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ABSTRACT: The living anionic polymerization-induced self- 0650 0o ° o ° Or CRN
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on self-assembly. However, the limited monomers available for the PEMA:L-PAVE

LAPISA process signiﬁcantly restricted the Preparation and ® Functional and polar monomzrsﬂ ® Rich and tunable morphologies
application of the Corresponding nano—objects. Herein, polar ® Complete monomer conversion ® Crosslinkable and modifiable nano-objects
monomers were appended to the LAPISA system, and functional
nano-objects were targeted. By optimizing 1,1-diphenylhexane
lithium (DPHTLi*) and potassium bis(trimethylsilyl) amide FOU:H
(KHMDS) as a co-initiation system and tri-isobutylaluminum crossiinked RS
(iBujAl) as an additive, the sequential LAP of tert-butyl PavP core Sphere worm vesicle
methacrylate (tBMA) and LAPISA of 4-vinylpyridine (4VP) were

successfully realized at room temperature of 25 °C. By adjusting [KHMDS],/[DPHLi*],, [iBu;Al],/[4VP],, targeted M, psyp/
M, puma and toluene content in toluene/tetrahydrofuran (wt %r,), nano-objects with different morphologies, including spheres,
worms, and vesicles, were prepared. The PtBMA-b-P4VP diblock copolymer and nano-objects were prepared in a controlled manner.
The crosslinking reaction between the pyridine groups on P4VP and 1,4-dibromobutane was performed via the quaternization
reaction, which enabled the stabilization of the nano-objects. Using the functional pyridine groups in the core region, silver ions
(Ag") and metal (Ag’) were introduced into the nano-objects by sequential complexation and reduction reactions, and the Ag’
content could be well controlled by modulating the [Ag*],/[4VP],. The successful LAPISA of polar monomers provided an efficient
and alternate route to functional nano-objects and organic/inorganic nanocomposites.

Bl INTRODUCTION operations,””* making it the most valuable technology for the
industrial production of block copolymer nano-objects. The

Block copolymer nano-objects have attracted widespread
emergence of various “living”/controlled radical polymer-

attention in the past few decades due to their diverse

morphologies,l_s which have been widely used in nano- izations (CRP), such as atom transfer radical polymerization
i fals, 08 i jals,” 1 i (ATRP) 26729 reversible addition—fragmentation chain trans-

composite materials,” "~ catalytic materials, optoelectronic ’ o g

materials,">”'* biomedicines,">'¢ batteries,'”'® and so on. fer polymerization (RAFT),”"' and nitroxide-mediated

Block copolymer nano-objects are typically prepared by polymerization (NMP),”>** has provided an opportunity for
traditional self-assembly, which disperses the purified block the rapid development of PISA technology. Efforts have also
copolymer in a selective solvent and uses the difference in been made to introduce other polymerization techniques such
solubility of each block to achieve nano-objects with various as tellurium-mediated living radical polymerization (TERP)**
morphologies, such as spheres, worms, and vesicles.”'>°
However, the low solid content (<1 wt %) and multistep
nature of this method severely restrict the industrial application
of block copolymer nano-objects.”' ~**
Polymerization-induced self-assembly (PISA) is a process
that realizes the polymerization and self-assembly of block
copolymers in the same system. As monomers polymerize, the
degree of polymerization (DP) of the second block gradually
increases, and the solubility of the copolymer decreases,
driving the in situ self-assembly of the block copolymer.”* The
most significant advantage of PISA is its ability to polymerize
and assemble at high solid content (up to S0 wt %) with simple

and ring-opening metathesis polymerization (ROMP)**** into
the PISA process. Among all these polymerization mecha-
nisms, the RAFT is mostly combined with the PISA technique,

targeting the functional block copolymer nano-objects.”’~**
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Scheme 1. Hlustration of the LAPISA Process of Polar Vinyl Monomers and Stabilization of the Formed Nano-Objects
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Living anionic polymerization (LAP), as the oldest living
polymerization process, is still the most powerful tool for the
synthesis of model copolymers with specific structures,
molecular weights (MWs), and narrow molecular weight
distributions (MWDs) due to the absence of spontaneous
termination and transfer of active species under appropriate
conditions.”~*® In 2007, Wang and co-workers synthesized
polybutadiene-b-polystyrene (PB-b-PS) diblock copolymers by
the LAP process in n-hexane, achieving the commercial-scale
synthesis of nano-objects with diverse morphologies, including
spheres, flowers, Janus, and worms.”” These nano-objects were
further stabilized with a divinylbenzene (DVB) agent,
providing initial evidence for the potential application of
LAP to PISA. Later, based on the polyisoprene-b-polystyrene
(PI-b-PS) diblock copolymer, our group systematically ex-
plored the influence of factors, such as the MWs of the
stabilizer block, targeted M, ps/M, p;, and solid content, on the
morphological evolution of nano-objects in n-heptane.”*** By
introducing a solvophobic homopolymer and performing a
cooperative self-assembly process, we successfully fabricated
higher-order morphologies like sponges, further expanding the
application of LAP in PISA.>® Especially, the LAP mechanism
featured complete monomer conversion, absence of contam-
inants from catalysts, and excellent controllability. However,
the monomers available for the preparation of nano-objects via
living anionic polymerization-induced self-assembly (LAPISA)
are typical dienes, styrene and its derivatives, which have fewer
groups and limited functions. The LAP of polar vinyl
monomers, such as (meth)acrylates and vinylpyridine, is
prone to side reactions, which limits the application of
LAPISA in the field of functional nano-objects. Thus, the
LAPISA process of polar vinyl monomer is still challenged and,
meanwhile, has much importance.

In this work, polar vinyl monomers are introduced into the
LAPISA process for the first time (Scheme 1). First, using the
mixture of 1,1-diphenylhexane lithium (DPH™Li*) and
potassium bis(trimethylsilyl)amide (KHMDS) as the co-
initiation system, tri-isobutylaluminum (iBu,Al) as an additive,
toluene and/or tetrahydrofuran (THF) as solvents, tert-butyl
methacrylate (tBMA) as the first monomer, and 4-vinyl-
pyridine (4VP) as the second monomer, the LAPISA was
performed to prepare PtBMA-b-P4VP nano-objects under

8899

room temperature of 25 °C. The effects of [KHMDS],/
[DPHLi*], [iBu;Al],/[4VP],, targeted M, pyyp/M, piparas and
toluene content (wt %r,) on the LAPISA process were
systematically investigated. Subsequently, using the quaterniza-
tion reaction on the 4VP units, the P4VP core was crosslinked,
and the nano-objects were stabilized. Finally, Ag’ was
introduced into the P4VP core via the first coordination of
Ag" and the second reduction reaction. The polymers were
characterized by size exclusion chromatography (SEC) and
proton nuclear magnetic resonance (‘H NMR) spectroscopy.
The morphologies of the nano-objects were monitored by
transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and dynamic light scattering (DLS). The
nanocomposites were analyzed by ultraviolet—visible spectros-
copy (UV—vis) and thermogravimetric analysis (TGA).

B RESULTS AND DISCUSSION

Controllability of LAPISA for PtBMA-b-P4VP Nano-
Objects. For PtBMA-b-P4VP nano-objects, the LAP of tBMA
was first performed by employing KHMDS and/or DPHLi*
as the initiator, and THF as the solvent. As shown in Table SI,
when single KHMDS was used as the initiator at room
temperature (25 °C), the experimental M, ppy evaluated by
the SEC measurement (109 800 g/mol) was significantly
higher than the theoretical M, pgpa (10000 g/mol). Mean-
while, M,,/M, reached 1.33, indicating an uncontrollable LAP
process (Figure S1). This could be attributed to the relatively
lower initiation efficiency of KHMDS for the tBMA monomer.
When a single DPH Li" was used as the initiator, the M,/M,
of PtBMA decreased to 1.28, which was still larger than the
value expected by a typical LAP process (Figure S2).
Alternatively, when KHMDS and DPH™Li" were synergisti-
cally introduced, polymerization could be well controlled.
Keeping the [KHMDS],/[DPHLi*], ratios in the range of
0.05 to 1.0, M,,/M, values below 1.15 could be readily realized.
Additionally, from the typical '"H NMR spectrum for crude
PtBMA,, (Figure S3), the absence of resonance signals
(around $.46 and 6.00 ppm) for the protons (CH,=C-)
on double bonds confirmed the complete conversion of the
tBMA monomer. Obviously, in the first polymerization stage,
the bimetallic co-initiation system contributed to excellent
control of the LAP on the tBMA monomer. According to the
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Table 1. Formulation and Characterization Data for the P BMA-b-P4VP Diblock Copolymer with Different [iBu;Al],/[4VP],
Ratios and Targeted M, p,yp/M, ppma Using THEF as a Solvent”

targeted
sample [iBusAllo/[4VP]y M, psyyp/Mypmma M, pimva/g/mol®
P{BMA,-b-P4VP,g 0 6.0 5200
PIBMAy,-b-P4VD,g 0.005 6.0 4600
PBMA-b-P4VD,, 0.01 6.0 5000
P{BMA,,-b-P4VD,, 0.02 6.0 4800
P{BMA,-b-P4VP,,, 0 12.0 4900
PIBMA,;-b-P4VPes 0.005 12.0 4800
PBMA,;-b-P4VD,y, 0.01 12,0 4000
P{BMAs-b-P4VPy, 0.02 12,0 4300

DLS?

M,/M,* M, pmma-p-pave/g/mol® M, /M," morphologies® Z-average  PDI

1.13 37,700 1.50 sphere and short 44 0.06
worm

1.10 36,100 1.44 sphere 145 0.16

1.08 31,300 1.19 long worm 210 0.03

1.13 32,600 121 long worm 418 0.01

1.11 38,800 221 short worm and 1954 0.12
vesicle

1.16 73,700 1.4S sphere 154 0.07

1.08 58,900 128 vesicle 4531 0.26

1.10 57,000 122 vesicle 344 0.34

“M, and M,,/M, were obtained by SEC measurements using DMF containing 1.4 g/L LiBr as the eluent and PMMA as the standard. bDPPtBMA =

Mn,PtBMA/ 142.2 and DPpsyp = (Mn, PtBMA-b—P4VP —

., pisva)/105.1, where 142.2 and 105.1 are the MW of tBMA and 4VP monomers, respectively.

“Morphologies were monitored by TEM. “The Z-average size and polydispersity index (PDI) were determined by DLS measurement.
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Figure 1. TEM and SEM images of nano-objects generated with varied [iBu;Al],/[4VP], ratios: (a) 0, (b) 0.00S, (c) 0.01, and (d) 0.02,
respectively, while designing the targeted M, pipa around 4000—5500, targeted M, psyp/M,, ppa as 6.0, solid content of 15 wt %, and THF as the
solvent. Samples were diluted to 0.1—0.3 wt % dispersions in THF, and samples on the copper grid were not stained. (e) SEC traces for the
macroinitiator PtBMA and the corresponding PtBMA-b-P4VP diblock copolymers obtained in the LAPISA process with varied [iBujAl],/[4VP],
ratios. DMF containing LiBr (1.4 g/L) was used as the eluent, and PMMA was used as the standard. (f) DLS results for the corresponding nano-

objects in THF.

literature,”" this could be attributed to the partial replacement
of Li* by K* counterions at the chain ends upon the addition of
KHMDS. Correspondingly, bulk bis(trimethylsilyl)amide
tended to accumulate around the chain ends, leading to a
reduced polymerization rate of the LAP of tBMA. To avoid the
use of excess additive, in the following experiment, a
[KHMDS],/[DPHLi*], of 1.0 was adopted in all cases.
Preliminarily, the above comparison on LAP using the
KHMDS/DPHLi* combination, a single KHMDS or
DPH Li‘indicated that KHMDS has low initiation efficiency,

8900

and DPHLi" acted as the dominant initiator in the LAPISA
process. To verify this conclusion, low-molecular-weight
PtBMAs were further synthesized using DPH Li‘or
KHMDS/DPH Li* ([KHMDS],/[DPHLi*], of 1.0) as
initiators and employed as models for MALDI-TOF MS
characterization. As shown in Figure S4, the MALDI-TOF MS
spectra for PtBMA initiated by both DPHLi* and KHMDS/
DPHLi" displayed a series of peaks, which were separated by
the mass of a tBAM unit (142.2 Da). For PtBMA initiated by
DPHLi*, one series of peaks (n X 142.2 + 23.0 + 238.2) was

https://doi.org/10.1021/acs.macromol.5c01443
Macromolecules 2025, 58, 8898—8908
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Figure 2. TEM and SEM images of nano-objects generated with varied [iBusAl],/[4VP], ratios: (a) 0, (b) 0.005, (c) 0.01, and (d) 0.02,
respectively, while designing the targeted M, ppya around 4000—5500, targeted M, psvp/M, ppma as 12.0, solid content as 15 wt %, and THF as the
solvent. Samples were diluted to 0.1—0.3 wt % dispersions in THF, and samples on the copper grid were not stained. (e) SEC traces for the
macroinitiator PIBMA and the corresponding PtBMA-b-P4VP diblock copolymers obtained in the LAPISA process with varied [iBu;Al],/[4VP],.
DMF containing LiBr (1.4 g/L) was used as the eluent, and PMMA was used as the standard. (f) DLS results for the corresponding nano-objects in

THE.

observed. For PtBMA initiated by KHMDS/DPHLi*, two
series of peaks (n X 142.2 + 23.0 + 238.2 and n X 142.2 + 39.0
+ 238.2) could be discriminated, which were attributed to
PtBMA incorporated with Na* or K" ions, respectively. Thus,
with the analysis of the data in Table S1 and the MALDI-TOF
MS results, it could be deduced that LAP was dominantly
initiated by DPHLi* rather than KHMDS, and the latter was
just used as an additive to improve the controllability of the
polymerization.

Subsequently, in the second polymerization stage, the 4VP
monomer was added and polymerized. With an increase of
4VP monomer conversion, the PtBMA block was extended
with a P4VP block, and the PtBMA-b-P4VP diblock copolymer
was generated. Typically, THF is a good solvent for PtBMA
but a poor solvent for P4VP. Thus, unlike the homogeneous
polymerization of the tBMA monomer in the first polymer-
ization stage, the poor solubility of the P4VP block in THF
resulted in a heterogeneous LAPISA process in the second
polymerization stage. Additionally, in the second polymer-
ization stage, the unavoidable side reaction on 4VP would
significantly affect the polymerization. Referring to the
literature,”” iBu,Al was added to address this problem, as
iBu3Al could be used to efficiently stabilize living species. To
evaluate the controllability of the LAPISA process, the effect of
iBu;Al on the LAPISA process was carefully studied in the
following section.

As shown in Table 1, a series of LAPISA formulations with
varied [iBu;Al],/[4VP], ratios were prepared at room
temperature of 25 °C, while designing the targeted M, ppna

8901

around 4000—5500, targeted M, psyp/M,, pppa as 6.0, and solid
content as 15 wt %. In the absence of iBujAl ([iBu,Al]y/
[4VP], = 0), a PtBMA,,-b-P4VP,, diblock copolymer with an
M,/M, of 1.50 was prepared, indicating an uncontrollable
LAPISA process. Nevertheless, a mixture of spherical and short
worm-like nano-objects was collected by TEM (Figure la).
When [iBu,;Al],/[4VP], was increased to 0.005, a PtBMA,,-b-
P4VP,y, diblock copolymer with an M,/M, of 1.44 was
generated. The TEM and SEM images cooperatively
confirmed that vesicles with a relatively thick wall were formed
(Figure 1b). When [iBu,Al]o/[4VP], was further increased to
0.01 and 0.02, PtBMA;s-b-P4VP,5, and PtBMA;,-b-P4VP,4,
diblock copolymers with relatively lower M,,/M, of around
1.20, respectively, were obtained. The LAPISA was well
controlled in these two cases, and the long worm-like nano-
objects could be clearly distinguished by TEM and SEM
images (Figure lc,d). Meanwhile, the DLS measurement
results were consistent with those derived from the TEM and
SEM images (Figure 1f). According to the SEC curves, it could
be found that the M,,/M, of PtBMA was always below 1.13.
However, after the polymerization of the 4VP monomer, the
M,,/M, was broadened in the cases with a lowered [iBu,;Al],/
[4VP], (Figure le). Uniquely, diblock copolymers with similar
M, pavp/M, pva, but different M /M, contributed to the
formation of nano-objects with different morphologies.
Alternatively, by controlling the targeted M, pmys around
4000—-5500, targeted M, pyvp/M, ppva as 12.0, and solid
content as 15 wt %, LAPISA was also performed while varying
the molar ratio [iBusAl]o/[4VP],. The PtBMA;s-b-P4VPs,,

https://doi.org/10.1021/acs.macromol.5c01443
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Table 2. Formulation and Characterization Data for the PtBMA-b-P4VP Diblock Copolymer with Different Targeted M,, p,yp/

M, ppma ratios, and Weight Content of Toluene in the Toluene/THF Solvent (wt %r,).
DLS?
targeted
sample wt %rot M, pave/M,psva M pmma/g/ mol”  M,/M,” M, psma-p—pave/8/ mol®  M,/M,* DPpwpb morphology® Z-average  PDI
PtBMA;,-b-P4VP 0 3.0 4800 1.17 16,100 1.14 107 irregular 4 0.03
morphology
PtBMA,-b-P4VP 4 0 40 5000 1.16 25,500 1.16 195 short worm 49 0.17
PBMA, ,-b-D4VD,, 0 60 4800 1.13 32,600 121 264 long worm 418 0.01
PtBMA,,-b-P4VP;, 0 9.0 4400 1.13 37,800 1.19 318 wormandvesile 382 0.16
PtBMA;(-b-P4VPg, 0 12.0 4300 1.10 57,000 1.22 501 vesicle 344 0.34
PtBMA,;,-b-P4VPgg, 0 15.0 4900 1.13 65,900 1.32 580 precipitate
PtBMA;,- b-P4VP 34 25 3.0 4800 11§ 19,300 1.14 138 sphere 41 0.01
PtBMA,;;-b-P4VP, 5, 25 6.0 4700 1.18 29,600 1.13 237 sphere and 99 0.04
worm
PtBMA;,-b-P4VP;54 25 9.0 4400 1.13 42,000 1.16 358 vesicle 142 0.04
PtBMA,;,-b-P4VP 4 25 12.0 5200 1.17 68,900 1.23 606 vesicle 113 0.04
PtBMA,;,- b-P4VP,, S0 1.0 4900 1.12 10,000 1.21 49 sphere 36 0.10
PtBMA,;,- b-P4VD-, S0 2.0 5300 1.16 12,700 1.17 70 sphere 46 0.11
PIBMA, - b-P4VP | 50 3.0 4800 1.13 18,000 1.14 126  sphere 65 0.24
PtBMA;3- b-P4VP , 5 50 4.0 4700 115 27,600 1.14 218 sphere and short 44 0.18
worm
PtBMA;s- b-P4VP 555 S0 6.0 5000 1.09 31,600 1.16 253 short worm 290 0.46
PtBMA;3- b-P4VP 5, 50 8.0 4700 1.18 36,400 1.15 302 precipitate
PIBMA,- b-P4VP 4 75 1.0 4300 111 9,600 127 45 sphere 29 0.01
b-PAVP 4 b-P4VP 75 2.0 4300 1.09 13,400 1.19 87 short worm 164 0.15
PtBMA;s- b-P4VP ¢, 100 1.0 5000 1.14 10,300 1.25 50 short worm 110 0.42

“M, and M,,/M, were obtained by SEC measurements using DMF containing 1.4 g/L LiBr as the eluent and PMMA as the standard. bDPp,BMA =
M, ppna/142.2 and DPpyyp = (M, PIBMAG—P4VP M,, psma)/105.1, where 142.2 and 105.1 are the MW of tBMA and 4VP monomers, respectively.
“Morphologies were monitored by TEM. “The Z-average size and polydispersity index (PDI) were determined by DLS measurement.

diblock copolymer with an M,,/M,, of 2.21 was prepared in the
absence of iBusAl ([iBu;Al]/[4VP], = 0) (Figure 2e),
indicating an uncontrolled LAPISA process. For [iBusAl],/
[4VP], = 0.005, the M, /M, of the generated PtBMAg,-b-
P4VP, diblock copolymer decreased to 1.45, which was still
out of control. For [iBuAl],/[4VP], of 0.01, PtBMA,s-b-
P4VPg,, with an M, /M, of 1.25 and a shoulder peak was
observed. Furthermore, PtBMA;(-b-P4VP;,, diblock copoly-
mer with an M, /M, of 122 and a monomodal peak were
generated for [iBusAl]/[4VP], of 0.02. Again, it could be
discriminated that the control of the LAPISA was improved
with the increase of [iBu;Al],/[4VP],. Correspondingly, only
the PtBMA;,-b-P4VDPy,, diblock copolymer formed uniform
vesicles with thick walls (Figure 2d). However, PtBMA,-b-
P4VPs,,, PtBMA,,b-P4VP,, and PtBMA,s-b-P4VPs,, di-
block copolymers contributed to the formation of a mixture
of spheres or vesicles with uneven sizes (Figure 2a—c).
Similarly, the DLS results revealed a consistent size tendency
as those from the TEM measurement (Figure 2f). Thus, all of
the TEM, SEM, SEC, and DLS results indicated that the
presence of iBuj;Al was essential for a controlled LAPISA
process, especially for systems with relatively higher M, psvp/

Mn,PtBMA'

Based on the above results, as well as a report in the
literature,”>>” the function of iBu;Al can be explained as
follows. That is, the electron-deficient Al atom in iBu,;Al tends
to coordinate with the N atom on the pyridine ring,
transferring electron density from the double bonds of 4VP
to Al atom. The reduced electron density enhances the attack
of the 4VP monomer by the living PIBMA species, increasing
cross-propagation while suppressing self-propagation, thereby
ensuring complete initiation from the PfBMA species.
Additionally, the coordination between iBujAl and the N
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atom reduces the likelihood of the capture of living species by
the N atom, thereby reducing side reactions and enhancing the
controllability of the LAPISA process.

Additionally, from the 'H NMR spectrum for the crude
PtBMA,,-b-P4VP,, diblock copolymer (Figure S5), besides the
characteristic resonance signal at 1.49 ppm attributed to the
protons (—C(CHj,);) on PtBMA, the characteristic resonance
signals at 6.20—6.70 and 8.00—8.70 ppm attributed to the
protons (—C¢H(N) on P4VP could also be observed.
Especially, the absence of resonance signals from the protons
(CH,=C-) on the double bond of the tBMA monomer
around 5.46 and 6.00 ppm, as well as the protons (CH,=
CH-) on the double bonds of the 4VP monomer around 6.57,
5.37, and 5.87 ppm, confirmed the complete conversion of
tBMA and 4VP monomers. Thus, with optimized [KHMDS],/
[DPHLi*], and [iBu;Al],/[4VP], ratios, the LAPISA process
in a heterogeneous system could be successfully realized in
THF solvent, and PtBMA-b-P4VP nano-objects could be
prepared.

Factors on Morphological Evolution in the LAPISA
Process. Generally, the solvent has a significant effect on the
PISA process. Thus, the effect of the solvent was further
investigated by introducing toluene into the toluene/THF
solvent. As toluene was a good solvent for PIBMA but a poor
solvent for P4VP, the introduction of toluene would further
decrease the solubility of the P4VP block and induce
morphological evolution in the LAPISA process. Meanwhile,
the solubility of the PtBMA-b-P4VP diblock copolymer also
depended on the length of the P4VP block. Thus, M, psyp was
relatively fixed, and the effect of targeted M, pyvp/M, ppyva ON
morphological evolution was also investigated. As shown in
Table 2, a series of formulations were designed and performed
to investigate the morphological evolution of nano-objects in
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(b) PtBMA,-b-P4VP,e,, 0%

(c) PtBMA;,-b-P4VP,4, 0% (d) PtBMA;,-b-P4VP5,,, 0%

(a) PtBMA;5-b-P4VP g5, 0%

¢

() PIBMA ,3-b-PAVP,;, 25%

(g) PtBMA;,-b-P4VP 55, 25% (h) PtBMA;;-b-P4VPg6, 25%

Figure 3. TEM images of nano-objects formed by the LAPISA process with [KHMDS],/[DPHLi*], of 1.0, [iBu;Al],/[4VP], of 0.02, solid
content of 15 wt %, relatively fixed M, pppa of around 4000—5500, polymerization temperature of 25 °C, different targeted M, pyyp/M,, pppia ratios
and wt % of (a—d) 0% and (e—h) 25% (diluted to 0.1—0.3 wt % dispersions in the corresponding solvent).

(a) PIBMA;-b-P4VP;,, 50%

(9) Nava 50% (M) | p BMA,,-b-PAVP,, 75%
PBMA,,-5-PAVP 5, 50% _
g §
§ PBMA,,-5-PAVP,,, 50% 3 |PBMA,-b-PAVP,;, 75%
oS >
>
| PBMA,,-5-P4VP 15, 50%
T T T T
10 100 1000 10 100 1000
Hydrodynamic diameter (nm) Hydrodynamic diameter (nm)

Figure 4. TEM images of nano-objects formed by LAPISA process with [KHMDS],/[DPHLi*], as 1.0, [iBu;Al]o/[4VP], as 0.02, fixed solid
content of 15 wt %, relatively fixed M, psna around 4000—5500, polymerization temperature of 25 °C, different targeted M, psyvp/M, ppma and wt
%o Of 50% (a—d) and 25% (e—f), DLS results of the corresponding nano-objects (g, h) (diluted to 0.1—0.3 wt % dispersions).

the LAPISA process, with the optimized [KHMDS],/
[DPHLi*], as 1.0, [iBu;Al],/[4VP], as 0.02, fixed solid 5500, and a polymerization temperature of 25 °C. The SEC
content of 15 wt %, relatively fixed M, ppya of around 4000— results of the prepared PtBMA-b-P4VP diblock copolymers
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and PtBMA precursor were shown in Figure S6, and the DLS
results were provided in Table 2.

As shown in Table 2 and Figure 3, the cases with pure THF
(wt %o of 0%) and varied targeted M, pyyp/M, pppa ratios
were first investigated. For targeted M, psvp/M, ppmma of 3.0,
PtBMA;,-b-P4VP,, diblock copolymer was generated, and no
regular nano-objects could be found in the LAPISA system.
The DLS curve in Figure S7 shows a peak at 4 nm, indicating
that the PtBMA;,-b-P4VP,y, diblock copolymer did not self-
assemble in THF but instead existed as dissolved individual
copolymer chains. For targeted DPpgys/DPpyyp of 4.0, the
PtBMA;5-b-P4VP o diblock copolymer was generated, and
short worm-like nano-objects could be observed in the TEM
image (Figure 3a). For targeted DPpgya/DPpsyp of 6.0, the
PtBMA,,-b-P4VP,4, diblock copolymer was generated, and
long worm-like nano-objects could be observed in the TEM
image (Figure 3b). For targeted M, psvp/M, pma of 9.0, the
PtBMA;,-b-P4VP;,; diblock copolymer was generated, and a
mixture of short worm-like and vesicular nano-objects could be
collected (Figure 3c). When the targeted M, psyp/M,, pppia Was
increased to 12.0, the vesicular nano-objects with thick walls
were observed for the PtBMA,,-b-P4VPy,, diblock copolymer
(Figure 3d). Finally, upon further increasing the targeted
M, pavp/M,, pya to 15.0, PEBMA,,-b-P4VPgg, diblock copoly-
mer was generated, and the precipitate was formed in the
LAPISA process. When the wt %, was increased to 25%, the
solubility of P4VP was further decreased. For targeted M, pyyp/
M, pma of 3.0, the PtBMAs,-b-P4VP ;5 diblock copolymer
was generated, and spherical nano-objects were obtained
(Figure 3e). When the targeted M, pyyp/M,, paaa Was increased
to 6.0, a mixture of spherical and worm-like nano-objects was
observed for the PtBMA,;-b-P4VP,,, diblock copolymer
(Figure 3f). When the targeted M, psyp/M, ppa Was increased
to 9.0 and 12.0, the vesicular nano-objects were observed from
the PfBMA,,-b-P4VP,, and PfBMA,,-b-P4VP, diblock
copolymers (Figure 3gh), respectively.

Furthermore, by increasing the wt %y, to 50% and
maintaining the targeted M, pyyp/M, ppma at 1.0 and 2.0, the
PtBMA;,-b-P4VP,y and PtBMA;,-b-P4VP,, diblock copoly-
mers were generated. The TEM image showed that the
spherical nano-objects were formed from PtBMA;,-b-P4VP-,
(Figure 4a), and the DLS curve showed that the hydrodynamic
diameters of the spherical nano-objects were around 46 nm
(Figure 4g). Maintaining the wt %, at 50% and increasing the
targeted M, pyvp/M,pma to 3.0 and 4.0, the TEM image
showed a mixture of spherical and short-worm nano-objects
from PtBMA,,-b-P4VP,,, and PiBMA,;-b-P4VP,,; diblock
copolymers (Figure 4b,c). By continuously increasing the
targeted M, psyp/M,ppma to 6.0, the PtBMA;5-b-P4VP,;
diblock copolymer was generated, and a mixture of spherical
and short-worm nano-objects was still observed, except that
the amount of short-worm nano-objects was further increased
(Figure 4d). Increasing the targeted M, pyyp/M, pya to 8.0,
the PtBMA,;-b-P4VP,, diblock copolymer was collected, and
the LAPISA system formed precipitates. Increasing the wt %+,
to 75% and maintaining the targeted M, pyvp/M, ppma at 1.0,
the PtBMA,;,-b-P4VP,; diblock copolymer was generated, and
spherical nano-objects with a hydrodynamic diameter of 23 nm
were obtained (Figure 4e). Keeping the wt %, at 75%, the
LAPISA system formed a gellike state by increasing the
targeted M, psvp/M,ppra to 2.0, in which the PtBMA;,-b-
P4VPg, diblock copolymer was generated and a worm-like
morphology was observed (Figure 4f). The DLS results
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showed sizes consistent with those obtained from the TEM
images (Figure 4h). Finally, when wt %t was set as 100%, the
PtBMA;,-b-P4VPy, diblock copolymer was generated, and the
LAPISA system formed a gel-like consistency even at a
targeted M, pyvp/ M, ppya Of 1.0. The TEM image shows that a
seriously entangled worm-like morphology was formed (Figure
S8).

Based on the above morphological evolution of nano-objects
under varied wt %rp, and targeted M, pyyp/M, pppar @
morphological distribution diagram was depicted (Figure ).

16
* W Irregularity
141 ® Sphere
B Sphere and worm
% 124 € Worm
a Vesicle
S 10+ V¥ Worm and vesicle|
T2 8 v % Precipitate
g O *
NG
s 641 & ] 2
© 44 & ]
g n ° u
- 24 ® *
o ) ® 2
0 20 40 60 80 100

Content of toluene in Toluene/THF (wt%, )

Figure 5. Morphological distribution diagram based on the
morphologies of nano-objects prepared by the LAPISA process with
different targeted M, psyp/M, pppa ratios and wt %,

Generally, by decreasing the wt %y, and increasing the
targeted M, pyvp/ M, pipma, the morphologies tended to evolve
into a higher-order region. Conversely, with increasing wt %t
and decreasing targeted M, pyyvp/M, ppma, lower-order spher-
ical morphologies were favored. Without exception, the
LAPISA process in our work for polar monomers also obeyed
the general principle of a PISA process, in which nano-objects
were formed under a thermodynamic equilibrium state.
Typically, the morphological evolution of the nano-objects in
the PISA process is dominantly affected by the inherent
packing of copolymer chains as defined 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.”*~>° Following this rule,
spherical (P < 1/3), worm-like (1/3 < P < 1/2), and vesicular
(1/2 < P £ 1) micelles can be regularly generated by
modulating the P value-related parameters. Correspondingly,
in our work, the major parameters affecting the P value were wt
%7101 and M, psyp/M,, paya- This was because THF and toluene
are both good solvents for the PtBMA block. However,
compared to THF, toluene is a relatively poor solvent for the
P4VP block. The solubility of the P4VP block could be
modulated by varying wt %r,. Meanwhile, by varying M, p,yp/
M, ppma, the relative volume ratio of the solvophobic P4VP
and solvophilic PtBMA blocks could also be modulated.
Intrinsically, wt %g, and M, pyyp/M,pppa could alter the
volume of the core-forming block, the interfacial area, and the
length of the core-forming block, which directly affected the P
value. Thus, nano-objects with different morphologies could be
modulated and their potential applications could be guided.
Stabilization and Functionalization of the Nano-
Objects Formed in LAPISA Process. After the LAPISA
process, the pyridine groups in the core region could be
crosslinked by a quaternization reaction with 1,4-dibromobu-
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(a) PtBMA ;,-b-P4VP, 34, in Wt% (b) PtBMA;,-b-P4VP, 44, in DMF, (e) PBMA,-b6-PAVP,
of 25%, before cross-linking after cross-linking in wth, of 25%,
before cross-linking
S PEBMA,,-b-P4VP,,,,
o in DMF,
g after cross-linking
3
PBMA,-b6-PAVP,,,,
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before cross-linking
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Figure 6. TEM images of unstabilized nano-objects in the original solvent for the LAPISA process (a, c) and stabilized nano-objects in DMF (b, d)
(diluted to 0.1—0.3 wt % dispersions). DLS curves for the corresponding stabilized and unstabilized nano-objects (e, f).
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Figure 7. TEM images of Ag°@(PtBMA,(-b-P4VP,,,) nano-objects incorporated with different amounts of Ag” (a—d) (diluted to 0.1—0.3 wt %
dispersions in THF). (e) DLS curves of the corresponding Ag’@(PtBMA,,-b-P4VP,,,) nano-objects (diluted to 0.1—0.3 wt % dispersions in
DMEF). (f, g) UV—vis spectra of Ag*@(PtBMA,4-b-P4VP,,,) and Ag’@(PtBMA,y-b-P4VP,,,) in DMF. (h) TGA curves of the corresponding
Ag"@(PtBMA,4-b-P4VP ,,) nano-objects.
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tane. The stabilization of nano-objects with spherical (38 nm,
PtBMAs,-b-P4VP 55) and worm-like (255 nm, PtBMAg,-b-
P4VP,,;) morphologies was used as example. As shown in
Figure 6a—d, the stabilized nano-objects in DMF had the same
morphologies as the unstabilized ones in THF or toluene/
THF from the original LAPISA system. The DLS results also
confirmed that the stabilized and unstabilized nano-objects had
similar sizes in DMF and THF or toluene/THF, respectively
(Figure 6e,f). For a comparison, the size of the unstabilized
nano-objects in DMF was measured as 5 nm, as DMF was a
simultaneously good solvent for PtBMA and P4VP blocks, and
the diblock copolymer was sufficiently solubilized. Thus, the
good maintenance of the morphologies in DMF solvent
provided solid evidence for the successful stabilization of nano-
objects. The stabilized nano-objects facilitated further
application as the morphologies could remain unchanged
under practical conditions, such as in good solvents or under
shear forces.

Furthermore, following the diagram in Figure S, spherical
PtBMA;,-b-P4VP., nano-objects were prepared, stabilized, and
employed as templates for organic/inorganic nanocomposites.
That was, Ag’ was introduced into the nano-objects by the first
incorporation of pyridine groups on P4VP with Ag" ions and
further reduction reaction with sodium borohydride (NaBH,).
As shown in Figure 7a—d, Ag” in the final Ag°@(PtBMA ,-b-
P4VP,,,) nano-objects could be clearly distinguished, and the
amount of Ag® could be modulated by changing the feed ratio
of [Ag']y/[4VP],. In all cases, the sizes from the DLS
measurements were less different, which confirmed that the
incorporation of Ag’ had no obvious effect on the
morphologies of the nano-objects (Figure 7e). The UV—vis
spectra for Ag*@(PtBMA,,-b-P4VP ,,) and Ag’@(PtBMA 44-b-
P4VP,,,) confirmed that Ag* and Ag’ were actually
introduced. Before the reduction of Ag’, a weak shoulder
was observed at 400 nm, which was attributed to the
adsorption of Ag* ions (Figure 7f). After the reduction of
Ag' to Ag’, a peak at 475 nm, attributed to the adsorption of
Ag’, was clearly observed (Figure 7g). The UV—vis spectra of
Ag" and Ag’ on Ag'@(PtBMA,,-b-P4VP,,) and
Ag’@(PtBMA,(-b-P4VP,,,) nano-objects were consistent
with the results reported in the literature.>” >’ Especially,
with the regular increase of [Ag*],/[4VP],, the shoulder at 400
nm and peak at 475 nm showed a progressive increase in
intensity, respectively. Additionally, the TGA measurement
showed that the higher the Ag® content, the lower the weight
loss percentage (Figure 7h). In detail, the weight loss
percentage of the PtBMA,-b-P4VP ,, diblock copolymer was
97%. The Ag” contents in Ag’@(PtBMA,,-b-P4VP,,,) nano-
objects with [Ag*]y/[4VP], ratios of 0.25, 0.50, and 1.00 were
measured to be 74% (theoretical 74%), 65% (theoretical 61%),
and 56% (theoretical 44%), respectively. Obviously, the
measured Ag’ contents were close to or slightly lower than
the theoretical values. All these results confirmed that Ag” was
efficiently introduced into the nano-objects in a controlled
manner. The well-maintained spherical morphologies after the
introduction of Ag’ further confirmed the successful
stabilization described in the previous section. Conversely, in
the case without stabilization, the added AgNO; or NaBH,, as
well as the shear force by long-time stirring or a good solvent
of DMF, might induce the dissociation or re-self-assembly of
the already formed nano-objects. The morphology or size of
the original nano-objects would be changed and, thus, the
function of the LAPISA process would be meaningless.
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B CONCLUSIONS

In summary, using polar fBA and 4VP monomers, functional
PtBMA-b-P4VP diblock copolymers and nano-objects were
successfully prepared by the LAPISA process. To realize
smooth polymerization, KHMDS/DPH Li* was used as a co-
initiation system, and iBu;Al was used as an additive. To
modulate the morphologies of the nano-objects, [KHMDS],/
[DPHLi"], [iBuyAl]y/[4VP],, targeted M, pyyp/M,, pprar and
wt %, were systematically investigated, and a library of
spherical, worm-like, and vesicular nano-objects was prepared.
To stabilize the nano-objects, the P4VP core was crosslinked
via a quaternization reaction between pyridine groups and 1,4-
dibromobutane. To functionalize the nano-objects, Ago was
introduced by complexation with Ag" and a reduction reaction,
and the Ag’ content was well modulated. Unlike the traditional
LAP of polar vinyl monomers (such as methyl methacrylate
(MMA), 2-vinylpyridine (2VP), 4VP, etc., at —78 °C*°~%%),
the LAPISA process in this work eliminated the need for low-
temperature operation while maintaining good control in a
heterogeneous system at room temperature. Meanwhile, the
functional nano-objects could serve as templates for the
preparation of organic/inorganic nanocomposites.
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