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ABSTRACT: Ring-opening polymerization-induced self-assembly (ROPISA)
was achieved by employing hydroxyl-terminated polyisobutylene (PIB-OH),
diphenyl phosphate (DPP), cyclohexane, and &-caprolactone (e-CL) and/or 8-
valerolactone (5-VL) as the stabilizer/macroinitiator, catalyst, solvent, and
monomers, respectively. ROPISA has enabled the introduction of biodegrad-
able, biocompatible, and crystallizable polylactones to nanoparticles and related
materials. The polymerization temperatures (20, 50, or 80 °C) had an
important effect on the crystallization behavior and corresponding self-
assembly of PIB-b-PCL and PIB-b-PVL. The highest temperature (80 °C)
interfered with the crystallization and in situ fixation, which readily reorganized
nanoparticles and formed either spherical micelles or a precipitate. However, at
the lowest temperature (20 °C), fibrillar nanoparticles were gradually formed
and stabilized according to the classical polymerization-induced self-assembly
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(PISA) mechanism. Furthermore, temperature adjustment altered the monomer sequence in the P(CL-co-VL) block and the
subsequent crystallization and self-assembly. At 80 °C, the P(CL-co-VL) block formed a weakly crystallized random structure, which
generated spherical micelles. By contrast, at 20 °C, ROPISA favored the generation of P(CL-co-VL) containing a quasi-block
sequence, resulting in the acquisition of fibrillar micelles. Interestingly, at different polymerization temperatures, nanoparticles
exhibited different morphologies, even when the compositions were similar. The results of this study revealed that ROPISA provided

a feasible alternative to PISA for synthesizing nanoparticles.

B INTRODUCTION

Polylactones are sustainable, biocompatible, and biodegradable
polymers, which can be synthesized via ring-opening polymer-
ization (ROP)."” For polylactones, ROP has been extensively
studied and is characterized by a high monomer conversion,
tolerance for various solvents, and mild polymerization
conditions.”~” The most-studied lactone monomers are &-
caprolactone (&-CL), &-valerolactone (6-VL), trimethylene
carbonate (TMC), and i-lactide (LLA).* " Traditionally,
polylactones have been mostly introduced to block copoly-
mers, and their self-assemblies are preferred in certain
applications. For example, micelles containing a poly(r-lactic
acid) (PLLA) core-forming block have been studied by Han et
al.'" and O'Reilly et al.,"”*~"* and micelles containing a poly(e-
caprolactone) (PCL) core-forming block have been inves-
tigated by Xu et al,,'>'® Eisenberg et al,,'” " and Discher et
al”® All of these micelles have potential drug delivery
applications, specifically for delivering the anticancer drug
paclitaxel.”' However, these micelles are typically prepared via
conventional self-assembly by transferring a block copolymer
solution to a selective solvent at relatively low concentrations
(<1.0% w/w), and the synthesis methods feature limited
scalability and complex procedures. Consequently, these
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drawbacks ultimately limit the practical application of
micelles.”

Alternatively, the recently developed polymerization-in-
duced self-assembly (PISA) technique can be used for easily
synthesizing a wide variety of micellar morphologies at
relatively high solids (up to 50% w/w).”*** Additionally,
PISA has been extensively used for multiple applications.” ™"
However, core-forming blocks are noncrystallizable in the
most-studied PISA system, in which the driving force for self-
assembly is the solubility change of the core-forming blocks.
When a crystallizable block is introduced to PISA, crystal-
lization functions as an alternative driving force, which
dominates the formation of different micellar morpholo-
gies.”*® Thus, ring-opening polymerization-induced self-
assembly (ROPISA) was investigated for lactone monomers.
For example, Patterson et al.>’ used ROPISA for the LLA
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Scheme 1. Schematic of ROPISA Using PIB-OH as the Stabilizer/Macroinitiator and PCL, PVL, or P(CL-co-VL) as the Core-

Forming Blocks
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Figure 1. "H NMR spectra for (a) HRPIB and PIB;,-OH (in CDCl;) and (b) PIBy-b-PCL,s and PIB-b-PVL,, (in CDCLy). (¢, d) GPC curves for
PIBg,-b-PCL, and PIBgy-b-PVL, block copolymers (dissolved in THF eluent), where x represents DP.

monomer, which targeted the PLLA-b-poly(ethylene glycol)
(PLLA-b-PEG) diblock copolymer. Du et al.** and Bonduelle
et al’”*" used ROPISA and the amine-terminated poly-
ethylene glycol (PEG-NH,) macroinitiator for the N-
carboxyanhydride (NCA) monomer. Yang et al*' used
ROPISA and the hydroxyl-terminated polyethylene glycol
(PEG-OH) macroinitiator for the salicylic acid o-carboxyanhy-
dride (SAOCA) monomer. Alternatively, Manners et al.*’

investigated ROPISA for a poly-
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(fluorenetrimethylenecarbonate) (PFTMC) core and a hydro-
philic polyethylene glycol (PEG) corona. Spheres, rods, fibers,
lamellae, and stacked lamellae can all be obtained via ROPISA,
which provided an alternative method for synthesizing novel
biodegradable nanoparticles.*

Importantly, however, because the crystallization is always
temperature-dependent, the polymerization temperature
should considerably affect the crystallization behavior of the
crystallizable core-forming block during ROPISA. Therefore,
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Table 1. Formulation, Characterization, and Morphologies of Nanoparticles Obtained Using ROPISA“

erature

entry samples” [PIB,-OH],/[e-CL],/[5-VL], tem{"c)

1 PIByb-PCLy, 1/12/0 20
2 PIBy-b-PCLy, 1/12/0 50
3 PIByb-PCLy, 1/12/0 80
4 PIBgb-PCLy 1/24/0 20
S PIBgy-b-PCLy, 1/24/0 50
6  PIByb-PCL,, 1/24/0 80

PIByy-b-PCL,g 1/48/0 20
8  PIBy-b-PCL,, 1/48/0 50
9 PIBy-b-PCLy, 1/48/0 80
10 PIBy,b-PCLg 1/72/0 20
11 PIByb-PVL, 1/0/12 20
12 PIBgy-b-PVL,, 1/0/24 20
13 PIBy-b-PVLy 1/0/48 20
14 PIByy-b-P(CLys-co-VL,,) 1/24/24 20
15 PIBgy-b-P(CLyy-co-VLys) 1/24/24 50
16  PIBgyb-P(CLyyco-VL,,) 1/24/24 80

conversion M, Gpc
(g/mol)?  M,/M,

(%, e-CL/5-VL)* morphologies®
100/0 5900 1.22 fiber and sphere
100/0 5900 121 short fiber and platelet
98/0 5800 125 sphere
99/0 7400 129  fiber
99/0 6900 1.21 sphere with platelet
98/0 6400 1.24 sphere with fusiform

platelet
96/0 9500 122 fiber
98/0 9300 1.18 precipitate
99/0 9900 120 precipitate
95/0 11,800 1.18  precipitate
0/100 5200 126  fiber with irregular

structure
0/94 6200 1.28  precipitate
0/98 8300 1.08  precipitate
100/100 9100 112 fiber
100/100 9200 121 sphere
98/97 9000 122 sphere

“PIBso-OH (M, gpc = 2800 g/mol), DPP, and cyclohexane were used as the stabilizer/macroinitiator, catalyst, and solvent, respectively, and solids
were 10% w/w. ~Subscript rgpresents DP for each block, which was calculated based on "H NMR spectra. “Monomer conversion was calculated

based on "H NMR spectra.

M, pc and M,,/M, were determined by GPC, wherein tetrahydrofuran (THF) and polystyrene (PS) were used as

eluent and standard, respectively. “Morphologies were measured by transmission electron microscopy (TEM).

the self-assembly might be modulated. To the best of our
knowledge, the effect of the polymerization temperature on the
self-assembly has hardly been studied for ROPISA. Addition-
ally, the PEG block has always been employed as the stabilizer/
macroinitiator, which considerably limits the potential
application of nanoparticles generated using ROPISA. There-
fore, the investigation of ROPISA wusing an alternative
stabilizer/macroinitiator is important in both theory and
practice. Although classified as a polyolefin, polyisobutylene
(PIB) is highly regarded for its exceptional thermo-oxidative
stability, strong chemical resistance, and impermeability.**
Owing to these remarkable properties, PIB-based materials
have been widely applied to lubricant additives,**
plastic elastomers,””*® and pressure-sensitive adhesives.”
Furthermore, because chemically inert repeating units on PIB
can prevent the enzymatic degradation and attacks by the
immune system,”’ PIB-based materials also exhibit both

excellent biocompatibility and biostability and are, thus, widely
5156

thermo-
9

used in biomedical researc

Because of its progress and limitations, ROPISA is evidently
still in its infancy, and further development is urgently
required. Additionally, owing to their individual advantages,
the combination of polylactone and PIB presents an
opportunity to develop biodegradable or biocompatible
nanomaterials. Therefore, in this study, ROPISA was re-
evaluated and investigated using hydroxyl-functionalized PIB
(PIB-OH), diphenyl phosphate (DPP), cyclohexane, and &-CL
and 6-VL as the stabilizer/macroinitiator, catalyst, solvent, and
monomers, respectively (Scheme 1). The effects of the core-
forming blocks (PCL, PVL, and P(CL-co-VL)) and polymer-
ization temperatures on the morphological evolution during
ROPISA were investigated and compared. The polymerization
temperature showed important effects on the copolymerization
kinetics, monomer sequence, crystallization behavior, and final
self-assembly.
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B RESULTS AND DISCUSSION

PIB-b-PCL and PIB-b-PVL Block Copolymers Synthe-
sized Using ROPISA. First, the PIBs-OH (M, pc = 2800 g/
mol obtained by gel permeation chromatography (GPC);
molecular weight distribution (M,,/M,) = 1.82; degree of
polymerization (DP) 50) stabilizer/macroinitiator was
synthesized via hydroboration—oxidation of highly reactive
polyisobutylene (HRPIB),””® which has 83.3% terminal exo-
olefin group content (Scheme S1, Figures S1 and la). As
shown in the proton nuclear magnetic resonance (‘H NMR)
spectra in Figure la, the resonance signals at 4.88 and 4.67
ppm were attributed to the protons bonded to the carbon atom
in the terminal double bond (—C=CH,) in HRPIB. After
hydroboration—oxidation, these signals completely disap-
peared and resonance signals attributed to the methylene
protons (—CH,OH) appeared at 3.55 and 3.34 ppm, and the
hydroxyl group was deduced to be 83.3%. This was the same as
the content of the terminal exo-olefin group, as indicated by
the 'H NMR spectra.

Subsequently, PIB-b-PCL and PIB-b-PVL diblock copoly-
mers were generated using PIB;-OH, DPP, and cyclohexane
as the stabilizer/macroinitiator, catalyst, and solvent for ROP
of &-CL and 6-VL monomers, respectively. Because cyclo-
hexane was both a good solvent for the PIB block and a poor
solvent for the PCL or PVL block, ROPISA was achieved. 'H
NMR spectra were generated to confirm that PIB-b-PCL and
PIB-b-PVL diblock copolymers were synthesized by ROPISA
(Figure 1b). Additionally, ROPISA was confirmed by GPC
because the chromatograms exhibited a monomodal peak,
controlled molecular weight (MW), and narrow M,/M,
(Figure 1c,d).

During ROPISA, the polymerization temperature consid-
erably affects the polymerization kinetics, crystallization
behavior, and self-assembly. Therefore, in this study, polymer-
ization temperatures of 20, 50, and 80 °C were chosen because
they are either below or above the melting temperature (T,,)
and crystallization temperature (T.) of the PCL and PVL
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Figure 2. Polymerization kinetics for ROPISA using &-CL or 6-VL (10% w/w solids): (a) '"H NMR spectra measured at different polymerization
times (in CDCl,, targeted at PIB;;-b-PCL,g at 20 °C); (b) plots of In([M],/[M]) versus time (targeted at PIB;;-b-PCL,g at 20 °C, PIB,-b-PCL,, at
50 °C, and PIB,-b-PCL,, at 80 °C); (c) 'H NMR spectra measured at different polymerization times (in CDCl,, targeted at PIBgy-b-PVL, at 20
°C); (d) plot of In([M]o/[M]) versus time (targeted at PIBsy-b-PVLys at 20 °C). Units for polymerization rate constants (k,) are L-mol™'s7,

blocks. For instance, when the PIBs,-b-PCL,4 block copolymer
was synthesized at 20 °C (entry 7 in Table 1), the MW of the
block copolymers regularly increased with prolonged polymer-
ization time (Figure S2ab). The monomer conversion was
derived based on the change in the resonance signal at 4.25
ppm in the 'H NMR spectra (Figure 2a). The monomers were
polymerized in a living/controlled manner at a relatively high
polymerization rate (Figure S2c). As shown in Figure 2b, a
linear relationship was established between In([M],/[M]) and
time, and the polymerization rate constant (k,) was calculated
at (9 + 0.6) X 107% L-mol™":s™%. Similarly, at 50 and 80 °C, k
was calculated at (31 + 2) and (65 + 4) X 1073 L‘mol_l-s_llj
respectively (entries 8 and 9 in Table 1, Figures 2b, S3 and
S4). At 20 °C, the synthesis of the PIBgy-b-PVL,; block
copolymer (entry 13 in Table 1) was also monitored using 'H
NMR spectra (Figure 2c) and GPC measurements (Figure
S5), and k, was calculated at (230 + 12) X 107> L-mol™":s™"
(Figure 2d). Obviously, the highest polymerization temper-
ature (80 °C) contributed to the fastest polymerization rate
and, thus, the highest k. Notably, at 20 °C, the 5-VL monomer
showed a higher reactivity than the &-CL monomer.
PIB-b-P(CL-co-VL) Block Copolymer Synthesized
Using ROPISA. For copolymerization, the monomer sequence
might affect both the crystallization and self-assembly during
ROPISA. Correspondingly, the monomer sequence was
modulated by adjusting the monomer reactivity ratio, which
was predominantly affected by the temperature. Thus, the &-
CL and 6-VL monomers were also copolymerized at different
temperatures (ie, 20, 50, and 80 °C). GPC revealed that
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ROPISA synthesized PIB-b-P(CL-co-VL) block copolymers
exhibiting a controlled MW and narrow M,,/M, (Figures S6—
8a,b). The monomer conversion and k, were determined using
'"H NMR spectra (Figure 3a). As shown in Figure 3b, at
different polymerization temperatures, the &-CL and 6-VL
monomers exhibited distinct polymerization rates. At 20 °C, k
was calculated at (14 + 1) and (125 + 8) X 10™° L-mol™"s~
for e-CL and 6-VL, and the corresponding monomer
conversion of &-CL was only 12% when that of §-VL reached
95% (Figure S6¢). Moreover, the synthesized P(CL-co-VL)
resembled the PVL-b-PCL diblock copolymer. At 50 °C, k
was calculated at (27 + 2) and (230 + 6) X 1073 L-mol s
for &-CL and O-VL, respectively, and the corresponding
monomer conversion of &-CL was increased to 29% when
that of §-VL reached 95% (Figure S7c). At 80 °C, k, was
calculated at (81 + 5) and (324 + 23) X 107 L-mol™"s™* for
e-CL and 06-VL, respectively, and the corresponding monomer
conversion of £-CL was further increased to 69% when that of
8-VL reached 95% (Figure S8c). Moreover, the synthesized
P(CL-co-VL) contained a random monomer sequence. Thus,
the highest and lowest polymerization temperatures (80 and
20 °C) contributed to the formation of the random structure
and facilitated the formation of the quasi-block sequence,
respectively.

Crystallization Behavior of Block Copolymers Syn-
thesized Using ROPISA. The block copolymer structures
were characterized using DSC measurements. As shown in
Figure 3¢,d, for the PIBgy-b-PCL,s and PIBgy-b-PVL,, block
copolymers, T, and T. were 56 and 38, 53 and 37 °C,
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Figure 3. Polymerization kinetics for ROPISA of &-CL and §-VL (10% w/w solids): (a) "H NMR spectra measured at different polymerization
times (in CDCl,, targeted at PIB;y-b-P(CL,s-co-VL,,) at 20 °C); (b) plots of In([M]o/[M]) versus time (targeted at PIBs,-b-P(CL,s-co-VL,,) at 20
°C, PIB4y-b-P(CL,,-co-VL,;) at S0 °C, and PIB4;-b-P(CL,,-co-VL,,) at 80 °C); (c, d) differential scanning calorimetry (DSC) thermograms for
block copolymers synthesized using different monomers at different polymerization temperatures. Units of polymerization rate constants (k,,) are L-

mol s,

respectively, which were consistent with T, and T, values
published in previous studies.”””®* Notably, for PIBs,-b-
P(CL,c-c0-VL,,), PIBy-b-P(CL,,-co-VL,;), and PIBgy-b-P-
(CLy4c0-VL,,), T, and T, both regularly decreased with
increasing polymerization temperature from 20 to 50 and 80
°C. Obviously, although these copolymers had similar
compositions, the copolymers had different T, and T values
probably because the corresponding P(CL-co-VL) segments
contained different monomer sequences. At 80 and 20 °C, the
synthesized P(CL-co-VL) segments exhibited random and
quasi-block structures, respectively. DSC measurements further
confirmed the formation of different P(CL-co-VL) segments at
different polymerization temperatures, which was consistent
with the polymerization kinetics.

Morphological Evolution of PIB-b-PCL and PIB-b-PVL
during ROPISA. The morphologies of the PIB-b-PCL diblock
copolymer nanoparticles were investigated by fixing the solids
at 10% w/w while varying the PCL block length and
polymerization temperature. To exclude the effect of the
stirring rate on ROPISA, the stirring rate was fixed at 500 rpm
during the entire polymerization and cooling process, except
for the additional condition described in the next section. As
shown in Figure 4a (entry 1 in Table 1), at 20 °C, the PIB-b-
PCL,, diblock copolymer was synthesized when the [PIBs,-
OH],/[e-CL], molar ratio was 1/12, and fibrillar micelles were
predominantly formed with a few spherical micelles. When
[PIB,,-OH],/[e-CL], was increased to 1/24 and 1/48, PIB,-
b-PCL,s and PIBsy-b-PCL,s diblock copolymers comprising
pure fibrillar micelles were synthesized, respectively (Figure
4b,c, entries 4 and 7 in Table 1). However, when [PIBs,-
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OH],/[e-CL], was further increased to 1/72, the PIBg,-b-
PCLy, diblock copolymer precipitated (entry 10 in Table 1).

At 50 °C and [PIBy-OH],/[e-CL], = 1/12, the PIByyb-
PCL,; diblock copolymer, which comprised short fibrillar and
plate-like micelles, was synthesized (Figure 4d, entry 2 in Table
1). At [PIBy,-OHJ,/[e-CL], = 1/24, the PIBy-b-PCL,,
diblock copolymer, which exhibited a plate-like morphology
and spherical micelles, was synthesized (Figure 4e, entry S in
Table 1). However, when [PIB;-OH],/[e-CL], was increased
to 1/48, the PIBsy-b-PCL,y diblock copolymer precipitated
(Figure 4f, entry 8 in Table 1). Furthermore, when the
polymerization temperature was increased to 80 °C and
[PIB,,-OHJ,/[e-CL], = 1/12, the PIB-b-PCL,; block
copolymer, which predominantly comprised spherical micelles,
was synthesized (Figure 4g, entry 3 in Table 1). When [PIBs,-
OH],/[e-CL], was increased to 1/24, the PIByy-b-PCL,,
diblock copolymer, which comprised fusiform and spherical
micelles, was synthesized (Figure 4hh’, entry 6 in Table 1).
Finally, at [PIB,-OH],/[e-CL], = 1/48, the PIB,-b-PCL,,
diblock copolymer precipitated (entry 9 in Table 1).

The TEM images and corresponding DSC thermograms
suggested that at the lowest polymerization temperature (20
°C), the PCL block was gradually generated and then
crystallized because the polymerization temperature was
below both T, and T, for the PCL block. The self-assembly
of diblock copolymer was driven by the crystallization, and
synthesized nanoparticles could be fixed in situ. At the highest
polymerization temperature (80 °C), which was above both
T,, and T. for the PCL block, the PCL block melted and the
morphology of nanoparticles could not be efficiently fixed.
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(a) PIBsg-b-PCL,,, 20 °C

(b) PIB5y-b-PCL,s, 20 °C

(C) PIBsg-b-PCL g, 20 °C

(d) PIBsy-b-PCL;, 50 °C

(€) PIBsg-b-PCL,,, 50 °C

(f) PIB5y-b-PCL, 50 °C

(g) PIB5g-b-PCL,, 80 °C

Figure 4. (a—h) TEM images of nanoparticles diluted in 0.05—0.1% w/w dispersion. Sample prepared using ROPISA on a copper grid was not
stained. PIBs-OH, &-CL, and cyclohexane were the stabilizer/macroinitiator, monomer, and solvent, respectively. Solids were 10% w/w, and

polymerization temperatures were 20, 50, and 80 °C.

However, when the ROPISA system was cooled to 20 °C, the
block copolymer was reorganized and the morphology of
nanoparticles could be fixed. During cooling, either spherical or
fusiform micelles may form possibly owing to the stirring-
generated shear. To confirm this hypothesis, ROPISA was
performed under stirring at 500 rpm and 80 °C, and the
stirring rate was subsequently changed during cooling. At a
stirring rate of 0 rpm (i.e., no stirring) during cooling, the block
copolymer rapidly precipitated (entry 1 in Table S1). When
the stirring rate was increased to 100, 500, and 1000 rpm
during cooling, pure fusiform, a mixture of spherical and
fusiform, and pure spherical micelles were formed, respectively
(Figure S9, entries 2—4 in Table S1). Obviously, higher stirring
rates should contribute to relatively stronger shears, which
form spherical nanoparticles. In contrast, lower stirring rates
(or weaker shears) generate precipitates or larger nano-
particles. Thus, for a parallel comparison, the stirring rate was
fixed at 500 rpm for all of the ROPISA system. Alternatively, at
a polymerization temperature of 50 °C, which is near both T,
and T, for the PCL block, the diblock copolymer was
semifused. When the diblock copolymer was cooled to 20 °C,
short fibrillar and plate-like micelles were predominantly
synthesized. These results suggested that the crystallization
was indeed the predominant driving force for ROPISA, which
could be alternatively modulated by changing the polymer-
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ization temperature. At different polymerization temperatures,
nanoparticles were generated through distinct pathways.

Additionally, the morphologies of the nanoparticles
generated using PIB-b-PVL diblock copolymers exhibiting
different PVL lengths and synthesized at 20 °C were evaluated
and compared. As shown in Figure S10 (entry 11 in Table 1),
at [PIB,,-OHJ,/[6-VL], = 1/12, the PIBs-b-PVL,, diblock
copolymer, which comprised fibrillar micelles and an irregular
structure, was synthesized. However, at [PIB;,-OH],/[5-VL],
= 1/24 and 1/48, the diblock copolymer directly precipitated
(entries 12 and 13 in Table 1). Compared with the
nanoparticles synthesized using PIBg;-b-PCL,5 and PIBg,-b-
PCL,g containing core-forming blocks exhibiting similar DPs
(entries 4 and 7 in Table 1), the nanoparticles synthesized
using PIBg,-b-PVL,, and PIBgy-b-PVL,s were ready to
precipitate. Although T, and T, for the PVL block were
both near those for the PCL block (Figure 3c,d), the self-
assembly ability of PIB-b-PVL was reduced because PVL is less
soluble than PCL in cyclohexane.

Morphological Evolution of PIB-b-P(CL-co-VL) during
ROPISA. For the PCL and PVL homopolymers, T, and T.
were almost constant, which limited the nanoparticle
morphological window at a certain temperature (20, 50, or
80 °C) owing to the defined crystallization ability and
solubility of the core-forming block in cyclohexane. However,

https://doi.org/10.1021/acs.macromol.3c00681
Macromolecules 2023, 56, 4814—4822


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00681/suppl_file/ma3c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00681/suppl_file/ma3c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00681/suppl_file/ma3c00681_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00681/suppl_file/ma3c00681_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00681?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00681?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00681?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00681?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules
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(b) PIB3g-b-P(CL,4-c0-VLys), 50 °C

(C) PIBsg-b-P(CL4-co-VL,,), 80 °C
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Figure S. (a—c) TEM images of nanoparticles diluted in 0.05—0.2% w/w dispersion. Sample prepared using ROPISA on a copper grid was not
stained. PIBs,-OH, &-CL and 6-VL, and cyclohexane were the stabilizer/macroinitiator, comonomers, and solvent, respectively. Solids were 10% w/
w, and polymerization temperatures were 20, S0, and 80 °C. (d) Schematic of PIB-b-P(CL-co-VL) copolymers with similar compositions and

synthesized using ROPISA at different polymerization temperatures.

for the PIB-b-P(CL-co-VL) copolymers with similar composi-
tions, the T, and T, crystallization, and resulting ROPISA
could be modulated by varying the sequences of -CL and J-
VL units, which were, in turn, affected by the polymerization
temperature. Thus, a broader nanoparticle morphological
range could be achieved, which enabled ROPISA to be
controlled in a versatile manner.

As shown in Figure Saa’ (entry 14 in Table 1), at a
polymerization temperature of 20 °C, the PIBgy-b-P(CL,s-co-
VL,,) copolymer formed fibrillar micelles, and the PIB-b-
P(CLys-co-VL,,) copolymer functioned as a PIBgy-b-PVL,,-b-
PCL,; triblock copolymer owing to the distinct polymerization
rates of the &-CL and 6-VL monomers. PIBg,-b-P(CL,s—co—
VL,,) remained highly crystalline, which facilitated the
formation of fibrillar micelles. Alternatively, at a polymerization
temperature of S0 °C, the PIB-b-P(CL-co-VL) copolymer
formed spherical micelles with a diameter of approx. 2200 nm
(Figure Sb,b’, entry 1S in Table 1). However, at the highest
polymerization temperature (80 °C), P(CL-co-VL) functioned
more like a random copolymer and exhibited a relatively low
crystallinity, which indicated that the solubility was the driving
force for the self-assembly and facilitated the formation of
spherical micelles with a diameter of approx. 110 nm (Figure
Sc, entry 16 in Table 1). These results suggested that during
ROPISA for the PIB-b-P(CL-co-VL) copolymer, the sequence
of the &-CL and 6-VL units played an important role on
morphological evolution and that the monomer sequence
could be conveniently modulated by adjusting the polymer-
ization temperature (Figure Sd).

B CONCLUSIONS

ROPISA was developed using biodegradable, biocompatible,
and crystallizable polylactones (PCL, PVL, and P(CL-co-VL))
as core-forming blocks. The impact of the polymerization
temperature (20, S0, and 80 °C) on the crystallization behavior
and corresponding self-assembly of block copolymers was
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investigated. For PIB-b-PCL and PIB-b-PVL, spherical micelles
or precipitates formed at the highest polymerization temper-
ature (80 °C) and fibrillar micelles predominantly formed at
the lowest polymerization temperature (20 °C), probably
because of a different self-assembly route, which was
dominated by crystallization. For PIB-b-P(CL-co-VL), the
highest polymerization temperature (80 °C) led to the
formation of P(CL-co-VL), which exhibited a random structure
that resulted in the formation of spherical micelles. The lowest
polymerization temperature (20 °C) facilitated the generation
of P(CL-co-VL), which contained a quasi-block structure that
led to the collection of fibrillar micelles. At different
polymerization temperatures, nanoparticles with similar
compositions exhibited different morphologies. This study
provided an alternative method for modulating PISA. More-
over, the facile and versatile ROPISA technique provided a
platform for developing a series of novel bio-based materials,
which showed large-scale potential for industrial biorelevant
applications.
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