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Abstract This work offers a typical understanding of the factors that govern the nanostructures of poly(4-vinyl pyridine)-b-polystyrene-b-
poly(4-vinyl pyridine) (P4VP-b-PS-b-P4VP) block copolymers (BCs) in dioxane/water, in which water is a selective solvent for the P4AVP
block. It is achieved through an investigation of the amphiphilic triblock copolymer micelles by variation of three different factors,
including water content (above CWC but under the immobile concentration), temperature (ranging from 20 °C to 80 °C), and copolymer
composition (low and high PS block length). Transition of bead-like micelles to vesicles is observed with the increase of water content due
to the increase of interfacial energy between the copolymer and the solvent. Effect of temperature superposed on that of water content results
in various morphologies, such as beads, fibers, rods, capsules, toroids, lamellae, and vesicles. The interfacial tension between the BC and the
solvent increases with the increase of water content but decreases with the increase of temperature, indicating that the micellar morphologies
are resulted from the competitive interplay between the temperature and the water content and always change in a direction that decreases
the interfacial energy. Based on the micellar structures obtained in this work and the effects of temperature superposed on water
concentration, a diagram of phase evolution of different micellar morphologies is illustrated here, covering the temperature range from
20 °C to 80 °C and the water content changing from 20 vol% to 35 vol%. For the investigation of BC composition, morphological transition
of vesicle-to-fiber, for high PS length, is observed as compared with bead-to-capsule for low PS length, as the temperature changes from
20 °C to 80 °C. Our research complements the protocols to control over the morphologies and the phase diagram describing
P4VP-b-PS-b-P4VP micellar nanostructures in aqueous solution.
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INTRODUCTION

In nature, self-assembly is a ubiquitous process by which an
organized structure spontaneously forms as a result of
specific interactions among individual components (“building
blocks”)!'=5], Tt is one of the fundamental driving forces for
life evolution and plays an important role in the conformation
of a wide range of biological structures. Understanding the
intricacies of self-assembly is of ultra-importance in the
development of synthetic materials with the capabilities of
mimicking nature-existing architecturesl®®. In the past
decades, studies on nanomaterials have been increasingly
focused on self-assemblies, with their structures well-defined
in two or three-dimensional arrays otherwise inaccessible by
lithographic procedures!!%-13],

In terms of applications of self-assembly, the right
synthetic building block must be found since it underlies the
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formation of nanoscale patterns. Amphiphilic block
copolymer (amphiphilic BC), consisting of two or more
chemically distinct segments (“building blocks”) covalently
bonded as a complex macromolecule, stands out for years
because it offers a great platform for material construction
with a high level of precision and integrating order!'®2%, It
spontaneously segregates for the large incompatibility
between hydrophilic and hydrophobic moieties to achieve
various functions such as delivery, catalysis, sensor,
adaptation, and stimuli-responsiveness?'~23l, The micro-
separated structures of block copolymers, as well as their
facile fabrication, make them an excellent family of structural
units for the bottom-up synthesis of complex materials?+-26],
The different fragments in  amphiphilic BC
macromolecules contribute to both types of macromolecular
interactions in an aqueous system. This factor makes
amphiphilic BCs self-assemble into micelles in solution for
one of the blocks forming core or aggregating as a result of
association of the insoluble blocks. To target the desired
stable structures, researchers have aspired to exploit
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conditions of self-assembly to create hierarchical structures.
The specific morphologies of the final micelles, such as
spheres, rods, fibers, toroids, vesicles, lamellae, bicontinuous
structures, large compound micelles (LCMs), and many
others, are resulted from a balance between three
contributions to the free energy, including core-chain
stretching,  corona-chain  repulsion, and interfacial
energy?7-21,

For assembly process of amphiphiles in solution, the
micellar morphologies are frequently obtained by firstly
dissolving BCs in a solvent soluble for both blocks, followed
by the addition of a selective solvent good for one of the
blocks but rather poor for the other (e.g., water). Upon water
addition to the solution, block segregation and microphase
separation occur as a consequence of the BC self-assembly
tendency®l. The physical and colloidal properties of the
micellar aggregates can be tuned via variation of system
compositions and external fields aiming at a much broader
range of applications. Content of water, nature of solvent,
presence of additives, and composition of the copolymer are
system magnitudes, while temperature, shearing, microwave,
and UV-light irradiation are external field factors(3!=3],
System magnitudes have been widely studied and reported in
the literature. For example, a pH-induced micellization study
of stimulus-responsive poly(glycerol monomethacrylate)-b-
poly(2-(dimethylamino)ethyl methacrylate)-b-poly(2-(diethyl-
amino)ethyl methacrylate) (GMA-DMA-DEA) triblock
copolymer revealed that the “onionlike” micelles were
formed, with DEA, DMA and GMA as cores, shells and
coronas, respectively, upon addition of basel*®l. It was also of
interest to control the composition of corona by use of
hydrophilic chains such as poly(acrylic acid) (PAA) or
poly(4-vinyl pyridine) (P4VP) to obtain acidic, basic, or
mixed structures under appropriate pH environments37-1,

External fields (typically temperature and shear), presented
for their easy manipulation and little interference, have been
reported experimentally and computationally in previous
studies by researchers***1. Typically, dynamic effects of
changing water addition rate and temperature on the pathways
of morphological transitions of P4VP-b-PS-b-P4AVP BCs
have also been proposed by Jiang’s group!> %1, In the present
work, the investigation is expanded to the effect of
temperature superposed on that of water content, which is
rarely reported previously, on the self-assembly of P4VPy3-b-
PSy60-b-P4VP4;  block copolymer. A  bead-to-vesicle
transition is found with the increase of water content due to
the increase of repulsion between the copolymer and solvent.
However, the increase of temperature reduces the interfacial
energy and has the negative interaction with the increase of
water. As a result, morphologies formed at lower temperature
and lower water content shift to the regime of higher
temperature and higher water content. When the PS content is
high, morphological transition of vesicle-to-fiber is found as
compared with bead-to-capsule for BC with lower PS length.
The structures of micelles were characterized by transmission
electron microscopy (TEM), dynamic light scattering (DLS),
and field emission scanning electron microscopy (SEM). The
motivation of this work is to investigate different parameters
affecting the design of BC self-assembly and to describe how

the parameters are executed in manipulating the self-
assembly of BC micelles.

EXPERIMENTAL

Micelle Preparation

Triblock copolymers of poly(4-vinyl pyridine)-b-polystyrene-
b-poly(4-vinyl pyridine) were purchased from Polymer
Source Inc., Canada and used as received. The two BCs of
P4VPy43-b-PS160-b-P4VP43 (PDI = 1.09) and P4VP43-H-PS;3¢6-
b-P4VP4; (PDI = 1.10), where the subscripts indicate the
numbers of repeat units of the blocks, were selected here
with the same hydrophilic P4VP but two different lengths of
the hydrophobic PS units. First, 0.01 g of copolymer was
dissolved in a mixed solvent (I mL of dioxane and various
contents of water depending on experimental requirement
with pH values of ~7) in a 5 mL cone-like vial. The solution
was kept stirring at 500 r/min for about 4 days to form the
micelles (a cylindrical stirring bar was used in this study with
a diameter of 5 mm and a length of 15 mm) and then
quenched in a 4-5 fold excess of water to freeze the micellar
morphology. Finally, the treated solution was placed in
dialysis tubes and dialyzed against distilled water for a few
days to remove the dioxane solvent from the solution. For the
exploration of temperature effect, the micellar solution was
heated in a water bath at different temperatures. The resulting
solution was then quenched by a large amount of water and
followed by the dialysis in deionized water.

Characterization

The turbidity was measured on a Shimadzu UV-2450
Ultraviolet-visible (UV-Vis) spectrometer in the absorbance
(turbidity) mode and at A = 650 nm, with dioxane as the
reference. The solution was placed in a quartz cuvette inside
UV-Vis spectrometer and stirred using a magnetic stirrer. All
the experiments were performed at room temperature.

Regular TEM was performed on a JEOL JEM-1011
transmission electron microscope operated at an acceleration
voltage of 100 kV. For preparation of TEM samples, a drop of
the micellar solution was placed onto a TEM copper grid and
then the excess solution was absorbed by using a stripe of
filter paper. The samples were dried in atmosphere at room
temperature for 1 day before observation.

For the measurement of hydrodynamic radius (Ry),
dynamic light scattering (DLS) was conducted on a
multi-angle light scattering (MALS) instrument with a digital
correlator (QELS [690 nm]). The micelle solutions were
filtered through a 450 nm Millipore filter before transferred
into the clean scintillation vial. All the DLS measurements
were carried out at 90° scattering angle and at room
temperature.

SEM was performed on the XL 30 E-SEM (FEG, Micrion
FEI PHILIPS) operated at an acceleration voltage of 20 kV.
Before micelle loading, the supports of silicon wafer were
cleaned in a bath of 100 mL of 80% H2SO4, 35 mL of H>O,,
and 15 mL of deionized water for 15 min at 80 °C and rinsed
in deionized water, and then dried in compressed nitrogen gas
flow. The micelles were then placed onto the wafer and dried
in ambient condition for 1 day before SEM observation.

https://doi.org/10.1007/s10118-018-2066-2
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RESULTS AND DISCUSSION

Critical Water Content Determination by Turbidity

In the case of BC self-assembly, micelles are formed when
water (if water is used as a selective solvent for one block)
exceeds a critical concentration. This critical water content
(CWC) is defined as the amount at which a sudden change of
the turbidity occurs in the process of water addition®”.
Figure 1 gives the turbidity measured from UV-Vis
spectrometer for the copolymer in dioxane/water solution as a
function of water content. With the increase of water content,
the ability of solvent to dissolve PS block becomes poor and
the single block chains start to aggregate. The approximate
value of CWC can be obtained from the intercept of two line
segments (horizontal section and steeply increasing
section)”), The evaluation of this quantity can guide the
morphological control by variation of water content (to be
discussed following), for which the addition of water may be
higher than it to ensure that the micelles are formed in the
aqueous solution. CWC is usually dependent on the BC
composition and the nature of solvent*®]. For the amphiphilic
triblock  copolymer of P4VP43-b-PSy0-h-P4VP43  in
dioxane/water, the critical concentration is around 17 vol% as
shown in Fig. 1.
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Fig. 1  Turbidity as a function of water content for

P4VPua3-b-PS260-b-P4V P43 block copolymer in dioxane/water

Morphologies of the Micelles Formed at Different Water
Contents

According to the measurement of turbidity discussed above,
the water content (selective solvent) used for P4VP block in
our study is above 17 vol% (CWC) but under 50 vol% (PS
immobile water content, above which the segmental motion is
frozen)*!. In parallel to the previous work of toroidal
micelles from this P4VP43-b-PS260-b-P4VP43 copolymer
(where the water content was about 25 vol%)P, the initial

water content was set as 20 vol% with an increment of 5 vol%.

Figure 2 gives the TEM images of various morphologies of
P4VP43-b-PSy60-b-P4VP4; micelles in water/dioxane. At first,
the micelles show mainly bead-like morphology at 20 vol%
water content (Fig. 2a). With the increase of water content to
25 vol%, large amounts of toroidal micelles are formed,
which is consistent with the results in our previous work
(Fig. 2b)%. Then at 30 vol% of water, lamellae, which
seem to be formed from association of toroids, become the
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Fig. 2 TEM images of the micellar morphologies for the P4VP43-
b-PS260-b-P4VPa3 system with 1 wt% copolymer concentration and
various water contents: (a) beads at 20 vol%; (b) toroids at 25 vol%;
(c) lamellae at 30 vol%; (d) vesicles at 35 vol% (The insets are the
schematic images of the corresponding morphologies with red as
PS core and blue as P4VP corona, respectively.)

dominant morphology (Fig. 2c). Finally, the micellar size
increases significantly and the micelles change to vesicles at
the water content of 35 vol%, as shown in Fig. 2(d). For
clarity, four schematic images of bead, toroid, lamella, and
vesicle are inserted on the right top of the corresponding TEM
images.

The micellar sizes were characterized by dynamic light
scattering (DLS), as shown in Fig. 3. At first, the
hydrodynamic radius (Ry) is very narrow and distributes
around 75 nm due to the formation of small-sized bead-like
micelles (Fig. 3a). Then with the increase of water content, Ry,
distribution becomes broader and is mainly in a range of
50—400 nm with a peak value at 169 nm at 25 vol% water
content (Fig. 3b), corresponding to the formation of toroidal
micelles. At 30 vol% water content, the maximum Ry, reaches
250 nm, indicating the transformation from toroids to
lamellae (Fig. 3c). Finally, the peak value of Ry continually
increases to 300 nm at 35 vol% water content and the
distribution becomes broader than Fig. 3(c) when the lamellae
are transformed into vesicles. A decrease of the peak is found
in the region of < 20 nm, which is ascribed to the single
molecules of block copolymer®!l, because block copolymer
molecules precipitate into micelles with the increase of water
content. Combined with the TEM observations in Fig. 2, the
size distribution changes in DLS are attributed to the micelle
evolution from beads to vesicles.

https://doi.org/10.1007/s10118-018-2066-2
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Fig.3 Hydrodynamic radius (Rn) distribution from DLS experiments for the P4VP43-b-PS260-b-P4V P43 micelles formed at
different water contents: (a) 20 vol%, (b) 25 vol%, (c) 30 vol%, (d) 35 vol%

P4VPy3-b-PS60-b-P4VP4;  micelles in  dioxane/water
consist of PS and P4VP as cores and coronas, respectively,
due to the balance between polymer fragments’ interactions
with the solvent and interactions between the fragments
themselves*® 32, The morphological changes with variation
of water content can be attributed to the change of the solvent
quality toward hydrophilic and hydrophobic blocks of the
triblock copolymer. Addition of more water makes the PS
block less soluble, and the interfacial tension increases, while
the corona repulsion may keep constant since water is a good
solvent for P4VP block!®*. Hence the micellar morphologies
are mainly dominated by the interfacial repulsion between the
solvent and the hydrophobic PS blocks. The spherical and
bead-like micelles tend to aggregate and adapt to minimize
the total interfacial energy. As a result, toroidal structures are
formed (some embryo structures of rings can be seen in
Fig. 2(a), indicating that they have the tendency to form
toroids). When the water content continues to rise, the
increased surface tension between PS and solvent makes
water molecules and the hydrophilic units diffuse out of the
clusters, and the hydrophobic components fuse to form
large-sized micelles. The toroidal micelles begin to connect,
their boundaries fuse, and lamellae are consequently formed.
Finally, at the water content of 35 vol%, the large content of
water gives rise to the repulsion between solvent and PS block,
and the stretching of polymer chains in the core builds up
again, which leads to a further adaption of the micellar
geometry in order to reduce the interfacial energy of the

core-forming PS block. Thus, the micellar morphology
undergoes further evolution and vesicle is formed as the final
transition of the micellar structure. In summary, the
morphological evolution results from the balance of
interfacial tension, corona repulsion, and stretching. The
micellar structure in the solution changes in a direction that
decreases the overall free energy, which, in the present
system, is from beads to toroids, then to lamellae, and finally
to vesicles with the increase of water content.

Morphological Changes of the Micelles Induced by
Temperature

Figure 4 gives the typical SEM images of the morphological
changes induced by temperature for P4VP43-b-PSye0-b-
P4VP4; micelles in dioxane/water with 1.0 wt% copolymer
and 20 vol% water concentration. At 20 °C, the micellar
morphology is mainly bead-like (Fig. 4a) and in agreement
with the TEM image of Fig. 2(a). When the temperature
increases to 40 °C, fibers are found (Fig. 4b). Then at 60 °C,
short rod replaces the fiber-shaped structures (Fig. 4c) and
becomes the dominated morphology. Finally at 80 °C, the
micelle size decreases significantly and the micelles change
to small capsules (Fig. 4d). Therefore, by changing the
temperature, we can access bead-, fiber-, rod-, and
capsule-like morphologies without changing compositions of
the system. Similarly, the corresponding schematic images
are also supplied here and are inserted on the right top of the
corresponding SEM images for clarity.

https://doi.org/10.1007/s10118-018-2066-2
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Fig. 4 Morphological changes characterized by SEM on heating a
system with 1.0 wt% P4VPa43-b-PS260-b-P4VP43 copolymer and
20 vol% water concentration in dioxane/water: (a) bead-like
micelles at 20 °C; (b) fibers at 40 °C; (c) rod-like micelles at 60 °C;
(d) small capsules at 80 °C (The insets are the corresponding
schematic image of the corresponding micellar morphologies.)

Generally, variation of temperature induces the change of
interaction parameter between the solvent and the copolymer
blocks, especially the hydrophobic PS blocksP®!. With the
increase of temperature, the solubility of solvent to the PS
blocks is enhanced and the segmental movement is of little
frictional resistance. Water molecules and the hydrophilic
units can easily diffuse out of the clusters, and the
hydrophobic components begin to fuse to form larger-size
micelles due to the “orthokinetic” effect of temperaturel>.
Therefore, the small-sized beads aggregate and change to
fibers. However, as the temperature continues to increase, the
increased solubility makes the solvent molecules easily enter
into the PS core of the fibers and destroys the PS chain
entanglement. As a result, the micellar morphology changes
to rods at 60 °C and then to small-sized capsules at 80 °C.

Effects of Temperature Superposed on Water Contents
on the Morphological Changes

Specific trigger for a morphological transformation is
impossible to identify among the many contributing factors,
because micellar morphological changes are frequently
induced by very small changes in the environment>’l. Water
content or temperature as a single protocol for controlling
over self-assembled nanostructures was focused on in many
researchesl®® 371, However, few studies have been devoted to
the interaction of the two factors affecting the nanostructure
of BC self-assembly. Herein, effect of temperature
superposed on water content is particularly investigated. The
morphological changes of 20 vol% water system at different
temperatures have been introduced in the above section. TEM
images of the micellar structure of the other systems with
different water contents (25 vol%—35 vol%) and at different
temperatures (20-80 °C) are supplied in Figs. S1-S3 (in
electronic supporting information, ESI). To provide an
overview, the morphologies are summarized and a phase
diagram is plotted in Fig. 5. The typically obtained
morphologies in this study are bead, fiber, rod, capsule, toroid,
lamella, and vesicle. For the system of 25 vol% water content,

Cversus T 20 °C 40 °C 60 °C 80 °C
20 vol% B F R C
25 vol% T T+F F R+C
30 vol% L T+L T T+R
35 vol% \Y% L T+L T+L

Temeprature (°C)
20 40 60 80
Bead Fiber Rod Capsule
20 \ \

S

:% 25k Toroid

S

g
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5 30F

<

=

37 Vesicle

Fig. 5 Morphologies of the systems with different water contents
at different temperatures (Symbols: C versus T as content of water
versus temperature, B-beads, F-fiber, R-rod, C-capsule, T-toroid,
L-lamella, V-vesicle.)

the polymer firstly self-assembles to toroids, then to the
mixture of toroids and fibers, to fibers, and finally to rods
mixed with capsules by the increase of temperature, as shown
in Fig. S1 (in ESI). Then for the system with water content of
30 vol%, the morphologies evolve from initial lamellae to a
final mixture of toroids and rods (Fig. S2, in ESI). Further, for
the system containing 35 vol% of water, a transition from
vesicle to a mixture of toroid and lamella is found (Fig. S3, in
ESI).

As discussed above, the increase of water content is to
increase the interfacial tension between the PS-core and the
solvent, whereas the increase of temperature is to decrease the
interfacial energy. The solubility of solvent to the PS blocks is
enhanced and the segmental movement of PS chains is of
little frictional resistance at higher temperature, which leads
to a minimization of the micellar size. The interfacial tension
between the copolymer and the solvent decreases with the
increase of temperature, but it increases with the increase of
water content. Therefore, vesicles with the highest interfacial
energy appear at the temperature of 20 °C with the water
content of 35 vol%. On the contrary, small capsules with the
lowest energy are observed at 80 °C for the system with
20 vol% water content. Meanwhile, in relevance to the
interplay of the two factors, micellar morphology formed for
the system at lower temperature and lower water content
shifts to the regime with higher temperature and higher water
content. For examples, fibers are found at 40 °C for the
system with 20 vol% water content, and then found at 60 °C
for the 25 vol% water content system; toroids are formed at
20 °C for the solution with 25 vol% water, and also formed at
60 °C for 30 vol% water solution. Fibers, rods, toroids,
capsules, lamellae, and vesicles are considered as the
equilibrium structures!*®!. Mixture is found at the intermediate
temperature region between two different equilibrium
morphologies. For examples, fibers mixed with toroids are

https://doi.org/10.1007/s10118-018-2066-2
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observed at 40 °C for the system with 25 vol% water content,
and toroids with lamellae are seen at 40 °C for the 30 vol%
water content system.

Effect of the Block Copolymer Composition

For comparison, another triblock copolymer was selected
with the same P4VP of 43 but different PS of 366 repeat units,
i.e. P4VP43-b-PSs66-b-P4VP4;. The micelles were prepared
with 1.0 wt% copolymer and 20 vol% water concentration in
dioxane/water (the measurement of turbidity of this
copolymer was shown in Fig. S4, in ESI). Figure 6 shows the
TEM images of micellar morphologies of P4VP43-b-PS366-b-
P4VP4; copolymer with different temperatures. At first,
vesicles are formed at 20 °C (Fig. 6a), instead of the bead-like
micelles for P4VP43-b-PS60-b-P4VP43. Then lamellae
combined with vesicles are found at 40 °C (Fig. 6b). As the
temperature continues to increase, lamella becomes the
dominant morphology at 60 °C (Fig. 6¢), but finally changes
to fibers at 80 °C (Fig. 6d).

Increasing the fraction of hydrophobic block is to increase
the surface tension between the copolymer and the solvent. It
reduces the molecular curvature, and is sufficient to drive the
formation of vesiclesl®®. As a result, vesicles are easily
formed from P4VP43-b-PS366-b-P4VP43 having lower water
content of 20 vol%, as compared with P4VP43-b-PSy60-b-
P4VP,; containing 35 vol% of water. Then as the temperature
increases, solvent is more likely to enter into and swell the

a [ Q 200 nm

c ' 100nm 4 200 nm

Fig. 6 TEM images of the micellar structures of
P4VP43-b-PS366-b-P4VP43  block copolymer with 1.0 wt%
copolymer and 20 vol% water concentration at different
temperatures in dioxane/water: (a) vesicles at 20 °C; (b) lamellae
and vesicles at 40 °C; (c) lamellae at 60 °C; (d) fibers at 80 °C

core-forming PS blocks and prompts the dissociation of
micelles, which leads to the morphological transition from
vesicles to fibers.

CONCLUSIONS

Morphological changes of P4VP43-b-PS;60-b-P4VP43 block
copolymers in dioxane/water, in which water is a selective
solvent for P4VP block, were studied by variation of water
content and temperature. The bead-like micelles gradually
evolve to vesicles as the water content increases from
20 vol% to 35 vol%. The results are further confirmed by
dynamic light scattering, with which the distribution of
hydrodynamic radius (Ry) changes from around 75 nm to
300 nm. Effect of temperature on the micellar morphology
has also been studied. For the system containing 20 vol%
water, the micellar morphology changes from beads to fibers,
then to rods and finally to capsules as the temperature
increases from 20 °C to 80 °C. However, the structures of the
micelles are quite different for the systems with different
water contents. The copolymer firstly assembles to toroids,
then to the mixture of toroids and fibers, to fibers, and finally
to rods and capsules with the increase of temperature for the
system of 25 vol% water content. For 30 vol% water content,
a morphological transition from initial lamellae to a final
mixture of toroids and rods is observed. Then for the system
containing 35 vol% of water, the micellar morphology
changes from vesicle to a mixture of toroids and lamellae.
The interfacial tension between the PS-core blocks and the
solvent increases with the increase of water content but
decreases with the increase of temperature. As a result, the
block copolymer in solution intends to form vesicles as water
content increases but to form small-sized micelles, such as
capsules or rods, with the increase of temperature. The
morphologies of micelles are resulted from the interplay of
the temperature and water content, and always change in a
direction that decreases the overall free energy. Based on
these results, the morphological phase diagram of
temperature dependence is described in details, covering the
range of water content from 20 vol% to 35 vol% and the phase
transitions for five main micellar morphologies termed
toroids, fibers, rods, lamellae, and vesicles.
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article at http://dx.doi.org/10.1007/s10118-018-2066-2.

ACKNOWLEDGMENTS

This work was financially supported by Key Lab of Renewable
Energy Foundation of Chinese Academy of Sciences (No.
Y609JK1001), the National Natural Science Foundation of China
for Major Program (Nos. 51433009 and 51576201), Natural
Science Foundation of Guangdong (No. 2015A030313716),
Natural Science Foundation of Guangdong for Research Team (No.
2015A030312007), and Guangdong Science and Technology
Project (Nos. 2013B050800007 and 2013J4500027).

https://doi.org/10.1007/s10118-018-2066-2



734

Y. Gan et al. / Chinese J. Polym. Sci. 2018, 36, 728-735

REFERENCES

1

10

11

12

13

14

15

16

Reuther, J. F.; Siriwardane, D. A.; Campos, R.; Novak, B. M.
Solvent tunable self-assembly of amphiphilic rod-coil block
copolymers with chiral, helical polycarbodiimide segments:
polymeric nanostructures with variable shapes and sizes.
Macromolecules 2015, 48(19), 6890-6899.

Kim, Y.; Li, W.; Shin, S.; Lee, M. Development of toroidal
nanostructures by self-assembly: rational designs and
applications. Acc. Chem. Res. 2013, 46(12), 2888—-2897.

Qin, G. K.; Perez, P. M.; Mills, C. E.; Olsen, B. D. Effect of ELP
sequence and fusion protein design on concentrated solution
self-assembly. Biomacromolecules 2016, 17(3), 928-934.
Choueiri, R. M.; Galati, E.; Therien-Aubin, H.; Klinkova, A.;
Larin, E. M.; Querejeta-Fernandez, A.; Han, L. L.; Xin, H. L
Gang, O.; Zhulina, E. B.; Rubinstein, M.; Kumacheva, E.
Surface patterning of nanoparticles with polymer patches.
Nature 2016, 538(7623), 79-83.

Muraoka, K.; Chaikittisilp, W.; Yanaba, Y.; Yoshikawa, T.;
Okubo, T. Highly nanoporous silicas with pore apertures near
the boundary between micro- and mesopores through an
orthogonal self-assembly approach. Chem. Commun. 2015,
51(53), 10718-10721.

Wang, N.; Niu, W. H.; Li, L. G.; Liu, J.; Tang, Z. H.; Zhou, W.
J.; Chen, S. W. Oxygen electroreduction promoted by quasi
oxygen vacancies in metal oxide nanoparticles prepared by
photoinduced chlorine doping. Chem. Commun. 2015, 51(53),
10620-10623.

Jin, C.; Olsen, B. C.; Wu, N. L. Y.; Luber, E. J.; Buriak, J. M.
Sequential nanopatterned block copolymer self-assembly on
surfaces. Langmuir 2016, 32(23), 5890-5898.

Deng, Z. Y.; Qian, Y. F.; Yu, Y. Q.; Liu, G. H.; Hu, J. M,;
Zhang, G. Y.; Liu, S. Y. Engineering intracellular delivery
nanocarriers and nanoreactors from oxidation-responsive
polymersomes via synchronized Bilayer cross-linking and
permeabilizing inside live cells. J. Am. Chem. Soc. 2016,
138(33), 10452-10466.

Ballauff, M. Self-assembly creates 2D materials. Science 2016,
352(6286), 656—657.

Wang, K.; Jin, S. M.; Xu, J. P.; Liang, R. J.; Khurram, S.; Xue,
Z. G.; Xie, X. L.; Lee, E. L.; Zhu, J. T. Electric-directed
assembly of polymer-tethered gold nanorods under cylindrical
confinement. ACS Nano 2016, 10(5), 4954—4960.

Wang, M.; Wang, K.; Wang, C.; Huang, M. J.; Hao, X. Q.; Shen,
M. Z.; Shi, G. Q.; Zhang, Z.; Song, B.; Cisneros, A.; Song, M.
P.; Xu, B. Q.; Li, X. P. Self-assembly of concentric hexagons
and hierarchical self-assembly of supramolecular metal-organic
nanoribbons at the solid/liquid interface. J. Am. Chem. Soc.
2016, 138(29), 9258-9268.

Li, X. F.; Yang, Y.; Eastoe, J.; Dong, J. F. Rich self-assembly
behavior from a simple amphiphile. ChemPhysChem 2010,
11(14), 3074-3077.

Wu, J. Y.; Gao, C. Sliding supramolecular polymer brushes with
tunable amphiphilicity: one-step parallel click synthesis and
self-assembly. Macromolecules 2010, 43(17), 7139-7146.
Lindman, B. From surfactant to cellulose and DNA
self-assembly. a 50-year journey. Colloid. Polym. Sci. 2016,
294(11), 1687-1703.

Hu, J. M.; Wu, T.; Zhang, G. Y.; Liu, S. Y. Efficient synthesis of
single gold nanoparticle hybrid amphiphilic triblock copolymers
and their controlled self-assembly. J. Am. Chem. Soc. 2012,
134(18), 7624-7627.

Zhang, J. W.; Li, F.; Yuan, B.; Song, Q.; Wang, Z. Q.; Zhang, X.
Layer-by-layer assembly of Azulene-based supra-amphiphiles:
reversible encapsulation of organic molecules in water by

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

charge-transfer interaction. Langmuir 2013, 29(21), 6348—6353.
Wu, N. L. Y.; Harris, K. D.; Buriak, J. M. Conversion of bilayers
of PS-b-PDMS block copolymer into closely packed, aligned
silica nanopatterns. ACS Nano 2013, 7(6), 5595-5606.

Dalsin, S. J.; Rions-Machren, T. G.; Beam, M. D.; Bates, F. S.;
Hillmyer, M. A.; Matsen, M. W. Bottlebrush block polymers:
quantitative theory and experiments. ACS Nano 2015, 9(12),
12233-12245.

Borisov, O. V.; Zhulina, E. B. Theory of self-assembly of
triblock  ter-polymers in  selective solvent towards
corona-compartmentalized (Janus) micelles. Polymer 2013,
54(8), 2043-20438.

Horechyy, A.; Nandan, B.; Zafeiropoulos, N. E.; Formanek, P.;
Oertel, U.; Bigall, N. C.; Eychmuller, A.; Stamm, M. A
step-wise approach for dual nanoparticle patterning via block
copolymer self-assembly. Adv. Funct. Mater. 2013, 23(4),
483-490.

Obeid, R.; Scholz, C. Synthesis and self-assembly of
well-defined poly(amino acid) end-capped poly(ethylene glycol)
and poly(2-methyl-2-oxazoline). Biomacromolecules 2011,
12(10), 3797-3804.

Zhang, J. P.; Zou, M.; Dong, J. F.; Li, X. F. Synthesis and
self-assembly ~ behaviors of  well-defined  poly(lauryl
methacrylate)-block-poly[N-(2-methacryloylxyethyl)pyrrolidon
e] copolymers. Colloid. Polym. Sci. 2013, 291(11), 2653—-2662.
Charleux, B.; Delaittre, G.; Rieger, J.; D'Agosto, F.
Polymerization-induced self-assembly: from soluble
macromolecules to block copolymer nano-objects in one step.
Macromolecules 2012, 45(17), 6753-6765.

Kim, S.; Nealey, P. F.; Bates, F. S. Directed assembly of
lamellae forming block copolymer thin films near the
order-disorder transition. Nano Lett. 2014, 14(1), 148—152.
Vishnevetskaya, N. S.; Hildebrand, V.; Niebuur, B. J.; Grillo, L.;
Filippov, S. K.; Laschewsky, A.; Muller-Buschbaum, P.;
Papadakis, C. M. Aggregation Behavior of Doubly
Thermoresponsive polysulfobetaine-b-poly(N-isopropylacrylamide)
diblock copolymers. Macromolecules 2016, 49(17), 6655—-6668.
Tripathi, B. P.; Dubey, N. C.; Choudhury, S.; Formanek, P.;
Stamm, M. Ultrathin and switchable nanoporous catalytic
membranes of polystyrene-b-poly-4-Vinyl pyridine block
copolymer spherical micelles. Adv. Mater. Interfaces 2015,
2(11), 1500097-1500108.

Liu, X. Y.; Wu, J.; Kim, J. S.; Eisenberg, A. Self-assembly of
mixtures of block copolymers of polystyrene-b-acrylic acid)
with random copolymers of polystyrene-co-methacrylic acid).
Langmuir 2006, 22(1), 419-424.

Jia, D.; Zuo, T.; Rogers, S.; Cheng, H.; Hammouda, B.; Han, C.
C. Re-entrance of poly(N,N-diethylacrylamide) in D20/d-ethanol
mixture at 27 °C. Macromolecules 2016, 49(14), 5152-5159.
Liu, H.; Luo, J.; Shan, W.; Guo, D.; Wang, J.; Hsu, C. H;
Huang, M.; Zhang, W.; Lotz, B.; Zhang, W. B.; Liu, T.; Yue, K.;
Z. D. Cheng, S. Z. D. Manipulation of self-assembled
nanostructure dimensions in molecular Janus particles. ACS
Nano 2016, 10(7), 6585-6596.

Sun, J.; Cernoch, P.; Volkel, A.; Wei, Y. H.; Ruokolainen, J.;
Schlaad, H. Aqueous self-assembly of a protein-mimetic
ampholytic block copolypeptide. Macromolecules 2016, 49(15),
5494-5501.

Backes, S.; Witt, M. U.; Roeben, E.; Kuhrts, L.; Aleed, S.;
Schmidt, A. M.; von Klitzing, R. Loading of PNIPAM based
microgels with CoFe2Os nanoparticles and their magnetic
response in bulk and at surfaces. J. Phys. Chem. B 2015,
119(36), 12129-12137.

Morsbach, J.; Elbert, J.; Ruttiger, C.; Winzen, S.; Frey, H.;
Gallei, M. Polyvinylferrocene-based amphiphilic block

https://doi.org/10.1007/s10118-018-2066-2



33

34

35

36

37

38

39

40

41

42

43

44

45

Y. Gan et al. | Chinese J. Polym. Sci. 2018, 36, 728—735

copolymers featuring functional junction points for cross-linked
micelles. Macromolecules 2016, 49(9), 3406—3413.

Filippov, S. K.; Bogomolova, A.; Kaberov, L.; Velychkivska,
N.; Starovoytova, L.; Cernochova, Z.; Rogers, S. E.; Lau, W. M.;
Khutoryanskiy, V. V.; Cook, M. T. Internal nanoparticle
structure of temperature-responsive self-assembled
PNIPAM-b-PEG-b-PNIPAM triblock copolymers in aqueous
solutions: NMR, SANS, and light scattering studies. Langmuir
2016, 32(21), 5314-5323.

Lv, A,; Cui, Y.; Du, F. S.; Li, Z. C. Thermally degradable
polyesters with tunable degradation temperatures via
postpolymerization modification and intramolecular cyclization.
Macromolecules 2016, 49(22), 8449—8458.

Wan, Y. M.; Liu, L. B.; Yuan, S. S.; Sun, J.; Li, Z. B.
pH-Responsive peptide supramolecular hydrogels with
antibacterial activity. Langmuir 2017, 33(13), 3234-3240.

Zhu, Z. Y.; Armes, S. P.; Liu, S. Y. pH-induced micellization
kinetics of ABC triblock copolymers measured by stopped-flow
light scattering. Macromolecules 2005, 38(23), 9803-9812.
Zhang, L. F.; Eisenberg, A. Formation of crew-cut aggregates of
various morphologies from amphiphilic block copolymers in
solution. Polym. Adv. Technol. 1998, 9(10-11), 677-699.
Vyhnalkova, R.; Muller, A. H. E.; Eisenberg, A. Control of
corona composition and morphology in aggregates of mixtures
of PS-h-PAA and PS-b-P4VP diblock copolymers: effects of pH
and block length. Langmuir 2014, 30(17), 5031-5040.
Vyhnalkova, R.; Muller, A. H. E.; Eisenberg, A. Control of
morphology and corona composition in aggregates of mixtures
of PS-b-PAA and PS-H-P4VP diblock copolymers: effects of
solvent, water content, and mixture composition. Langmuir
2014, 30(44), 13152-13163.

Kahnamouei, F.; Zhu, K. Z.; Lund, R.; Knudsen, K. D.;
Nystrom, B. Self-assembly of a hydrophobically end-capped
charged amphiphilic triblock copolymer: effects of temperature
and salinity. RSC Adv. 2015, 5(58), 46916—46927.

Wang, Y. J.; Gao, X. D.; Xiao, Y. L.; Zhao, Q.; Yang, J.; Yan,
Y.; Huang, J. B. Temperature dependent coordinating
self-assembly. Soft Matter 2015, 11(14), 2806-2811.

Zhou, Y.; Zhou, C.; He, X.; Xue, X. G.; Qian, W.; Luo, S. K.;
Xia, H. G. Shear-induced self-assembly of linear ABC triblock
copolymers in solution: creation of 1D cylindrical micellar
structures. RSC Adv. 2016, 6(7), 5711-5717.

Cui, J.; Ma, Z. W.; Li, W.; Jiang, W. Self-assembly of diblock
copolymers under shear flow: a simulation study by combining
the self-consistent field and lattice Boltzmann method. Chem.
Phys. 2011, 386(1-3), 81-87.

Yu, H. Z.; Jiang, W. Effect of shear flow on the formation of
ring-shaped ABA amphiphilic triblock copolymer micelles.
Macromolecules 2009, 42(9), 3399-3404.

Han, Y. Y.; Yu, H. Z.; Du, H. B.; Jiang, W. Effect of selective
solvent addition rate on the pathways for spontaneous vesicle
formation of ABA amphiphilic triblock copolymers. J. Am.
Chem. Soc. 2010, 132(3), 1144-1150.

46

47

48

49

50

51

52

53

54

55

56

57

58

735

Wang, Z. D.; Jiang, W. Temperature-induced reversible
transformation between toroidal and cylindrical assemblies
under shear flow. Soft Matter 2010, 6(16), 3743-3746.

Terreau, O.; Bartels, C.; Eisenberg, A. Effect of poly(acrylic
acid) block length distribution on polystyrene-b-poly(acrylic
acid) block copolymer aggregates in solution. 2. A partial phase
diagram. Langmuir 2004, 20(3), 637-645.

Yu, H. Z.; Zhu, J. T.; Jiang, W. Effect of binary block-selective
solvents on self-assembly of ABA triblock copolymer in dilute
solution. J. Polym. Sci., Part B: Polym. Phys. 2008, 46(15),
1536-1545.

Zhang, L. F.; Eisenberg, A. Thermodynamic vs kinetic aspects
in the formation and morphological transitions of crew-cut
aggregates produced by self-assembly of polystyrene-b-
poly(acrylic acid) block copolymers in dilute solution.
Macromolecules 1999, 32(7), 2239-2249.

Wang, Z. D.; Sun, F. M.; Huang, S. L.; Yan, C. F. From toroidal
to rod-like nanostructure, a mechanism study for the reversible
morphological control on amphiphilic triblock copolymer
micelles. J. Polym. Sci., Part B: Polym. Phys. 2016, 54(15),
1450-1457.

Bhargava, P.; Tu, Y. F.; Zheng, J. X.; Xiong, H. M.; Quirk, R. P.;
Cheng, S. Z. D. Temperature-induced reversible morphological
changes of polystyrene-block-poly(ethylene oxide) micelles in
solution. J. Am. Chem. Soc. 2007, 129(5), 1113-1121.

Zhu, J. T.; Liao, Y. G.; Jiang, W. Ring-shaped morphology of
"Crew-Cut" aggregates from ABA amphiphilic triblock
copolymer in a dilute solution. Langmuir 2004, 20(9),
3809-3812.

Shen, H. W.; Eisenberg, A. Morphological phase diagram for a
ternary system of block copolymer PS3i0-b-PAAs2/dioxane/H20.
J. Phys. Chem. B 1999, 103(44), 9473-9487.

Wang, Z. D.; Gan, Y.; Yan, C. F.; Huang, Y.; Jiang, W.
Mechanism study of reversible transition between self-assembly
and disassembly of ABC triblock copolymer micelles. Polymer
2016, 90, 276-281.

Betthausen, E.; Drechsler, M.; Fortsch, M.; Schacher, F. H.;
Muller, A. H. E. Dual stimuli-responsive multicompartment
micelles from triblock terpolymers with tunable hydrophilicity.
Soft Matter 2011, 7(19), 8880-8891.

Yadav, H. O. S.; Shrivastav, G.; Agarwal, M.; Chakravarty, C.
Effective interactions between nanoparticles: creating temperature-
independent solvation environments for self-assembly. J. Chem.
Phys. 2016, 144(24), DOI: 10.1063/1.4954325

Li, Z. Y.; Liu, R.; Mai, B. Y.; Wang, W.J.; Wu, Q.; Liang, G. D.;
Gao, H. Y.; Zhu, F. M. Temperature-induced and crystallization-
driven self-assembly of polyethylene-b-poly(ethylene oxide) in
solution. Polymer 2013, 54(6), 1663—1670.

Zhang, L. F.; Eisenberg, A. Multiple morphologies and
characteristics of "crew-cut" micelle-like aggregates of
polystyrene-b-poly(acrylic acid) diblock copolymers in aqueous
solutions. J. Am. Chem. Soc. 1996, 118(13), 3168-3181.

https://doi.org/10.1007/s10118-018-2066-2




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


