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Reconfigurable, mechanically responsive crystalline materials are central
components in many sensing, soft robotic, and energy conversion and storage
devices'™. Crystalline materials can readily deform under various stimuli and the

extent of recoverable deformation is highly dependent upon bond type*** . Indeed,
for structures held together via simple electrostatic interactions, minimal
deformations are tolerated. By contrast, structures held together by molecular bonds
can, in principle, sustain much larger deformations and more easily recover their
original configurations. Here we study the deformation properties of well-faceted
colloidal crystals engineered with DNA. These crystals are large in size (greater than
100 pm) and have abody-centred cubic (bcc) structure with a high viscoelastic
volume fraction (of more than 97%). Therefore, they can be compressed into irregular
shapes with wrinkles and creases, and, notably, these deformed crystals, upon
rehydration, assume their initial well-formed crystalline morphology and internal
nanoscale order within seconds. For most crystals, such compression and deformation
wouldlead to permanent, irreversible damage. The substantial structural changes to
the colloidal crystals are accompanied by notable and reversible optical property
changes. For example, whereas the original and structurally recovered crystals exhibit
near-perfect (over 98%) broadband absorptionin the ultraviolet-visible region, the
deformed crystals exhibit significantly increased reflection (up to 50% of incident
light at certain wavelengths), mainly because of increases in their refractive index and

inhomogeneity.

Thebondsbetween the building blocks of a periodic crystal are crucial
indeterminingitsintrinsic properties, includingits thermal, chemical
and physical stability, vibrational phonons, and electronic and mag-
netic conductivity™ ™. Therefore, developing new types of linkages
betweenthe constituent buildingblocks in crystals and studying their
novel bonding characteristics are topics of intense researchin materials
science and chemistry' ™. In particular, the strength, length and flex-
ibility of the bonds withinacrystal directly affect its responses to chemi-
caland mechanical stimuli. For example, unusual elastic behaviours of
molecular crystals, including hyper-expandable contraction, bending,
twisting, coiling, jumping and self-healing, have been observed in sin-
gle crystals by deliberately engineering the bonds to be both flexible
and restorable**'°, Importantly, these findings have enriched the
notion of bonding in crystalline materials from being rigid and static
to flexible and dynamic.

However, the allowable restorable deformationsin synthetic organic
and inorganic crystals still do not compare well with highly flexible
synthetic polymers and biological organisms®. Ingeneral, such crystals
lose their macroscopicintegrity and crystallinity when they experience
heavy deformations, and they require time-consuming melting or

dissolution and subsequent recrystallization or annealing processes
to regain their initial crystallinity. Furthermore, because large-scale,
reversible crystal deformation is not possible in these systems, the
structure-dependent physical property changes that can be achieved
with these structures in response to stimuli are limited.

Colloidal crystal engineering with DNA allows one to prepare anenor-
mous number of crystal types, spanning over 70 different symmetries,
with exquisite control over the type of bonding interactions (length and
strength) between ‘programmable atom equivalents’ (PAEs: particles
modified with short sequences of single-stranded DNA) withina given
crystal’®?2¢_In this study, the flexible and stimuli-responsive DNA
bonds withinsuchcrystals enable polymer-like anisotropic but revers-
ible self-adaptive responses to chemical and mechanical stimuli. To syn-
thesize crystals capable of large deformation and recovery behaviour,
alow-density body-centred cubic (bcc) crystal structure was designed
and prepared using PAEs, synthesized from 5 or 10 nm Aunanoparticles
(AuNPs) functionalized with radial arrays of DNA ligands (18 bases,
more than 6 nm long) at high density (Fig. 1a,b and Supplementary
Methods1). Single crystals, large enough to exhibit mechanical behav-
iours that can be readily investigated, were synthesized using arange
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Fig.1|Designof single-crystal colloidal crystals engineered with DNA, and
their deformation and recovery behaviour as characterized by optical
microscopy. a, Schematic of an A-type PAE structure. Note, B-type PAEs have the
samestructure, but the complementary sticky end sequenceis TTCCTT.b, A-and
B-type PAEs are designed tointeract with each other through DNA hybridization
and assembleintonon-close-packed bcc-typesstructures. ¢,d, Opticalmicroscope
images of crystals assembled from (c) 5and (d) 10 nm PAEs. From left toright, the

of slow-cooling rates (between 0.1°C per 5 min and 0.1 °C per 120 min)
during the crystallization process (Extended Data Figs.1and 2).
Theselarge crystals enable the in situ observation of their mechanical
responses under an optical microscope (Fig. 1c-fand Supplementary
Methods 2). Upon dehydration, both the 5nm and the 10 nm PAE crys-
tals experienced substantial morphological deformations that would
not be observedin conventional crystals (Fig. 1c-fand Extended Data
Fig. 3). Anisotropic dehydration of the crystals occurs starting from
the sharp vertices and edges (Fig. 1c), which leads to the kinetically
controlled, irregular shapes of the dehydrated crystals. The reduced
water contentin the crystals alters several physicaland chemical prop-
erties, including temperature by evaporation of the solvent, dielec-
tric constant, ionic strength, degree of solvation of DNA and pressure
exerted by the surface tension of the water, which results in the DNA
conformational changes that lead to crystal deformation. However,
after rehydration, the initial rhombic dodecahedron morphology of
the crystals was recovered within seconds (Fig.1c,d). The dehydration-
rehydration cycle was applied multiple times to the crystals composed
of 5nm PAEs, and some crystals maintained their morphological integ-
rity, even after six cycles (Supplementary Video1). Itis likely that even
thoughthe double helix geometry of the hybridized DNA strandsinthe
dehydrated crystals becomes substantially distorted or dissociated, the
complementary strands are still located close enough to each other so
thatrapid rehybridization can occur uponrehydration. It is remarkable
that the DNA not only accommodates such extreme deformations but

Unit cell
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d Crystals with 10 nm PAEs
Intact —— Dehydrated — Rehydrated

three columnsindicateintact, dehydrated and rehydrated crystals. Theinset
images were collected with two times lower magnification to show the clear
projectionboundaries of the crystals. Scale bars, 20 and 50 um for the top and
bottomrow, respectively. e, f, Bright (e) and dark-field (f) optical microscopy
images of typical dehydrated crystals assembled from 5 nm PAEs. Scale bars,
20 pm.

essentially programs the reformation of the same crystal symmetry,
habitandsize.In other words, even when the hydrogen bonds are bro-
ken, the sequence and information content of the DNA ensures the path
back to the original state.

To evaluate the degree of elasticity, semi-quantitative shape analysis
based onthe projected 2D morphology of the crystals was performed
(Methods and Supplementary Methods 2). Two shape parameters
commonly used to analyse the irregular morphologies of amorphous
materials” were adopted for this analysis: solidity (area,.,/area onyex )
and convexity (perimeter . .cna/PErimeter,.,), which are sensitive
to morphological and textural roughness changes, respectively. The
resulting solidity-convexity diagram reveals that the rehydrated crys-
tals have values similar to those of the original crystals, indicating an
almost full recovery of morphology and texture (Fig.2a). Both param-
eters for the dehydrated crystals varied over awide range (from 0.96 to
0.83),implying that the degree of deformation may be affected by the
water evaporationrate. The average curvatures of the crystalsincreased
approximately 1.8 times when they were deformed and, upon rehydra-
tion, returned to almost the same initial values (Fig. 2b). The slightly
higher curvature (2.60 x 107 rad per unit length) of the rehydrated
crystals compared to the initial intact crystals (2.53 x 10 rad per unit
length) indicates the existence of minute deformations that were not
reversible; however, considering the extent of the crystal deforma-
tion, the morphological recovery observed is remarkable (Fig. 1c-f
and Extended Data Fig. 3).
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Fig.2|Characterization of the deformation and recovery behaviour of the
crystals. a, Solidity-convexity diagram of the crystals. b, Average curvatures
ofthecrystals. Error bars represent the standard deviations of the samples.
c,Nanoindentation profiles. d,e, Deformation of model crystals with three
different coresizes and the same angular deformation of the chain (6, 4=175°)

Based on the shape analysis and qualitative inspection of the opti-
cal microscopy images, crystals composed of 5 nm PAEs deform more
significantly compared to those composed of 10 nm PAEs (Fig.2a,b). To
understand the differencesin shape deformation, the reduced moduli
ofthe original, intact crystalsin 0.5 M phosphate buffered saline solu-
tion were measured using atomic force microscopy (AFM, Fig. 2c and
Methods). The crystals assembled from 5 nm PAEs exhibited aless-steep
force value change as compared to the crystals composed of 10 nm
PAEs, indicating that they are softer. Moreover, the measured reduced
moduli of the crystals assembled from 5 and 10 nm PAEs were 187 kPa
and 241 kPa, respectively (the higher the reduced modulus, the more
resistant the material is to deformation). These values are in the lower
region of the previously reported theoretical and experimental range,
from 97 kPa to 2.1 MPa, for a similar system??,

Tounderstand the difference in stiffness based on PAE size, the num-
ber of DNAbondsinthelattices was evaluated (Supplementary Meth-
ods1). The average number of DNA strands attached tothe 5and 10 nm
PAEs is 59 and 179 strands, respectively; thus, approximately three
times as many DNA strands areinvolved ininteractions in crystals com-
posed of 10 nm PAEs, qualitatively explaining the higher stiffness
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(d) and accompanying volumetric solidity changes (e). f,g, Deformation of
model crystals with three different core sizes and angular deformation of the
chain (6, 4=175°,120°and 90°for ., = 20,10 and 5 nm) (f) and accompanying
volumetricsolidity changes (g).

observed. The total viscoelastic volume fraction, which is different for
different particle sizes, isalso likely to beimportantin understanding
crystal stiffness. To test this supposition, molecular dynamics (MD)
simulation models were constructed and studied using the
HOOMD-blue particle simulation toolkit*® (Methods and Supplemen-
tary Methods 3). By simulating crystal deformation with different PAE
core sizes but the same bond length and stiffness, we confirmed that
the crystals with the smallest core (thus higher viscoelastic volume
fraction) experience more significant deformation (Fig. 2d,e), as meas-
ured by the volumetricsolidity parameters, volume,.,/volume .,,vex hutt
Inanother set of simulations, the bond stiffness was increased propor-
tionally for larger cores, and it was found that the degree of deforma-
tion of crystals with the smallest core (5 nm) is the most pronounced
(Fig. 2f,g). Theseresults confirm that both the overall number of bond-
inginteractions and the viscoelastic volume fraction affect the response
of the crystals to mechanical stimuli and deformation.

To understand the internal structural changes that accompany
the mechanical responses, the crystals were investigated using
single-crystal X-ray diffraction (SXRD), as the large size of the crystals
enabled astrong X-ray scattering signal. (Extended Data Figs. 4 and 5).
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profiles collected while rotating a dehydrated crystal by 3°. ¢, Diffraction

A high-energy, high-flux X-ray beam can damage hybridized DNA, so
four separate crystals at different points in the dehydration-rehy-
dration cycle were analysed: (1) intact, (2) partially dehydrated (dur-
ing mounting, partial evaporation of water from the intact crystals
occurred), (3) fully dehydrated and (4) rehydrated. The images pos-
sessing the highest X-ray scattering intensities are shown (Fig. 3 and
Extended Data Fig. 6). Upon dehydration, the higher-order reflec-
tions, such as (440), (420) and (400), which were observed for the
intact crystals, disappeared; only the lowest order (110) reflections
remained with the fully dehydrated crystals, indicating that they are
inanearly amorphous or paracrystalline state (Fig. 3a). However, the
higher-order reflections reappeared in the patterns of the rehydrated
crystals, indicating that theinternal structures and morphologies of the
crystals were recovered following rehydration (Fig. 3a and Extended
DataFig. 6). This was accompanied by achange in unit cell parameters
(from221to164 Ain 5 nm PAE crystals and from 286 t0 189 Ain 10 nm
PAE crystals) after dehydration (Extended DataFig. 7). Such large unit
cell changes would not be observed in electrostatically stabilized bcc
crystals assembled with the same particles because of the relatively
short and non-flexible Au-Au van der Waals interactions, of around
0.332 nm, between the particles.

A closer examination of the diffraction patterns of the fully dehy-
drated crystals revealed the presence of unusual fine features in the
reflections. Specifically, sporadic lines and delicate fringes that are
closelyrelated to theinternal structural deformation and rapid recov-
ery of the crystals were found (Fig. 3b,c). Typically, the reflections of
mosaic crystals exhibit a relatively isotropic arc or ellipsoidal shape,
which is an integral sum of all diffractions scattered from randomly
misoriented mosaic domains in a single crystal. Here, the reflections
were composed of sharp lines traversing the reciprocal space, implying
that thereis a strong positional correlation between the PAE domains
inthe highly deformed crystals.

—

Fully dehydrated

Rehydrated

I
Q
=

Intensity
i

a:217 A, b: 214 A, c: 216 A
a: 88.0°, B: 87.5°%, y: 92.4°

a:~164 A
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images collected fromadehydrated crystal assembled from 5 nm PAEs exhibit
finefringesinthe (110) reflection.d,e, (111) cross-section of model bcc crystal
of N=7,562 PAEs (d) before and (e) after deformation. Leftimages are
simulation snapshots and rightimages are their diffraction patterns obtained
by applying afast Fourier transform to the simulated structures.

To visualize the internal structures of the crystals, the (111)
cross-sections of intact and deformed model crystals with flexible
DNA bonds were simulated using MD and compared (Supplementary
Methods 3).Incontrast to the ordered PAEsin the original, intact crys-
tals, the d-spacings and lattice orientations of the PAEs within the dehy-
drated simulated crystals gradually differed at different points within
the crystal (Fig.3d,e and Supplementary Methods 3). In particular, the
lattices near the vertices of each crystal showed noticeably different
d-spacings and orientations relative to one another. The diffraction
patterns calculated from the simulated crystals contain sporadic,
sharp lines similar to those observed in the experimental diffraction
patterns, reinforcing that the line features are due to gradual changes
inthelattice vector over alongrange. By contrast, when another model
crystal was simulated inwhich the interactions between PAEs are com-
paratively stiff, the crystal fractured under deformation into mosaic
domains and exhibited the typical arc or ellipsoidal-shaped reflections
(Extended Data Fig. 8). The aforementioned fringes were frequently
observedinthe (110) reflections of the dehydrated crystals composed
of 5 nm PAEs (Fig. 3c and Supplementary Video 2). X-ray diffraction
moiré fringes are generated by X-rays travelling through artificially
arranged superimposed crystals with misfit lattice vectors, which is
explained with dynamical X-ray diffraction theory®2, Although the
global geometries of these single crystals deviate from those that
exhibit X-ray diffraction moiré fringes, it is possible that domains
within a crystal may bear misfit adjacent lattices and thus generate
fringes. Other potential origins of the fringes, such as defects and
crystalshapes, were simulated using MATLAB codes (Supplementary
DataFiles1and2), and theresulting patterns are discussed in Supple-
mentary Methods 4. These two fine diffraction features are unusual
in conventional rigid crystals and emphasize the notable flexibility
of DNA-engineered colloidal crystals prepared with programmable
atom equivalents.
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Fig.4|Optical property measurements and simulations of the crystals.

a, Bright-field optical microscopy images of crystals measured in situ.

b, Absorptionspectraofanintactandrehydrated crystal assembled from 5 nm
PAEs. c, Enhanced reflection of the deformed crystals. Reflections of randomly

Next, the optical properties of the crystals were investigated in
response to mechanical deformation. The optical properties changed
dramatically concomitant with the structural changes and ranged from
near-perfectbroadband absorption to enhanced reflectance and scat-
tering (Fig. 4 and Extended DataFig. 9).Indeed, theintact and recovered
crystals composed of PAEs of both sizes exhibited near-perfect absorp-
tion (more than 98%) over a broad range of wavelengths (from 430 to
830 nm, Fig. 4b and Extended Data Fig. 9b). The dark, low-reflectivity
surfaces of the crystals were observed in both dark-field (Fig. 1c,d)
and bright-field modes (Fig. 4a), indicating high crystal absorptivity.

Finite-difference time-domain (FDTD) simulations were utilized to
calculate the effective refractive index of the intact crystals® (Supple-
mentary Methods 5). In these calculations, the intact crystals exhibit
relatively low effective indices with pronounced oscillatory behaviours
around the frequency of the localized surface plasmon resonance of Au
(Fig. 4d,e). Such alow refractive index is indicative of alow reflection
throughout the ultraviolet-visible region. Qualitatively, a substan-
tialamount of the incident light penetrates the surface of the crystals
owingtotherelatively low volume fractions of Auwithin them (around
0.91% for the crystals with 5 nm PAEs and 2.3% for the crystals with
10 nm PAEs). To estimate the absorption of a 50-um-thick crystal, the
calculatedrefractiveindex was usedin the transfer matrix method. The
datashow that the crystals do exhibit high absorption throughout the
ultraviolet-visible region (Fig. 4f). The thick arrays of plasmonic AuNPs
within the crystals absorb asignificant portion of the penetrated light.

By contrast, the deformed crystals show significantly increased
reflection (Fig. 4c and Extended Data Fig. 9¢). The FDTD simulations
considering only the unit cell parameter contractions with retained
crystallinity indicate that both the real and imaginary components
of the refractive index increase because of the enhanced plasmonic
couplingamong the closely packed AuNPs (Fig. 4d,e). The increase in
the effective refractive index resultsin enhanced reflection and there-
fore lower absorption. Although the intensities and peak positions of
thereflected spectra obtained from the experiments varied, probably
attributed to the irregular unit cells and surface orientations of the
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chosendehydrated crystals areindicated in pale blue. d-f, Simulated electric
field maps (d), effective index (e) and absorption spectra (f) of single crystals
considering only contraction, without distortion, of the unit cells. Scale bars,
20 pm.

crystals, the deformed crystals reflected more light than the intact
and recovered crystals without exception (Fig. 4c and Extended Data
Fig.9¢).

Although the contraction of the unit cells explained the increased
reflection of the deformed crystals, noticeable discrepancies between
thereflectionintensities obtained fromexperiment and FDTD simula-
tionwere observed (the experimental values are approximately two to
three times higher than the simulated values, Fig. 4c,f). The discrepancy
may partly be explained by the fact that the FDTD simulation assumed
the crystalto be periodic eveninthe deformed state; it is computation-
ally prohibitive to perform an FDTD simulation with disordered crystals
withsuchlarge dimensions. Inaddition, itis awell-known phenomenon
thatinhomogeneous materials, such as broken glasses and damaged
opals, display increased reflection and scattering®: theinhomogeneous
internal and external structures of the deformed crystals increase the
number of reflection and scattering events within them and therefore
increase the overall reflection intensities.

In conclusion, this work shows that preparing crystals held together
with macromolecular bonds is a viable strategy for creating shape
memory materials that can be deliberately engineered to exhibit awide
range of reversible structure and property changes simply not acces-
sible with conventional crystalline architectures held together by other
types of bonds. The synthetic method and crystal properties described
herein, when combined withemerging methods to tailor crystal stabil-
ity and DNA bond flexibility*?¢, may lead to new stimuli-responsive
properties of colloidal crystals that are useful for chemical sensing,
optics and soft robotics.
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Methods

Synthesis of bcc-type crystals with 5 nm PAEs

The DNA sticky end sequences (5-AAGGAA-3’for A-type PAEs and
5-TTCCTT-3'for B-type PAEs) were designed to be complementary
toinduce selective interactions between A- and B-type PAEs and thus
form anon-close-packed bcc structure, as opposed to a close-packed
face-centred cubic structure (Extended Data Fig. 1and Supplemen-
tary Methods 1). Astock solution was prepared by combining concen-
trated solutions of the functionalized nanoparticles and linker strands
(linker strands were added to 100 equivalents per particle) in 0.5M
NaCl, 0.01 M phosphate buffer solution (pH = 7.4) and 0.01 wt% sodium
dodecylsulfate, such that the final concentration of each particle type,
A and B, was 200 nM. A thermocycler (ProFlex PCR System, Thermo
Fisher Scientific) was used to slowly cool the reaction chamber contain-
ing the PAE solution from 65 °C (above the melting temperature, so
therefore starting from dissociated free particles) to room temperature
atthefollowingrates: 0.01 °C per 5 min, 0.01 °C per 10 min, 0.01 °C per
30 min, 0.01°C per 60 min, 0.01°C per 90 minand 0.01 °C per 120 min.

Synthesis of bcc-type crystals with10 nm PAEs

The same conditions as above were used for the synthesis of crystals
consisting of 10 nm AuNPs, except that the 10 nm AuNPs were at a
concentration of 50 nM; 400 equivalents of linker strand per particle
was used. Small-angle X-ray scattering (SAXS) patterns of the result-
ing crystals were collected at the synchrotron beamline 5-ID with a
wavelength of 1.0 A (Extended Data Fig. 1). Both diffraction patterns
match well with the simulated peak positions of the anticipated bcc
structures (/m-3m space group).

Mechanical responses and shape analysis of the crystals
Foratypical crystal shape characterization using shape factor analysis,
optical microscope images were gathered. In brief, approximately 20
crystals were prepared on a slide glass. The crystals were then moni-
tored in situ in dark-field mode throughout a drying and rehydration
process. Except for the auto exposure time, all other configurations
were maintained throughout a set of in situ measurements. Images
were taken of the same crystals in the intact, dehydrated and rehy-
drated states. Unfortunately, during the dehydration and rehydration
process, the crystals floated around on the slide glass, so the positions
ofthe crystals changed slightly during this process. Within each batch
of crystals, images were taken by adjusting the z-height of the micro-
scope stage, and crystals were chosen for analysis from the images,
inwhich they appeared mostinfocus. To generate the relevant shape
parameters, the images of the crystals were manually thresholded in
ImageJ*® and, from this, outlines of the two-dimensional projections of
the crystals were generated using the computational software. Crystals
that were too highly fused with others to draw a distinct boundary
were rejected”.

AFM Young’s modulus

To characterize the elasticity of the crystals assembled with either
5nm and 10 nm AuNPs, force-displacement curves were obtained
using AFM (Bruker Dimension ICON). For each sample, a500 x 62.5 nm?
area was scanned in the force-volume mode using SNL-10B (Bruker)
cantilevers. The measurement was carried out on the (110) faces of the
crystalsin the buffer solution, and aspring constant of 0.125N m™and
deflection sensitivity of 64.03 nm V' were measured by calibrating
the tip via a thermal tune process. The scan and ramp sizes (displace-
ment) were setat 0.1 Hzand 700 nm, respectively. The resulting force
curves were analysed and fitted to the Sneddon model to calculate the
reduced Young’s modulus of each sample using Nanoscope Analysis
v.1.9 software (Bruker). The average Young’s moduli of the crystals
were 187 + 12 kPa and 241 + 22 kPa for 5 nm and 10 nm AuNPs, respec-
tively. The Young’s moduli of the crystals are comparable to those of

polyacrylamide hydrogels® (around 240 kPa) and soft polydimethyl-
siloxane® (around 580 kPa), which are often used for cellular studies;
the crystals are much softer than the glass substrate.

Single-crystal X-ray diffraction

SXRD experiments were performed at two beamlines at Argonne
National Laboratory. For the wide-angle measurements, the datawere
collected at the macromolecular crystallography beamline 21-ID-D
with awavelength of 1.0 A (Extended Data Fig. 4). For the SAXS meas-
urements, the datawere collected at the SAXS beamline 12-ID-Bwitha
wavelength of 1.2 A (Extended DataFig. 5). The unit cell parameters of
the crystals measured with an SXRD goniometer were calculated based
on the three-dimensionally reconstructed image frames (Extended
DataFig.7). Both experiments were conducted at 100 Kunder aliquid
nitrogen cold stream.

MD simulations

Simulations were conducted using MD implemented in the
HOOMD-blue particle simulation package (https://github.com/
glotzerlab/hoomd-blue). The performance of HOOMD-blue is highly
optimized on graphics processing units, and most of the simulations
in this work were performed on NVIDIA Tesla P100 or V100 graphics
processing units*.

A simplified model of the PAEs was developed, in which PAEs were
connected by flexible chains to simulate the large PAE crystals with
high viscoelastic volume fractions in a reasonable timescale (Supple-
mentary Methods 3). In this model, PAEs are represented as spherical
cores (r= 5 10 and 20 nm) surrounded by a set of eight anchoring

2,

points: (- J»r, f r) (%r,—% %r) (—%r,% %m——

J_ r) (Tr. J_r —Tr) (Tr’_f J—r) % =h J_r —Tr)
(- J_ —=r,- J_ 7 -2 r)where the centre of each coreis at (0, 0, 0) in Xyz
coordinates. The direction from the centre of the core to each anchor
corresponds to the direction from the centre of the core to eight near-
estneighbouring coresinabcc crystal, which allows the crystal struc-
ture to be stabilized with the minimum number of chains. The
anchoring points were connected by flexible chains to the adjacent
cores. Each chain between two PAEs consists of 16 nodes and 2 anchors,
and they are bonded to each other by a harmonic potential,
Voond= (1/2) k(r - r0)2, where k=330¢/0? and by an angular potential,
Vangle = (1/2)kg(6 - 0,)% where k,=10cand @is the angle between three
consecutive nodes. The quantities e and o are energy and length units
inthesimulation. Ther,and 6, of the undeformed chainare 0.706 nm
and180¢, respectively, but they can vary during the crystal deformation
process, as discussed below. A purely repulsive Weeks—-Chandler-
Andersen potential was applied to the spherical cores to avoid overlap
with chains and other cores*..

As aninitial configuration, anideal bec crystal (N, = 7,825, where
Nore is the number of spherical cores) with a well-faceted rhombic
dodecahedronshapeandalarge (111) cross-section (N, = 7,562) were
constructed (Supplementary Fig.9). The constructed crystalwas placed
inalarge simulationbox (¢, . <0.01), where @, =Nygre * Ueore/ Voox
and y.y is the volume of a core. All simulations were conducted under
periodicboundary conditions. The NVT (constant number of particles,
volume and temperature) integrator and a constant temperature
(T*=0.2) were applied to all systems. An MD simulation timestep
At=0.002was used for all systems. Chains were included between the
coresintheinitial crystal structure, and then the crystal was deformed
as described in Supplementary Methods 3.

Data availability

The data that support the findings of the study are available from the
corresponding author, C.A.M., upon reasonable request.
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Extended DataFig.1|Melting temperature curves for the synthesis of the
crystals and their SAXS patterns. a, Melting temperature curves for solutions
of Aand B-type PAEs. A cooling rate of 0.1°C/120 min was applied over the

Temperature (°C)

crystallization temperature range (shaded region) thatencompasses the

aggregation temperatures of the PAEs. b,c, SAXS patterns of BCC crystals
(b) with 5-nm PAEs and (c) with10-nm PAEs. In case of the crystals prepared with
5-nm PAEs, asmaller fraction of the crystals that have a slightly larger unit cell

a (A%)

parameter,292.9 A, were detected in the diffraction profile. The two phases
arelikely to occur during crystallization owing to the polydispersity of the 5-nm
particle cores. Size exclusion occurs more readily during crystallization of the
5-nm PAEs compared to the10-nm PAEs, as aresult of the larger relative size
difference between small and large particlesin the 5-nmbatch. Thisisawell-

documented behaviour for this class of materials*.
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Extended DataFig. 3 |Electron microscopeimages of the dehydrated crystals. a,b, Crystals assembled from (a) 5- and (b) 10-nm PAEs. Scale bars: 5 pum.



Crystals assembled with 5 nm PAEs

High-angle area

Crystals assembeld with 10 nm PAEs

b

:
A%

High-angle area

Extended DataFig.4|SXRD dataoftheintact crystals assembled with
5-and10-nmPAEs.a, A crystal assembled with 5-nm PAEs (a: 223 A). b, A crystal
assembled with 10-nm PAEs (a: 274 A). In the high-angle area of both data, FCC
structure powder rings fromrandomly oriented AuNPs in the crystals were
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observed. The majority of the reflections of the BCC superlattices are blocked
by thebeam stop owing to the typical short sample-detector distance of the
instrument configuration ofawide-angle beamline.
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Extended DataFig.5|A goniometerinstalled onthe SAXS beamline. a, Asingle crystalmounted onafibreloop.b, Tilt motor to orient the crystal. ¢, Y-axis
controlmotor. d, X-axis control motor. e, X-ray beam collimator.



— Partially dehydrated — Fully dehydrated — Rehydrated

Intact crystal

(] (220)
< o -
o >
c [ 3 (110) (121) *%
c # N » g
S £
c
= ot
. By
a:286 A b:267 A c:279 A a:243 A b:241A c:239A a ~189 A a:283 A b:275A c: 277 A

a:90.3°,B:88.9°vy:90.0° a:90.2°,B:90.8°,vy:89.2° a:90.9°, B:88.7°,vy:89.6°
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Extended DataFig.7 | Three-dimensionally reconstructed diffraction

patterns of the crystals during adeformation and recovery cycle.a,b, The

unitcell parameters were determined by overlapping the simulated BCC

reciprocal matrixes (grey dotted circles) with the reconstructed diffraction

patterns of the crystals assembled with (a) 5-nm PAEs and (b) 10-nm PAEs,
respectively.Inthe case of heavily deformed crystals, precise unit cell

parameter determination wasimpossible because of the limited number of
reflections. The unit cell parameters of the heavily deformed crystals were
estimated by measuring the average distances between the centers of (110)
reflections and the origin of thereciprocal space and converting the average
distancestothedirectspace values.
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Extended DataFig. 8| Deformation ofacrystal withrelativelystiff PAE-PAE b, Effective pair potential between A-type PAEs and B-type PAEs in this model
interactions. a, MD simulation snapshot after the crystal deformation. The (Supplementary Methods 3). ¢, Diffraction pattern obtained from the (111)
crystal was fractured into many domains with different sizes and orientations. directionofthe fractured crystal.
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Extended DataFig.9|Optical property changes of the crystals assembled
with10-nm PAEs. a, Schematic view of the simulationregion used inthe FDTD
simulation, highlighted by the bounding box. b, Bright-field optical microscope
images of the crystals measured in situ and absorption spectraoftheintact and
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