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An efficient way to nanoparticle-to-vesicle transition of ABC
triblock copolymer by in-to-out switch of the pH-sensitive
core-forming C block is enclosed.

Vesicles of block copolymers have aroused great interest.'
Diblock copolymer vesicles formed either by micellization in the
block-selective solvent or by polymerization-induced self-
assembly are widely reported.”'® However, generating ABC
triblock copolymer vesicles is rather limited.'”* Compared with
the AB diblock copolymer vesicles, ABC triblock copolymer
vesicles are identified by their unsymmetrical structure, in which
the short block chains with weak steric repulsion are generally
located at the inner surface of the bilayer structure and the long
block chains are tethered at the outer surface.”?* For triblock
copolymers, the morphology of their nano-assemblies is
determined either by the block order (ABC, ACB, and BAC),ZS'29
the block length and the solvophilic/solvophobic ratio®*** or by
the experimental conditions including the solvent temperature
and pH.**® By changing one of the above-mentioned parameters,
the morphology of the triblock copolymer nano-assemblies may
be tuned. Recently, Grubbs et al. have reported an elegant
strategy to achieve micelle-to-vesicle transition of ABC triblock
copolymers containing a central thermo-responsive B block.***°
When temperature increased, the temperature-sensitive soluble-
to-insoluble phase transition of the central thermo-responsive B
block occurred at temperature above the lower critical solution
temperature (LCST), the packing parameter p*' or the
solvophilic/solvophobic ratio of the triblock copolymer was

changed, and therefore the micelle-to-vesicle transition took place.

Despite the success,’*** very limited morphology transition of

ABC triblock copolymers has been reported possibly due to the
complex structure and the slow motion of the triblock copolymer
chains at temperature below the glass transition temperature (7).
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Scheme 1. The proposed strategy of the nanoparticle-to-vesicle transition
of ABC triblock copolymer through the in-to-out switch of the pH-
sensitive core-forming C block.

In this
nanoparticles

contribution,  well-defined  corona-shell-core
of poly(N,N-dimethylacrylamide)-block-

polystyrene-block-poly[ N-(4-vinylbenzyl)-N,N-dibutylamine]

4s (PDMA-b-PS-b-PVBA) are prepared by a new heterogeneous
RAFT polymerization named seeded dispersion RAFT
polymerization,* and then the nanoparticle-to-vesicle transition
of the pH-sensitive ABC triblock copolymer to
unsymmetrical ABC triblock copolymer vesicles through the in-

so to-out switch of the pH-sensitive core-forming C block as shown
in Scheme 1 is proposed.
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Figure 1. The TEM images of the PDMA-b-PS-b-PVBA nanoparticles
ss prepared by seeded dispersion RAFT polymerization. Insets: the zeta
potential of the triblock copolymer nanoparticles.

The PDMA-b-PS-b-PVBA corona-shell-core nanoparticles
were prepared by seeded dispersion RAFT polymerization as
shown in Scheme S2. This seeded dispersion RAFT
polymerization includes three steps: (1) synthesis of the PDMA35-
TTC macro-RAFT agent [Note: the subscript herein and in the
subsequent discussion represents the polymerization degree (DP)
of the monomer and TTC represents the RAFT terminal of
trithiocarbonate], (2) the preparation of the diblock copolymer
seed-nanoparticles of PDMA;3-b-PS4;-TTC by dispersion RAFT
polymerization (Figure S1), and (3) the preparation of the
PDMA-b-PS-b-PVBA  triblock copolymer corona-shell-core
nanoparticles. Four triblock copolymer corona-shell-core
nanoparticles with different DP of the core-forming PVBA block
70 as listed in Table 1 are prepared. The synthesized polymers are

characterized by GPC analysis (Figure S2), '"H NMR analysis

(Figure S3), and differential scanning calorimeter (DSC) analysis

6

S

6.

1

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



ChemComm

(Figure S4), and the results are summarized in Table 1. Figure 1
shows the TEM images of the four triblock copolymer corona-
shell-core nanoparticles, from which the increasing size of the
nanoparticles with the increasing DP of the core-forming PVBA
s block is indicated. The ABC triblock copolymer nanoparticles
should have corona-shell-core structure as shown in Scheme 1, in
which the pH-sensitive C block of PVBA forms the core, the
solvophobic B block of PS forms the shell, and the solvophilic A
block of PDMA forms the corona, since the PVBA and PS blocks
10 are immiscible as indicated by the two separate T, peaks
corresponding to the PS and PVBA blocks (Figure S4).

Table 1. Summary of the synthesized polymers.

a M Moo M, ec® Size
Polymer® (Lo (kefmol)  (kghmoh  TP! (nm)
Aw-TTC 40 40 23 103 -

AsBi-TTC 213 215 186 112 25
AsBisCo 262 262 206 111 26
AsBisCr 306 30.6 273 113 29
AsBigCre 402 40.1 359 L1734
AwBigCrs 491 49.4 462 111 36

[a] A represents the PDMA block, B represents the PS block and C represents
the PVBA block. [b] Theoretical molecular weight by eq S1. [c] Molecular
15 weight by "H NMR analysis. [d] Molecular weight by GPC analysis.
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Figure 2. The TEM images of the triblock copolymer nano-objects of
PDMAss-b-PS;-b-PVBAy  (A), PDMAss-b-PS,-b-PVBAs;  (B),
PDMA;3-b-PS67-b-PVBA76 (C), and PDMA;5-b-PSi67-b-PVBA 14 (D)
20 after acidification in the 8/2 ethanol/water mixture. Insets: the schematic
structure and zeta potential of the triblock copolymer nanoparticles.

Due to the appending dibutylamine groups, the PVBA block is
pH-sensitive. That is, the PVBA block can be ionized by
hydrochloride (HCI) to form poly[N-(4-vinylbenzyl)-N,N-

»s dibutylamine hydrochloride] (PVBAH) and becomes soluble in
acidic aqueous solution with pH < 4.5 as discussed elsewhere.*
To check the pH-sensitive morphology transition of the corona-
shell-core  nanoparticles of PDMA-b-PS-b-PVBA, these
nanoparticles are initially acidified by HCl (pH = 2) in the

30 ethanol/water mixture (8/2 by weight) at room temperature (~25
%C) for three days, then separated by centrifugation (12500 rpm,
15 min), and lastly re-dispersed in water or deuterated water
(D,0) for the next characterization. It is found that the chain
length or DP of the core-forming C block of PVBA greatly

35 affects the morphology transition of the ABC triblock copolymer
nanoparticles. As shown in Figure 2, for the triblock copolymers
of PDMAgg-b-PS](ﬂ-b-PVBA]g and PDMA}g-b-PS|67-b-PVBA37

containing a short core-forming PVBA block, 29 nm

nanoparticles (Figure 2A) and 33 nm nanoparticles (Figure 2B)
40 with size slightly larger than those before acidification are
observed, suggesting no morphology transition of the two
triblock copolymers. Whereas, when the DP of the core-forming
C block of PVBA increases to 76, the nanoparticle-to-vesicle
transition occurs, and 39 nm petal-like vesicles of PDMA;4-b-
PSi67-b-PVBA;4 with etched shell are formed (Figure 2C). When
the DP of the core-forming PVBA block increases to 114, the
nanoparticle-to-toroid transition occurs, and the PDMA;g-b-
PSi¢7-b-PVBA 4 toroids with size ranging from 60 to 80 nm are
formed (Figure 2D). Interestingly, some of the ABC triblock
copolymer toroids are disjointed into wormlike rods. The
formation of triblock copolymer toroids of PDMAsg-b-PS47-b-
PVBA, 4 is also confirmed by SEM and AFM (Figure S5).

The nanoparticle-to-vesicle and  nanoparticle-to-toroid
transitions of the triblock copolymer containing a long PVBA
ss block are ascribed to the in-to-out switch of the ionized core-

forming PVBA block (PVBAH), which is confirmed by the zeta

potential analysis and the H NMR analysis of the triblock

copolymer nano-objects before and after acidification in the 8/2

ethanol/water mixture. It is found that the zeta potential of the
60 PDMA;3-b-PS67-b-PVBA 4 nano-objects greatly increases after
the PDMA;4-b-PS 47-b-PVBA;s being acidified (Figure S6).
Besides, based on the "H NMR spectra of the PDMA;5-b-PS67-b-
PVBA;¢ nano-objects before and after acidification, it is found
that the normalized intensity of the typical signal at = 0.76 ppm
[N(CH,CH,CH,CH5),] corresponding to the PVBA;4 block is
greatly enhanced (Figure 3). Whereas, in the control experiment
at the case of the PDMA;33-b-PS 4;-b-PVBA;; nanoparticles
without  nanoparticle-to-vesicle  transition, the intensity
corresponding to the short PVBAj;; block just slightly increases
70 compared with those before acidification (Figure S7). These

results confirm the in-to-out switch of the long core-forming

PVBA;s block during the nanoparticle-to-vesicle transition.

Furthermore, the amount of the out-migrated PVBAH chains

from the core-layer to the corona can be approximately calculated
75 based on the normalized intensity (see eq S2 for the calculation in

Supporting Information). For example, for the petal-like vesicles

of PDMA33-b-PS4;-b-PVBAs, about 87% of the PVBAHy4

chains are tethered at the outer surface and about 13% of the

PVBAH4 chains are at the inner surface of the petal-like vesicles.
so In comparison, about 93% of the PVBAH;; chains are in the

core-layer of the corona-shell-core nanoparticles of PDMA;4-b-

PS,47-b-PVBA;; after acidification in the 8/2 ethanol/water

mixture. Based on the above-mentioned discussion, the structure

of the ABC triblock copolymer nano-objects before and after
ss acidification is schemed out by the insets in Figure 2.
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The in-to-out switch just occurring at case of the long PVBA
block but not at case of the short PVBA block is due to the
unsymmetrical ABC triblock copolymer vesicles with the long
polymer chains at the outer side being thermodynamic stable as

o discussed elsewhere.>** Besides, it is found that the morphology
transition of the triblock copolymer is greatly affected by the
solvent character, and the nanoparticle-to-vesicle transition
occurs just in the ethanol/water mixture with ethanol content
above 60 wt% (Figures S8 and S9). The possible reason is due to

os the PS shell of the ABC triblock copolymer nanoparticles being
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tightly frozen in the water-rich solvent, and therefore both the in-
diffusion of the HCI molecules and the in-to-out switch of the
pH-sensitive core-forming C block of PVBA are restricted.

Normalized intensity
L

o
=
1

0.0

I II

Figure 3. (A) 'H NMR spectra of the PDMAss-b-PS,,-b-PVBA74 nano-
objects in D,O, and (B) the normalized intensity of the signal
corresponding to the PVBA block under conditions (I) before
acidification and (II) after acidification in the 8/2 ethanol/water mixture.

In conclusion, we have demonstrated the nanoparticle-to-
vesicle and nanoparticle-to-toroid transitions of pH-sensitive
ABC triblock copolymer by the in-to-out switch strategy of the
core-forming C block. It is found that the chain-length of the
core-forming C block of PVBA and the solvent character are
crucial in the morphology transition of the triblock copolymer.
Our results are anticipated to broad a new way to achieve
nanoparticle-to-vesicle and nanoparticle-to-toroid transitions of
block copolymers.
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