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The micelle formation of graft and block copoly-
mers in selective solvents is an interesting topic on
polymer self-assemblies.1,2 Although various micellar
systems have been investigated, their detailed struc-
ture still remains to be clarified since micelles com-
posed of at least two component chains are complex
to examine discretely.
Recently, we reported solvatochromism of the mi-

celles of poly(methyl acrylate)-grafted poly(methyl-
n-propylsilane) (PMPrS-g-PMA) and poly(acrylic
acid)-grafted PMPrS (PMPrS-g-PAA) synthesized
through �-ray-induced graft polymerization.3 Polysi-
lane is well-known for its chromic behavior4–8 caused
by the main-chain conformational change as well as
for its unique electronic and photonic properties.9

By taking advantage of the chromic changes of
PMPrS, our former study disclosed the inner structure
of the PMPrS-g-PAA micelles in water/tetrahydro-
furan (THF) mixed solvents as follows. At water con-
tents from 50 to 95%, the swollen-core micelle
formed, in which PMPrS chains in the micelle core
are dissolved in THF and adopt the random confor-
mation. At water contents above 95%, the solid-
core micelle formed, in which PMPrS core chains be-
come solid and adopt the quasi-all-trans conforma-
tion.
In the present paper, we report core phase transition

of PMPrS-g-PAA micelles in water/THF solvents as
revealed from their thermochromism. The conforma-
tional transition of PMPrS core chains induced by a
temperature change was closely examined by UV
spectroscopy. In addition, light scattering measure-
ments and a fluorescent method were also employed
for clarifying the physical state of the micelles in
the solution.

EXPERIMENTAL

Synthesis
PMPrS was synthesized via the Wurtz-type cou-

pling reaction of distilled methyl-n-propyldichloro-
silane (Shin-Etsu Chemical, Co.). GPC measurement
showed that the number-average molecular weight of
PMPrS used was 15000 against polystyrene standards.
PMPrS-g-PMA was synthesized through �-ray-in-

duced graft polymerization. PMPrS was dissolved to-
gether with methyl acrylate monomer in toluene and
then irradiated with �-rays after degassing. PMPrS-
g-PAA was prepared by the hydrolysis of PMA chains
of PMPrS-g-PMA. The grafting yield (the number of
grafted monomer units per silicon atom) was 0.33
for PMPrS-g-PAA determined from 1H NMR signals.
The details of preparation and characterization were
reported in our previous paper.3

Measurements
PMPrS-g-PAA micelles were prepared in water/

THF mixed solvents. Water and THF are poor and
good solvents for PMPrS, respectively. In a typical
procedure of sample preparation, PMPrS-g-PAA was
first dissolved in THF, and then a proper amount of
water was added to give a desired solvent composi-
tion. Throughout this study, concentration of PMPrS-
g-PAA was fixed at 1:5� 10�2 g/L. A spin-coated
film of PMPrS was prepared from a toluene solution
on a quartz substrate.
Optical absorption and emission spectra were meas-

ured under controlled temperature. Temperature was
measured by immersing a thermocouple in the solu-
tion or by attaching it directly to the film just before
data acquisition. Static light scattering (SLS) and dy-
namic light scattering (DLS) measurements were car-
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ried out with ALV-5000. The detection angle in the
SLS measurements was 90�. Those in the DLS meas-
urements were 30�, 60�, 90� and 120�. The hydro-
dynamic size of the micelles was analyzed from
DLS results by a single exponential fitting method.

RESULTS AND DISCUSSION

UV absorption spectra of a PMPrS film
Before investigating micelles, UV absorption spec-

tra of a PMPrS spin-coated film were briefly examined
for comparison. With increasing temperature from 20
to 50 �C, a thermochromic change was observed as
seen in the literature.10 The absorption band peaking
at 320 nm diminished and that peaking at 305 nm grew
correlatively, which corresponds to the transition from
the quasi-all-trans conformation to the random confor-
mation of PMPrS chains. Here, we define transition
temperature as the temperature at which the absorb-
ance at 305 nm is equal to that at 325 nm. The evalu-
ated transition temperature of the PMPrS film, 46 �C,
is in consistence with the literature value,10 and then
this thermochromic behavior indicates melting of
PMPrS chains. Thus, the conformational change in as-
sociation with the phase transition was demonstrated
to appear as the thermochromism.

Temperature effect on solid-core micelles
PMPrS-g-PAA forms solid-core micelles in a water

/THF mixed solvent with a water content of 99% (in
volume, likewise hereinafter) at room temperature as
reported previously.3 The solid-core micelle consists
of PMPrS core chains and PAA corona chains, where
PMPrS chains are in the solid state and adopt the
quasi-all-trans conformation at room temperature.
Figure 1 shows UV absorption spectra of PMPrS-g-

PAA at a water content of 99% obtained with increas-
ing temperature. The spectral behavior observed was

parallel to that of the PMPrS spin-coated film and re-
versible with hysteresis upon a temperature change as
described in the following section. The spectral transi-
tion indicates the conformational change of PMPrS
chains from quasi-all-trans to random with rising
temperature. Moreover, the transition temperature,
42 �C, is close to that of the PMPrS film. It is judged
from this result that the solid core consisting of
PMPrS chains changes into a molten core at this tem-
perature.
The open circles in Figure 2 shows the SLS results

of PMPrS-g-PAA micelles at a water content of 99%
plotted against temperature. The scattering light inten-
sity is almost constant in the shown temperature
range, indicating that the aggregation number of the
polymer chains in each micelle does not vary.11,12

This fact also indicates that the conformational transi-
tion demonstrated in Figure 1 is not caused by the dis-
solution of the micelles.
Next, the change in the micellar size was investigat-

ed by the DLS experiment with rising temperature.
Also in Figure 2, the evaluated size is plotted by
closed circles against temperature. Below the transi-
tion temperature, the micellar size becomes smaller
with increasing temperature. This reduction of the size
is interpreted in terms of the shrinkage of PAA corona
chains because the hydrogen bonds between carboxyl
groups of PAA and water molecules become weaker
with rising temperature.11 Due to the breakage of hy-
drogen bonds, PAA corona chains are less solvated by
water molecules and shrink with increasing tempera-
ture. Thus, the micellar size decreases as shown in
the figure. Above the transition temperature, the size
is almost constant. The reason for this is not fully
clarified but we consider that it is due to the competi-
tion between the shrinkage of PAA corona chains and
the increase of the core volume within the micelle.
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Figure 1. UV absorption spectra of PMPrS-g-PAA micelles at

a water content of 99% measured with increasing temperature.
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Figure 2. Temperature dependence of the static light-scatter-

ing intensity at 90� ( ) and the hydrodynamic radius (Rh) of

PMPrS-g-PAA micelles ( ) at a water content of 99% evaluated

from DLS.
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Since PMPrS core chains melt above the transition
temperature as demonstrated above, the core volume
should increase with the phase transition of PMPrS.
This increase of the core volume compensates the co-
rona shrinkage and the apparent size appears constant
above the transition temperature.
When the temperature was risen from 20 to 60 �C

and then lowered to 20 �C again, the micellar size
was recovered. This thermal reversibility supports
the idea that micellar structure is maintained after ex-
periencing phase transition in the micelle core.

Transition temperature and solvent composition
PMPrS-g-PAA forms swollen-core micelles at

water contents from 50 to 95% at room temperature.
The swollen-core micelle contains THF within the
core, which dissolves PMPrS chains. Fluorescence
measurement using perylene proved that the swol-
len-core micelle becomes smaller with increasing
water content.3

Thermochromic behavior at water contents of
95% and 89% is similar to that at a water content of
99%, but the transition temperature varies as shown
in Figure 3. The transition temperature lowers with
decreasing water content. This result is explained by
local concentration of PMPrS chains within the core.13

In the solid core, PMPrS chains contact with each oth-
er and therefore the local concentration of the PMPrS
chains is high. The conformational transition of
PMPrS chains requires large thermal energy because
of the restriction of the chain motion. In the swollen
core, on the contrary, the local concentration of
PMPrS chains is lower than that of the solid core be-
cause THF partially solvates the core chains. The
chain motion is less hindered and the conformational
transition requires smaller energy. As a result, the

transition temperature falls with decreasing water con-
tent as shown in Figure 3.
The transition temperature in the cooling process is

always lower than that in the heating process as shown
by open circles in Figure 3. Similar hysteresis was ob-
served also for the PMPrS film: its transition temper-
ature was 46 �C on heating but 43.5 �C on cooling.
This is a supercooling phenomenon commonly found
in polymer systems and that of polysilane is also re-
ported in several studies by DSC measurements.8c,8e

Temperature effect on highly swollen micelles
Lastly, we briefly discuss temperature effect on the

swollen-core micelles that exhibited no phase transi-
tion. Below water contents of 69%, the absorption
spectra exhibited a peak around 305 nm and no spec-
tral transition in the temperature range shown in
Figure 3. This means no conformational transition of
the PMPrS chains occur in this temperature range.
Size information of the swollen-core micelles by the
DLS measurement was also unavailable owing to the
poor reproducibility of DLS data as also encountered
in the previous study. Accordingly, we estimated the
micelle structure by utilizing the excitation energy
transfer method in the same manner as our former
report.3

The principle is as follow. When perylene is codis-
solved with the graft copolymer, hydrophobic pery-
lene is incorporated in the micelle at low water con-
tents. In this situation, energy transfer based on the
Förster mechanism occurs from PMPrS chains to per-
ylene molecules by selective excitation of PMPrS
with 305 nm light, and thus fluorescence emission
from perylene can be observed. If the core of micelles
is shrinked, perylene emission should become strong-
er because the density of PMPrS chains increases and
perylene can approach closer to PMPrS chains.
Figure 4 shows the emission intensity from pery-
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Figure 3. Relationship between the transition temperature and

the solvent composition of PMPrS-g-PAA solutions. The data

shown by and are obtained in the heating and cooling proc-

ess, respectively.
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Figure 4. Emission intensity from perylene at 445 nm at a

water content of 69%. The concentration of perylene is 5:0�
10�3 g/L.
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lene at 445 nm observed for the micellar solution at a
water content of 69%. The emission intensity decreas-
es with rising temperature. It is presumed that the
Förster radius hardly changes with temperature be-
cause little change was observed for the spectral over-
lap between PMPrS emission and perylene absorption
as well as for the emission intensity of PMPrS. Emis-
sion intensity from perylene alone in the solvent was
also independent of temperature. Therefore, this de-
crease of the emission intensity is solely ascribable
to the less efficient energy transfer due to extended dis-
tance between PMPrS chains and perylene molecules.
This result indicates that the micelle core becomes
more swollen because the solubility of PMPrS for
THF increases with rising temperature. The graft co-
polymers more loosely aggregate in the micelles and
get closer to the unimer state at higher temperature.

CONCLUSION

We disclosed the core phase transition of PMPrS-g-
PAA micelles formed in water/THF mixed solvents.
The core of the solid-core micelle transitions to the
molten state with increasing temperature. Our pervi-
ous study revealed that there are two types of core
states, that is, swollen and solid states depending on
the solvent composition. The molten state is the third
state that we found for the polysilane micelle, which is
induced by a temperature rise. Through this study, we
successfully demonstrated that the physical state of in-
ner chains within micelles can be revealed by taking
advantage of the optical property unique to polysilane.
In the present system, temperature works as an exter-
nal stimulus and the response appears as thermochro-
mic behavior in UV absorption. It was proved thus
that polysilane is expected to serve as a stimuli-re-
sponsive optical probe molecule.
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