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ABSTRACT:We study the assembly of DNA-functionalized
nanocubes under lateral con� nement in microscale square
trenches on a DNA-functionalized substrate. Microfocus small-
angle X-ray scattering (SAXS) and scanning electron micros-
copy (SEM) are used to characterize the superlattices (SLs).
The results indicate that nanocubes form simple-cubic SLs with
square-prism morphology and a (100) out-of-plane orientation
to maximize DNA bonding. In-plane, SLs align with the
template, exposing their {100} side facets, and the degree of
alignment depends on trench size. Interestingly, the distribu-
tion of in-plane orientations determined from SAXS and SEM
do not agree, indicating that the internal and external structures
of the SLs di� er. To understand this discrepancy, X-ray ptychography is employed to image the internal structures of the SLs,
revealing that SLs which appear to be single-crystalline in SEM may have subsurface grain boundaries, depending on trench
size. SEM reveals that the SLs grow via nucleation and growth of randomly oriented domains, which then coalesce; this
mechanism explains the observed dependence of alignment and defect structure on size. Interestingly, crystallization occurs
via an unusual growth mode, whereby continuous SL layers grow on top of several misoriented islands. Overall, this work
elucidates the e� ect of lateral con� nement on the crystallization of DNA-functionalized nanoparticles and shows how X-ray
ptychography can be used to gain insight into nanoparticle crystallization.
KEYWORDS:colloidal crystal, micro con� nement, thin� lm, X-ray ptychography, small-angle X-ray scattering

Con� nement, especially in nanoscale or microscale
pores, can have an enormous e� ect on the outcome of
crystallization1 for a wide range of materials, including

block copolymers,2� 5 organic molecules,6� 8 and nanoparticles
(NPs).9� 11 Previous reports have described how 2D lateral
con� nement can be used to control the morphologies and
sizes,7,12 orientations,5,13 crystal structures,8 and chiralities of
assemblies on substrates.6 In these studies, templates are
constructed such that their side walls and/or the bottom
substrate surface exhibit attractive or repulsive interactions
with the material undergoing crystallization. Alternatively,
templates have simply acted as hard barriers, con� ning growth
inside small volumes.14 In addition, the assembly of materials
into lithographically patterned trenches on substrates o� ers a
route toward fabricating devices with subwavelength feature
sizes and controlled morphologies.15

DNA-assembled NP superlattices (SLs)16,17 represent a
promising class of materials for achieving unusual optical,18,19

electrical, and mechanical responses20 due to the immense
library of structures that can be obtained21,22 and the active
tunability a� orded by the stimuli-responsiveness of DNA.23� 25

In addition, DNA-functionalized NPs serve as a model system
to study crystal growth. They are termed“programmable atom
equivalents” (PAEs) as many analogies can be drawn between
PAEs in colloidal crystals and atoms in atomic crystals.26,27 In
this work, we study the crystallization of PAE SLs under lateral
con� nement by assembling cube PAEs inside lithographically
patterned microscale trenches on DNA-functionalized sub-
strates. We hypothesized that PAEs would form single-
crystalline SLs with controlled sizes and orientations because
crystallites would be forced to coarsen inside a trench. First,
microfocus small-angle X-ray scattering (SAXS) and scanning
electron microscopy (SEM) characterization were employed to
visualize the resulting SL structures grown near equilibrium
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conditions. Indeed, single-crystalline, square-prism-shaped SLs
with lateral dimensions ranging from 1 to 3� m formed inside
square trenches of those same dimensions. Microfocus SAXS
measurements elucidated the distribution of in-plane SL
orientations within the arrays, revealing that SLs preferentially
align with their {100} facets parallel to the trench walls; higher
degrees of alignment were observed as trench size decreased
from 3 to 1� m.

In addition, the ability to prepare ensembles of SLs with
controlled sizes enables one to study how defect structures
vary with SL size. X-ray ptychography28 is a high-resolution
coherent di� ractive imaging technique that can be used to
image the internal structure of microscale colloidal crystals due
to the high penetration depth of X-rays.29 Here, SEM and
ptychography was used to study the surface and internal defect
structures, respectively, of SLs intentionally grown at a faster
rate to deliberately introduce defects. The results suggest that
single crystal SLs with very few defects typically grew in 1� m
trenches, single crystals with dislocations generally grew in 2
� m trenches, and crystals grown in 3� m trenches consisted of
several connected grains. Finally,ex situSEM experiments
conducted on samples quenched at various growth stages
suggest that SLs form via nucleation and growth and then
coalesce with neighboring domains, elucidating how trench
size dictates the observed defect structures. Taken together,
the results reveal the e� ect of lateral con� nement on the
crystallization of PAE SLs on substrates and provide an
understanding of defect structures in DNA-assembled colloidal
crystals in general.

RESULTS AND DISCUSSION
To prepare templates for subsequent PAE crystallization,
electron beam lithography (EBL) was used to pattern square
trenches into a polymer resist (Scheme 1, top). Speci� cally, a

� 600-nm-thick layer of poly(methyl methacrylate) (PMMA)
resist was spin-coated on a Au-coated Si wafer, and EBL was
used to pattern microscale square pores of varying sizes,
exposing the underlying Au� lm. Next, the exposed Au regions
were functionalized with thiolated anchor DNA (see
Supporting Informationfor details). Cube PAEs were prepared
by functionalizing� 80 nm Au cubes with the same thiolated
anchor DNA as that on the substrate via a salt aging procedure
to maximize DNA loading.30 The reaction solution was
prepared by mixing the PAE solution, patterned substrate,
and linker DNA in a 5 mL Eppendorf tube and bringing the

solution to 0.3 M NaCl. The linker strands were designed to be
complementary to the anchor strands on the surface of the
PAEs and substrate, apart from a four-base single-stranded
“sticky end,” which was self-complementary and allowed the
PAEs to bind to the functionalized substrate and each other.
Crystallization was performed using a recently developed high-
temperature, isothermal growth process.31 To determine the
optimal assembly conditions, the melting temperature of
hybridized PAEs was measured by collecting temperature-
dependent UV� vis data (58°C). Then, a growth temperature
well-above the melting temperature of the PAE aggregates, but
within the crystal-melt coexistence regime, was chosen (68
°C). To crystallize PAEs inside the templates, the Eppendorf
tube was place on a shaker at 68°C for 60 h, during which SLs
formed inside the pores (Scheme 1, bottom). Finally, the
samples were embedded in an amorphous silica matrix for
subsequent characterization.32

Exploring Con� nement E� ects on SLs Grown Near
Equilibrium. To explore the e� ects of con� nement on SL
growth, square trenches with 1, 2, and 3� m edge lengths were
patterned on the same substrate. SEM images reveal that PAEs
� lled the entire trench, forming square-prism-shaped SLs of the
same sizes as the trenches they were grown in (Figure 1a� c,
Figure S1). 2D SAXS patterns were collected using a 5× 10
� m focused X-ray beam. The discrete spots in the 2D SAXS
patterns (Figure 1d� f) indicate that the SLs grown in trenches
of all three sizes contain one dominant domain. This result
suggests that this assembly technique can be used to prepare
high-quality single crystals of varying sizes. 1D plots of the
SAXS patterns averaged azimuthally (Figures 1g and S9)
indicate that the SLs have a simple cubic symmetry with a
periodicity of� 98 nm, regardless of the size of the trench in
which they were grown. These results suggest that lateral
con� nement in this size regime does not signi� cantly a� ect the
nanoscale crystal structure of the SLs, which is commensurate
with the square shape of the trenches. As seen in the SEM
images, individual nanocubes assemble with a facet parallel to
the substrate, resulting in a (100) out-of-plane orientation,
consistent with previous studies of polyhedral PAE thin-� lms,
where NPs assemble face-to-face with a DNA-functionalized
substrate to maximize hybridization interactions.33 The 4-fold
symmetry evident in the di� raction patterns mirrors the 4-fold
in-plane symmetry of the simple cubic {100} planes.
Azimuthally plotting the SAXS patterns along the {200}
re� ections reveals that, although the peaks are generally very
sharp, there are small amounts of intensity at other in-plane
orientations (Figures 1h andS9), which is also evidenced by
the streaking around the di� raction spots in the 2D SAXS
patterns (Figure 1d� f).

To measure the distribution of in-plane SL orientations
within an array, 2D maps of SAXS patterns were collected
using a microfocused beam (Figure S2). Importantly, each SL
could potentially contain multiple domains with di� erent
orientations, some of which may not be visible in the top-down
SEM images. In contrast to the surface structure information
provided by SEM, SAXS measurements also yield information
about the internal structure of the SLs, providing a true
measure of their orientations. Speci� cally, the beam was raster-
scanned across the array area, and SAXS data were collected at
5 � m intervals in both thex and y directions. For this
experiment, the beam diameter was� 15� m, while the spacing
between SLs in the array was 5� m (Figures S4� S8), so each
SAXS pattern likely represented signal from several neighbor-

Scheme 1. (Top) Trench Array Fabrication Process;
(Bottom) SL Assembly scheme
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ing SLs. Nevertheless, this measurement provides information
on the distribution of orientations present within an array. To
determine in-plane orientations from SAXS patterns, each
di� raction pattern was azimuthally plotted along the {200}
re� ections (e.g., Figure 1h). Next, 2D maps of the intensities
were created at selected azimuthal angles varying from 15 to
90° (Figure 2b,c). Finally, the intensities within each 2D map
were integrated to create a bar graph of the total intensity at
each orientation (Figure 2d� f). Angles in the bar graphs were
plotted as a function of their o� set from 90°, taking into
account the 4-fold symmetry of the di� raction patterns. For all
three trench sizes, there is a symmetric distribution of
orientations, peaking at 0°, at which the SL (100) direction
is aligned with the trench walls (Figure 2d� f). The strong bias

for the 0° orientation is likely because, in this orientation, the
sides of the SLs expose their most energetically favorable {100}
facets. Furthermore, the widths of the bar graphs increase as a
function of trench size, suggesting that smaller trenches more
e� ectively control the SLs’ in-plane orientation. Previous work
showed that the in-plane orientation of PAE SLs can be
controlled by lithographically de� ning Au posts, which act as
the � rst layer of PAEs for subsequent thin� lm growth.34 In
this technique, patterning of nanoscale features is required. On
the other hand, here,microscalefeatures are successfully used
to control the orientation of nanoscale PAEs, achieving a
similar result while signi� cantly reducing the cost and
complexity of lithography.

Figure 1. Assembly results. SEM images of representative SLs grown in (a) 3, (b) 2, and (c) 1� m trenches. 2D microfocus SAXS patterns
from SLs grown in (d) 3, (e) 2, and (f) 1� m trenches. (g) Azimuthally averaged 1D SAXS pro� le from a 3� m SL with simple cubic indexing.
(h) Azimuthal plot of {200} re� ections from a 3� m SL. Scale bars: 1� m.
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Statistical analyses were also performed on large-area SEM
images, where the image resolution was high enough to
determine the orientations of individual SLs. As seen from the
histograms (Figures S6� S8), SL orientations measured from

the SEM images are more narrowly distributed than those
determined from SAXS data. This discrepancy arises because
the interior of the SLs contains domains that are not visible in
the SEM images. In fact, histograms generated from SEM

Figure 2. Statistics of in-plane orientation. (a) Schematic of microfocus SAXS experiment and orientation analysis. A focused X-ray beam is
used to collect a signal from a small area (green box) of the sample. The in-plane orientations of the SLs within the measurement area are
determined from the SAXS pattern and plotted as a pixel in the orientation map. (b,c) Intensities at various orientations along the {200}
re� ections in microfocus SAXS patterns for (b) 3� m and (c) 1� m SLs. Bar graphs of the total intensity of each orientation integrated over
all SAXS patterns for arrays of (d) 3, (e) 2, and (f) 1� m SLs. 29, 34, and 48% of orientations, respectively, are within� 10 to 10°.
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analysis suggest that the 3� m SLs have a narrower distribution
of orientations than the 2� m SLs. This indicates that although
the 3 � m SLs are more likely to appear aligned from the
surface, they have more misaligned subsurface grains, high-
lighting the importance of using SAXS to analyze the structures
of these materials. Similarly, the 1� m SLs have the highest
degree of alignment because each trench likely only contains a
single crystallite.

Study of Growth and Defects in Fast-Grown SLs.In all
crystallization processes, the quality of the resulting crystals
depends largely on the growth conditions, especially the
growth rate. Using faster growth conditions usually results in
the formation of crystals with a higher density of defects, while
higher quality crystals are typically produced by slowing the
crystallization rate.35 Here, SLs with varying degrees of
crystallinity were synthesized using solution ionic strength as
a lever for controlling the rate of NP assembly. Previously, it
has been shown that increasing the salt concentration during
PAE assembly results in quicker DNA association rates, and
therefore faster assembly processes, due to the additional
charge screening that minimizes repulsion between the
negatively charged DNA strands.36 Indeed, crystallization in
0.5 M NaCl (and otherwise identical conditions) occurs in
� 20 h, much faster than crystallization in 0.3 M NaCl, which
takes� 60 h to complete. SEM images show that SLs grown in
0.5 M NaCl (Figure 3b) contain more surface defects
compared to the nearly perfect crystals grown in 0.3 M
NaCl (Figure 3a). In addition, statistical analyses performed on

microfocus SAXS data show that the distribution of
orientations is wider in crystals grown in 0.5 M NaCl (Figure
3c� e) compared to those grown in 0.3 M NaCl (Figure 2d� f).
These results indicate that faster crystallization largely
undermines the con� nement e� ect provided by the trench,
which promotes the growth of structures with higher
crystallinity.

As discussed above, larger trenches resulted in SLs with
worse crystallinity and alignment, suggesting that the SLs’
internal defect structures di� ered as a function of their size.
Although previous reports have shown that DNA-assembled
colloidal crystals exhibit defects analogous to those seen in
atomic crystals (e.g., vacancies, adatoms, dislocations, twin-
ning, etc.),32 their internal structures have not been directly
visualized, and only defects on SL surfaces have been imaged.
Furthermore, growth in con� nement could lead to di� erent
defect structures than those present in SLs synthesized in
solution� or even those grown on substrates� because
individual crystallites are forced to merge within a trench. SL
arrays were grown in 0.5 M NaCl to intentionally introduce
defects and visualize the full spectra that typically occur for
these samples. X-ray ptychography was used to investigate the
SLs’ internal structure and determine whether SLs that appear
as single crystals in SEM indeed contain multiple subsurface
domains (seeSupporting Informationfor details).

In ptychography, X-rays penetrate through the SLs and the
silicon substrate, so both surface and internal defects are
portrayed in the projected images (Figure 4). Defects that were

Figure 3. E� ect of growth rate on the distribution of SL orientations. Exemplary SEM images of 3� m SLs grown in (a) 0.3 M NaCl and (b)
0.5 M NaCl. In-plane orientation distributions of (c) 3, (d) 2, and (e) 1� m SL arrays grown in 0.5 M NaCl. 24, 26, and 29% of orientations,
respectively, are within� 10 to 10°. Scale bars: 1� m.
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observed in these ptychographic images included edge (Figure
4c) and screw dislocations (Figure 4b), tilt (Figure 4a,c), and
twist (Figure 4a,c) grain boundaries, as well as curved rows of
NPs (Figure 4d). As predicted, subsurface grain boundaries
were commonly observed in SLs that appear to be single

crystals in SEM images (Figures 4a,c andS13). For this to
occur, in-plane tilt boundaries must be accompanied by
interlayer twist boundaries, a feature that was observed in
many of the 3� m crystals (Figures 4a,c). Out of over 200
imaged SLs (Figures S11 and S12show representative ones),
none exhibited an interlayer twist boundary without the
presence of an in-plane tilt boundary, suggesting that twist
boundaries are relatively unstable. We hypothesized that
interlayer twist boundaries form when a new layer grows on
top of two grains meeting at a tilt boundary. As the new layer
grows laterally from one domain to the surface of the tilted
neighboring domain, new adparticles assemble while main-
taining face-to-face registry with in-plane neighbors rather than
with the underlying particles, likely due to the higher
coordination number in-plane than out-of-plane (4 vs 2) in
this cube system.

Fast Fourier transform (FFT) analysis on ptychography
reconstructions of 3� m SLs (Figures 5d andS12) typically
exhibit multiple independent sets of di� raction spots,
suggesting that they generally contain several highly misaligned
grains. On the other hand, FFT of ptychography reconstruc-
tions on 2� m SLs typically have one set of di� raction spots

Figure 4. (a� d) Exemplary ptychographic phase images of SLs
grown in trenches showing commonly observed defects. Scale
bars: 1� m.

Figure 5. Ptychographic images of (a) 3 and (e) 2� m SL and (b,f) corresponding SEM images. (c,g) The reconstruction in a and e with color
code to indicate domain orientations (see color wheel). (d,h) FFT of a and e. Histogram of grain boundary angles in (i) 3 and (j) 2� m SLs.
Scale bars 1� m.
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with some streaking (Figures 5h, S11), indicating that they are
generally single crystals with possible edge dislocations but no
grain boundaries. Finally, the single sets of sharp di� raction
spots in FFT of ptychography reconstructions on 1� m SLs
indicate that they are largely defect-free (Figure S10). The
ptychography reconstructions were color-coded by orientation
to highlight the di� erent domains (Figures 5c,g,S11, and S12).
Disparate colors were seen across grain boundaries, while
subtle color di� erences were observed near dislocations. In
atomic crystals, the interfaces between two crystallites are
categorized by low-angle grain boundaries (LAGBs, typically
less than 10°) and high-angle grain boundaries (HAGBs,
greater than 10°). The interfacial energy of LAGBs increases
roughly linearly with misorientation angle while that of HAGBs
is high except near ideal con� gurations where the two lattices
have a large degree of overlap, resulting in a stable
con� guration (e.g., at a twin boundary).37 To study the
distribution of misorientation angles in the SLs, over 50 grain
boundaries for both 2 and 3� m SLs were analyzed. For 3� m
SLs, the misorientation angles were randomly distributed
(Figure 5i), indicating that grain boundaries emerge through
the coalescence of independently formed grains that do not
undergo signi� cant reorientation or restructuring once formed.
In contrast, for 2� m SLs, the number of boundaries with a
certain misorientation angle decreases as the angle increases up
to � 10°, beyond which the proportion is low (Figure 5j). In
addition, inspection of the reconstructed images reveals that
LAGBs are� lled with edge dislocations that form to connect
two merging grains. These results suggest that in 2� m
trenches, a small number of domains nucleate preferentially at
the edges of the trench. In contrast, in 3� m trenches, some
nuclei form away from the trench edge and thus are not
impacted by con� nement. Interestingly, many interfaces with
both small and large misorientations remain continuous (i.e., it
is not possible to pinpoint the start of a new domain) via
connection through curved rows of NPs (Figure S13), in
contrast with the sharp HAGBs of many crystalline systems.38

The gradual change in orientation was also visualized by the
presence of intermediate colors near a grain boundary in the
color-coded reconstructions (Figure 5c,g). The bending of
domains is possible because DNA length can vary locally due
to its � exibility.34 Overall, the ptychography experiment
elucidates how defect structure depends on the area of the

con� ning region. Such an understanding can enable defect
engineering to control light-matter interactions in photonic
crystals.39,40

Finally, anex situSEM study of SL growth was conducted to
rationalize the formation of the unusual defect structures (see
Figure 6). Speci� cally, SL crystallization was performed in 0.5
M NaCl, and the crystallization process was quenched after
various lengths of time (4, 8, 10, 14, and 24 h), after which the
samples were imaged using SEM. The images reveal that the
samples grown in 1� m trenches typically contain one or two
nuclei after 4 h, full single-crystalline layers after 8 h, and
epitaxial layers that� ll the trench thereafter. This growth
pathway explains why the 1� m SLs are mostly single
crystalline with very few defects. On the other hand, four to
� ve nuclei can typically be seen after 4 h in 2� m trenches.
From 8 to 14 h, these nuclei appear to grow and eventually
collide. When the domains collide, the more aligned (i.e.,
{100} facet parallel to trench wall) domains continue to grow
while the smaller, unaligned ones rotate to combine with them.
The growth of aligned grains at the expense of less favorably
oriented ones has been observed in the con� ned growth of
block copolymers, where collisions with the trench walls halt
the growth of unaligned grains.41 Because smaller crystallites
are less stable, they rotate to join the larger domains. Finally, at
24 h, the images suggest the formation of single crystals.
However, it is evident from the 14-h time point that subsurface
layers can have di� erent orientations than the surface layer, as
observed in the ptychography images. This observation
supports the hypothesis that coherent in-plane growth of
layers occurs faster than reorientation of subsurface grains.
Growth in the 3� m trenches occurs via a similar pathway, but
more nuclei are present at earlier time points due to the larger
trench size. As such, the resulting 3� m SLs typically contain a
higher number of grains and HAGBs, as observed in the
ptychographic reconstructions. A comparison of SL growth
pathways in trenches of these three sizes also reveals that the
natural grain size of SLs grown under these conditions is� 1
� m, so SLs grown in larger trenches tend to have� 1 � m
crystallites connected through defects and grain boundaries.

Furthermore, the growth mechanism can be categorized as
layer-by-layer (Frank� van der Merwe) growth. A notable
di� erence from atomic systems, however, is that growth with
PAEs starts with the formation of islands randomly oriented

Figure 6. SEM images of SLs assembled in trenches and quenched at various stages in the growth process showing the nucleation, growth,
and coalescence mechanism by which the SLs grow. Scale bars: 1� m.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c00161
ACS NanoXXXX, XXX, XXX� XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00161/suppl_file/nn2c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00161/suppl_file/nn2c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00161/suppl_file/nn2c00161_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00161/suppl_file/nn2c00161_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00161?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00161?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00161?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c00161?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with respect to one another when nucleation is faster than
growth during crystallization. When the islands collide, a
continuous adlayer grows on top of several misoriented islands.
NPs in the adlayer form bonds with the subsurface layer but
with an orientation de� ned by their in-plane neighbors rather
than the ones underneath. This is largely due to the particles’
cube shapes that results in the in-plane coordination number
being higher than the out-of-plane one. Therefore, in some
sense, the observed growth is the opposite of the Stranski-
Krastanov (SK) mode, where a� lm grows layer-by-layer until
it reaches a critical thickness. Beyond this thickness, island
formation begins because a continuous� lm is no longer stable
due to strain energy from lattice mismatch. Here, instead of
lower packing density on higher layers, as in SK growth, the
packing density of the PAE� lms is highest on the top layers.

CONCLUSIONS

In conclusion, we have shown that microscale trenches can be
used to con� ne PAE growth, enabling simultaneous control
over in-plane and out-of-plane SL orientations as well as habit
size. In addition, we showed how ptychographic imaging of SL
defects reveals mechanistic insights that otherwise may be
overlooked with conventional SL characterization techniques.
Speci� cally, we found that the SLs grow via a nucleation,
growth, and coalescence mechanism through an uncommon
growth mode, inconsistent with the SK mode. Collectively, this
work reveals how lateral con� nement in PAE systems can be
used to understand fundamental growth behavior and enables
systematic studies of the size-dependent physical properties of
SLs. Finally, the successful application of X-ray ptychography
to image internal SL defects can be extended to image the 3D
defect structures of solution-grown colloidal crystals and gain
insight into their crystallization pathways.

METHODS
Superlattice Assembly.Au nanocubes were synthesized using a

seed-mediated method and characterized by scanning transmission
electron microscopy (STEM, Hitachi HD-2300). Oligonucleotides
were synthesized on a solid-support MM48 synthesizer (BioAutoma-
tion) with reagents purchased from Glen Research. Nanocubes were
functionalized by performing a ligand exchange with 3� propylthio-
lated anchor DNA and slowly salting the solution to 0.5 M NaCl to
maximize DNA loading. Au-coated glass substrates were function-
alized with the same anchor DNA as that on the particles. SLs� lms
were assembled in trenches by mixing the PAEs, patterned substrates,
and self-complementary linkers in a 5 mL Eppendorf tube and holding
the solution above the aggregate melting temperature. SLs were
transferred to the solid-state by embedding in silica and then
visualized with SEM (Hitachi SU-8030). Detailed methods can be
found in theSupporting Information.

X-ray Ptychography. X-ray ptychography was performed at the
SAXS beamline at Sector 12-ID-C in the Advanced Photon Source
(APS) of Argonne National Laboratory. A coherent monochromatic
X-ray beam at 10 keV energy was focused by a Fresnel zone plate. The
sample was placed downstream of the focus position of the zone plate
with an illumination size of� 4.5 � m. Di� raction patterns were
acquired by a Dectris Eiger 500 K detector, while the sample was
raster-scanned. Ptychographic reconstruction was performed using
phase retrieval software (seeSupporting Informationfor details).

Small-Angle X-ray Scattering. SAXS experiments were con-
ducted at the 12-ID-B station at the APS. The samples were probed
using 14 keV X-rays, and the sample-to-detector distance was 2 m.
Scattered radiation was detected using a Pilatus 2 M detector.
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