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ssembly of nanoparticles (NPs) into

designed superstructures is of great

importance for exploiting their col-
lective properties." * It bridges the gap
between individual NPs and the structures
suitable for device applications.” 2 In parti-
cular, one-dimensional (1D) superstructures
of NPs have garnered much interest due to
their anisotropic structure and unique
properties.”~'> For example, electromag-
netic energy can propagate in the 1D arrays
of metal NPs via the coupling of surface
plasmons among adjacent NPs.'®"” The
propagation can be tailored and optimized
by tuning the structural parameters, in par-
ticular the interparticle junctions. The nano-
scale lateral dimension of the 1D NP arrays
allows the propagation of electromagnetic
energy below the diffraction limit of light,
whereas the large longitudinal dimension
makes them more manageable for use in
optical or electric devices.'®'?

Great efforts have been devoted to the
fabrication of 1D NP assemblies. A popular
approach is to introduce 1D templates,?®?'
such as DNA,?* carbon nanotubes,? block
copolymer micelles,** and other types of
nanofibrils.*>~#” NPs usually randomly at-
tach to the surface of these templates,
making it difficult to achieve closely packed
NP arrays. A different approach is to utilize
the intrinsic interactions of NPs to achieve
1D aggregates. Magnetic?® 3" and electric®***
dipole interactions can linearly align NPs,
and electrostatic repulsion favors the end-
on attachment of a NP to a chain3*>¢
However, these intrinsic interactions cannot
completely limit the freedom of NPs during
their random aggregation,®”*° and thus,
branching is a constant problem, especially
in forming long chains. Furthermore, there
is no effective means to tune the width and
cross section of the chains. Despite the
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ABSTRACT We show that the microstructures of polycrystalline ice can serve as a confining
template for one-dimensional assembly of colloidal nanoparticles. Upon simply freezing an aqueous
colloid, the nanoparticles are excluded from ice grains and form chains in the ice veins. The
nanoparticle chains are transferable and can be strengthened by polymer encapsulation. After
coating with polyaniline shells, simple sedimentation is used to remove large aggregates, enriching
single-line chains of 40 nm gold nanoparticles with a total length of several micrometers. When gold
nanorods were used, they formed one-dimensional aggregates with specific end-to-end conforma-
tion, indicating the confining effects of the nanoscale ice veins at the final stage of freezing. The
unbranched and ultralong plasmonic chains are of importance for future study of plasmonic coupling

and development of plasmonic waveguides.
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recent progress, it remains a great challenge
to fabricate long chains with minimal de-
fects. In particular, achieving consistent con-
tact junctions between the adjacent NPsin a
chain is a greater challenge for exploiting
their collective properties.

Here, we report a new assembly strategy
using the microstructures of polycrystalline
ice (PCl) as a confining template. Through
simply freezing aqueous solution of NPs, 1D
superstructures with a uniform cross section
can be obtained. At the early stage of freez-
ing, NPs, being impurities, are excluded
from ice grains and concentrated in the
liquid phase among them. As revealed by
the works in the field of glaciology,”’ **ata
temperature near but below the freezing
point, an interconnected system of water-

filled veins can form in PCl. The veins lie  *Address correspondence to

along the lines where three ice grains meet,
and thus, they take on a shape of a trian-
gular prism (Figure 1). The unique charac-
teristic of the veins is that their length can
reach the macroscale, while their widths are
dynamically adjustable and can reach the
nanoscale at the final stage of freezing.
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ice grain

Figure 1. Schematic diagrams showing the microstructures
of polycrystalline ice (PCl): (a) water-filled veins in PCI; four
veins meet in a node at a four-grain intersection in PCl; and
(b) cross section of a vein showing the triangular prism
structure with their faces curved inward. Further freezing
causes the vein to progressively shrink, as indicated by the
arrows and dotted lines.

Thus, shrinking of the veins can confine the colloidal
NPs therein to form superstructures dictated by the
shape of the veins. The length of the products can
reach two thousand NPs, while the width can be as thin
as one NP.

RESULTS AND DISCUSSION

We demonstrate the method using aqueous solu-
tions of spherical 40 nm gold NPs (AuNPs), which were
synthesized by the citrate reduction method.***° After
centrifugation to remove the supernatant, the isolated
AuNPs were redispersed in water to desired concen-
trations. Then, 20 uL of the solution was dropped onto
a chip of silicon wafer, which was incubated at —20 °C
for 30 min. The red solution turned to almost colorless
ice (see the photographs in the Figure $1),%¢ indicating
the aggregation of the AuNPs. The aggregation was
irreversible, as the solution remained colorless after the
ice thawed. Finally, the sample was left to dry com-
pletely at room temperature and characterized by
scanning electron microscopy (SEM).

Figure 2a provides a low-magnification SEM image
of the products obtained with ~6 x 10'° particles/mL
AuNP solution.*® Most of them are 1D chains, accom-
panied by a few large 3D structures (Figure 2b,c; see
discussion below). Some of the 1D structures found in
this sample have a length of more than 100 um, which
is about 2500 times that of the NP diameter. The AuNPs
always pack closely together in the chains. One of the
long chains is shown in Figure 2d, with a magnified
section in Figure 2e. It is entirely made of AuNPs, with a
uniform width of about 5 NPs. Although its surface is
rough, the overall shape of the triangular prism can be
discerned. About 80% of the NP chains in this sample
are found to have widths smaller than 5 NPs. Among
them, the typical single-, double-, triple-, and quad-
ruple-line chains of AuNPs are shown in Figure 2f—i,
respectively. Even for the narrow single- and double-
line chains, their length can reach tens of micrometers.*®
Branching rarely occurred in any of the chains except
from a node. While the width of the chains was not
constant, within an individual chain the width was
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remarkably uniform. In the single-line chains (Figure 2f),
very few AuNPs bulged out and most of them formed
linear alignment with their two neighbors. Another
prominent characteristic of these chains was that they
show a strong tendency to take a triangular prism shape,
an evidence for the steric confinement of the nanoscale
veins (vide infra). This was true even in the triple-line
chains (Figure 2h), which is the smallest one that can
exhibit such a shape. In chains of larger diameter
(Figure 2e), slightly inward curved faces can be observed.

It was known that single-line AuNP chains with lengths
of 100—300 nm absorb at around 700—800 nm.3%* Thus,
the ultralong chains in our system should absorb far into
the near-infrared (NIR). This explains the loss of color after
freezing. The large superstructures appeared black as
they formed precipitate in the thawed solution.

Obviously, the size of the AuNP chains should
depend on the initial concentration of AuNPs. When
the concentration was increased from 6 x 10'°t0 3.8 x
10'? particles/mL, most of the resulting superstruc-
tures were found to have a larger diameter than those
described above.*® A small section of a typical chain
is shown in Figure 3a. Its width was about 450 nm,
and the triangular prism shape was clearly exhibited.
We also observed AuNP superstructures forming a com-
plete node with four veins still attached (Figure 3b). It was
very similar in structure to the nodes observed in PCl
(Figure 1a).*> When the initial concentration of AuNPs
was decreased to ~3.8 x 107 particles/mL, only short
chains with narrow width were obtained.*® The AuNPs
were probably not of sufficient quantity to fill the entire
vein at the final stage of freezing. The resulting short
chains of AuNPs separated when the ice melted.

The veins in PCl are known to have a triangular prism
shape with concave faces (Figure 1). Their width is
usually uniform though with varying sizes.*' > On the
basis of the strong correlation between the structures
of the observed products and those of the veins, we
believe that the various superstructures of AUNPs were
generated inside and templated by the veins in PCI.
The smooth surface of the large structures (e.g.,
Figure 3b) and the consistent surface curvature along
the length of individual chains (Figure 3a) are clear
signs of templating ice microstructures. Such spatial
order cannot have been created by random aggrega-
tion of colloidal AuNPs.

Apparently, at the final stage of freezing, the width
of the veins was comparable to that of the chains, so
that the aggregating AuNPs were forced to conform to
the shape of the veins. This confining capability of the
veins is of great significance. There are two possible
ways to form the single-line chains shown in Figure 2f:
(1) the AuNPs might linearly aggregate inside the veins
to form small clusters,>*® which were then squeezed
together to form the long chain; or (2) the NPs might
remain separated until they were squeezed together
by the shrinking veins. The 1D clusters obtained by
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Figure 2. SEM images of the products obtained with ~6 x 10'° particles/mL of AuNP solution: (a) low-magnification SEM
image of the products; (b, c) tetrahedral NP superstructures with concave and flat faces (see an additional image at a tilted
angle in Figure 58°), respectively; (d) a long NP chain; (e) an enlarged section of d; (f—i) typical single-, double-, triple-, and
quadruple-line chains, respectively. Triangular prism shape can be observed in e, h, and i.

aggregating citrate-stabilized AuNPs often have a high
branching ratio,*® and thus, our observation of smooth
single-line chains favors the second mechanism.

To further study this issue, we used anisotropic Au
nanorods (AuNRs) as building blocks. The as-synthesized
AuNRs*® were purified by centrifugation to remove the
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excess hexadecyltrimethylammonium bromide (CTAB);
they were redispersed in water and then used for our
freezing experiments. Among the products, single-line
chains of AuNRs were observed (Figure 3c). Most of the
AuNRs adopted end-to-end conformation with their
neighbors, with only few AuNRs positioned perpendicular
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Figure 3. SEM images of the products obtained under
different experimental conditions: (a, b) a typical chain and
a node-shaped superstructure obtained with ~3.8 x 10'?
particles/mL AuNP solution; (c—e) typical AuNR chains
obtained with AuNR solution; (f) typical superstructure
obtained with core—shell Au@PSPAA NP solution.

to the chain. Side-by-side conformation was extremely
rare, and the angles between neighboring AuNRs were
usually linear. To account for the highly ordered end-to-
end aggregation, the AuNRs were most likely not aggre-
gated until the vein size was comparable to the length of
the AuNRs. We did not find any case where the AuNRs
were arranged in a zigzag conformation. If the approach-
ing ice walls could crush the zigzag chains, we should
have been able to observe a large number of partially
stacked conformations. Thus, the AuNRs should be able to
move in the tiny veins with the liquid phase during the
final stage of freezing. In the multiple-line chains of AUNRs,
a triangular prism shape can also be identified (Figure 3d,
e). One interesting feature is that most of the NRs have the
same orientation; their long axes aligned along the long-
itudinal direction of the chains. This happened even when
the width of the chain was larger than the length of the
AuNRs. In this case, it was unlikely that the steric effect of
the vein alone determined the AuNR's orientation. The
steric influence from the neighboring AuNRs and/or the
movement of the liquid phase may also contribute to their
alignment. Our ability of controlling the orientation of
AuNRs could be useful for tuning the collective properties
of their superstructures.*®

It should be noted that removal of excess salts (e.g.,
sodium citrate) or surfactants (e.g., CTAB) from the as-
synthesized NP solutions is of importance. Like NPs,
these chemicals are excluded from ice grains and
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concentrated in the veins. At high concentration, they
could interfere with ice formation and/or cause the
agglomeration of NPs before ice veins could exert
steric influence.

The successful assembly of both citrate-stabilized
AuNPs and CTAB-stabilized AuNRs demonstrated the
generality of our assembly method. The method can
also be applied to fabricate 1D superstructures with com-
posite building blocks, such as the core@shell Au@
PSPAA NPs (PSPAA = polystryrene-block-poly(acrylic
acid), day = 15 NM, dgyeran = 30 Nm).>° The interac-
tions among these NPs are mainly determined by the
polymer shells, especially by the negatively charged
PAA chains.>' As shown in the initial results (Figure 3f),
triangular prism shaped superstructures also can be
obtained, and the length can reach tens of micro-
meters.*® An advantage of using core—shell NPs as
building blocks is that the shell can be used as a
uniform and tunable spacer. The gap distance between
AuNPs is known to be of critical importance in deter-
mining the collective properties of their superstruc-
tures. Equally important, the fact that the NPs were
embedded in and shielded by the polymer shell
suggests that any types of NPs encapsulated by
PSPAAS05275% can be assembled using this method.

The formation of the vein system in PCl is homo-
logous to the formation of Plateau borders in foams.>
In both cases, minimization of the overall interfacial
energy plays a key role. The equilibrium geometry of
the vein is determined by the interfacial energy of the
solid—liquid surface y4 and the grain-boundary energy
ys as follows:*?

2co0s(p/2) = yg/vq

where ¢ is the dihedral angle of neighboring ice grains
measured from inside the water-filled vein (marked in
Figure 1b). In the foam system, the mobile liquid walls
quickly equilibrated to make ¢ always equal to 60°°>
whereas in PCl the local differences also played an
important role in the kinetics of forming the solid ice
grains. As analyzed by Nye and Frank,*® for the dihedral
angle ¢ < 60°, the liquid phase in PCI forms a system of
veins and nodes, while for ¢ > 60°, the liquid phase
resides in isolated pockets (not nodes) at four-grain
intersections. More specifically, for 60° < ¢ < 70°32/,
concave-faced tetrahedra are the most stable form of
such intersections, while for ¢ = 70°32/, flat-faced tetra-
hedra are the most stable. In PCl, the dihedral angle ¢
was found to range from 25° to 105° in a same sample.*?
The diversity was attributed to the local differences in the
grain-boundary energy with the formation of ice crystals.

As mentioned above, large 3D superstructures of
AuNPs were also observed in our products (Figure 2b,c)
despite their rare occurrence. They took on tetrahedral
shapes with either concave (Figure 2b) or flat (Figure 2c)
faces. The close packing of their constituent AuNPs is indi-
cative of compressive forces exerted by the approaching
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Figure 4. TEM images of the products obtained through freezing 500 uL of AuNP solution (a) in a —80 °C fridge and (b) in —80
°C ethanol; (c) a single-line chain observed in sample b; (d) single-line chains of sample b after being encapsulated by PANI
and enriched by differential sedimentation; (e, f) the magnified sections in d.

ice walls during the freezing. These shapes were con-
sistent with the predicted shapes of intersections as
discussed above. Obviously, the local environment was
different during the formation of structures in Figure 2b
and c. Since the majority of the products obtained in our
system were 1D superstructures and nodes, we con-
cluded that the liquid phase in PClI mainly existed in
veins instead of isolated pockets. This conclusion agrees
with the previous observations in PCI.*' %3

The above assembly method worked well when we
froze 20 uL of solution directly on the surface of silicon
chips. However, we encountered problems when we
tried to scale up the synthesis: 500 uL of the solution
(~6 x 10'° particles/mL) in a glass vial was frozen in a
—20 °C fridge; the sample was thawed and a small
aliquot (20 ul) transferred to a TEM (transmission
electron microscopy) sample grid and then dried. The
resulting sample showed thick AUNP chains (>100 nm
in diameter) among other large microstructures.*®
Lowering the AuNP concentration did not significantly
improve the assembly result. It should be noted that it
took about 3 min to freeze the 20 uL of solution on a
silicon chip, but 25 min for the 500 uL of solution in a
glass vial. Hence, it appeared that the larger amount of
solution and the thick glass wall might have slowed the
rate of freezing and affected the NP assembly.

The slower rate of freezing can lead to larger ice
grains. Probably, as ice grains grew, the solutions inside
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the veins became spatially isolated. The concentrations
of the AuNPs trapped in the veins were thus not only
dependent on the initial concentration of AuNPs. With
water being depleted by freezing, the accumulated
AuNPs in the veins were ultimately dependent on the
size of the neighboring ice grains: Larger grain means
greater volume of the initial solution. Thus, the remain-
ing AuNPs were more concentrated in the veins next to
larger ice grains. This explains our observation of large
structures by slow freezing.

Two control experiments were conducted to in-
crease the rate of freezing. In one experiment, 500 uL
of the solution was frozen in a glass vial in a —80 °C
fridge; in the other, the vial containing the same
amount of solution was directly immersed in —80 °C
ethanol (mp —117.3 °C) to accelerate the rate of heat
exchange. It took about 10 and 2 min, respectively, to
thoroughly freeze the solutions. The samples were
thawed, transferred to TEM grids, dried, and then
characterized. While AuNP chains were obtained in
both cases, those obtained from the faster freezing
were significantly smaller in diameter (Figure 4b vs 4a).
Hence, the results were consistent with our expecta-
tions: The faster freezing gave rise to smaller ice grains
in greater number; the resulting larger number of veins
in PCl led to the formation of smaller AUNP chains.

In Figure 4a, a number of sharp-angle kinks could be
observed. It appeared that the transfer of the thawed
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sample may have introduced sheer forces and bent the
long AuNP chains. This was in contrast to the relatively
straight chains in Figure 2a, where the 20 uL sample was
directly thawed and dried without much disturbance. In
Figure 4b, however, sharp kinks were rare, but the chains
were significantly shorter than those in Figure 4a. The
small-width chains were more flexible but less robust.
They probably have been broken in the solution. In a
few cases, we observed gaps in the chains (indicated by
arrows), with the separated parts still perfectly aligned.
These gaps cannot have been formed in solution; they
were most likely formed at the final stage of drying after
the chains were adsorbed on the grid surface.

The fact that we obtained micrometer-length chains
suggested that most of AUNP—AuUNP junctions sur-
vived the sheer forces. To separate a 20 um chain
(about 500 AuNPs) into 2 um pieces, only 2% of the
junctions have to be broken. While single-line chains
are fragile, we still observed a few chains several
micrometers in length (Figure 4c). Obviously, the
bonding between the aggregated AuNPs was rela-
tively strong. Such strong bonding is not unique to
this system: It is known that salt-induced aggregation
of citrate-stabilized AuNPs is not reversible.>*® Longer
chains are more exposed to shear forces and thus more
breakable. While breaking by shear forces is a problem,
it only occurs when the chains are long enough.

In order to preserve the long chains of AuNPs,
particularly the single-line chains, we tried to strength-
en the nanostructures by coating them with shells of
conductive polymer, namely, polyaniline (PANI).*” Briefly,
aniline, sodium dodecylsulfate (SDS), and an acidic
solution of (NH,4),S,05 were mixed in a 1.5 mL tube,
before the addition of 400 uL of thawed sample solution
(the sample shown in Figure 4b).*® The mixture was
incubated for 24 h, during which the polymer shell
formed and the large chains precipitated. Hence,
the PANI-encapsulated small chains were enriched
in the solution by differential sedimentation.*® These
remaining chains were collected by centrifugation,
transferred via a pipet to a TEM grid, and then dried. As
shown in Figure 4d—f (see more examples in the
Supporting Information), the single-line chains were
enriched in this sample, and their uniform polymer
shells can be easily identified. Considering the long
and harsh treatments, it was remarkable that single-
line AUNP chains over 5 um in length could be preserved.
After the ice-induced assembly, the sample was thawed,
transferred, treated with acid and surfactant (SDS) during
the 24 h polymerization, centrifuged, transferred again,
and then dried. In this sample, although the chains were
highly curved, sharp kinks and open gaps were rare,
highlighting the protective role of the polymer shells. The
shells also preserved the AuUNP aggregates as they were in
the solution, confirming that the chains were not formed
by the drying process of SEM/TEM sample prepara-
tion. After purification, most of the large structures were

SHEN ET AL.

removed, and thus the synthesis is not efficient in terms
of yield. But to the best of our knowledge, this method
produced single-line chains of AuNPs in record length.

Previously, 3D porous microstructures were ob-
tained by directionally freezing solutions of NPs and
graphene.®” % In these methods, concentrated NP
solutions were used so that the shape of the frozen
liquid or its droplets®® was maintained by the solid
substances being excluded from ice grains. Microwires
of NPs resulted from this process were typically several
hundred nanometers in diameter and formed an inter-
connected network. The directional freezing can estab-
lish control of microstructures in aligning the microwires.
However, individual microwires were not obtained.

In contrast, our method used much lower concen-
trations of NPs so that the presence of NPs did not
significantly disrupt the vein formation in PCl. Hence,
most of the NPs were only concentrated in isolated veins
at the final stage of freezing, resulting in the formation of
individual 1D superstructures as thin as one AuNP in
width. As demonstrated by the end-to-end alignment of
AuNRs, the veins in PCl are a unique handle for precision
engineering at the nanoscale. Thus, our approach pro-
vides novel capabilities in nanoparticle-level assembly,
which is significantly smaller than the microwire network
fabricated by the previous freezing method.

In the field of NP assembly, a prominent problem is
the lack of means to control the random Brownian
motion of NPs. Templates and intrinsic NP interactions
have limited capability, often leading to loose assem-
bly and branching. In contrast, the veins in PCl were
formed progressively, reaching the nanoscale only at
the final stage of freezing. Thus, the spatially confined
AuNPs were forced together and packed closely into a 1D
assembly. Importantly, the vein templates originated from
the solution itself, eliminating the need to introduce
foreign materials such as templates, ligands, and surfac-
tants. These additives often have considerable effects on
the properties of the resulting superstructures. The vein
templates can be easily removed by melting the ice,
leaving the AuNP superstructures suspended in the solu-
tion and available for further treatments. While the break-
ing of long chains is a problem, it should be noted that
even the shortened single-line AuNP chains were longer
than those reported in the literature. From this perspective,
those obtained should be the longest chains that can
survive in colloidal solutions. Polymer encapsulation is a
convenient approach to extend the average length of
such chains. The lack of branching is another feature of
importance for device fabrication.

CONCLUSIONS

In summary, we report a new synthetic strategy for
unbranched ultralong chains of nanoparticles, by
exploiting the microstructures of polycrystalline ice as a
confining template. To the best of our knowledge, such
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nanoparticle chains are so far inaccessible by the existing
means in the literature. The method is facile and general,
and the resulting chains can be strengthened by

MATERIALS AND METHODS

Chemicals. All chemical reagents were used without further
purification. Hydrogen tetrachloroaurate(lll) hydrate, 99.9%
(metal basis Au 49%), was purchased from Alfa Aesar; amphi-
philic diblock copolymer polystyrene-block-poly(acrylic acid)
(PS154-b-PAA49, M, = 16 000 for the polystyrene block and M,, =
3500 for the poly(acrylic acid) block, M/M, = 1.15) was
purchased from Polymer Source, Inc,; all other chemicals were
purchased from Aldrich.

Characterization. SEM images were collected from a JEOL-
6700 scanning electron microscope operated at 10 kV. TEM
images were collected from a JEM-1400 transmission electron
microscope (JEOL) operated at 120 kV.

Assembly of AuNPs, AuNRs, and Core—Shell Au@PSPAA NPs. The
assembly was achieved through simply freezing the aqueous
solution of the corresponding NPs. Before being used, the
40 nm AuNPs were purified by centrifugation (2000g, 20 min)
to remove the excess sodium citrate, before they were redis-
persed in DI water. The AuNRs and core—shell Au@PSPAA NPs
were purified twice by centrifugation (8000g, 20 min). To freeze the
solution, 20 uL of the corresponding solution was dropped onto a
4 mm x 4 mm chip of silicon wafer, which was then putina —20 °C
freezer for 30 min. After that, the sample was left at room
temperature to melt the ice and completely vaporize the water.

For the preparation of the samples shown in Figure 4a and b,
0.5 mL of the AuNP solution was added in a 4 mL vial, which was
then putin a —80 °C freezer or in a —80 °C ethanol solution for 30
min. After that, the samples were left at room temperature to melt
the ice. Aliquots of 20 uL were transferred to TEM grids and dried.

Encapsulation of the 1D Chains with Polyaniline and Separation of the
Polymer-Coated Chains. We use the encapsulation method devel-
oped by our groupfw Briefly, a mixture of aniline (2 mM, 400 uL),
sodium dodecylsulfate (40 mM, 40 uL), and (NH,),S,05 (2 mMin
10 mM HCl, 400 uL) was prepared first. Then, a 0.4 mL solution of
1D chains was added to the mixture. The reaction mixture was
incubated at room temperature for 24 h without stirring for the
polymerization reaction to complete. After this step, the heavier
aggregates precipitated from the solution; the supernatant was
transferred to a 1.5 mL tube and centrifuged (150g, 20 min), in
order to isolate the remaining chains in the colloidal solution.
The deposit was redispersed in 10 uL of water and then
transferred to a TEM grid.
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