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To elucidate the correlation between dye solubilization into
micelles and their core—shell aggregated structure, the structures
of block and random copolymer micelles were characterized. The
block copolymer micelles exhibited a higher dye solubilization
capacity which correlated with their core volume, clear core-shell
contrast and slow solubilization rate.

Owing to their unique and excellent associating behavior with
well-defined hydrophobic/hydrophilic molecular architectures,
block copolymer micelles have been thoroughly investigated as
functional vehicles capable of effectively loading hydrophobic spe-
cies such as drugs and dyes." Consequently, studies have focused
on understanding the self-assembly of block copolymers.®™" How-
ever, their synthesis can be tedious and time-consuming, as it
involves the sequential addition of monomers via controlled poly-
merization techniques in addition to post-polymerization treat-
ments such as grafting, substitution, hydrolysis and “click”
chemistries.">'* On the other hand, random copolymers can be
easily synthesized via the one-step copolymerization of two (or
more) different monomers, and their structures can be adjusted
by modifying the types of comonomers and their properties."*
Polymeric micelles, which are aggregation colloids formed
in solution by the self-assembly of amphiphilic polymers, have
been employed in dye solubilization and their micellar struc-
tures are closely related to the pigment dispersion for water-
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based color inks. Although block copolymers are often used in the
pharmaceutical industry, random copolymers with acrylic mono-
mers are generally used in the ink industry owing to their low
manufacturing cost and suitability for large-scale production.
However, there exists a tradeoff between utilizing random copo-
lymers as dispersants for ink production and their inadequate
dispersion performance. This study thoroughly investigated the
phase-separated structures of block copolymer micelles and com-
pared them with those of random copolymers to determine the
micelle structure required for dye solubilization.

The amphiphilic block copolymers (BL01, BL02, BL03, BL04,
and BL05) were synthesized in a microreactor'® from styrene
(St), n-butyl methacrylate (BMA), and methacrylic acid (MA)
(Fig. S1, ESIt and Table 1). BL0O1, BL03, BL04, and BL05 were
prepared using St as the hydrophobic monomer and MA as the
hydrophilic monomer. On the other hand, BL02 was prepared
using St as the hydrophobic monomer, while the hydrophilic
region consisted of random chains of the hydrophilic MA and
hydrophobic BMA. BL01, BL02, BL03, and BL05 were changed
in their molecular weights with almost the same acid values to
observe the effect of molecular weight on pigment dispersion.

Table 1 Compositions and physical properties of the block copolymers

Polymers Monomers Mole ratio M,* Acid value
BLO1 St, DPE, MA 13/1/8 3107 129
BL02? St, DPE, BMA, MA  3.9/1/9.1/8 4077 146
BLO03 St, aMeSt, MA 6.8/2/5 1737 143
BL04 St, aMeSt, MA 8/2/13 3165 271
BLO5 St, aMeSt, MA 24/2/14 4752 152
RDO1¢ St, MMA, BA, MA  10/12.4/6.2/1.5 13407 110
RD02¢ St, aMeSt, MA 10/trace/5.2 7051 153
RDO3¢ St, BA, AA 10/6.7/16.3 3348 213
RDO04 St, MA 10/10.3 1571 301

“ Weight average molecular weight determined by GPC. Polystyrene
standards were used for calibration. ? In the hydrophilic part, MA was
randomly mixed with BMA. ¢ Commercially available styrene acrylic
random copolymer dispersant. The compositions were determined by
quantitative **C NMR and 'H NMR.

This journal is © The Royal Society of Chemistry 2024
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BL04 was changed in the acid values different from other BL01/
02/03/05 to observe the effect of hydrophilic-hydrophobic
balance on pigment dispersion. BL02 randomly formulated
BMA into MA in the hydrophilic block to estimate the effect
of the charge density of the tail. We further compared the
application of polymer dispersant hard to be soluble in water
between block and random copolymers in which hydrophobic
side chains based on styrene were introduced into polyacrylic
acid. As reference random copolymers, RD01, RD02, and RD03
composed of St and either MA or acrylic acid (AA) were
purchased. The composition was estimated from the quantita-
tive *C NMR and "H NMR measurement results, and molecular
weights were measured by GPC using polystyrene standard for
calibration. The acid values were also listed. Furthermore,
RDO04 was synthesized as a high-acid-value polymer of St and
MA (Fig. S1 and S2, ESIt).

Small angle X ray scattering (SAXS) was performed to obtain
information on the micelle structure as well as the core and the
shell size. The five block copolymers and four random copoly-
mers were prepared as aqueous solutions (0.5 wt%). The SAXS
curves of the samples (Fig. 1) revealed that all block copolymers
exhibited either 1 or 2 maxima at g values between 0.1 and
1 nm™ ", and the intensity tended to significantly decrease with
an increase in the g value. It was thus concluded that these
copolymers exhibited a typical spherical scattering pattern with
a clear boundary at the interface. However, the random copo-
lymers did not exhibit a clear maximum, and the decrease in
the slope for g values above 1 was smaller than that of block
copolymers. These polymers exhibited a typical random-coil
scattering pattern with a continuous interface. The obtained
scattering curves were subjected to curve fitting using the
optimal theoretical equations. For the block copolymers, the
poly-core model was the most suitable (Fig. S3a-c, ESIt). Since
the random copolymers exhibited monotonic curves, any fitting
model could be matched. RDO01 was fitted with the polydisperse
Gaussian coil model (Fig. S3d, ESIt), representing a random
coil since the contrast difference was low. The shell thickness
was approximately zero in the poly-core model, thus indicating
a random-coil structure (Fig. S3e, ESI{). The same pattern was
observed for the other random copolymers. The fitting results
thus indicated that the block copolymers had a core-shell
structure,"®>° whereas the random copolymers had a random
coil structure. However, the radius and polydispersity values
from each curve fitting (Table 2) indicated that the random
copolymers exhibited high polydispersities with ambiguous
and undetectable core-shell structure boundaries.

The critical micelle concentration (CMC) was determined by
a fluorescent probe of pyrene.”’>* The fluorescence spectrum
of pyrene monomer possesses a vibrational band structure
which, due to the Ham effect, exhibits a strong sensitivity to
the polarity of the microenvironment in the micelle.”* Conse-
quently, the intensity ratio of the (0, 0) band (I3, 375 nm) to the
(0, 2) band (I3, 385 nm), with a local polarity and which is highly
sensitive to the polarity of the medium surrounding the pyrene
molecules, was used to determine the CMC.?® The fluorescence
intensity ratios range from 1.9 for water and 1.04 for toluene to

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 SAXS curves of (a) BLO1, (b) BLO2, (c) BLO3, (d) BLO4, (e) BLO5, (f)
RDO1, (g) RDO2, (h) RDO3, and (i) RD04. Curve fitting was performed by the
(a)—(e) poly-core model and (f)—(i) polydisperse Gaussian coil model.

0.6 for aliphatic hydrocarbons. Plots of the I,/I; peak height
ratio from the emission spectra as a function of the copolymer
concentration are shown in Fig. 2. Below the CMC, micelles
were not formed and the pyrene fluorescence spectrum corre-
sponded to that in water, with an I,/I; ratio of approximately
1.6-1.8. As the copolymer concentration increased above the

Soft Matter, 2024, 20, 5040-5044 | 5041
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Table 2 Comparison of the micelle size, M,gq, and N,gg determined by
DLS, SLS, and SAXS, and zeta potential

Rg/nmb
Dyl Core/ Shell/ Zeta

Polymers nm® M, Ny’ nm® n PDI  potential/mV
BLO1 15.7 103 K 33.3 5.2 4 0.1 —48.1
BL02 141 50K 12.1 2.2 2.1 0.4 —88.1
BLO3 26 116 K 66.5 4.5 2.5 0.2 —56.8
BL04 20 140 K 44.2 3.2 2.9 0.3 —69.5
BLO5 21.6 291K 61.3 6.3 4.9 0.1 —43.3
RDO1 6.9 23 K 1.8 2.7 1.0 —53.1
RDO02 14.6 238K 33.8 3.0 0.97 —55.8
RDO03 5.9 10 K 3.1 1.8 0.95 —46.7
RD04 152 ND"  ND” 5.28 0.98 ND

% Hydrodynamic diameters (Dy) determined by DLS with cumulant
analyses. ” Radius of gyration (R,) determined by SAXS. ¢ Aggregate
molecular weight from SLS. ¢ Aggregation number. ¢ Radius of core.
/ Thickness of the shell. ¢ Considering the DLS value, the main particle
size of RD04 is outside the measurement range of SAXS (¢ < 0.1), and
this value may reflect small particles mixed in. ” Considering the DLS
value of Dy, M,e, of RD04 is outside the measurement of Debye plot,
and thus both M,,, and N,g, is not obtained.

CMC (0.0001 wt%), pyrene was progressively solubilized in the
hydrophobic interior, as illustrated by the drastic decrease in
the I,/I; ratio in the intermediate region of the copolymer
concentration. For copolymer concentrations exceeding
0.01 wt%, the block and random copolymers exhibited constant
ratios of values of 1.0 and 1.25, respectively. These values
indicated that the locus of pyrene in the block micelle was a
polystyrene environment more compact than that in the ran-
dom micelles in which the pyrenes experienced some polarity
associated with the water interface. This may be attributed to
the core-shell structure of the block copolymers unlike the
random copolymers which did not have a clear core. All block
copolymers exhibited almost the same degree of hydrophobi-
city of the micelle core. Notably, the concentration at which the
I,/I; ratio of BL04 started to decrease was higher than that of
the other block copolymers, which can be attributed to its high
acid value. RD04, which had a higher acid value than BL04,
showed a further upper shift in the CMC. Block copolymers
have a core-shell structure and higher hydrophobicity in the

08 L sl TR TR SR

0.00001  0.0001  0.001 0.01 0.1 1
Concentration (wt%)
*BL01 » BL02 » BL0O3 « BL04 « BL0S
RDO1 ©RD02 © RD03 o RD04

Fig. 2 11/I5 ratios of the polymer solutions.
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micelle core, thus indicating their higher ability to solubilize
hydrophobic compounds compared to random copolymers.

The Anax Of the oil orange SS in the micelles was determined
to be 494 nm.>®*” The results revealed that the amount of dye
solubilized in the block copolymer micelles was higher than
that in the random copolymers (Fig. 3a and b/Fig. S5a and b,
ESIT). This result is consistent with the differences in the polar
environments probed by pyrene between the block and random
copolymers. Furthermore, the random copolymer micelle was
nearly saturated within 10 h, while the amount of dye solubi-
lized in the BLO1, BL03, and BLO5 continued to slowly increase
over two days. To compare the solubilization kinetics, the rate
constants were calculated using the Noyes-Whitney equation®®
(Fig. S5c, Table S1, ESIt). This result is closely related to the
micelle structure. BLO1, BL03 and BLO05, which showed many
fringes in the SAXS chart, had the smaller solubilization rate
constants. This means clear core-shell contrast prevented the
dye from penetrating into the micelle core of the block copoly-
mers. On the other hand, the poor core-shell properties of BL02
and BL04 (Fig. 1, Table 2) enabled the dye to penetrate relatively
easily. Similarly, the dye more readily penetrated the micelles of
the random copolymers exhibiting random coil structure with
ambiguous core-shell contrast (Fig. S5c¢, Table S1, ESIt). The
block copolymers showed a large difference in the amount of dye
solubilized although the hydrophobic environment was not
significantly different (Fig. 2). BL0O3 showed the highest solubi-
lization ability, followed by BLO1 and BLO5. Accordingly, we
focused on the differences in the block copolymers rather than
those in the hydrophobic environments.

The aggregate molecular weights (M,g,) of the block copoly-
mers in the micelles were determined by static light scattering
(SLS, Fig. S6, ESIt and Table 2). To calculate the aggregation
number (N,z,), we used the M, values obtained by GPC
(Table 1).>°?° The size of the block copolymer micelles deter-
mined by DLS and SAXS generally correlated with the M,q, as
well as N,g,. DLS diameter have been reported as hydrodynamic
size based on the diffusion of the particles, mostly above the
diameter of that measured with SAXS which probes the electron
rich part of the particle. In fact, R, determined by SAXS
(Table 2) was smaller than Ry determined by DLS, while TEM
diameters were measured using freeze-fracture transmission
electron microscopy (FF-TEM) (Fig. S4, ESIt) and were in close
agreement with Ry (DLS). Note that FF-TEM is known to
facilitate the study of structure in such hydration swelling
micelles. The principles behind FF-TEM could be easily
extended to study the morphological details of various struc-
tures in complex liquids. Vitrified specimens were fractured at
low temperature and under high vacuum to produce surfaces
which were replicated and examined. BLO2 had a smaller
micelle size and lower M,g, and N,g, values compared to
BL05, which had a larger micelle size. The extent of dye
solubilization was thus directly linked to N, and the core
radius, as demonstrated in BL01, 03 and 05, where a larger core
radius was positively correlated with an increase in the amount
of dye solubilization, even though the polarity of the core
estimated by pyrene was almost the same as those of BL02

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Variation of the solubilized amount of Oil Orange SS as a function of time for the polymer micelles of (a) Block copolymers and (b) Random
copolymers. (c) Solubilization amount of dye in polymer micelles under temperature change (25 and 35 °C, left-axis) and solubilization rate (%, right-axis).

and BL04 with lower solubilization capacities. This trend was
also observed in the random copolymer systems, where small
particle sizes without a clear core-shell phase separation were
observed by SAXS (1.8-3.0 nm radius, Table 2), which can
attribute to the low amount of dye solubilized. The micelle
concentration of the block copolymers can be divided by N, to
determine the number of micelles present, thus allowing an
estimation of the number of dye molecules solubilized within
each micelle. The calculations indicated that the larger the core
volume and number of aggregates (N,g,) resulted in a higher
number of dye molecules solubilized per micelle (Table S2,
ESIt). Approximately 0.2-2 dye molecules were solubilized per
micelle. Micelle size was measured by DLS before and after dye
solubilization. A significant increase in the size was observed
after dye solubilization in BL01, BL02, and BL04 (Table S3,
ESIY). Especially in BLO1 and BL02 with a small amount of dye
solubilization, it might be due to small particle size, low Nygy
number with weak molecular interaction, leading to size
increase after dye solubilization. In light of the monomer
composition, BL02 has a relatively low St ratio compared to
the other block copolymers, which is probably the additional
reason for the reduced solubilization. In contrast, BL0O3 and
BLO05, which have larger micelle particle diameters with higher
number of N,g,, probably have a slower solubilization rate but
greater solubilization potential (more solubilized molecules per
micelle) due to better hydrophobic aggregation and molecular
packing. As a result, the change in micelle particle size after
solubilization would be small. On the other hand, the N,g, of
the random copolymers were even smaller than that of the
block copolymers. This result may be contributed from high
polydispersities with ambiguous and undetectable core-shell
structure boundaries, resulting in reduced dye solubilization.
As dye solubilization is significantly influenced by its inter-
action with the hydrophobic core of the micelle, the mecha-
nism was investigated by measuring the solubilization of the
dye at different temperatures. After confirming that dye solu-
bilization in the micelles reached saturation at 25 °C (88 h), the
micelles were maintained at 35 °C for 1 h, and the amount of
dye solubilized was measured again (Fig. 3c). The changes in

This journal is © The Royal Society of Chemistry 2024

the CMC as a function of the temperature changes were also
monitored using a pyrene-based fluorescent probe (Fig. S7,
ESIt). The results (Fig. 3c) revealed that for all studied block
copolymers the amount of dye solubilized tended to decrease
with an increase in temperature. At this temperature increase,
the CMC change, estimated from the 1,/I; ratio of pyrene, could
not be determined for any of the block polymers. Our results
followed an opposite trend to that of Chang et al. who reported
that drug solubilization in pluronic micelles increased with an
increase in temperature®" which was attributed to the decrease
in CMC, directly leading to an increase in the number of
micelles and distribution of the dye to the respective micelles.
Since the CMC of the block copolymers did not change with a
change in temperature in our case (Fig. S7, ESIT), the number of
micelles was constant; therefore, the decrease in dye solubiliza-
tion with an increase in temperature may be attributed to the
exothermic nature of solubilization. When the binding of dye
molecules to surfactant micelles decreases with an increase in
temperature, the binding and partitioning processes are
exothermic and occur spontaneously.*

Notably, BL02 showed a high dye solubilization rate, which
can be attributed to its shell characteristics. BLO2 was identi-
fied as a micelle with a core-shell structure but had the greatest
polydispersity, and its fringe was smaller than that of the other
studied block copolymers, suggesting that the boundary was
somewhat ambiguous at the core-shell interface or shell-bulk
solvent interface (Fig. 1). The dye dissolved poorly in the core
because of the micellar structure of BL02, which caused it to
dissolve rapidly (Fig. 3a). These features were attributed to the
specific shell structure of BL02, in which the hydrophilic block
consisted of a random mixture of MA and BMA. Combined with
the weak molecular packing of the BL0O2 micelles, which can be
judged from the N,g,, the dye could easily penetrate the micelle
core and at the same time be easily excluded (Fig. 3a). A similar
trend to BLO2 was observed in BL04 between rapid dye solubi-
lization (Fig. 3a) and an ambiguous boundary (Fig. 1d).

This study investigated the properties of block copolymer
micelles to elucidate the correlation between the capacity of the
hydrophobic substances to be incorporated into micelles and

Soft Matter, 2024, 20, 5040-5044 | 5043
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their core-shell aggregated structure by comparison with ran-
dom copolymer micelles having the same composition as block
copolymer. The micelle structure was characterized by fluores-
cence, DLS, SLS, and SAXS. All block copolymers formed core-
shell micelles, whereas random copolymers showed high poly-
dispersity values with ambiguous and undetectable core-shell
structural boundaries. These structural features enabled the
block copolymers to solubilize higher amounts of a hydrophobic
dye compared to random copolymers. Kinetically, the random
copolymers reached solubilization saturation rapidly, while the
block copolymers reached saturation slowly. Notably, the weak
molecular packing and ambiguous core-shell interface of
BLO02, resulted from the hydrophilic block of a random mixture
of MA and BMA, accelerated the distribution of dyes to the
micelle core.
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