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ABSTRACT: Polymerization-induced self-assembly (PISA) has gained Heat-Induced Self-Assembly (HISA)
widespread recognition as a potent tool for accessing nano-objects with A A< (T
diverse morphologies. To facilitate its prac_tical application, furt_her ﬁ@ Heating(90°C) | I %%% ]
development of the self-assembly method is still urgent and challenging. | omopolymer &| followedby | gopeec worms

We herein report an innovative self-assembly approach termed heat- | A~ SRS |

induced self-assembly (HISA), enabling the preparation of nano-objects i ey *&*
with abundant morphologies by direct thermal dissolution of solid {omoponmerci N~/ {_Vesicles sponges _
block copolymers (BCPs) in selective solvents at elevated concentration (™ gl ore ations v Broad universality

(20% w/w). The BCPs of polyisoprene-b-polystyrene (PI-b-PS), |+ High solids (20% w/w) ¥ Versatile combinations
polyisoprene-b-poly(methyl methacrylate) (PI-b-PMMA), and poly- 1¥ No monomer, catalyst and initiator residual ¥ Rich marphalogies
isoprene-b-poly(4-vinylpyridine) (PI-b-P4VP) were prepared by living

anionic polymerization (LAP) for HISA investigation. Furthermore, this methodology was extended to heat-induced cooperative
assembly (HICA) comprising PI-b-PS,/PS, (AB,/B,) and PI-b-PS,/PI-b-PS, (AB,/AB,), where B represented the PS core-
forming block. The feasibility of HISA and HICA processes was investigated, and a library of morphologies, including spheres,
worms, vesicles, nanotubes, and sponges, were collected. The pseudophase diagrams were constructed for both AB,/B, and AB,./
AB,, systems to provide guiding principles for the tailored morphologies. To evaluate the universality of HISA and HICA techniques,
the AC,/C, and AB,/AC, systems (C represented PMMA or P4VP core-forming block) were further investigated. The
corresponding glass transition temperatures (T,s) of BCPs in both dry and solvated states were analyzed to gain further insights into
the HISA and HICA techniques. These high-concentration assembly strategies including HISA and HICA combined operational
simplicity with morphological diversity, showing significant potential in practical applications.

I INTRODUCTION example, to diversify the compositions of nano-objects, the
The self-assembly of amphiphilic block copolymers (BCPs) nitroxide-mediated radical polymerization (NMRP),"*™**
has generated nano-objects with diverse morphologies, reversible gddlltcl)cig—lfgragmentatlon chain transfer (RAFT)
demonstrating unique applications across multiple fields."™ polymerization,™ """ atom transfer radical polymerization
Early methods for obtaining nano-objects involved self- (ATRP),'*7#! ring-opening metathesis polymerization
assembly of amphiphilic BCPs in a selective solvent. Never- (ROMP),?*7*" and living anionic polymerization (LAP)**~*’
theless, this method su ered from acknowledged shortcomings mechanisms have been introduced into the PISA process. To
such as time-demanding dialysis and low copolymer concen- enrich the morphological evolution window, the cooperative
trations (<1.0% w/w).>° In contrast, polymerization-induced self-assembly strategy was derived and the polymerization-
self-assembly (PISA) has emerged as a transformative induced cooperative self-assembly (PICA) process was
approach that enables simultaneous polymerization and in developed, e ectively accelerating morphological transitions
situ self-assembly through one-pot synthesis, particularly at toward higher-order morphologies.?®™* To simplify the
high concentrations (up to 50% w/w)."~” o operations, some PISA formulations were optimized and
Typically, the PISA process starts from a macroinitiator/ performed in a one-pot manner,'®***? and some self-assembly
stabilizer, which can be well solubilized in a mixture of a processes were also conversely realized from core-forming
selected solvent and the second monomer. Through the block to stabilizer block by overturning the conventional
controlled/“living” polymerization mechanisms, the core-
forming block can be generated, and the solubility was _
gradually decreased. This resulted in self-assembly of BCPs, Received:  November 14, 2024 Viromolerue
and a broad spectrum of well-defined nano-objects was Revised:  April 4, 2025 L
obtained in a dispersion system.’°~*? Based on the above Accepted: ~ April 14, 2025 o
prototype, the PISA technique has been extensively derived Published:  April 18, 2025 © @

and updated in recent years, aiming to simplify the operations,
enrich the morphologies, and facilitate the applications. For
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Scheme 1. (a) Synthesis of PI- -PS, PI- -PMMA, and PI- -P4VP by the LAP Process. (b) Illustration of the HISA or HICA
Process for PI- -PS, PI- -PS /PS , PI- -PS /PI- -PS , Pl- -PS /Pl- -PMMA | and PI- -PS /PI- -P4VP Performed at 90 C
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sequence from stabilizer block to core-forming block.**~*" To
improve the functionality, the thermally responsive block was
introduced, and the intelligent behavior of nano-objects could
be elaborately modulated by temperature.*’*2**~%° Despite
the remarkable development and widespread recognition of the
PISA process as a powerful approach for fabricating nano-
objects with controllable sizes, morphologies, and responsive-
ness, further optimization of this technique remains crucial for
enhancing its versatility and practical applications.**** For
example, the colors inherited from the RAFT agent in RAFT
PISA*? and the residual metal catalysts in ATRP PISA**** as
well as the remaining low active monomers, might contaminate
the nano-objects.*®*>*® Multicomponent nano-objects for
advanced functionalities necessitated laborious synthetic
processes.*”*® The requirement for specialized laboratory
infrastructure in controlled/“living” polymerization-based
PISA technology created practical constraints. Specifically,
the inherent need to store and transport nano-objects in
selective solvents substantially elevated operational costs
related to logistics, long-term preservation, and safety manage-
ment. Alternatively, the on-site production of nano-objects
from the self-assembled BCPs could be of greater practical
significance. As a consequence, these challenges motivate our
development of an alternative self-assembly method to
overcome the current PISA constraints.

Generally, the self-assembly process relies on the solubility
of blocks in selective solvents. Notably, most polymers exhibit
temperature-dependent solubility governed by upper critical
solution temperature (UCST) or lower critical solution
temperature (LCST) behavior.**=>* In UCST-type systems,
exceeding specific temperature thresholds induces dissolution
of target blocks in selective solvents, while subsequent cooling
below these temperatures drives spontaneous assembly
through solubility reduction. Inspired by this thermoresponsive
behavior, we hypothesize that thermal energy input might
promote BCP chains’ plasticization in selective solvents to
facilitate assembly processes. In fact, early in 1991, Stejskal et
al. had reported the formation of metastable micelles (<1.0%
w/w, 20 °C) through direct dissolution of polystyrene-b-
poly(ethylene-co-propylene) (PS-b-PEP) in selective solvents
(decane for PEP block or dioxane for PS block).>*** These
metastable structures would further transform into equilibrium
spherical micelles once the temperature is raised enough (60
°C) or the core is swollen by a good solvent. Armes et al.
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adopted a similar strategy to gain further insights into the
formation mechanism of well-defined micelles during a thermal
cycle (1.0% w/w, 20—110 °C) of PS-b-PEP.>* They elaborated
that hot n-alkane solvents could cause swelling, known as the
partial plasticization of the micellar core. This led to a lower
e ective glass transition temperature (T,) for the core-forming
PS block and, thus, promoted the self-assembly of BCPs.
Despite these seminal advances in thermal-driven assembly,
some shortcomings need to be further optimized, such as low
copolymer concentration (<1.0% w/w), restricted morpholo-
gies (spheres and worms), and limited polymer systems
available in this approach. These constraints underscore the
necessity for developing next-generation thermal assembly
methodologies.

Building upon these foundations, we proposed a facile
method termed heat-induced self-assembly (HISA). By
subjecting the solid BCPs to a simple heating—cooling cycle
in selective solvents (20% w/w), the self-assembly of BCPs
could be realized. Furthermore, when the BCPs were
combined with homopolymer (AB,,/B,) or binary copolymer
blends (AB,/AB, or AB,/AC,), the heat-induced cooperative
assembly (HICA) could be performed, which readily generated
nano-objects with multiple core-forming blocks. Specifically, a
series of polyisoprene-b-polystyrene (PI-b-PS), polyisoprene-b-
poly(methyl methacrylate) (PI-b-PMMA), and polyisoprene-b-
poly(4-vinylpyridine) (PI-b-P4VP) diblock copolymers were
prepared by living anionic polymerization (LAP) and used for
the HISA or HICA process in this contribution (Scheme 1a).
First, the feasibility of the HISA process was investigated using
P1-b-PS as the research model, and the morphologies of the
identical BCPs obtained by HISA and LAP PISA were
compared. Then, motivated by the interest in the e cient
access to higher-order morphologies by adding the homopol-
ymer, 26283135757 the HICA process of PI-b-PS,/PS, blends
was investigated. Similarly, binary copolymer blends of two
BCPs (PI-b-PS,/PI-b-PS,) di ering only in the length of the
core-forming block were also adopted in the HICA process.
The morphologies such as spheres, worms, vesicles, and
sponges were captured and systematically characterized by
transmission electron microscopy (TEM) and dynamic light
scattering (DLS). The pseudophase diagrams of the AB,/B,
system and AB,/AB, system were constructed to provide
guiding principles for the tailored morphologies. Furthermore,
the universality of this self-assembly method was evaluated by

https://doi.org/10.1021/acs.macromol.4c02808
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Table 1. Formulation and Characterization for PI- -PS, Pl- -PMMA, and PI- -P4VP BCPs with Varying DPx (x-ps/pmmaspave)

the first block the second block
entry sample” M,° M,/M,° M,° M,/M,° MW ratio My pi/ My x (xeps/prmaspave)”
1 Plgg-b-PS;47 6100 1.07 21,000 1.03 1/2
2 Plgs-b-PS; g5 6500 1.09 26,000 1.04 1727
3 Plgy-b-PS;g5 5600 1.07 30,000 1.05 1/34
4 Plg,-b-PS44 6300 1.06 46,000 1.07 1/6
5 Play-b-PSsyg 5700 1.07 74,000 1.07 1/10
6 Plg;-b-PMMAg, 5500 1.07 11,000 1.08 1/15
7 Plgs-b-PMMA, 3, 5800 1.07 18,000 1.06 1/2.3
8 Plgs-b-PMMA 56 6400 1.09 27,000 111 1/4
9 Pl,;-b-P4VPg, 5200 1.09 13,000 1.09 1/1
10 Plsg-b-PAVP, g 5300 1.07 20,000 113 1/2
11 Plgg-b-P4VP 5, 6100 1.06 29,000 1.16 1/2.6

3The PI-b-PS BCPs (Entries 1—5) were prepared in n- heptane with solids content of 20% w/w by the LAP PISA process. PI-b-PMMA (Entries 6—
8) and PI-b-P4VP BCPs (Entries 9—11) were prepared in THF by the LAP process. PThe subscripts represented the DP of each block, which was
calculated accordmg to the SEC results (DPp) and 'H NMR spectra (DPx (x=ps/pmmaspavpy). “The M, and M,/M, were obtained by SEC
measurement using THF as eluent and PS as the standard (Entrles 1-5), THF as eluent and PMMA as the standard (Entry 6—8), and DMF as
eluent and PMMA as the standard (Entries 9—11), respectively. MW ratios M, pi/ Mnx (x =ps/pmmaspavey Were calculated according to the 'H NMR
spectra.

il (b) Plgs-b-PS 5 (b”) Plgs-b-PS g5

(3) Plgg-b-PS,;

(c) Plgy-b-PSg; 2 g - (d’) Plgy-b-PS145

Plaa-b-PSga

(e) PI“'b'Ps“B
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Figure 1. TEM images of P1-b-PS nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C) prepared by the (a—e) LAP PISA process at 25
°C and (a'—e’) HISA process at 90 °C with di erent MW ratios M,p/M;ps and fixed 20% w/w solids content. (ff) DLS results of the
corresponding nano-objects (diluted into 0.01-0.3% w/w dispersions at 25 °C).
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exploring the HISA of additional BCPs (Pl-b-PMMA/PI-b-
P4VP) and the HICA of the AB,/B,, (PI-b-PMMA,,/PMMA,,
Pl-b-P4VP,/P4VP,) and AB,/AC, (PI-b-PS,/Pl-b-PMMA,,
P1-b-PS,/PI-b-P4VP,) systems. The corresponding dry T, and
solvated T, (termed T,) of BCPs were characterized by
di erential scanning calorimetry (DSC) analysis. Finally, the
possible morphological transformation mechanism of BCPs in
the HISA process, as well as AB,,/B,, AB,/AB,, and AB,/AC,
systems in the HICA process, was elaborated.

l RESULTS AND DISCUSSION

Preparation of the PI- -PS-Based Nano-object via the
HISA Process. In light of the previous work demonstrating
that Pl-b-PS-based nano-objects could be prepared by LAP
PISA? and to explore the morphological di erences between
the nano-objects prepared by the HISA and LAP PISA
processes, five PI-b-PS BCPs with di erent molecular weight
(MW) ratios Mpp/M,ps (Entries 1-5 in Table 1) were
selected as research models and first prepared using the LAP
PISA process. Typically, n-heptane was used as the solvent at a
fixed solids content of 20% w/w. The degree of polymerization
(DP) of PI block (DPp,) was kept within the range of 75—95,
while the targeted DP of the chain-extended PS block (DPpg)
was systematically varied. These BCPs and their precursors
were characterized by proton nuclear magnetic resonance (*H
NMR) and size exclusion chromatography (SEC) measure-
ments, respectively. Based on the SEC results shown in Figure
S1, DPp, was calculated. This value was consistent with that
obtained from the SEC equipped with a multiangle laser light
scattering (MALLS) detector (Figure S2). Also, the relatively
narrow molecular weight distribution (MWD) of the BCPs
could be clearly discriminated from the SEC traces. As shown
in the *H NMR spectrum in Figure S3, all of the characteristic
proton signals of the PS and PI blocks could be clearly
assigned. From these signals, M, p)/M, ps and DPpg values were
calculated. The information for BCPs was also summarized and
presented in Table 1.

As shown in Figure 1, in the LAP PISA process, the
representative morphologies including spheres (Figure 1ab),
worms (Figure 1c), thin-walled vesicles (Figure 1d), and thick-
walled vesicles (Figure 1e) were obtained from Plgg-b-PS;5,
Plgs-b-PSygg, Plgy-b-PSigs, Plgy-b-PSsg5, and Plgy-b-PS5,5 BCPs,
respectively, as the length of the core-forming PS block
increased. To compare the morphological di erences between
LAP PISA and HISA processes, the Pl-b-PS BCPs generated in
the LAP PISA process were first precipitated into methanol
and dried in a vacuum oven at 45 °C. Subsequently, using n-
heptane as the selective solvent, the dried PI-b-PS BCPs were
treated at 90 °C for 1.0 h. Herein, the temperature setting of
90 °C was due to the limitation of the boiling point of n-
heptane (98 °C). After the PI-b-PS BCPs were solvated or
plasticized, the system was gradually cooled to room
temperature (25 °C) at a stirring rate of 500 rpm. During
the cooling process, the degree of solvation or plasticization of
the core-forming PS block gradually decreased, and the BCP
rearranged and self-assembled through a HISA process. As
shown in Figure 1a'\b’, the TEM images for Plgg-b-PS;;; and
Plgs-b-PSy¢g revealed spherical nano-objects with a narrow size
distribution similar to that observed in the LAP PISA process
(Figure 1a,b). When the DPpg was increased to 183, the worms
formed by Plg,-b-PS;g5 in the LAP PISA process (Figure 1c)
exhibited as a large area of wormlike morphologies with
occasional spheres in the HISA process (Figure 1c"). For the
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DPpg of 363, the vesicles prepared by Plg,-b-PSs; in the LAP
PISA process (Figure 1d) turned into a mixture of vesicles and
bits of lamellae in the HISA process (Figure 1d"). However,
when the DPpg was further increased to 548, it was
unfortunately found that thick-walled vesicles obtained by
Plgs-b-PSs4 in the LAP PISA process (Figure 1le) became
complete precipitates during the HISA process (Figure 1e).
Meanwhile, the DLS measurement provided consistent sizes
with those from the TEM images (Figure 1ff).

Similar to the LAP PISA process, the morphological
evolution in the HISA process underwent a track from spheres
to worms and eventually to vesicles with the increase of DPps.
However, it should be noted that these two processes exhibited
slight di erences, especially in the case of Plgy-b-PSssg. This
was because the nano-objects formed in LAP PISA and HISA
processes might follow di erent self-assembly routes. The
HISA process was implemented by directly placing the
“frozen” BCP chains in a heated selective solvent. The degree
of solvation or plasticization of the core-forming PS block and
rearrangement ability of BCPs remained constant at a certain
solvent and temperature in the HISA process. The
morphologies formed in the HISA process reflected a
thermodynamic equilibrium state. Di erently, in the LAP
PISA process, with the progress of chain extension, the degree
of solvation or plasticization of the core-forming PS block and
the rearrangement ability of BCP gradually decreased and
became restricted. This resulted in regular morphological
evolution of nano-objects, which reflected the kinetically
trapped morphologies. To verify this deduction, four
representative PI-b-PS nano-objects with di erent morpholo-
gies of spheres, worms, and vesicles prepared by the LAP PISA
process were selected and subjected to a heating process at 90
°C for 2.0 h. As shown in Figure S4, the Plgg-b-PS;gq, Plg,-b-
PSigs, and Plgy-b-PSge3 nano-objects retained their original
morphologies of spheres (Figure S4a’), worms (Figure S4b’),
and vesicles (Figure S4c’), respectively, indicating that the
BCPs underwent e ective rearrangement and self-assembly
during both LAP PISA and HISA processes and a
thermodynamic equilibrium state was reached. Di erently,
when Plg,-b-PSs,5 nano-objects prepared by the LAP PISA
process were stored at room temperature (25 °C) for 20 days,
the thick-walled vesicles could still be observed (Figure S5).
However, once the Plg,-b-PSs,5 nano-objects were subjected to
a heating process at 90 °C, their dispersion became
heterogeneous and turned into a precipitate (Figure S 4d"),
indicating that the thick-walled vesicles were kinetically
trapped with a metastable morphology in the LAP PISA
process. Meanwhile, the results confirmed that colloidal
structures from the LAP PISA process were actually more
plasticized than those formed in the HISA process. This was
also the reason why the thick-walled vesicles could not be
obtained through the HISA process of Plg,-b-PSs,5 BCP.

According to the literature mentioned in the Introduc-
tion,**~>* there might be a UCST for the PI-b-PS BCPs in a
certain solvent. However, in our study, additional experiments
exhibited that the core-forming PS block had extremely low
solubility in the employed n-heptane solvent at 90 °C. This
confirmed the absence of a UCST below 90 °C. The reason
might be due to the large di erences in solubility parameters
between n-heptane (15.3 MPa'?) and PS (18.6 MPa'/?).
Thus, it could be assumed that the P1-b-PS BCPs were merely
plasticized, facilitating the rearrangement and self-assembly
process. In this scenario, an order—order micellar transition

https://doi.org/10.1021/acs.macromol.4c02808
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Figure 2. Morphological evolution of Plg,-b-PS;g5 and Plg,-b-PS35; nano-objects prepared by the HISA process at 90 °C in n-heptane with a fixed
solids content of 20% w/w, diluted into 0.01—0.3% w/w dispersions and sampled TEM copper grids at (a,e) 90, (b,f) 70, (c,g) 50, and (d,h) 25

°C, respectively.

Scheme 2. Schematic Illustration of the HISA Process with Di erent PI- -PS BCPs and Morphologies: (I,I") Plgg- -PS;17 and
Plgs- -PSigg (Spheres), (ILI11") Plgy- -PSig5 (Worms), (H11H1") Plg,- -PSges (Vesicles), and (VI,VI') Plg,- -PSg,g (Precipitate)

Solvated State (90 °C)
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®Note: the red curves represent the core-forming PS block, and the blue curves represent the solvophilic PI block.

occurred, rather than the formation of a disordered state above
the UCST. The deduction could be verified by monitoring the
morphological evolution of PI-b-PS nano-objects during the
cooling process from 90 to 70, 50, and 25 °C. Specifically, the
Plgy-b-PS;g5 and Plg,-b-PS55; BCPs were first subjected to a
heating process at 90 °C for 1.0 h and then a cooling process.
At di erent cooling temperatures (90, 70, 50, and 25 °C), a
quantified amount of self-assembly nano-objects was dispersed
into preheated n-heptane at the corresponding temperatures
with concentrations ranging from 0.01% to 0.3% w/w. The
diluted dispersions maintained at the elevated temperatures
were immediately dropped onto copper grids for subsequent
TEM measurement. For Plg,-b-PS;53 nano-objects, the

4989

spherical morphologies generated at 90 °C (Figure 2a)
gradually transformed into short worms at 70 °C (Figure
2b), a mixture of long and short worms at 50 °C (Figure 2c),
and ultimately long worms at 25 °C (Figure 2d). For Plg,-b-
PSs63 nano-objects, a mixture of fusiform lamellae and large
vesicles was observed at 90 °C (Figure 2e). Subsequently, as
the temperatures decreased, the morphologies gradually
evolved into smaller regular vesicles with increased curvature
(Figure 2f—h). Obviously, the morphologies were temperature-
dependent due to the di erent degrees of solvation or
plasticization of the core-forming PS block. Especially, the
HISA process of Plgy-b-PS;g; BCP was more sensitive to
temperature, transforming from spheres to long worms. At

https://doi.org/10.1021/acs.macromol.4c02808
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Figure 3. TEM images of (a,b) Plgs-b-PS;gs, (—h) Plg,-b-PS;g3, and (i—I) Plg,-b-PS543 nano-objects (diluted into 0.01—0.3% w/w dispersions at
25 °C) prepared by the HISA process with a fixed solids content of 20% w/w and varying heating temperatures. (c,d) DLS results of the
corresponding nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C).

higher temperatures, the degree of solvation or plasticization of
the core-forming PS block increased, improving the mobility of
PS chains. Along with the shear force of agitation, the Plg,-b-
PS;g3 BCP tended to form lower-order spheres or short worms,
while the Plg,-b-PS;5; BCP generated defective vesicles. When
the temperature dropped to 25 °C, the plasticization and
mobility of the core-forming PS block were greatly suppressed,
driving further self-assembly of the BCPs. The HISA process is
illustrated in Scheme 2. Actually, experiments on the
morphological evolution of PI-b-PS nano-objects supported
the formation of micellar nano-objects at 90 °C rather than a
disordered state above the UCST, demonstrating the absence
of UCST below 90 °C.

To further explore the mechanism of the HISA process, the
influence of heating temperatures on the HISA process was
investigated. Specifically, three representative PI-b-PS BCPs
were selected to undergo the HISA process at varying heating
temperatures of 25, 50, 70, and 90 °C for 1.0 h, respectively.
When the Plgs-b-PS;5s BCP was stirred at 25 °C for 1.0 h, a
similar spherical morphology was obtained as that produced by
the HISA process at 90 °C for 1.0 h (Figure 3a, b). DLS results
showed nearly identical particle sizes (Figure 3c). For the Plg,-
b-PS,g; BCP, the macroscopic gels were formed through the
HISA process at 25, 50, 70, and 90 °C for 1.0 h. By observation
of the insets in Figure 3e—h, it could be discerned that the
turbidity of gels gradually decreased as the heating temper-
atures increased. Higher turbidity indicated that the nano-
objects in the dispersion had a higher degree of aggregation
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and larger particle sizes, leading to more light scattering.
Further verification by TEM images showed that the nano-
objects exhibited severely entangled short worms during the
HISA process at 25 °C (Figure 3e). When the HISA process
was conducted at 50 °C, the number of entangled worms
decreased, while the number of dispersed worms increased
(Figure 3f). As the heating temperatures rose to 70 and 90 °C,
the length of the worms increased, and all the nano-objects
were well dispersed (Figure 3g,h). When the DPpg increased to
363, the Plgy,-b-PSzs; BCP had di culty forming a stable
dispersion, and macroscopic precipitation occurred at 25 °C
(Figure 3i). Notably, the degree of precipitation decreased
when the HISA process was implemented at 50 °C (Figure 3j).
Further increasing the temperature to 70 and 90 °C resulted in
the formation of milky dispersions along with the generation of
vesicles. Moreover, the vesicles formed at 90 °C were more
intact than those at 70 °C (Figure 3k|1). These results
demonstrated that the degree of solvation or plasticization of
the core-forming PS block depended greatly on both heating
temperatures and the DPpg. Generally, within the temperature
range of 25—90 °C, the use of relatively higher temperatures
and lower DPpg values can enhance the degree of the solvation
or plasticization of BCPs, thus favoring the formation of
regular morphologies.

In summary, when keeping the solvent (n-heptane) and
solids content (20% w/w) the same for both the HISA and
LAP PISA processes, despite the di erent self-assembly routes,
only slight morphological di erences could be observed.

https://doi.org/10.1021/acs.macromol.4c02808
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Figure 4. TEM images of Plgs-b-PS;45/PS, nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C) formed in the HICA process at 90 °C
with fixed 20% w/w solids content and varying DPpg of the PS homopolymer: (a—c) PSas;, (6—0) PSsy, (i—K) PS;5, and (m—0) PSyg,. (d,h,1,p)
DLS results of the corresponding nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C). Note: The percentage represents the PS

homopolymer content as a proportion of all PS chains.

Notably, the HISA process reflected a thermodynamic
equilibrium state, which was dominantly modulated by the
degree of solvation or plasticization of the core-forming PS
block. Relatively higher heating temperatures and lower DPpg
values promoted a higher degree of solvation and plasti-
cization. Additionally, the HISA process started directly from
the purified solid BCPs, thereby avoiding contaminants from
monomers, catalysts, or initiators. Additionally, the HISA
process di ered from the commonly used solvent-switching
technique,®~® in which a good solvent for both blocks was
first added and then removed through evaporation or dialysis.
Therefore, the simplicity of the HISA process greatly facilitated
the preparation of nano-objects.

Preparation of PI- -PS /PS (AB /B) Blend-Based
Nano-objects via the HICA Process. Out of interest in
obtaining higher-order morphologies and as an extension of
the HISA technique, the HICA process of PI-b-PS,/PS,
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blends was investigated. Compared with the intricate
procedure of polymerization-induced cooperative assembly
(PICA),?6283L5657 \here nano-objects were obtained by
combining a presynthesized macromolecular initiator with a
small-molecular initiator to simultaneously initiate polymer-
ization and form a BCP and solvophobic homopolymer, the
HICA process facilitated cooperative self-assembly through a
simple operation. Specifically, it involved mixing BCPs and
homopolymers in selective solvents, followed by a thermal
cycle. The Plgs-b-PS;¢e/PS,-based HICA process with varying
DPps and content of the PS homopolymer was explored (Table
S1). Using the LAP process, PS homopolymers with di erent
DPs (PSs;, PSsy, PSips PS;g) and narrow M,/M, were
successfully synthesized (Figure S6). Similar to the afore-
mentioned HISA process, we used n-heptane as a selective
solvent with a solids content of 20% w/w. Nano-objects were
prepared by heating Plgs-b-PS;45/PS, blends at 90 °C for 1.0 h

https://doi.org/10.1021/acs.macromol.4c02808
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Figure 5. TEM images of Plgs-h-PS;45/PS, nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C) formed in the HICA process at 90 °C
using 20% w/w solids content with varying DPpg of the PS homopolymer: (a—c) PS;,s, (e—g) PSsy, (i—k) PSs3, and di erent stirring rates during
the cooling stage: (a, e, (i) 0 rpm, (b,fj) 500 rpm, and (c,g,k) 1000 rpm. (d,h,) DLS results of the corresponding nano-objects (diluted into 0.01—
0.3% w/w dispersions at 25 °C). Note: The percentage represents the PS homopolymer content as a proportion of all PS chains.

and then cooling to 25 °C under a stirring rate of 500 rpm
(Figure 4).

First, when the homopolymer PSz; was introduced into the
HICA system, significant morphological changes were
observed compared to the Plgs-b-PS;55 nano-objects (spheres
with an average diameter of 21 + 11 nm, Figure 1b"). As the
content of PSg; increased from 33 wt % to 56 and 75 wt %, the
morphologies underwent a sequential transformation from
worms (Figure 4a) to a mixture of worms and vesicles (Figure
4b) and finally to vesicles (Figure 4c). The DLS curves (Figure
4d) showed consistent results with those from the TEM
images. Subsequently, when the DPpg of the PS homopolymer
was increased and PSs, was added, higher-order morphologies
such as worms (Figure 4e), vesicles (Figure 4f), and sponges
(Figure 4g) emerged with an increasing content of PSs,. These
results were consistent with those of the PICA process in our
previous work.?® However, when the DPps was further
increased and PS;,5 or PS,q, was involved, only spheres were
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collected in all cases, and no significant morphological changes
were observed (Figure 4i—0).

Additionally, in the HICA process, the e ect of stirring rates
(0, 500, 1000 rpm) during the cooling stage on morphological
formation of nano-objects was also investigated (Figure 5). For
the spherical Plgs-b-PS;6s/PS;55 nano-objects, as revealed by
the TEM images (Figure 5a—c) and the relevant DLS results
(Figure 5d), the stirring rate had a negligible influence on the
morphological evolution, and the particle sizes of these nano-
objects remained nearly unchanged. Conversely, the stirring
rate had a great influence on the morphological evolution of
the worm-like Plgs-b-PS;¢5/PSs, nano-objects. Specifically, as
the stirring rate increased from 0 to 1000 rpm, the length of
the worms gradually decreased (Figure 5e—g), which was also
verified by the corresponding DLS results shown in Figure 5h.
This could be attributed to the fact that worms were more
sensitive to the shear forces generated by the stirring rates
compared to spheres. For the Plgs-b-PS;6e/PS43 nano-objects,
vesicles were obtained at a stirring rate of 500 rpm. When the

https://doi.org/10.1021/acs.macromol.4c02808
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Figure 6. TEM images of binary blend-based nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C) formed in the HICA process using a
solids content of 20% w/w and varying weight ratio w(Plg,-b-PS;g3)/W(Plgg-b-PS;;7) of (a) 0.5, (b) 1.6, and (c) 4.8 and w(Plg,-b-PSs,g)/W(Plgg-b-
PS;17) of () 0.5, (f) 2.0, (g) 3.0, (h) 5.0, (i) 7.0, (j) 9.0, and (k) 12. (d,I) DLS results of the corresponding nano-objects (diluted into 0.01—0.3%
w/w dispersions at 25 °C).

Figure 7. TEM images of binary blend-based nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C) formed in the HICA process at 90
°C using a solids content of 20% w/w and varying weight ratio w(Plg,-b-PSs.g)/W(Plg-b-PS;55) of (a) 0.5, (b) 2.0, (¢) 3.0, (d) 5.0, (e) 7.0, (f) 9.0,
and (g) 12. (h) DLS results of the corresponding nano-objects (diluted into 0.01—0.3% w/w dispersions at 25 °C).
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stirring rate was decreased to O rpm, only a mixture of worms,
lamellae, and a few thin-walled vesicles could be captured
(Figure 5i). Alternatively, high-speed stirring at 1000 rpm
resulted in the formation of a mixture of octopus-like
structures and broken vesicles (Figure 5k). The relatively
lower-order morphologies in the former case (0 rpm) were
probably due to the low e ciency of collision and fusion
among the nano-objects. In contrast, the stronger shear forces
in the latter case (1000 rpm) accelerated the transformation of
worms into octopus-like structures, while some vesicles were
destroyed due to the high stirring rate.

Preparation of PI- -PS /PI- -PS (AB /AB ) Blend-
Based Nano-objects via the HICA Process. Aiming to
further explore the advantages of the HICA process, we
adjusted the morphologies of the self-assembled nano-objects
by simple mixing of PI-b-PS BCPs rather than a demanding
synthetic approach in the LAP PISA or LAP PICA processes.
Specifically, three samples including Plgg-b-PS;;; (shown as
spheres in the HISA process, Figure 1a"), Plg,-b-PS;g5 (shown
as worms in the HISA process, Figure 1c"), and Plgs-b-PSsug
(shown as precipitates in the HISA process, Figure 1e") were
pairwise mixed in n-heptane at varying weight ratios (Table
S2). The mixtures then underwent a heating (90 °C for 1.0 h)
and cooling (25 °C) cycle with a stirring rate of 500 rpm. The
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morphologies and sizes of the obtained nano-objects in the
HICA process were characterized by TEM and DLS,
respectively.

Figure 6 showed the results of the cooperative self-assembly
of Plgg-b-PS;;7 and Plg,-b-PS;53 BCPs via the HICA process.
As the weight ratio W(Plg,-b-PS;g3)/W(Plgg-b-PS;;7) increased
from 0.5 to 1.6 and then to 4.8, the morphologies underwent
predictable changes from spheres (Figure 6a) to a mixture of
spheres and short worms (Figure 6b) and finally to long worms
(Figure 6¢). To broaden the scope of blending, Plg,-0-PSs.g
BCP with a larger DPpg was selected to blend with Plgg-b-PS;;;
BCP. As the weight ratio W(Plgy-b-PSssg)/W(Plgg-b-PS;47)
increased from 0.5 to 2.0, 3.0, 5.0, 7.0, 9.0, and 12,
corresponding morphological transformations from spheres
(Figure 6e, f) to a mixture of spheres, worms, and vesicles
(Figure 6g), a mixture of worms and vesicles (Figure 6h), large
ellipsoidal vesicles (Figure 6i), and finally to sponges (Figure
6j,k) were observed.

Similarly, the morphological evolution of binary blended
Plg,-b-PS;g3 and Plgs-b-PSs4s in the HICA process was
investigated by modulating the weight ratio w(Plg,-b-PSss5)/
W(Plg,-b-PS;g3). Surprisingly, when w(Plgs-b-PSgsg)/W(Plg,-b-
PS;g3) was designed as 0.5 and 2.0, lower-order morphologies
of spheres rather than both worms and vesicles were captured

https://doi.org/10.1021/acs.macromol.4c02808
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(Figure 7ab). When w(Plg,-b-PSgg)/W(Plgy-b-PS;5) was
further increased, the TEM images showed a sequence of
morphological evolution from a mixture of worms and vesicles
(W(Plgg-b-PSssg)/W(Plgy-b-PS;g3) = 3.0, Figure 7c) to a
mixture of large vesicles and nanotubes (W(Plgs-b-PSssg)/
W(Plg,-b-PS;g5) = 5.0, Figure 7d), a mixture of large vesicles,
nanotubes, and compound vesicles (W(Plgs-b-PSssg)/W(Plg,-b-
PSig3) = 7.0, Figure 7e), and a mixture of vesicles and sponges
(W(Plgs-b-PSsug)/W(Plgy-b-PSig3) = 9.0 and 12, Figure 7f,9),
respectively.

Explanation on the Morphological Evolution of
Nano-objects in the HICA Process. To summarize the
morphological evolution of PI-b-PS,/PS, (AB,/B,) and PI-b-
PS,/PI-b-PS, (AB,/AB,) nano-objects in the HICA process,
the pseudophase diagrams were constructed. To distinguish
the di erence of the HICA process in these two cases, we
calculated the PS content as a proportion of all polymer chains
in the HICA formulation and set it as the vertical ordinate. The
DPps of homopolymer (Figure 8a) or hinary blends was
labeled as the horizontal ordinate (Figure 8b).

As shown in Figure 8a, when PS;3 or PSs, homopolymers
were involved in Plgg-b-PS;45 BCPs, a higher PS content as a
proportion of all polymer chains promoted morphological
transitions. This phenomenon could be explained by the
packing parameter P = v/ayl, (where v, a,, and |, represent the
volume of the core-forming block, the interfacial area, and the
length of the core-forming block, respectively). The packing
parameter was determined by a force balance among the
stretching of the core-forming blocks, the interfacial tension
between the core and the solvent, and intercorona
interactions.®*~®® Under these circumstances, the high
operation temperature (90 °C), which was above the solvated
T,y (16 °C, Figure S12b) of the core-forming PS block, led to
the solvation or plasticization of the solvophobic PS block or
homopolymer. As the temperature gradually decreased, the
solvated or plasticized solvophobic PS homopolymer tended to
aggregate near the core because of its lack of self-stabilizing
ability. This subsequently induced the adsorption of the “BCP
surfactant” to stabilize itself in the solvent (Scheme 3).262%%4
This process implied an increase of the core-forming volume
(v) and, meanwhile, a significant reduction in the stretching
extent of the solvophobic block (I). As a result, the P value
increased and manifested as a transformation from spheres to
higher-order morphologies. However, introducing PS;,; and
PS;9, With higher DPpg into Plgg-b-PS;45 exclusively resulted in
spherical morphologies. This could be due to the decreased
solvation or plasticization of the micellar core caused by the
excessively long PS homopolymers. Consequently, spheres
with a minimum interfacial energy were preferred. Addition-
ally, compared with the LAP PICA process,®® smaller-sized
spheres were captured in the HICA process when the content
of PS5 (Figure 4j,k) and PS;q, (Figure 4n,0) was further
increased. This was probably because the system had reached
the maximum degree of solvation or plasticization at 90 °C. At
this moment, even if the content of the homopolymer
increased, the plasticization volume (v) of the core-forming
block would not increase. Instead, a small amount of the
precipitate appeared (as illustrated by the DLS curves in Figure
4l,p), and the corresponding TEM (Figure 4k,0) exhibited
spheres in the unprecipitated section. In general, in the Plgs-b-
PSi6s/PS, system (Figure 8a), a lower DPpg of the PS
homopolymer (33 or 52) promoted the formation of higher-
order morphologies as the content of PS in the total polymers
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increased. However, a higher DPpg of the PS homopolymer
resulted in only spheres.

Alternatively, when BCPs with similar DPp, but di erent
DPpg (Plgy-b-PS;g3 and Plg,-b-PSg4g) were mixed with Plgg-b-
PSi17, worms (HICA process of Plgg-h-PS;17/Plgy-b-PS;gs,
Figure 6c), vesicles, sponges, and mixed morphologies (HICA
process of Plgg-b-PS;,7/Plgs-b-PSs4g, Figure 6g—K) were caught
with the increase of the total PS content. In these cases, unlike
the single spheres formed in the HICA process of the Plgs-b-
PSi6a/PSio5 and Plgs-b-PS;/PSq, Systems, a higher PS
content as a proportion of all polymer chains led to the
formation of higher-order morphologies (Figure 8b). This
could be attributed to the enhanced stabilization e ect of PI
chains in binary BCP blends compared to blends mixed only
with the PS homopolymer, while the total PS content
remained similar, thus facilitating the further transformation
into thermodynamically stable higher-order morphologies,
such as worms and vesicles. In addition, investigation of
Plgg-h-PS117/Plgs-b-PSssg and Plgy-b-PS;g3/Plgs-b-PSss Sys-
tems revealed that, under similar total PS content, the former
exhibited more rapid morphological transformation. This
disparity stemmed from the larger DP di erence of the
solvophobic PS block in the former system (ADPpg = 431)
compared to that in the latter (ADPps = 366). According to
the thermodynamic stability mechanism, the greater asymme-
try of core-forming chains in the former system endowed it
with higher conformational entropy, thus driving faster
morphological transitions.

Another noteworthy phenomenon in the Plgy-b-PS;g2/Plg,-
b-PSs,g System was that only spheres were captured when the
total PS content in the HICA formulation was modulated as 82
and 86 wt %. This seemed abnormal because Plg,-b-PS;g; and
Plgs-b-PSs4s formed worms (Figure 1c’) and precipitates
(Figure 1e"), respectively, in the HISA system. When Plg,-b-
PSig3 and Plg,-b-PSs45 were mixed in n-heptane at 90 °C, the
BCPs were plasticized and underwent kinetic rearrangement to
form primary micelles. However, due to the extremely long
solvophobic PS block in Plg,-b-PSs,g, the primary micelles
quickly reached the solvation limit as the temperature
decreased. They tended to precipitate, triggering the
adsorption of short-chain BCP “surfactants” (Plg,-b-PS;g3)
for stabilization. To minimize the entropy penalty associated
with chain stretching, spontaneous arrangement and fusion of
the chains between the two BCPs occurred, resulting in the
formation of thermodynamically stable spheres. Hence, the
HICA process between two BCPs was not simply an “addition”
of the morphologies. The BCPs decoupled from the self-
assembly process were like “eliminating the thermal history”,
and they would continuously arrange during the heating-
solvation and cooling-self-assembly processes to reach the
most thermodynamically stable state.

In short, multiple morphologies were successfully achieved
by regulating the mixing ratios of BCPs with BCPs or PS
homopolymers in the HICA process. The rearrangement and
interaction of core-forming chains with di erent lengths and
compositions enabled the successful formation of larger
spherical vesicles, ellipsoidal vesicles, nanotubes, and sponges.
This bridged the gap between simple self-assembly and
sophisticated morphologies through the cooperative e ect in
the HICA process.

Development of HISA and HICA Processes beyond
Pl- -PS BCP. To evaluate the universality of the HISA and
HICA techniques, Pl-b-PMMA and PI-b-P4VP, as well as

https://doi.org/10.1021/acs.macromol.4c02808
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Figure 9. TEM images of (a—c) PI-b-PMMA nano-objects prepared by the HISA process at 90 °C with di erent MW ratio M, pi/ My pvmas (d€)
Pl-b-PMMA,,/PMMA, nano-objects prepared by the HICA process at 90 °C with varying PMMAg, homopolymer content as a proportion of all
PMMA chains, (g—i) PI-b-P4VP nano-objects prepared by the HISA process at 90 °C with di erent MW ratio My p//Mpave, and (j,k) PI-b-
P4VP,/P4VP, nano-objects prepared by the HICA process at 90 °C with varying P4VP,; homopolymer content as a proportion of all P4VP chains
using 20% w/w solids content (diluted into 0.01—0.3% w/w dispersions at 25 °C). (f,I) DLS results of the corresponding nano-objects (diluted into

0.01—-0.3% w/w dispersions at 25 °C).

blends of PI-b-PMMA,/PMMA, and PI-b-P4VP,/P4VP,,
were involved. The Pl-b-PMMA (Entries 6—8 in Table 1)
and PI-b-P4VP (Entries 9—11 in Table 1) BCPs with di erent
Mp e/ My x (x=pmmaspavey, @S Well as PMMAg, and P4VP,,
homopolymers were successfully synthesized by LAP and
characterized by *H NMR (Figure S7) and SEC measurements
(Figure S8 and S9), respectively. Similarly, the HISA and
HICA processes were conducted by heating at 90 °C for 1.0 h
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in n-heptane and then cooling to 25 °C at a stirring rate of 500
rpm with a solids content of 20% w/w. The detailed
formulations and the corresponding morphologies were
summarized in Table S3.

The generated nano-objects were characterized using TEM
and DLS measurements. As depicted in Figure 9, the
morphological window of PI-b-PMMA nano-objects was
notably narrower compared to that of PI-b-PS BCPs in the

https://doi.org/10.1021/acs.macromol.4c02808
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Figure 10. TEM images of (a—d) HISA of single BCPs and (e—h) HICA process of mixed BCPs (diluted into 0.01—0.3% w/w dispersions at 25

°C) at 90 °C in n-heptane with 20% w/w solids content.

HISA process (Figure 1). As the DPpyua Of the core-forming
PMMA block increased, only spherical morphologies were
observed (Figure 9a,b). Additionally, macroscopic precipita-
tion occurred when DPpywua approached approximately 256
for Plg,-b-PMMA,ss BCP. Alternatively, when incorporating
the PMMAg, homopolymer into the PI-b-PMMA/PMMAg,
system, a morphological transition from spheres (Figure 9b) to
a mixture of spheres and short worms (Figure 9d) and finally
to long worms (Figure 9e) was observed. However, for Pl-b-
P4VP (Figure 9g—i) and Pl-b-P4VP/P4VP,; nano-objects
(Figure 9j,k), we found that regardless of varying the DPpp Of
the BCPs in the HISA system or the P4VP,; homopolymer
content as a proportion of all P4VP chains in the HICA
system, there were minimal morphological changes. The nano-
objects always remained as spheres.

To further expand the application of the HICA process in
constructing multicomponent nano-objects, BCPs with distinct
chemical compositions (AB,/AC,) were blended and
incorporated into the HICA system. Specifically, Plgg-b-PS;;7
(shown as spheres in the HISA process, Figure 10b) and Plg,-
b-PS;g3 (shown as worms in the HISA process, Figure 10c)
were blended with Plgs-b-PMMA, 3, (shown as spheres in the
HISA process, Figure 10a) and Pl,;-b-P4VPs, (shown as
spheres in the HISA process, Figure 10d), respectively. The
weight ratio of the two BCPs was designed to ensure an equal
weight percentage of the core-forming B and C blocks. The
corresponding morphological results were presented in Figure
10e—h. On the one hand, when we carried out the HICA
process of Plgs-b-PMMA;3,/Plgg-b-PS;17 or Ply7-b-PAVP5y/
Plgg-b-PS;47 in n-heptane, a mixture of spheres and worms was
formed (Figure 10e, g). This morphology was clearly di erent
from the spherical morphology of the individual BCPs of Plgs-
b-PMMA3,, Ply;-b-P4VPs,, or Plgg-b-PS;;;. On the other
hand, the HICA process of Plgs-b-PMMA 3, (shown as spheres
in the HISA process, Figure 10a) and Plg,-b-PS;g; (shown as
worms in the HISA process, Figure 10c) showed that the
spherical morphology completely disappeared and transformed
into worms (Figure 10f). In the case of the HICA process
between Pl,;-b-P4VPg, (shown as spheres in the HISA
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process, Figure 10d) and Plg,-b-PS;g3 (shown as worms in
the HISA process, Figure 10c), a mixture of spheres and
worms was generated (Figure 10h), as evidenced by the
corresponding DLS results shown in Figure S10.

To verify whether the AB,,/AC, nano-objects obtained from
the HICA process were a mixture of homogeneous nano-
objects or nano-objects consisting of block copolymer blends,
the weight ratio w(Pl;;-b-P4VPs;)/w(Plg,-b-PS,g5) was fixed as
3.4 and two additional comparative experiments were
designed. Specifically, we blended the powders of Pl,;-b-
P4VP5, and Plgy-b-PS;45 BCPs at 25 °C and also blended the
Pl;;-b-P4VP5, and Plg,-b-PS;g5 nano-objects prepared by the
HISA process at 25 °C. As shown in Figure S11, when the
powder of the two BCPs was blended at 25 °C, the
macroscopic precipitation occurred (Figure S11a). When the
Pl;,-b-P4VP5, (shown as spheres in the HISA process, Figure
9g) and Plg,-b-PS;g5 (shown as worms in the HISA process,
Figure 1¢") nano-objects were blended at 25 °C, a mixture of
spheres and worms was observed, with no sign of
morphological fusion (Figure S11c). In contrast, during the
HICA process starting from the same proportion of Pl;;-b-
P4VPs, and Plg,-b-PS;5; BCP powders, no precipitation was
observed in the system after heating at 90 °C. Moreover, more
worms were discernible, and spheres almost disappeared
(Figure S11b). These results indicated that in the HICA
process, the Plgy,-b-PS;g3/Pl;-b-P4VPs, (AB,/AC,) BCPs
formed a core with mixed PS and P4VP blocks. Correspond-
ingly, the interactions and fusions between PS and P4VP
blocks led to morphologies distinct from those of the original
individual spheres and worms.

As shown above, the universality of the HISA and HICA
techniques has been comprehensively confirmed. To gain
further insights into the mechanism of the HISA and HICA
processes, DSC analysis on three representative BCPs (Plgs-b-
PSies Plgs-b-PMMA 54, and Pl,;-b-P4VPs) in both the dry
state and the solvated state in n-heptane was conducted. The
results were presented in Figure S12. The potential mechanism
underlying the phenomena can be elucidated as follows. First,
compared to the PI-b-PS BCP, the HISA processes of Pl-b-
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