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Abstract: Nanoparticles sized tens of nm with not only a highly
complex but also a highly regular nanostructure, although
ubiquitous in nature, are very difficult to prepare artificially.
Herein, we report efficient solution-based preparation of
narrow-disperse ABC three-segment hierarchical nanoparti-
cles (HNPs) with a size of tens of nm through a three-level
hierarchical self-assembly of A-b-B-b-C triblock copolymers
in solution. An ABC HNP is composed of three nanoparticles,
A, B, and C that are linearly connected; in the ABC HNP, the
B nanoparticle is sandwiched between the A and C nanopar-
ticles. The method for the preparation is highly efficient,
because all of the A-b-B-b-C chains in the solution are
converted into the ABC HNPs. Furthermore, the ABC HNPs
self-assembled into ©@-shaped HNPs tens nm in size. Both the
ABC and ©O-shaped HNPs, are highly complex but highly
regular, and are novel HNPs, and they should be very
promising for addressing various theoretical and practical
problems.

Current and prospective developments in nanoscience and
nanotechnology require nanostructures with not only high
complexity but also high regularity whose fabrications in turn
pose great challenges."! Of the nanostructures, hierarchically
nanostructured polymeric nanoparticles (HNPs) have
attracted much attention in the fields of biological and
medical sciences, physical chemistry, polymer science, and
chemical self-assembly.”! For applications, HNPs are believed
as more versatile platforms than simply structured nano-
particles such as micelles and vesicles, because HNPs can
transport different payloads simultaneously and thus possibly
deliver various agents in a designed stoichiometric ratio.”!
Moreover, HNPs have significant similarities to proteins
because both of them contain multi-nanocompartments, and
are formed by the multi-levelled hierarchical self-assembly
driven by multi-orthogonal interactions. Studies of HNPs are
helpful for deeply understanding formation mechanism of
biological nanostructures and mimicking their structures and
functions. Over past few years, much research has been
carried out on preparing HNPs.?*** Through self-assembly of
multicomponent polymers, many kinds of HNPs, such as
hamburger-like NPs,* spherical and linear multicompart-
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ment micelles,” sub-structured vesicles, cylindrical block
co-micelles® % and bicontinuous micelles”’ have been
reported.”) Among such HNPs, those with narrow-dispersity,
high complexity but high regularity are especially desirable
because they are more ideal mimics of bio-nanostructures,
and the narrow-dispersity allows their further self-assembly
into even more complex but regular nanostructures.”*l
However, these specific HNPs are rarely reported and their
synthesis, particularly for the sub-100 nm ones, remains
a challenge.

Herein, we report highly efficient solution-based prepa-
ration of narrow-disperse ABC three-segment HNPs, a novel
type of HNPs through following a three-level hierarchical
self-assembly processes: 1) Self-assembly of A-b-B-b-C tri-
block copolymers to form mixed shell micelles (MSMs) with
a relatively large and dynamic core formed by the B block
chains and an A/C mixed shell (Figure 1a,b); 2) Intramicel-
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Figure 1. Schematic illustration of the hierarchical self-assembly for
preparing the ABC three-segment HNPs (a—d) and their further self-
assembly into ®-shaped HNPs (e—f). For steps 1-3 see text for details

larly crosslinking the A (or C) chains to convert one MSM
into one Janus NP (Figure 1¢); and 3) Further structural
evolution from the Janus NPs to ABC three-segment HNPs
(Figure 1d). This method for preparing ABC HNPs is highly
efficient because almost all of the A-b-B-b-C chains in the
solution are converted to the ABC HNPs. Furthermore, ABC
HNPs can self-assemble into the HNPs with a ©-like
morphology (Figure 1e,f). Both ABC and ®-like HNPs are
novel HNPs, and are highly complexly but regularly struc-
tured; nanostructures (with a size below 100 nm) with not
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only a high complexity but also a high regularity, although
they are common in nature, are seldom obtained artificially.

A commercially available triblock copolymer polystyr-
ene-block-polybutadiene (1,4-addition) -block-poly(2-vinyl-
pyridine) (PS,4-b-PBy14-b-P2VP,,, (SBV), subscripts repre-
sent the average degrees of polymerization; M/M,=1.06)
was used to prepare the MSMs (Figure 1a,b). N,N-dimethyl-
formamide (DMF) was chosen as the selective solvent for the
P2VP and PS block chains (See S2 in the Supporting
information).”’ In DMF, the Hydrodynamic radius < R, > of
the SBV nanoaggregates measured by dynamic light scatter-
ing (DLS) was 47 nm (Figure 2a, red line), which is much

S-5-V Copolymer
%2/ k Micellization %Cmsslmkmgv QRQ\
" 45'2%"

2 (a) ——in DMF : ©
— after crosslinking sy - 5 ®
5 %
- » @ &
% 1 L2 2 ¥
5
" 2 A
4 @
@
revery rrvr s————vrer » 0.2 pm
1 10 100 1000 10000 2 il mm—
R, (nm) » 3

1

Figure 2. Top: schematic representation of micellization and crosslink-
ing. a) Hydrodynamic radius distributions of SBV in THF (black), the
SBV MSMs formed in DMF (red), and the crosslinked SBV MSMs in
DMF (blue); b) TEM image of SBV MSMs formed in DMF (without
staining); ¢) TEM image of the crosslinked MSMs in DMF (stained by
AgNO,).

larger than that of the SBV single chain in THF (11 nm;
Figure 2a and S2 in SI). Clearer, SBV underwent self-
assembly in DMF to form multi-chain aggregates. The TEM
observations showed that the SBV aggregates were spherical
micelles with a diameter of approximately 42 nm (Figure 2b);
the size determined by TEM was much less than that by DLS,
which can be explained by the contraction of the micelles in
the dried state. According to the GPC-MALLS measure-
ments using DMF as the eluent, the micelles had an M,, of
2.2x10" gmol '. Because the M,, value of the SBV single
chain was 1.11x10’° gmol’l, it was calculated that each
micelle was composed of approximately 200 polymer chains,
which was a reasonable aggregation number of polymer
chains in a block copolymer micelle.!"
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Because DMF is a good solvent for PS and P2VP but
a non-solvent for PB,”''l the SBV micelles formed in DMF
are MSMs with the PB block chains as the core, and the PS
and P2VP block chains are the mixed shell. Compared to the
P2VP block chains, the PS block chains are long, and the PB
core is large, because the PS/P2VP length ratio and PB/P2VP
weight ratio is 3.9/1 and 4.6/1, respectively. Additionally, the
core is dynamic because PB is in a rubber state at room
temperature.

The P2VP block chains in the mixed shell of the SBV
MSMs were crosslinked in DMF by using 1,4-dibromobutane
(DBB) as the crosslinker.’® The < R, > of the crosslinked
MSMs measured by DLS was 44 nm (Figure 2a, blue line),
which is slightly smaller than the < R;, > of the not crosslinked
MSMs (47 nm). The M,, of the crosslinked MSMs measured
by GPC-MALLS using DMF as the eluent was 2.7x
107 gmol ', which is slightly larger than the M, of the not
crosslinked MSMs (2.2x 107 gmol™'). By analyzing the
changes in < R, > and M|, of the MSMs before and after the
crosslinking, it can be concluded that the crosslinking of the
P2VP block chains occurred intramicellarly; the slight
increase in M,, was attributed to the incorporation of the
crosslinker into the MSMs during crosslinking (S3 in SI). It is
conceivable that if there had been considerable intermicellar
crosslinking in the system, then both the < R, > and M, of the
aggregates in the system would have been significantly
increased. The intramicellar crosslinking is understandable
by considering the fact that, in the mixed shell of the MSMs,
the PS/P2VP length ratio is 3.9/1; the protection of the long
PS block chains effectively prevented intermicellar cross-
linking of the P2VP chains, so that the crosslinking of P2VP
occurred intramicellarly. The intramicellar crosslinking is also
consistent with the results reported by Liu and Armes!'? and
Wooley et al.l¥! (S4 in ST).

The intramicellarly crosslinked MSMs (CMSMs) were
observed by TEM. In the TEM images of the CMSMs stained
by AgNO; (S5 in SI),!" all of the CMSMs were narrow-
disperse Janus NPs with a length about 42 nm (Figure 2¢, S6
and S7 in SI); the relatively large difference in the sizes
determined by TEM and DLS can be attributed to the
contraction of the Janus particles in the dried state. The
spherical domain with high contrast was formed by cross-
linked P2VP; the reaction between AgNO; and the N*B,~
(N* represents a quaternized pyridine unit) units led to
formation of AgBr within the crosslinked network and thus
enhanced the contrast of the domain. The domain with low
contrast was composed of PS block chains; the Ag'—n
interaction between the Ag® of AgNO; and the benzene
rings of the PS resulted in contrast enhancement in the PS-
containing domains.!"” The PB core was encapsulated because
the PB block chains were insoluble in the solvent DMF. The
abovementioned facts that the molecular weight and size of
the Janus NPs (the CMSMs) were similar to those of the
precursor MSMs reveal that the conversion from the MSMs
into the Janus NPs (CMSMs) was a one-to-one conversion,
which was realized by intramicellarly crosslinking all of the
P2VP chains in an MSM together into one domain (S6 in SI).
We repeated the one-to-one conversion from the SBV MSMs
into the SBV Janus NPs several times, and the same results
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were obtained (S8 in SI). TEM observations demonstrate that
almost all of the block copolymer in the solution was
converted into the Janus NPs. Therefore, the present study
exhibits a novel, reliable and highly efficient solution-based
method that can be used not only for fabricating ABC three-
segment HNPs (detailed below), but also for preparing Janus
NPs sized tens nm (S9 in SI). It should be mentioned that the
methods that can be used for the solution-based preparation
of Janus NPs with a size of tens of nm are still very limited.!"

The mechanism for conversion from the MSMs into the
Janus NPs is clear. In the present study, the PB core is large
and dynamic, whereas the crosslinkable P2VP block chains in
the shell are relatively short. Therefore, the crosslinked P2VP
block chains cannot form an integrated shell to cover the
entire surface of the core. At the early stage of the intra-
micellar crosslinking, multiple small crosslinked P2VP
domains form in each MSM (S10a in SI). It is significant
that, at the late stage, facilitated by the large and dynamic
core (S10b in SI), the crosslinking forces all of the P2VP
block chains in the mixed shell to aggregate together into one
domain at one side of the core, and at the same time, the not-
crosslinkable PS block chains in the shell are largely excluded
from the crosslinked network. Thus, conversion of one MSM
into one Janus NP was realized.

The method for preparing SBV Janus NPs is different
from the method reported in literature (S9a in SI); strong
interaction (crosslinking) was applied to induce complete
phase separation between the P2VP and the PS block chains
in the mixed shell (S9b in SI). Besides, the SBV Janus NPs
have the following unique structure: in a SBV Janus NP
prepared in the present study, the NP formed by approx-
imately 200 crosslinked P2VP,;, block chains, as one side of
the Janus NP, is grafted only on one side by the same number
of the PB,,4-b-PS,,, diblock chains (Figure 1c; as mentioned
above, an SBV Janus NP (a CMSM) was formed by around
200 SBV triblock copolymer chains). The unique structure
not only makes the Janus NPs different from the other Janus
NPs formed by triblock copolymers (S9c in SI), but also
allows for their further structural evolution into the three-
segment HNPs. After addition of methanol into suspension of
the SBV Janus NPs in DMF (0.5 mgmL™") to the methanol/
DMF volume ratio of 0.30 (S11 in SI), according to TEM and
AFM observations, the SBV Janus NPs were transformed to
the narrow-disperse SBV three-segment HNPs with a length
about 64 nm (S12 in SI). The length observed by TEM was
much less than the size measured by DLS (< R, >=40 nm,
Figure 3a), which can also be accounted for by the contrac-
tion of the particles in the dried state. In the TEM images
(Figure 3¢ and Figure S5), the relatively small high contrast
domain is the crosslinked P2VP domain (the V segment), the
relatively large domain with a high contrast is the PS domain
(the Ssegment), and the low-contrast domain located
between the S and V segments is the PB domain (B segment).
AFM observations also demonstrated that the NPs were SBV
three segment HNPs (Figure 3b and S13a in SI). In the AFM
image of SBV HNPs, it is exhibited that the central PB
segment is thinner than the P2VP and PS segments (S13a in
SI). This phenomenon should result from compression of the
PB segment in the rubber state by the tapping-mode AFM
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Figure 3. a) Hydrodynamic radius distribution of the SBV three-seg-
ment HNPs formed in methanol/DMF (0.30/1.0, v/v). b) AFM and

c) TEM images (without staining) of the SBV three-segment HNPs

formed in methanol/DMF (0.30/1, v/v) mixed solvent.

measurements (S13a,b in SI). Both the TEM observations
(Figure 3¢, Figure S5 and S12) and the DLS results (Fig-
ure 3a) demonstrate that the SBV three-segment HNPs are
narrow-disperse. Clearly, an SBV HNP is a bundle of around
200 orderly arranged PS,,-b-PByo-b-P2VP,,, chains: the
same number (ca. 200) of PS,, PBjy and crosslinked
P2VP,,, block chains in the bundle form the S, B, or
V segments, respectively; in the SBV three-segment HNPs,
the B segment is sandwiched between the S and the V seg-
ments. Therefore, the ABC three-segment HNPs are a novel
type of HNPs. TEM observations confirmed that almost all of
the SBV triblock copolymer used was converted into the SBV
HNPs; the method is highly efficient. The conversion from
random coils of the SBV triblock copolymer in THF into the
SBV three-segment NPs was repeatedly conducted in several
separate batches, and similar results were obtained (Fig-
ure S5).

Significantly, after further adding methanol to the sus-
pension of SBV NPs to increase the methanol/DMF volume
ratio to 0.36/1.0, the HNPs with a ©-like morphology and
a size below 100 nm were obtained (Figure 4c). The forma-
tion mechanism of the ®-shaped HNPs is also clear: the SBV
HNPs dimerized into VBSBV penta-segment HNPs at the
methanol/DMF volume ratio of 0.34/1.0 (Figure 4a,b and
S14a in SI), and then, after the methanol/DMF volume ratio
was further increased to 0.36, VBSBV HNPs changed to the
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Figure 4. TEM (a) and AFM (b) images of the VBSBV HNPs formed at
a methanol/DMF volume ratio of 0.34/1.0; c) TEM image of the ©-like
HNPs formed at a methanol/DMF volume ratio of 0.36/1.0; the inset
at the top left corner of (c) shows the assignment of the domains in

a ©-shaped NP (the TEM images (a) and (c) were acquired without
staining the samples).

®-shaped HNPs (S14b in SI). As indicated by the inset in
Figure 4c, in a ©-shaped HNP, two swollen V domains formed
the shell (the green shell, Figure 4), the S domain (the red
domain) is located at the central area, and the two B domains
(the two yellow domains) are located at the two sides of the
PS domain to form the two compartments in the ©-shaped
HNPs. In the TEM images (without staining) using the copper
grids coated with ultrathin carbon film, the crosslinked P2VP
and PS domains are visible, but the PB domains are invisible.
The ©-shaped HNPs can also be reproduced and with
a relatively narrow size distribution (S15 in SI). We also
crosslinked the PB domains of the ®-shaped HNPs by the
photo-crosslinking reaction (S16 in SI) to stabilize the ©-
shaped HNPs in the medium and enhance the contrast of the
PB domains in the TEM images. As result, the inverse O-
shaped HNPs were observed by TEM, confirming that the ©-
shaped HNPs were formed in the solution (S16 in SI).

In conclusion, we have developed hierarchical self-assem-
bly processes for fabricating ABC three-segment HNPs, and
HNPs with a ®-shaped morphology. Both the ABC HNPs and
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the ®-shaped HNPs are novel HNPs and are highly complexly
but highly regularly nanostructured, which could considerably
expand the morphologies of block-copolymer assemblies.
Moreover, we also demonstrated that in this hierarchical self-
assembly all of the processes can be well-controlled. The
present study could inspire a more in-depth understanding of
the formation mechanism of highly complex but regular
hierarchical nanostructures and their manipulation, and be of
interest in fields including bio and material sciences, meso-
physics, nanotechnology, and polymer physics and chemistry.
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