
Introduction

Macromolecular micelles have their applications in
many fields such as separation technologies [1, 2], drug
delivery [3, 4], detergent [5, 6], coating [7–9], dyeing [7,
10], food processing [11, 12] and cosmetics [13, 14].
Recently, the importance of micelles has been increasing
in the field of information technology [15, 16] and in the
area of fuel technology [17]. The macromolecular mi-

celles are mostly amphiphilic copolymers consisting of
solvophilic and solvophobic moieties. Accordingly, the
balance of these moieties must always be taken into
consideration for designing the amphiphilic copolymers.
While the amphiphilic copolymers have such a limitation
in the molecular design, nonamphiphilic copolymers
have no dependence on this balance in solubility, since
the nonamphiphilic copolymers consist entirely of solv-
ophilic moieties. The nonamphiphilic copolymers
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Abstract The micelle formation of a
poly(vinylphenol)-block-polystyrene
diblock copolymer was studied in
ethyl acetate, a nonselective solvent
using a,x-diamine. The copolymer
formed micelles in ethyl acetate in
the presence of a small amount of
the a,x-diamine. Light scattering
studies demonstrated that the mic-
ellization was dependent on the
grade, the bulkiness, and the con-
formation of the diamines. The co-
polymer needed more diamine with
the increasing grade of the diamine,
due to a decrease in the basicity of
the diamine. The bulkiness of the
diamines also reduced the efficiency
of the micellization by hindering the
formation of the hydrogen bond
cross-linking. Similarly, the confor-
mation of the diamine affected the
micellization, since the conforma-
tion determined the intramolecular
spatial distance between the animo
groups. Trans-1,2-cyclohexanedi-
amine was more effective than the

cis-isomer to produce the micelles.
Furthermore, (1S,2S)-(+)-1,2-cy-
clohexanediamine, one of the mirror
image isomers composing the trans-
isomer, was more effective in pro-
ducing the micelles than the trans-
isomer. The interaction between the
mirror image isomers also ob-
structed the micellization. The mic-
ellization, coupled with the
thermoresponsivity of the micelles,
were influenced by the solvent qual-
ity. The dissociation of the micelles
into unimers was suppressed in ethyl
acetate, while the reconstruction was
promoted, in comparison with those
in 1,4-dioxane and THF.
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assemble into micelles through interaction with additives
as the driving force [18–24]. The micelle formation using
nonamphiphilic copolymers has certain advantages over
that of the amphiphilic copolymers; it is able to choose
the additives promoting the micellization, and provide a
better selection of the driving force. The self-assembly of
the amphiphilic copolymer is ordinarily through a Van
der Waals interaction of the solvophobic moieties. The
choice of additives and driving force leads to control of
the copolymer assembly and the critical micelle con-
centration (cmc). Solvent quality also has the potential
to control them.

We have already found that a poly(vinylphenol)-
block-polystyrene diblock copolymer (PVPh-b-PSt)
formed micelles in the presence of a,x-diamine in 1,4-
dioxane, the nonselective solvent [25, 26]. This micelli-
zation proceeded through hydrogen bond cross-linking
between the PVPh blocks via the diamine. We explored
the effects of the molecular weight of the diblock co-
polymers and the unit ratio of poly(vinylphenol-co-sty-
rene) random copolymers on the micellar size and the
cmc, with the results that the micellar size and the cmc
were controlled by the molecular weight of the diblock
copolymers [27] and by the unit ratio of the random
copolymers [28]. Using this micelle formation of the
nonamphiphilic copolymer, we prepared unique micelles
including the crew-cut micelles [26], the random-block
copolymer micelles [29], and the light-stable micelles
with dyes [30]. We also succeeded in controlling the cmc
and the thermoresponsivity of the micelles by the dia-
mine content in the micelles. This paper describes the
light scattering studies involving the micelle formation
of PVPh-b-PSt by several diamines in ethyl acetate, an-
other nonselective solvent for the copolymer. The effects
of the copolymer concentration and solvent quality on
the micellization are also described.

Experimental

Instrumentation

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

Poly(4-tert-butoxystyrene) having 4-methoxy-2,2,6,6-te-
tramethylpiperidine-1-oxyl (TEMPO-terminated PtBSt)
was prepared as previously reported [25]. The molecular
weight was Mn=12,700 estimated by GPC and
Mn=15,400 by 1H NMR. The polydispersity was 1.15

by GPC. Commercial grade styrene was washed with
aqueous alkaline solution and water, and distilled over
calcium hydride. Ethyl acetate was purified by refluxing
on calcium hydride and distilled. THF and 1,4-dioxane
were purified by refluxing on sodium and distilled.
Ethylenediamine (EDA), 1,4-butanediamine (BDA),
N,N¢-dimethylethylenediamine (DEDA), N,N,N¢N¢-tet-
ramethylethylenediamine (TEDA), and n-butylamine
were distilled over calcium hydride. Extra pure pipera-
zine (PP), 1,4-diazabicyclo[2, 2, 2]octane (DABCO), cis-
1,2-cyclohexanediamine (cis-CDA), trans-1,2-cyclohex-
anediamine (trans-CDA), (1S,2S)-(+)-1,2-cyclohexan-
ediamine ((1S,2S)-(+)-CDA), and 2-butanone were used
without further purification.

Synthesis of PVPh-b-PSt

The PVPh-b-PSt diblock copolymer was prepared as
previously reported [31]. Styrene (8.90 g, 85.5 mmol)
and TEMPO-terminated PtBSt (2 g) were placed in an
ampule. After degassing the contents, the ampule was
sealed in vacuo. The polymerization was carried out at
125 �C for 24 h and terminated by cooling with liquid
nitrogen. The reaction mixture was dissolved into di-
chloromethane and poured into methanol to precipitate
the polymer. The polymer was purified by repeated
reprecipitation from dichloromethane into methanol.
The precipitate was then dried in vacuo for several hours
to obtain poly(4-tert-butoxystyrene)-block-polystyrene
(10.3 g).

The obtained poly(4-tert-butoxystyrene)-block-poly-
styrene (6.00 g) was dissolved in THF (200 mL); then,
conc. HCl (20 mL) was added to the solution at room
temperature. The mixture was kept at 85 �C for 4.5 h.
The resulting mixture was evaporated to half the volume
to remove the THF and then poured into water (2 L) to
precipitate the polymer. After drying the polymer, the
product was suspended in 800 mL of methanol, and
stirred for 8 h at room temperature to remove the vi-
nylphenol homopolymer. The resulting precipitate was
collected by filtration and then dried in vacuo for several
hours. A total of 3.01 g of the PVPh-b-PSt diblock co-
polymer was obtained. The molecular weight was
determined by 1H NMR as Mn(PVPh-b-PSt)=10490-b-
119000 (=10 K-b-120 K).

Light scattering measurements: general procedure

The PVPh-b-PSt (10 mg) was dissolved in ethyl acetate
(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, 2 lL of a solution of
BDA (34 lL, 29.8 mg, 0.338 mmol) in ethyl acetate
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(2 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 based on the unimers disappeared
completely in non-negatively constrained least-squares
(NNLS) analysis [32].

Results and discussion

The PVPh-b-PSt diblock copolymer showed no self-
assembly in ethyl acetate, because this solvent is non-
selective for the copolymer. Light scattering studies
demonstrated that the copolymer formed the micelles in
the presence of BDA in the solvent. Figure 1 shows the
intensity distribution obtained by the NNLS analysis for
the hydrodynamic radius (RH) of the copolymer during
the micellization. The copolymer formed no micelles in
the absence of BDA, so that the distribution was
attributed to the unimers. As BDA was added to the
copolymer solution, two distributions based on the
unimers and the micelles were observed at the BDA/VPh
molar ratio of 0.15. At BDA/VPh=0.25, the distribu-
tion of the unimers disappeared, and only the distribu-
tion of the micelles was observed. The micellization in
ethyl acetate was completed at only BDA/VPh=0.25,
while that in 1,4-dioxane required over one equivalent of

BDA to the VPh unit to produce the micelles [26]. It is
more efficient for the copolymer to form the micelles in
ethyl acetate than in 1,4-dioxane. The cumulant analysis
revealed that the micelles with a 33.0-nm hydrodynamic
radius were formed from the unimers with a 7.4-nm
hydrodynamic radius in the presence of BDA in ethyl
acetate. The hydrodynamic radius of the micelles had
almost no angle-dependence, as shown in Fig. 2.

The copolymer also produced the micelles in the
presence of EDA. The hydrodynamic radius and the
aggregation number of the micelles formed from EDA
were similar to those of the micelles from BDA. How-
ever, the copolymer needed more EDA to form the mi-
celles in comparison with BDA. This tendency has also
been found for the micellization in 1,4-dioxane [25]. The
presence of n-butylamine promoted no micellization,
indicating that the formation of the hydrogen bonding
cross-linking was indispensable for the formation of the
micelles.

We explored the micellization using a different class
of diamines in ethyl acetate. Figure 3 shows the varia-
tion in the hydrodynamic radius and the aggregation
number (Nagg) of the copolymer through the micelliza-
tion by EDA, DEDA, and TEDA. EDA and DEDA
produced micelles in ethyl acetate, although DEDA
promoted no micellization in 1,4-dioxane [25]. The co-
polymer needed more DEDA to form the micelles as
compared with EDA, because the unimers-to-micelles
transition for DEDA was observed at a higher diamine/
VPh ratio than that for EDA. The bulkiness in DEDA
prevents the amino groups from forming the hydrogen
bond cross-linking with the VPh units. TEDA with more
bulkiness produced no micelles.

We also investigated the micellization using another
class of diamines having less steric hindrance. Figure 4
shows the variation in the hydrodynamic radius and the
aggregation number of the copolymer during the

Fig. 1 Intensity distributions of the hydrodynamic radius of the
PVPh-b-PSt copolymer through the micellization at BDA/VPh=0,
0.15, and 0.25. [copolymer]=3.33·10)3 g/mL

Fig. 2 Angle-dependence on the hydrodynamic radius of the
PVPh-b-PSt micelles with BDA/VPh=0.25. [copoly-
mer]=3.33·10)3 g/mL
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micellization by EDA, PP, and DABCO. The copolymer
formed the micelles even in the presence of the tertiary
diamine, DABCO. The hydrodynamic radius and the
aggregation number for the complete micellization were

almost independent of the diamine grade. As the grade of
the diamine increased, the micellization was more diffi-
cult to complete. The basicity of the diamines decreases
in the order of EDA > PP > DABCO [33, 34], so that
the hydrogen bonding with the PVPh blocks becomes
weaker in this order. The copolymer needed more dia-
mine to increase the cross-linking points to assemble into
the micelles because of the weak hydrogen bonding.
Additionally, 4,4¢-bipyridil and the primary diamines of
1,2-diphenylethylenediamine and phenylenediamine
promoted no micellization due to their low basicity.

The light scattering studies revealed that the confor-
mation of the diamine had a significant effect on the
micellization. Figure 5 shows the variability in the
hydrodynamic radius and the aggregation number of the
copolymer through the micellization by three different
isomers of 1,2-cyclohexanediamine, the cis, the trans,
and the (1S,2S)-(+) isomers. The transition from the
unimers to the micelles was significantly shifted to the
higher value of the diamine/VPh ratio in the order of
(1S,2S)-(+)-CDA < trans-CDA < cis-CDA. These
results are based on the intramolecular spatial distance
between the amino groups, rather than on the basicity,
because there is a slight difference in the basicity between
these isomers. The basicity is pK1=9.93 and pK2=6.13
for the cis isomer, and pK1=9.94 and pK2=6.47 for the
trans [35]. The spatial distance is longer in the trans
isomer than in the cis, resulting in the fact that trans-
CDA formed the hydrogen bond cross-linking between
the PVPh blocks more efficiently. Trans-CDA consists
of two different mirror image isomers, (1S,2S)-(+)-CDA
and (1R,2R)-())-CDA. The intermolecular attraction
between the amino groups more easily occurs between
the different isomers than between the identical isomers

Fig. 3 Variation in the hydrodynamic radius and the aggregation
number of the copolymer through the micellization by EDA,
DEDA, and TEDA. [copolymer]=3.33·10)3 g/mL

Fig. 4 Variation in the hydrodynamic radius and the aggregation
number of the copolymer through the micellization by EDA, PP,
and DABCO. [copolymer]=3.33·10)3 g/mL

Fig. 5 Variability in the hydrodynamic radius and the aggregation
number of the copolymer through the micellization by cis-CDA,
trans-CDA, and (1S,2S)-(+)-CDA. [copolymer]=3.33·10)3 g/mL
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because the isomers are related to the mirror image. The
interaction between the amino groups hinders the dia-
mine from forming the hydrogen bond cross-linking
between the PVPh blocks. Consequently, (1S,2S)-(+)-
CDA is more effective for promoting the micellization
than trans-CDA.

The ease of the micellization should be dependent on
the copolymer concentration, because the copolymer
concentration affects the formation of the hydrogen
bonding. Figure 6 shows the variation in the hydrody-
namic radius and aggregation number of the copolymer
through the micellization by BDA for three different
copolymer concentrations. The copolymer at the higher
concentration formed the micelles at the lower BDA/
VPh ratio. However, the difference was small among the
copolymer concentrations, when it is taken into account
that the micellization in 1,4-dioxane made a significant
difference in the unimers-to-micelles transition for the
copolymer concentration [26]. The hydrodynamic radii
and the aggregation numbers were almost the same for
the complete micellization in ethyl acetate.

The strength of the hydrogen bonding decreases with
the increasing temperature. Figure 7 illustrates the tem-
perature-dependence on the micellization by BDA in
ethyl acetate. The micellization was carried out at 10, 20,
30, and 40 �C. The unimers-to-micelles transition was
shifted to the higher value of the BDA/VPh ratio, indi-
cating that the copolymer has a more difficult time
forming the micelles at higher temperatures. The strength
of the hydrogen bonding decreases as the temperature
increased, resulting in the copolymer needing more BDA

to make the cross-linking points for the hydrogen bond-
ing. The size of the micelles and the aggregation number
slightly decreased with an increase in the temperature.

The hydrogen bond formation is also dependent on
solvent quality. Figure 8 shows the solvent effect on the
micellization. The copolymer in ethyl acetate produced
micelles in the presence of a small amount of BDA
(BDA/VPh=0.25), while the copolymer in 1,4-dioxane
and THF needed over one equivalent of BDA to form
the micelles. On the other hand, no micelles were ob-
tained in 2-butanone. These results are not accounted
for by the solvent polarity, because the polarity increases
in the order of 1,4-dioxane < THF< ethyl acetate < 2-
butanone [34]. The results are also not based on the
hydrophilicity of the solvents. The order of their solu-
bility in water was ethyl acetate < 2-butanone < 1,4-
dioxane, THF [36]. The ease of the hydrogen bonding in
these solvents should be determined by some factors in
addition to the solvent polarity and hydrophilicity.

We already found for the micellization in 1,4-dioxane
that the micelles with BDA were dissociated into unimers
by increasing the temperature and that those were
reconstructed by decreasing the temperature [31]. This
dissociation–reconstruction of the micelles also occurred
in ethyl acetate. Figure 9 shows the variation in the dis-
tribution of the hydrodynamic radius of the copolymer
for changes in temperature. The micellar solution pre-
pared at 10 �C in ethyl acetate at BDA/VPh=0.15 was
heated to 20 �C, with the result that the distribution
based on the unimers appeared in addition to that of the
micelles. The distribution intensity of the unimers in-

Fig. 6 Variation in the hydrodynamic radius and aggregation
number of the copolymer through the micellization by BDA for
three different copolymer concentrations. [copolymer]=1.67, 3.33,
and 5.00 (·10)3 g/mL)

Fig. 7 Variation in the hydrodynamic radius and aggregation
number of the copolymer through the micellization by BDA at 10,
20, 30, and 40 �C. [copolymer]=3.33·10)3 g/mL
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creased with an increase in the temperature, and the
distribution of the unimers completely took the place of
that of the micelles at 40 �C; and vice versa when the
temperature decreased.

We investigated the solvent effect on the thermore-
sponsivity of the micelles. Figure 10 shows the hysteresis
curves for the hydrodynamic radii and aggregation
numbers of the micelles vs. the temperature in the sol-
vents. In all solvents, the hydrodynamic radius of the
micelles decreased as a result of increasing the temper-
ature, and was equal to the unimer size at 40 �C. The
aggregation number also decreased with the increase in
the temperature, and finally reached unity at 40 �C. The
micelles were then dissociated into unimers. As the
temperature decreased, the hydrodynamic radius and
the aggregation number reverted to the initial values at
10 �C, following the same course as for the increase in
the temperature. The micelles were reconstructed by the
decrease in the temperature. The good hysteresis of the
micelles for the changes in the temperature indicates that
the dissociation–reconstruction of the micelles was
reversibly controlled by the temperature in these sol-
vents. The hysteresis curves were shifted to the upper
side in the order of THF < 1,4-dioxane < ethyl acetate.
This shift indicates that the micelles are more difficult to
dissociate into unimers and are more easily re-
constructed in this order, although the content of BDA
in the micelles was lower in this order. It has been re-
ported that an increase in the BDA content prevents the

dissociation of the micelles and promotes their re-
construction. The solvent quality had a large effect on
the thermoresponsivity of the micelles.

Conclusion

The PVPh-b-PSt copolymer effectively formed micelles
in ethyl acetate in the presence of a,x-diamine. The
micellization was dependent on the grade, the bulkiness,

Fig. 8 Variation in the hydrodynamic radius and aggregation
number of the copolymer through the micellization by BDA in
ethyl acetate, 1,4-dioxane, and THF. [copolymer]=3.33·10)3 g/
mL

Fig. 9 Variation in the intensity distribution of the hydrodynamic
radius of the PVPh-b-PSt copolymer for changes in the tempera-
ture. BDA/VPh=0.15, [copolymer]=3.33·10)3 g/mL
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and the conformation of the diamines. The ease of the
micellization decreased with an increase in the grade of
the diamine, because of a decrease in the basicity. A
diamine with a low basicity was significantly required in
order to increase the cross-linking points of the hydro-
gen bonding with the PVPh blocks. The bulkiness of the
diamines also reduced the efficiency of the micellization
by hindering the formation of the hydrogen bond cross-
linking. Similarly, the diamine conformation determin-
ing the intramolecular spatial distance between the
amino groups affected the micellization. Trans-CDA
was more effective than cis-CDA for producing the mi-
celles. Furthermore, the interaction between the mirror
image isomers composing the trans isomer also ob-
structed the micellization. The micellization, coupled
with the thermoresponsivity of the micelles, were greatly
influenced by the solvent quality. The dissociation of the
micelles into unimers was suppressed in ethyl acetate,
while the reconstruction was promoted, in comparison
with that in 1,4-dioxane and THF. This is the first light
scattering studies demonstrating that the micellization
induced by the formation of the hydrogen bond cross-
linking is controlled by the grade of the diamines, the
bulkiness, the conformation, and the solvent quality in
addition to the copolymer concentration and the tem-
perature.

Fig. 10 Hysteresis curves of the PVPh-b-PSt micelles with BDA in
ethyl acetate (circle, solid lines, BDA/VPh=0.15), 1,4-dioxane
(triangle, broken lines, BDA/VPh=3.0), and THF (square, solid
lines, BDA/VPh=9.0) as the temperature increased (closed) and
decreased (open). [copolymer]=3.33·10)3 g/mL
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