
Introduction

Micelle formation induced by variation in the sur-
roundings and interaction has received scientific atten-
tion in recent years, because the methods of the micelle
formation can control the self-assembly of macromole-
cules. The macromolecules are ordinary block and/or

random copolymers. The variation in the surroundings
is often caused by changes in temperature, pressure, and
pH. The micelle formation induced by temperature [1–4]
or pressure [5–9] is based on the difference in the solu-
bility of the blocks composing the block copolymers
through the changes in these factors. In the pH-induced
micelle formation, protonation–deprotonation in parts
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Abstract The micelle formation of
poly[(4-pyridinemethoxymethyl)sty-
rene]-block-polystyrene (PPySt-b-
PSt) was studied in the nonselective
solvent using perfluoroalkyl carbox-
ylic acids. PPySt-b-PSt showed no
self-assembly into micelles in THF,
because this solvent was nonselective
for the copolymer. Dynamic light
scattering demonstrated that the di-
block copolymer formed the micelles
in the solvent in the presence of
perfluoroalkyl carboxylic acids in
which the number of carbons in the
perfluoroalkyl chains was over eight.
1H NMR revealed that the micelli-
zation proceeded through the salt
formation of the pyridinium perflu-
oroalkyl carboxylate and through
the aggregation of the perfluoroalkyl
chains in the counter anions. The
hydrodynamic radius and the
aggregation number of the micelles
increased with an increase in the
length of the perfluoroalkyl chain.
The copolymer needed less carbox-
ylic acid with longer perfluoroalkyl
chain to form the micelles. The co-

polymer produced the micelles with
lower aggregation number and
higher critical micelle concentration
at higher temperature, although the
micellar size was almost independent
of the temperature. The micelles
were unstable with respect to the
variation in the temperature, and
were dissociated into the unimers
with the increase in the temperature.
The micelles, however, were recon-
structed by decreasing the tempera-
ture. This dissociation–
reconstruction of the micelles was
controlled reversibly not only by the
temperature but also by the con-
centration of the perfluoroalkyl car-
boxylic acid. An increase in the acid
concentration suppressed the disso-
ciation into the unimers, while pro-
moting the reconstruction of the
micelles.
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of a block copolymer controls the self-assembly [10–12].
The interaction between parts of a block copolymer with
other compounds also manipulates the self-assembly
[13–15]. The micelle formation is a salt-induced micelli-
zation.

While amphiphilic copolymers form micelles by direct
self-assembly, in the induced micellization, nonamphi-
philic copolymers molecularly and completely dissolved
in solvents form the micelles through conversion of the
nonamphiphilic copolymers into amphiphilic ones in
situ by the variation in the surroundings and interaction.
The indirect micelle formation has advantages over the
direct micellization in that a variety of amphiphilic co-
polymers can be created from a nonamphiphilic co-
polymer in situ by selecting factors that can vary the
surroundings and the kind of interaction. The advanta-
ges include the fact that there is no dependence on the
balance of solvophilic and solvophobic moieties when
designing the copolymers.

Pyridine-containing block copolymers are often used
for the micelle formation induced by pH [16, 17] and salt
formation [18, 19]. The pyridine moieties serve as proton
acceptors in the pH-induced micellization and as ligands
of metal complexes in the salt-induced micellization [20,
21]. We found that a nonamphiphilic diblock copolymer
consisting of poly[(4-pyridinemethoxymethyl)styrene]
(PPySt) and polystyrene (PSt) formed micelles in the
presence of perfluoroalkyl carboxylic acids and that the
self-assembly of the copolymer was controlled by
the length of the perfluoroalkyl chain. This paper
describes the light scattering studies concerning micelle
formation of the poly[(4-pyridinemethoxymethyl)sty-
rene] -block-polystyrene diblock copolymer (PPySt-b-
PSt) by perfluoroalkyl carboxylic acid. The thermal
response of the micelles is also described.

Experimental

Instrumentation

1H NMR spectra were obtained with Bruker ARX-500
and JEOL GSX-500 FT NMR spectrometers. Light
scattering experiments were performed with a Photal
Otsuka Electronics DLS-7000 super dynamic light
scattering spectrometer equipped with an LS-71 control
unit, an LS-72 pump controller, and an argon ion laser
operating at k=488 nm.

Materials

4-Methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-meth-
oxy-TEMPO) was prepared as reported previously [22].
Benzoyl peroxide (BPO) was precipitated from
chloroform and recrystallized in methanol at 0 �C.

Commercial grade styrene was washed with aqueous
alkaline solution and water and distilled over calcium
hydride. Sodium hydride was washed with hexane sev-
eral times and dried in vacuum just before use. DMF
was distilled over calcium hydride. THF was purified by
refluxing on and distilling over sodium. 4-Chlorometh-
ylstyrene and 4-pyridinemethanol were used without
further purification. Extrapure tridecafluoroheptanoic
acid (Pf-6), pentadecafluorooctanoic acid (Pf-7), hepta-
decafluorononanoic acid (Pf-8), nonadecafluorodeca-
noic acid (Pf-9), perfluoroundecanoic acid (Pf-10),
perfluorododecanoic acid (Pf-11), and perfluorotetra-
decanoic acid (Pf-13) were purchased from the Aldrich
Chemical Co. or Daikin Chemicals Sales, Ltd., and were
used without further purification.

Synthesis of 4-(pyridinemethoxymethyl)styrene (PySt)

A solution of 4-pyridinemethanol (7.51 g, 68.8 mmol) in
DMF (20 mL) was added a suspended solution of NaH
(2.48 g, 103 mmol) in DMF (70 mL) at 0 �C. The mix-
ture was stirred at room temperature for 45 min. A
solution of 4-chloromethylstyrene (7.00 g, 45.9 mmol) in
DMF (15 mL) was added to the mixture at 0 �C, and the
mixture was stirred at room temperature for 15 h. After
the reaction, 200 mL of ether was added to the mixture
and washed with water several times. The ether layer
was dried with anhydrous magnesium sulfate, and
evaporated to remove the ether, dried in vacuum for
several hours. The crude product (10.39 g) was ob-
tained. PySt was separated by a silica gel column with
benzene/ethyl acetate=1/1 (vol/vol) as the eluent. PySt
(7.73 g) was obtained as yellow liquid. 1H NMR
(CDCl3, ppm): d 4.58 (2H, s, O-C H2-pyridine), 4.61
(2H, s, O-C H2-styrene), 5.28 (1H, d, J=11 Hz, vinyl C
H), 5.79 (1H, d, J=18 Hz, vinyl C H), 6.75 (1H, dd, J=
11, 18 Hz, vinyl C H), 7.30 (2H, d, J=5 Hz, C H,
3-pyridyl), 7.36 (2H, d, J=8 Hz, C H, 3-styryl), 7.44
(2H, d, J=8 Hz, CH, 2-styryl), 8.60 (2H, d, J= 5 Hz, C
H, 2-pyridyl).

Synthesis of PPySt-b-PSt

PySt (2.09 g, 9.28 mmol), BPO (37 mg, 0.153 mmol),
and 4-methoxy-TEMPO (40 mg, 0.215 mmol) were
placed in ampule. After the contents were degassed, the
ampule was sealed in vacuum. The polymerization was
carried out at 125 �C for 7.5 h and was terminated by
cooling with liquid nitrogen. The reaction mixture was
dissolved in dichloromethane and poured into hexane to
precipitate PPySt. The polymer was purified by repeated
reprecipitation from dichloromethane into hexane. The
precipitate was then dried in vacuum for several hours to
obtain PPySt (1.67 g). The PPySt prepolymer (887 mg)
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and styrene (3.64 g, 34.9 mmol) were placed in ampule.
After the contents were degassed, the ampule was sealed
in vacuum. The polymerization was carried out at
125 �C for 48 h. The reaction mixture was dissolved in
dichloromethane and poured into methanol to precipi-
tate the resulting polymer. The polymer was precipitated
repeatedly from dichloromethane into methanol to re-
move the PPySt prepolymer remained. The precipitate
was then dried in vacuum for several hours to obtain
PPySt-b-PSt (2.57 g).

Light scattering measurements: general procedure

PPySt-b-PSt (10 mg) was dissolved in THF (3 mL), and
using a syringe, the resulting solution was injected
through a microporous filter into a cell. The solution
was subjected to light scattering measurement at 20 �C.
After the measurement, 8 lL of solution of Pf-11
(227.5 mg, 0.370 mmol) in THF (0.5 mL) was added to
the copolymer solution in the cell, and the mixture was
shaken vigorously. The solution was allowed to stand at
20 �C for 10 min, then subjected to light scattering
again. This procedure was repeated until distribution
due to the unimers disappeared completely in nonne-
gatively constrained least-squares (NNLS) analysis [23].

Results and discussion

The PPySt-b-PSt diblock copolymer was prepared
through the living radical polymerization mediated by 4-
methoxy-TEMPO (Fig. 1). The molecular weight of the
PPySt prepolymer was Mn=12,000 by 1H NMR anal-
ysis using the signal intensities of two different kinds of
the methylene protons for the PySt units and the
methoxy protons for 4-methoxy-TEMPO attached to
the polymer chain end. The 1H NMR spectrum of the
PPySt prepolymer is shown in Fig. 2. The proton signals
of the methylene were observed at 4.45 ppm, while the
signals of the methoxy at 3.2–3.4 ppm. The signals at
0.8–1.2 ppm also originated from 4-methoxy-TEMPO.
Those were based on the tetramethyl group. The signals

at 8.60 and 7.18 ppm were attributed to the protons
located at the 2 and 3 positions on the pyridine moiety,
respectively. The molecular weight distribution of the
PPySt prepolymer could not be determined by GPC,
because the polymer was adsorbed on polystyrene gels in
the columns with THF as the eluent. Figure. 2 also
shows the 1H NMR spectrum of the PPySt-b-PSt di-
block copolymer. The molecular weight of the copoly-
mer was determined using the signal intensities of the
methylene protons at 4.45 ppm and the aromatic pro-
tons at 6.1–7.3 ppm. The molecular weight was
Mn(PPySt-b-PSt)=12,000-b-33,000.

Poly[(4-pyridinemethoxymethyl)styrene]-block-poly-
styrene shows no micellization in THF, because the
solvent is nonselective for the copolymer. Dynamic light
scattering demonstrated that the PPySt-b-PSt copolymer
formed micelles in the solvent in the presence of per-
fluoroalkyl carboxylic acids. Figure. 3 shows the varia-
tion in hydrodynamic radii and aggregation numbers of
the copolymer during the micellization using Pf-6, Pf-7,
Pf-8, Pf-9, Pf-10, Pf-11, and Pf-13. We represented the
aggregation number as relative aggregation number
estimated from the relative scattering intensity (I/I0).
This is because the copolymer concentration is immu-
table during the micellization and the interaction be-
tween the pyridinium moiety and the perfluoroalkyl
carboxylic acids without aggregation has no effect on the
scattering intensity. It supports the pertinence of this
estimation that the addition of trifluoroacetic acid to the
copolymer solution had no changes in the hydrodynamic
radius and the scattering intensity of the copolymer.
Accordingly, the relative scattering intensity may be
regarded as apparent aggregation numbers estimated
approximately. The copolymer formed micelles in the
presence of the perfluoroalkyl carboxylic acids in which
the number of carbons in the perfluoroalkyl chains was
over eight. The hydrodynamic radius of the micelles
increased as a result of increasing the length of the
perfluoroalkyl chains. The transition from the unimers
to the micelles was shifted to the lower side of the molar
ratio of the perfluoroalkyl carboxylic acid to the PySt
unit (PfCOOH/PySt) with an increase in the number
of perfluoroalkyl carbons. The copolymer needed less
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Fig. 1 Synthesis of the PPySt-b-
PSt diblock copolymer
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carboxylic acid for longer perfluoroalkyl chains to pro-
duce the micelles. The carboxylic acid with a longer
perfluoroalkyl chain had a stronger aggregation force,
resulting in the production of the micelles at a lower
PfCOOH/PySt ratio. The strength of the aggregation
force based on the perfluoroalkyl chain was reflected in
the aggregation number of the micelles. The aggregation
number at the complete micellization increased with an
increase in the length of the perfluoroalkyl chain. We
deduced that the length of the perfluoroalkyl chain

determined the micellar size and the aggregation num-
ber.

Figure 4 shows the variability in the distribution of
the hydrodynamic radius of the copolymer during the
micellization by Pf-11. The distribution was obtained by
the NNLS analysis. The copolymer exists as unimers in
the absence of the perfluoroalkyl carboxylic acid. The
distribution of the unimers was observed at around a 9-
nm hydrodynamic radius. When Pf-11 was added to the
copolymer solution (Pf-11/PySt=2.5), another distri-
bution was discerned around ca. 26 nm, attributed to
the micelles. The distribution of the unimers disappeared
at Pf-11/PySt=3.0, indicating that the micellization was
completed.

1H NMR revealed that the micellization occurred
through the salt formation between the pyridine moiety
and the perfluoroalkyl carboxylic acid. Figure 5 shows
the 1H NMR spectra obtained for the PPySt-b-PSt co-
polymer at each Pf-11/PySt molar ratio in THF-d8. As
the Pf-11/PySt ratio increased, the signals at 7.18 and
8.40 ppm for the aromatic protons of the pyridine rings
were broadened much more and were shifted to a lower
magnetic field side. The signals at 4.40 ppm for two
methylenes were also broadened and were shifted to a
lower magnetic field side. The signals were divided into
two as the micellization proceeded. The signals observed
at a higher magnetic field should originate from the
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Fig. 4 Variation in the intensity distribution of the hydrodynamic
radius of the PPySt-b-PSt copolymer through the micellization
using Pf-11. [copolymer]=3.33·10)3 g/mL

Fig. 2 1H NMR spectra of the PPySt prepolymer and the PPySt-b-
PSt block copolymer. Solvent: CDCl3
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methylene attached to the pyridine ring, while the signals
at a lower magnetic field from the benzyl group.

The shifts of the signals to a lower magnetic field
were also observed by the addition of Pf-8 to the co-
polymer solution. Pf-8 formed the salt with the pyridine
moiety. However, the copolymer produced no micelles
in the presence of Pf-8, as a result the signals of the
pyridine moieties were less broadened by Pf-8 in com-
parison with the signals broadened by Pf-11. On the
other hand, in the micelle formation by Pf-13, the sig-
nals at 4.40, 7.18, and 8.40 ppm were slightly observed.
The strong aggregation force of the long perfluoroalkyl
chains in Pf-13 produced the micelles with the tight
cores.

We explored the temperature-dependence of the mi-
celle formation using Pf-11. The micellization was per-
formed at 10, 20, 30, and 40 �C. Figure 6 shows the
variability in the hydrodynamic radius of the copolymer
and the aggregation number through the micellization at
each temperature. The transition from the unimers to
the micelles was shifted to the higher side of the Pf-11/
PySt ratio as a result of increasing temperature. The
aggregation number at complete micellization decreased
with an increase in the temperature, while the hydro-
dynamic radius of the micelles was almost independent
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Fig. 6 Variability in the hydrodynamic radius of the PPySt-b-PSt
copolymer and the aggregation number through the micellization
by Pf-11 at each temperature. [copolymer]=3.33·10)3 g/mL

Fig. 5
1H NMR spectra of

PPySt-b-PSt in the micellization
by Pf-11 at 20 �C. Sol-
vent: THF-d8. [copoly-
mer]=3.33·10)3 g/mL
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of the temperature (RH=ca. 26 nm) with the exception
of that at 40 �C. The hydrodynamic radius of the mi-
celles prepared at 40 �C was ca. 18 nm. The formation
of the smaller size of the micelles at 40 �C should be due
to the smaller aggregation number of ca. 3. The increase
in the temperature weakens the aggregation force among
the perfluoroalkyl chains, resulting in the formation of
the micelles with a low aggregation number and high
critical temperature.

The thermostability of the PPySt-b-PSt micelles was
investigated by the NNLS analysis. The micellar solu-
tion prepared at 10 �C with Pf-11 (Pf-11/PySt=3.5)
was subjected to this study. The variation in intensity
distribution of the hydrodynamic radius of the co-
polymer is shown in Fig. 7. Only the distribution of the
micelles was observed at 10 �C. When the temperature
increased to 20 �C, the distribution of the unimers was
discerned in addition to that of the micelles. The
intensity of the unimer distribution increased instead of
a decrease in the micellar distribution. At 40 �C, only
the unimer distribution was observed. The micelles
were dissociated into the unimers by increasing the
temperature.

Figure 8 shows the variation in the hydrodynamic
radius and the aggregation number with the changes in
the temperature. The micellar solution prepared at
10 �C with Pf-11 (Pf-11/PySt=3.5) was heated up to
40 �C, then it was cooled down to 10 �C. The hydro-

dynamic radius of the copolymer decreased as the
temperature increased. This decrease in the hydrody-
namic radius is based not on contraction of the micelles
but on the estimation as an average of the hydrody-
namic radii for the micelles and the unimers in the
proportion of existence at each temperature. The
aggregation number also decreased as the temperature
increased. At 40 �C the hydrodynamic radius of the
copolymer was equal to that of the unimer, when the
aggregation number reached 1. The micelles were dis-
sociated into the unimers by increasing the tempera-
ture. When the temperature decreased, the
hydrodynamic radius and the aggregation number in-
creased, following almost the same loci as those for the
temperature increased. The hydrodynamic radius and
the aggregation number reverted to the initial values at
10 �C. The micelles were reconstructed by decreasing
the temperature. This good hysteresis indicates that the
dissociation–reconstruction of the micelles is reversibly
controlled by the temperature (Fig. 9).

The Pf-11 concentration manipulated the dissocia-
tion–reconstruction of the micelles. Figure 10 shows the
hysteresis curves obtained for the micelles prepared at
Pf-11/PySt=7.0. The micelles showed good hysteresis
for the variation in temperature, as did the micelles at
Pf-11/PySt=3.5. The hysteresis curves, however, were
shifted to a higher side of the temperature. As a result of
increasing the Pf-11 concentration, the micelles were
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Fig. 7 Intensity distribution of the PPySt-b-PSt micelles at each
temperature. Pf-11/PySt=3.5. [copolymer]=3.33·10)3 g/mL
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more difficult to dissociate into the unimers, while the
micelles were easier to reconstruct. The Pf-11/PySt ratio
can also control the dissociation–reconstruction of the
micelles reversibly.

Conclusion

The PPySt-b-PSt copolymer formed the micelles in the
nonselective solvent in the presence of the perfluoroalkyl
carboxylic acids with long perfluoroalkyl chains. The
micellization proceeded through the salt formation of
the pyridinium perfluoroalkyl carboxylate and through
the aggregation among the prefluoroalkyl chains. The
length of the perfluoroalkyl chain not only dominated
the self-assembly of the copolymer, but also determined
the micellar size and the aggregation number. The mic-
ellization by the perfluoroalkyl carboxylic acid showed
temperature-dependence. The copolymer needed more
perfluoroalkyl carboxylic acid at higher temperature to
produce the micelles. The copolymer formed the micelles
with lower aggregation number at higher temperature,
although the micellar size was almost independent of the
temperature. The micelles were dissociated into the
unimers by increasing the temperature, and were
reconstructed by decreasing it. The dissociation–recon-
struction of the micelles was reversibly controlled by the
variation in the temperature. The concentration of the
perfluoroalkyl carboxylic acid also manipulated the dis-
sociation–reconstruction reversibly. An increase in the
acid concentration suppressed the dissociation of
micelles, while promoting their reconstruction.

This is the first light scattering study demonstrating
that the length of the perfluoroalkyl chain as the counter
anions manipulated the hydrodynamic radius, the
aggregation number, the critical micelle concentration,
and the thermal response of the micelles.
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