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ABSTRACT:
diblock copolymers (PVPh-b-PSt) in the micellization by 1,4-butanediamine (BDA). The micellization was explored for
the copolymers with Mn(PSt blocks) = 20K, 35K, 75 K, and 125 K, holding the PVPh block length constant (Mn(PVPh
blocks) = 10K), in order to investigate effect of the PSt block length on the size of micelles. Dynamic light scattering

Control of micellar size and cmc was studied for nonamphiphilic poly(vinyl phenol)-block-polystyrene

demonstrated that the copolymers with longer PSt blocks formed larger micelles, although the copolymers had a slight
difference in the unimer size. The copolymers had the transition from the unimers to the micelles at the same BDA
concentration, indicating that the cmc of the copolymers was independent of the PSt block length. The PVPh block
length had effects not only on the micellar size but also on the cmc. The copolymers with longer PVPh blocks showed
the transition at lower BDA concentration. When the copolymers had almost the same unit ratios of VPh to St, the
copolymer with larger molecular weight formed larger micelles at lower BDA concentration. The size of micelles and
the cmc were also manipulated by the mixed ratio of the copolymers with different block length.
KEY WORDS Poly(vinyl phenol)-block-Polystyrene (PVPh-b-PSt) / Nonamphiphilic Diblock
Copolymers / Micelles / Unimers / Hydrodynamic Radius / Critical Micelle Concentration / Block

Length /

Surfactants are of great importance in various fields
of coloring,>? coating,>> adhesion,®” water purifica-
tion,® paper manufacturing,” '° food processing,'! and
drug delivery.!>!3 Polymeric and oligomeric surfac-
tants are superior to monomeric surfactants in form-
ing large size of aggregates'® !> and in stabilizing the
shapes against changes in the circumstances.'®!” The
polymeric surfactants have such benign nature envi-
ronmentally so that those have been utilized as food-
additives,'® 1? dispersing agents for cosmetics,?*2! and
drug carriers.’>?3 The surfactants are usually am-
phiphilic copolymers such as block, graft, and random
copolymers. The block length of hydrophobic and hy-
drophilic moieties in the amphiphilic copolymers is an
important factor to determine the physical properties of
micelles such as the size of micelles, the critical mi-
celle concentration, and the critical micelle tempera-
ture.!®2* Accordingly, the block length and ratios al-
ways need to be taken into consideration in designing
the amphiphilic copolymers.

Recently, we have found the micelle formation from
“nonamphiphilic” block copolymers consisting entirely
of solvent-soluble blocks.”> The copolymers them-
selves show no self-assembly into micelles, however,
those form micelles through aggregation of part of the
structures by interacting with additives. The nonam-
phiphilic copolymers should create micelles in a great
variety because the molecular design of the micelles

can be allowed through designing the copolymers and
the additives. We attained the micelle formation for
a nonamphiphilic poly(vinylphenol)-block-polystyrene
diblock copolymer (PVPh-b-PSt) through hydrogen
bond cross-linking between the PVPh blocks by «, w-
diamine.?® In this micellization, an excess of the di-
amine molecules over the vinyl phenol units was con-
sidered to form hydrogen bond networks in the cores of
the micelles. In fact, the PVPh-b-PSt diblock copoly-
mer at lower copolymer concentration needed more di-
amine to form micelles. We obtained the interesting
result that the critical micelle concentration (cmc) was
determined by a diamine concentration at a constant
copolymer concentration, and also by a copolymer con-
centration at a constant diamine concentration. The
nonamphiphilic diblock copolymer produced crew-cut
micelles with long core blocks and short corona chains
without use of selective solvents. The effect of block
length on the micellization has remained an intrigu-
ing matter for the PVPh-b-PSt diblock copolymers, al-
though it is well known for amphiphilic diblock copoly-
mers.'® This is because in the nonamphiphilic copoly-
mer micelles the polymer blocks forming the cores
are rather extending than shrinking, based on the fact
that the micelles are formed by hydrogen bond cross-
linking. This paper describes effects of the block length
on the micellar size and the cmc in the micellization of
PVPh-b-PSt by 1,4-butanediamine (BDA). The prepa-
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ration of mixed micelles from the PVPh-b-PSt copoly-
mers with different block length is also described.

EXPERIMENTAL

Measurements

Dynamic light scattering experiments were per-
formed at 20 °C at an angle of 90°, with a Photal Otsuka
Electronics DLS-7000 super dynamic light scattering
spectrometer equipped with LS-71 control unit, an LS-
72 pump controller, and an argon ion laser operating at
A =488 nm.

Materials

The PVPh-b-PSt diblock copolymers were prepared
as reported previously.?> BDA was distilled over cal-
cium hydride. 1,4-Dioxane was purified by refluxing
on sodium for several hours, and was distilled over
sodium.

Light Scattering Measurements for a Mixture of the
PVPh-b-PSt Copolymers

The copolymers with Mn(PVPh-b-PSt) = 10 K-b-
20K (5mg) and 10K-5-125 K (5mg) were dissolved
in 1,4-dioxane (3.1 mL) and using a syringe, the result-
ing solution was injected through a microporous filter
into a cell. The solution was subjected to light scatter-
ing measurement at 20 °C. After the measurement, 6 uL
of BDA solution (BDA, 174 uL, 1.73 mmol) in 1,4-
dioxane (2mL) 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 5 min, and
then subjected to light scattering measurement again.
This procedure was repeated until distribution based
on the hydrodynamic radius of the unimers was not
observed as determined by non-negatively constrained
least squares (NNLS) analysis.?” Hydrodynamic radius
of the copolymer was determined by cumulant analysis.

RESULTS AND DISCUSSION

The micellization of the PVPh-b-PSt diblock copoly-
mers by BDA was explored holding the PVPh block
length constant (Mn(PVPh block) = 10 K), in order to
investigate effect of the PSt block length on the size of
micelles. Figure 1 shows the variation in the hydrody-
namic radius of the copolymers versus the BDA con-
centration through the micellization for four copoly-
mers with Mn(PSt block) = 20K, 35K, 70K, and
125 K. The DLS was performed at 20°C and an an-
gle 6 =90° for a copolymer concentration =3.23 gL'
The copolymers remained as unimers in the absence
of BDA. The hydrodynamic radius of the unimers in-
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Figure 1. Variation of hydrodynamic radius over BDA concen-
tration at a copolymer concentration = 3.23 gL~! for the copoly-
mers with Mn(PSt blocks) = 125K (e), 70K (4), 35K (m), and
20K (#). Mn(PVPh blocks) = 10 K.

creased as the molecular weight of the PSt blocks in-
creased, however, the difference in the unimer size was
small among the copolymers. The hydrodynamic radii
showed jumps around 5 x 1073 M of the BDA concen-
tration. At the BDA concentration of 6 x 107> M, the
molar ratios of BDA to the VPh unit ratio were 0.7,
1.0, 1.8, and 3.1 for the 20K, 35K, 70K, and 125K
samples, respectively. This indicates that the transition
from the unimers to the micelles occurred at almost the
same BDA concentration, in spite of the fact that the
individual copolymers contained different molar frac-
tion of the VPh units in the copolymer solution. The
copolymer with longer PSt blocks contains smaller mo-
lar fraction of the VPh units, since the copolymer con-
centration is constant ([copolymer] = 3.23 gL~!). Con-
sequently, the cmc of the copolymers was determined
by a BDA concentration in the solution rather than by
the BDA/VPh ratio. The result that the copolymer with
longer PSt blocks needed more BDA/VPh ratio to form
micelles is understandable when it is taken into account
that the copolymer at lower copolymer concentration
needed more BDA.?® The occurrence of the transition
at the same BDA concentration implies that the PSt
block length has negligible effect on the cmc. After
the jumps of the hydrodynamic radii, those gradually
increased with an increase in the BDA concentration.
BDA was added to the copolymer solutions until the
micellization was completed. The complete micelliza-
tion was confirmed by the NNLS analysis, where no
intensity distribution of the hydrodynamic radius based
on the unimers was observed. The hydrodynamic ra-
dius at the micellization completed is larger as the PSt
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Figure 2. Relationship between the molecular weight of the
PSt blocks and the hydrodynamic radius at the micellization com-
pleted. Mn(PVPh blocks) = 10 K.
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Figure 3. Plots of hydrodynamic radius of the micelles versus
angle for the copolymers with Mn(PSt blocks) = 125K (e), 70K
(A), 35K (m), and 20K (#). Mn(PVPh blocks) = 10 K. [PVPh-b-
PSt]=3.23¢gL".

block is longer, indicating that the micellar size is de-
pendent on the length of the PSt blocks forming the
coronas of the micelles. Figure 2 shows the relation-
ship between the molecular weight of the PSt blocks
and the hydrodynamic radius of the copolymers at the
complete micellization. The hydrodynamic radius of
the micelles is proportional to the molecular weight of
the PSt blocks, suggesting that the size of micelles is
determined primarily by the PSt block length. In addi-
tion, the size of micelles was independent of the angle
(Figure 3).

The effect of the PVPh block length on the mi-
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Figure 4. Variation of hydrodynamic radius over BDA concen-
tration for the 20 K-»-150K (@) and 10 K-b-125 K (0) copolymers.
[PVPh-b-PSt] =3.23gL"".

cellization was also examined using the PVPh-H-PSt
copolymers with the similar molecular weights of the
PSt blocks. Figure 4 shows the variation in the hy-
drodynamic radius in the micellization of the copoly-
mers with Mn(PVPh-5-PSt) = 10 K-h-125K and 20 K-
b-150K. The 20K-b-150K copolymer formed larger
micelles than the 10K-5-125K copolymer, and the
hydrodynamic radius of the micelles for the 20 K-b-
150K was estimated to be 45nm by dynamic light
scattering. There is no plot at 150 K of the molec-
ular weight of the PSt blocks in Figure 2, however,
the curve gives ca. 40 nm of the hydrodynamic radius
at Mn(PSt block) = 150K. The hydrodynamic radius
of the micelles for the 20 K-5-150 K copolymer is still
larger than that given by the curve at Mn(PSt block) =
150 K. Accordingly, the micellar size is dependent not
only on the PSt blocks but also on that of the PVPh
blocks. The hydrodynamic radius for the 20 K-b-150 K
copolymer was shifted to a lower side of the BDA
concentration throughout the micellization, indicating
that the copolymer needed less BDA to form micelles
than the 10 K-h-125 K copolymer. An increase in the
molecular weight of the PVPh blocks causes an in-
crease in the cross-linking points of the hydrogen bond-
ing with BDA, resulting in promoting the micellization
by strong hydrogen bonding. It can be deduced that
the cmc is manipulated by the molecular weight of the
PVPh blocks.

The micellization of the PVPh-b-PSt copolymers
with different molecular weights and the same VPh/St
unit ratios was investigated. Figure 5 shows the vari-
ation in the hydrodynamic radius in the micellization
for the copolymers with Mn(PVPh-b-PSt) = 10 K-b-
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Figure 5. Variation of hydrodynamic radius over BDA concen-
tration for the 20 K-b-150K (@) and 10 K-5-70 K (A) copolymers.
[PVPh-5-PSt] =3.23 gL,

70K and 20 K-5-150 K. The micellization of the 20 K-
b-150K copolymer occurred at a lower BDA concen-
tration to produce the larger size of micelles compared
with the 10K-6-70K copolymer. This indicates that
the 20 K-b-150 K copolymer is much easier to form mi-
celles than the 10 K-b-70 K copolymer, although there
is a slight difference in the unit ratio of VPh to St be-
tween the 20 K-5-150K and 10 K-5-70 K copolymers.
Consequently, the size of micelles is determined by the
molecular weights of both the PSt and PVPh blocks,
while the cmc is mainly by that of the PVPh blocks.
The micellar size and the cmc may be controlled
not only by the block length but also by a mixed ratio
of the copolymers. The copolymers with Mn(PVPh-
b-PSt) = 10K-h-20K and 10K-5-125K were used in
this study. Figure 6 shows the intensity distribution of
the hydrodynamic radius for the mixture of the copoly-
mers at 50/50 (wt/wt) of the mixed ratio. The dis-
tributions of scattering intensity versus hydrodynamic
radius were determined by the NNLS analysis. The
copolymers remain as unimers at the BDA concen-
tration of 1.67 x 1073 M. The intensity distributions of
the unimers originating from the respective copoly-
mers could not be distinguished in the NNLS analy-
sis so that one distribution was observed around 7 nm
of the hydrodynamic radius. At 5.02x 107> M of the
BDA concentration, the distribution attributed to the
micelles was seen around 30 nm, in addition to the dis-
tribution of the unimers. The intensity of the distribu-
tion based on the unimers decreased at 6.70 x 1073 M.
Finally, one distribution of the micelles was observed
at 8.37 x 1073 M. The NNLS analysis of the micelles
prepared separately from the 10K-»-20K and 10 K-
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Figure 6. Intensity distribution of the hydrodynamic radius for
the mixture of the 10 K-5-20 K and 10 K-b-125 K copolymers at the
mixed ratio of 50/50 (wt/wt) for BDA concentrations = 1.67 X 1073
(a), 5.02 x 1073 (b), 6.70 x 1073 (c), and 8.37 x 107> M (d).

b-125K copolymers demonstrated that the mixture of
the copolymers formed the mixed micelles. Figure 7
shows the intensity distribution of the different micelles
produced from the 10 K-6-20K copolymer, the 10 K-
b-125K, and the mixture. The distribution of the mi-
celles from the 10 K-5-20K copolymer was observed
around 15 nm of the hydrodynamic radius, while that
of the 10 K-h-125 K micelles was seen around 40 nm.
The distribution of the micelles for the mixture was lo-
cated between those of the micelles for the 10 K-5-20 K
and 10K-5-125K copolymers. This indicates that the
micelles obtained by the mixing of the copolymers are
not a mixture of the micelles formed separately from
the copolymers (Scheme 1).

Figure 8 shows the variation in the hydrodynamic ra-
dius through the micellization of the mixtures with the
different mixed ratios. The mixtures showed jumps of
the hydrodynamic radius at almost the same BDA con-
centration, indicating that the BDA concentration at the

Polym. J., Vol. 35, No. 12, 2003
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Scheme 1.

transition was independent of the mixed ratio. The hy-
drodynamic radius of the unimers for the mixtures was
also independent of the mixed ratio. However, there
is a remarkable difference in the hydrodynamic radius
after the transition among the mixtures. The hydrody-
namic radius of the mixture increased with an increase
in the proportion of the 10 K-5-125 K copolymer in the
mixture. As can be seen in Figure 9, the hydrodynamic
radius of the mixture at the complete micellization was
directly proportional to the proportion of the 10 K-b-
125K copolymer in the mixture. This indicates that
the micellar size is controlled by the mixed ratio of the
copolymers at a constant molecular weight of the PVPh
blocks. It was found that the size of the mixed micelles
was independent of the angle as was that of the single
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(0), 80/20 (@), 50/50 (A), 20/80 (w), and 0/100 (A) (wt/wt).
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Figure 9. Relationship between the proportion of the 10 K-b-
125K copolymer in the mixtures and the hydrodynamic radius of
the mixtures at the micellization completed.

micelles (Figure 10).

The mixing of the copolymers with the same block
length of PSt but the different length of PVPh has the
potential to manipulate the cme of the copolymers. Fig-
ure 11 shows the variation in the hydrodynamic radius
for the mixture of the 10 K-b-125 K and 20 K-5-150 K
copolymers at 50/50 (wt/wt) of the mixed ratio. The
hydrodynamic radius of the mixture was observed be-
tween those of the respective copolymers during the
transition, although it was equal to the size of the 20 K-
b-150K copolymer at the complete micellization. This
suggests that the cmc can be controlled by the mixed
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Figure 10. Plots of hydrodynamic radius of the mixed mi-

celles versus angle. The mixed micelles prepared from the 10 K-
b-125K and 10K-b-20 K copolymers at the mixed ratios, 10K-b-
125 K/10K-b-20 K = 50/50 (A) and 20/80 (m) (wt/wt).
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Figure 11. Variation of hydrodynamic radius over BDA con-
centration for the 20 K-5-150 K (o) and 10 K-5-125 K copolymers
(4), and the mixture (@) at the mixed ratio of 50/50 (wt/wt).

ratio of the copolymers.
CONCLUSIONS

The effect of the block length on the micellar size
and the cmc was investigated in the micellization of
the PVPh-b-PSt diblock copolymers by BDA. Dynamic
light scattering demonstrated that the copolymers with
longer PSt blocks formed larger micelles at a constant
PVPh block length. The copolymers had the transition
from the unimers to the micelles at the same BDA con-
centration, independent of the PSt block length. The
PSt block length had effect on the micellar size, but had
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negligible effect on the cmc. The PVPh block length
had effects not only on the micellar size but also on the
cmc. The copolymer with longer PVPh block length
needed less BDA to form micelles, owing to an increase
in the cross-linking points of the hydrogen bonding on
the PVPh blocks. When the copolymers had almost the
same unit ratios of VPh to St, the copolymer with larger
molecular weight formed larger micelles at lower BDA
concentration. This indicates that the copolymer with
longer block length is easier to produce the micelles.

The size of micelles was also controlled by the mixed
ratio of the copolymers with different PSt block length.
For the mixture of the 10 K-»-20K and 10 K-5-125K
copolymers, the size of the mixed micelles increased
with an increase in the proportion of the 10 K-5-125K
copolymer in the mixture. Further, the mixing of the
copolymers with the different PVPh block length had
distinct effect on the cmc, while that of the copolymers
with the different PSt block length had negligible effect
on it.
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