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The self-assembly of the dense graft copolymers ethyl cellulose-graft-polystyrene (EC-g-PS) in acetone
was investigated by using dynamic light scattering (DLS), transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). It was found that EC-g-PS copolymers can self-assemble into
spherical micelles in acetone. The micelles’ size increases with increasing the copolymer concentration
and the PS side-chain length. Moreover, the copolymers can self-assemble into multimolecular micelles
at relatively high polymer concentration while unimolecular micelles can be formed at low concentra-
tion. The micelles have a core–shell structure with the ethyl cellulose main chains in the shell and the
side polystyrene chains in the core of the micelles.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The self-assembly of block and graft copolymers has received
increasing interest for their potential applications in many fields,
such as drug carriers, and had been studied extensively from both
theoretical and experimental aspects [1–6]. Block and graft copoly-
mers can form micelles in selective solvents, which are thermo-
dynamically a good solvent for one of the components and
comparatively a poor solvent for the other [7]. The micelles of block
or graft copolymers are formed by molecular associations [8]. Intra-
molecular association will lead to the unimolecular micelles, while
inter-molecular association will lead to the multimolecular micelles
[9–15]. Compared with block copolymers, graft copolymers are
much easier to form unimolecular micelles because of many
bearing side chains, which can be self-associated to form micelle
core. Furthermore, graft copolymers with complicated architec-
tures can lead to various possible associated structures [16–21]. In
most cases, graft copolymers can form spherical micelles with
core–shell structure in selective solvents. The micelles can be
depicted as a core composed of lyophobic components surrounded
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with an outer shell composed of lyophilic components. In addition,
graft copolymers have the advantage of lower critical aggregation
concentrations than the surfactants with low molecular weight and
block copolymers with the similar components, and the resulted
micelles can be either unimolecular or multimolecular micelles
[22–25]. However, the investigation on the self-assembly of the
graft copolymers is still rather limited compared to the numerous
works published on block copolymers [13,16,26–28], which is may
be due to the difficulty in the controllable synthesis of well-defined
graft copolymer during the past decades.

Cellulose is one of the abundant natural polymers which has the
advantages of renewable, biodegradable and biocompatible prop-
erties. Cellulose and its derivatives are quite attractive for both
academic and industrial researchers. However, cellulose cannot be
melted and dissolved in normal organic solvent because of the
strong inter- and intra-molecular hydrogen bonds. Therefore, the
chemical modifications of cellulose have been studied extensively
[29–31] and the grafting polymerization is one of the important
modification of the cellulose. Cellulose graft copolymers have many
potential utilities, for example they may be used in the target and
controllable drug release system as the carrier materials [32,33].
More recently, atom transfer radical polymerization (ATRP) has
been successfully used in the synthesis of cellulose graft copoly-
mers with the well-defined chemical structure and new properties
[34]. In our pervious works, a series of cellulose graft copolymers
have been synthesized successfully [35,36] and it was found that
the cellulose graft copolymers are able to self-assemble in selective
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solvents [37,38]. However, the relationship between the length of
side chains for the graft copolymers and behavior of self-assembly
of copolymer is not clear. In this work, therefore, the self-assembly
of the dense graft copolymers, ethyl cellulose-graft-polystyrene
(EC-g-PS), with different side-chain lengths in acetone was studied.
Effects of the side-chain length and the copolymer concentration
on the formation of the micelles for the EC-g-PS copolymers were
discussed.
2. Experimental section

2.1. Materials

Ethyl cellulose (EC) (Luzhou Chemical Engineering Plant, Luz-
hou, China. Mw¼ 4.7�104 g/mol and Mw/Mn¼ 2.3, determined by
GPC), with a degree of ethyl substitution of 2.45 (determined by 1H
NMR), was used as received. The graft copolymers, ethyl cellulose-
graft-polystyrene (EC-g-PS), were synthesized by atom transfer
radical polymerization (ATRP) by using ethyl cellulose 2-bromo-
isobutyryl ester (EC-Br) as the macro-initiator of ATRP. The details
of the synthetic procedure are shown elsewhere [35]. In the present
work, the degree of substitution of 2-bromoisobutyryl of the
macro-initiator EC-Br (DSBr) was 0.5, which means that there was
one initiating site for every two glucose rings and the resulted
copolymer is dense graft copolymers.

The molar mass and its distribution of the graft copolymers
were determined by gel permeation chromatography (GPC)
(Waters 515 with a 2410 differential refractometer detector) with
tetrahydrofuran (THF) as the eluting solvent (1 mL/min) and the
monodisperse polystyrene was used as the standard. The compo-
sition of the copolymer was estimated by 1H NMR spectra
measured by a Bruker DMX 400 NMR spectrometer. The details of
the structure of the cellulose graft copolymer are listed in Table 1.
2.2. Self-assembly of copolymers and characterization

EC is soluble and PS is relatively less soluble in acetone. The
average hydrodynamic radius (CRhD) of EC is about 5 nm in acetone,
which indicated that the ethyl cellulose is molecularly dissolved in
acetone and no aggregation is formed. Therefore, acetone was
chosen as a selective solvent to prepare EC-g-PS copolymer micelles
in the solution.

The EC-g-PS copolymers were firstly dissolved in freshly
distilled dichloromethane and the solution was stirred at room
temperature overnight to ensure that the copolymer was
completely dissolved. The resulted solution was then added drop-
wise into acetone with mild stirring. During the dropping proce-
dure, the acetone solution turns into slightly bluish and then a little
deep bluish with the continuous addition of the copolymer solu-
tion. The mixture was stirred for another several hours before the
dichloromethane in the solution was evaporated under reduced
Table 1
Molecular characteristics of the graft copolymers.

Copolymers Mn
a (g/mol) Mw/Mn

a [Styrene]/
[glucose]
molar ratiob

Average repeat
units of the
PS side chainc

G1 1.49� 105 1.32 128 256
G2 1.34� 105 1.38 81 162
G3 1.20� 105 1.41 42 84
G4 1.13� 105 1.47 10 20

a Parameter was determined by GPC.
b Molar ratio of average styrene unit and glucose unit was determined by 1H NMR.
c Average number of styrene repeated unit of every PS graft was figured out by

DSBr¼ 0.5.
pressure. The resulted solution with different copolymer concen-
trations was stored for the measurements.

Dynamic light scattering (DLS) experiments were performed
with a commercial spectrometer (ALV/SP-150), equipped with an
ALV-5000 multi-s digital time correlator and a solid-state laser
(ADLAS DPY 425 II, output power was 400 mW at l¼ 632.8 nm)
was used as the light source. All DLS experiments were performed
at 25 �C at the scattering angle of 90�. The apparent hydrodynamic
radius (Rh) were obtained by fitting the correlation function with
the CONTIN program.

Transmission electron microscopic (TEM) observation was
carried out by using a Hitachi H-800 (Japan) transmission electron
microscope at an acceleration voltage of 100 kV. The sample was
prepared by dropping the copolymer solution (about 5 mL) on
copper grids coated with carbon film and air dried.

Scanning electron microscopic (SEM) observation was per-
formed by using a scanning electron microscope (JEOL 6700F,
Japan). The samples for scanning electron microscopic observations
Fig. 1. Dependence of Rh on the concentration for the copolymer G1, (a) CONTIN plots
of DLS data at different concentrations and (b) the average hydrodynamic radius
(<Rh>) as a function of the concentration.
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were prepared by placing about 5 mL of the copolymer solutions on
freshly cleaned silicon wafers. The sample was then air dried one
day and was observed by SEM after sputtering platinum.

3. Results and discussion

Fig. 1 shows the dependence of the hydrodynamic radius Rh of
the micelles prepared from copolymer G1 on the copolymer
Fig. 2. TEM images of the micelles prepared from the G1 copolymer at different concentratio
and (f) 0.1 mg/mL.
concentration in the selective solvent of acetone. The average Rh

(CRhD) is increased from 50 nm to 350 nm with increasing the
copolymer concentration from 0.002 mg/mL to 0.05 mg/mL. The
value of the hydrodynamic radius is much larger than that of
a single chain, even at the lowest polymer concentration
(0.002 mg/mL). This means that the graft copolymers in acetone are
self-assembled into micelles. On the other hand, the large hydro-
dynamic radius in Fig. 1 suggests that the self-assembly of
ns: (a) 0.002 mg/mL, (b) 0.01 mg/mL, (c) 0.025 mg/mL, (d) 0.03 mg/mL, (e) 0.05 mg/mL



Fig. 4. Dependence of the hydrodynamic radius distribution on polymer concentration
for the copolymer G2.
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copolymers is a multimolecular assembly and the result of the
inter-molecular association in acetone.

The typical TEM images of the micelles are shown in Fig. 2. It can
be found from these images that the spherical micelles with core–
shell structure are visible. When the concentration is 0.002 mg/mL,
the diameter of the micelles is 20–100 nm (Fig. 2(a)). When the
concentration is increased to 0.01 mg/mL, the diameter of the
micelles is about 150 nm and the core–shell structure can be
observed obviously (Fig. 2(b)). Increasing the concentration to
0.025 mg/mL, the micelles with a diameter of smaller than 200 nm
are the majority but some micelles with the diameter of larger than
300 nm are also observed (Fig. 2(c)). Further increasing the
concentration, micelles with the diameter of about 300 nm are
more popular beside those with a smaller diameter (Fig. 2(d)).
When the copolymer concentration is increased to 0.05 mg/mL,
micelles with the diameter of about 300 nm are mainly observed
(Fig. 2(e)). At a concentration of 0.1 mg/mL, only the micelles with
a diameter around 320 nm are observed (Fig. 2(f)). The results show
that the micelles’ size is increased with increasing the copolymer
concentration, which accorded with the DLS results. However, the
average diameters of the micelles estimated by TEM images are
smaller than those measured by DLS. This is due to that the micelles
observed by TEM are collapsed after the evaporation of acetone,
whereas the micelles are swollen in acetone during the DLS
measurements. Moreover, the micelles with the diameter larger
than 300 nm can be observed in the system prepared from the
solution with the copolymer concentration of 0.025 mg/mL, which
suggests that many copolymer chains have been simultaneously
self-assembled to form large compound micelles [39]. It should be
noted that the results obtained from DLS and TEM measurements
are quite different. The TEM images show a bi-modal distribution of
particle size (Fig. 2(c) and (d)), whereas the DLS experiments
provide only the average value of Rh. This is due to that the DLS
experiments provide the average value of the hydrodynamic radius
(CRhD), while the hydrodynamic radius shows a broad distribution
(Fig. 1(a)). Moreover, the range between the minimum and
maximum of the hydrodynamic radius covers the particles’ size
observed in TEM images with the consideration of the collapse of
the dried micelles.

As mentioned before, dichloromethane is a good solvent for
both the EC backbone and the PS side chains, while acetone is
a good solvent only for EC backbone and a poor solvent for PS side
chains. Therefore, it is suggested that the core of the EC-g-PS
copolymer micelles in acetone is mainly composed of the PS side
chains and the shell of the micelles is mainly composed of the EC
backbone. The PS side chain has higher electron density than that of
Fig. 3. Microscopic images of the micelles prepared from the G1 copolymer with copolymer
TEM image with PTA staining.
the EC backbone and so, the core of the micelles is darker than that
of the shell in the TEM observation. In other words, the observed
core–shell structure from the TEM images actually reflects the
distribution of PS side chains and EC main chains. The composition
of the core and the shell of micelles was further confirmed by SEM
and TEM observation with staining of the sample. To enhance
contrast between the core and the shell of copolymer micelles,
osmium tetraoxide (OsO4) and phosphotungstic acid (PTA) were
used to stain the sample, respectively. After staining, the contrast
between the core and the shell is enhanced obviously (Fig. 3). Fig. 3
clearly shows the micelles with spherical morphology and core–
shell structure. It can be found from Fig. 3(b) that the core is darker
than the shell when the sample is stained with OsO4, which means
that the core is mainly composed of the PS side chains because of
reaction of OsO4 with the carbon–carbon double bonds in PS side
chains. However, the shell of the micelles is darker than the core
when the sample is stained with PTA, which implies that the shell is
mainly composed of the EC main chains because of adsorption of
PTA the ester bonds in EC main chains [40]. The TEM observation
with the sample stained by both OsO4 and PTA suggests that the
core of the micelles is mainly consisted of PS side chains, whereas
concentration of 0.1 mg/mL: (a) SEM image, (b) TEM image with OsO4 staining and (c)



Fig. 5. Typical TEM images of the G2 copolymer at the copolymer concentration of (a) 0.002 mg/mL and (b) 0.05 mg/mL.
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the shell of the micelles is mainly consisted of the EC main chains.
Therefore, the copolymer micelles with core–shell structure in
acetone were formed.

The hydrodynamic radius distribution of the micelles of
copolymer G2, a copolymer with the shorter side chains than the
copolymer G1, in acetone at different copolymer concentrations is
shown in Fig. 4. Different from copolymer G1, the hydrodynamic
radius (CRhD) is only about 11 nm when the copolymer concentra-
tion is only 0.002 mg/mL. This hydrodynamic radius value is
slightly smaller than that of the single chain in a good solvent,
which suggests that intra-molecular association occurs, and results
in the formation of single molecular micelles at this concentration.
The TEM observation also shows that the micelles of G2 are in the
spherical morphology with the diameter in the range of 5–20 nm
(Fig. 5(a)), which further confirmed the intra-molecular associa-
tion. When the copolymer concentration is increased to 0.01 mg/
mL, two peaks can be observed, corresponding to hydrodynamic
radius of 10 nm and 80 nm (Fig. 4). This result suggests that inter-
molecular association occurs and multimolecular micelles are
formed besides the intra-molecular association with the formation
of unimolecular micelles. When the polymer concentration is
further increased, the peak with the Rh of 10 nm disappears and
only one peak can be observed, which is related to the inter-
molecular association. The results in Fig. 4 indicate, therefore, that
copolymer G2 forms unimolecular micelles at low concentration
(�0.002 mg/mL) and multimolecular micelles at the higher
concentration (�0.01 mg/mL) in acetone. Unimolecular and multi-
molecular micelles of poly(methyl methacrylate)-graft-polystyrene
Fig. 6. TEM images of the micelles at a concentration of 0.05 mg/mL
(PMMA-g-PS) formed in selective solvents have also been observed
[22,24].

In the case of copolymers G3 and G4 with even shorter PS side
chains, the micellization or aggregation of the copolymers is more
difficult than that of copolymers G1 and G2. Fig. 6 shows the typical
TEM images for the copolymers G3 and G4 micelles formed in
acetone at a concentration of 0.05 mg/mL. Different from the
micelles of copolymers G1 and G2, the micelles of copolymers G3
and G4 formed in acetone are necklace-like by the junction of
spherical micelles. The necklace-like micelles have been reported in
the self-assembly of block copolymers and they are defined as the
intermediate state between spherical and rod micelles, or the
fusion of spherical micelles [1,41,42]. In EC-g-PS copolymers,
acetone is used as the selective solvent, which is only a poor solvent
for the PS side chains. Moreover, the shorter the PS side chain, the
better the solubility of PS side chains in acetone, which leads to the
intendance of the coupling of the PS side chains and the fusion of
spherical micelles. Therefore, the formation of necklace-like
morphology observed in the system of copolymers G3 and G4 is
attributed to the fusion of the spherical micelles. The average
diameters of the micelles estimated by TEM images are 130 nm and
60 nm for copolymers G3 and G4 at 0.05 mg/mL, respectively. Fig. 7
shows the dependence of the diameter of micelles, prepared in
acetone with the concentration of 0.05 mg/mL, on the length of the
PS side chains. The result in Fig. 7 indicates that the diameter of the
micelles is increased with increasing the PS side-chain length. It is
suggested, therefore, that the diameter of EC-g-PS copolymer
micelles can be controlled by varying the length of the PS side
for the copolymers (a) G3, (b) G4 and (c) G4 with PTA staining.



Fig. 7. Dependence of the micelles’ size Da on the average repeat unit of PS side chain.
TEM results.
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chains and it may provide a versatile method for changing the
micelle size in the solution for graft copolymers.

It has been reported that the morphology of the micelles
prepared from block copolymers can be influenced by the block
length [43,44], whereas only spherical morphology was observed
in this work. This is probably due to that the dense graft copolymers
were used in this work. The dense graft polystyrene side chains
lead to the strong lyophobic interaction, which is different from
those of sparse graft copolymers [17]. The shorter side chain
corresponds to the less lyophobic component and the more
lyophilic component (the main EC chains), which can stabilize the
micelles with a smaller size. Similar results had been reported for
the block copolymers [45]. In this work, the micelles with core–
shell structure can also be observed in the system of copolymers G2
and G3 (Figs. 5(b) and 6(a)). Whereas no clear core–shell structure
was observed for the micelles prepared from the copolymer with
the shortest side chain (G4). This is due to that the shorter PS side
chain has a better compatibility with acetone, which leads to the
less compact package of polystyrene side chains in the core of
the micelles than those copolymers with a longer side chain. When
the micelles prepared from G4 were stained by PTA, the core–shell
structure can still be observed (Fig. 6(c)), which confirms that the
EC main chains are rich in the outside layer of the micelles. In
principle, the micelles prepared from copolymer G4 should have
a thicker shell than those of the micelles prepared from G1–G3, due
to that the PS content in the copolymer G4 is less than that of the
other copolymers. However, only a thin shell can be observed in the
micelles of G4, which suggests that there are some EC main chains
in the core of the micelles prepared from the copolymer G4. The
results indicate that the length of the side chains may change the
assembly behavior of the EC-g-PS copolymers.

The EC-g-PS dense grafting copolymers are extended in
dichloromethane which is a good solvent for both EC main chains
and PS side chains. In acetone, which is a good solvent for EC main
chains but a poor solvent for PS side chains, the PS side chains
collapse and the copolymer self-assemble into micelles. When the
polymer concentration is lower than the overlap concentration of
the copolymers, the intra-molecular lyophobic interaction of the
copolymer side chains leads to the formation of unimolecular
micelles. The unimolecular micelles exhibit a single spherical
morphology, which is different from that reported by Kikuchi and
Nose [13]. Because the dense graft copolymer is used and the main
chain is relatively rigid, the formation of loop or flower structures
[13] is difficult, and the strong lyophobic interaction of the PS side
chains promotes the formation of spherical structure. When the
polymer concentration is increased to be higher than the overlap
concentration of the copolymers, the inter-molecular association
will result in the formation of multimolecular micelles. Further
increasing the copolymer concentration, multimolecular micelles
with larger size will be formed by molecular interaction with more
polymer chains. Just like star copolymers, the multimolecular
micelles may be a kind of multimolecular aggregates with the basic
building units of unimolecular micelles, as reported by Hong et al.
[15]. The large micelles may be connected together by lyophobic
interaction of the PS side chains and necklace-like morphologies of
the micelles are formed [46].

4. Conclusions

The self-assembly of EC-g-PS dense graft copolymers with
different side-chain lengths in acetone was studied. It was found
that the EC-g-PS copolymers can form spherical micelles with the
core–shell structure in acetone. When the concentration is lower
than the overlap concentration of the copolymers, unimolecular
micelles are formed, whereas multimolecular micelles can be
obtained when the concentration is higher than that. The unim-
olecular micelles and multimolecular micelles coexist in the system
when the concentration is at about overlap concentration and the
amount of the unimolecular micelles is decreased and that of the
multimolecular micelles is increased with increasing the concen-
tration. Moreover, the diameter of micelles is increased with
increasing both the copolymer concentration and the side-chain
length, which suggests that the size of the copolymer micelles can
be controlled by both the concentration and the side-chain length
of the graft copolymer.
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