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ABSTRACT: Three novel narrowly distributed rod-coil diblock copolymers, poly(styrene-block-(2,5-bis-
[4-methoxyphenyl]oxycarbonyl)styrene) (PS-b-PMPCS), with same PS block length and different PMPCS
lengths, were synthesized by 2,2,6,6-tetramethyl-1-piperidinyloxy- (TEMPO-) mediated living free radical
polymerization. The self-assembly behavior of the block copolymers in p-xylene, which is a good solvent
for the PS coils and a selective solvent for the PMPCS rods, was studied by dynamic and static laser
light scattering (LLS) and transmission electron microscopy (TEM). The critical association concentration
(CAC) for each copolymer was determined and was found to decrease as the molecular weight of the rods
increases. We found that the molar mass of the self-assembled nanostructures increased very fast near
CAC, while this slows at concentrations much higher than CAC. Dynamic and static LLS revealed that
the block copolymers formed core-shell nanostructure in the concentrations we observed, and the radius
of the core was calculated. The core-shell nanostructure was also confirmed by TEM images. The
calculated radius of the core was compared to the TEM results, and it was found to be compatible.

Introduction
While distinct polymers are combined together in

block copolymers, they can easily self-assemble into a
variety of ordered nanostructures in polymer melts1-5

or in a selective solvent.5-9 As the former is yet to be
fully exploited, the latter, the self-assembly in selective
solvents, has attracted much interest. The formation of
micelles in a selective solvent is one of the most
important and useful properties of block copolymers.
Block copolymers are widely used as surfactants, emul-
sifiers and demulsifiers, stabilizers, and defoamers and
are also used in drug delivery systems.6-9 Because the
self-assembly of rod-coil block copolymers is driven by
both the selectivity of the solvent and the liquid-
crystalline character of the rod blocks, the self-assembly
of rod-coil block copolymers in a selective solvent is able
to form various of structures with different properties
as having been observed experimently10-13 and pre-
dicted by theories.14-17 Such structures as spherical
micelles,11,18 vesicles,11 lamellae,11,19-20 nanoribbons,21

disklike aggregates,22 and mushroomlike nanostruc-
tures13 were recently observed. They have made rod-
coil block copolymers useful as supramolecular mate-
rials and nanomaterials.11-13,23

The anionic and cationic polymerizations have been
mostly used in synthesizing block copolymers. However,
the ionic polymerizations can hardly be applied to the
synthesis of rod-coil block copolymers because the ionic
initiators may have serious side reactions with the
monomers of the rod blocks. The synthesis of rod-coil
block copolymers needs careful molecular engineering
and forms a challenge to chemists.10-13,20-26

During the passed decade, living free radical poly-
merizations have been a unique technique to prepare

macromolecules with controlled architecture27-30 and
have been developed to synthesize liquid crystalline
polymers31-37 and rod-coil block copolymers.38,39 Re-
cently, we reported a route to synthesize a novel rod-
coil block copolymer PS-b-PMPCS based on 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO) in combination
with benzoyl peroxide (BPO).38,39 The stiff PMPCS block
is a novel mesogen-jacketed liquid crystalline polymer.38

Since p-xylene is a good solvent for PS-b-PMPCS at high
temperatures (higher than 100 °C) while at room
temperatures it is a good solvent for the coil PS but a
nonsolvent for PMPCS rods, the block copolymer self-
assembles when its p-xylene solution is cooled from high
temperature to room temperature. From the dynamic
and static laser light scattering, we found that the
copolymer formed a core-shell nanostructure.39 By
using these two convenient LLS techniques together,
we were able to calculate the core radius (Rc) and the
shell thickness (∆R) without the need to use the more
sophisticated neutron scattering. We revealed that while
the average number of the chains assembled in each
nanostructure increased with the copolymer concentra-
tion, the size of the core remained constant and the PS
chains in the shell were stretched and compressed.

The purpose of this work was to study the self-
assembly in p-xylene of three PS-b-PMPCS block co-
polymers with different lengths of PMPCS by using both
dynamic and static laser light scattering in a wide range
of polymer concentrations. TEM experiments were car-
ried out to give direct observations of the self-assembly
structures and to offer a further support of the core-
shell model. The calculated radius of the core from LLS
studies was compared to the results from TEM images.

Experimental Section
Sample Preparation. The design and synthesis of the

related block copolymers was reported previously.38,39 Chlo-
robenzene was used as solvent instead of p-xylene in the
second step in the preparation for it is a better solvent for
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PMPCS polymers. The number-average molecular weight (Mn)
and the polydispersity (Mw/Mn) were estimated from size
exclusion chromatography (SEC, waters 150C) profiles and
calibrated with standard PS. The PS-b-TEMPO has a number-
average molecular weight of 64 600 and a polydispersity index
of 1.20 as determined by SEC. The copolymer composition was
determined by nuclear magnetic resonance spectroscopy (1H
NMR, 400 M Hz) with dichloromethane-d2 as solvent. The
block length was estimated from the intensity ratio of the
methoxy groups (δ ) 3.3-3.8) and the aromatic groups (δ )
6.3-7.2). The rod-coil molecule, 1, and its analogues with
longer PMPCS blocks, 2, and 3, contained MPCS repeating
units of 180, 310, and 1000, with polydispersity indices of 1.24,
1.25, and 1.35, respectively, as presented in Figure 1.

Laser Light Scattering (LLS). A slightly modified com-
mercial LLS spectrometer (ALV/DLS/SLS-5022F) equipped
with a multi-τ digital time correlation (ALV5000) and a
cylindrical 22 mW uniphase He-Ne laser (λ0 ) 632 nm) was
used. The details of the LLS instrumentation and theory can
be found elsewhere.40,41 In static LLS, the excess absolute time-
averaged scattered light intensity, known as the excess Ray-
leigh ratio Rvv(q), of a dilute polymer solution at concentration
C (g/mL) is related to the weight-average molar mass Mw, the
root-mean square z-average radius of gyration 〈Rg

2〉z
1/2 (or

written as 〈Rg〉), and the scattering vector q as the Debye
equation

where K ) 4π2n2(dn/dC)2/(NAλ0
4) and q ) (4πn/λ0) sin(θ/2) with

NA, dn/dC, n and λ0 being the Avogadro constant, the specific
refractive index increment, the solvent refractive index, and
the wavelength of the light in a vacuum, respectively, and A2

is the second virial coefficient. The extrapolation of Rvv(q) to q
f 0 and C f 0 leads to Mw. The plots of reduced reciprocal
scattered intensity, [KC/Rvv(q)]cf0, vs q2 and [KC/Rvv(q)]qf0 vs
C respectively lead to 〈Rg

2〉 and A2. For finite concentrations,
the so-called Zimm plot of KC/Rvv(q) is usually used, which
incorporates the extrapolation of C f 0 and q f 0 in a single
grid. The specific refractive index increment (dn/dC) was
determined by a novel and precise differential refractometer.42

The refractive index increments of PS and PMPCS in p-xylene
are nearly identical (dn/dC ) 0.111 ( 0.002 mL/g for PS and
0.110 ( 0.002 mL/g for PMPCS at 20 °C and 632 nm).

From the plot of [KC/Rvv(q)]qf0 vs C, the critical association
concentration (CAC) of the block copolymer in a selective
solvent can be determined. The CAC is located at the concen-
tration where the Debye function departs from its value for
unassociated molecules (unimers).9 To determine the associa-
tion particle weight near CAC, the solution at the CAC can

be considered as the “solvent” for the association particle43

where R and RCAC are the Rayleigh ratios of the solution and
the solution at the CAC, respectively. In this work, the
concentration is very dilute and the influence of the A2(C-
CCAC) can be neglected. The plot of K(C - CCAC)/(R - RCAC) vs
q2 can thus lead to the apparent molar mass Mw,app and 〈Rg

2〉
of the nanoparticles.

In dynamic LLS,40 the cumulants analysis of the measured
intensity-intensity-time correlation function of a narrowly
distributed scattering object could lead to an accurate average
line width 〈Γ〉. For a pure diffusive relaxation, Γ is related to
the translational diffusion coefficient D by D ) (Γ/q2)qf0,Cf0

or the hydrodynamic radius Rh by Rh ) kBT/(6πηD) with kB,
η, and T being the Boltzmann constant, solvent viscosity, and
the absolute temperature, respectively.

For block copolymers containing isorefractive copolymer
components, the combination of the static and dynamic laser
light scattering studies can reveal a lot of characters of the
association nanoparticles by using the core-shell model, as
we previously described34

where 〈Rg〉 and 〈Rh〉 is the z-average radius of gyration and
hydrodynamic radius of the nanoparticles, A ) Mc/Ms is the
mass ratio of the core to shell, equals to the mass ratio of the
insoluble blocks and soluble blocks, a constant for a given block
copolymer, x ) 〈Rc〉/〈Rh〉, is the radius ratio of the core to the
outside sphere. Therefore, for each measured 〈Rg〉/〈Rh〉, we are
able to find a corresponding x according to eq 3 and further
calculate 〈Rc〉 and 〈∆R〉 since 〈Rc〉 ) x〈Rh〉 and ∆R ) 〈Rh〉 -
〈Rc〉 ) 〈Rh〉 (1 - x)

Transmission Electron Microscopy (TEM). Samples
were prepared by directly dropping a corresponding solution
onto the carbon coated copper grid and stored for 5 min. The
rest of the solution was absorbed by tissue. The samples were
then performed on a JEM-100CX II transmission electron
microscope and observed directly without any staining.

Results and Discussion
The size distribution of the hydrodynamic radius from

dynamic LLS in Figure 2 shows a clear self-assembly
of three kinds of copolymers in p-xylene at 20 °C because
the hydrodynamic radius in the range 40-150 nm is
larger than the individual chains (not more than 20 nm).
For all three copolymers, only very narrowly distributed
particles were observed, implying they were well-
defined, presumably micellelike core-shell nanostruc-

Figure 1. Chemical structure and schematic drawing of rod-
coil copolymers 1-3.

KC
Rvv(q)

≈ 1
Mw

(1 + 1
3

〈Rg
2〉 q2) + 2A2C (1)

Figure 2. Typical hydrodynamic radius of the self-assembled
nanostructure of three block copolymers in p-xylene at 20 °C:
(O) copolymer 1, 5.0 × 10-5 g/mL; (0) copolymer 2, 1.0 × 10-5

g/mL; (∆) copolymer 3, 1.0 × 10-5 g/mL.
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≈ 1
Mw
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3
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(3)
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tures, with the insoluble PMPCS as the core and the
soluble PS blocks as the shell, as we previously de-
scribed.39

Figure 3 shows the concentration dependence of the
reduced reciprocal scattered intensity (KC/Rvv(q))qf0 of
three block copolymers in p-xylene at 20 °C. It reveals
that (KC/Rvv(q))qf0 decreased abruptly when the concen-
tration was higher than a critical concentration. From
the onset of change of (KC/Rvv(q))qf0, at where its value
equals to corresponding unassociated molecules (indi-
vidual chain), we can determine the critical association
concentration, as pointed in the figure. The results
clearly indicate that the CAC decreases when the
molecular weight of the rods and the PMPCS blocks
increases.

Figure 4 shows that the adjusted reduced reciprocal
scattered intensity (calculated by eq 2) decreases as the
concentration of the block copolymer increases (Figure
4, bottom half), and thus leads to the increase of the
apparent weight-average molar mass of the self-as-
sembly nanoparticles (top half). This is in agreement
with our previous report of the PS-b-PMPCS block
copolymer with different molar masses39 but is different
from the self-assembly of poly(oxyethylene-block-oxy-
butylene) (PEO-b-PBO) block copolymers44 and poly-
(styrene-block-3-hydroxymethylsilacyclobutane) block
copolymers,45 where the averaged molar mass of the

assembled particles does not change as the concentra-
tion changes. At concentrations near CAC, Mw,app in-
creases very fast when the concentration increases,
meaning a fast increase of the number of the copolymer
chains which are assembled into the nanostructures.
However, at concentrations much higher than CAC,
Mw,app increases slowly and tends to reach a plateau.
This should be due to the repulsion of the soluble PS
blocks in the shell, which tend to take more space in a
good solvent and prevent insertion of more chains into
the already densely packed core. For copolymer 3, which
has the highest molar mass, at concentrations of 2.0 ×
10-5 g/mL and higher, the scattered intensity reduced
a lot after filtration, which meant that there existed
large particles in the solution, and thus it could not be
studied by LLS at those concentrations.

The z-averaged radius of gyration 〈Rg〉 and the hy-
drodynamic radius 〈Rh〉 of the nanoparticle increase
slowly when the concentration increases, as shown in
Figure 5. The ratio of 〈Rg〉/〈Rh〉 for copolymers 1, 2, and
3 (at concentrations below 2.0 × 10-5 g/mL) was
calculated and found to decrease as the concentration
increased, as presented in the lower part of Figure 6.
The calculated ratios of 〈Rg〉/〈Rh〉 for the three copoly-
mers are around 0.6, all much lower than the value

Figure 3. Concentration dependence of the reduced scattered
intensity of self-assembled nanostructures in p-xylene at 20
°C: (O) copolymer 1; (0) copolymer 2; (∆) copolymer 3. The
dashed lines were the ideal reduced scattered intensity for the
corresponding individual copolymer. The arrows indicated the
CAC of copolymers, where the reduced scattered intensity of
the solution decreased abruptly from that of the individual
chain.

Figure 4. Concentration dependence of the adjusted reduced
reciprocal scattered intensity (bottom half) and the molar mass
(top half) of the self-assembled nanostructures in p-xylene at
20 °C: (O) copolymer 1; (0) copolymer 2; (∆) copolymer 3.

Figure 5. Concentration dependence of the hydrodynamic
radius (〈Rh〉) and the z-averaged radius of gyration (〈Rg〉) of
the self-assembled nanostructures in p-xylene at 20 °C: (O)
copolymer 1; (0) copolymer 2; (∆) copolymer 3.

Figure 6. Concentration dependence of the ratio of 〈Rg〉/〈Rh〉
(bottom half) and calculated radius of the core 〈Rc〉 (top half)
of the self-assembled nanostructures in p-xylene at 20 °C: (O)
copolymer 1; (0) copolymer 2; (∆) copolymer 3.
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0.775 for uniform spheres but close to our previously
reported value for a similar block copolymer, indicating
that the nanostructures of these copolymers can also
be described with the core-shell model.39 Similar low
values of 〈Rg〉/〈Rh〉 were also observed in polystyrene
microgels,46 block copolymer particles,47 and block iono-
mer micelles48 and for the adsorption of polymer chains
on colloid particles.49 The radii 〈Rc〉 of the cores of the
nanostructures were calculated from eq 3, by using the

values of 〈Rg〉/〈Rh〉, and are presented in the upper part
of Figure 6. For copolymers 1, 2, and 3, 〈Rc〉 remained
almost the same for a given copolymer, but increased
as the molecular weight of the PMPCS increased; i.e.,
〈Rc〉 increased when the rod became longer.

Figure 7a is a typical TEM image of copolymer 1 at a
concentration of 2.0 × 10-3 g/mL, while parts b and c of
Figure 7 are of the copolymer 2 at 1.0 × 10-4 g/mL and
5.0 × 10-4 g/mL respectively. The figures show only
individual spherical micelles and prove the core-shell
model. The dark cores of the spheres should be at-
tributed to the PMPCS rods because the rods contain
heavier atoms (oxygen) than PS coils and scatter
electrons more strongly than PS coils. Conversely, the
gray regions around the dark cores should be attributed
to PS coils. In Figure 7a, the radii of the cores observed
by TEM images are 18-20 nm. In parts b and c of
Figure 7, they are 25-30 nm. The results coincide well
with, though a little smaller than, that from LLS studies
which gave the value of about 20 nm for copolymer 1
and 31 nm for copolymer 2. The somewhat lower value
from TEM than from LLS may be attributed to the
shrinking of the cores during the solvent evaporation
in the preparation of the TEM samples, and may also
be due to the fact that light scattering yields the
z-average radius of gyration, which is very sensitive to
the presence of even small amounts of large particles.

Conclusions

Three rod-coil diblock copolymers PS-PMPCS with
same PS length but different PMPCS length were
synthesized. The self-assembly of the copolymers in
p-xylene was studied by static and dynamic laser light
scattering. The CAC of the copolymers was found to
decrease when the molecular weight of the PMPCS
increased. The molar mass of the self-assembled nano-
particles increased very fast as the concentration in-
creased around CAC but remained almost unchanged
at much higher concentrations, where the nanoparticles
became densely packed and the repulsions between the
soluble PS blocks prevented more chains from inserting
into the nanoparticles. By a combination of static and
dynamic LLS, we found that these copolymers could
form core-shell nanostructures at the concentration we
studied. The radius of the cores of each copolymer
remained unchanged as the concentration increased.
The core-shell model of the self-assembled nanostruc-
tures was supported by TEM studies and the radii
obtained from LLS and TEM agreed well with each
other.
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