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The concept of hierarchical bottom-up structuring commonly
encountered in natural materials provides inspiration for the design
of complex artificial materials with advanced functionalities'>.
Natural processes have achieved the orchestration of multicompo-
nent systems across many length scales with very high precision®*,
but man-made self-assemblies still face obstacles in realizing well-
defined hierarchical structures® . In particle-based self-assembly,
the challenge is to program symmetries and periodicities of super-
structures by providing monodisperse building blocks with suitable
shape anisotropy or anisotropic interaction patterns (‘patches’).
Irregularities in particle architecture are intolerable because they
generate defects that amplify throughout the hierarchical levels. For
patchy microscopic hard colloids, this challenge has been approached
by using top-down methods (such as metal shading or microcontact
printing), enabling molecule-like directionality during aggregation'>°.
However, both top-down procedures and particulate systems based
on molecular assembly struggle to fabricate patchy particles con-
trollably in the desired size regime (10-100 nm). Here we introduce
the co-assembly of dynamic patchy nanoparticles—that is, soft patchy
nanoparticles that are intrinsically self-assembled and monodisperse—
as a modular approach for producing well-ordered binary and tern-
ary supracolloidal hierarchical assemblies. We bridge up to three
hierarchical levels by guiding triblock terpolymers (length scale
~10 nm) to form soft patchy nanoparticles (20-50 nm) of different
symmetries that, in combination, co-assemble into substructured,
compartmentalized materials (10 pm) with predictable and tun-
able nanoscale periodicities. We establish how molecular control
over polymer composition programs the building block symmetries
and regulates particle positioning, offering a route to well-ordered
mixed mesostructures of high complexity.

Until now, research on block copolymer self-assembly in solution
focused mostly on multicompartment micelles or the crystallization-
driven formation of compartmentalized structures bridging one hier-
archical level'”". Only a few studies have considered these nanoscale
superstructures to be soft colloidal building blocks (CBBs) that can be
self-assembled on higher levels**~¢. The central challenge remains to
devise patchy CBBs with sufficient precision qualifying as supraparti-
cular tectons; that is, monodisperse in size and modified with defined
repulsive and attractive surface patches providing directional inter-
action patterns”. Equally problematic while operating on the nano-
scale are controlled particle positioning (interparticle forces may exceed
particle size), the general lack of target-oriented and predictable self-
assembly protocols, and convincing visualization of nano-separated mul-
tiphase organic materials. Responsive multiblock copolymers (1-10 nm)
are potential candidates for the versatile bottom-up design (geometry,
patchiness and dimension) of surface-compartmentalized nanoparti-
cles (20-50 nm) with molecular precision (Fig. 1a). The particles them-
selves then transmit the information needed for defined higher-level
co-assembly into mesoscale structures (0.1-10 pm) of controllable size
and periodicity. In contrast with ‘static’, patchy microparticles (hard

spheres)'**”%, these polymer-based nanoparticles are intrinsically self-
assembled, soft and ‘dynamic’, offering the attractive feature of assem-
bly or disassembly on demand—from molecules to CBBs and beyond.
We recently approached the design of such a system by fabricating
near-monodisperse, monovalent and divalent CBBs (‘monomeric units’)
by the self-assembly of ABC triblock terpolymers in selective solvents®.
Shaping building-block geometries and understanding both interpar-
ticle interactions and aggregation behaviour led us to the hypothesis
that the concept of soft nanoparticle self-assembly could be extended to
the rational design of supracolloidal co-assemblies by suitable combi-
nations of building blocks. Mixed particle co-assemblies across mul-
tiple hierarchical levels open a new level of complexity and have yet to
be addressed.

The general design criteria—developed in an experimental approach—
for the guided co-assembly of multiple CBBs with distinct valences are
few and simple, and should be widely applicable to polymer-decorated
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Figure 1 | Preparation and configuration of soft colloidal building blocks
(CBBs). a, Dispersion of ABC triblock terpolymers in a non-solvent for B
yields B-core particles with A/C corona patches. During transfer into a non-
solvent for A and B, these develop into monovalent ABC and divalent

ABCA units with sticky A patches. b, CBBs feature associative (‘sticky’)
polystyrene (S) patches reversibly made solvophobic on demand, chemically
different (inert) polybutadiene (B) or poly(3-butenyl(dodecyl)sulfane) (D) core
material physically holding the CBBs together, and poly(methyl methacrylate)
(M), poly(tert-butyl methacrylate) (T) or poly(2-vinylpyridine) (V) as
solubilizing/repulsive corona varying in polarity and functionality.
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particles (Fig. 1a). One essential requirement is tunable and defined
attractive interaction patterns responsive to solvent quality or other
external stimuli to favour near-monodisperse structures on different
length scales. Modern polymer synthesis provides us with well-defined
block copolymers with a wide range of properties and responses®. We
developed a set of ABC triblock terpolymers into which we pre-encoded
all parameters necessary for sequential, hierarchical assembly (Fig. 1b).
The volume ratio of the core-forming segments, V,/V3, determines
CBB valence, and the total molecular mass, M,,, controls particle size®.
Thus, Vo/Vy > 1 yields monovalent AB€ Janus CBBs with one attract-
ive A patch and one repulsive C patch on opposing sides of the B core
(we use bold lettering to distinguish CBBs from the underlying poly-
mer chains with regular lettering); V4/Vp <1 leads to divalent ABCA
with two attractive A patches on opposing sides of the B core and a
repulsive C patch emanating radially from the B core. The superscript
indicates that the C corona is attached to the B core (Extended Data
Table 1). From here onwards we replace ABC by the actual block
sequences: SBM (polystyrene-b-polybutadiene-b-poly(methyl meth-
acrylate)) and SDM (polystyrene-b-poly(3-butenyl(dodecyl)sulfane)-
b-poly(methyl methacrylate)). Monovalent SB™ and divalent SD™'S CBBs
were prepared separately by self-assembly in N,N-dimethylacetamide
(DMAC), a non-solvent for the middle blocks, B and D (Extended Data
Fig. 1). At this stage the S and M patches are still soluble and not yet
completely phase-separated, and they reorganize dynamically into
fully developed CBBs when the S block is made insoluble. We trigger
this step by changing the solvent to acetone/propan-2-ol (60:40 v/v),
leading to particles with essentially different patch arrangements. SB™
and SD™S thereby act as monomeric units for self-assembly and co-
assembly on the next level (transmission electron microscopy (TEM)
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Figure 2 | Guided co-assembly across multiple hierarchical levels. Level 0:
triblock terpolymers are the basic building blocks. Level 1: self-assembly of
monovalent s-SB™ and divalent SD™S CBBs in dependence on the volume
ratios of the core-forming blocks (intermediate CBBs were captured by
crosslinking; Extended Data Fig, 2). Level 2 self-assembly: s-SB™ forms
spherical (SB™), clusters and SD™S linear [SD™S],, supracolloidal polymer
chains. Level 2 co-assembly: s-SB™ and SD™S with mutually attracting S
patches co-assemble into mixed superstructures stabilized by the common M
corona. (OsO, staining: -S— segments grey, B cores dark grey, -D- segments
black, and M not visible as a result of degradation by the electron beam.)
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images in Fig. 2,1evel 1, and Extended Data Fig. 2). If kept separate, both
units undergo self-assembly into spherical and linear superstructures
to minimize energetically unfavourable S patch/non-solvent interfaces
(Fig. 2,1evel 2 self-assembly), once the solvent quality has been reduced
to a critical threshold for the S patches. Small corona volumes, Vy;,
provide less steric repulsion and promote higher aggregation numbers
of SBM units per spherical (SB™), cluster or, similarly, higher degrees
of polymerization of SD™S units per [SD™S],,, supracolloidal polymer
chain (dimer—oligomer— polymer)>.

Co-assembly requires at least two CBBs differing in size (10-100 nm),
patchiness or chemistry (core/corona). To demonstrate our concept,
we mixed two CBBs differing in all three aspects in DMAc in defined
particle ratios (s-SB™:SD™S = 8:1; Fig. 1 and Extended Data Fig. 2)*"°
(the prefix ‘s’ in s-SBM stands for small). We chose small monovalent
s-SB™ (hydrodynamic radius Ry, = 10 nm) in combination with much
larger divalent SD™S (R;, =~ 50 nm). In DMAG, the core-forming seg-
ments (B and D) are immiscible; the two CBB species therefore do not
exchange terpolymer chains and so evolve independently. As observed
for individual species, changes in solvent quality for the S patch desta-
bilize the SD™S units and induce aggregation into supracolloidal poly-
mer chains with an [SD™S],, sequence. On a similar timescale, the
s-SB™ units start to aggregate, yet instead of spherical clusters (self-
assemblies), they selectively attach to the newly formed free surface of
—-S- segments within [SD™S],,,, thereby decreasing the -S—/non-solvent
interface (Fig. 2, level 2 co-assembly). In the presence of both particles
we observe exclusively co-assembly under these conditions. This is
surprising, because aggregation of both CBBs is driven solely by a weak
non-directional force (solvophobicity) and each CBB is able to form
stable populations of spherical and linear superstructures by them-
selves. Yet the development of [SDMS],, supracolloidal polymer chains
favours the attachment of s-SB™ units to the -S- segments. Therefore,
we associate this phenomenon with a certain level of cooperativity. We
chose s-SB™ units with a particle diameter (dcpp = 19 nm) matching
the width of the -S- segments of SD™S (w = 24 nm) (Extended Data
Fig. 2) and indeed found a defined number of seven to nine s-SB™ units
radially covering the -S- segments, which perfectly reflects the original
mixing ratio. On exceeding the loading capacit&of the —S- segments
(for example s-SBM:SDMS = 35:1), single s-SB™ CBBs or raspberry-
like (s-SB™), self-assemblies locate in the vicinity of the fully decorated
co-assemblies (Extended Data Fig. 3).

Besides suitable particle ratios, the timescales of aggregation during
solvent exchange have to correlate to facilitate proper co-assembly.
Because the corona volume of the s-SB™ units affects the critical solvent
composition needed for aggregation, we used terpolymers with differ-
ent lengths of the M block (y stands for s (small), m (medium) or 1
(large) in Extended Data Table 1 and Extended Data Figs 4 and 5).
Divalent SD™S CBBs self-assemble under solvent conditions in which
most s-SBM?” prevail as ‘monomeric’ units. Stability against aggrega-
tion is best for s-SB™® with the largest M corona. Whereas s-SB™™
leads to simultaneous co-assembly, s-SB™® shows a slight delay. However,
in both cases about eight units decorate the -S- segments, pointing toa
robust process with sufficient dynamics for rearrangements. However,
particles with too short a corona, for example s-SB™, are unstable
before SD™S polymerization, and lateral decoration is absent. Instead,
fully developed spherical (s-SB™ ) clusters are incorporated into the
linear [SD™S],, superstructure during the step-growth polymerization
of SDMS (Extended Data Fig. 4).

The overall particle size, x-SB™, of the CBBs (x stands for s (small),
m (medium) or 1 (large)) markedly affects the number of particles
attached to each —S- segment of the [SD™S],,, supracolloidal polymer
chains (Fig. 3 and Extended Data Fig. 6). The particle diameter of
s-SB™ units, dcpp = 19 nm, allows the incorporation of eight particles
on average, also slightly enlarging the width of the -S- segments from
w = 24nm to w ~ 30 nm (Figs 2 and 3a). Larger CBBs such as m-SB™
(dcpp = 35 nm) require more space; only one particle is therefore able
to attach to each -S- segment (Fig. 3b). As a result of their size and the
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Figure 3 | Size-selective attachment and control of supracolloidal polymer
chain length. a, The -S— segments accommodate seven to nine s-SB™ units.
b, Larger m-SB™ units fit only once and induce strong kinks. ¢, 1-SB™ units are
too large for lateral decoration and instead act as selective end-cappers.

d, e, Length control of supracolloidal polymer chains by the mixing of 100
(d) and 10 (e) SD™S units per two 1-SBM end-cappers (Extended Data Fig. 7).
Inset shows [SD™S],,, nanostructure. f, Polydispersity indices (PDI; top) and
linear dependence of SD™S repeating units on the mixing ratio (bottom).

accompanied volume displacement inside the —S— segments, m-SB™
units induce strong kinks altering the flexibility and linearity of the co-
assembly, which could potentially influence the rheological character-
istics and colloidal chain packing. 1-SB™ and units substantially
exceeding the width of the -S- segments (dcpp = 47 nm) are too large
for lateral decoration and specifically locate on terminal positions
(Fig. 3¢). The relative sizes of the monovalent units and the -S— segment
of the divalent units govern the location and loading capacity, whereas
the size of the stabilizing M patch determines the timescales and extent
of co-assembly.

Selective end-capping provides an attractive handle to control the
length of the [SD'S],,, supracolloidal polymer chains. Adding 1-SB™
‘stoppers’ in specific ratios also allows end-functionalization with chemi-
cally different CBBs. Without any end-capper, the SD™S units grow
into extended structures in the region of 30 pm long (more than 600
repeating units; Extended Data Fig. 7), reaching scales visible by optical
microscopy (Extended Data Fig. 6). Figure 3d-f summarizes the depen-
dence of the length distribution of the co-assemblies on the mixing
ratio SD™S:1-SBM (Extended Data Fig.7). The decrease in mean length
is evident when comparing the TEM images in Fig. 3d, e, which show
mixing ratios of 100:2 and 10:2. Stoichiometric control as known from
step-growth polymerizations is corroborated by the linear dependence
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of the average degree of polymerization on the mixing ratio (Fig. 3f).
The deviation from the theoretical values (dashed line) is caused by
residual ‘defects’ in the CBBs, because we find a small proportion (less
than 1%) of trivalent S;D™ CBBs that induce branchin%.AMatching
patch sizes of CBBs and low corona volumes of the SB™ units are
decisive in efficient end-capping: the first effectively prevents the addi-
tion of SD™S monomeric units and the latter causes the SB™ units to
interfere directly with SD™S polymerization. Both factors can be pro-
grammed molecularly into the SB™ units by variation of the total mole-
cular mass (particle size) and the fraction of M (onset of aggregation).

Controlled mixing of different CBBs permits the rational design and
precise implementation of functionalities within the core and/or cor-
ona of the co-assemblies (Fig. 4). We prepare hybrid materials by
selectively encapsulating 10-nm maghemite nanoparticles within the
-D- segments of SD™S CBBs on hierarchy level 1 (Fig. 4a). Selective
and reversible loading yields a unique advantage compared with top-
down approaches that require the synthesis of tailored colloids. The
preloaded CBBs then polymerize further to linear chains with altern-
ating D-loaded/S-empty compartments. Nanoparticles with tailored
affinities for other phases may allow the preparation of bar-coded
distributions, and magnetically responsive co-assemblies may serve
as advanced viscosity modifiers or may act as deterministic carrier
systems. We also generated co-assemblies comprising five different
environments (three core/two corona compartments; Fig. 4b) by mix-
ing SD™S with SB” (T = poly(t-butyl methacrylate)), which leads to
the already established [SDS],, core sequence, yet now with a seg-
mented M/T corona. In principle, such structures allow us to control
the positioning of nanoparticles along the co-assemblies or to imple-
ment predefined responsive folding sites. At this point we emphasize
enhanced superstructure stability, because the pristine [SDS],,, imme-
diati}ly precipitates in ethanol (non-solvent for M) and the SB'/
[SD™S],,, co-assemblies remain stable (Extended Data Fig. 8).

We extended this approach and designed multiblock co-assemblies
by combining two divalent units, SD™S and SB™S (Fig. 4c). Here, several
short segments of [SDMS],, or [SBMS],, sequences are coupled into multi-
block co-assemblies. We suggest that the homogeneity and sequence
distribution depend on how synchronized self-assembly and co-assembly
occur and that deeper kinetic studies will eventually enable control over
the sequence length. In an analogy with polymer architectures, we fab-
ricated telechelic oligomers with terminal functional groups by end-
capping [SD™S],, oligomers with SBY (V = poly(2-vinylpyridine);
Fig. 4d). The number-average length of the telechelics scales with the
mixing ratio SD™S:SBY. The V corona is clearly visible as grey end-cap
by TEM (Fig. 4d, central inset). Protonation of the V corona with HCI
causes solvophobic attraction and triggers aggregation of the V-termini
into extended subdivided superstructures. We emphasize that this
process is fully reversible and that it corresponds to a step-growth
polymerization on two levels: first for the individual SD™S units,
and then chain extension of the telomerized ‘macromonomers’. Com-
bining selective end-capping and lateral decoration yields ternary
structures. The addition of SB™ units to the SBY-[SD™S],,-SBY tele-
chelic oligomers does indeed lead to the decoration of the -S- segments
and a final composition of SB™:SD™S:SBY = 10:10:2.

Finally, we bridge three hierarchical levels by co-assembly of SB™
and SD"S building blocks into end-capped colloidal molecules with
the composition (SBM)5-[SD'S],-(SBM),, (where the number of end-
caps N = 1-5). The CBB mixing ratio determines the number of end-
cappers; for example, SBM:SDTS = 2:1 gives (SB™),-[SDTS],-(SBM),.
These co-assemblies self-assemble spontaneously into triangles and
further into two-dimensional networks when cast onto substrates, a
necessary two-dimensional confinement tool>*°, and the number of
end-caps (SBM) directs the number of nearest neighbours at the net-
work linkages (Fig. 4e). The self-assembly of these colloidal molecules
is directed by the M/T corona patches that change their volume on
solvent evaporation and develop into attractive M and repelling T
patches. For N =1 or 2 the end-cap size allows three or four nearest

14 NOVEMBER 2013 | VOL 503 | NATURE | 249

©2013 Macmillan Publishers Limited. All rights reserved



LETTER

{(SBM)-[SDTS]-(SB)},

d ’\%%4\ Inert corona @ o @
RIS v ' &
. r\gﬂ) > ("
" @REEEELED
&
L HCI Y Responsive ¥ +SBM

end-caps -

End-to-end

addition
/ . »

)

L

SBM

Figure 4 | Binary and ternary co-assemblies. a, Hybrid co-assemblies with
magnetite nanoparticles selectively loaded into one core segment. b, Core and
corona co-assemblies. The [SD™S],,, superstructure is decorated with

SB” CBBs, yielding an alternating M/T corona. ¢, Linear multiblock co-
assembly composed of [SDMS],,/[SBMS],, sequences (M corona omitted for
clarity). d, SB” end-cappers produce telechelic [SD™S],, oligomers (grey V

neighbours, {SBM—SDTS—SBM}4,5, whereas for N= 3-5 there is only
space for two nearest neighbours and the networks show the onset of
distorted kagome lattice formation (Extended Data Fig. 9).

These hierarchical multicomponent superstructures demonstrate
the level of complexity reached through the controlled co-assembly
of soft patchy nanoparticles and is in stark contrast to the self-assembly
of increasingly complex building blocks (shape and surface pattern).
Using proper interacting segments, a wide range of building block
combinations is conceivable, from biological origin to inorganic and
organic nanoparticles and microparticles. Various self-assembly stimuli
can conveniently be implemented by means of functional polymer
blocks, for example supramolecular interactions, chemical reactions
and environmental triggers (solvent polarity, pH, temperature, light or
electrochemistry). Co-assembly opens up avenues to construct new
materials, also far from thermodynamic equilibrium, through the tai-
lored spatial organization of functionalities and the control of kinetics.
We foresee application possibilities in smart materials, sensing, photo-
nics and nanolithography.

METHODS SUMMARY

Relevant parameters of SBM, SBV and SBT triblock terpolymers are summarized
in Fig. 1 and Extended Data Table 1. SBM and SBT were converted to SDM and
SDT by thiol-ene click reaction of 1-dodecane thiol to the poly(1,2-butadiene)
block. All CBBs were prepared in DMAc at a polymer concentration of 0.1 g1~
and annealed overnight at 70 °C. Particle dispersions were mixed in specific par-
ticle ratios and 10 ml of solution was co-dialysed (molecular mass cut-off 12,000~
14,000gm01_1; Roth) against 51 of selective solvent or solvent mixture for the
corona block (acetone/propan-2-ol for M and V; ethanol for T corona). The
solvent exchange was monitored by "H-NMR. TEM was performed in bright-field
mode on Zeiss CEM 902 and 922 OMEGA electron microscopes operated at 80 kV
and 200 kV, respectively. Co-assemblies were deposited by drop-casting (0.05 ml
of 0.1 mgml ™" dispersion) onto carbon-coated copper grids resting on a filter
paper to blot excess solution immediately. Samples were exposed to OsO, vapour
for 2 h to stain the polybutadiene blocks selectively.
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corona surrounding the SBY end-cap in inset). Protonation with HCI triggers
further polymerization, and decoration with SB™ units yields ternary co-
assemblies. e, Multicomponent structuring across three hierarchical levels. In
solution, the terpolymers self-assemble into CBBs that co-assemble into
colloidal molecules; these finally self-assemble into networks after drop-casting
on a substrate.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Particle preparation. All terpolymers were synthesized by sequential anionic
polymerization® . Important parameters are summarized in Fig. 1 and Extended
Data Tables 1. All solvents used were of analytical grade. Dialysis tubes of regen-
erated cellulose with a molecular mass cut-off of 12,000-14,000 gmol ' were
purchased from Roth. Oleic acid-stabilized maghemite nanoparticles were synthe-
sized as described elsewhere®. Both polymers, SBM and SBT, were converted to
SDM and SDT, respectively, by means of a thiol-ene click reaction of 1-dodecane
thiol with the pendant double bonds of poly(1,2-butadiene). In a typical experi-
ment, terpolymer (0.5g) was dissolved in 20ml of tetrahydrofuran; 20 ml of
1-dodecane thiol were added and the solution was purged for 15 min with argon.
The mixture was irradiated for 24 h with an ultraviolet lamp with a cut-off filter
(4 =300nm; Apax = 360nm). After the reaction, the modified terpolymer was
precipitated in propan-2-ol, filtered, and washed with excess propan-2-ol to remove
remaining 1-dodecane thiol. SBM, SDM, SBT, SDT and SBV triblock terpolymers
were dissolved separately in DMAc at an initial polymer concentration of 0.1 g1™"
and annealed overnight at 70 °C to guarantee an equilibrated system. At this stage
of self-assembly the corona patches were not yet fully developed. To reveal the
patches in the developed state (Extended Data Fig. 2), the CBBs were crosslinked
while located within the respective superstructure. Therefore, 2 equivalents of the
photo-crosslinker 2,4,6-trimethylbenzoyldiphenylphosphineoxide (Lucirin TPO;
/max = 360 nm), were added to each double bond. Gentle stirring for 2 h ensured
a homogeneous distribution of the photo-crosslinker before the samples were
irradiated for 1 h with an ultraviolet lamp with a cut-off filter (4 = 300 nm). Re-
dispersion in DMACc as a good solvent for the patches then broke up the super-
structures into the respective CBBs.

Self-assembly and co-assembly. CBB solutions (0.1 gl~" in DMAc) were mixed
in specific particle ratios to yield 10 ml of a colloidal mixture and co-dialysed against
51 of selective solvent/solvent mixture for the corona block (acetone/propan-2-ol
for the M corona and V corona block, and ethanol for the T-corona block). The
solvent exchange was monitored by "H-NMR. TEM was performed in bright-field
mode on Zeiss CEM 902 and LEO 922 OMEGA electron microscopes operated at
80KkV and 200 kV, respectively. Samples were prepared by dropping 0.05ml of a
0.1 mgml ™" colloidal suspension onto carbon coated copper grids resting on a
filter paper to remove the excess solution immediately. The two-dimensional net-
works were prepared similarly, except from 0.01 g1~" colloidal suspension that was
allowed to settle on the TEM grid for 30 s before blotting. TEM grids were then
exposed for 2 h to OsO,4 vapour to stain the polybutadiene block selectively. The
number of polymer chains in each CBB was determined, evaluating at least 250
cores. The average degree of polymerization of each [SD™S],,, colloidal polymer
was determined by counting the black segments of 500 colloidal polymers and
plotted as frequency distribution.

Correlating co-assembly with onsets of aggregation. We used a CBB ratio of
s-SBM»):SDMS = 8:1 for all experiments to ensure that enough monovalent CBBs
were present for full decoration of the -S— segments. SD™S was co-dialysed with
three different s-SBM®” units with varying volume of the corona, M(y) (y stands for
s (small), m (medium) or I (large)). The dialysis sequence was from DMAc into
acetone/propan-2-ol mixtures. Greater amounts of propan-2-ol led to a contrac-
tion of the M corona. SD™S forms extended superstructures irrespective of the
propan-2-ol content (also in pure acetone). s-SBM® CBBs with a large relative
volume fraction of the soluble M corona of ry; = 0.74 (where ry = V/(Vs + V3))
do not co-assemble at low propan-2-ol contents (less than 20 vol%) and are only
located in the vicinity of polymerized SD™S (Extended Data Fig. 4). The long
corona blocks provide steric stabilization by fully covering the CBB. At high

propan-2-ol contents (30 vol%), partial co-assembly is observed and quantitative
co-assembly only at 40 vol% as a result of progressive contraction of the M corona.
Because the SD™S units are already fully polymerized, decoration does not inter-
fere with the growth process (no premature end-capping). s-SB™™ CBBs with
v = 0.34 carry a corona block of moderate length and show partial to quantitative
co-assembly over the whole range of solvent mixtures, indicating only a slight
difference in onset of aggregation between SD™S and s-SBM™, s-SB™) CBBs
with the shortest corona block, ry = 0.15, show no co-assembly in either of the
solvent compositions: at a propan-2-ol content of only 10 vol% the corona shows
insufficient stabilization for the s-SB™ CBBs, and aggregation into spherical
(s-SBM®)_. clusters occurs before polymerization of SDMS. The SDMS units still
polymerize through these spherical clusters, resulting in randomly distributed
bulbs of (s-SBM®), clusters along the [SD™S],, chain.

Calculation of polymer chains in each particle and compartment volumes.
Because CBBs form dynamically during the self-assembly of triblock terpolymers,
one needs to know how many polymer chains are located within one CBB to be
able to mix CBBs in the desired ratios for the co-assembly process. We determined
the average core diameter of each CBB by TEM (averaged over 250 samples) to
calculate the aggregation number of triblock terpolymer chains, Ny, in each CBB.
This evaluation is exemplified on monovalent spherical s-SB™ and divalent, cylin-
drical SD™S cores (Extended Data Fig. 2). N,,, was then calculated from

agg
N — Meore _ NApB
3¢ ™ _ chain ~ ' '€ 3 rchain
mg Mg

with Veore =4/3(nR3

core

) for spherical SBM and Ve =wnR2 , for cylindrical
chain

SDMS; #1core is the mass of the micellar core, m§*" is the mass of the middle
block, Mg is the molecular mass of the middle block, N, is Avogadro’s constant
and pg is the density of the middle block. We found that this approach yields a
good correlation between the ratio of triblock terpolymers and the final composi-
tion of CBBs in the co-assemblies. We can calculate the diameter of SB™ units
combining the calculated volume for the B compartments, Vg, from N, with the
volume ratio Vg/Vp. The diameter of spherical CBBs, dcgg, is then given by

dcps=2 V+1V i%
CBB = sty Ve )

The volume and surface area of the cylindrical -S- segments are simply deter-
mined from TEM data; that is, directly from the colloidal co-assembly as width (w)
and height = diameter (d).

31. Auschra, C. & Stadler, R. Synthesis of block copolymers with poly(methyl
methacrylate): P(B-b-MMA), P(EB-b-MMA), P(S-b-B-b-MMA) and P(S-b-EB-b-
MMA). Polym. Bull. 30, 257-264 (1993).

32. Giebeler, E. & Stadler, R. ABC triblock polyampholytes containing a neutral
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collapse and co-assembly via

SB + SDS type CBBs S-patches of SB and SDS CBBs
patchy ;
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mixing of W non-solvent
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and corona of M
Extended Data Figure 1 | Experimental approach to prepare colloidal co- mixed in specific ratios and stirred overnight to ensure homogeneous
assemblies exemplified on s-SB™ and SD™S. a, First, the triblock terpolymers  distribution. ¢, Co-dialysis into a non-solvent for the S patches induces collapse
are dispersed separately in DMAc as a non-solvent for B and D, equalling and aggregation. SD™S grows into extended linear colloidal polymers
bottom-up structuring of CBBs with different cores (B and D), yet identical decorated by s-SB™ units (M corona omitted for clarity). d, Final colloidal
‘sticky’ S patch and stabilizing M corona. b, Both colloidal dispersions are co-assemblies stabilized by the common M corona.
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s

Veee=Vs+0.5(Vg)

Extended Data Figure 2 | Compartment sizes, polymer chains per CBB and
CBB mixing ratios. a, SBM with V¢/Vy = 1.70 and SDM with Vs/Vp = 0.68
result in b, monovalent SB™ (Janus) and divalent SDMS units, respectively.
CBBs are visualized after crosslinking of the remaining double bonds within the
particle cores. ¢, Examples of spherical SB™ clusters and linear SD™S colloidal
polymers. d, Diagrams of CBB compartment volumes and surface area of
associative patches. We determine the number of SB™ units able to attach to the
-S- segments of the SD™S colloidal polymers by calculating the volume and the
diameter of the CBBs, assuming a spherical shape of B and S phases and
considering the number of polymer chains per patch. The spherical SB™ units
are composed of (i) the body as the sum of the collapsed S patch (grey) and B
core (black) and (ii) the M corona patch. The radius, Rcpp, and the volume,
Vg, displaced by the CBB when aggregating into the -S— segments are
estimated by combining the volume of S plus half of the volume of B (the dashed
line marks Rcpp). These assumptions are valid for the collapsed state, given the
unfavourable interactions with the surrounding medium and the minimization
of the interfacial energies.
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Extended Data Figure 3 | Loading capacity for decoration with spherical
CBBs during co-assembly. SD™S and s-SB™ colloidal co-assemblies with
increasing mixing ratios 2:1, 4:1, 8:1 and 35:1 of s-SB™:SD™S and
corresponding co-assembly composition. a, At small excess,

s-SBM:SDMS = 2:1, the -S— segments are only partly decorated. b, ¢, With
increasing CBB ratio, the -S— segments of the colloidal polymers are more
strongly occupied (4:1) (b) and at full capacity in a radial manner (8:1)

(). d, Above this ratio, no space remains on the colloidal polymer and only then
does s-SB™ start to form homo-clusters (35:1; football-like or raspberry-like
homo-clusters adjacent to the colloidal co-assemblies). These observations fit
well with our calculations, as a cylinder with d_s_ =~ 55 nm and w =~ 24 nm can
accommodate up to nine s-SBM units with degg = 19 nm (nd ;. = 173 nmy;
173nm/19 nm = 9.1). Scale bars in insets are 200 nm (OsOy staining: S grey,
B dark grey dots, D black, and M not visible as a result of degradation by the
electron beam.)
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Corona Volume: Solvent

large
corona

™=0.74

Corona Volume: Relative Block Length
™M =0.34

™M=0.15

small
corona

Extended Data Figure 4 | Co-assembly of s-SB™* and SD™S in dependence
on the corona volume of the monovalent s-SBM units (ystands for s, m orl).
Colloidal co-assembly occurs preferentially with matching onsets of aggregation
that depend on the corona volume, which is tunable either by decreasing the
block length of the corona block, ry = Vai/(Vs + Vi), ru(s-SBMY) = 0.74,
ra(s-SBM™) = 0.34, r0,(s-SBM®) = 0.15, or by reducing the solvent quality,

10% i-PrOH 20% i-PrOH

30% i-PrOH corona

rOH

here the addition of propan-2-ol from 10vol% to 40 vol%. Thereby, crosses
indicate no co-assembly, circles the onset of co-assembly and tick marks
effective and quantitative co-assembly. For detailed discussion see Methods.
(OsOQy staining: S grey, B dark grey dots, D black, and M not visible as a result of
degradation by the electron beam.)
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a Solvent quality worsens for S and M
S precipitates and M corona contracts
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Extended Data Figure 5 | Timeline of CBB aggregation and response of at specific intervals during dialysis to determine the solvent composition.
CBB constituents on solvent composition. a, Co-dialysis of CBBs (here b, TEM series exemplifying the timeline of aggregation on s-SB™® and

SD™S and s-SB™?) from DMAc (squares) into acetone (circles)/propan-2-ol ~ SD™S. Up to 30 min, S corona collapses to form S patches, yet both CBBs are
(triangles) mixtures (60:40 v/v) results in a continuous change of a multitude of  still stable due to stabilizing corona; after 30 min, SD™S (smaller M corona)

polymer—polymer interactions as well as polymer block responses to the aggregate; after 45 min, aggregation of SD™S proceeds, while s-SBM® is still
ternary solvent mixture. With progressing dialysis, DMAc is replaced by stable (larger M corona, no co-assembly); at 60 min, s-SB™? aggregates and co-
acetone/propan-2-ol, affecting the solubility of S/M corona patches. This assembly takes place; up to 90 min, co-assembly is complete. (OsO, staining:

induces the collapse into S patches and determines the onset of aggregation. S grey, B dark grey dots, D black, and M not visible as a result of degradation by
Time-dependent "H-NMR measurements were performed by drawing samples  the electron beam.)
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s-SBM/SDMs

Q-

Co-assembly of ABA
with AB CBBs

I-SBM/SDMs

SR

Extended Data Figure 6 | Supporting images of colloidal co-assemblies
composed of SD™S and s-SBM, m-SB™ and 1-SB™. a, Optical microscopy
image of colloidal co-assemblies 30 pm in length. b, ¢, TEM images of fully
decorated -S- segments with s-SBM.d, e, Larger m-SBM units induce kinks due
to lateral, alternating decoration and high volume displacement within the

-S- segments. f, Zoom-out of rod-like colloidal oligomers end-capped with
1-SB™. g, Magnification of f. h, The smallest possible co-assembly with
[SDMS],; that is, two end-caps attached to one SD™S unit. (0sO, staining:

S grey, B dark grey dots, D black, and M not visible as a result of degradation
by the electron beam.)
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Extended Data Fiﬁure 7 | Length control of colloidal polymers via end-
capping with 1-SB™. a, Without any 1-SB™ end-capper added, the SD™S units
grow into remarkably extended superstructures several micrometres in length,
exceeding 500-600 SD™S repeating units. The inset illustrates the segmented
core and some occurrence of branching. The displayed image consists of an
overlay of nine separate TEM images, because the superstructure was far too
large for magnifications that were still able to resolve the nanostructure. The
dashed box marks the part of the colloidal polymer that is shown in Fig. 3d.
b, TEM images and frequency distributions (red bars) of 500 evaluated colloidal
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polymers for varying SD™S to 1-SB™ mixing ratios of 40:2, 20:2, 10:2 and 5:2.
Scale bars, 5 um. We count segments and multiply the resulting average value
by the average segment length, L, = 55 nm, to yield the average length of the co-
assembly. Data are plotted against the normalized frequency and fitted by a
Schulz-Flory frequency distribution (squares), F(L) = exp(—L/L,)/Ly,,
showing a continuous decrease in the average length coinciding with the mixing
ratio. The similar timescales of onset of aggregation combined with matching
sizes of CBBs both promote efficient end-capping.
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Extended Data Figure 8 | Stability of [SD™S],, colloidal polymer versus [SDMS],,, colloidal homopolymer as a result of complete collapse of the M
SB”/[SDMS],,, co-assembly in polar solvents. Photograph of two colloidal corona. Right: the SB”/[SDMS],,, colloidal co-assembly is stabilized by the
solutions after dialysis into ethanol. Left: instant precipitation of the soluble T corona patches. Precipitation is not observed even after weeks.

©2013 Macmillan Publishers Limited. All rights reserved



Extended Data Figure 9 | Colloidal molecules and two-dimensional
network formation. a, Co-assembly of four SB™ with one SD*S CBB by means
of collapsing S patches in acetone/propan-2-ol (60:40 v/v) yields colloidal
molecules with one or two end-caps of the (SBM),-(SDTS)-(SBM), type,
permitting three or four nearest nei%;lbours at every linking point in large-area
networks. b, Co-assembly of six SB™ with one SD"S CBB by means of
collapsing S patches in acetone/propan-2-ol (60:40 v/v) yields colloidal
molecules of the (SB™);-(SD™S)-(SBM), type. ¢, Addition of propan-2-ol until
acetone/propan-2-ol reached 20:80 (v/v) selectively collapses the terminal M
corona, allowing two nearest neighbours at every linking point of the network
in solution. On some occasions the network takes on the form of a distorted
kagome lattice.
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Extended Data Table 1 | Characteristics of triblock terpolymers and CBBs

CBB  Triblock Vie o, __ Ve '+ doss®  Recon! A Nt Vs
Code’  Terpolymert v, ¢ V,+V, [nm] [nm]  [x10% nm?] 9 [x103nm?]
ABCA CBBs

SDVS SseoDssoMs40’95  0.37 0.33 55x24 55x30 71.2 370 26.3

SD'S Ss10Ds40Ta602%®  0.36 0.44 60x30 57x38 96.1 385 34.6

SBMS Sse0B2rooMss0265  0.38 0.25 100x31  100x50 394.0 2300 149.7

s-ABC) CBBs of similar size, yet decreasing corona length (1), (m), (s)

s-SBM0 S310B150M34074 3.57 0.74 19 5+2 0.5 40 1.9

s-SBM(m) Ss10B2s0M260%° 4.20 0.34 28 712 1.4 60 5.9

s-SBM(s) S700B270M1801%% 4.50 0.15 29 T2 1.4 57 6.3
x-ABC¢ CBBs of different overall size s-, m-, I-.

s-SBM S310B150M34074 3.57 0.74 19 512 0.5 40 1.9

m-SBM Sse0BssoMsan’43 1.78 0.88 35 11x2 56 140 9.9

I-SBV Se10BsaoMze0™¥0  1.72 0.26 47 152 14.1 260 24.3
AB CBBs with different nature of the corona

SBT S510Bs40Tas0'55 1.70 0.45 28 912 3.1 60 5.2

SBY S360B3s0Vs5e0120 1.67 0.95 22 T2 1.4 54 2.4

*The syntheses and characterization of SBM, SBV and SBT triblock terpolymers were reported in detail previously**-. Superscripts denote the size of the soluble corona patches in relation to the other CBBs: s,
small; m, medium; |, large.

+ Subscripts denote the degrees of polymerization of the corresponding blocks, and the superscript is the molecular mass in kg mol ! determined with combined *H-NMR and GPC (polydispersity index < 1.15)
measurements.

i Volume fractions V, Vg and Vi were calculated from molar volumes and degrees of polymerization.

§ For calculations see Methods. The diameter (d) and width (w) of cylindrical segments of AB®A units and (ABCA), segments are average values from TEM image analysis.

| | Average of 250 measured particle core radii in TEM image analysis.

Y/Particle core volumes calculated from measured core radii.

#Average aggregation number of polymer chains per particle.

vrCalculated by applying the relation Vs/Vg.
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