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Role of High-Molecular-Weight Homopolymers on Block
Copolymer Self-Assembly: From Morphology Modifier

to Template

Shuo Zhang, Chunhua Cai,* Zhanwen Xu, Jiaping Lin,* and Xiao Jin

For block copolymer (BCP)/homopolymer self-assembly systems, the
molecular weight of homopolymers is usually lower than that of BCPs.
Herein, the cooperative self-assembly of polystyrene-b-poly(ethylene glycol)
(PS-b-PEG) BCPs with high-molecular-weight polystyrene (PS) homopoly-
mers is reported. The molecular weight of PS homopolymers is 3—63 times
that of the PS blocks. Typically, a spherical micelle-vesicle-large sphere
morphology transition is observed by increasing the weight fraction of PS
homopolymers in the polymer mixtures (f;5). Dynamic process studies reveal
that with adding water to the solution of polymer mixtures in organic solvent,
the homopolymers first collapse into globules, and their size increases

with f;p and the molecular weight. Then these PS globules cooperatively
self-assemble with the PS-b-PEG BCPs. Depending on their size, these PS
globules play different roles in the self-assembly process. Small PS globules
act as morphology madifiers inducing the micelle-vesicle transition, while
large PS globules serve as self-assembly templates for PS-b-PEG resulting in

close to that of the core-forming blocks in
BCPs. However, little is known about the
cases in which the molecular weight of the
core-forming HPs is much higher than
that of the BCPs.

Recently, some studies indicated that
when the molecular weight of homopoly-
mers is much larger than that of the
BCPs, the BCP/HP mixtures can also
self-assemble into stable aggregates with
novel morphologies. For example, Novak
et al. reported that superhelices can be
prepared from the mixtures of polycarbo-
diimide-b-poly(ethylene glycol) rod—coil
BCPs and high-molecular-weight polycar-
bodiimide rigid HPs.[?#?°! In our previous
work, it was found that the mixtures of
rod—coil BCPs/high-molecular-weight
rigid HPs could self-assemble into helical

large spheres.

1. Introduction

Amphiphilic block copolymers (BCPs) are capable of self-
assembling into diverse nanostructures in selective solvents.[-l
Tuning morphology of the assembled aggregates becomes one
of the key topics for BCPs self-assembly research, since the mor-
phology of the self-assembled aggregates influences their prop-
erties and application performance.’-'l A variety of strategies
such as introducing a second component, controlling copol-
ymer composition, and altering self-assembly condition have
been applied to tune the morphology of BCP aggregates.[1>-18]
Hydrophobic homopolymers (HPs) have been found to be effi-
cient morphology modifiers for BCP aggregates.'>?”) In most
of the reported BCP/HP self-assembly systems, the molecular
weight of the hydrophobic core-forming HPs is lower than or
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and abacus-like fibers, and the mixtures

of rod—coil BCPs/high-molecular-weight

flexible HPs formed striped spheres.[30-32
It should be noted that such BCPs and high-molecular-weight
HPs mixtures share a common feature, that is, the core-
forming blocks and/or HPs are rigid segments. In these self-
assembled aggregates, the HPs formed cylindrical or spherical
cores and the BCPs formed nanostructured shells. Consid-
ering that flexible polymers are more common than rigid ones,
studies on flexible polymer systems should be of more general
significance. However, up to now, there is no systematic study
regarding self-assembly behavior of coil-coil BCPs with high-
molecular-weight core-forming flexible HPs.

Herein, we report the cooperatively self-assembly behavior of
polystyrene-b-poly(ethylene glycol) (PS-b-PEG) coil-coil BCPs
with high-molecular-weight polystyrene (PS) HPs, in which
the molecular weight of the HPs is significantly larger than
that of the PS blocks. The ratio of molecular weight of HPs to
PS blocks, 1, is up to more than 60 times. The preparation
procedure is described as follows. The PS-b-PEG BCPs and the
PS HPs were respectively dissolved in tetrahydrofuran/N,N’-
dimethylformamide (THF/DMF) mixture solvent (3/7 by
volume), and then the two solutions were mixed together
to get stock solutions. The weight fraction of the HPs in the
stock polymer mixtures (fip) varies from 0.1 to 0.95. By adding
water to the solutions and subsequent dialysis against water,
aggregate solutions in water were obtained. The influences of
frap and 1, on self-assembly morphology of various BCP/HP
mixtures were investigated.
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2. Experimental Section

2.1. Materials and Regents

Styrene (St, Sigma-Aldrich, >99%) was washed with 5%
NaOH aqueous solution and water successively, dried over
anhydrous CaCl,, and distilled twice from CaH, under
reduced pressure to remove the inhibitor. Copper(I) bro-
mide (CuBr, Sigma-Aldrich, 98%) was purified by stirring
overnight with acetic acid at room temperature, filtrated, fol-
lowed by washing with ethanol, diethyl ether, and acetone
prior to drying under vacuum for 1 day. o-Methoxy-w-hydroxy
poly(ethylene glycol) (mPEG-OH, M, = 5000), 2-bromo-
2-methylpropionyl bromide (98%), ethyl 2-bromoisobu-
tyrate (EBiB, 99%) and N,N,N’,N’,N’-pentamethyldiethylene
triamine (PMDETA, 99%). THF, DMF, and all the other
regents were used as received (purchased from Adamas-beta).
Ultrahigh-molecular-weighted PS homopolymers (PS;7,, and
PSe351) were purchased from Sigma-Aldrich. Deionized water
was prepared in a Millipore Super-Q Plus Water System to
a level of 18.2 MQ cm resistance. Dialysis bag (Membra-cel,
3500 molecular weight cutoff) was provided by Serva Electro-
phoresis GmbH.

2.2. Synthesis of PS-b-PEG Block Copolymers and PS
Homopolymers

PS-b-PEG BCPs and PSs;, (HPs) were synthesized by atom
transition free radical polymerization (ATRP).3334 The
typical procedure of ATRP of PS-b-PEG BCPs is as follows.
First, the initiator (mPEG-Br, synthesized by the esterifica-
tion of mPEG-OH and 2-bromo-2-methylpropionyl bromide
according to the literature®]) and styrene were added to a
50 mL Schlenk flask followed by addition of solvent (ani-
sole). Next, PMDETA and CuBr were introduced and stirred
together for 30 min. The solution was degassed by three
cycles of freeze—pump-thaw to remove any dissolved oxygen
and purged with dry nitrogen. The mixtures were stirred at
90 °C. After 5 h, the reaction mixtures were dissolved in THF
and then passed through an Al,O; column to remove the
copper catalyst. The resulting solution was concentrated by
rotary evaporation, and then was poured into a large volume
of anhydrous methanol. The precipitated product was dried
under vacuum and then purified twice by repeated precipita-
tion from a THF solution into a large volume of anhydrous
methanol. Finally, the product was dried under vacuum and
white powder was collected. The synthesis of PSs; HPs was
similar to PS-b-PEG BCPs (EBiB as initiator and toluene as
solvent).

The PS-b-PEG BCPs and PSsy HPs were characterized by 'H
NMR (Avance 550, Bruker, CDCl; as solvent) and GPC (Waters
1515, THF as eluent solvent, PS as standard). For PS-b-PEG
BCPs, since the degree of polymerization (DP) of the PEG
block was known (112), the molecular weight of PS blocks can
be calculated by peak intensities of phenyl group proton signal
(6.8-7.1 ppm) of PS and the methylene proton signal (3.6 ppm)
of PEG in the '"H NMR spectrum. The molecular weight and
polydispersity index (M,/M,) of both PS-b-PEG BCPs and PS
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Table 1. Characteristics of polymers.

Polymer M, kg mol™] DPps My,/M,P)
PS5-b-PEGs) 20.18 1452 1.11
PS10i-b-PEGs) 14.7% 932) 1.13
PSsak 51.8% 498 1.26
PS172 172.39 16579 1.24
PSe3sk 635.29 61069 1.27

AThe M, value and the degree of polymerization (DP) are derived according to
GPC spectra in THF with PS as standard. The M, /M, values of the polymers
are obtained from GPC testing; Y The M, value and the degree of polymeriza-
tion (DP) of PEG segment are known. The M, and DP of PS block are derived
according to 'H NMR spectrum in CDCls; 9The samples are purchased from
Sigma-Aldrich.

HPs were determined by GPC. The characteristics of the poly-
mers are listed in Table 1.

2.3. Preparation of Aggregates Self-Assembled from
Polymer Mixtures

To prepare self-assemblies, the polymers were first dissolved
in THF/DMF mixture solvent (3/7 by volume) by stirring at
room temperature for 2 days to obtain stock solutions. The
solutions of PS-b-PEG BCPs and PS HPs were mixed together
with various proportions and then placed in a shaking incu-
bator (100 rpm) for a day to obtain homogeneous solutions
with the initial total concentration (Cp) of 0.2 g L™%. To pre-
pare micelle solution, 2 mL of deionized water, a selective sol-
vent for PEG, was added to 4 mL of polymer mixture solution
at a rate of 0.03 mL s~! with vigorous stirring. Subsequently,
all the solution was dialyzed against deionized water for
3 days to ensure that all the organic solvents were removed.
Before further analysis, the solutions were stabilized for at
least 5 days.

2.4. Characterizations and Measurements
2.4.1. Scanning Electron Microscopy

The morphologies of aggregates were observed by Scanning
Electron Microscopy (SEM) (S4800, HITACHI) operated at an
accelerating voltage of 15 kV. The samples were prepared by
placing drops of solution on a silicon wafer surface and then
dried at room temperature. Before the observations, the sam-
ples were sputtered by platinum.

2.4.2. Transmission Electron Microscopy

The morphologies of aggregates were also examined by Trans-
mission Electron Microscopy (TEM) (JEM-1400, JEOL) operated
at an accelerating voltage of 100 kV. Drops of solution were
placed on a copper grid coated with carbon film and then dried
at room temperature.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.4.3. Atom Force Microscopy

The morphologies of aggregates were further examined by
Atom Force Microscopy (AFM) measurements (XE-100, Park
Systems) by using the non-contact mode at room temperature
in air. The samples were prepared by placing drops of solution
on a silicon wafer surface and then dried at room temperature.

2.4.4. Dynamic Light Scattering Measurements

Dynamic light scattering (DLS) was measured by an LLS spec-
trometer (ALV/CGS-5022F) equipped with an ALV-High QE
APD detector and an ALV-5000 digital correlator using a He—
Ne laser (the wavelength A = 632.8 nm) as the light source. All
the samples were filtered through 0.8 um filters to remove dust
before DLS measurements, and all the measurements were
carried out at 25 °C and the scattering angle is 90°. From DLS
testing, hydrodynamic radius (Ry,) could be obtained.

2.4.5. Turbidity Measurements

Turbidity measurements (ODs) were performed to determine the
critical water content (CWC) for the aggregate formation. Deion-
ized water was then added drop by drop (0.02 mL per drop to 2 mL
of polymer solution) with vigorous stirring. And after each drop of
deionized water was added, the solution was stirred for 1 min and
then left to equilibrate for 2 min or more until the optical den-
sity was stable. The turbidity (UV absorbance) was measured at a
wavelength of 690 nm (which was far from the absorption of the
benzene chromophore) using a quartz cell (path length: 1 cm) with
a UV-vis spectrophotometer (UV-vis UV-2550 SHIMADZU).

www.mcp-journal.de

3. Results and Discussion

We first studied the self-assembly behavior of PS;5-b-PEGs,/
PS5y (subscripts denote the molecular weight of each seg-
ment) mixtures (r,;, = 3.5). As shown in Figure 1a, both SEM
and TEM (inset) images reveal that PS;5-b-PEGs, BCPs form
spherical micelles with uniform diameter about 34 nm. When
a small amount of PSsy; HPs was incorporated (Figure 1D,
fup = 0.10), spherical aggregates with diameter about 50 nm
appeared. The inset TEM image indicates a solid structure of
these swollen spheres. Increasing fyp to 0.20, vesicles with
diameter about 120 nm were observed (Figure 1c). As shown in
the inset TEM image, the thickness of the vesicular wall is non-
uniform, which is different from the typical vesicles formed by
pure BCPs.3% In addition, different contrasts in the vesicular
wall were observed suggesting phase separation of PS chains of
BCPs and HPs.’”] AFM testing was also applied to characterize
these vesicles (Figure 1d). According to the AFM image, the
diameter of the vesicles is about 180 nm and the height is about
12 nm. Such difference between the diameter and the height is
due to the soft characteristic of the vesicular wall.?#3° As more
PS5y HPs were added, rod-like aggregates can be observed
(Figure 1e, fyp = 0.40). The width of the rods is about 50 nm,
and their length varies from 100 to 300 nm. Further increasing
fup leads to large spherical aggregates. The diameter of these
large spheres increases with fip from about 150 nm (Figure 1f,
fup = 0.60) to about 300 nm (Figure 1g, fyp = 0.95). In addi-
tion to the morphology transitions, it should be note that small
spherical micelles formed by PS;5-b-PEGs, BCPs are always
observed in these systems, and the portion of these micelles
decreases with increasing fjp. For the system prepared with
ultrahigh fyp (Figure 1g, fiyp = 0.95), small spherical micelles
are hardly observed.

frps=0.95

frps = 0.60

frps = 0.40

fiups=0.20

fhps=0

10 100 1000

Figure 1. SEM images of aggregates formed by PS;5,-b-PEGs/PSs; mixtures (r,, = 3.5) with various fip: a) 0, b) 0.10, c) 0.20, e) 0.40, f) 0.60, and
g) 0.95 (insets are TEM images for the corresponding samples). d) AFM image of aggregates formed by PS;s-b-PEGs /PSs,, mixtures with fip = 0.20
(inset shows the height profile along the red line). h) Typical R, distributions of aggregates self-assembled from PS;5-b-PEGs/PSs,, mixtures with
various fyp. Scale bars: 100 nm in (a—c and e-g), 200 nm in (d), and insets: 50 nm.
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Such morphology transitions as a function of fyp were fur-
ther monitored by DLS measurement. The typical hydrody-
namic radius (Ry,) distributions are displayed in Figure 1h. It
was found that PS;5-b-PEGs, micelles have a mean Ry, value
about 24 nm and possess a narrow size distribution. The DLS
result for the size of the micelles is slightly larger than that of
SEM and TEM observations. The reason is that DLS testing
reflects the “real” state of the micelles in solution, while SEM
and TEM show the micelles in dry state.*”) For the aggregates
formed by PS;5-b-PEGs, /PS5y mixtures, a new peak in the
right position (with higher R, value) appeared which corre-
sponds to the hybrid aggregates. As shown in Figure 1h, with
increasing fyyp from 0.20 to 0.60, the mean Ry, value of the right
peak shifts from 89 to 123 nm, corresponding to the vesicle—
rod-large sphere morphology transition. The relative area of
the left peak significantly decreases, indicating fewer PS;s-b-
PEGs) micelles existed in the solution. For mixtures with fip =
0.95, only one peak with Ry, value about 160 nm was observed.
These DLS results clearly demonstrate the self-assembly fea-
tures of the PS;5,-b-PEGs)/PSs;, mixtures as observed by SEM
and TEM observations.

We then investigated the self-assembly behavior of PS;s-b-
PEGs,/PS mixtures with higher r,;, values by increasing the
molecular weight of PS HPs. It was found that for the system
with 1, = 11 (PS15-b-PEGs)/PSy75 mixtures), similar to that
of the system with 5 = 3.5 (PSy51-b-PEGs) /PS5y mixtures),
vesicles, rod-like aggregates, and large spheres are observed
successively with increasing fi;p (Figure S1, Supporting Infor-
mation). For the system with r,, = 42 (PSy5-b-PEGs) /PS5y
mixtures), vesicles are formed at fyyp = 0.20 (Figure 2a). While
large spherical aggregates could be formed at a relative lower

Figure 2. SEM images of aggregates formed by PS;s-b-PEGs/PSess
mixtures (r,p = 42) with various fip: a) 0.20, b) 0.40, c) 0.60, and
d) 0.95 (insets are TEM images for the corresponding samples). Scale
bars: 200 nm, and insets: 100 nm.
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fur (fap = 0.40-0.95, Figure 2b—d). In addition, PS;q-b-PEGs,
was applied to cooperatively self-assemble with these PS HPs
(b = 5-63). Tt was found that stable aggregates including vesi-
cles and large spheres can still be prepared. The morphology
transitions of PS;q-b-PEGs;/PSg3s, mixtures were taken as an
example to illustrate such self-assembly behaviors (Figure S2,
Supporting Information).

Next, we examined the dispersing stability of the aggregates
by monitoring the turbidity (optical density) of the solutions
(Figure S3, Supporting Information). It was found that the
solutions of relatively smaller aggregates show high stability.
No apparent decrease of the absorbance value was observed
after being stored for 6 months. For solutions of relatively
larger aggregates, the absorbance value decreases slightly
with increasing storing time, indicating the settlement of part
of large aggregates. Note that these settled aggregates can be
re-dispersed in the aqueous solution by gentle shaking. Such
phenomena could be assigned to the lower weight fraction of
hydrophilic PEG block in these larger aggregates. In addition,
all the aggregates show high stability in structures, they retain
their morphologies after being stored for more than 6 months
(Figure S4, Supporting Information).

To gain deep insight into the cooperatively self-assembly
behaviors, the dynamic aggregation processes of the BCPs,
homopolymers, and polymer mixtures against added water con-
tent were investigated. First, the turbidity of solutions of PS;s-
b-PEGs (0.16 g L), PS5y (0.04 g 1), and PS;5-b-PEGiy/PSs
mixtures (0.2 g L7}, fip = 0.20) versus added water content was
monitored. According to the turbidity curves, CWC values indi-
cated by the sudden increase of turbidity can be obtained.*!!
The CWC value of the PS-b-PEG BCPs corresponds to the
onset of the self-assembly, while the CWC value of the PS HPs
reflects the onset of the collapse of the chains into globules.*>#]
As shown in Figure 3a, the CWC values for the PS;5-b-PEGs
and PSsy, are 18.5 and 5.2 vol%, respectively. For the solution
of PSy5i-b-PEGs)/PSs; mixtures, the CWC value (5.7 vol%) is
slightly larger than that of the PSs, solution, and the turbidity
remains nearly constant with further increasing water content.
According to these results, it is reasonable to believe that
PSsy;c HPs would first collapse into globules which further
self-assemble with PS;5-b-PEGs, BCPs due to the distinction
of CWC values of PSs,, solution and PS;5,-b-PEGs; solution.
Additionally, in the solution of PS;5-b-PEGs)/PSs,, mixtures, the
BCPs not only delayed the collapse of HP chains into globules,
but also stabilized these globules from precipitating due to the
attractions between the BCPs and HPs such as hydrophobic—
hydrophobic and 77 interactions.3%-32

The stabilization of the PSsy globules by PS;5-b-PEGs, is
evidenced by DLS testing (Figure 3b). As can be seen, for both
solutions of PSsy (0.04 g L) and PS;5;-b-PEGy,/PSs,; mixtures
(0.2 g LY, fip = 0.20), when the water content is lower than
5.0 vol%, the Ry, values are about 8 nm, which correspond to the
free polymer chains in solution. For the PS5, solution (0.04 g L}),
the Ry, value increases to tens of nanometers with the water con-
tent surpassing 5.4 vol%, which indicates that PSs, homopoly-
mers aggregate into globules. Further adding water would
induce remarkable increase in Ry, value due to rapid aggrega-
tion of the initially formed PSs;, globules. While for the PS;s-b-
PEGsy/PSsy mixture solution (0.2 g L7, fi;p = 0.20), the Ry, value

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Turbidity (optical density) curves of solutions of PS;5-b-PEGs. (0.16 g L"), PS5y,
(0.04 g L"), and PSy5,-b-PEGs, /PS5y, mixtures (0.2 g L', fi;p = 0.20) as a function of the added
water content. b) Plots of Ry, values versus the added water content for PS5y, (0.04 g L™") and PS;5-b-
PEGs)/PSsy mixtures (0.2 g L7, fiyp = 0.20). c) Plots of CWC values versus the logarithm of the
concentration of PS5, and PSg;s. d) Plots of Ry, versus the added water content for PSsy (0.12 g L)
and PSy5-b-PEGs /PS5y mixtures (0.2 g L™, fiip = 0.60). Scattering angle is 90°.

is much smaller than that of the PSsy solution (0.04 g L) at the
same added water content. These results clearly indicated that

the PSy5-b-PEGs, can stabilize the PSsy
globules and prevent further rapid aggre-
gation. Accordingly, the self-assembly pro-
cess can be regarded as a cooperative self-
assembly of the BCPs with the pre-formed
PS globules.

In addition, as shown in Figure 3c,
the CWC value of the PSsy solutions
decreases with increasing concentra-
tion, and PSgss, with higher molecular
weight possesses lower CWC value at
corresponding polymer concentration.
The lower the CWC value, the larger the
globule formed at corresponding added
water content. For example, in the case
of PS;5-b-PEGs;/PSsy mixture solution
(0.2 g L71) with water content of 5.8 vol%,
the size of the PS globules in the system
with fyp = 0.6 is about ten times larger
than that in the system with fip = 0.2
(Figure 3b vs Figure 3d). Since the mor-
phology of the aggregates varies greatly
with the fyp (Figure 1) and the molecular
weight of the homopolymer (Figure 1le
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vs Figure 2b), the size of the PS globules
should be a key factor influencing the self-
assembly behaviors.

Based on these experimental find-
ings, possible mechanisms regarding the
cooperative self-assembly of PS-b-PEG
(typically, PSys5,-b-PEGsi) BCPs and high-
molecular-weight PS HPs are proposed. As
illustrated in Scheme 1, the self-assembly
process can be divided into two successive
steps. With adding water to the initial solu-
tion of the polymer mixtures, PSsy HPs
first collapse and form globules which
are stabilized by PS5 -b-PEGs, BCPs.[*4]
Subsequently, with further adding water,
the pre-formed PS globules would coop-
erative self-assemble with PS;5-b-PEGs,
BCPs. Moreover, the morphology of aggre-
gates is determined by the size of PS glob-
ules, which is related to fyp. When fip is
lower, the size of the pre-formed PS glob-
ules is small (in the scale of 10 nm). In
the further cooperative self-assembly, the
small globules could increase the volume
fraction of hydrophobic blocks, leading
to the formation a morphology transi-
tion from spherical to vesicle with a less
curved interface (Scheme 1a).**! With
increasing fyp, rod-like aggregates can be
produced (Scheme 1b). For the forma-
tion of such interesting morphology, the
probable reason is explained as follows.
With increase of fyp, both the number

and size of these pre-formed PS globules increase.[*?! In such a
situation, the adjacent PS globules are easier to fuse with each

- @
— D

.

.

o,

Scheme 1. A schematic illustration for the two-step self-assembly of PS-b-PEG/PS mixtures.

a) Vesicles formed at relatively lower fip; b)
c) Large spheres formed at relatively higher fip.
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Rod-like aggregates formed with increasing fip;
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Figure 4. SEM images of aggregates formed by PS;5,-b-PEGs, /AuNPs mixtures with various fa,nps: @) 0.20, and b) 0.40 (insets are TEM images for
the corresponding samples). c) SEM images of aggregates formed by PS;5-b-PEGs/PSMPs mixtures with fpspps = 0.60. Scale bars: 200 nm in (a,b),

400 nm in (c), and insets: 100 nm.

other forming rod-like aggregates upon water addition. In fact,
fusion of polymer particles into new morphologies has already
been reported in several works.*#7#8 Further increasing fip
produces large globules (in the scale of 100 nm) which act as
templates for the PSy5,-b-PEGs, BCPs. As a result, large spheres
were yielded (Scheme 1c).*>5% In addition to the fi;p, the size
of the PS globules also increases with their molecular weight.
Therefore, in the case of PS-b-PEG/PSg3s, mixtures, large
spheres are obtained with lower fi;p than that of the PS-b-PEG/
PSs, mixtures.

To further specify the mechanisms of cooperative self-
assembly of PS;5-b-PEGs, with PS homopolymer globules,
control experiments that cooperative self-assembly of PS;s-b-
PEGs, with small gold nanoparticles (AuNPs, diameter about
6 nm) or large PS microparticles (PSMPs, diameter about
500 nm) were conducted (for the synthesis of the AuNPs and
PSMPs, see Supporting Information). For the PS;5-b-PEGs/
AuNPs mixtures, swollen spheres and vesicles are formed with
faunps = 0.20 (Figure 4a) and fy,nps = 0.40 (Figure 4D), respec-
tively. These AuNPs act as modifiers similar to the small PS
globules as observed in the PS;5-b-PEGs/PS mixtures with
low fip. For the mixtures of PS;s5-b-PEGs, and PSMPs, large
spheres are always observed, in which the PSMPs serve as tem-
plates mimicking the larger PS globules in the self-assembly of
PSy51-b-PEGs)/PS mixtures with high fip. Figure 4c shows typ-
ical morphology of aggregates formed with fpsyps = 0.60. These
results support the proposed mechanisms for the self-assembly
behaviors of the PS-b-PEG/PS mixtures well, and enhance the
understanding on such self-assembly behaviors.

The present work reports for the first time that coil—coil
BCPs can cooperatively self-assemble with high-molecular-
weight flexible HPs into stable aggregates. This study expands
the research scope and promotes better understanding of the
self-assembly behavior of polymer mixtures. The gained infor-
mation could provide useful guidance in regulating the mor-
phology of BCPs aggregates. Furthermore, this work provides
a facile way, that is cooperative self-assembly with BCPs, to
remarkably enhance the solubility of high-molecular-weight
HPs in bad solvents, which could facilitate the applications of
these high-molecular-weight HPs.

Macromol. Chem. Phys. 2019, 220, 1800443
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4, Conclusions

In summary, the cooperative self-assembly of PS-b-PEG BCPs
with PS HPs has been studied, in which the molecular weight
of PS HPs is much larger than that of the PS blocks. With
increasing weight fraction of PS HPs in the polymer mixtures,
vesicles and large spheres are successively formed. The PS
HPs in the cooperative self-assembly process are in the form
of globules with their size depending on fi;p. For mixtures with
low fyp, the PS HPs formed small globules which cooperatively
self-assemble with the PS-b-PEG BCPs into vesicles. For mix-
tures with high fyp, the PS HPs formed large globules acting
as self-assembly templates for the BCPs, and large spheres are
produced.
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