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ABSTRACT: Highly anisometric nanoparticles have distinctive mechanical, electrical, and thermal properties and
are therefore appealing candidates for use as self-assembly
building blocks. Here, we demonstrate that ultra-anisometric nanoplates, which have a nanoscale thickness but a
micrometer-scale edge length, oﬀer many material design
capabilities. In particular, we show that these nanoplates
“copolymerize” in a predictable way with patchy spheres
(Janus and triblock particles) into one- and two-dimensional structures with tunable architectural properties. We
ﬁnd that, on the pathway to these structures, nanoplates
assemble into chains following the kinetics of molecular step-growth polymerization. In the same mechanistic framework,
patchy spheres control the size distribution and morphology of assembled structures, by behaving as monofunctional chain
stoppers or multifunctional branch points during nanoplate polymerization. In addition, both the lattice constant and the
stiﬀness of the nanoplate assemblies can be manipulated after assembly. We see highly anisometric nanoplates as one
representative of a broader class of dual length-scale nanoparticles, with the potential to enrich the library of structures and
properties available to the nanoparticle self-assembly toolbox.
KEYWORDS: ultra-anisometric nanoplates, patchy spheres, self-assembly dynamics, colloidal step-growth polymerization,
adaptive materials, chain stiﬀness
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Here, we present material engineering capabilities oﬀered by
anisometry in a diﬀerent but similarly intriguing context: the
self-assembly of ultra-anisometric silver nanoplates. For
example, as is the case for nanoparticle systems in general,
these nanoplates have one dimension which is comparable to
the range of interparticle interactions14,15 (for example, a typical
thickness of ∼30 nm). Thus, a balance between van der Waals
attraction and electrostatic repulsion leads to assembly with
“loose” packing16 (Figures 1 and S1). Such loose packing allows
one to tune properties like the size and lattice constant of
assembled structureswhich are parameters relevant to
plasmonic coupling applications17−20simply by adjusting
the ionic strength of the surrounding solution. At the same
time, these anisometric nanoplates have a micrometer-scale
edge length. This characteristic facilitates imaging the nanoplate
self-assembly trajectory not only in situ and starting from the
level of single nanoparticles but also in a straightforward way:
using optical microscopy. Typically, imaging the solution-phase
self-assembly dynamics of nanoparticles which are nanoscopic
in all dimensions is not as simple.16,21 We take advantage of the

iological systems often employ nanoscale building
blocks with strictly controlled chemistry or intricate
surface patterning to engineer self-assembled structures
with unique properties and adaptive functional behavior from
the bottom-up.1−4 However, not all of the tricks up nature’s
sleeve hinge on such sophisticated strategies; there are
sometimes far simpler ways in which living systems will exploit
features of a self-assembly building block to “build in” a
particular set of desired properties. One such feature is
anisometry. Consider, for example, the ﬁbrous protein collagen.
The staggered arrangement of highly anisometric tropocollagen
units within this protein ultimately allows collagen to undergo
multiple modes of tensile deformation and thereby exhibit
exceptional elastic energy absorption.5,6 Even though many
individual tropocollagen units are required to form this
functional staggered array, by choosing a highly anisometric
building block (i.e., one that is both very thin and very long),
collagen can do so without completely compromising bending
ﬂexibility in the ﬁnal structure. Similarly remarkable properties
enabled by anisometry can be found in synthetic nanoﬁber
assemblies, as well; in carbon nanotube7−10 and ultrathin metal
nanowire10−13 systems, a high degree of anisometry engenders
not just superlative mechanical behavior but also remarkable
electrical and optical properties in assembled structures.
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(SAED) patterns and atomic force microscopy (AFM)
measurements conﬁrm that the nanoplates synthesized are
single crystalline and have smooth surfaces (Figure S1).
Nanoplates behave as bifunctional monomers and “polymerize” into 1D chains upon the addition of sodium chloride
(Figure 2A and Movie S1), which screens the electrostatic

Figure 1. Self-assembly of anisometric silver nanoplates and their
co-assembly with patchy spheres. (Top) Well-dispersed nanoplates
and a zoomed-in view showing typical nanoplate dimensions and
the negatively charged carboxylate−thiol surface ligands (not to
scale). (Bottom) Left: Schematic and an optical microscopy image
of a ﬂuctuating 1D chain assembled from nanoplates. The skeleton
overlaid with the optical microscopy image is color-coded
according to the extent of transverse displacement. The unit of
the color bar is the pixel size (1/58.04 nm). Right: Schematics and
optical microscopy images of chain bond motifs with Janus and
triblock particles. The blue shading highlights the area of net
attraction. Scale bars: 2 μm.

real-time particle trajectories resolved by optical microscopy to
show that nanoplates assemble via a mechanism fundamentally
analogous to molecular step-growth polymerization22 and also
to quantify how ionic strength tunes chain stiﬀness and
ﬂuctuation dynamics.23−28 The micrometer-scale dimension of
the nanoplates also enables controlled “copolymerization” with
micrometer-sized patchy spheres.29,30 With respect to nanoplates, these patchy colloids have a functionality (i.e., number of
“binding” sites) dictated by the solution ionic strength (Figure
1) and therefore behave as monofunctional “stoppers” or
multifunctional “linkers” in nanoplate polymerization. This
additional degree of control over interparticle interactions
grants access to more diverse bonding motifs and a wide variety
of open structures beyond simple one-dimensional (1D)
chains. Reconﬁgurable assemblies which are formed include
ﬂexible pores that contract on command, potentially relevant to
caging or ﬁltration applications,31−34 and other two-dimensional (2D) networks with many possible connectivities.

Figure 2. Assembly of 1D chains follows step-growth “polymerization”. (A) Optical microscopy image of 1D chains assembled
from concentrated nanoplates (edge length of the large assembling
nanoplates = 1.44 ± 0.26 μm, thickness = 29 ± 4 nm; see Figure
S1). Ionic strength = 1.4 mM. The inset is a 2D fast Fourier
transform of the same image indicating nematic phase-like
alignment. Scale bar: 5 μm. (B) Small-angle X-ray scattering
(SAXS) spectra of the chains in 1.4 mM (green) and 3.0 mM (blue)
ionic strength conditions, with arrows indicating peak positions.
Right inset: representative 2D scattering image from SAXS. Left
inset: schematic of an assembled chain with center-to-center
spacing d and chain length L labeled (not to scale). (C) Numberaverage degree of polymerization X̅ n as a function of time t. The
error bars are from measurement errors. A linear ﬁt (black dotted
line) has a coeﬃcient of determination equal to 0.99. The inset is a
schematic of step-growth polymerization. (D) Distribution of imers (i.e., chains containing i nanoplates) at diﬀerent stages of
chain growth follows a Flory−Schulz distribution. Each data point
is binned over a range of i-mers, with a bin size of ∼8.6. Fits to this
distribution at diﬀerent times are indicated by the colored curves.

RESULTS AND DISCUSSION
We began by ﬁrst studying the self-assembly behavior of ultraanisometric silver nanoplates. To obtain these self-assembly
building blocks, we adopted a modiﬁed seeded-growth
nanoparticle synthesis method (see Materials and Methods in
the Supporting Information).35 In particular, while preparing
the silver seeds, we used an excess of citrate ligands, rather than
the usual poly(vinylpyrrolidone) ligands, to stabilize the seeds
without the risk of aggregation due to polymer bridging.15 In
addition, after growing the seeds into nanoplates of a desired
edge length (for example, ∼1.5 μm for this self-assembly study,
but nanoplates from 1 to 2.5 μm can be synthesized by varying
the growth conditions; see Figure S2 and Table S1), we
exchanged the citrate surface ligands with carboxylate−thiols,36
which bind more strongly to silver atoms. These thiol ligands
fully deprotonate in aqueous solution at pH 7 (Figure S3), so
nanoplates have a negative surface charge (ζ-potential = −41.9
± 6.8 mV in deionized water) that stabilizes them from
aggregation in solution. Selected area electron diﬀraction

repulsion between nanoplates and therefore allows them to
approach within the range of van der Waals attraction. The
attraction strength is proportional to the nanoplate surface area
involved in assembly (see Analysis and Calculations in the
Supporting Information) and, therefore, predominantly favors
the face-to-face assembly of nanoplates. In this way, a nanoplate
eﬀectively has two “binding” sites or a functionality f = 2. After
∼12 h of growth, some chains grew up to 100 μm (Figure S4).
The fact that individual nanoplates have large planar surfaces
means that, while nanoplates within a chain can ﬂuctuate
transversely by sliding past one another, chains are unable to
bend, in the sense that it is sterically diﬃcult for neighboring
nanoplates to deviate signiﬁcantly from a parallel alignment. As
such, these long chains behave like hard Onsager rods37 (Figure
S4 and fast Fourier transform inset in Figure 2A) that, when
concentrated, orient into a nematic phase to maximize chain
translational entropy. At a relatively low ionic strength, these
B
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average degree of polymerization grows linearly with time, and
that the chain length distribution follows a Flory−Schulz
distributionare both ultimately associated with the assumption that reactivity is independent of chain length,22 which
further suggests that pairwise interactions dominate chain
growth at this colloidal nanoparticle scale.
Seeded growth, although an established synthesis method for
silver nanoplates, can still give rise to particles with some size
dispersity (namely, both the large nanoplates we observed
assembling and much smaller nanoplates), as shown in Figure
S1. The population of smaller nanoplates in the sample has
edge lengths 22−49% the size of the large nanoplates.
However, these smaller nanoplates do not substantially aﬀect
the assembly of large ones because they have a considerably
smaller surface area and, therefore, smaller van der Waals
attraction. In particular, the net attraction between two large
nanoplates at 1.4 mM ionic strength was calculated to be about
−35 kBT (where kB is the Boltzmann constant and T is the
temperature), favoring step-growth polymerization-like assembly. The net attraction between small−small nanoplate and
small−large nanoplate pairs at the same ionic strength
condition, based on the average size of the small nanoplates,
is only about −4 kBT, which is not strong enough to induce
stable assembly into chains.29 Thus, small nanoplates do not
tend to assemble with one another or with large nanoplates at
relatively low ionic strength conditions (i.e., below 1.8 mM
based on interaction calculations; see Figure S7D). To conﬁrm
this experimentally, we characterized the assembled chains after
rapid solvent evaporation under vacuum conditions by scanning
electron microscopy (SEM). It is clear that these chains are
primarily composed of large nanoplates of similar size (Figure
S8). Meanwhile, unassembled small nanoplates are likely unable
to serve as depletion agents that could enhance the selfassembly of large nanoplates due to (i) the insuﬃcient size
separation between large and small nanoplates18,39,40 and (ii)
the very low number density of small nanoplates in solution.
The estimated depletion attraction between two larger
nanoplates induced by the smaller nanoplates is only about
−0.03 kBT (see Analysis and Calculations in the Supporting
Information), which is negligible compared with the total net
attraction strength (−35 kBT; see Figure S7B). This is also
consistent with the fact that considering only electrostatic
repulsion and van der Waals attraction in assembly very closely
predicts the equilibrium lattice spacings in the assembled chains
measured by SAXS (Figure S7C).
The length of actively assembling chains can be controlled by
using a colloidal analogue to the molecular polymerization
“chain stopper” strategy.32,41 This ability to control chain length
has been shown to be an important part of modulating the
longitudinal surface plasmon resonance of chains assembled
from colloidal nanocrystals17,42,43 and involves the introduction
of monofunctional “stoppers” which terminate chain growth. In
this context, Janus particles with one negatively charged,
nanoplate-repelling polystyrene hemisphere and one goldcoated, nanoplate-attracting hemisphere were chosen to serve
as colloidal stoppers (Figures 3A and S9). The degree of
polymerization is directly regulated by the Janus particle−
nanoplate concentration ratio; as shown in Figures 3B and S10,
as a higher ratio of Janus particles is introduced, chains tend to
be shorter. The fraction of chains capped with one or two Janus
particles on the chain ends is 34% with only 1.2% Janus
particles added to the system and increases to 52% when more
Janus particles are added (3.5%), which further demonstrates

long chains do not attach with each other laterally (for example,
see the lateral gap between individual long chains in Figure 2A),
indicating a weak interchain attraction in the lateral direction
(see Analysis and Calculations in the Supporting Information
for more details). The face-to-face assembly of nanoplates into
chains is also reversible; a decrease in solution ionic strength
leads to the disassembly of chains into individual nanoplates, as
shown in Movie S2.
The assembly of nanoplates into chains markedly proceeds
by a mechanism characteristic of molecular step-growth
polymerization. As shown in Movie S1 and Figure S5, chains
grow either by “monomer” addition or by the fusion of existing
chains. In addition, we measured the number-average degree of
polymerization X̅ n (i.e., ∑nii/∑ni, where ni is the number of
chains containing i nanoplates)38 over the chain growth
process. Here, we estimated values of i for diﬀerent chains as
i = L/d, where L is the length of the chain measured under
optical microscopy and d is the center-to-center spacing
between neighboring nanoplates in a chain determined from
SAXS (Figure 2B and Table S2). The measured X̅ n grows
linearly with time t (Figure 2C), which is another qualitative
feature of step-growth polymerization. Similarly, the average
chain length grows linearly with time, which is also consistent
with step-growth polymerization and the fact that the system is
a closed system, with a constant number of nanoplates in the
ﬁeld of view (Figure S5B). We then applied the rate equation
for the externally catalyzed molecular step-growth polymerization of bifunctional monomers with identical functional
groups,38 namely, X̅ n = 4[M]0kt + 1 (where [M]0 is the initial
molar concentration of silver nanoplates in the ﬁeld of view), to
estimate the nanoplate self-assembly rate constant, k, as 3.2 ×
107 M−1 s−1. This rate constant is 3 orders of magnitude larger
than one that has been measured in an inorganic nanocrystal
system (2.9 × 104 M−1 s−1).38 We attribute this diﬀerence to
the fact that the pairwise interaction between nanoplatesthat
is, the driving force for self-assemblyis much stronger in this
system as it scales with the nanoplate surface area. This 1D
chain formation is also observed with nanoplates of diﬀerent
edge lengths (see, for example, the assembly of nanoplates with
an average edge length of 2.17 μm in Movie S3). We observed
the assembly of larger nanoplates at lower ionic strengths (∼0.5
mM for 2.17 μm nanoplates, ∼0.8 mM for 1.44 μm nanoplates,
etc.), which we attribute to the stronger net attraction between
larger nanoplates at similar ionic strengths. For the same
reason, we expect that nanoplates would assemble at an even
higher rate with higher ionic strengths or with larger sizes at the
same ionic strength condition, due to stronger attractions with
each other.
We also found that the distribution of chain lengths at
diﬀerent times follows a Flory−Schulz distribution38 (Figures
2D and S6; for more details see Analysis and Calculations in the
Supporting Information). Namely, the fraction of chains
containing i nanoplates (that is, ni/NL, where NL is the total
number of chains) is proportional to (1 − p)pi−1. Here, the
ﬁtting parameter p is the extent of reaction of nanoplates or the
probability that a nanoplate has “reacted” and become part of a
chain and is given by p = ([M]0 − [M])/[M]0, where [M] is
the concentration of all species (i.e., chains of any length) at a
particular time. As shown in Figures 2D and S6, as the reaction
time increases, more nanoplates have assembled into longer
chains, and the extent of reaction obtained from ﬁtting the
Flory−Schulz distribution approaches unity. These two features
of molecular step-growth polymerizationthat the numberC
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used to manipulate chain ﬂuctuations and, consequently, the
rheological properties of a chain solution. To quantify chain
stiﬀening in this system, from real-time optical microscopy
movies, we characterized the transverse ﬂuctuations of chains
for two ionic strength conditions (1.4 and 3.0 mM; also see
Movie S4). Speciﬁcally, we tracked chain “skeletons” for 100
frames (about 5.81 s in total) and considered statistics of the
transverse displacement Δh of two points as a function of their
relative separation |x − x′| along a chain26−28 (Figure 4A−C;

Figure 3. Control over chain length through co-assembly of
anisometric nanoplates and Janus particles. (A) Schematic (not to
scale) showing four ionic strength regimes that generate diﬀerent
assemblies from a binary mixture of nanoplates and Janus particles.
The purple box highlights the “chain stopper” regime. The
ﬂuorescence microscopy image shows a representative tetrahedral
cluster formed from Janus particles with a diameter of 2 μm. For
corresponding optical microscopy images, see Figure S11. (B)
Equilibrium i-mer fraction distributions and corresponding Flory−
Schulz distribution ﬁts (black curves) at diﬀerent Janus particle−
nanoplate concentration ratios (0, 1.2, and 3.5%). Each data point
is binned over a range of i-mers, with a bin size of ∼53. Ionic
strength = 1.4 mM. The insets are optical microscopy images
showing representative structures. Orange arrows indicate Janus
particles attached to chain ends. Scale bars: 3 μm.
Figure 4. Analysis of chain ﬂuctuation. (A) Optical microscopy
image analysis and extraction of h(x). Scale bar: 2 μm. (B)
Accumulated height functions for a particular chain over 75 frames
(about 4.36 s in total). The height axis has been scaled by ∼110%
for clarity between diﬀerent curves. Pixel size: 1/73.86 nm. (C)
Chains stiﬀen and contract upon an increase in ionic strength.
Here, we compare the overall length and the standard deviation of
h(x) at each x over 100 frames (denoted by the shaded area around
a line tracing the temporal average at each point) for a chain
capped with Janus particles on both ends that is initially exposed to
low ionic strength (1.4 mM, top) and later to higher ionic strength
(3.0 mM, bottom) (see Movies S4 and S5). (D) Root-meansquared transverse displacement ⟨(h(x) − h(x′))2⟩1/2 versus relative
separation |x − x′| at two ionic strength conditions (1.4 and 3.0
mM). The inset is a log−log plot of the same data used to
determine the power law scaling.

the eﬀectiveness of the Janus particles as chain stoppers. More
speciﬁcally, we found that the stopper-based control over the
degree of polymerization is modeled by

(

X̅ n = 2/ 2(1 − p) +

cs
pe−|ΔU | / kBT
cm

), where c

s

is the Janus

particle concentration, cm is the nanoplate concentration, and
ΔU is the diﬀerence between the nanoplate−nanoplate and
nanoplate−Janus particle interaction energies at a particular
ionic strength (for a detailed derivation, see Analysis and
Calculations in the Supporting Information). We applied this
model to ﬁt the data shown in Figure 3B, with e−|ΔU|/kBT as the
ﬁtting parameter. The number-average degrees of polymerization X̅ n obtained from ﬁtting this model show good
agreement with experimental results for each concentration
ratio condition, as shown in Table S3. The obtained ﬁtting
parameter indicates an interaction energy diﬀerence of 1.6 kBT
to 2.5 kBT for the ionic strength of 1.4 mM used in this
experiment. Note that this chain stopper strategy is most
eﬀective only in a certain ionic strength range (regime III in
Figures 3A and S11). At relatively low ionic strengths (regime
II in Figure 3A), even though nanoplates start to self-assemble,
the attraction between nanoplates and Janus particles is
suﬃciently small (given the curved surface of Janus particles
compared to the ﬂat surface of nanoplates) that they do not
tend to assemble stably with one another. Meanwhile, at very
high ionic strengths (i.e., regime IV, when electrostatic
repulsions between all particles are greatly screened), Janus
particles self-assemble into clusters, which reduces the number
of Janus particles available to attach to chain ends and arrest
chain growth.
Fine-tuning the ionic strength also enables direct modulation
of the stiﬀness of co-assembled chains. Colloidal chain stiﬀness
is the central control variable in applications of so-called
electrorheological44−46 and magnetorheological47,48 ﬂuids,
where the strength of an applied electric or magnetic ﬁeld is

for more details, see Analysis and Calculations in the
Supporting Information). At low relative separations, this
relationship follows a power law of the form ⟨(h(x) −
h(x′))2⟩1/2 ∝ |x − x′|α (Figure 4D), where α is referred to as
the “roughness exponent”. At a lower ionic strength (1.4 mM),
averaging data from four chains of diﬀerent chain lengths (see
Table S4) gives α = 0.736 ± 0.018, whereas at a higher ionic
strength (3.0 mM), α = 0.656 ± 0.013. This exponent
characterizes the steady-state chain roughness, with an
exponent of α > 0.5 arising in the case of a biased or directed
random walk.28 In this context, such a walk is mostly restricted
to the transverse direction, as strong volume exclusion eﬀects
between nanoplates impede any substantial chain bending. We
attribute the diﬀerence in this exponent between ionic strength
conditions to the more attractive potential between nanoplates
at higher ionic strength, which more strongly disfavors the
enthalpy penalties associated with larger transverse misalignments. Based on a Boltzmann-type argument, the strength of
inter-nanoplate interactions permits them to slide past one
another by as much as a few tens of nanometers at both ionic
D
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strengths (see Figure S12 and calculation details in the
Supporting Information), but greater degrees of sliding are
possible at a lower ionic strength. The magnitude of the lateral
ﬂuctuations we observed under optical microscopy is consistent
with this energetic estimate (Figure S12C). We also calculated
the persistence length of eight diﬀerent chains (four for each
ionic strength condition). The persistence length is a measure
of the ﬂexibility of a chainlike object and can be deﬁned as the
length scale beyond which vectors tangent to the chain contour
lose their correlation.24 In each case, the persistence length
calculated for a chain exceeds its length by about 1 order of
magnitude or more (Figure S13 and Table S4; for more details,
see Analysis and Calculations in the Supporting Information),
which further indicates that the assembled chains are essentially
“rigid rods” and unbending. In addition, the persistence length
also increases with increasing ionic strength, which is a further
indication of stiﬀening.
As shown in Figure 4C, chain stiﬀening is accompanied by
chain contraction. Chains contract because the equilibrium
center-to-center spacing between nanoplates, d, decreases with
increasing ionic strength (Movie S5). The relative contraction
measured from the initial and ﬁnal length of the nanoplate
portion of co-assembled chains in optical micrographs (0.70 ±
0.08, based on averaging the contraction of three chains; see
Table S5) is consistent both with the d spacing ratio
determined from SAXS (0.73 ± 0.01) and predictions from
theoretical calculations16 (0.74; see Figure S7).
At higher ionic strengths within regime III, a Janus particle
can accommodate more than one chain on its gold hemisphere,
which leads to the formation of 2D, not just 1D, structures. In
particular, by increasing the ionic strength (while remaining
below the threshold for Janus particle clustering), one can
further screen the electrostatic repulsion between nanoplates
and Janus particles and make Janus particles bifunctional, such
that they connect chains into a “V” shape (Figures 5A and S14).
We found that two chains connected by a Janus particle tend to
stay in physical contact (Figure 5B), which we hypothesize is
due to either a lateral van der Waals attraction between chains
or an eﬀort to maximize the rotational entropy of the Janus
particle49 (Figure S15). As such, the “bond angle” θ (Figure
5B) can be estimated directly from the size of the Janus particle
(diameter D) and the width of the chains (W, i.e., the average
edge length of the assembled nanoplates) as θ = 2 tan−1(W/D).
If W = 1.15 μm and D = 2 μm, the predicted bond angle is 60°
(i.e., the interior angle of an equilateral triangle), which is
consistent with the dominant bond angle observed in
experiments with particles of this size combination (Figures
5C and S16A). Movie S6 shows the formation of a triangular
ring using this combination of particles. The bond angle
ﬂuctuates considerably before stabilizing around 60° when the
ring is closed. As in the contraction of 1D chains, an increase in
ionic strength leads to the contraction of the triangular ring
(Movie S7). In other words, the ring is a breathable pore with a
tunable pore size. Other assemblies, such as “zigzag” chains and
multimembered rings, were also observed in the binary mixture
system (Figures 5C and S17 and Movie S8).
The library of possible structures is further enriched through
the incorporation of multipatch spheres.30 The triblock
particles used here, for example, have attractive gold patches
at both “north” and “south” poles (Figures 5D and S18). When
both of the triblock particle patches have a functionality f = 2,
these triblock particles can exhibit I-, V-, Y-, or X-shaped
bonding with silver nanoplates (Figure 5D). One can use these

Figure 5. Co-assembly of anisometric nanoplates with patchy
spheres. (A) Schematics and representative optical microscopy
images showing the functionality (f) of the Janus particle change
from 1 to 2 when the ionic strength is increased from 1.0 to 1.6
mM. (B) Schematic showing the bond angle θ. (C) Optical
microscopy images of a triangular ring and “zigzag” chain, with
corresponding schematics, assembled from nanoplates with a 1.15
± 0.14 μm edge length (large assembling nanoplate population)
and Janus particles with a diameter of 2 μm. Ionic strength = 1.6
mM. (D) Schematics of a triblock particle with a functionality of 4
and the possible bond motifs with nanoplates. (E) Representative
optical microscopy images and schematics of linear and branched
assemblies from nanoplates and triblock particles. Ionic strength =
1.6 mM. Scale bars: 2 μm.

motifs to construct various linear and branched structures
(Figure 5E). The broader potential of this strategy lies in the
modularity of the size, position, and number of patches on the
linker surface. Moreover, the linker colloids need not be
spherical. In fact, this method to assemble many diﬀerent
architectures from only one or two types of “monomers” simply
by varying the linker unit is commonly used in biology50−52 and
has already shown great success in other synthetic systems.53−55
For example, using the patchy spheres implemented here, if the
angle between two gold patches is ϕ and the linked chains are
of similar length, one would anticipate an m-membered ring to
form, with m given by m = 360°/(180° − ϕ) (Figure S19).
Going even further, by varying which linkers are present over
the course of nanoplate polymerization, it would be possible to
co-assemble an even wider variety of shapes and architectures.

CONCLUSIONS
In summary, we demonstrate that a combination of highly
anisometric silver nanoplates and patchy spheres can be used to
“polymerize” a wide variety of adaptive 1D and 2D structures.
We show that the ionic strength can be used during assembly to
control the functionality of linkers (Janus and triblock particles)
and, consequently, the morphologies of structures that
assemble. We also show that ionic strength can be used postassembly for the dynamic manipulation of structural properties,
such as the size, stiﬀness, and interparticle distance within
assemblies. We hope these results can inspire the bottom-up
fabrication of highly adaptive structures with advanced
properties or perhaps serve as the basis for controlled, synthetic
E
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microscope (Axiovert 200) with a 10× air objective (NA = 0.25), a
63× air objective (NA = 0.75), with 1.6× post-magniﬁcation, and
100× oil objectives (NA = 1.45 and 1.30). Optical microscopy movies
were recorded using a complementary metal−oxide−semiconductor
camera (Edmund Optics 5012 M GigE) at a rate of 17.21 to 20 frames
per second. Epiﬂuorescence imaging was performed using a Zeiss
inverted microscope (Observer.Z1) with a 100× oil objective (NA =
1.30) and an iXon electron-multiplying charge-coupled device camera.
A 532 nm laser line was used to excite ﬂuorescence in Nile red
ﬂuorophores contained in the polystyrene particles. Image analysis was
performed using FIJI/ImageJ.

analogues to functional one- and two-dimensional structures
found in nature.56,57

METHODS AND EXPERIMENTAL DETAILS
Synthesis of Anisometric Silver Nanoplates. Silver nanoplates
were synthesized using a modiﬁed seeded-growth method.35 Silver
seeds were prepared by sequential addition of aqueous solutions of
AgNO3 (25 mL, 0.1 mM), sodium citrate (600 μL, 75 mM), and
hydrogen peroxide (30 wt %, 60 μL) to a 125 mL Erlenmeyer ﬂask
stirring at 300 rpm at room temperature. The stirring speed was
increased to 1050 rpm before rapid injection of aqueous NaBH4 (250
μL, 0.1 M). This solution was kept stirring for 5 min after turning blue,
then centrifuged at 10 500 rpm for 8 min, and redispersed in a sodium
citrate solution (10 mL, 0.94 mM). L-Ascorbic acid (0.75 mL, 0.1 M)
was added to 20 mL of this diluted seed solution in a 40 mL glass vial.
A separate solution was prepared by mixing aqueous AgNO3 (20 mL,
1.0 mM), citric acid (0.125 mL, 0.1 M), and sodium citrate (0.1 mL,
1.5 mM). This solution was added to the seed solution dropwise
through a syringe pump at an injection rate of 0.4 mL/min. After 5
min (2 mL) of injection, two-thirds of the reaction solution was
removed, and the remaining amount was used as a source of seeds for
the next growth cycle. The removed products of the ﬁrst few cycles
were discarded, but samples from cycles 3, 4, and 5 were collected in
separate 8 mL glass vials. The whole growth process was performed
under vigorous shaking with a thermomixer at a shaking speed of 300−
1000 rpm.
Thiol Modiﬁcation of Silver Nanoplates. Citrate ligands on assynthesized silver nanoplates were exchanged with carboxylate−thiols
by adding 200 μL of a 7.93 mM thiol ligand solution to 2 mL of a
silver nanoplate sample solution and allowing the mixture to sit
overnight. The ﬁnal product was washed and stored in 1.5 mL of water
in an 8 mL glass vial.
Preparation of Patchy Spheres. Janus particles were prepared by
directional electron beam evaporation of gold onto a monolayer of
colloidal polystyrene particles on a glass substrate.29 A 2 wt % aqueous
suspension of carboxylate−polystyrene particles was spread on a glass
slide and dried into a monolayer. Then, a 2 nm titanium coating
followed by a 15 nm gold coating was deposited vertically on the
monolayer using a Temescal electron beam evaporation system. Janus
particles were collected by sonication and used for experiments at
diﬀerent concentrations. Triblock particles were prepared following a
literature method.30 A closely packed carboxylate−polystyrene particle
monolayer was deposited onto a silicon wafer and dried in air. Next, 2
nm titanium and 25 nm gold coatings were deposited vertically on the
particle monolayer using the same deposition conditions as for Janus
particles. After deposition, particles were lifted from the substrate with
a polydimethylsiloxane stamp. The particles inverted on the stamp
then underwent a second titanium and gold deposition using the same
conditions as the ﬁrst deposition. After the second deposition, particles
on the stamp were immersed in a gold etching solution for 80 s and
then washed with 200 mL of water three times to collect triblock
particles for later use.
Sample Characterization. UV−vis spectra of as-prepared seeds
and SEM images of as-synthesized silver nanoplates were obtained to
characterize the quality of the samples. The thickness of nanoplates
was measured using both tapping-mode AFM and SEM when the
nanoplates were in a standing conﬁguration. The ζ-potential of
carboxylate−thiol-coated silver nanoplates in water was measured
using a Malvern Zetasizer Nano. Transmission SAXS spectra were
collected from samples of chains assembled from silver nanoplates for
30 min using a home-built setup (Forvis Technologies, Santa Barbara)
with a Xenocs GeniX3D Cu Kα ultralow divergence X-ray source
(1.54 Å/8 keV) with a divergence of ∼1.3 mrad and a Pilatus 300 K 20
Hz hybrid pixel detector (Dectris). FIT2D (software from the
European Synchrotron Radiation facility, http://www.esrf.eu/
computing/scientiﬁc/FIT2D) was used to integrate 2D scattering
plots.
Optical Microscopy Imaging and Image Analysis. Bright-ﬁeld
optical microscopy imaging was performed using a Zeiss inverted
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