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ABSTRACT: The ijon-induced micellar transition is online-investigated by the
time dependence of the viscosity of the solution under shear flow for the first
time. During the morphological transition, the change in the micellar structure
can be tracked by the change in viscosity. Adding HCI or CaCl, into pre-
prepared spherical micelle solution from the self-assembly of polystyrene-block-
poly(acrylic acid) (PS;4-b-PAA,,) in the N,N-dimethylformamide (DMF)/
water mixture, the micellar structures change into short cylinders, long,
entangled cylinders, and then lamellae or vesicles, corresponding to the
viscosity increasing first and then declining. When HCI or CaCl, is added to
the pre-prepared spherical micelle solution formed by PS;,-b-PAAy, in the
dioxane/water mixture, the micellar structures are quickly transformed into
cylinders or lamellae before carrying out the rheological measurement and then
are turned to vesicles or spheres under the shearing, corresponding to a gradual
decline in viscosity. This study shows that the rheology can be a very simple
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and effective online method on the investigation of the micellization, which plays an important role in understanding the

micellization mechanism and micellar transition pathway of block copolymers in dilute solution.

1. INTRODUCTION

The self-assembly of amphiphilic block copolymers in selective
solution into various nanoscale micelles has received intensive
attention in the last few decades, because of not only scientific
interest but also their §reat potential applications, such as drug
delivery,'~* separate,”® and microreactors.” In general, the self-
assembled morphologies include spheres,8 cylinders,&9
rings,'"”"" and vesicles.”'>"> Besides exploring new micellar
structures, the transitions between different micellar structures
have also received widespread attention. For instance, it was
observed that spheres can transform to cylinders and then to
vesicles,">™"¢ and the reversed transition process can also be
achieved by changing the temperature.17 Moreover, the ring-
shaped micelles can be changed from cylinders or vesicles by
tuning shear flow.'®

To understand the micelle transitions, transmission electron
microscopy (TEM) or scanning electron microscopy (SEM)
was usually used to offline monitor the transition process.
However, it is hard to precisely capture the intermediates in the
micelle transition because of the limitation of the offline
techniques. In addition to the offline techniques, there are also
a few online techniques for the micelle transition, such as the
small-angle neutron scattering (SANS) technique or rheo-
nuclear magnetic resonance (NMR) technique. For instance,
SANS was used to study the transition from vesicles to
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wormlike micelles.'”” The rheo-NMR was applied to online
investigate the structural transition of aqueous solutions of
regenerated silk fibroin by the time dependence of a series of
"H NMR spectra under the shear flow.”® On the other hand, it
is known that the rheology is a widely used and sensitive online
technique in polymer physics. Moreover, it has been proven
that the rheological response of the micelle solution is highly
relative to the micellar microstructure.'”*' ™ For example,
Raghavan and co-workers reported that the vesicle—micelle
transition caused the solutions to switch from low-viscosity,
Newtonian fluids to viscoelastic, shear thinning fluids.'?
Shrestha et al. investigated the rheological behavior of
viscoelastic wormlike micelles in mixed polyoxyethylene
cholesteryl ethers and cocamide methyl monoethanolamine
(MEA) aqueous systems.”” They observed that the viscosity of
the aqueous solution was increased by S orders of magnitude
when the spherical micelles were transformed into rod-like
micelles. Moreover, Morita et al. applied a rheological
technique to study a heat-induced morphological transition
from elongated micelles to flexible worm-like micelles.*® This
morphological transition caused a drastic increase in viscosity
because of entanglement of the micelles. However, all of these
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Figure 1. Viscosity as a function of the shear time after adding 30 4L (40 mmol/L) of HCl solution into the pre-prepared PS,,,-b-PAA,, spherical
micelle solution (S00 xL) with interrupting the measurement to take a trace amount of micelle solution for TEM measurement. The shear rate is 75
s7". Several TEM images at different times are inserted in the curves to show the morphological transition pathway: snapshot A, 0 min; snapshot B,

SS min; snapshot C, 290 min; and snapshot D, 412 min.

previous rheological studies on the micelle transitions are still
offline investigations, which only compare the rheological
properties of different micelle solutions. Thus far, it is still
lacking an online rheological study on the micellar transition.
This is because the co-solvent used in the micellization of
amphiphilic block copolymers is usually volatile. The
evaporation of solvent during the measurement will also
cause the change in the rheological signal, which makes one not
be able to identify the change in the rheological signal arisen
from the micelle transition or from the solvent evaporation. In
the current study, we achieved the online investigation of ion-
induced micellar transition for polystyrene-block-poly(acrylic
acid) (PS-b-PAA) diblock copolymer in N,N-dimethylforma-
mide (DMF)/water or dioxane/water mixture solution by a
new type of rheometer, i.e, Brookfield LVDV-III Ultra
programmable rheometer. Because all of the rheological
measurements are employed in an airtight sample cup, the
influence of the solvent evaporation on the rheological data can
be effectively eliminated. By the time dependence of the
viscosity of the PS—PAA solution under the shear flow, the ion-
induced morphological transitions were online-traced. TEM
images confirm the micellar morphologies in the transition,
which agree well with the viscosity curves.

2. EXPERIMENTAL SECTION

2.1. Materials. The amphiphilic diblock copolymers, polystyrene-
block-poly(acrylic acid) (PS,44-b-PAA,,, M, = 15000 g/mol for PS
block and M,, = 1600 g/mol for PAA block, with M, ,/M,, = 1.10; PS,,-
b-PAAg,, M, = 15000 g/mol for PS block and M, = 3600 g/mol for
PAA block, with M,/M, = 1.20), were purchased from Polymer
Source. DMF, dioxane, CaCl,, and HCI (16 mol/L) were supplied by

Beijing Chemical Works. CaCl, was dried in a vacuum drying oven
before use. All of the materials were directly used after receiving
without further purifying.

2.2. Preparation of the Micelles. For PS,,,-b-PAA,,, the diblock
copolymer was first dissolved in DMF (a co-solvent for both PS and
PAA blocks) to make a copolymer solution containing 3 wt % block
copolymer. The solution was kept stirring for 1 day to make the
copolymers completely dissolve in the co-solvent. Then, a given
volume of deionized water (6 wt % of the solution) was added (at the
rate of 1 wt %/30 s) into the solution with stirring. After the water
content reached 6 wt %, the solution was kept stirring at room
temperature for 1 day to make the aggregates reach equilibrium. At
this water content, the PS—PAA diblock copolymers tended to
aggregate into spherical micelles. Then, the 30 uL of HCI solution or
CaCl, solution was added to the sphere micelle solution (500 uL) to
induce the micelle transition. After stirring for 20 s, 500 uL of solution
was moved into the sample cup of the rheometer and then sheared at a
certain rate for 7 h. For PS;,-b-PAAy, copolymer, ca. 2 wt %
copolymer was dissolved in dioxane and the added deionized water
was 9 wt %, with other steps being the same as the PS,-b-PAA,,
copolymer. When it is needed to take a sample from the sample cup
for TEM measurement, the rheological measurement will be
suspended. A trace amount of solution (3 yL) will be quickly taken
from the sample cup to put into a large amount of (2 mL) methyl
alcohol to quench the micellar structure for the TEM measurement.
The micelle structures will then be kinetically locked because the
micellar aggregates were isolated in methyl alcohol and the insoluble
PS blocks were below their glass transition temperature after the
quenching procedures.® It is also worth noting that such trace
reduction of the solution will not affect the resume of rheological
measurement.

2.3. Rheological Measurements. Rheological measurements
were carried out on a Brookfield LVDV-III Ultra programmable
rheometer at a given shear rate. The cone spindle used in the
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Figure 2. Viscosity as a function of the shear time after adding 30 yL (40 mmol/L) of HCl solution into the pre-prepared PS,,,-b-PAA,, spherical
micelle solution (500 L) with interrupting the measurement to take a trace amount of micelle solution (line 1) and without interrupting the
measurement (line 2). The shear rate is 75 s™'. TEM images are for line 2: (A) t = 0 min and (B) t = 420 min.

measurement was CPE-40. The sample volume for the measurement
was ca. 500 pL. The sample cup was airtight during the measurement,
which could effectively prevent the solution evaporation. The shear
rate was set at 75 s7', and the temperature was controlled at 20 °C.

2.4. TEM. The micellar morphologies during the micelle transition
were visualized by the offline TEM. TEM measurements were
performed on a JEOL JEM-1011 transition electron microscope
operated at an acceleration voltage of 100 kV. A drop of the very dilute
micellar solution was placed on the TEM grid (copper grids covered
by a polymer support film precoated with carbon thin film) with a
filter paper below to absorb the solution. The remaining micelle
solution (methyl alcohol) on the grid was evaporated very fast at room
temperature, while the micelles were deposited onto the grid surface
for observation.

3. RESULTS AND DISCUSSION

The morphological transition of the supramolecular assemblies
can generally be achieved by adding ions,"***7>* copoly-
mers,>® 3% or surfactants®®*' or changing the temper-
ature.'”**”* In the current study, we add HCI or CaCl, into
spherical micelle solution formed by PS,,,-b-PAA,, in a DMF/
water mixture or PS,,,-b-PAA;, in a dioxane/water mixture to
induce the morphological transition. The time dependence of
the viscosity of the micelle solution under the shear flow was
used to monitor the morphological transition that occurred in
the solution. It is found that the change of viscosity can well
reflect the morphological transition. When HCI or CaCl, is
added to spherical micelle solution formed by PS,,,-b-PAA,, in
the DMF/water mixture, the micellar structures change into
short cylinders, long and tangled cylinders, and then lamellae or
vesicles, corresponding to a increase of viscosity at first and
then a decrease of viscosity. When HCI or CaCl, is added to
spherical micelle solution formed by PS,,,-b-PAAg, in the
dioxane/water mixture, the morphologies rapidly change into
cylinder aggregates or lamellae before the rheological measure-
ment and then into vesicles or spheres, corresponding to a
gradual decrease in viscosity.

3.1. Online Rheological Investigation on the Morpho-
logical Transition Induced by HCI. PS,,,-b-PAA,, diblock
copolymers tend to form spherical micelles in the DMF/water
mixture, which is confirmed by the TEM image, as shown in
Figure Sla of the Supporting Information. After HCI solution is
added, the introduced H* will hinder the ionization of PAA
blocks, leading to the decrease of repulsive interactions of
corona-forming chains, ie, PAA chains.*® The decrease of

repulsive interactions of the PAA chains will cause the
morphological transition. After 30 L of HCI solution (40
mmol/L) is added to the spherical micelle solution (500 uL)
and string for 20 s, the solution was removed into the
rheometer sample cup to measure the viscosity under shear.
The measured viscosity as a function of the shear time is
presented in Figure 1. During the measurement, we took a trace
amount of the micelle solution (3 yL) from the sample at times
to do the TEM measurement for the visualization of the
micellar structure. The obtained TEM images at different shear
times are inserted in Figure 1 to show the morphological
transition pathway. From the viscosity—time curve, it is
observed that the viscosity of the micelle solution is increased
at first and then declined. The TEM images show that the
spheres have already transformed into short rods (snapshot A)
at the beginning of the measurement (20 s after adding HCl
solution). Then, these short rods transition into long and
entangled cylinders (snapshot B) at S5 min. Because of the
entanglement of flexible cylindrical micelles, we can observe a
significant increase in the viscosity. Thereafter, long cylinders
become shorter and shorter (snapshots C and D). The
corresponding viscosity is then decreased because of the
breakup of the entangled structures. Moreover, some cylinders
start to merge into lamellae, as indicated by the arrows
(snapshot D).

During the rheological measurement, a trace amount of
micelle solution was taken from the sample cup. The trace
reduction (3 puL) in the volume of the solution has negligible
influence on the measurement result. Moreover, the solvent
evaporation could also be negligible. This is because the
operation for taking out the sample from the cup is controlled
within 20 s, and the common solvents have relatively high
boiling points (153 °C for DMF and 101 °C for dioxane) and
low vapor pressures (2.6 mmHg at 20 °C for DMF and 4.1
mmHg at 20 °C for dioxane).*’ The slight fluctuations in the
curve are mainly attributed to the temporary interruption of the
shear flow. Once the shear is restarted, it needs some time to
form uniform flow in the cone geometry again. To confirm the
negligible influence of taking the sample on the measurement,
we repeated the rheological measurement again. In the second
measurement, there are no interruptions during the shearing.
The viscosity—time curves for the first measurement (line 1,
interrupted) and second measurement (line 2, not interrupted)
are compared in Figure 2. These two curves are very similar,
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Figure 3. Viscosity as a function of the shear time after adding 30 4L (80 mmol/L) of HCI solution into the pre-prepared PS,,,-b-PAA;, spherical
micelle solution (500 uL). The shear rate is 75 s™'. Several TEM images at different times are given to show the morphological transition pathway:
snapshot A, 0 min; snapshot B, 47 min; snapshot C, 252 min; and snapshot D, 400 min.

which have a similar trend and peak value position. The initial
morphology (before the rheological measurement) and the
final morphology (after the rheological measurement) for the
second measurement are shown in snapshots A and B of Figure
2, respectively. Clearly, these two morphologies also agree well
with the snapshots A and D in Figure 1.

For another type of PS—PAA copolymer, ie., PS ,,-b-PAA;,
copolymer, they also tend to form spherical micelles in a
dioxane/water (1:0.09, v/v) mixture, as shown in Figure S1b of
the Supporting Information. After 30 uL (80 mmol/L) of HCl
solution is added into the pre-prepared PS,,,-b-PAA, spherical
micelle solution (500 uL), the viscosity drops rapidly at first
and then declines slowly with shear time, as shown in Figure 3.
The viscosity—time curve indicates that the micellar structures
are transformed from the entangled structures to the small
separated structures. The TEM images at different shear times
are also inserted in Figure 3 to show the morphological
transition pathway. It is observed that the PS ,-b-PAAs,
spheres have already transitioned into the entangled cylinders
(snapshot A) at the beginning. Then, they become shorter and
shorter (snapshot B), and then some lamellae and vesicles
appeared (snapshot C). Finally, all of the lamellae are bent to
form vesicles (snapshot D). Because the morphology trans-
formed from long cylinders to small vesicles, there is a
significant decrease of the viscosity, as shown in the viscosity—
time curve shown in Figure 3. To prove that interrupting to
take samples will also not affect the viscosity change and
morphological transition, the viscosity curve obtained without
interrupting and the corresponding TEM images of the
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morphologies before and after shear are shown in Figure S2
of the Supporting Information. To further confirm the
morphological transition visualized by TEM, other visualization
techniques, i.e., SEM and atomic force microscopy (AFM), are
also used to visualize the micellar transitions shown in Figures 1
and 3. In Figures S3 and S4 of the Supporting Information, we
compared the images from TEM, SEM, and AFM for the
morphological transitions of PS,,,-b-PAA,, and PS,-b-PAA,
micelles, respectively. Clearly, the same micellar structures are
observed by whatever visualization techniques.

In comparison of Figure 1 to Figure 3, it is found that the
morphological transition pathways are different for PS,,-b-
PAA,, and PS,,-b-PAA;. The difference is mainly attributed to
the different common solvents used for these two different
types of copolymers. DMF is used for PS,,-b-PAA,,, while
dioxane is used for PS,,-b-PAA;,. Eisenberg and co-workers
proposed that the quality of the common solvent, ie., the
solubility parameters and dielectric constants of the solvent,
plays a key effect on the PS-b-PAA micellar structure.*® In that
work, they found that the closer the match between the
solubility parameter of the solvent and that of the core forming
block, the higher the solvent content of the core and the higher
the degree of stretching of the core chains. The lower the
polarity of the solvent, the weaker the PAA—solvent interaction
and the weaker the repulsive interactions among the corona
chains. As the stretching degree of PS chains in the cores
increases and the repulsion among the PAA corona decreases,
the morphology of PS—PAA micelles changes from spheres to
cylinders and then to vesicles or large compound micelles. In
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Figure 4. Viscosity as a function of the shear time after adding 30 yL (3.5 mg/mL) of CaCl, solution into the pre-prepared PS,,,-b-PAA,, spherical
micelle solution (500 uL). The shear rate is 75 s™'. Several TEM images at different times are given to show the morphological transition pathway:
snapshot A, 0 min; snapshot B, 50 min; snapshot C, 94 min; snapshot D, 273 min; and snapshot E, 395 min.

the current study, the solubility parameter of the PS chain
(16.6—20.2 MPa'’?) is closer to dioxane (20.5 MPa'/?) than
DMF (24.8 MPa'/?). Moreover, the polarity of dioxane
(dielectric constant of 2.2) is much lower than that of DMF
(dielectric constant of 38.2). This implies that the stretching
degree of PS is higher and the repulsion among the PAA corona
is lower when dioxane is used as the common solvent. In other
words, PS;,,-b-PAA;, spherical micelles (in dioxane) are easier
to transform to cylindrical micelles and then to vesicles than
that of PS,,,-b-PAA,, spherical micelles (in DMF), as shown in
Figures 1 and 3.

3.2. Online Rheological Investigation on the Morpho-
logical Transition Induced by CaCl,. In the prepared PS4
b-PAA,, spherical micelles (see Figure Sla of the Supporting
Information), there are repulsive interactions between the
corona-forming PAA chains because of the ionization of PAA
blocks. It has been reported that there is a strong binding of
Ca’ to the carboxylate group of the PAA block, leading to a
decrease of repulsive interactions between PAA blocks.*
Therefore, the micellar structure can also be tuned by
introducing CaCl,. In Figure 4, we show the viscosity of the
aqueous solution as a function of the shear time after adding 30
uL (3.5 mg/mL) of CaCl, solution into the prepared PS,,,-b-
PAA,, spherical micelle solution (500 gL). Similar to the
viscosity—time curve induced by HCI (Figure 1), the viscosity
increases rapidly at first and then decreases slowly. TEM images
show that the short cylinders (snapshot A) gradually grow into
long and entangled cylinders (snapshot C). As a result, the
viscosity of the micelle solution is increased. Thereafter, some
lamellae appear at the entanglement point of the cylinders

(snapshot D). Finally, some lamellae are bending into vesicles,
as shown in the snapshot E. Because of the breakup of the
entangled structure, the viscosity is correspondingly declined.
In Figure S5 of the Supporting Information, we also show the
viscosity curve obtained without interrupting the measurement
and the TEM images of the morphologies before and after
shear to confirm that the loss of a trace amount of solution will
not influence the rheological measurement.

After 30 uL of CaCl, solution is added to the initial prepared
PS,44-b-PAA;, spherical micelle solution (500 uL), its viscosity
drops rapidly at first (20 min) and then shows a slight decrease
with further increasing the shear time, as shown in Figure S.
From the inserted TEM images, it is found that the
morphology has already transitioned into lamellae and cylinders
before shearing (snapshot A). These lamellae and cylinders
turn to the aggregates piled up by many spheres (snapshot B),
and then the aggregates disperse into independent spheres or a
short cylinder gradually (snapshots C and D). The viscosity
curve obtained without interrupting and the TEM images of the
morphologies before and after shear are given in Figure S6 of
the Supporting Information.

3.3. Influence of the lon Concentration on Micellar
Transitions. In this section, we examine the difference in the
viscosities of the micellar transitions induced by adding
different concentrations of H* or Ca®** into PS,,-b-PAA,,
solution. In panels a and b of Figure 6, we present the
viscosity—time curves for the morphological transitions at
different HCl concentrations and different CaCl, concen-
trations, respectively. Moreover, we also present the viscosity
curves for the blank sample (without adding ion). Clearly, the
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Figure 5. Viscosity as a function of the shear time after adding 30 L (10 mg/mL) of CaCl, solution into the pre-prepared PS,,,-b-PAA; spherical
micelle solution (500 uL). The shear rate is 75 s™'. Several TEM images at different times are given to show the morphological transition pathway:
snapshot A, 0 min; snapshot B, 20 min; snapshot C, 230 min; and snapshot D, 400 min.
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Figure 6. Comparison of the viscosity—time curves after adding different concentrations of ions into PS,,,-b-PAA,, spherical micelle solution: (a)
adding different concentrations of HCl solution and (b) adding different concentrations of CaCl, solution.

viscosity for the blank sample remains almost unchanged after
shearing for 420 min, indicating that no morphological
transition is happening when ions are absent. From Figure
6a, when the concentration of HCI solution is 8 mmol/L, we
can see that the viscosity curve is similar to the curve of the
solution without adding ion. At this concentration, the
morphology remains spherical micelle (see Figure S7 of the
Supporting Information), which implies that the morphological
transition cannot be induced at a relatively low H*

concentration. With further increasing of the concentration of
H', an obvious peak of viscosity is observed. Moreover, the
peak value is increased as the H* content increased, indicating
that more and more long and entangled cylinders are formed
during the morphological transition. In Figure 6b, it can be seen
that the peak value of the viscosity is decreased at first when the
CaCl, concentration is increased from 3.5 to 12 mg/mL. When
the CaCl, concentration is further increased to 20 mg/mL,
however, the peak value of the viscosity is increased. This is
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because that the morphological transitions are different at low
and high CaCl, concentrations, which are confirmed by TEM
images. When the CaCl, concentration is in the range of 3.5—
12 mg/mL, more and more vesicles are obtained with the
increase of the CaCl, concentration (see Figure 4e and Figure
S8a of the Supporting Information). Therefore, the viscosity is
decreased as the CaCl, concentration is increased from 3.5 to
12 mg/mL. However, more long and entangled cylinders are
observed when the CaCl, concentration is further increased to
20 mg/mL (see Figure S8b of the Supporting Information),
which makes the viscosity increase again. Figure 6b shows that
introducing Ca’* into the PS,-b-PAA,, spherical micellar
solution will cause a sphere—cylinder—vesicle transition.
However, a very high concentration of Ca** will hinder the
transformation of cylinder to vesicle, which makes the micellar
structure stop at cylinder.

4. CONCLUSION

In the current study, we apply the rheological method to online
study the ion-induced micellar transition by the time
dependence of the viscosity of the solution under shearing.
After ion solution, i.e., HCI or CaCl, solution, is added to the
PS,44-b-PAA,, spherical micelle solution, the spherical micelles
will transform into other micelles because of the decrease of
repulsive interactions of corona-forming PAA chains. The ion-
induced morphological transition can be online-monitored by
the time dependence viscosity. It is observed that the viscosity
is increased when the spheres transform into long and
entangled cylinders. However, when the micelles are further
transitioned into lamellae or vesicles, the viscosity is
correspondingly declined. When HCI or CaCl, is added to
the prepared spherical micelle solution formed by PS,,,-b-
PAA;, the morphologies transform from cylinder aggregates or
lamellae to vesicles or spheres, corresponding to a gradual
decline in viscosity. The current study shows that the
rheological method can be a real-time method for the
investigation of micellization and micellar transition of block
copolymers in dilute solution.
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