respectively. One may notice that with
AS–BIB3 approximately all remaining hydroxyl
groups of AS have been converted to initiating sites.

DSini was determined by 13C NMR spectroscopy.
The 13C NMR spectrum of macroinitiator AS–BIB3
is presented in Fig. 1. The intensity of the acetyl
group CH3 carbon peak (9,10 in the ﬁgure) was
compared with the intensity 2-bromo-isobutyryl
group CH3 carbon peak (12 in the ﬁgure). The DSini
and hence also the graft density in polymerization
could easily be tuned by changing the ratio of BIB
relative to OH groups in the reaction.
The Mn of the unreacted AS was approximately
4400 g/mol and Mw was approximately 50,000
g/mol according to SEC against PS standards.
Due to the high polydispersity index (11.4), chain
lengths of the macroinitiators varied from very
short chains to very long ones. This means, that
especially with AS–BIB1, where approximately only
every 51st anhydroglucose unit was functionalized,
it is apparent that part of the molecules at the low
end of the molecular weight distribution remained
unfunctionalized. On the other hand, at the high
end of the molecular weight distribution all the
macroinitiator chains were presumably functionalized many times, and the initiator density was the
one described by DSini.
3.2. Graft copolymerization
A series of graft copolymers was polymerized
using the three macroinitiators prepared. The
polymerization series is presented in Table 2. The
polymerizations were conducted with constant
[MMA]/[CuBr]/[BiPy]/[Initiator] ratio of 380:1.9:
3.8:1. In order to achieve this ratio, the total
amount of AS added was varied since diﬀerent macroinitiators contained initiator groups in diﬀerent
densities. All macroinitiators were grafted in bulk
and in 1:1 v/v THF solution. The reason for the
THF addition was to dilute the polymerization mixtures, some of which were already highly viscous in
the beginning. THF has also been reported to
increase MMA polymerization control with CuCl/

Table 1
Macroinitiators
Macroinitiator

Mole ratio in reactiona

Degree of substitutionb (13C NMR)

Apparent Mn c (SEC) g/mol

AS–BIB1
AS–BIB2
AS–BIB3

0.3
1.0
3.9

0.02
0.09
0.76

5900
7000
11,600

a
b
c
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Mole ratio of BIB/OH groups in reaction mixture.
The amount of 2-bromo-isobutyryl groups/AS anhydroglucose unit.
Determined with respect to linear polystyrene standards.
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Fig. 1. 300 MHz

13

C NMR spectrum of AS macroinitiator (AS–BIB3) with assigned peaks.

Table 2
Polymerization series
Polymerization

Solvent

DSini of macroinitiator

t

AS–PMMA1
AS–PMMA2
AS–PMMA3
AS–PMMA4
AS–PMMA5
AS–PMMA6

Bulk
THF
Bulk
THF
Bulk
THF

0.02
0.02
0.09
0.09
0.76
0.76

5
70
20
33
15
21

MP

(min)a

Conversion at tMP (%)

tendb

8
35
18
30
12
13

10
120
30
40
17
26

a

Time point, where the last conversion measurement was done.
Time at the end of the polymerization. (Usually, the reaction mixture was so viscous that conversion measurement at this time point
was unsuccessful.)
b

BiPy catalyst system due to the better solubility
of the catalyst [25]. All the polymerization mixtures were partly heterogeneous with respect to the
catalyst.
In most of the polymerizations the reaction mixtures were observed to form a highly viscous mass at
relatively low conversions. The polymerizations
were ended when the reaction mixture became too
viscous to be mixed.
The reason for the observed viscosity behaviour
is most probably the polyfunctionality of the growing graft copolymers. It makes them prone to intermolecular termination and therefore also to gelation
[8,21,26–28]. The tendency for termination might

have been lower, if the [MMA]/[CuBr]/[BiPy]/[Initiator] ratio had been optimized. The used ratio
(380:1.9:3.8:1) contained catalyst in an uncommonly
high concentration with respect to initiator, even
though it has been reported, that low catalyst concentration can suppress the termination reaction.
It has also been reported, that addition of CuBr2
deactivator to the reaction can decrease the tendency for termination by decreasing the concentration of active radicals [26]. Therefore, we did an
additional polymerization (AS–PMMA11) with
one of the macroinitiators (AS–BIB2) to study
this eﬀect. The polymerization was conducted
with [MMA]/[CuBr]/[CuBr2]/[BiPy]/[Initiator] ratio
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Table 3
Polymerization with added deactivator
Polymerization

Solvent

DSini of macroinitiator

Conversion at tenda (%)

tend

AS–PMMA11

Bulk

0.09

31

33

Time at the end of the polymerization.

a

1.00

ln([M0]/[M])

0.80
0.60
0.40
0.20

AS-PMMA2 (THF)

0.00
0

20

40

60

80

time (min)

b

1.00

ln([M0]/[M])

0.80
0.60
0.40
AS-PMMA3 (bulk)
AS-PMMA4 (THF)

0.20
0.00
0

20

40

60

80

time (min)

c
ln([M0]/[M])

of 380:1.3:0.6:3.8:1. The polymerization is presented
in Table 3.
The kinetic curves of ln ([M]0/[M]) vs. time of all
the polymerizations are presented in Fig. 2. It can be
seen from the curves that the polymerization kinetics are ﬁrst order when the conversion is low. The
polymerization rates are similar in all the polymerizations. The polymerization AS–PMMA1 is not
presented in Fig. 2, because the polymerization
was fast and only one data point was measured
(at 5 min the ln ([M]0/[M]) was 0.09). The rate was
slightly lower in the polymerizations AS–PMMA5
and AS–PMMA6, which were done with the macroinitiator containing the highest initiator density.
This could be due to their higher tendency to terminate by intramolecular radical coupling between
neighbouring grafts [8].
The polymerization AS–PMMA11, which was
done with lower initial CuBr amount and with
added CuBr2, proceeded with approximately the
same rate as the other polymerizations, possibly
due to the low solubility of the deactivator [29].
The growths of the apparent molecular weights
in polymerizations vs. conversion are presented in
Fig. 3. The molecular weights seem to grow linearly
with conversion, at least with the limited amount of
data points available. However, also the intermolecular termination has an eﬀect on the molecular
weight of the samples, so no exact conclusions can
be drawn from this dependency. The growth rate
of Mn becomes higher with higher DSini of the
macroinitiator, as expected. The bulk and THF
polymerizations from the same macroinitiator ﬁt
exactly to same lines when constant [MMA]/[CuBr]/
[CuBr2]/[BiPy]/[Initiator] ratio was used (polymerizations AS–PMMA2–AS–PMMA6), indicating
equal initiator eﬃciency. Also AS–PMMA1 polymerization, which has not been presented in Fig. 3
since only one sample was measured, ﬁts on the
same line as AS–PMMA2 (at 8% conversion
apparent Mn was 6700 g/mol). It is apparent, that
polymerization control was similar in bulk and solution polymerizations, when constant polymerization
conditions were applied. However, the AS–PMMA
11 polymerization, which was done with added

1.00
0.80
0.60
0.40
AS-PMMA5 (bulk)
AS-PMMA6 (THF)

0.20
0.00
0

20

40

60

80

time (min)

d

1.00

ln([M0]/[M])

a

0.80
0.60
0.40
AS-PMMA11 (bulk,
added deactivator)

0.20
0.00
0

20

40

60

80

time (min)

Fig. 2. Plots of ln ([M]0/[M]) vs. reaction times for all polymerizations: (a) solution polymerization with AS–BIB1 (DSini =
0.02), (b) polymerizations with AS–BIB2 (DSini = 0.09), (c)
polymerizations with AS–BIB3 (DSini = 0.76), (d) polymerization
with AS–BIB2 (DSini = 0.09) and added CuBr2 deactivator.

deactivator, shows a slightly reduced Mn growth
rate when compared to other polymerizations with
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100000

AS-PMMA3 (bulk)
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AS-PMMA5 (bulk)
AS-PMMA6 (THF)

50000

AS-PMMA11

0
0.00

0.20

0.40

0.60

conversion

Fig. 3. Plots of apparent Mn (g/mol) vs. conversion in polymerizations. SEC measurement with linear PS calibration. AS–
PMMA2: solution polymerization with AS–BIB1 macroinitiator
(DSini 0.02). AS–PMMA3 and AS–PMMA4: polymerizations
with AS–BIB2 macroinitiator (DSini 0.09). AS–PMMA5 and AS–
PMMA6: polymerizations with AS–BIB3 macroinitiator (DSini
0.79). AS–PMMA11: bulk polymerization with AS–BIB2 macroinitiator (DSini 0.09) and added CuBr2 deactivator.

same DSini (AS–PMMA3 and AS–PMMA4). This
might be due to decreased tendency for intermolecular termination, as discussed later.
The evolution of molecular weight distribution in
AS–PMMA2, representing a polymerization with
low graft density (DSini 0.02), is presented in
Fig. 4. At the low end of the MWD of the macroinitiator the probability of AS molecule being functionalized is low with this low DSini. Therefore
part of the low molecular weight macroinitiator
chains remain unreacted throughout the polymerization and can be seen as traces in the graft copolymer curve. The high molecular weight fraction of

0%

the graft copolymer grows steadily in molecular
weight and maintains the original MWD shape.
The evolution of the MWD of AS–PMMA4, representing a polymerization with intermediate graft
density (DSini 0.09), is shown in Fig. 5. Only slight
traces of macroinitiator can be seen in the SEC
curves. The graft copolymer curve follows roughly
the shape of the macroinitiator at the low molecular
weight end of the curve. However, at the high molecular weight end of AS–PMMA4 additional peaks
seem to appear. The additional peaks are probably
due to termination by intermolecular recombination.
The evolution of molecular weight distribution of
the polymerization AS–PMMA6, representing a
polymerization with high graft density (DSini 0.76),
is shown in Fig. 6. The curves move steadily towards
higher molecular weight without any traces of macroinitiator. However, traces of intermolecular recombination can be seen also in this polymerization.
The evolution of molecular weight distribution of
the polymerization AS–PMMA11 is shown in
Fig. 7. When compared to polymerization AS–
PMMA4 in Fig. 5, which was done with the same
macroinitiator but without the deactivator addition,
it can be seen, that the amount of intermolecular
recombination at similar conversions has markedly
decreased. Traces of intermolecular recombination
are still clearly visible also in AS–PMMA11.
In order to study the actual grafts produced and
get more information about the level of control in
polymerization AS–PMMA11, the last sample of
the polymerization was treated with 70% sulphuric
acid to hydrolyze the AS backbone of the graft
copolymer. The residual polymer was characterized
with 1H NMR and SEC. The decrease in the intensities of AS backbone signals in the 1H NMR

35%
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Fig. 4. Molecular weight distribution at diﬀerent conversions in
AS–PMMA2. (DSini was 0.02.)

Fig. 5. Molecular weight distribution at diﬀerent conversions in
AS–PMMA4. (DSini was 0.09.)
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Fig. 8. 1H NMR spectra with assigned peaks from AS–PMMA11
graft copolymer and AS–PMMA11 residual polymer after the
hydrolysis of AS chain.

analysis indicates fairly eﬀective hydrolysis (Fig. 8).
The SEC traces of the polymer before and after the
hydrolysis are shown in Fig. 9. The polydispersity of
the grafts was 1.33. The relatively low value conﬁrms controlled polymerization.
3.3. Surface properties of the graft copolymers
2.5

Four graft copolymer samples (AS–PMMA7,
AS–PMMA8, AS–PMMA9 and AS–PMMA10)
were prepared for surface tests. The polymerizations
were conducted with the original [MMA]/[CuBr]/
BiPy]/[Initiator] ratio without added deactivator
(380:1.9:3.8:1). They were prepared by quenching
the polymerization at diﬀerent polymerization times
corresponding to diﬀerent PMMA/AS ratios in
graft copolymers. The ratio between the PMMA
and AS part in the graft copolymers was measured
by 1H NMR spectroscopy by comparing the area
of the peaks between 0.7 and 1.3 ppm (C–CH3 of
PMMA) to the area of the peaks between 1.35
and 2.3 ppm (CH3 of AS and CH2 of PMMA).
The samples are presented in Table 4.

3.5

4.5

5.5

6.5

log M

Fig. 9. SEC curves from AS–PMMA11 graft copolymer before
and after the hydrolysis of AS chain.

The samples in Table 4 enable studying of the
eﬀect of graft density as well as PMMA/AS ratio
on the surface properties. The samples AS–PMMA7
and AS–PMMA8 have the similar PMMA/AS
ratios but diﬀerent graft densities. The samples
AS–PMMA8, AS–PMMA9, and AS–PMMA10
have the same graft density but they diﬀer in
PMMA/AS ratio.
The sample surfaces were prepared by spincoating either from aqueous dispersions or THF
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Table 4
Copolymer samples in surface property tests
Sample

DSini of the macroinitiator

Weight ratio PMMA/AS in copolymer

Theoretical graft lengtha (g/mol)

AS–PMMA7
AS–PMMA8
AS–PMMA9
AS–PMMA10

0.09
0.02
0.02
0.02

0.7
0.6
1.4
1.9

1900
6900
16,600
22,600

a

The theoretical values have been calculated from the DSini of the macroinitiator and the weight ratio of the components calculated
from the 1H NMR measurement.

also the highest contact angle and the diﬀerences
between samples were not large. On the other hand,
the surface set B was hydrophilic with contact
angles always below 35°.
Presumably the graft copolymers adopt in aqueous dispersion such a conformation, where the
hydrophilic hydroxyl groups of AS are enriched
on the particle surface and hydrophobic PMMA
grafts remain hidden. This conformation is preserved during the spin-coating. The sample AS–
PMMA7 had clearly the highest hydrophobicity of
the set B. This can be due to the higher grafting density of the sample, which causes the hydroxyl groups
of AS to be more hidden and PMMA grafts more
exposed on the surface, respectively.

solutions. The contact angles of water on the surfaces are presented in Fig. 10. They were compared
to each other as well as to the contact angles on AS
and PMMA homopolymers, which are 53° for AS
(as measured from surface prepared by spin-coating
from 50 g/l THF solution) and 69° for PMMA (as
measured from surface prepared by spin-coating
from 10 g/l toluene solution).
The surface set A in Fig. 10 is prepared from
THF solutions of the sample polymers. The surface
set B is prepared from their aqueous dispersions.
The diﬀerence between these sets is clear. The contact angles on surface set A ﬁt between the above
mentioned contact angle values on homopolymers.
The sample with the highest PMMA/AS ratio had
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60

50

50

40
30

Surface set B

70

degrees

degrees

70

40
30

20

20

10
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0

0
AS-PMMA 7 AS-PMMA 8 AS-PMMA 9 AS-PMMA 10

Surface set C

70

60
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70

AS-PMMA 7 AS-PMMA 8 AS-PMMA 9 AS-PMMA 10

40
30

40
30

20

20

10

10

0

Surface set D

0
AS-PMMA 7 AS-PMMA 8 AS-PMMA 9 AS-PMMA 10

AS-PMMA 7 AS-PMMA 8 AS-PMMA 9 AS-PMMA 10

Fig. 10. Water contact angle values of spin-coated surfaces. Surface set A: prepared from THF solution, no heating. Surface set B:
prepared from aqueous dispersion, no heating. The contact angle of sample AS–PMMA10 was too low to be measured. Surface set C:
prepared from aqueous dispersion, 5 min heating in 180 °C after spin-coating. Surface set D: prepared from aqueous dispersion, 15 min
heating in 180 °C after spin-coating.
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However, it must also be noted, that the surfaces
of surface set B appeared rather rough when studied
with optical microscope. The roughness can also
have an eﬀect to the low contact angle values.
The surfaces prepared from aqueous dispersions
were heated at 180 °C for varying time periods after
the spin-coating (surface sets C and D) in order to
study if that would change their conformation. The
exposure to heating increased the contact angles of
all surfaces clearly, even though the surfaces did
not appear to be any less rough in the optical microscope. After 15 min of heating (surface set D) all surfaces had contact angles of at least 50°. The values
are already near the contact angles of surfaces prepared from THF solutions (surface set A).
The glass transition temperatures (Tg) of the
homopolymer components of the graft copolymers
were measured with DSC. The values were 120 °C
for AS and 89 °C for PMMA. Therefore, even
though Tg was not systematically measured for the
graft copolymers, it is likely that the values are
greatly under the 180 °C used in the heating. When
the samples were heated above their Tg, they probably were able to rearrange in such a way, that the
hydroxyl groups of AS were no longer enriched
and PMMA grafts were no more hidden at the
surface.
4. Conclusions
The object of this work was to graft PMMA in a
controlled manner onto acetylated starch by ATRP.
AS macroinitiators with diﬀerent degrees of substitution for the initiator groups (0.02–0.76) were prepared, resulting in tailored graft densities in graft
copolymers. It was also possible to control the
PMMA/AS ratio by quenching the polymerizations
at determined polymerization times. The polymerizations showed living characteristics. Thus, the
methods described allow the synthesis of AS–g–
PMMA with tailored properties when conversion
is kept low, even though the control of the polymerization was not perfect due to termination by recombination.
The synthesized graft copolymers were brought
onto silica by spin-coating and the hydrophobicity
of these surfaces was studied by contact angle measurements. The results indicate, that the composition and architecture of the copolymers (ratio of
the components in graft copolymers and the graft
density) as well as the way the surfaces are prepared
(spin-coating from aqueous dispersion or THF solu-

1381

tion) and treated (the exposure to heat treatment
after the surface preparation) play a signiﬁcant role
in the hydrophobicity of the resulting graft copolymer surface.
In itself the possibility to prepare aqueous dispersions from these graft copolymers and the ability to
use these dispersions to prepare surface coatings
provides an easy and environmentally friendly
method to be used in applications.
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Toman L. Graft copolymers and high-molecular-weight
star-like polymers by atom transfer radical polymerization. J
Appl Polym Sci 2006;100:3662–72.
[28] Maier S, Sunder A, Frey H, Mülhaupt R. Synthesis of
poly(glycerol)-block-poly(methyl acrylate) multi-arm star
polymers. Macromol Rapid Commun 2000;21:226–30.
[29] Patten T, Matyjaszewski K. Atom transfer radical polymerization and the synthesis of polymeric materials. Adv Mater
1998;10:901–15.

