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ABSTRACT: Polymerization-induced cooperative assembly
(PICA), originating from polymerization-induced self-assembly,
is believed to be a high-efficient method to access higher-order
morphologies. Living anionic polymerization (LAP) possesses
numerous advantages, such as high monomer conversion, rapid
polymerization rate, and excellent controllability. We herein
reported a facile strategy to prepare higher-order morphologies
using a living anionic polymerization-mediated polymerization-
induced cooperative assembly (LAP PICA) process based on
polyisoprene-b-polystyrene/polystyrene (PS) blends. The morpho-
logical transition ranging from spherical micelles to worms,
jellyfish, vesicles, sponges, and ordered mesophases of Im3m
cubosomes and p6mm hexosomes was observed and demonstrated
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by transmission electron microscopy, field-emission scanning electron microscopy, and small-angle X-ray scattering. Moreover,
morphological distribution diagrams including factors, such as the degree of polymerization and content of the PS homopolymer,
and solid contents were depicted to unveil the effect of LAP PICA on morphologies and provide guiding principles for preparing a
variety of morphologies. Furthermore, a relevant morphological transition mechanism via LAP PICA was put forward.

B INTRODUCTION

Nano-objects of amphiphilic block copolymers have received
undiminished attention for several decades due to their
versatile morphologies and promising application in many
fields."~* Typically, these nano-objects are prepared by self-
assembly of amphiphilic block copolymers in a selective
solvent, which has acknowledged limitations of multistep
processing and low concentration (<1.0% w/w).””" In
contrast, polymerization-induced self-assembly (PISA), inte-
grating a polymerization and in situ self-assembly process, has
enabled efficient and reliable access to various morphologies at
high concentrations (solid content up to 50% w/w) in recent
years."”"?

It is generally deemed that the morphology of nano-objects
formed under thermodynamical equilibrium is primarily
determined by the inherent molecular curvature and packing
of copolymer chains as defined by the packing parameter P =
v/agl. (v, ay, and I, represent the volume of the core-forming
block, the interfacial area, and the length of the core-forming
block, respectively)."* Hence, various morphologies such as
spherical, wormlike, laminar, and vesicular micelles (P < 1)
can be captured by adjusting these three parameters to regulate
the P value."”'>™** However, despite burgeoning development
in the PISA process, large compound vesicles, sponges, and
inverse bicontinuous mesophases such as cubosomes and

© 2023 American Chemical Society

v ACS Publications 5743

hexosomes (P > 1) have been rarely reported,” " presumably
owing to their intricate formation mechanism and elusive
assembly conditions. So far, only three pieces of literature have
reported hexosome phases captured in the PISA system.”>*>*’
Nevertheless, nano-objects with high porosity, large specific
surface area, and well-ordered network at the nanoscale that
endow the materials with high energy dissipation and high
ductility have shown great promise in mechanical metamate-
rials,>'** nanonetwork thermosets,”> biomaterials, nano-
templating,***> and so forth. As a consequence, it is greatly
desirable to make full use of the advantages of the self-
assembly process to prepare inverse bicontinuous mesophases,
which will lay a solid foundation for their further development
toward diversification and practicability.

Encouragingly, based on the PISA strategy, a fresh system
termed polymerization-induced cooperative assembly (PICA)
has been proposed by An and co-workers,*® in which excellent
modulation on nano-object morphologies was achieved
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Scheme 1. (a) LAP PICA of St Mediated by PI-b-PS™Li" and n-Bu"Li" in n-Heptane; (b) Illustration of Morphologies Prepared

via LAP PICA
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through combining a small molecular reversible addition-
fragmentation chain transfer (RAFT) agent and a macro-
RAFT agent to simultaneously form a solvophobic homopol-
ymer and an amphiphilic diblock copolymer in the polymer-
ization process. More recently, it has been strongly proven that
the PICA process can reliably and effectively accelerate
morgholo§ical transitions toward higher-order morpholo-
gies.””**™* For instance, Zhang and co-workers reported
that the compartmentalized vesicles and porous nanospheres
can be obtained from self-assembled blends of AB/B or AB/
BAB block copolymers.*”** A similar method was adopted by
Tan et al. to acquire porous spheres’” and large complex
vesicles.”” Lv et al. further observed mixed inverse
bicontinuous mesophases.”” However, it can be found that,
until now, the preparation of higher-order morphologies using
PICA is all based on RAFT dispersion polymerization.
Alternatively, living anionic polymerization (LAP), as the
earliest living/controlled polymerization mechanism, allows
the large-scale synthesis of the polymer with narrow molecular
weight distribution (M,,/M,), controlled molecular weight
(MW), and well-defined compositions and structures.*'~**
Meanwhile, the monomers can be polymerized with a rapid
polymerization rate and quantitative monomer conversion
(close to 100%). Unfortunately, due to the serious operation,
strict conditions, as well as special requirements on the
monomers/living species and the limited solvent, there are few
works on the heterogeneous LAP PISA system.** ™'

Motivated by the surging interest in the efficient access to
higher-order morphologies, herein, the LAP PICA combining
LAP mechanism with the PICA process was attempted using
polyisoprene-b-polystyrene (PI-b-PS)/polystyrene (PS) blends
as the research mode. In detail, the macromolecular initiator
PI-b-PSTLi" was first synthesized by sequential LAP of
isoprene (Is) and styrene (St), then St was cooperatively
initiated by macromolecular initiator PI-b-PSTLi" and small
molecular initiator n-butyllithium (n-Bu~Li") in n-heptane, and
the LAP PICA process was thus realized (Scheme 1). By
modulating the molar ratio [PI-b-PSTLi*]/[n-Bu"Li*] and
solid content, the degree of polymerization (DPyg) and the
content of PS homopolymer correspondingly varied. The
morphologies such as spheres, worms, jellyfish, vesicles,
sponges, and mixed ordered mesophases of Im3m cubosomes
and p6mm hexosomes were captured and systematically
monitored by transmission electron microscopy (TEM),
field-emission scanning electron microscopy (FESEM),
dynamic light scattering (DLS), and small-angle X-ray
scattering (SAXS). Morphological distribution diagrams were
constructed to provide guiding principles for the synthesis of
desirable morphologies, and the possible formation mechanism
was presented.
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B RESULTS AND DISCUSSION

Preparation of PI-b-PS/PS Blends-Based Nano-Ob-
jects via LAP PICA. As an extended technique to PISA, PICA
is more efficient than PISA in capturing higher-order
morphologies.””**~** Aiming to practice LAP PICA process,
the living species of PI-b-PSTLi* was first synthesized by
sequential LAP of Is and St monomers. The obtained PI-b-
PSTLi* was employed as the solvophilic macromolecular
initiator in the n-heptane solvent, followed by the supplement
of small molecular initiator n-Bu Li". Subsequently, the St
monomer was simultaneously initiated by these two initiators,
and the core-forming PS block was generated. Finally, the PI-b-
PS/PS blends-based nano-objects were collected (Scheme 1).
In the PICA system, the MW ratio M, ps/M, p; in the diblock
copolymer PI-b-PS, DPpg and content of the PS homopolymer,
and the solid content should have an important effect on the
morphological evolution of nano-objects. Thus, a series of LAP
PICA formulations were performed and investigated in this
contribution (Table 1). Specifically, the solid content was fixed
as 20% w/w. The DP of the macromolecular initiator PI"Li"
was fixed in the range of 75—95. The M, ps/M,, p; in the diblock
copolymer PI-b-PS was designed as 3/1, 4/1, and 6/1. The
DPypg and content of the PS homopolymer were modulated by
the monomer feed mode and the molar ratio [PI-b-PS™Li*]/
[n-Bu"Li*].

The LAP PICA at two polymerization stages was first
manifested by proton nuclear magnetic resonance ('"H NMR)
and size exclusion chromatography (SEC). As the exemplified
"H NMR spectrum shows in Figure S1, all characteristic proton
signals of PI and PS blocks are clearly assigned, and no signals
attributed to the double bond on remaining Is or St monomers
can be detected, giving reliable evidence that the conversion of
each monomer was 100%. By varying the DPpg of the PS
homopolymer (designed as 30, 50, and 115) and the MW ratio
M, ps/M,p; (designed as 3/1, 4/1, and 6/1) in the diblock
copolymer PI-b-PS, the SEC traces for the LAP PICA system
from different formulations are shown in Figures 1 and S2. The
symmetrical peaks with narrow M,,/M, (<1.10) attributed to
PI, PI-b-PS, and PS can be clearly discriminated, proving that
the LAP PICA was performed in a controlled manner in one
pot. Thus, the LAP mechanism with the high monomer
conversion, narrow M, /M, and controlled MW greatly
expanded the scope of the PICA technique.

Effect of DPps and Content of the PS Homopolymer
on the Morphological Evolution of Nano-Objects. As a
comparison with PICA, a formulation without the addition of
the PS homopolymer was first performed by designing the
MW ratio M, ps/M,,p; in the diblock copolymer PI-b-PS as 3/1
(Entry 1 in Table 1). As shown in Figure 2a, the process was a
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Figure 1. SEC traces for PI (black curves) and the corresponding PI-b-PS/PS blends (red curves). The solid content was fixed as 20% w/w. The
M, ps/M,pr in the diblock copolymer PI-b-PS was fixed as 3/1. The DPpg was designed as (a) 30, (b) 50, and (c) 115, respectively. The content of
the PS homopolymer was modulated by the molar ratio [PI-b-PS™Li*]/[n-Bu"Li*] = 1/0, 1/1, 1/3, 1/, and 1/8.
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Figure 2. TEM and FESEM images of PI-b-PS/PS nano-objects (diluted to 0.01—0.3% w/w dispersions) formed in PISA or LAP PICA process
using the macromolecular initiator PI"Li* with DP in the range of 75—95, M, ps/M,,p; of 3/1 in the diblock copolymer, solid content of 20% w/w,
DPy of approximately 30, and different [PI-b-PS™Li*]/[n-Bu"Li*]: (a) 1/0, (b) 1/1, (c) 1/3, (d) 1/S, and (e) 1/8. (f) DLS results of the
corresponding nano-objects (diluted into 0.01—0.3% w/w dispersions).

typical PISA system, and the mixture of spheres and short
worms with an average diameter of 43 + 19 nm can be
observed, which was consistent with the previously demon-
strated work in our group.50 Alternatively, once the PS
homopolymer was introduced and the LAP PICA process was
realized, the morphologies can be derived in a broad window
as illustrated in the following section.

When the DPg was designed as about 30, the morphological
evolution is shown in Figure 2 by modulating the molar ratio
[PI-b-PS™Li*]/[n-Bu"Li*]. When [PI-b-PSTLi*]/[n-Bu"Li"]
was designed as 1/1, the content of PS homopolymer was
17%, and the PICA system remained a mixture of spheres and
short worms with an average diameter of around 50 + 22 nm
(Figure 2b). When [PI-b-PS™Li*]/[n-Bu"Li*] was decreased to
1/3 and the content of the PS homopolymer was increased to
33%, a mixture of worms and vesicles was captured (Figure
2¢). Correspondingly, the DLS curve showed a bimodal
distribution (Figure 2f). Continuously, the curvature energy
induced the formation of large ‘vesicles within vesicles” (a.k.a.,
oligolamellar vesicles, OLVs®*) when [PI-b-PSLi*]/[n-
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BuLi*] was decreased to 1/S and the content of PS
homopolymer was increased to 45% (Figure 2d). In this
case, the DLS curve showed a unimodal peak with a large size
around 1281 + 569 nm (Figure 2f). When [PI-b-PS7Li*]/[n-
BuTLi"] was further decreased to 1/8 and the content of PS
homopolymer was increased to 56% (Figure 2e), the TEM and
FESEM measurements consistently indicated that the sponge
structures with a porous rough surface were generated.
When the DPpg was designed at approximately 50, the
morphologies of the nano-objects with different [PI-b-
PS™Li*]/[n-Bu"Li*] underwent a sequence of evolution from
spheres ([PI-b-PSTLi*]/[n-Bu"Li'] = 1/0, Figure 3a), worms
([PI-b-PS7Li*]/[n-Bu"Li*] = 1/1, Figure 3b), vesicles ([PI-b-
PSTLi*]/[n-BuLi*] 1/3, Figure 3c), sponges ([PI-b-
PSTLi*]/[n-Bu”Li*] = 1/5, Figure 3d), and back to spheres
([PI-b-PS7Li*]/[n-Bu"Li*] = 1/8, Figure 3e). DLS curves in
Figure 3f showed consistent results with those from the TEM
measurement. Specifically, the hydrodynamic diameter of the
spheres obtained with [PI-b-PS™Li*]/[n-Bu"Li*] = 1/8 (396 +
141 nm) (Figure 3e) was obviously larger than that with [PI-b-

https://doi.org/10.1021/acs.macromol.3c00759
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Figure 3. TEM and FESEM images of PI-b-PS/PS nano-objects (diluted into 0.01—0.3% w/w dispersions) formed in the PISA or LAP PICA
process using the macromolecular initiator PI"Li* with DP in the range of 75—95, M, ps/M, p; of 3/1 in the diblock copolymer, solid content of
20% w/w, DPpg of approximately 50, and different [PI-b-PS™Li*]/[n-BuLi*]: (a) 1/0, (b) 1/1, (c) 1/3, (d) 1/5, and (e) 1/8. (f) DLS results of

the corresponding nano-objects (diluted into 0.01—0.3% w/w dispersions).

PS7Li*]/[n-BuLi*] = 1/0 (43 £ 19 nm) (Figure 3a). In these
formulations, besides the screened phenomenon of lower-order
morphologies to higher-order morphologies as a decreasing
[PI-b-PSTLi*]/[n-Bu”Li*] value, a morphological transition
from sponges to spheres was also observed. Furthermore, when
the DPpg was designed at about 115 and [PI-b-PSTLi*]/[n-
Bu"Li*] was designed as 1/1 and 1/3, the spheres with 142 +
50 and 459 + 204 nm were prepared (Figure 4b,c,d), which
again had larger sizes than those obtained in the LAP PISA
system (Figure 4a,d). However, when the [PI-b-PSTLi*]/[n-
BuLi*] was decreased as 1/5, precipitation was observed in
the LAP PICA system. The reason might be attributed to the
higher content of PS homopolymer (76%), which cannot be
stabilized by the solvophilic PI block.

Furthermore, in order to evaluate the versatility of LAP
PICA, a series of LAP PICA systems were performed by
varying M, ps/M, p; and [PI-b-PSTLi*]/[n-Bu"Li*], and fixing
DPyg as about SO (Figure S2). The PISA system targeting at
M, ps/M, p; = 4/1 (Entry 13 in Table 1) and 6/1 (Entry 18 in
Table 1) in the diblock copolymer with the solid content as
20% w/w produced morphologies of worms (Figure Sa) and
vesicles (Figure Se), respectively. When targeted M, ps/M,, pr
was designed as 4/1, morphological transformations from
worms ([PI-b-PSTLi*]/[n-Bu"Li'] = 1/0, Figure Sa) to
spheres ([PI-b-PSTLi*]/[n-Bu"Li'] = 1/1, Figure Sb), irregular
sponges ([PI-b-PSTLi*]/[n-Bu"Li*] = 1/3, Figure Sc), and
porous vesicles ([PI-b-PSTLi*]/[n-Bu"Li*] = 1/5, Figure 5d)
were observed. Continuously, when the [PI-b-PS™Li*]/[n-
BuTLi*] was decreased to 1/8, the precipitation was generated
due to the relatively higher content of the PS homopolymer
(66%) and, correspondingly, the reduced stability by the
solvophilic PI block. When targeted M, ps/M, p; was increased
to 6/1, with the increase of the PS homopolymer content, the
morphologies from thin-walled vesicles ([PI-b-PSTLi*]/[n-
BuLi*] = 1/0, Figure Se) to thick-walled vesicles ([PI-b-
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Figure 4. TEM images of PI-b-PS/PS nano-objects (diluted into
0.01-0.3% w/w dispersions) formed in the PISA or LAP PICA
process using the macromolecular initiator PI"Li" with DPs in the
range of 75—95, M, ps/M,p; of 3/1 in the diblock copolymer, solid
content of 20% w/w, DPp of approximately 115, and different [PI-b-
PSLi*]/[#n-Bu"Li*]: (a) 1/0, (b) 1/1, and (c) 1/3. (d) DLS results
of the corresponding nano-objects (diluted into 0.01—-0.3% w/w
dispersions).

PS7Li*]/[n-BuTLi*] = 1/1, Figure 5f), the mixture of thick-
walled vesicles and spheres ([PI-b-PSTLi*]/[n-Bu"Li*] = 1/3,
Figure Sg), and porous vesicles ([PI-b-PS7Li*]/[n-Bu"Li'] =
1/, Figure Sh) were captured. DLS curves in Figure S3 show
consistent results with those from the TEM measurement.
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Figure S. TEM images of PI-b-PS/PS nano-objects (diluted into 0.01—0.3% w/w dispersions) formed in PISA or LAP PICA process using the
macromolecular initiator PI"Li* with DP in the range of 75—95, M, »s/M, p of 4/1 (a—d), and 6/1 (e—h) in the diblock copolymer, solid content
of 20% w/w, DPpg of approximately 50, and different [PI-b-PSTLi*]/[n-Bu"Li*]: (a, e) 1/0, (b, f) 1/1, (¢, g) 1/3, and (d, h) 1/5.

Table 2. Formulation and Characterization for PI-b-PS/PS Blends-Based Nano-Objects with Varied Solid Contents (20, 30,

and 40% w/w), DPy, and Contents of PS Homopolymer and Fixed M, ps/M, p; =

= 3/1 and [PI-b-PS"Li*]/[n-BuLi*] = 1/3

. . PI PI-b-PS/PS blends
solid content  designed content of PS
entry sample” (% w/w) homopolymer (%) 2 Mo MJ/MS Mprppss MJ/M,S M M,/M,S morphologiesd

1 Ply-b-PS,05/PSy 20 33 $900  1.06 26000  1.04 2800 1.05  mixture of worm and
vesicle

2 Plyyb-PS;4/PSss 30 33 6400 107 26000  1.05 2400 1.04  mixture of sphere,

3 Plyg-b-PS;e0/PSss 40 33 $800 107 25000 104 2600 107  worm and jellyfish

4 Plgs-b-PS;04/PSyy 20 S0 5800 1.08 26,000 1.04 4600 1.08 vesicle

S Plyb-PSy,/PSy 30 50 5400 108 27,000 105 4800 108 vesicle

6 Plg3-b-PS,04/PSy3 40 N 5700 1.07 27,000 1.04 4500 1.05 inverse bicontinuous
phases

7 Plyy-b-PSys/PSys 20 67 6200 108 27,000 101 12,000 104  sphere

8 Ply,-b-PS,05/PS 5 30 67 6400 1.07 27,000 1.02 12,000 1.04  porous vesicle

9 Ply-b-PSy00/PSyys 40 67 6600 106 28000 102 12,000  1.04 porous vesicle

“The subscripts represented the DP of each block, which was calculated according to the SEC and '"H NMR measurements.

®Content of PS

homopolymer (%) is defined as the weight percentage of the PS homopolymer in the total PS block based on the [PI-b-PS™Li*]/[n-Bu"Li'] value
and the monomer feed mode. “The M, and M, /M, were obtained by SEC measurement using THF as the eluent and PS as the standard. “The

morphologies were monitored by TEM measurement.

These results indicated that efficient morphological trans-
formation via LAP PICA could also begins with intermediate
morphologies of worms or vesicles. Additionally, except for the
formulations with a high MW or content of PS homopolymer
(Entry 12 and 17 in Table 1), it should be noted that no
precipitate can be discriminated in most LAP PICA systems,
although the PS homopolymer was insoluble in n-heptane.

Effect of Solid Contents on Morphological Evolution
of Nano-Objects. The solid content in the self-assembly
process is also an important factor. Higher solid content has
been demonstrated to facilitate the formation of higher-order
morphologies.””*” To explore its feasibility in LAP PICA, the
formulations with different solid contents ranging from 20 to
40% w/w and targeted DPpg at 30 (Entries 1—3 in Table 2),
50 (Entries 4—6 in Table 2). and 115 (Entries 7—9 in Table
2) were performed. As expected, the PI and PI-b-PS/PS blends
with narrow M, /M, (<1.10) and controlled MWs were
successfully synthesized with high monomer conversion
(close to 100%) (Figure S4). The TEM and FESEM
micrographs are shown in Figure 6, and the corresponding
DLS curves are depicted in Figure SS.
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When the DPpg was designed as around 30, higher-order
morphologies were not captured as expected, but only a
mixture of spheres, worms, and jellyfish was observed when the
solid contents was increased from 20 to 30% or 40% w/w
(Figure 6a,d,g). When the designed DPpg was increased to S0,
thick-walled vesicles with internal spheres were obtained in the
system with 30% w/w (Figure 6e). Surprisingly, the structure
of the inverse bicontinuous mesophases was accessed at a solid
content as high as 40% w/w (Figure 6h). When the DPpg was
designed as 115, a morphological transition from large-size
spheres (Figure 6¢) to porous vesicles (Figure 6fi) was
observed as the solid contents increased from 20 to 30% and
40%. By summarizing the results, we can find that the higher
solid content and higher DP¢ (50 and 115) contributed to the
higher-order morphologies. The reason can be attributed to
the effective inelastic collisions, fusion, and chain rearrange-
ment between nano-objects under high solid content, as well as
the synergistic effect enhanced by the insolubility of the PS
homopolymer.

SAXS Studies on PI-b-PS/PS Blends-Based Nano-
Objects. SAXS technique, as an in situ method for assessing
the morphologies of nano-objects, was used to study PI-b-PS/
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Figure 6. TEM and FESEM images of PI-b-PS/PS nano-objects
(diluted into 0.01—0.3% w/w dispersions) formed in the LAP PICA
process using the macromolecular initiator PI"Li* with DP in the
range of 75—95, M, ps/M, p; of 3/1, DPpg of approximately 30, 50, and
118, and different solid contents: (a—c) 20% w/w, (d—f) 30% w/w,
and (g—i) 40% w/w.

PS blends-based nano-objects (Figure 7). The scattering
patterns obtained for nano-objects from Ply,-b-PS, g4, Ply-b-
PS,0/PS,g, and Plgs-b-PS,,,/PS,, (Entries 1, 6, and 7 in Table
1) exhibit a gradient change of 0, —1, and —2 in the low g
section (Figure 7a), which are in fairly good agreement with
the morphologies of spheres, worms, and vesicles in the
literature”>* and in our TEM images. The SAXS pattern of
spheres (red curves in Figure 7a) slightly deviated from a zero
slope at low g (less than 0.01 A™"), suggesting the presence of
a small amount of dimer and trimer or even traces of worms,””
which was also verified by the corresponding TEM image.
Using the SAXS technique, the nano-objects with complex
internal structures were also elucidated. For the spongy nano-
objects from Plgs-b-PS,,/PSs; (Figure 3d, Entry 8 in Table 1),

less resolved signals were captured in the SAXS profile (Figure
7b). This was because the sponges, generally considered as a
“melted” cubic phase, were less regular than cubosomes,
despite having bicontinuous channels.”” For the inverse
bicontinuous mesophases from Plg;-b-PS,0,/PS,; (Figure
6h), the corresponding SAXS showed three weak signals
with a g* ratio of 2:4:6 (Figure 7c), which were indexed to the
(110), (200), and (211) reflections of the primitive cubic
lattice (Im3m) of cubosomes.”® The lattice constant (a) was
calculated to be 48 nm. Noteworthily, another defined peak
assigned to (10) reflection of the p6mm space group
accompanied by a hardly resolvable (11) reflection is also
found in Figure 7c, which narrowly indicated the presence of
hexosomes. In principle, the specific structure of mixed Im3m
cubosomes and p6mm hexosomes could not be defined based
on such ambiguous peaks in Figure 7c. Alternatively, these
assignments can be affirmed by TEM images exhibiting
concentric hoops (characteristic of p6mm hexosomes”””)
and bicontinuous channels with porous ellipsoidal surfaces
(characteristic of Im3m cubosomes®*~*°) (TEM and FESEM
in Figure 6h).

Explanation and Analysis on Morphological Evolu-
tion in LAP PICA. The above results confirmed that LAP
PICA can indeed generate higher-order morphologies more
effectively than LAP PISA. To further understand the effect of
factors on the morphological evolution of nano-objects in the
LAP PICA process, a detailed morphological distribution
diagram was depicted based on the relationship between DPp;
and the content of the PS homopolymer (Figure 8a), as well as
DPyg and solid contents (Figure 8b). As shown in Figure 8a,
maintaining DPpg below 50 and increasing the content of the
PS homopolymer promoted the morphological transformation
to higher-order (such as sponges), which provided solid
evidence that the high content of the PS homopolymer had a
profound impact in boosting morphological transition.
However, when the DPpg was above 50, no obvious change
could be discriminated and the spheres were always collected
with the increase in the content of the PS homopolymer.
Alternatively, in Figure 8b, it can be observed that the higher
solid content and DPpg lead to higher-order morphologies, and
appropriate solid content and DPyg contributed to the inverse
bicontinuous mesophase with a narrow window. In brief, these
two morphological distribution diagrams provide resultful
guidance for the selective preparation of nano-objects with
specific morphologies. The feasible mechanisms of these
phenomena are elaborated below.

First, under the circumstance of DPpg around 30 and solid
content of 20% w/w, the morphologies underwent a series of

a p— ol b c
(a) Plg,-b-PS g5 (b) —— Ply-b-PS,,,/PS,, (c) — Plyy-b-PS,,/PS,,
- 19’*&1- — -
3 R &, Plys-b-PS194/PS | '5 3
sk s s
EX 2 2
‘@ ‘® )
c c c
2] k] 2
£ £ £

1

(11)
1
0.01 ] 0.1 0.02 003 004 005 0.06 0.02 003 004 005 0.06
q (A7) q (A" q (A"

Figure 7. SAXS profiles of PI-b-PS/PS nano-objects with representative morphologies: (a) spheres, worms, and vesicles; (b) sponges; and (c)
mixed Im3m cubosomes and p6mm hexosomes. (Note: q in red color is for p6mm and q in black color is for Im3m in (c) images.)
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Figure 8. Morphological distribution diagram based on the variation: (a) DPpg and content of the PS homopolymer with a fixed solid content of
20% w/w, and (b) DPpg and solid contents with fixed [PI-b-PS7Li*]/[n-BuTLi*] = 1/3. Note: For the simplicity of this diagram, oligolamellar
vesicles, unilamellar vesicles, and porous vesicles were all labeled as the vesicle phase.

Scheme 2. Schematic Illustration of the Morphological Evolution: (a) from Spheres (I) to Worms (II), Vesicles (III), Sponges
(IV, V), and Spheres (VI) with a Solid Content of 20% w/w; (b) from Spheres (VII) to Porous Vesicles (VII) with a Solid

Contents of 30 and 40% w/w via LAP PICA
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Note: the red curves represent the core-forming block and the blue curves represent the solvophilic PI block.

transitions from lower-order [mixture of spheres (I) and
worms (II); mixture of worms and vesicles (III)] to higher-
order [vesicles or sponges (IV)] as the content of the PS
homopolymer was gradually increased (Figure 2 and Scheme
2a). This phenomenon can be explained by the variation of
packing parameter P = v/ayl, which is a result of a force
balance involving the stretching of the core-forming blocks in
the core, the interfacial tension between the core and the
solvent, and the intercorona interactions.’”®> Herein, when the
PS homopolymer was added, the volume of core-forming PS
block (v) increases, while the chain extension of the
solvophobic PS block (I.) decreases. Hence, the P value
increases, manifesting as the morphological transition from
spheres to higher-order morphologies.

Second, when DPpg was around 50 and the solid content was
fixed as 20% w/w, the morphological evolution conformed to
the expected transformation from spheres (I) to worms (II),
vesicles (III), and sponges (IV) with the increase of the
content of the PS homopolymer (Figure 3 and Scheme 2a).
However, with the continued addition of the PS homopolymer,
the solvophilic PI block was insufficient to support further
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expansion of the sponges. At this moment, the optimum state
of thermodynamic equilibrium was to squeeze the solvent in
the sponges outward, so that more solvophobic PS
homopolymers can be accommodated inside. As a conse-
quence, the core-forming section became denser and denser
[from (IV) to (V)], and a kind of flip-flop mechanism
subsequently took place.'* Finally, the sponge transformed into
thermodynamically stable spheres [from (V) to (VI)].

Third, when DP)g was increased to around 115 and the solid
content was fixed as 20% w/w, the PS homopolymer stabilized
by the block copolymer PI-b-PS favored aggregating near the
core due to the decreased solubility driven by phase separation.
Thus, the stretching extent of the PS block in the block
copolymer was significantly lowered, and the entropy penalty
associated with chain stretching was reduced. Therefore, the
sphere which was conducive to minimizing the free energy of
the interface was preferred [from (I) to (VI), Scheme 2a].
Alternatively, under a higher solid contents of 30 and 40% w/
w, the sphere (VII) can even evolve as a porous vesicle (VII)
due to the enhanced inelastic collisions, fusion, and chain
rearrangement between nano-objects, as well as the remarkable
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cooperative-effect of the PS homopolymer with high DPpg
(Scheme 2b).

Additionally, unlike the typical PISA process,” the LAP
PICA process can adjust the size of the sphere in a wide range
just by modulating the DPps and the content of the PS
homopolymer. In a typical PISA process, when the DP of the
solvophobic PS block increased, the volume of the core-
forming block (v) increased, which resulted in less curved
interfaces. Thus, the PS blocks had to rearrange to reduce the
entropy penalty associated with chain stretching, leading to a
morphological transition from spheres to worms or vesicles
without being able to regulate the size of spheres. However,
different from the PISA process, the added PS homopolymer in
the LAP PICA process preferred to aggregate near the core
region,*® making the solvophobic PS block in the original block
copolymer not to extend as much as that in the absence of the
PS homopolymer. The free energy was reduced, and the sphere
that was most conducive to free energy could be obtained in a
broad window. Thus, it was ready to understand that the size
of the finally derived spheres (VI) was larger than the original
ones (I) because of the filling of the more PS homopolymer
(Scheme 2a). In short, the PICA showed great superiority in
tuning the size of spheres, which would greatly expand the
utility of spherical nano-objects in biomedical applications,*>**
Pickering emulsifiers,®” filler for composites,66 and so on.

B CONCLUSIONS

In summary, LAP PICA of PI-b-PS/PS has been successfully
exploited by varying the DPpg and content of PS homopolymer
and the solid content. As these factors were modulated, the
morphological transition from spheres to worms, jellyfish,
vesicles, sponges, and ordered mesophases of Im3m cubosomes
and p6mm hexosomes indicated the efficient access to
complete morphological range via LAP PICA. Besides, PICA
showed great superiority in tuning the size of spheres. The
morphological distribution diagrams were depicted to unveil
the effect of DPpg and content of the PS homopolymer and the
solid content on the transformation of morphologies and
provide guiding principles for the tailored synthesis of
polymeric nano-objects with a variety of morphologies. The
relevant mechanism of morphological transition in LAP PICA
was put forward. It is believed that the facile LAP PICA system
will greatly expand the scope of PICA and exhibit promising
applications in mechanical metamaterials, nanonetwork
thermosets, and many other fields.
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