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ABSTRACT: We analyzed the thermosensitive behavior of monodisperse polystyrene (PSt) nanoparticles having
different densities and chain lengths of grafted poly(N-isopropylacrylamide) (PNIPAAm) on their surfaces. The PSt
nanoparticles were synthesized by free radical copolymerization of styrene monomer with PNIPAAm macromonomers
in mixed ethanol/water solvents. The grafted PNIPAAm densities on the PSt nanoparticle surfaces can be controlled by
varying polymerization conditions such as reaction temperature and initiator concentrations. The nanoparticle sizes and
densities of grafted PNIPAAm on their surfaces significantly affected temperature-response, which was investigated by
dynamic laser light scattering. The larger PSt nanoparticle sizes and higher grafted PNIPAAm densities showed a more
significant decrease in hydrodynamic diameters when temperature of dispersed solutions was raised above lower critical
solution temperature of the linear PNIPAAm. The molecular weight of grafted PNIPAAm on nanoparticle surfaces had
no relationship with a visible decrease in hydrodynamic diameter.
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There has been a geometric increase in the num-
ber of publications involving water-soluble poly(N-
isopropylacrylamide) (PNIPAAm), because it exhibits
a remarkable phase transition in the aqueous solution
when temperature is raised above the lower critical
solution temperature (LCST).1–5 For these ingenious
applications, the phase transition behavior of PNI-
PAAm has been also described in the metal colloids6

and protein conjugation systems.7 Copolymers contain-
ing PNIPAAm with hydrophilic-hydrophobic segments
can exhibit the similar phase transition properties in
a large range of temperature.8 The copolymers with
acrylic acid units show a pH sensitive property as well
as a thermosensitive one.9 PNIPAAm-based gels also
exhibit thermo-reversible swelling properties.10 They
have been exploited to control enzymatic reactions11

and drug delivery of biomolecules such as proteins of
human gamma globulin.12 On the other hand, when
PNIPAAm was grafted on the external surfaces of sub-
strates such as polymeric films and silicons, it acts as
a reversible thermovalve for the separation column.13

The water absorption and electrostatic charge of sur-
faces can be controlled for a temperature stimulation.14

Based on the thermosensitivity of PNIPAAm, it may be
used as other material fields in order to develop other
functionalities.

Polymeric particles that have an extremely large sur-
face area are useful because of their potential applica-
tion, not only in the technological, but also biomedi-
cal fields. In order to expand functions of particle sur-
faces, Okano et al. prepared thermo-responsive poly-
mer nanoparticles with a core–shell micell structure,
in which PNIPAAm chains show the coil-to-globule
transition at their surface.15 Makino et al. reported the
particle synthesis with the crosslinked PNIPAAm layer
by seed polymerization.16 Lyon investigated a core–
shell type PNIPAAm microgel in detail.17 The core–
shell structure was observed after dyeing by uranyl ac-
etate. The sterically stabilized polystyrene (PSt) par-
ticles have been synthesized by Napper et al. using
the two step continual polymerization of NIPAAm and
styrene, in which the particle sizes were dependent
on the temperature changes in dispersed solutions.18

In order to examine conformation change of adsorbed
PNIPAAm chains on the surfaces of surfactant-free
PSt nanoparticles, we monitored the hydrodynamic ra-
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dius of the particles to reveal the coil-to-globule and
globule-to-coil transition by using dynamic laser light
scattering (LLS) in the heating up and cooling down
processes, respectively.19 The technique was useful for
studying the phase transition of PNIPAAm.

On the other hand, monodisperse polymeric nanopar-
ticles were also prepared by the dispersion copoly-
merization of hydrophilic macromonomers with hy-
drophobic comonomers in the presence of a radi-
cal initiator in polar solvents without any emulsifier.
And, their particle sizes can be widely controlled via
varying reaction parameters such as concentration of
macromonomer, initiator and styrene, and polymeriza-
tion temperature.20–28 The hydrodynamic diameter of
the nanoparticles consisting of a PSt core and grafted
PNIPAAm chains on their surfaces was dependent on
the temperature of the dispersion solution.22 Thus, the
grafted PNIPAAm chains showed the coil-to-globule
transition at a LCST in our previous work.22 However,
thermosensitive behaviors of the PSt nanoparticles with
different diameters, molecular weights, and densities of
grafted PNIPAAm on their surfaces are not clear at all.
Therefore, the studies of the parameters that affect to
the thermosensitive properties of the nanoparticles are
needed. Furthermore, the process of the particle forma-
tion including of self-assembly of grafted copolymer 29

will be understood by studying the effects of the above
parameters.

In this paper, we studied thermosensitive behaviors
of PSt nanoparticles that were prepared with narrow
size distribution, and different densities and molecular
weights of grated PNIPAAm on their surfaces by the
macromonomer technique using the dynamic LLS in
detail.30

EXPERIMENTAL

Materials
2,2′-Azobisisobutyronitrile (AIBN) (Wako Pure

Chemical Ind., Ltd.) was recrystallized from ethanol
and dried in a vacuum. NIPAAm monomer was sup-
plied by Kohjin Co., Ltd., (Japan) that was recrystal-
lized from hexane and dried in a vacuum. Styrene
(Wako Pure Chemical Ind., Ltd.) was distilled under
reduced pressure under nitrogen. The solvents, N,N-
dimethylformamide (DMF), ethanol, and water were
purified in a usual way prior to use. 2-Mercaptoethanol
and tetrabutylphosphonium bromide (TBPB) (Wako
Pure Chemical Ind., Ltd.) were used without further
purification. P-Chloromethylstyrene (CMSt) was sup-
plied by Nippon Oil and Fats Co. (Tokyo, Japan)
and used without further purification. The PNIPAAm
macromonomers were prepared by the two step pro-

cess.22, 23 In the first step, a hydroxyl group terminated
NIPAAm oligomer was prepared by the free radical
oligomerization of NIPAAm using AIBN as an initia-
tor and 2-mercaptoethanol as a chain transfer agent. In
the second step, the NIPAAm oligomer was stirred with
more than the ten-fold excess (to equimolecular amount
of oligomer) of 50% aqueous potassium hydroxide so-
lution in DMF at 30 ◦C for a half-hour. Then, the sim-
ilar excess of CMSt was added into the flask. The re-
action was continued for 72 h in the presence of TBPB
(half-molecular amount of oligomer) as a phase trans-
fer catalyst at 30 ◦C. The potassium chloride precipitate
was removed by filtration. The products were purified
by dialysis in distilled water for 5 d. The PNIPAAm
macromonomer was obtained by lyophilization of dia-
lyzed aqueous solution.

Copolymerization
The copolymerization of PNIPAAm macromono-

mers and St was carried out in ethanol/water mix-
tures (v/v, 7/3) under different reaction conditions, us-
ing the recipes given in Table I. In our previous work,
the dispersed solution of the nanoparticles showed the
slight decrease in a transmittance with an increase
in temperature.22 This behavior might be due to the
fact that some free PNIPAAm macromonomers have
not been removed by the only dialysis purification.
Accordingly, the resulting products were first dia-
lyzed in distilled water using a cellulose dialyzer tube
(Wako Pure Chemical Ind., Ltd, the cutoff molar mass:
12000–14000) to remove unreacted macromonomers
and monomers for 5 d. The polymeric nanoparticles
obtained were centrifuged and collected to purify them
further. The nanoparticles were then redispersed in
distilled water. This procedure was repeated for three
times.

Characterization Methods
The number-average molecular weight (Mn) of the

macromonomer was measured by gel permeation chro-
matography (GPC), using poly(ethylene glycol) as a
standard. The size distribution and morphology of
nanoparticles were determined by means of transmis-
sion electron microscopy (TEM) (Hitachi H-7010A).
The chemical components of grafted copolymers
(nanoparticles) were estimated by 1H NMR (400 MHz)
in CDCl3 solutions at room temperature. The glass
transition temperature (Tg) of nanoparticles was mea-
sured using a differential scanning calorimeter (DSC)
(EXSTAR6000 system). About 10 mg of nanoparticles
was analyzed at a scan rate of 10 deg min−1 from 0 to
180 ◦C. The hydrodynamic diameters of PSt nanoparti-
cles were determined using dynamic LLS (a modified
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Table I. Recipes for the dispersion copolymerizationa

Sample No.
PNIPAAm

Mn
b Mw/Mn

b AIBNc Temp.d

in feed (mol%) (mol%) (◦C)
S1–1 5 3600 1.87 1.0 60
S1–2 4 3600 1.87 2.0 60
S1–3 3 3600 1.87 2.0 70
S2–1 4 2200 1.75 1.0 60
S2–2 4 3600 1.87 1.0 60
S2–3 4 5000 1.92 1.0 60
S2–4 4 6100 1.98 1.0 60
S3–1 4 3600 1.87 2.5 75
S3–2 2 3600 1.87 1.0 60
S3–3 1 3600 1.87 1.0 60
S3–4 0.5 3600 1.87 1.0 60

aCopolymerizations of PNIPAAm macromonomer with St (3 mmol) were carried out
in ethanol/water (v/v, 7/3, 3 mL) mixed solvents for 24 h. bNumber-average molecular
weight of PNIPAAm macromonomer. cAIBN concentration to total monomer in feed.
dPolymerization temperature.

research-grade ALV/SP-150 LLS spectrometer with an
ALV-5000 time correlator) at an angle of 45◦.

In order to study the thermosensitive change in
the particle diameter in dispersion solutions, all
measurements were performed at 20.0± 0.1 ◦C and
35.0± 0.1 ◦C. An individual PNIPAAm chain can reach
the equilibrium state as fast as the temperature changes
(a few hundred seconds).3 In the study, the data was ob-
tained after the dispersion solution reached the desired
temperature. The average line width (<Γ>) and relative
distribution width (µ2/<Γ>2 = ∫G(Γ)(Γ − <Γ>)2 dΓ/
<Γ>2) were obtained from the cumulants analysis of
the measured time correlation function. <Γ> is related
to the average transnational diffusion coefficient <D>
by <Γ> = q2<D> where q = (4πn/λ0) sin(θ/2) with n,
λ0, and θ being the solvent refractive index, the wave-
length of light in vacuo, and the scattering angle, re-
spectively. Furthermore, <D> is related to the average
hydrodynamic diameter <dh> (or simply written as dh)
by dh = kBT(3πηD), where kB and η are the Boltzmann
constant and solvent viscosity, respectively. Our results
showed that µ2/<Γ>2 were in the range 0.02–0.13, in-
dicating that all the samples were narrowly distributed
in the solutions at 20 ◦C, confirming the TEM results.

RESULTS AND DISCUSSION

Preparation of Nanoparticles
As shown in Scheme 1, thermosensitive PSt nanopar-

ticles can be prepared through the three main steps:
(1) synthesis of the NIPAAm oligomer with a hydroxyl
end group; (2) replacement of the hydroxyl end group
with CMSt to produce PNIPAAm macromonomer;
(3) formation of PSt nanoparticles via copolymeriza-
tion of PNIPAAm macromonomer with St in a polar

Scheme 1. Preparation of nanoparticles by dispersion copoly-
merization of PNIPAAm macromonomers with St in mixed
ethanol/water (7/3, v/v) solvents.

solvent such as ethanol or ethanol/water mixed sol-
vent. In the dispersion copolymerization of hydrophilic
macromonomers with hydrophobic comonomers, the
mechanism involved in the nanoparticle formation indi-
cated that hydrophilic chains cover a hydrophobic core
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Table II. Effect of densities of grafted PNIPAAm on the thermosensitive properties

Sample PNIPAAma dh (nm) µ2/Γ
2 ∆dh

No. (mol%) × 103 in 20 ◦C in 35 ◦C in 20 ◦C in 35 ◦C (%)
S1–1 3.1 680 470 0.13 0.11 31
S1–2 1.8 630 476 0.04 0.06 24
S1–3 0.8 596 560 0.06 0.08 6

aGrafted PNIPAAm unit (p)/ St (q) in nanoparticles as is shown in Scheme 1.

Table III. Effect of molecular weight of grafted PNIPAAm on the thermosensitive properties

Sample PNIPAAma dh (nm) µ2/Γ
2 ∆dh

No. (mol%) × 103 in 20 ◦C in 35 ◦C in 20 ◦C in 35 ◦C (%)
S2–1 1.2 616 530 0.06 0.02 14
S2–2 1.3 598 536 0.05 0.08 10
S2–3 1.1 506 462 0.08 0.03 9
S2–4 1.2 460 414 0.13 0.12 10

aGrafted PNIPAAm unit (p)/ St (q) in nanoparticles as is shown in Scheme 1.

to produce the similar structures core-corona ones.20–27

PSt particle sizes and grafted PNIPAAm densities on
the PSt nanoparticle surfaces can be controlled by vary-
ing reaction parameters. The initiator concentration,
polymerization temperature, macromonomer concen-
trations, and St concentrations could affect to the ob-
tained nanoparticle diameters. The size distribution of
PSt nanoparticles, however, became larger than 1.05
when the volume fractions of St monomer exceeded
40% in reaction solution.24, 31 In the previous works,
the small amount of water adding into the reaction sol-
vent showed narrow particle size distribution.23, 24 It
was found that PNIPAAm macromonomer was precip-
itated from mixed ethanol/water solvents when the wa-
ter volume fraction above 0.4. For this reason, the
mixed ethanol/water solvents (7/3, v/v) were selected
as polymerization solvents in this study. Three series of
experiments were then designed in order to prepare dif-
ferent densities and chain length of grafted PNIPAAms
or different particle sizes having the same chain length
on nanoparticle surfaces.

In order to prepare PSt nanoparticles which have
different densities of grafted PNIPAAms on their sur-
faces and similar diameters, the samples of S1 series
were synthesized under the established concentrations
and polymerization temperature using a PNIPAAm
macromonomer with the number-average molecular
weight of 3600 g mol−1 as a steric stabilizer, as shown
in Table I (S1 series). The larger particles can be ob-
tained when the lower macromonomer concentration
was used, the smaller ones, however, were prepared by
using the higher initiator concentration at the given con-
centrations of macromonomer and comonomer.23, 24, 27

Followed by the obtained S1–1 nanoparticle condi-
tion, S1–2 sample was then prepared by both decreas-
ing the macromonomer concentration and increasing
the initiator (AIBN) concentration. Furthermore, the

smaller nanoparticles were also synthesized by using
a higher polymerization temperature.23, 24, 27 Therefore,
sample S1–3 was synthesized by both decreasing the
macromonomer concentration and raising the polymer-
ization temperature from 60 to 70 ◦C, based on prepar-
ing S1–2 condition. The characterizations of the result-
ing samples were shown in Table II.

In order to prepare nanoparticles with different
grafted PNIPAAm chain lengths on their surfaces, we
prepared the macromonomers in various molecular
weights, which controlled on their oligomer molecu-
lar weights by changing the concentrations of the chain
transfer agent. The number-average molecular weight
of PNIPAAm macromonomers were 2200, 3600, 5000,
and 6100 g mol−1 according to GPC analysis. We have
known that the smaller particles were formed by us-
ing the higher molecular weight of macromonomer at
the given concentration.22, 24, 27 To prepare nanoparti-
cles with similar diameters and different chain lengths
on their surfaces, the lower concentration of PNIPAAm
macromonomer will be used for the macromonomer
having larger molecular weights. Thus, the contents
of PNIPAAm segment on the nanoparticles will be dif-
ferent. Therefore, we did not have to vary PNIPAAm
macromonomer concentrations to prepare the nanopar-
ticles with similar diameter and different chain lengths
on their surfaces. The nanoparticles of the S2 series
were synthesized under the same concentration and
polymerization temperature (60 ◦C) using the obtained
macromonomers with different molecular weights as a
steric stabilizer. The characterizations of the resulting
samples were summarized in Table III.

In order to prepare PSt nanoparticles with differ-
ent diameters and similar PNIPAAm chain lengths
on their surfaces, the S3 series was synthesized by
the dispersion copolymerization in which PNIPAAm
macromonomer with the number-average molecular
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Table IV. Effect of particle size on the thermosensitive properties

Sample PNIPAAm a dh (nm) µ2/Γ
2 ∆dh

No. (mol%) × 103 in 20 ◦C in 35 ◦C in 20 ◦C in 35 ◦C (%)
S3–1 1.1 436 418 0.13 0.13 4
S3–2 1.3 598 536 0.05 0.08 10
S3–3 0.6 816 712 0.02 0.08 13
S3–4 0.5 1278 846 0.03 0.11 34
aGrafted PNIPAAm unit (p)/ St (q) in nanoparticles as is shown in Scheme 1.

weight of 3600 g mol−1 was selected as a steric sta-
bilizer. On the basis of the obtained S2–2 condition,
sample S3–1 was then prepared by an increase in the
AIBN concentration and polymerization temperature
(75 ◦C) to obtain smaller nanoparticle size in diameter.
In order to prepare the larger size nanoparticles (S3–
3, S3–4) with a narrow size distribution, the PNIPAAm
macromonomer concentrations were decreased because
higher St concentration induced to form polydispersed
particles.23, 24 The characterizations of resulting sam-
ples were showed in Table IV.

The yield of copolymers obtained was more
than 95% in the copolymerization of PNIPAAm
macromonomer with St. The composition of the
copolymers was determined by NMR after purification
of the products. From the results of the yield and the
NMR analysis, it is considered that the St show fairly
high reactivity in the copolymerization and highly ran-
dom copolymers were obtained. The chemical compo-
sitions of grafted copolymers (nanoparticles) were es-
timated by 1H NMR after the dried nanoparticles were
dissolved in CDCl3. The peak area ratio of the me-
thine group (–CH(CH3)2) in PNIPAAm side chain at
4 ppm to all the protons in the backbone (–CH2–CH–)
and methyl groups (–CH(CH3)2) in the copolymer at
1–2.4 ppm gave PNIPAAm contents in the nanoparti-
cles. The amounts of the PNIPAAm segment were 3.1,
1.8, and 0.8× 10−3 mol% [PNIPAAm unit (p)/St unit
(q)] for sample S1–1, S1–2, and S1–3, respectively as
shown in Table II. The compositions of nanoparticles
were also analyzed by 1H NMR for samples of S2–1 to
S2–4. The smaller nanoparticles in size were prepared
by using the macromonomer having higher molecu-
lar weights in the dispersion copolymerization.22 How-
ever, the nanoparticles with the PNIPAAm with various
molecular weights on their surfaces have been obtained
by controlling the reaction parameters as shown in Ta-
ble III. From the chemical composition analysis, the
prepared PSt nanoparticles showed different amounts
of PNIPAAm units for the sample S2–1 to S2–4. How-
ever, we found that the molar number of PNIPAAm
macromonomer unit in the nanoparticles was almost the
same. Also, the compositions of nanoparticles were an-
alyzed by 1H NMR for sample S3 series. The resulting

contents of PNIPAAm unit are shown in Table IV. Ac-
cording to the mechanism of nucleation in the disper-
sion copolymerization,20b hydrophilic macromonomer
such as PNIPAAm, PEG, and PNVIBA macromonomer
aggregated on the surfaces of the nanoparticles. Also,
the surface compositions have been analyzed by ESCA.
No significant differences in N1 s/O1 s and O1 s/C1 s ra-
tios were observed between nanoparticle surfaces and
PNIPAAm homopolymer as reference.22 It means that
the surfaces of the nanoparticles were fully covered by
grafted PNIPAAm branches. Thus, the surface com-
positions and the integral nanoparticles were different
from the dates of ESCA and NMR. It may be con-
sidered that the nanoparticles have core–shell struc-
tures. Furthermore, cross-sectional morphology of the
nanospheres by TEM32 could be useful for thorough
understanding. We will report elsewhere.

Figure 1 shows the TEM images of dried PSt
nanoparticles. From these TEM images, the obtained
products were spherical in form and monodispersed
nanoparticles. The number (Dn), weight (Dw) average
diameters and the polydispersity index (PDI) were cal-
culated from the images using the following equations:

Dn = Σdi/N (1)

Dw = Σdi
4/Σdi

3 (2)

PDI = Dw/Dn (3)

where N is the total number of nanoparticles and di is
the diameter of a nanoparticle in a TEM image. For ex-
ample, the Dn, Dw, and PDI were 465 nm, 470 nm, and
1.01 for S1–1, respectively. The PDI was 1.02 and 1.01
for S1–2 and S1–3, respectively. The morphologies of
other nanoparticles (S2 series and S3 series) were also
observed. If the a PDI value is less than 1.05, the result-
ing particles are considered to be monodispersed.20, 21

In the study, all samples obtained were spherical in
form and monodispersed nanoparticles because the val-
ues of the PDI were less than 1.05.

Effect of Grafted Densities on Thermosensitive Behav-
ior

The PSt nanoparticles, obtained by the dispersion
copolymerization with the different densities of a
grafted PNIPAAm on their surfaces, were analyzed by
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Figure 1. TEM images of S1 series nanoparticles prepared by
the dispersion copolymerization of PNIPAAm macromonomer with
St in mixed ethanol/water (7/3, v/v) solvents. (a) Sample S1–1; (b)
S1–2; (c) S1–3 in Table II.

the dynamic LLS measurement at different tempera-
tures of the dispersed solution. The hydrodynamic di-
ameters (dh) of the PSt nanoparticles were dependent
on the dispersion temperature. When the temperature
was raised to 35 ◦C, the hydrodynamic diameters of the
samples S1–1, S1–2, and S1–3 were decreased. The dh

of the nanoparticles at 20 and 35 ◦C were summarized
in Table II. A significantly larger change in dh was ob-
served for S1–1 with the highest PNIPAAm content on
the nanoparticle surface. The difference in the dh of S1–
1 was 210 nm, varied from 680 nm at 20 ◦C to 470 nm at
35 ◦C. The phase transition temperature of linear PNI-
PAAm chains was ∼32 ◦C lower than 35 ◦C. In fact, a
main change in dh was observed around the LCST of
PNIPAAm.22 The change in dh decreases as PNIPAAm
content decreases. We found the PSt nanoparticle with
lower PNIPAAm segments on their surface was less

sensitive to the varying temperature of the dispersed so-
lution. Similar results have been obtained in the case of
physically adsorbed PNIPAAm on surfactant-free PSt
nanoparticles above LCST.19 When more PNIPAAm
segments were adsorbed on the particle surfaces, larger
decrease in dh was observed in our previous study.19

Comparing the temperature dependence of dh for sam-
ple S1–1 and S1–3, it is clear that the PNIPAAm con-
tent can affect dynamic diameter of the PSt nanoparti-
cles. The nanoparticles with higher PNIPAAm content
on their surfaces showed the larger decrease in dh at
35 ◦C.

The PNIPAAm macromonomer used as a steric sta-
bilizer in the above dispersion copolymerization has
the number-average molecular weight of 3600. On
the basis of the bonding distance of C–C, the chain
length of the macromonomer was calculated to less
than 5 nm in a coiled state when the molecular weight
was < 5000.25 In our recent study, we also found the
facts that poly(ethylene glycol) (PEG) macromonomer
grafted nanoparticles have an outer layer (corona) by
TEM. The thickness of the corona layer obtained from
TEM images of the thin sliced nanoparticles seems to
be reasonable if we consider the surface-grafted poly-
mer chain to be the almost full extension.32 The size
in PNIPAAm grafted nanoparticle became small above
LCST due to shrinkage of a corona layer. However,
the size change in hydrodynamic diameters was much
larger than the total length of two PNIPAAm chains.
Only considering the surface grafting, it is impossible
that the size of nanoparticles changes more than 100 nm
at above LCST. One of the causes may be that some
thermosensitive graft copolymers constitute a mixture
layer in outside of the PSt rich core. If the nanoparticles
have the core-corona structures similar to PEG grafted
particles,32 the larger decrease in diameter suggests an
induced shrinkage of the mixture layer on the PSt core
due to the shrinkage of a corona layer at 35 ◦C. The sur-
face densities of grafted PNIPAAm were increased by
increasing PNIPAAm macromonomer amount to St in
feed, in which change of PSt core can become larger in
diameter at 35 ◦C.

Furthermore, comparisons of hydrodynamic diame-
ter (dh) of S1–1, S1–2, and S1–3 in dispersed solu-
tion at 35 ◦C with the number-average diameter (Dn) of
the dry nanoparticles from the TEM micrographs were
found that dh was approximately the same as Dn. The
result also suggested the shrinkage of the PSt core in
the nanoparticles.

Effect of Molecular Weight on Thermosensitive Behav-
ior

We analyzed the thermosensitive properties of the
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PSt nanoparticles having different PNIPAAm chain
lengths on their surfaces. From the dh data in Table III,
we found that the hydrodynamic diameters were sig-
nificantly decreased at 35 ◦C. Although sample S2–1
had the shortest PNIPAAm chain on the surface, the
largest decrease was observed, which was from 616
to 530 nm, indicating a 14% decrease of the hydrody-
namic diameter compared to that at 20 ◦C. The dh of
sample S2–2, which had a medium molecular weight
of grafted PNIPAAm on the surface, clearly decreased
from 598 to 536 nm, which corresponded to a 10% de-
crease in diameter. The dh of sample S2–3, which had
a longer PNIPAAm chain on the surface, slightly de-
creased from 506 to 462 nm, which corresponded to
a 9% decrease in diameter. Sample S2–4, with the
longest PNIPAAm chain on the surface also showed
a small decrease in diameter, which change from 460
to 414 nm. The percentage of dh decrease was 10% at
35 ◦C in hydrodynamic diameter. From the experimen-
tal results, the larger decrease in hydrodynamic diam-
eter can be observed at 35 ◦C, when prepared nanopar-
ticle diameters were increased. Similar behaviors were
observed as discussed in the next section (see Table IV).
In the case, total surface area (S) was calculated for the
nanoparticles of series 2. We found that S of sample
S2–1 was smaller than that of S2–4. This means that
the density of grafted PNIPAAm in corona layer was
higher for sample S2–1 than one of S2–4 because their
molar number of grafted PNIPAAm on the nanoparti-
cles was similar. In Table II, the nanoparticles showed
larger decrease in dh when the densities of grafted PNI-
PAAm were increased. On the other hand, Napper et al.
reported the thermosensitive behavior of PSt particles.
The decrease of hydrodynamic diameter depended only
on the molecular weight (> 105) of the PNIPAAm on
the PSt particle surfaces which occurs coil-to-globule
transition above LCST.18 A larger decrease in dh was
expected when longer PNIPAAm chain lengths are
grafted to the nanoparticle surfaces. Although the de-
crease in diameter for S2–4 was slightly larger than
that for S2–3, no significant difference in percentage
decrease of dh was observed among these samples of
S2–2, S2–3, and S2–4. This may be attributed to dif-
ferent intensity of shrinkage of PSt cores. Comparing
these shrinkage of the PSt core and PNIPAAm corona
layer, it can be considered that the molecular weight of
grafted PNIPAAm might slightly affect the thermosen-
sitive property of the nanoparticles. The effect of the
chain length of PNIPAAm onto nanoparticle surface
can be analyzed by LLS easily if a molecular weight of
a macromonomer larger than 50000 can be synthesized.
In this case, the nanoparticles prepared by the disper-
sion copolymerization of PNIPAAm macromonomer

with St seem to be not significantly effective for de-
creasing dh. The contribution of coil-to-globule tran-
sition of grafted PNIPAAm chains to the decrease in
dh is not easily detected for these with small molecular
weights of PNIPAAm.

Effect of Nanoparticle Size on Thermosensitive Behav-
ior

In order to demonstrate the effects of nanoparticle
sizes on the thermosensitive properties, the nanopar-
ticles with both different diameters and equal chain
lengths on their surfaces have been prepared by the
dispersion copolymerization method. The temperature
dependence of the hydrodynamic diameter was exam-
ined as shown in Table IV. The hydrodynamic diame-
ters were significantly decreased when the temperatures
of dispersed solutions were raised from 20 to 35 ◦C.
The dh of sample S3–1 with the smallest size was de-
creased from 436 to 418 nm, which corresponded to
only a 4% decrease in diameter. On the other hand, the
dh of sample S3–3, which had the larger particle size,
decreased from 816 to 712 nm. The decrease in the hy-
drodynamic diameter corresponded to a 13% decrease
in diameter. However, the dh of sample S3–4 with the
largest size was decreased from 1278 to 846 nm, which
corresponded to a 34% decrease in diameter. Although
sample S3–4 had the lowest molar number of grafted
PNIPAAm units in the nanoparticles, the decrease in
hydrodynamic diameter was larger than in samples S3–
1 to S3–3 which corresponded to the 45 times larger
decrease to the total chain length. The result also sug-
gested the shrinkage of PSt core in the nanoparticles.
Comparing sample S3–4 with S3–1, the diameter of
S3–4 increase by three times when the content of PNI-
PAAm units in the nanoparticles was decreased by half.
Also, the percentage change in dh increase by about
nine times. In this case, the surface area and the vol-
ume of S3–4 were 8.5 times and 25.6 times larger than
that of S3–1, respectively. According to the surface
area and the volume of S3–4, we found that the den-
sity of grafted PNIPAAm was higher than that of S3–
1. The higher density can affect the thermosensitive
property of the nanoparticles, which showed a larger
decrease in dh. In addition, a possible reason can be
inferred that grafted PNIPAAm chains on the nanopar-
ticle surfaces went through a coil-to-globule transition,
while hydrophobic PSt cores might concentrate to ex-
hibit a decrease in diameter when the temperatures of
dispersed solutions were raised above LCST of PNI-
PAAm. As a consequence, the thermosensitive prop-
erties of the nanoparticles significantly depend on their
diameters when the diameters overtook certain range.
The PSt nanoparticles with larger sizes showed larger

Polym. J., Vol. 35, No. 12, 2003 907



M. Q. CHEN et al.

Table V. DSC data of PSt nanoparticles

SampleNo. Tg(◦C) ∆H (mJ mg−1)
S1–1 115.0 3.47
S1–2 113.8 3.18
S1–3 113.4 1.43

decrease in hydrodynamic diameter due to shrinkage of
PNIPAAm corona layer.

Glass Transition Temperature
The thermal behavior of PNIPAAm-g-PSt nanopar-

ticles was examined in DSC scans. All samples were
scanned from 0 to 180 ◦C for S1–1, S1–2, and S1–
3. The resulting glass transition temperature (Tg) of
the nanoparticles is shown in Table V. The Tg was
115.0, 113.8, and 113.4 ◦C based on the temperature of
the peak bottom, respectively. From the DSC thermo-
gram of nanoparticles, clear endotherms are resolved
for the S1 series having different densities of grafted
PNIPAAm on their surfaces. In the case of polymeric
particles, the enthalpy of dissociation, ∆H, represents
the endothermic amount of fusion. The values of ∆H
were 3.47, 3.18 and 1.43 mJ mg−1 for sample S1–1, S1–
2, and S1–3, respectively. In our previous study, the
PSt nanoparticles with a molecular weight of about 105

were polymerized by the dispersion copolymerization
of PNIPAAm macromonomer with St using 1 mol%
AIBN (to total monomer) as an initiator at 60 ◦C.22 Al-
though lower molecular weights of grafted copolymers
can be obtained when using higher initiator concentra-
tion and higher polymerization temperature for samples
S1–2 and S1–3. The differences of Tg cannot only be
due to the different molecular weights, because there
should be little effect of molecular weight on Tg. Ford
and Pilcher also reported the effects of tacticities on
the Tg for the poly(methyl methacrylate) (PMMA) par-
ticles.33 The difference in ∆H seems to be dependent
on the compositions of the nanoparticles such as distri-
bution and amount of PSt segment in PNIPAAm-g-PSt
mixed layer. The thicker mixture layer of PNIPAAm-g-
PSt is, the higher the ∆H is. The larger endotherm was
observed for sample S1–1, with the largest decrease in
hydrodynamic diameter. The DSC data are consistent
with the results of dynamic LLS measurements.

Structural Model of Nanoparticle
The solubility of the polymers (PSt oligomers and

graft copolymers) generated in reaction solution de-
pended on their molecular weights and the composi-
tion of the graft copolymers. The grafted polymers
with a large molecular weight in the present study
will precipitate and coagulated to form particles. At
the same time, the corona layer of grafted PNIPAAm

Figure 2. Schematic illustration of PNIPAAm grafted nanopar-
ticles.

can be formed, which is based on the self-assembly
of the graft polymers. The density of grafted PNI-
PAAm chains at the corona layer will be increased dur-
ing the self-assembly of graft polymers by using high
PNIPAAm macromonomer concentration. One of the
possible reasons is that the reactivity of the PNIPAAm
macromonomer was lower than that of St in the disper-
sion copolymerization system. Therefore, PNIPAAm
segments can be polymerized onto the outer surface
based on the radical growth or termination reaction in
the dispersion copolymerization process. The appar-
ent thermosensitivity can be observed from the percent
decrease in dh of the nanoparticles with higher densi-
ties of grafted PNIPAAm on their surfaces, as shown
in Table II (S1–1 and S1–2). When high molecular
weight of macromonomer was used, the grafted PNI-
PAAm segments might be accumulated in the corona
layer with more which depended on the solubility of
the graft copolymers and their self-assembly. From
the results shown in Table III (S2–4), it seems that
the chain lengths of grafted PNIPAAm can slightly af-
fect the thermosensitive property of the nanoparticles,
in which the larger percentage decrease in dh was ob-
served. Although PNIPAAm content in larger nanopar-
ticles was lower based on the total PSt segments, the
stable nanoparticles can be formed in the dispersion
copolymerization process (S3–4) owing to the self-
assembly of graft copolymers. The density of grafted
PNIPAAm in the corona layer was higher than smaller
nanoparticles (S3–1), while thickness of corona was in-
dependent on a particle size.32 According to the previ-
ous three thermosensitive behaviors, the PSt nanopar-
ticles may be alternatively viewed (as is shown in Fig-
ure 2) as consisting of a hydrophobic PSt core (diameter
dc) and a “soft” corona layer of grafted PNIPAAm seg-
ments (hydrodynamic diameter dh). The dh depended
on the temperature of dispersed solutions. The dc was
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slightly larger than Dn at a dried state observed by TEM
micrograph.

The nanoparticles with PNIPAAm segments on their
surfaces are useful in the adsorption of protein.34 Fur-
thermore, the PSt nanoparticles were applied to the oral
peptide delivery system35 and improvement of immo-
bilization of metal catalyst.36, 37 The catalyst of plat-
inum colloids have shown high activity on recycling in
the aqueous hydrogenation of allyl alcohol. In chem-
ical analysis based on electron spectroscopy, the hy-
drophilic grafted polymer chains were favorably lo-
cated on the surfaces of the PSt nanoparticles.20, 22, 24

It means that the nanoparticle has a PSt core and PNI-
PAAm corona layer structure, while the PNIPAAm
corona layer was accumulated on the surface to stabi-
lize the nanoparticle formed.

CONCLUSION

We successfully prepared PSt nanoparticles with
different grafted densities and chain length of PNI-
PAAm on their surfaces by the dispersion copolymer-
ization of various PNIPAAm macromonomers with St
in ethanol/water mixed solvents. The obtained PSt
nanoparticles have a narrow size distribution under the
various polymerization conditions. The decrease in
the hydrodynamic diameters was dependent on the sur-
face densities, and sizes of nanoparticles when tem-
perature of dispersed solution was raised to above
LCST of PNIPAAm. Higher molecular weights of
PNIPAAm macromonomer seem not to affect ther-
mosensitive property of resulting nanoparticles because
the change was small for coil-to-globule transition of
grafted PNIPAAm chains than shrinkage of PSt core.
Using low molecular weights or high concentrations
of the PNIPAAm macromonomer as a steric stabilizer
in the dispersion copolymerization, the nanoparticle
showed more clear thermosensitive property in the dh

decrease. The obtained nanoparticles can be widely
used in the catalysis, biomedical and biochemical sys-
tems.
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