
ORIGINAL CONTRIBUTION

Synthesis and self-assembly of comb-like amphiphilic
copolymer poly(maleic anhydride-alt-stearyl methacrylate)-
b-poly(stearyl methacrylate)

Junfeng Zhou & Li Wang & Qiang Yang &

Xiaochen Dong & Haojie Yu

Received: 5 December 2006 /Accepted: 8 May 2007 / Published online: 4 July 2007
# Springer-Verlag 2007

Abstract Comb-like amphiphilic block copolymers of
maleic anhydride (MA) and stearyl methacrylate (SMA)
were prepared through the reversible-addition-fragmenta-
tion-transfer polymerization. The resultant copolymers were
characterized by gel permeation chromatograph and 1H
NMR. The aggregation behaviors of P(MA-alt-SMA)-b-
PSMA were investigated in tetrahydrofuran/water. It is of
great interest that the aggregates with different morpholo-
gies and dimensions could be obtained by adjusting the
polymer concentration, water content, and pH. The dimen-
sion and structure of these aggregates were investigated by
transmission electron microscopy and dynamic light scat-
tering. The effect of the copolymer–solvent interaction on
these aggregations was discussed.

Keywords Self-assembly . Comb-like amphiphilic
copolymer . Stearyl methacrylate .Maleic anhydride

Introduction

It is well known that block copolymers in block-selective
solvent can form colloidal micelles or aggregates as a result
of the association of the insoluble blocks [1–12]. Recently,
a variety of various morphologies including spheres, large
compound micelles, rods, and tubules have been discovered
and have drawn much attention; therefore, it is of great

interest for emerging nanomaterials and nanotechnologies
such as microreactors, microcapsules, drug delivery sys-
tems, and encapsulation of various kinds of guest molecules
[13–17]. The aggregation architecture can be altered by
controlling a great number of parameters such as temper-
ature, solvent, concentration [18], solvent composition,
water content [19], pH [20], and other factors [21].

As a novel polymerization approach, the reversible-
addition-fragmentation-transfer (RAFT) polymerization has
been attracting increasing interest recently because it
furnishes control over the resultant polymers and can form
well-defined and predictable multicomponent polymer
structures. Up to now, the RAFT reaction has been
successfully applied to the synthesis of macromolucular
architectures such as comb, gradient, star, and block
copolymers [22–26]. Recently, many studies have focused
on the radical copolymerization of maleic anhydride (MA)
and vinyl monomer by the RAFT polymerization [27–30].
For example, Li et al. [27] prepared a block copolymer with
alternating MA/styrene segments and polystyrene segments
and studied the self-assembly of the corresponding hydro-
lyzed amphiphilic product in water. Li et al. [28] also
reported on the synthesis of a diblock copolymer containing
a block of alternately structured MA with 4-vinyl benzyl
chloride and a polyvinylbenzyl chloride block. It was found
that this copolymer can form stable inverse micelles in
tetrahydrofuran (THF) after the MA moieties were reacted
with 2-mercaptoethyl amine. However, the studies men-
tioned above did not focus on the synthesis and self-
assembly of block copolymers having MA/methacrylate
segments and methacrylate segments.

In our previous work, we had synthesized P[stearyl
methacrylate (SMA)-co-MA] and their derivants and
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investigated their self-assembly behaviors in selective
solvents [8, 9]. Here, we demonstrate that a novel
amphiphilic comb-like block copolymer P(MA-alt-SMA)-
b-PSMA having alternating segments can be synthesized
successfully via the RAFT polymerization. Moreover, SMA
is a comb-like molecule and has a pendent long alkyl side
chain [31]. It is well-known that comb-like polymers can
provide unique opportunities to be used as an effective
barrier to protein adsorption or to generate hydrophobic
surfaces of polymer film for applications in the areas of
adhesion, friction, membrane transport, and biocompatibil-
ity [32, 33]. Furthermore, the synthesis and self-assembly
of amphiphilic comb-like copolymers were recently studied
extensively due to their interesting properties [34, 35], so
the synthesis and aggregating behaviors of the novel comb-
like block copolymer P(MA-alt-SMA)-b-PSMA should be
worth examining in detail for potential applications. Herein,
we report on the synthesis and characterization of P(MA-
alt-SMA)-b-PSMA and study the self-assembly behaviors
of the resultant polymers in THF/water.

Experimental

Materials

MA, SMA, 2,2′-azo-diisobutyronitrile (AIBN), 1,4-dioxane,
carbon disulfide, chloroform, hexane, sodium hydroxide,
acetone, methanol, magnesium sulfate, neutral alumina,
petroleum ether, and dichloromethane were all purchased
from Shanghai No.1 Chemical Reagent Factory. MA was
recrystallized in chloroform before use. AIBN was recrystal-
lized twice before use. SMA was treated with the literature
method [36]. All other reagents were of analytical grade and
used as received. Benzyl dithiobenzoate (BTBA) was
prepared by the literature method [37].

Synthesis of comb-like block copolymers of P(MA-alt-
SMA)-b-PSMA

In a typical RAFT synthesis, MA (0.2451 g, 2.50 mmol),
SMA (3.3857 g, 10.00 mmol), BTBA (0.0125 g,
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Fig. 1 1H NMR spectra of BTBA (a) and P(MA-alt-SMA)-b-PSMA (b)
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Fig. 2 GPC traces of MA–SMA copolymers obtained via RAFT
polymerization. RAFT reaction time: 90 min (A), 180 min (B), and
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0.05 mmol), AIBN (0.0042 g, 0.025 mmol) (100:400:2:1 in
molar ratio), and 1,4-dioxane (12.0 ml) were added into a
series of a 20-ml glass flask with a magnetic stirrer, followed
by a freeze–vacuum–thaw cycle three times [27]. The tubes
were sealed under vacuum and immersed in oil baths
thermostated at 60 °C. At a prescribed time interval (90,
180, or 360 min), these tubes were taken out in succession
and cooled in ice water to stop the polymerization. The
copolymer products were precipitated in excess methanol.
The polymers were purified by using acetone as the
nonsolvent for P(MA-alt-SMA)-b-PSMA copolymer and
as the solvent for homopolymer contamination at 25 °C.

Self-assembly of amphiphiles

The block copolymer P(MA-alt-SMA)-b-PSMA was first
dissolved in THF at a desired concentration. Deionized
water was then added at a rate of 0.5 wt.% per minute to the
above copolymer solutions with vigorous stirring to induce
the self-assembly. The effects of the polymer concentration,
water content, and pH on the self-assembly of P(MA-alt-
SMA)-b-PSMA were mainly investigated.

The polymer concentration The polymer concentrations
were maintained at 0.05 and 0.2 wt.%, respectively, in
THF/water 90:10 (w/w).

Water content In the system of P(MA-alt-SMA)50-b-
PSMA30/THF, water content was varied between 5 and
30 wt.% at the polymer concentration of 0.1 wt.%.

pH In the system of P(MA-alt-SMA)50-b-PSMA30/THF,
different amounts of HCl or NaOH were added (as aqueous
solutions) to each of the above solutions. Subsequently,
deionized water was added dropwise to the copolymer
solution with stirring. The final pH values of the solutions
were 4.0, 5.8, and 12.0, respectively, at the polymer
concentration of 0.1 wt.% in THF/water 90:10 (w/w).

Finally, the self-assembly solutions were deposited for
3 h before measurement. Samples for transmission electron
microscopy (TEM) measurement were prepared by aerosol
spraying a drop of self-assembly solution (ca. 10 μl) on the
200-mesh gilder copper TEM grids and air-dried before
introduction into TEM.

Characterizations

1H NMR spectra of products were recorded with a Bruker
400 MHz Advance2B NMR spectrometer in CDCl3, using
TMS as the standard. The molecular weight and molecular
weight distribution of the copolymers were determined on a
Waters 201 gel permeation chromatograph (GPC) with laser
scattering detector and ultrastyragel column with pore sizes of
103–105 Å. The eluent was THF at a flow rate of 1.0 ml/min.
A detection wavelength of 632.8 nm and the refraction
index increment value of the polymer solutions dn/dc=0.20
were used for laser scattering detection. TEM micrographs
were obtained on a JEOL model 1200EX instrument
operated at an accelerating voltage at 160 kV. Light
scattering experiments were performed on a Malvern
Zetasizer 3000HSA zeta potential and laser nanometer
particle size analyzer equipped with a He–Ne laser
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Fig. 3 Variation of monomer conversion for MA and SMA mono-
mers and their consumed molar ratio (FSMA/FMA) with the polymer-
ization time. SMA-MA copolymerization condition: [SMA]0=
0.83 mol/l; [MA]0=0.21 mol/l; [BTBA]0=0.004 mol/l; [AIBN]0=
0.002 mol/l; T=60 °C

Table 1 Molecular weight, molecular weight distribution, and the composition of MA–SMA copolymers obtained via the RAFT polymerization

Copolymer Time/min Ma
n Mw

�
Ma

n SMA in copolymer
(mol%)b

The composition
of the copolymera

MA–SMA-1 90 1.53×104 1.54 51.12 P(SMA-alt-MA)35
MA–SMA-2 180 3.02×104 1.61 58.64 P(SMA-alt-MA)50-PSMA25

MA–SMA-3 360 3.18×104 1.65 59.88 P(SMA-alt-MA)50-PSMA30

a Determined by GPC
bCalculated by 1 H NMR analysis (400 MHz)
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(633 nm). The scattering angle used for the measurements
was 90°. A refractive index matching bath of filtered
decalin surrounded the scattering cell, and the temperature
was controlled usually at 30 °C. All the glass vessels were
cleaned with detergent and rinsed abundantly with water
and dried at 60 °C.

Results and discussion

Synthesis and characterization of BTBA and RAFT
polymerization of MA and SMA using BTBA as chain
transfer agent

Synthesis of chain transfer agent BTBA and the synthetic
strategy followed for a novel comb-like amphiphilic
copolymer [P(MA-alt-SMA)-b-PSMA] via the RAFT po-
lymerization are depicted in Scheme 1.

As with other living radical polymerization methods
[38], the RAFT polymerization offers block copolymers
and allows for control of the molecular weight and narrow
molecular weight distribution. The RAFT polymerizations
of SMA and MA were carried out in these sealed tubes
using BTBA as chain transfer agent at certain temperatures
at a prescribed time interval; the results are shown in Figs. 1,
2, and 3 and in Table 1. It was found that MA–SMA
copolymers with relatively narrow polydispersity (1.54<Mw/

Mn<1.65) could be synthesized successfully by the RAFT
polymerization.

As shown in Fig. 1, the chemical structures of the
prepared products were characterized by 1H NMR analysis.
The 1H NMR spectrum of BTBA showed peaks with the
following shifts [37]: 4.60 (s, 2H), 7.28–7.60 (m, 8H), and
8.02 (m, 2H). The NMR spectrum of the product indicated
that BTBA was successfully prepared.

The 1H NMR spectrum of the MA–SMA copolymer
showed peaks with the following shifts [39]: 0.88 [3H, in
CH3(CH2)15–], 0.86 and 0.90 (3H, in CH3C–), 1.25 [30H, in –
(CH2)15CH3], 1.60 [2H, in –CH2(CH2)15CH3], 1.88 (2H, in –
CH2C), 2.73 (2H, in –CH–CH–), and 3.93 (2H, in –OCH2–).
The NMR spectrum of the product indicated that there existed
SMA and MA moieties in the prepared copolymer.

Moreover, it was apparent in Fig. 2 that each of the GPC
curves only showed a single peak; this result demonstrated
that the possibility of the blend of PMA and PSMA could
be excluded, and we further deduced that the resultant polymer
may be a comb-like block copolymer P(MA-alt-MA)-b-
PSMA.

To further reveal the alternating nature of the MA–SMA
copolymer and the block nature of P(MA-alt-SMA)-b-
PSMA, the RAFT polymerizations of MA and SMAwith a
molar feed of 1:4 were demonstrated at 60 °C after reaction
for 90, 180, and 360 min, respectively. As shown in
Table 1, it was found that the mole content of MA and

Fig. 4 TEM pictures of the
aggregates from P(SMA-alt-
MA)50-b-PSMA30 at various
polymer concentrations in THF/
water 90:10 (w/w). Polymer
concentrations: 0.05 wt.% (a),
0.2 wt.% (b)
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Fig. 5 Size distribution histo-
grams of the aggregates from P
(SMA-alt-MA)50-b-PSMA30 at
various polymer concentrations
in THF/H2O 90:10 (w/w). Poly-
mer concentrations: 0.05 wt.%
(a), 0.20 wt.% (b)
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SMA in the copolymer was approximately equal during
reaction for 90 min regardless of the large excess of SMA
presented in the monomer feed under the RAFT polymer-
ization conditions. With the reaction time, the mole content
of SMA in the copolymer increased to 57.64 and 58.88%,
respectively. Moreover, we investigated the change of
conversion for MA and SMA monomers and their
consumed molar ratio (FSMA/FMA) with the polymerization
time via the RAFT polymerization. As shown in Fig. 3, the
conversion of MA apparently increased faster than that of
SMA; however, the absolute consumption of MA was
approximately equal to that of SMA before MA was
completely consumed (during reaction for 90 min). This
further illuminated that this copolymer possessed an
alternating structure before MA was completely exhausted.
After MA was exhausted, the consumed molar ratio (FSMA/
FMA) was beyond 1 and the conversion of SMA increased,
which indicated that the alternating copolymer chain
subsequently continued to propagate a PSMA block [27].
As a result, this further demonstrated that the unique
diblock structure of the copolymer with an alternating
block and a homopolymer block should be synthesized.

According to previous studies [27, 40], the possible
mechanism of this polymerization can be deduced as
follows: The predominantly alternating character was
obtained at any monomer conversion due to the polar effect
before MA had been exhausted [33]. It is the concept of the
polar effect in free-radical chemistry that electron-rich
radicals prefer to react with electron-poor substrates and
vice versa. In this system, MA was a strongly electron-
accepting monomer and SMA was an electron donor
monomer, so strong electron donation in the comonomer
would result in the alternating structure under the selected
conditions. After MA was completely consumed, the

consumption of essentially pure SMA continued chain
propagation, which afforded a diblock copolymer with a
PSMA block. In other words, the alternating copolymer
chain subsequently continued to propagate, forming a block
copolymer with SMA sequence.

Thus, a novel comb-like amphiphilic copolymer P(MA-
alt-SMA)-b-PSMA could be obtained via the RAFT
polymerization.

Self-assembly behaviors of P(MA-alt-SMA)-b-PSMA

It is known that the morphology of aggregates is a function
of several factors, including the polymer concentration,
water content, pH, temperature, and so on. All of these
factors and the interplay between them influence the
observed morphologies. In the present paper, we discussed
mainly the effects of the polymer concentration, water
content, and pH on the morphologies of P(MA-alt-SMA)-b-
PSMA aggregates.

P(MA-alt-SMA)-b-PSMA could easily be hydrolyzed
into its corresponding amphiphile, which could form
uniform nanoscale particles in selective solvents by the
self-assembly process [27]. These architectural particles in
nanoscale size were of interest in further chemical or
biological modification because they provided reactive or
carboxylic groups on the surface of particles.

When THF and water were used as the common solvent
and precipitant, respectively, the polymer concentration was
a versatile parameter to adjust the morphologies of the
aggregates. As shown in Fig. 4, the morphological change
of P(MA-alt-SMA)50-b-PSMA30 was observed with the
polymer concentration increasing at a water content of
10.0 wt.%. When the polymer concentration was 0.05 wt.%,
spherical aggregates with average diameters of ca. 150–
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Fig. 6 TEM pictures of the
aggregates from P(SMA-alt-
MA)50-b-PSMA30 at various
water contents at the polymer
concentration of 0.1 wt.% in
THF/water. Water content:
5.0 wt.% (a), 10.0 wt.% (b),
30.0 wt.% (c)
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200 nm were observed (Fig. 4a). With a further increase in
the polymer concentration to 0.2 wt.%, large spherical
aggregates with average diameters of ca. 400 nm coexisting
with small alone spheres had been found (Fig. 4b). Further-
more, the dimension of these aggregates at the above
conditions was also examined by dynamic light scattering
(DLS), and the data are shown in Fig. 5. The results indicated
that the average sizes of these aggregates were about 250 and
480 nm, respectively, which were a little larger than those
observed by TEM because the corona (the maleic acid units)
of the aggregates would stretch out to some degree in the
solution, while TEM observation showed the dried aggre-
gates [8]. Considering the chemical structure of P(MA-alt-
SMA)50-b-PSMA30, the dimension of these aggregates was
very large. If the polymer chains would stretch out in the
solution, the diameter of these aggregates should not exceed
54� 2þ 25ð Þ � 2� 0:25 nm ¼ 66:5 nm. Thus, these aggre-
gates were not simple spheres, and some MA units must be
located inside the core of the aggregates. Consequently, the
large spherical aggregate was ascribed to large compound
micelles [41].

It is well known that the self-assembly of amphiphile in
selective solvents can result in the formation of various
morphologies [42, 43]. In the present study, the formation
of large spheres in THF/water led us to suggest the
following model for the self-assembly behavior (Scheme 2).
P(MA-alt-SMA)50-b-PSMA30 was first dissolved in THF,
which was suitable for both blocks, and then water, which
was a precipitant for PSMA comb-like blocks while
simultaneously a good solvent for the maleic acid units,
was added into the solution. The PSMA blocks would
associate to form simple spherical micelles because of the
attractive forces between P(MA-alt-SMA)50-b-PSMA30 and
the repulsive forces preventing the initial growth of the
aggregate at the low concentration. With the polymer
concentration increasing, the aggregate number must

increase correspondingly. The higher aggregate number
should result in the collision of the aggregates with each
other by Brownian motion in the solution. The shell–
solvent interaction could not stabilize the spherical aggre-
gates any longer because the soluble maleic acid units were
very short, so more amphiphilic molecules were needed to
associate together to improve the shell–solvent interaction
and stabilize the aggregates in selective solvents. Conse-
quently, the maleic acid units flocculated or interpenetrated
to form the continuous phase while the insoluble PSMA
blocks were pocketed by the maleic acid units. Therefore,
large spheres would form by undergoing a secondary
aggregation during the self-assembly process.

Water content also plays an important role in the self-
assembly process. Figure 6 showed that P(MA-alt-SMA)50-
b-PSMA30 aggregates exhibited various morphologies at
different water contents at the polymer concentration of
0.1 wt.% in THF/water. The spherical aggregates with
average diameters of ca. 50–100 nm were found at water
content of 5.0 wt.% (Fig. 6a). As water content increased to
10.0 wt.%, as shown in Fig. 6b, large spheres with average
diameters of ca. 250–400 nm were formed. With a further
increase in water content to 30.0 wt.%, a monolayer film
with some pores was seen in Fig. 6c. DLS was also used to
investigate the aggregation behavior of P(MA-alt-SMA)50-
b-PSMA30 in THF/water. As shown in Fig. 7, the diameters
of these aggregates were larger than those measured by
TEM (Fig. 7), and the results were similar to what have
been found in the above section.

According to previous studies [44], the possible mech-
anism of the morphological transition from individual small
spheres to large spherical aggregates and the monofilm with
a few pores was ascribed to various water contents in THF/
water (Scheme 3). When water was added to the self-
assembly solution, the increase in the interfacial energy
between the core of the aggregates and the solvent resulted
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in the increase in the aggregate number. Thus, the effect of
water content on the morphology would be similar to that
of the polymer concentration during the self-assembly
process [44]. It could be found that the morphologies in
Fig. 6a,b were similar to those in Fig. 4a,b. With a further
increase in water content, the aggregate number had to
increase, which led to the enhancement of the aggregate
dimension by undergoing a secondary aggregation. When
the larger soft particles transfer to the carbon-coated copper
grid, they must collapse due to the removal of the solvent and
form a monolayer. In addition, the volatilization of solvent
resulted in the formation of some pores in the monofilm. As a
result, a monolayer film with some pores was formed.

The pH of the water phase is a versatile tool to adjust the
structures of aggregates. Figure 8 shows a set of typical
TEM pictures of P(MA-alt-SMA)50-b-PSMA30 aggregates
made in different pH values of the water phase at the
polymer concentration of 0.1 wt.% in THF/water 90:10 (w/
w). Without the addition of HCl or NaOH to the solution,
the copolymer yielded spheres of low polydispersity with
average diameters of 250–400 nm (Fig. 8b). When HCl was
added to the solution and the pH value was changed to 4,
the aggregates were still spheres with average diameters of
600 nm (Fig. 8a). However, when NaOH was used and the
pH value of the solution was converted into 12, it was of
great interest that the morphology changed in the opposite
direction from what was seen at the pH value of 4, and the
aggregates were still spheres with smaller size (Fig. 8c).
Figure 9 shows the dimensions of aggregates at various pH
values in THF/water; the data measured by DLS supported
the results observed by TEM (Fig. 8).

According to previous studies [44–47], when P(MA-alt-
SMA)50-b-PSMA30 was easily hydrolyzed into the

corresponding amphiphile in THF/water, we knew that the
maleic acid segments were partially ionized because water
was distributed around them. In the present system, when
HCl was added to the self-assembly solution, some of the
ionized carboxylic acidic units of the maleic acid segments
were protonated, which led to the decrease in the
electrostatic repulsion among the corona chains. Conse-
quently, the stretching degree of the core chains (the PSMA
chains) must increase correspondingly, which resulted in
the increase in the aggregate size. However, with the
addition of NaOH (aq), the maleic acid units became
deprotonated, which led to an increase in the degree of
ionization of maleic acid. As a result, the electrostatic
repulsion among the corona chains must increase, so the
morphology was found to change in the opposite direction,
i.e., from large spheres to small ones with the pH value
increasing.

Conclusions

In this paper, a novel comb-like block copolymer having
alternating segments P(MA-alt-SMA)-b-PSMA was suc-
cessfully synthesized using the RAFT polymerization. The
aggregation behaviors of P(MA-alt-SMA)-b-PSMA were
investigated in THF/water. It is of great interest that the
aggregates with different morphologies and dimensions
could be obtained easily by adjusting the polymer concen-
tration, water content, and pH. The resulting aggregates
show new potential applications in the field of biomaterials,
drug delivery systems, and so on because they provide
reactive or carboxylic groups on their surfaces.

Fig. 8 TEM pictures of the
aggregates from P(SMA-alt-
MA)50-b-PSMA30 at various pH
values at the polymer concen-
tration of 0.1 wt.% in THF/
water 90:10 (w/w). pH 4.0 (a),
5.8 (b), 12.0 (c)
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Fig. 9 Size distribution histo-
grams of the aggregates from P
(SMA-alt-MA)50-b-PSMA30 at
various pH values at polymer
concentrations of 0.1 wt.% in
THF/H2O 90/10 (w/w). pH 4.0
(a), 5.8 (b), 12.0 (c)
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