2l

ELSEVIE

Available online at www.sciencedirect.com
ScienceDirect

R Polymer 47 (2006) 8203—8209

polymer

www.elsevier.com/locate/polymer

Thermoresponsive core—shell—corona micelles of
poly(ethyleneglycol)-b-poly(N-isopropylacrylamide)-b-polystyrene

Wangqing Zhang*, Xiaowei Jiang, Zhenping He, Dean Xiong, Peiwen Zheng,
Yingli An, Lingi Shi*

Key Laboratory of Functional Polymer Materials of Ministry of Education, Institute of Polymer Chemistry, Nankai University, Tianjin 300071, China

Received 29 June 2006; received in revised form 17 August 2006; accepted 24 September 2006
Available online 18 October 2006

Abstract

Core—shell—corona micelles with a thermoresponsive shell self-assembled by triblock copolymer of poly(ethyleneglycol)-b-poly(/N-iso-
propylacrylamide)-b-polystyrene (PEGys-b-PNIPAM 65-b-PS46) are studied by '"H NMR, light scattering and atomic force microscopy. The
thermoresponsive triblock copolymer, which has a relatively short hydrophobic PS block, can disperse in water at room temperature to form
core—shell—corona micelles with the hydrophobic PS block as core, the thermoresponsive PNIPAM block as shell and the hydrophilic PEG
block as corona. At temperature above lower critical solution temperature (LCST) of the PNIPAM block, the PNIPAM chains gradually collapse
on the PS core to shrink the size and change the structure of the resultant core—shell—corona micelles with temperature increasing. It is found
that there possibly exists an interface between the PNIPAM shell and PEG corona of the core—shell—corona micelles at temperature above

LCST of the PNIPAM block.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Micelles self-assembled by amphiphilic block copolymer in
block-selective solvent stimulate a great deal of interest in
physical chemistry and polymer science for the past 30 years
[1]. Core—shell micelle is the most common one and it is usu-
ally self-assembled by diblock copolymer in block-selective
solvent, where the insoluble block forms the core and the
soluble block forms the shell. For example, various morpho-
logical core—shell micelles self-assembled by amphiphilic
diblock copolymers such as polystyrene-block-poly(acrylic
acid) (PS-b-PAA) [2], polystyrene-block-poly(ethylene oxide)
(PS-b-PEO) [3], poly(2-vinylpyridine)-block-poly(ethylene
oxide) (P2VP-b-PEO) [4], polystyrene-block-poly(4-vinyl
pyridine) (PS-b-PAVP) [5], polystyrene-block-poly(2-cinna-
moylethyl methacrylate) (PS-b-PCEMA) [6], poly(methyl
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vinyl ether)-block-poly(isobutyl vinyl ether) (PMVE-b-PIBVE)
[7] and poly(z-butyl methacrylate)-block-poly(2-diethylamino-
ethyl methacrylate) [8] have been extensively studied.

Besides core—shell micelles, another type of three-layered
micelles such as ‘“‘onion-type” micelles and core—shell—
corona micelles have also been studied. These three-layered
micelles may provide innovative applications, and understand-
ing of the structure and dynamics of micelles and also may
influence general concepts about polymer stabilization of col-
loids and the self-organization of polymers [9,10]. Compared
with core—shell micelles, core—shell—corona micelles are
scarcely studied, which is possibly due to the difficulty in syn-
thesis of the triblock copolymer and partly due to the com-
plicated structure of three-layered micelles. Generally, three
strategies are proposed to prepare core—shell—corona micelles.
The first general method is the micellization of amphiphilic
ABC triblock copolymer [11—20]. For example, Jerome
et al. prepared pH responsive core—shell—corona micelles
from triblock copolymer of polystyrene-block-poly(2-vinyl


mailto:wqzhang@nankai.edu.cn
http://www.elsevier.com/locate/polymer

8204 W. Zhang et al. | Polymer 47 (2006) 8203—8209

pyridine)-block-poly(ethylene oxide) (PS-b-P2VP-b-PEO)
[9,20]; Eisenberg and Kriz et al. produced core—shell—shell
micelles from poly(styrene)-block-poly(methyl methacrylate)-
block-poly(tert-butylacrylate) and poly(2-ethylhexyl acrylate)-
block-poly(methyl methacrylate)-block-poly(acrylic acid) [10].
The second method suggested by Munk and Webber is
the coprecipitation of a core—shell micelle of AB block co-
polymer and a linear BC block copolymer [21]. Complexation
between a core—shell micelle and linear polymer chains is
the third method to prepare core—shell—corona micelles. For
example, Kabanov et al. prepared multilayer nanoparticles
in aqueous solution through complexation between block
ionomer micelles of polystyrene-block-poly(N-ethyl-4-vinyl-
pyridiniumbromide) (PS-b-PEVP) and a linear polyanion of
poly(sodium methacrylate) (PMANa) [22]. Recently, we have
also proposed a facile method to prepare three-layered core—
shell—corona micelles in ethanol from complexation between
PS-b-PAA core—shell micelles and poly(ethylene glycol)-
block-poly(4-vinyl pyridine) (PEG-b-P4VP) [23]. Usually, the
identification of the core layer, shell layer and corona layer
of core—shell—corona micelles is very difficult or complex.
Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) measurements are possibly the most
popular ways to identify a core—shell—corona micelle. How-
ever, a core—shell—corona micelle is usually observed to be
a sphere by TEM or AFM, which is just like a core—shell
one. Today, how to characterize core—shell—corona micelles
is still a challenge to polymer scientists.

Herein, we prepare and characterize the thermoresponsive
core—shell—corona micelles from self-assembly of a triblock
copolymer of poly(ethyleneglycol)-b-poly(N-isopropylacryl-
amide)-b-polystyrene (PEGy45-b-PNIPAM, ¢3-b-PS,6) in water.
The present triblock copolymer can self-assemble into core—
shell—corona micelles by directly dispersing in water since
the hydrophilic blocks of PEG and PNIPAM are much longer
than the hydrophobic PS block. Furthermore, the resultant

core—shell—corona micelle has an advantage that it has a
thermoresponsive PNIPAM shell and can give responsive to
temperature stimulus.

2. Experimental section
2.1. Materials

Polyethylene glycol monomethyl ether (CH;0-PEG,45-OH)
(M, = 2000 g/mol and the polydispersity index PDI = 1.05)
was purchased from Fluka. CuCl was purchased from Aldrich
and purified according to Ref. [24]. The monomer of N-iso-
propylacrylamide (NIPAM, Acros Organics) was purified by
recrystallization from a benzene/n-hexane mixture and dried
carefully in a vacuum. Styrene was purchased from Tianjin
Chemical Reagent Corporation and purified firstly by dried
with CaSO, and then distilled at vacuum pressure. Tris-
[2-(dimethylamino)ethyl]amine (MesTREN) was synthesized
according to Ref. [24]. Heavy water (D,0) was obtained com-
mercially from Beijing Chemical Plant and used as received.
All water used in this study was purified with a Millipore
Mill-Q system and the resistivity was above 16 MQ cm. Other
analytical reagents were used as received.

2.2. Synthesis and characterization of the
triblock copolymer

The triblock copolymer of PEGys-b-PNIPAM,¢g-b-PSy6
was synthesized by sequential atom transfer radical polymeri-
zation of N-isopropylacrylamide and styrene using PEG4s-Br
as the macroinitiator. The synthesis is illustrated in Scheme 1.
Firstly, the macroinitiator PEG45-Br was synthesized accord-
ing to Ref. [23]. Secondly, the PEG45-b-PNIPAM¢3-Br was
synthesized according to Ref. [25]. Thirdly, PEG4s-b-PNI-
PAM ¢3-b-PS 46 was synthesized by atom transfer radical poly-
merization of styrene using PEGys-b-PNIPAM,¢s-Br as
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Scheme 1. Synthesis of PEG,5-b-PNIPAM  4g-b-PS 46.
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macroinitiator. The detailed process was introduced as below.
PEGy5-b-PNIPAM ¢5-Br (2.0 g) was added into a reaction flask
and then 5 mL of toluene was added. The sample was first
stirred and then degassed under nitrogen purge. Subsequently,
0.016 g of CuCl and 0.080 g of MecTREN were introduced
into the reaction flask. At last, 0.50 g of styrene was added
into the flask and degassed under nitrogen purge again. Poly-
merization was performed at 130 °C for 6 h and the conversion
is over 80%. The resultant triblock copolymer PEGys-b-
PNIPAM 45-b-PS46 was purified by first passing through an
Al,O5 column to remove the copper catalyst and then precip-
itated in a mixture of 80 vol% n-hexane and 20 vol% toluene.

PEG45-BI', PEG45-[7-PNIPAM168 and PEG45-b-PNIPAM168-b-
PS4 were characterized by a Waters gel permeation chroma-
tography (GPC) analysis system (Waters 1525 binary HPLC
pump, Waters 2414 refractive index detector and waters
71751, autosampler), where THF was used as eluent and
narrow-polydispersity polystyrene was used for calibration
standard. The GPC traces for PEG45-Br, PEG45-b-PNIPAM 45
and PEGys5-b-PNIPAM ¢g-b-PS,¢ are shown in Fig. 1. The
polydispersity index PDI of PEGys-Br, PEGys-b-PNIPAM 65
and PEGys-b-PNIPAM  g5-b-PS,6 measured by GPC is 1.05,
1.28 and 1.21, respectively. A VARIAN UNITY PLUS-400
spectrometer was used to characterize the triblock copolymer,
where the polymer was dissolved in CDCIl; at appropriate
concentrations and "H NMR spectra were recorded at 25 °C.
The composition of the triblock copolymer is determined by
"H NMR spectra as shown in Fig. 2A.

Summarily, the parameters of the triblock copolymers and
its precursors are listed in Table 1.

2.3. Preparation and characterization of the
core—shell—corona micelles

The core—shell—corona micelles are prepared by directly
dispersing the triblock copolymer in water or heavy water
D,0 at room temperature. Stir can accelerate the dispersion

PEG,s
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Fig. 1. GPC traces for PEGys-Br, PEGy4s-b-PNIPAM,e¢g and PEGy,s-b-
PNIPAM | ¢3-b-PS46 in THF at room temperature.

of the triblock copolymer. The core—shell—corona micellar
solution was kept at room temperature for over a week and
then characterized by dynamic laser scattering (DLS) and
static laser scattering (SLS), AFM and '"H NMR. DLS and
SLS measurements were performed on a laser light scattering
spectrometer (BI-200SM) equipped with a digital correlator
(BI-9000AT) at 514 nm, where the sample was first prepared
by filtering about 1 mL of the aqueous solution with
a 0.45 pm Millipore filter into a clean scintillation vial and
then heated at a given time for about half an hour. The detailed
method of DLS and SLS measurements can be found else-
where [26]. AFM measurement was conducted by using a
Digital Instrumental Nanoscope IV atomic force microscope
in tapping mode, whereby a small drop of core—shell—corona
micellar solution was first dispersed on a clean silicon wafer
and then dried in a vacuum oven at 20 °C. For 'H NMR mea-
surement of the core—shell—corona micelles, a given amount
of the triblock copolymer was first dispersed in D,O to form
0.05 mg/mL micellar solution, then the micellar solution was
heated at a given temperature for about half an hour and
then "H NMR spectra were recorded.

The lower critical solution temperature (LCST) [27] of
the PEG,s-b-PNIPAM  45-b-PS,6 micelles was determined by
measuring the absorbance or transmittance at 500 nm on a
TU-8110 UV—vis spectrophotometer. The samples with dif-
ferent block copolymer concentrations were heated by directly
immersing in preheated water at a given temperature and then
the absorbance or transmittance was measured. The LCST of
the PEG,45-b-PNIPAM ¢3-b-PS46 micelles was defined as the
temperature at the initial break point in the resulting transmit-
tance versus the temperature curve.

3. Results and discussion

Generally, star micelles of amphiphilic block copolymer
can be prepared by directly dissolving the block copolymer
in a solvent selective for the relatively long block [28]. Simi-
larly, the present micelles of PEG45-b-PNIPAM ¢g-b-PSy6 is
prepared by dispersing the copolymer in water at room tem-
perature, since the hydrophilic blocks of PEG and PNIPAM
are much longer than the hydrophobic PS block. The critical
micelle concentration of the triblock copolymer in aqueous
solution at 25 °C is about 5 ng/mL. The resultant micelles
are very stable in water at room temperature and no aggrega-
tion is observed in six months. The micelles are predicted to
have a core—shell—corona structure, where the insoluble PS
block forms the core, the soluble PNIPAM block forms the
shell and the PEG block forms the corona of the resultant
micelles. Fig. 2A shows the "H NMR spectra of the triblock
copolymer in CDCl; at 25°C. Clearly, all characteristic
'H NMR signals of PS block (peak d at 6 =6—7.2 and peak
c at 6 =1.2—1.4), PNIPAM block (peak e at 6 =4.0, peak
b at 6 =1.4-2.5 and peak f at 6 =1.2) and PEG (peak a
at 0 =3.6) can be clearly observed. This means that the tri-
block copolymer exists as single chains in CDCl; since
CDClj; is a good solvent of the triblock copolymer. Compared
with Fig. 2A, the distinctness of the "H NMR spectra shown in
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Fig. 2. The '"H NMR spectra of the triblock copolymer in CDCl; at 25 °C (A) and in D,O at 25 °C (B) and 45 °C (C). Wherein, the spectra in the dashed rectangle
directed by a black arrow in the down left of the figure is magnification of the spectra with chemical shift ranging from 5.8 to 7.2 in 2A. The right part shows
the schematic micellization of the triblock copolymer, where the red, green and black lines denote the PS, PNIPAM and PEG chains, respectively. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2B is that the peaks d and ¢ corresponding to the PS block
disappear. This suggests that the triblock copolymer self-
assembles into micelles with the PS block as core in water at
25 °C. When the micellar solution is heated at 45 °C, peaks
b and f as shown in Fig. 2C are much attenuated due to the
PNIPAM chains collapsing on the PS core to form core—
shell—corona micelles at temperature above LCST of the
PNIPAM block [29]. These results confirm the hypothesis
that the triblock copolymer self-assembles into core—shell—
corona micelles with PS block as core, PNIPAM block as shell
and PEG block as corona in water. Furthermore, the peaks b, ¢
and f as shown in Fig. 1C are just much attenuated but do not
disappear, which suggests that there possibly exists an inter-
face [30] between the PNIPAM shell and PEG corona in the
core—shell—corona micelles at 45 °C and which will be fur-
ther discussed subsequently. Due to the temperature limit of
the spectrometer, the '"H NMR spectra performed at higher
temperature are not recorded. But it is believed that the char-
acteristic '"H NMR signals of peaks b, ¢ and f due to the
PNIPAM block and the interface between the PNIPAM shell
and PEG corona will mostly disappear [31]. Summarily, the

Table 1

Characteristics of the polymers used in this study

Polymer M,, (g/mol)* M, (g/mol)® PDI?
PEG-Br 3.14 x 10° 2.00 x 10° 1.05
PEG-b-PNIPAM 2.53 x 10* 2.10 x 10* 1.28
PEG-b-PNIPAM-b-PS 2.89 x 10* 2.60 x 10* 1.21

# The weight-average molar mass M,, and the polydispersity index PDI of
the polymers are determined by GPC.

" The number-average molar mass M, of the polymer is calculated from
'H NMR.

schematic self-assembly of the triblock copolymer into ther-
moresponsive core—shell—corona micelles are inserted at the
right side in Fig. 2.

Fig. 3 shows the temperature dependence of light transmit-
tance of the aqueous solutions of the PEG,5-b-PNIPAM | ¢g-b-
PS,6 micelles with different block copolymer concentrations.
When the triblock copolymer concentration is 0.20 mg/mL,
the micelles show a LCST at about 33 °C. When the triblock
copolymer concentration decreases to 0.050 mg/mL, the LCST
of the micelles slightly increases to 35 °C. It is found that the
present micelles are very stable and can keep suspending in
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Fig. 3. Temperature dependence of light transmittance of the aqueous solutions
of the core—shell—corona with the block copolymer concentration at 0.20 (A),
0.10 (B) and 0.050 mg/mL (C).
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Fig. 4. The hydrodynamic diameter distribution fiD;) of the core—shell—
corona micelles in water with copolymer concentration at 0.050 mg/mL at
25°C (A) and 50 °C (B).

water at temperature much higher than LCST, which is
ascribed to the hydrophilic PEG block.

Fig. 4A shows the hydrodynamic diameter distribution
f(Dy) of the core—shell—corona micelles in water with co-
polymer concentration at 0.050 mg/mL at 25 °C. Clearly, the
hydrodynamic diameter D;, of the micelles is much narrowly
distributed. The apparent hydrodynamic diameter Di?® can
be calculated from fiDy) by [, f(Dy)DydDy. It is also found
that the hydrodynamic diameter of the core—shell—corona
micelles remains a constant in the copolymer concentration
range from 0.010 to 0.20 mg/mL. When temperature increases
above LCST of the shell-forming PNIPAM block, the solubil-
ity of the PNIPAM chains decreases and the PNIPAM chains
gradually collapse on the PS core of the core—shell—corona
micelles, which decreases the hydrodynamic diameter of the
resultant micelles. Fig. 4B shows the hydrodynamic diameter
distribution fiDy) of the core—shell—corona micelles with
copolymer concentration at 0.050 mg/mL at 50 °C. Compared
with the core—shell—corona micelles at 25 °C, the hydro-
dynamic diameter D), of the resultant micelles at 50 °C is
also narrowly distributed, but the diameter becomes smaller
about 25 nm due to the collapse of the shell-forming PNIPAM
chains above LCST. When temperature decreases back to
25 °C, the hydrodynamic diameter of the core—shell—corona
micelles gradually increases. It must be noted that the hydro-
dynamic diameter of the resultant micelles at copolymer con-
centration higher than 0.20 mg/mL will increase when the
core—shell—corona micellar solution is heated above LCST
of PNIPAM block. The possible reason is that the core—shell—
corona micelles at high polymer concentration aggregate
to form micellar clusters at temperature above LCST of the
PNIPAM block [18], which will be further studied in future.

Fig. 5 shows the AFM image of the core—shell—corona mi-
celles formed on a silica wafer. As discussed above, the core—
shell—corona micelles are expected to be spheres in water.
Whereas, the observed micelles on silica surface are uniform
flat spheres. The reason, just as Schubert et al. deduced [32],

4.00

30.0 nm

15.0 nm

0.0 nm

0 1.00 2.00 3.00 4.00 um

Fig. 5. The AFM image of the core—shell—corona micelles formed on silica
wafer.

is that the AFM image shows the dried core—shell—corona
micelles on the surface of silica, where the PNIPAM shell
and PEG corona chains are no longer swollen by the solvent
but to be oriented flat on the surface of silica. Based on the dia-
meter and height of the flat spheres, the present core—shell—
corona micelle can be shrunk into a dried sphere with diameter
about 50 nm. Herein, it must be noted that the values of the
hydrodynamic diameter of the core—shell—corona micelles
measured by DLS are larger than those observed by AFM.
This is because the core—shell—corona micelles are water
swollen due to the soluble PEG and PNIPAM blocks, while
AFM observation shows the diameter of the dried aggregates.

Fig. 6A shows the hydrodynamic diameter of the core—
shell—corona micelles in water with copolymer concentration
at 0.050 mg/mL at different temperatures. Clearly, the hydro-
dynamic diameter of the core—shell—corona micelles almost
keeps a constant of about 130 nm at temperature below
35 °C. When temperature increases, the hydrodynamic diame-
ter decreases gradually till to a smaller constant about 105 nm
at 50 °C. Herein, the LCST of the shell-forming block is about
35°C, which is little higher than that of homopolymer
PNIPAM [29]. The possible reason is that the hydrophilic
PEG block enhances the solubility of the PNIPAM. Besides,
the "H NMR results as shown in Fig. 2C suggest that there
exists an interface between the PNIPAM shell and PEG corona
at 45°C. From the difference between the hydrodynamic
diameters of the core—shell—corona micelles at 45 and
50 °C, the thickness of the interface is calculated to be about
4 nm. When temperature is above 50 °C, the interface dis-
appears and the hydrodynamic diameter almost keeps a
constant. Fig. 6B shows the apparent gyration radius R, of
the core—shell—corona micelles formed at 0.050 mg/mL at
different temperatures. Clearly, the R, of the resultant micelles
decreases from a constant about 63—41 nm as temperature
increases from 25 to 50 °C, which is very similar to the change
of hydrodynamic diameter of core—shell—micelles as dis-
cussed in Fig. 5A.
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Fig. 6. The temperature dependence of the hydrodynamic diameter Dy, (A) and
gyration radius R, (B) of the core—shell—corona micelles formed in water
with copolymer concentration at 0.050 mg/mL.

It is well known that the Ro/Ry, value, where Ry, is the hydro-
dynamic radius, indicates the particle shape in solution [33].
For example, the R,/R, values of typical amphiphilic block
copolymer crew-cut micelles and star micelles are approxi-
mately 0.77 and 1.0, respectively [26,33,34]. The R /Ry, value
of the core—shell—corona micelles as shown in Fig. 7 de-
creases from 0.96 to 0.77 when temperature increases from
25 to 50 °C. At temperature below LCST, the shell-forming
PNIPAM block is soluble and the total length of the hydro-
philic blocks of PEG and PNIPAM is much longer than that
of the hydrophobic PS block, thus the present core—shell—
corona micelle is just like a star one and has a higher R,/R;,
value at about 0.96. At 50 °C, the shell-forming PNIPAM
block becomes hydrophobic and the length of the hydrophilic
block is much shorter than that of the hydrophobic, therefore
the core—shell—corona micelle is just like a crew-cut one
and has a lower R,/R;, value at about 0.77.

Conclusively, the thermoresponsive triblock copolymer
of PEGys-b-PNIPAM 45-b-PS,6, which has a relatively short
hydrophobic PS block, can directly disperse in water at room
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Fig. 7. The temperature dependence of the Ry /Ry, value of the core—shell—co-
rona micelles formed in water with copolymer concentration at 0.050 mg/mL.

temperature to form star-like core—shell—corona micelles
with the hydrophobic PS block as core and the thermore-
sponsive PNIPAM block as shell and the hydrophilic PEG
block as corona. At temperature above LCST of the PNIPAM
block, the shell-forming PNIPAM chains gradually collapse on
the PS core to shrink the size of the micelle and change the
star-like core—shell—corona micelle to a crew-cut one.
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