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ABSTRACT: Polystyrene core nanospheres having poly(ethylene glycol) (PEG) polymers on the corona were pre­
pared by the free radical polymerization of hydrophilic methacryloyl group terminated PEG macromonomer and hydro­
phobic styrene with AIBN as radical initiator in a ethanol/water (4/1, v/v) mixed solvent. The correlation between com­
positions of the nanospheres and thermal properties was studied by Differential Scanning Calorimetry (DSC). The glass 
transition temperature (Tgl of the poly(styrene-co-alkylmethacrylate) core of the nanospheres was constant at 90 to 
100°C, even though the chemical compositions of the nanospheres differed. The melting temperature (T ml of the PEG in 
the nanospheres was lowered compared with PEG itself. The Tg of poly(styrene-co-alkylmethacrylate) in nanospheres 
composed of more PEG was lowered, although the Tm of the PEG in the nanospheres was higher than that of nanosphere 
containing small amounts of PEG. These results indicate that the thermal properties and compositions of the nano­
spheres were correlated. Freeze-dried nanospheres were annealed at 60°C for 30 min in flask under nitrogen atmos­
phere. After the annealing, spherical form of the nanospheres consisting of a high percentage of polystyrene was main­
tained, although the thermal properties dramatically changed by the thermal treatment. The Tg of the poly(styrene-co­
alkylmethacrylate) segment and the Tm of the PEG segment in the nanospheres were affected by composition of the graft 
copolymer and compatibility of the components of the graft copolymer. 
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The free radical dispersion copolymerization of hydro­
philic macromonomers and hydrophobic comonomers in 
a polar solvent gave water dispersible polymeric parti­
cles by our "Macromonomer Method".1 The particles 
called "core-corona nanospheres", and variety of poly­
meric particles have been prepared.2- 4 Nanospheres as­
sembled with functional groups on the surface are great 
scientific interest for various applications as foundations 
for catalyst, 5 captures of human immununodeficiency 
virus-1 (HIV-1), 6 and peptide drug carriers via oral ad­
ministration.7-9 Using various polymers as macromono­
mers, such as poly(N-vinylisobutyramide)(PNVIBA) or 
poly(methacrylic acid)(PMAA) as a polyelectrolytes, 
thermosensitive or pH sensitive nanospheres were ob­
tained. 2-4,10 

In the macromonomer method, particles size is af­
fected by molecular weight of the macromonomer, the 
concentration of monomer, the composition of solvent 
and the ratio of hydrophobic monomer to hydrophilic 
macromonomer in the feed. In addition, also the particle 
size affected by polymerization conditions, such as the 
concentration of initiator, polymerization time and tem­
perature.11,12 The surfaces of nanospheres accumulate 
hydrophilic components of the graft copolymers, sup­
ported by the results of electron spectroscopy for chemi­
cal analysis (ESCA).2- 4 Very recently, direct observation 
was made of the internal structure of nanospheres pre­
pared by the macromonomer method.13 Cross-section of 
the nanospheres sliced with a microtome were observed 
by transmission electron micrography (TEM). The 
analysis showed that these nanospheres have core-co-

rona structures, and the thickness of the corona layer 
depends on molecular weight of the PEG macromono­
mer. 

The composition of a polymeric nanosphere can be de­
termined by 1 H NMR analysis, and the corona layer was 
confirmed by visual observation of the cross-sections by 
TEM. It was difficult to determine phase structures in 
the nanospheres from this analysis alone. 

DSC reveals the thermophysical properties of solid­
state bulk polymers. Physicochemical parameters such 
as glass transition temperature reflect the phase condi­
tion of the polymers. The structures of bulk polymers 
can be clarified by DSC analysis. 14- 16 S. Fu et al. 17 re­
ported that polystyrene nanoparticles prepared by mi­
croemulsion polymerization have highly-packed struc­
tures based on the thermal analysis of polystyrene nano­
particles. 

This study clarifies the internal structures and ther­
mal properties of nanospheres prepared by the mac­
romonomer method using DSC and TEM. The morphol­
ogy of core-corona nanospheres composed of poly­
(styrene-co-PEG macromonomer) copolymers can be 
clarified by the measurement of characteristic parame­
ters such as the glass transition temperature (Tg) of 
polystyrene and the melting temperature (Tm) of poly­
(ethylene glycol). 

EXPERIMENTAL 

Materials 
Methacryloyl group terminated poly(ethylene glycol) 

tTo whom correspondence should be addressed (Tel: +81-99-285-8320, Fax: + 81-99-255-1229, E-mail: akashi@apc.kagoshima-u.ac.jp). 
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(PEG) (Mn=1740, 4250) (PEG 1740, PEG4250) was do­
nated by Nippon Oil and Fats Co. (Tokyo, Japan). 
Styrene (Wako Pure Chemical Ind.) was purified by 
distillation under reduced pressure . N,N' -
Azobisisobutyronitrile (AIBN) (Wako Pure Chemical 
Ind.) was recrystallized from acetone. 

Preparation of Poly(styrene-co-PEG macromonomer) 
nanospheres 

The method for preparing poly(styrene-co-PEG mac­
romonomer) nanospheres using methacryloyl PEG has 
been reported.1- 3 Methacryloyl PEG, as a macromono­
mer, and styrene were weighted into a glass tube, to­
gether with AIBN as initiator and 5 mL of ethanol/ 
water (4/1, v/v) as solvent. The solution was degassed 
by freeze-thaw cycles on a vacuum line. The tube was 
sealed off and placed in a water bath at 60°C for 24 h 
with shaking (Scheme 1). The products were dialyzed in 
methanol using a cellulose dialyzer tube to remove unre­
acted macromonomer and styrene. The polymer parti­
cles were dialyzed in distilled water, followed by freeze­
drying. 

Characterization of Nanospheres 
The nanosphere diameter was determined with a sub­

micron particle analyzer (Coulter model N4SD) and 
transmission electron micrography (TEM) (Hitachi H-
7010A). Compositions of the nanospheres estimated by 
1H NMR (JEOL FX-400) using CDC13 as solvent. 

+ 

Styrene 

AIBN, Et0H/H20=4/1 

60°C, 24 h 

yH3 
H C=C 

2 I 
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6-fcH2CH20h,CH3 

MA-PEG macromonomer 

Scheme 1. Synthesis of poly(styrene-co-PEG macromonomer) 
nanospheres. 

Annealing of Poly(styrene-co-PEG macromonomer) nano­
spheres 

Freeze-dried nanospheres in a flask were placed under 
nitrogen at 60°C for 30 min. The nanospheres were 
cooled to room temperature by liquid nitrogen. The ther­
mal behavior of the nanospheres was examined by dif­
ferential scanning calorimetry (DSC). 

DSC Analysis 
Differential scanning calorimetry (DSC) measure­

ments were performed using the EXSTAR 6000 system 
(Seiko Instruments Inc.). Data processing was carried 
out using the software furnished by the manufacturer. 
The samples were introduced into the DSC at room 
temperature, followed by cooling to below - 30 at 
l0°C min- 1 and measurement O to 200°C, while a 
nitrogen gas purge was used. After the first scan, the 
sample was quickly cooled down to below -30°C. Then a 
second scan was carried out. 

RESULTS AND DISCUSSION 

Preparation of Poly(styrene-co-PEG macromonomer) 
Nanospheres 

Not only polymeric nanospheres prepared using a 
methacryloyl and vinylbenzyl terminated PEG mac­
romonomers11·12 but also various other macromono­
mers,1·2·4 such as polyNIPAAm macromonomer with sty­
rene have been reported.3 In this paper, PEG-coated PSt 
nanospheres were prepared in a similar fashion. Poly­
styrene core-PEG corona nanospheres were prepared us­
ing macromonomer method to clarify the internal struc­
ture and the thermal properties. Table I shows the re­
sults of copolymerization of styrene and methacryloyl 
PEG macromonomers. The relationship between the 
particle size and the hydrophobic monomer/hydrophilic 
macromonomer in the feed was the same as in previous 
studies. 12 When the concentration of total monomer was 
constant, the nanosphere size increased with the mono­
mer ratio of styrene to macromonomer. The nanosphere 
composition was estimated by 1H NMR in CDC13. The 
composition of styrene unit in the nanospheres was 
higher than that of the monomer ratio in the feed. The 
nanospheres had good water-dispersibility. The mac­
romonomer chains accumulate on the surface of nano­
spheres prepared by the macromonomer method. 2·3 

Table I. Preparation of nanospheres by dispersion copolymerization of methacryloyl PEG macromonomer with styrene 

MA-PEG St AIBN Yield dm b C.V.' Composition of 
Run St/(MA-PEG)" nanospheres 

Mn mg mmol mg mmol mg µmo! % nm % St/(MA-PEG/ 

1 1740 630 0.360 370 3.6 10 6.5 40 67 71 8 16 
2 1740 460 0.260 540 5.2 20 9.0 55 76 110 17 40 
3 1740 360 0.200 640 6.2 30 10.0 64 43 150 17 57 
4 1740 250 0.140 750 7.2 50 12.0 73 83 170 8 95 
5 1740 140 0.082 860 8.2 100 14.0 83 90 280 14 240 
6 1740 53 0.030 950 9.1 300 15.0 91 78 690 10 930 
7 4250 800 0.190 200 1.9 10 3.4 21 59 45 24 17 
8 4250 670 0.160 330 3.2 20 5.5 33 61 86 21 36 
9 4250 580 0.140 420 4.1 30 6.9 42 70 140 18 55 

10 4250 450 0.110 550 5.3 50 8.9 54 59 180 26 95 
11 4250 290 0.068 710 6.8 100 11.0 69 72 210 19 180 
12 4250 120 0.028 880 8.5 300 14.0 85 84 310 23 60 

a Styrene/methacryloyl PEG in feed. b dm=Particle diameter. 'C. V. =coefficient variation. a Estimated 1H NMR in CDCl3. 
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DSC Analysis 
The thermal behavior of poly(styrene-co-PEG mac­

romonomer) nanospheres shown in Figure 1 was exam­
ined in DSC scans. Figures la and le show the first DSC 
profiles, and Figures lb and ld show the second scans of 
these nanospheres. All the samples were scanned from 0 
to 200°C for the first scan. In all measurements, DSC 
curves had large endothermic peaks and change in spe­
cific heat was small. A large endothermic peak was ob­
served between approximately 30 and 50°C. Since melt­
ing point ofmethacryloyl PEG (Mn= 1740, 4250) was ap­
peared at 42, 53°C, respectively, we thought that the 
large endothermic peak on DSC scans may be attributed 
to the melting point (Tm) of PEG macromonomer chains 
that formed the nanospheres. Small change in specific 
heat was observed between 90 and 100°C. The glass 
transition temperature (Tg) of original polystyrene was 
between 90 and l00°C, depending on molecular weight of 
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polystyrene and conditions of measurement. Figure 2 
shows change in Tg and Tm of the nanospheres. The de­
pendency of the Tm of PEG and the Tg ofpoly(styrene-co­
alkylmethacrylate) on the nanosphere composition var­
ied based on the molecular weight of PEG consisting 
nanospheres. Tm of PEG in the nanospheres was lower 
than that of the methacryloyl PEG macromonomer. Tm 
of grafted PEG is lower than that of original PEG.16•18 

When using PEG 4250 as the macromonomer, the Tm of 
PEG and the Tg of poly(styrene-co-alkylmethacrylate) 
were constant, even though the compositions of graft co­
polymers were different. Using PEG 1740, the Tm of 
PEG and the Tg of poly(styrene-co-alkylmethacrylate) 
were dependent on the compositions of the graft copoly­
mer. Low purity bulk polymers may thus have lower 
than expected Tg value. 19•20 Dependency of Tm and Tg on 
compositions of the graft copolymers of poly(styrene-co­
PEG macromonomer) nanospheres means that phases 
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Figure 1. DSC curves of nanospheres composed of graft copolymers. a) The first scan, b) The second scan of nanospheres containing PEG 
1740. c) The first scan, d) The second scan ofnanospheres containing PEG4250. 
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Figure 2. Changes in a) Tm attributed to the PEG components of nanospheres, and b) Tg attributed to the poly(styrene-co­
alkylmethacrylate) components of the nanospheres. (0) The nanospheres containing PEG 1740, (e) The nanospheres containing PEG4250. 
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become mixed. The Tm of PEG phase of runs 1-4 was 
around 32 °C. The Tm of PEG phase of run 5 was found at 
around 27°C. In the case of run 6, the Tm of the PEG 
phase of nanospheres was not detected. The distribution 
of PEG in the nanospheres is thus affected by the compo­
sition of the graft copolymers. In the case of runs 1-4, 
PEG as a side chain in the graft copolymer was enough 
to demonstrate its melting point. There was little PEG 
in the nanospheres in runs 5 and 6. The melting point of 
PEG macromonomer in the nanosphere was not ob­
served by DSC. The changes in the Tg attributed to poly­
(styrene-co-alkylmethacrylate) phase in nanospheres 
are plotted in Figure 2b. The nanospheres with high 
poly(styrene-co-alkylmethacrylate) content showed glass 
transition at around 90°C (runs 5 and 6). The glass tran­
sition temperature reflects the purity of the polymer. 
The Tg of the nanospheres with high PEG content (runs 
1-4) was lower. Possibly, due to the interactions of the 
poly(styrene-co-alkylmethacrylate) phases with the PEG 
forming side chains on the graft copolymer. 

Heat released by PEG can be calculated from DSC. 
Theoretical heat of melting PEG can be calculated from 
the nanosphere composition estimated by 1H NMR (Ta­
ble I). Theoretical melting calorie (M-lcai) was calculated 
by the DSC of methacryloyl PEG macromonomer as 
185.7 J g- 1. This value was different from Ml of PEG 
(molecular weight is 200000, Ml= 155.6 J g- 1 ). 18 It was 
considered that the difference of Ml was affected from 
the molecular weight and terminated group of the poly­
mers. PEG phase in nanospheres was studied by exam­
ining the gap between the two values. Figure 3 shows 
the correlation between the heat from PEG as it melted 
and the heat based on the nanosphere composition. All 
experimental M-lexp were less than M-lcal· This suggests 
that some of the PEG in the nanospheres is mixed in the 
poly(styrene-co-alkylmethacrylate) phase. The differ­
ences between actual and predicted heat values were 
higher for nanospheres prepared using PEG 17 40 than 
nanospheres prepared using PEG 4250. This is sup­
ported by the fact that the compatibility of PEG and 
poly(styrene-co-alkylmethacrylate) is dependent on the 
molecular weight. 

Annealing on Poly(styrene-co-PEG macromonomer) 
Nanospheres 

The morphology and physical properties of copolymer 
and polymer blend are easily affected by heat history. 
Recently, it was reported by several researchers that the 
morphology of glassy polymer such as polystyrene 
changes by relaxation of enthalpy, although less than Tg 
of oneself. 21 Figure 4 shows TEM of annealed nano­
spheres (runs 3 and 5, Table I) under nitrogen at 60°C 
for 30 min. The morphology of the nanospheres in run 5 
(dm =ca. 280 nm) was not changed by this treatment. In 
run 3 (dm =ca. 150 nm), the nanospheres coalesced. 
Nanospheres containing high PEG content had lower Tg 
than those containing relatively little PEG. DSC scans of 
nanospheres (run 5) before and after annealing are 
shown in Figure 5. DSC curves in the first scan were al­
most the same in shape. In the second scan, DSC curve 
shapes were different. Using nanospheres not treated, 
heat released due to PEG melting in first scan could 
barely be detected in the second scan. Using nano-
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Figure 3. Endothermic heat due to PEG melting correlated with 
that predicted by the nanosphere composition. Opened bar indi­
cates the heat measured by DSC (l'illexpl, and the height of the bar 
(l'ill,a1) indicates the heat predicted based on the composition esti­
mated by 1H NMR. Closed bar shows the difference between the 
two values. 
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Figure 4. Changes in the morphology of nanospheres with heat 
treatment at 60°C for 30 min. a) Run 3 (dm=ca. 150 nm) before an­
nealing, b) Run 3 after annealing, c) Run 5 (dm =ca. 280 nm) be­
fore annealing, d) Run 5 after annealing. 

spheres after annealing, the amount of heat released 
from PEG melting in the second scan was higher than in 
the first scan. Tg attributed to poly(styrene-co­
alkylmethacrylate) in the second scan was higher than 
in the first scan. Thermal properties of the nanospheres 
drastically changed by mild heat treatment, even though 
shape of the nanospheres was not affected. These results 
suggest that the internal phase structure ofnanospheres 
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Figure 5. Effects of heat treatment on the DSC curves ofnanospheres. a) Untreated nanospheres, b) Nanospheres treated with heat. 

may thus be affected by heat treatment at 60°C for 30 
min. Poly(styrene-co-alkylmethacrylate) phase in nano­
spheres may possibly be involved with the PEG mac­
romonomer depending on the composition. 

CONCLUSION 

Internal structures of core-corona nanospheres pre­
pared by the copolymerization of PEG macromonomers 
with styrene using DSC thermal analysis were studied. 
Two characteristic peaks in DSC curves were attributed 
to the components of nanosphere. And, the two peaks 
were thought to correspond to the graft copolymer 
phase-separated poly(styrene-co-alkylmethacrylate) and 
the PEG phases in the nanospheres. Heat released from 
melting for the nanospheres composed of PEG was 
smaller than expected based on theoretical values. The 
ratio of the mixed PEG to the poly(styrene-co­
alkylmethacrylate) phase depended on the molecular 
weights of the component. The thermophysical proper­
ties of poly(styrene-co-PEG macromonomer) nano­
spheres changed by a mild heat treatment, even when 
the nanosphere shape was not affected. Core-corona 
polymeric nanospheres prepared by the macromonomer 
method exist the meta-stable state, after freeze-drying 
treatment. The annealing of nanospheres stimulates 
clear phase-separation in hydrophobic core to give a 
thermally stable state in final. Some PEG in the nano­
spheres may thus be mixed in the poly(styrene-co­
alkylmethacrylate) phase, in which is core of nano­
sphere. This may possibly explain the structures of the 
core-corona polymeric nanosphere. The findings in this 
study should be helpful for understanding the properties 
of core-corona nanospheres prepared by the macromono­
mer method. 
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