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ABSTRACT: The self-assembly of shape-anisotropic nanocrystals into large-scale structures is a versatile and scalable ap-
proach to creating multifunctional materials. The tetrahedral geometry is ubiquitous in natural and manmade materials, 
yet regular tetrahedra present a formidable challenge in understanding their self-assembly behavior as they do not tile 
space. Here, we report diverse supracrystals from gold nanotetrahedra including the quasicrystal (QC) and the dimer pack-
ing predicted more than a decade ago, and hitherto unknown phases. We solve the complex three-dimensional (3D) struc-
ture of the QC by a combination of electron microscopy, tomography, and synchrotron X-ray scattering. Nanotetrahedron 
vertex sharpness, surface ligands, and assembly conditions work in concert to regulate supracrystal structure. We also dis-
cover that the surface curvature of supracrystals can induce structural changes of the QC tiling and eventually, for small 
supracrystals with high curvature, stabilize a hexagonal approximant. Our findings bridge the gap between computational 
design and experimental realization of soft matter assemblies and demonstrate the importance of accurate control over 
nanocrystal attributes and the assembly conditions to realize increasingly complex nanopolyhedron supracrystals. 

INTRODUCTION 
Tetrahedral symmetry commonly exists in chemistry 

and physics. It is the most common coordination geometry 
in organic molecules, linked to the anomalous properties 
of liquid water1, and dominates the local structure in many 
block copolymer mesophases and, by duality, metallic al-
loys2. Ordered assemblies of tetrahedral building blocks 
have been studied in diverse soft matter systems3-5. As a 
building block, the regular tetrahedron is the simplest Pla-
tonic solid yet exhibits a surprisingly rich phase behavior. 
Computer simulations predicted that a fluid of hard tetra-
hedra undergoes a first-order phase transition to an en-
tropically stabilized dodecagonal quasicrystal (QC)6,7. 
Also, the densest known packing of tetrahedra is a dimer 
packing8, whereas is inaccessible through crystallization 
from the fluid phase9.  

Nanoparticle assembly is a powerful and versatile tool to 
develop new multifunctional materials10 and to study the 
phase behavior of anisotropic building blocks, thanks to 

recent advances in shape-controlled synthesis of nanocrys-
tals (NCs)11. Whereas hard (i.e., non-interacting) spheres 
are a well-established model for colloidal assembly12,13, ef-
fects of shape anisotropy as found in hard polyhedra are 
largely investigated via computer simulations6,14-17. Colloi-
dal crystallization of polyhedral NCs found diverse su-
pracrystals18-25 but is mostly limited to systems involving 
high-symmetry (e.g. cubic) nanopolyhedra and truncated 
or rounded NCs26-29. In particular, the experimental reali-
zation of simulation-predicted 3D assemblies of hard tet-
rahedra remains elusive. 

The underlying challenge is multi-faceted. First, the syn-
thesis of nanotetrahedra requires a kinetically controlled 
growth pathway to favor the tetrahedron shape30-32. For 
face-centered cubic metals, such a pathway is out-of-equi-
librium and requires spontaneous symmetry breaking to 
avoid the high-symmetry octahedron shape. Second, col-
loidal NCs are often covered by surface ligands, which 
cause rounding of the effective particle shape26,33. Third, 
the ever-present interactions between colloidal NCs and 
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the discreteness of matter at the nanoscale can lead to non-
additivity of interactions and many-body effects which are 
generally not accounted for by existing theories or simula-
tions34,35.Here, we overcome these challenges through the 
combination of precise NC synthesis, ligand engineering, 
and careful design of the assembly conditions. 

EXPERIMENTAL SECTION 
Chemicals. Hydrogen tetrachloroaurate trihydrate 

(HAuCl4·3H2O, ≥99.9% trace metals basis), sodium boro-
hydride (NaBH4, 99%), L-ascorbic acid (BioXtra, ≥99.0%), 
hydrochloric acid (HCl, 37%), nitric acid (HNO3, 70%), 11-
mercaptoundecanoic acid (MUA, 95%) and tetrame-
thylammonium hydroxide (NMe4OHꞏ5H2O, ≥97%) were 
purchased from Sigma Aldrich. Hexadecyltrimethylammo-
nium bromide (CTAB, ≥98.0%) and hexadecyltrimethyl 
ammonium chloride (CTAC, ≥95.0) were purchased from 
TCI America. All chemicals were used as received without 
further purification. Ultrapure water (resistivity=18.2 
MΩ·cm at 25 °C) obtained from a Barnstead® GenPure® 
(Thermo Scientific) water purification system was used in 
all experiments. All glassware was cleaned with aqua regia 
(a mixture of HCl and HNO3 in 3:1 volume ratio), rinsed 
thoroughly with water and dried before use. 

Synthesis of gold tetrahedra. Truncated gold tetrahe-
dra were synthesized by using our previously reported 
method29 which was modified based on the literature30. 
Sharp-tipped tetrahedra were synthesized by using the 
same method with modifications. Specifically, in the first 
step, ~11 nm gold spheres were prepared as follows. 5 mL of 
0.5 mM HAuCl4 was mixed with 5 mL of 200 mM CTAB in 
a 20 mL scintillation vial at 27 °C, to which 0.6 mL of freshly 
prepared 10 mM NaBH4 was quickly injected under vigor-
ous stirring (~1500 rpm). After stirring for 30 s, the mixture 
was left undisturbed at 27 °C for 3 h. Separately, a growth 
solution was prepared by mixing 20 mL of 200 mM CTAC, 
20 mL of 0.5 mM HAuCl4 and 15 mL of 100 mM L-ascorbic 
acid solutions. After the growth solution turned colorless, 
0.5 mL of the seed solution was added and the resulting 
solution was gently stirred for 15 min at 27 °C. Gold spheres 
were purified via two rounds of centrifugation at 8000 rpm 
for 90 min, the first time re-dispersed into 2 mL water and 
the second time re-dispersed into 10 mM CTAC (aq). The 
gold sphere solution (red color) was finally brought to an 
optical density (O.D.) of 2.0 at the extinction peak wave-
length of ~521 nm (Figure S1) using 10 mM CTAC (aq). 

In the second step, gold tetrahedra were synthesized by 
using gold spheres as seeds. Typically, to synthesize ~70 
nm tetrahedra, 16.2 mmol (5.18 g) of CTAC, 5.4 mmol (1.97 
g) of CTAB and 210 mL of H2O were mixed under stirring 
at 30 °C. Once CTAC and CTAB were fully dissolved, 108 
mL of 100 mM L-ascorbic acid (aq) and 2.1 mL of the above 
gold sphere solution were added consecutively to the mix-
ture. Next, 180 mL of 0.5 mM HAuCl4 solution was added 
dropwise by using a syringe pump (18 mL/h) under gentle 
stirring at room temperature. Afterward, the reaction mix-
ture was left undisturbed for another 10 min. Gold 

tetrahedra were purified via two rounds of centrifugation 
at 4500 rpm for 15 min. After the first centrifugation, the 
nanoparticle pellets were re-dispersed into 40 mL water. 
After the second centrifugation, the concentrated nano-
particle suspension at the bottom of the centrifuge tube 
was stored for further use.  

Purification of gold tetrahedra by using depletion 
attraction. Typically, to purify 70 nm sharp-tipped gold 
tetrahedra via depletion attraction, 0.3 mL of the concen-
trated nanoparticle suspension was added to a 15 mL cen-
trifugation tube. Next, 2.7 mL of 120 mM CTAC was added 
to provide the depletion attraction that favors the face-to-
face contact between flat facets of tetrahedra while exclud-
ing spherical and ill-shaped impurities. This mixture was 
left undisturbed for ~1 h to allow for flocculation and sedi-
mentation of tetrahedra. Afterward, the mixture was cen-
trifuged at 500 rpm for 20 min and the supernatant was 
carefully removed with a pipette. The pellets at the bottom 
of the tube were further rinsed with 100 µL of 120 mM 
CTAC several times to remove any loosely adhered impu-
rity nanoparticles. The pellets were dispersed in 0.3 mL of 
20 mM CTAC (aq). The purification was repeated for a total 
of four times. The purification was repeated for a total of 
four times. The concentrations of CTAC used for inducing 
depletion attraction were 120, 115, 115 and 115 mM, respec-
tively.  

Preparation of PS brush-coated Si substrates. As-
purchased Si substrates were cleaned with oxygen plasma 
for 10 min. Next, 1 mL toluene solution of 15 mg/mL hy-
droxy-terminated polystyrene (PS-OH, Mn: 3 kDa, PDI: 
1.06, Polymer Source, Inc.) was spin-coated onto the Si sub-
strate at 2000 rpm for 45 s. Subsequently, the Si substrate 
was annealed at 160 °C under vacuum for 45 h to promote 
the dehydration reaction between the hydroxy group of PS-
OH and the silanol groups at the Si substrate. Afterward, 
unbound PS-OH was removed by rinsing repeatedly with 
toluene followed by sonication in a toluene bath for 40 
min. 

Functionalization of gold tetrahedra with MUA. To 
functionalize the gold tetrahedra with MUA, the CTAC 
concentration of the tetrahedron stock solution was re-
duced to 0.2 mM via two rounds of centrifugation at 2500 
rpm each for 10 min. Afterward, the nanoparticle concen-
tration was brought to O.D. = 100. Separately, an aqueous 
solution of MUA was prepared by adding 1.5 mg of MUA to 
0.6 mL of water. 45 μL of 2.74 M NMe4OH (aq) was added 
to adjust pH to ~13 so that MUA became fully deprotonated 
(pKa of MUA = 4.85). Next, 600 μL of this MUA solution 
was added dropwise to 60 μL of the gold tetrahedron solu-
tion under vortexing (feeding ratio of MUA to NC is ~1 
mM/O.D.). The mixture was sonicated for 10 s and then al-
lowed to sit on a shaker (~1400 rpm) for >20 h. The MUA-
capped tetrahedra were isolated via centrifugation at 2500 
rpm for 10 min and re-dispersed in 60 μL of water together 
with 1.2 μL of 2.74 M NMe4OH (aq). 

Self-assembly of MUA-capped and CTAC-capped 
gold tetrahedra. To assemble the dodecagonal QC, 30 μL 
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of the MUA-capped tetrahedra was mixed with 270 μL of 
water and centrifuged at 2500 rpm for 10 min. Afterward, 
290 μL of the supernatant was carefully removed and the 
precipitates were diluted with 10 μL of water. This solution 
was then drop-casted onto a polystyrene (PS) brush-coated 
Si substrate inside a Teflon well (1.5 × 1.5 × 1 cm3). The Tef-
lon well was quickly covered with a glass slide to slow down 
solvent evaporation. A typical drying time is ~30-50 h. 

To assemble periodic supracrystals from MUA-capped 
tetrahedra, the same deposition procedure was used except 
that a piece of unmodified Si substrate (<100> oriented) 
was used. All Si substrates were cleaned by sonication in an 
isopropanol bath for 40 min and dried before use.  

To assemble periodic supracrystals from CTAC-capped 
tetrahedra, a gold tetrahedron solution containing 2 mM 
CTAC was prepared by diluting the stock solution (in 20 
mM CTAC) with water. The nanocrystal concentration was 
brought to O.D. = 150 prior to sample deposition. To form 
periodic supracrystals, 20 μL of the gold tetrahedron solu-
tion was drop-casted onto a piece of unmodified Si sub-
strate and left to dry in open air (typically ~1.5 h). 

Characterization. UV-Vis extinction spectra were ac-
quired on a JASCO V-770 UV-visible/NIR spectrophotom-
eter with the gold tetrahedra were dispersed in 20 mM 
CTAC (aq). Scanning electron microscopy (SEM) images 
were taken on a Carl Zeiss Auriga 60 FIB-SEM operated at 
1.50 kV. To obtain cross-sectional SEM images, Si sub-
strates were cut into two halves using a diamond scribe and 
the sample stage was tilted to 54° during image acquisition. 
Transmission electron microscopy (TEM) images were rec-
orded on a JEOL JEM 1400 plus microscope equipped with 
a LaB6 filament operated at 120 kV. High-resolution trans-
mission electron microscopy (HRTEM) imaging, coherent 
nano-area electron diffraction (CNED) and high angle an-
nular dark-field scanning transmission electron micros-
copy (HAADF-STEM) imaging were performed on a 300-
kV JEOL JEM 3200FS TEM equipped with a Gatan 4k × 4k 
Ultrascan 4000 camera. Zeta potential measurements were 
conducted on a Zetasizer Nano-ZS system (Malvern) 
equipped with a He–Ne 633 nm laser. 

Focused ion beam (FIB) slice-and-view tomography. 
FIB-SEM slice-and-view tomography was performed on a 
FEI Helios NanoLab 660 DualBeam FIB-SEM microscope. 
The milling series was conducted at 30 kV with a Ga+-beam 
current of 24 pA and a nominal slice thickness of 2 nm. A 
total volume of 2.60 µm × 1.70 µm × 0.556 µm (278 slices) 
was milled close to the central region of the dodecagonal 
QC, perpendicular to the substrate. The cut face was im-
aged at 38° tilting angle with enabled tilt correction and 
dynamic focus. The imaging was performed at 2 kV with an 
electron-beam current of 100 pA using the trough-the-lens 
(TLD) detector in secondary electron (SE) immersion 
mode. Data alignment was performed by first denoising 
the 2D slices with the total generalized variation algo-
rithm36 followed by linear registration with the SIFT algo-
rithm37 in the silx library. 

360° electron tomography. Preparation of pillar-
shaped cutout was performed on a FEI Helios NanoLab 660 
DualBeam FIB-SEM microscope. The selected area was 
coated with carbon using the gas injection system (GIS), 
cut out using Ga+ beam and glued with carbon onto a tung-
sten tomography tip using the lift-out technique. After-
ward, the pillars were milled down to a final diameter of 
250 nm and 500 nm using Ga-ion beam with a current of 
24 pA, operated at 30 kV.  

360° electron tomography was carried out on a FEI Titan 
Themis3 60-300 TEM operated at 300 kV. Two continuous 
tilt series of 110° were acquired at 1° increments using a 
Fischione Instruments model 2050 on-axis rotation tomog-
raphy holder and the sample was manually rotated by 90° 
in between the tilt series. Afterward, the two tilt series were 
merged to obtain a full 180° tilt series, which was further 
aligned using the SIFT implementation of Lowe in Im-
ageJ37. The tilt series of both pillars were imaged in STEM 
mode using both the HAADF and bright-field (BF) detec-
tors at a convergence angle of 1.2 mrad and with a camera 
length of 91 mm resulting in a collection range of 61-200 
mrad for HAADF and 34 mrad for BF. The image resolution 
of pillar 1 and pillar 2 are 0.88 nm and 1.20 nm, respectively. 
The 3D reconstruction was done using the simultaneous 
iterative reconstruction technique (SIRT) implemented 
with a Python-based ASTRA toolbox38,39 with 100 itera-
tions. The electron tomography data was analyzed using 
Arivis Vision 4D (version 3.3.0).  

Transmission small-/wide-angle X-ray scattering 
(TSAXS/TWAXS) and grazing incidence small-angle X-
ray scattering (GISAXS). TSAXS and TWAXS were per-
formed at 16-ID LiX beamline of NSLS II, Brookhaven Na-
tional Lab. The X-ray beam (15.14 keV) was focused to a 
spot size of 5 × 5 µm. Samples were scanned at the step size 
of 5 µm with a typical exposure time of 1 s. TSAXS patterns 
were recorded with a Pilatus 1M detector at a sample-de-
tector distance of 3.73 m. Simultaneously, TWAXS patterns 
were recorded with a Pilatus 900k detector at a sample-de-
tector distance of 0.35 m. GISAXS was performed at 11-BM 
CMS beamline of NSLS II, Brookhaven National Lab. The 
X-ray beam (10 keV) impinged on the sample surface at an 
incident angle of 0.15°. The beam size was set to 0.2 (hori-
zontal) × 0.05 (vertical) mm. GISAXS patterns were rec-
orded by a Pilatus 2M detector at a sample-detector dis-
tance of 5 m with a typical exposure time of 10 s. All X-ray 
scattering data were analyzed by using SicAnalysis.  

Simulation snapshots. We analyzed snapshots of ear-
lier simulations that reported the formation of a dodecag-
onal QC from hard tetrahedra6,7. From Reference 6, we 
took a simulation snapshot of 13824 tetrahedra in a cubic 
simulation box and use it in Figure 2b,e and Movie S4. This 
dataset has the advantage of being extended in all direc-
tions, which allows for reliable analysis of the stacking se-
quence along the 12-fold symmetry axis. From Reference 7, 
we took a simulation snapshot of 129600 tetrahedra in a 
tetragonal simulation box. This simulation box has a 
smaller periodicity along the direction of the 12-fold 
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symmetry axis and the simulations were performed at a 
packing fraction where liquid and QC coexist. Only the QC 
component was analyzed, which consists of 57602 tetrahe-
dra. Compared to the first dataset in Reference 6, this da-
taset is much larger and significantly better equilibrated. It 
was used in Figures 2a,d, S8, S9 and Movie S3. 

Slice visualization of simulation data and compari-
son with electron tomography. Cuts through the dataset 
(Figure 2c-e) were created by intersecting particles with 
chosen cut planes. For FIB-SEM tomography slice visuali-
zation, a cut orthogonal to the 12-fold symmetry axis re-
veals particles within the cut plane and slightly below 
caused by the excitation volume of the incident scanning 
electron beam during SEM imaging. We emulated this ef-
fect by fading out the particle when it is close to but below 
the cut plane in our visualization. Sample regions with sim-
ilar local order were identified and presented in Figure 2d,e 
to compare FIB-SEM and STEM tomography data with 
simulation results.  

Calculation of fast Fourier transform (FFT) pat-
terns. For the simulation data, we performed two-dimen-
sional Fourier transform of the particle volumes projected 
onto the observation plane, which is a good approximation 
to the TSAXS patterns. We assumed homogeneous scatter-
ing of X-rays from all parts of nanocrystals and ignored 
scattering from ligands or the solvent, given the large elec-
tron density difference between gold and organic matter. 
This approximation only weakly affects the peak intensity 
of the FFT patterns but does not alter peak positions. In 
previous simulations of hard polyhedra, the FFT patterns 
were calculated by placing point scatterers at the center of 
each particle7, which was insufficient for the present study. 
Instead, we assumed a particle shape and considered scat-
tering from all parts of the particle by Monte Carlo integra-
tion. We found that both the decoration of the QC tiling 
(Figure S8) and the exact particle shape or form factor (Fig-
ure S9) strongly influenced the relative peak intensities of 
the FFT pattern. 

RESULTS AND DISCUSSION 
Synthesis of quasicrystalline supracrystals. We syn-

thesized single-crystalline gold nanotetrahedra bound by 
four {111}NC facets following previously reported seed-medi-
ated growth methods with modifications29,30 (Figures S1 
and S2). The sharpness of nanotetrahedron vertices, which 
is quantified by the degree of truncation parameter t de-
fined in Figure 1a, is evident from the representative 
HAADF-STEM image (Figure 1b). The crude products were 
purified using a centrifugal force-assisted depletion-based 
method, which improves monodispersity and minimizes 
nanotetrahedron vertex corrosion at high depletant con-
centrations by drastically shortening the sedimentation 
time (Figure S1). The nanotetrahedra were post-syntheti-
cally functionalized with MUA and self-assembled via slow 
evaporation of an aqueous solution on a hydrophobic PS-
coated Si substrate (Figure 1b). The NC surface was well-
passivated by the compact and densely packed saturated 

alkyl chains of MUA (Table S1 and Figure S3), which maxi-
mally preserves the tetrahedral shape of NCs. Deproto-
nated MUA ligands provide a balance between electro-
static repulsion and van der Waals attraction to impart 
hard particle-like interactions29.  

Low-magnification SEM images reveal discrete su-
pracrystals typically adopting a disk or dome shape with 
diameters of several micrometers (Figures 1c and S4). The 
top of individual supracrystals features an undulating sur-
face, and corresponding FFT pattern suggests a 12-fold ro-
tational symmetry which is incompatible with ordinary pe-
riodic crystals (Figure 1d). By contrast, side-view SEM im-
age and corresponding FFT pattern indicate that these su-
pracrystals are periodic along the third dimension or z-di-
rection (Figure 1e). Closer examination reveals that the top 
surface exhibits two major structural motifs: a pentagonal 
bipyramid formed by five tetrahedra contacting face-to-
face and a hexagonal antiprismatic ring formed by 12 tetra-
hedra (Figure 1f). The rings stack periodically into logs 
which are separated by interstitial tetrahedra (Figures 1g 
and S5). 

Complete structural characterization of QC and 
comparison with Monte Carlo simulations. The global 
structural order of individual supracrystals was probed by 
TSAXS using microfocus X-ray beams. Sharp spots with 12-
fold rotational symmetry provide strong evidence for 
quasicrystallinity (Figures 2a and S6). The presence of 
higher-order peaks indicates that the structural perfection 
persists over large length scales. The simultaneously rec-
orded TWAXS pattern shows (111)NC scatterings at 30° in-
tervals which matches exactly the orientations of tetrahe-
dra comprising the 12-member rings (Figure S7). To aid 
comparison with experimental data, we re-analyzed prior 
simulations of dodecagonal QC formation from hard tetra-
hedra6,7. Calculated FFT patterns of the simulation model 
taking into account the particle shape as form factor agree 
with experimental TSAXS patterns and largely reproduce 
the peak positions (Figure 2a,b). Intriguingly, the calcu-
lated FFT patterns exhibit strong dependence on the tile 
decoration and the degree of tetrahedron truncation (Fig-
ures S8 and S9). The best agreement with the TSAXS pat-
tern was achieved by tetrahedra whose edge and vertex 
truncations resemble closely the experimental NC shape. 
An inner ring of peaks visible in some TSAXS patterns, par-
tially blocked by the beam stop, can be explained by excess 
pentagonal bipyramids at the supracrystal surface (Figure 
S8). On the other hand, the TSAXS pattern taken orthogo-
nal to the 12-fold axis shows equidistant horizontal lines 
which indicates a periodic arrangement along the z-direc-
tion (Figure 2b). 

To resolve the internal structure of the QC composed of 
high-electron-density gold NCs, we performed FIB-SEM 
tomography and STEM tomography reconstructions with 
spatial resolution down to about 1 nm. FIB-SEM tomogra-
phy provides a large lateral field of view of the supracrystals 
and generates high-contrast images which allows for easy 
segmentation of individual nanotetrahedra40. Additionally, 
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360° STEM tomography reveals structural details at in-
creased depths. The combination of both tomography 
methods enables a full 3D structural analysis of densely 
packed NC supracrystals. Multiple slices of the 3D recon-
structed volumes from FIB-SEM tomography were selected 
and compared with simulation snapshots to identify simi-
lar local structures (Figure 2c-f). Despite the structural 
complexity, the reconstructed 3D structures match closely 
the model from simulations (for better visualization, see 
Movies S1-S7). The NC positions and orientations were re-
vealed through five slices across half a z-periodicity with 

roughly equal spacings (Figure 2d). Two pentagonal bipyr-
amids sit above and below each 12-tetrahedra ring. The tri-
angle tiles are formed by three 12-tetrahedra rings plus one 
central tetrahedron that has two possible orientations 
when viewed along the 12-fold axis (face-up and vertex-up). 
The square tiles consist of four 12-tetrahedra rings enclos-
ing five interstitial tetrahedra. These five tetrahedra are ar-
ranged so that the outer four form face-to-face contacts 
with the center one. Also, 360° STEM tomography was per-
formed on a pillar-shape cutout from the center region of 
a 

 
Figure 1. Dodecagonal QC self-assembled from gold nanotetrahedra. (a) TEM image of gold tetrahedra and schematic of a 
gold tetrahedron and its projection along the <111>NC zone axis. The degree of truncation is defined as 𝑡𝑡 = 1 − 𝑙𝑙2/𝑙𝑙1 with measured 
edge length 𝑙𝑙2 and extrapolated edge length 𝑙𝑙1. (b) Schematic illustration of drying-mediated self-assembly on a hydrophobic 
substrate and HAADF-STEM image of a single gold tetrahedron. Gold tetrahedra are functionalized with MUA and negatively 
charged. (c) Low-magnification SEM image of discrete quasicrystalline supracrystals which are typically disk- or dome-shaped. 
(d,e) SEM images and corresponding FFT patterns of the QC imaged (d) along the 12-fold axis (top view) and (e) nearly orthogonal 
to the 12-fold axis (side view). (f,g) High-magnification SEM images and local structural motifs of the QC imaged (f) parallel to 
and (g) nearly perpendicular to the 12-fold axis. The images in (f), which correspond to the regions highlighted by the yellow and 
orange hexagons in (d), show the log with and without a pentagonal bipyramid on top. Purple overlays in (e) and (g) denote the 
logs. 

quasicrystalline supracrystal (Figure 2e). The recon-
structed slices reveal a periodic arrangement of alternating 
pentagonal bipyramids and 12-tetrahedra rings along the 
12-fold axis (Figure 2e), which was confirmed by the vol-
ume-rendered 3D reconstruction extracted from the FIB-
SEM tomogram (Figure 2f and Movie S8). Furthermore, 
quantitative comparison shows that the lattice parameters 
retrieved from tomography reconstructions and TSAXS 
analyses are in excellent agreement (Figures S10 and S11).  

Formation mechanism and experimental phase di-
agram of nanotetrahedron supracrystals. We postulate 

that assembly conditions and NC interactions play a criti-
cal role in driving QC formation from sharp-vertex gold 
nanotetrahedra. A recurring structural unit involved in QC 
nucleation predicted by simulation is the 22-tetrahedra 
cluster, which consists of two pentagonal bipyramids sand-
wiching a 12-member ring7. Because this cluster is non-flat, 
it is incompatible with the flat Si substrate but could be-
come favorable for homogeneous nucleation in solution 
without any templating effect from the substrate. One 
piece of experimental evidence supporting this hypothesis 
is the lack of a preferred orientation of various QCs with 
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respect to the Si substrate as shown by GISAXS measure-
ments (Figure S12). By contrast, nearly flat tetrahedron bi-
layers likely prefer to grow from a hydrophilic Si substrate 
with low contact angles at the solution-substrate interface 
and thus promoting the formation of periodic polymorphs.  

To understand the role of substrate hydrophobicity in 
QC formation and to understand the phase behavior of 
gold nanotetrahedra as a function of important parameters 
like vertex sharpness and NC interactions, we synthesized 
a library of nanotetrahedra with t ranging from 0.17 to 0.37 
and performed assembly experiments under three condi-
tions: drying over hydrophilic substrates with or without 
the depletants CTAC micelles and drying over 

hydrophobic substrates (Figures 3a-d and S13-S15). Hetero-
geneous (homogeneous) nucleation of supracrystals was 
induced by self-assembly on a hydrophilic (hydrophobic) 
substrate which attracts (repels) the NCs at the solution-
substrate interface. Besides the QC, two hexagonal dia-
mond (HD) variants and two cubic diamond (CD) variants 
were obtained via assembly of weakly truncated nanotet-
rahedra (t < 0.28) on hydrophilic substrates in the presence 
and absence of depletants, respectively (Figures 3e-n and 
S16). These four periodic supracrystals feature stacking of 
bilayers which consist of two interdigitating and oppositely 
oriented monolayers of tetrahedra. The twisted hexagonal 
diamond (t-HD) phase represents a simple modification to 
HD through 

 

Figure 2. FIB-SEM tomography, electron tomography and synchrotron X-ray scattering characterization of the dodecag-
onal QC. (a,b) Representative TSAXS patterns (left) and calculated FFT patterns of the simulation data (right) viewed along the 
12-fold axis (a) and orthogonal to the 12-fold axis (b). Green and yellow overlays denote common diffractions between TSAXS and 
FFT patterns and extra spots observed in FFT patterns, respectively. Insets show the orientation of logs which consist of 12-tetra-
hedra rings (purple) separated by 5-tetrahedra pentagonal bipyramids (yellow). (c) Slice visualization of FIB-SEM tomography 
reconstruction data and square-triangle tiling analysis. (d) FIB-SEM tomography slices (left) along the 12-fold axis and cuts through 
the simulation dataset (right) are compared at five different heights. Slice at z = 0 corresponds to the region between black-dotted 
lines in (c). (e) STEM tomography reconstruction of a 250-nm-diameter pillar sample prepared by FIB lift-out from the central 
region of a QC. The periodic stacking along the 12-fold axis is confirmed by comparing the STEM tomography slice (left) and a cut 
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through the simulation dataset (right). (f) (left) Schematic depiction of the orientations of cut planes (grey) in (d) and (e) on a log 
and (right) volume rendering of the FIB-SEM tomography reconstruction. 

in-plane (i.e., orthogonal to the 6-fold axis) lattice com-
pression and rotation of all tetrahedra either clockwise or 
anti-clockwise (Figures 3e and S17). This structure has flat 
bilayers, which are well adapted to the geometric con-
straints imposed by the hydrophilic flat Si substrates. The 
t-HD phase also contains dimers of face-overlapping tetra-
hedra, making it favorable when attractive depletion inter-
actions are present. By contrast, the anti-twisted hexagonal 
diamond (a-HD) phase features adjacent bilayers twisting 
in opposite directions and has slightly non-flat layers (Fig-
ures 3f and S18). This arrangement results in minor offsets 
between the face-overlapping tetrahedra of a dimer and al-
lows particles to pack denser. We reason that a-HD may 
become more stable than t-HD with less truncated 

nanotetrahedra where vertex contacts can be minimized. 
Furthermore, twisted cubic diamond (t-CD) deviates from 
the CD structure in that all tetrahedra undergo the same 
twisting, first parallel and then perpendicular to the 3-fold 
axis (Figures 3j,l and S19). Similar to a-HD, the anti-twisted 
cubic diamond (a-CD) phase is characterized by adjacent 
tetrahedron bilayers twisting in opposite directions and 
adopts an ABC rhombohedral stacking (Figures 3k,m and 
S20). In fact, both t-CD and a-CD are dense packings of 
sharp-vertex hard tetrahedra41,42. They both have tetrahe-
dron bilayers as building blocks and occasionally co-ex-
isted as nearby domains separated by well-defined grain 
boundaries (Figures 
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Figure 3. Experimental phase diagram of gold nanotetrahedron supracrystals. (a) UV-Vis extinction spectra of gold tetra-
hedra with varying degrees of truncation. (b-d) Schematics of drying-mediated self-assembly on (b) a hydrophilic substrate in the 
presence of depletants, (c) a hydrophobic substrate and (d) a hydrophilic substrate without depletants. (e,f) Representative SEM 
images of (e) t-HD and (f) a-HD supracrystals. (g-i) Structural models of (g) (from left to right) HD, t-HD and a-HD; (h) IC, t-IC, 
and dodecagonal QC; (i) CD, t-CD and a-CD. (j-n) Low-magnification (j,k) and high-magnification (l-n) SEM images of (j,l) t-CD, 
(k,m) a-CD and (n) the grain boundary (denoted by the blue-dotted line) between t-CD (left) and a-CD (right). (o,p) Representa-
tive low-magnification (o) and high-magnification (p) SEM images of a single t-IC. All structural models are presented with ori-
entations matching those in the SEM images.  

3n and S21). The more complex stacking sequence of a-CD 
can better avoid the tetrahedron vertex from hitting its 
neighbors and thus is more stable than t-CD for less trun-
cated tetrahedra. The structural models of the four peri-
odic supracrystals were equilibrated by Monte Carlo simu-
lation (Figures S22 and S23 and HTML visualization). Us-
ing nanotetrahedra with intermediate truncations (0.25 < t 
< 0.28), twisted icosahedral clusters (t-IC) consisting of 20 

t-CD- or a-CD-type domains were obtained via homogene-
ous nucleation on a hydrophobic substrate (Figure 3o,p). 
Highly truncated (t > 0.32) nanotetrahedra crystallize into 
HD, icosahedral cluster (IC)43 and CD under assembly con-
ditions of heterogeneous nucleation with depletants, ho-
mogeneous nucleation and heterogeneous nucleation, re-
spectively29. 

 

Figure 4. Surface tiling analysis of the dodecagonal QC and QC approximant. (a,b) Structural models, SEM images and 
corresponding overlays of (a) three types of primitive tiles (from left to right): concave triangle, convex triangle and rectangle and 
(b) different surface tiling motifs of the QC. The tiles are constructed by connecting the centers of pentagonal bipyramids identi-
fied from SEM images. The vertex configuration symbol is shown below each SEM image. (c,d) SEM images of (c) a QC and (d) a 
QC approximant overlaid with surface tile decorations. And (c) schematic illustration of surface curvatures of the QC (close-to-
zero), the rectangle tile (negative Gaussian curvature) and the triangle tile (positive Gaussian curvature).  

Curvature-dependent stability of QC and its ap-
proximant. We further examined different-sized QCs and 

identified a hexagonal QC approximant in small supracrys-
tals (Figure 4). To understand the origin of the 
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approximant, we constructed surface tilings on SEM im-
ages by mapping the centers of pentagonal bipyramids 
onto three primitive types of tiles: concave triangle (vertex 
configuration ‘3’), convex triangle (‘3’), and rectangle (‘4’) 
(Figures 4a and S24). The presence of two distinct triangle 
tiles and the appearance of rectangle tiles rather than 
square ones are caused by tilting of pentagonal bipyramid 
centers away from the log center6. Six common tiling mo-
tifs with well-defined vertex configurations were identified 
(Figures 4b and S25). Crucially, preferential face-to-face 
contacts between the 12-tetrahedra rings and interstitial 
tetrahedra induced positive and negative Gaussian curva-
tures in triangle and rectangle tiles, respectively (Figure 
4c). Minimizing the global net curvature requires both tiles 
and thus favor the formation of the dodecagonal QC. Intri-
guingly, we found an asymmetry in the occurrence fre-
quency of tiling motifs not expected for an ideal QC tiling. 
For example, 36 appeared more frequently than 36. Given 
that the two types of triangle tiles are equivalent in the 
bulk, i.e., the 3 tile becomes the 3 tile when viewed from 
the other direction, the observed asymmetry could origi-
nate from the curved surface of the QCs. To confirm this 
hypothesis, we analyzed surface tilings of different-sized 
QCs. Indeed, the asymmetry becomes more pronounced as 
the volume of the supracrystal shrinks corresponding to in-
creasing surface curvatures (Figures S26 and S27). For ul-
tra-small supracrystals, the tiling consists of only convex 
triangles and corresponds to a hexagonal QC approximant 
(Figure 4d). The correlation of supracrystal surface curva-
ture with the occurrence frequency of various tiling motifs 
offers important insights into particle dynamics during QC 
formation.  

 
 

CONCLUSION 
In summary, we demonstrated the rich self-assembly 

phase behaviors of monodisperse, sharp-vertex gold nano-
tetrahedra. Both quasicrystalline and exotic periodic su-
pracrystals were realized through meticulous control of NC 
surface chemistry and the assembly environment such as 
substrate hydrophobicity. Comprehensive 3D structural 
analyses revealed that the QC and the dimer packing 
match all predictions by previous computer simulations of 
hard tetrahedra. We further observed additional periodic 
supracrystals for assembly conditions that favor heteroge-
neous nucleation and in the presence of depletants. Fi-
nally, we discovered that the interplay between QC tilings 
and the surface curvature of the supracrystal can introduce 
phason strain which stabilizes a hexagonal QC approxi-
mant. We expect that the assembly methods and the com-
prehensive 3D structural characterization demonstrated 
here on gold nanotetrahedra can be applied to other nano-
particles. This study thus provides a roadmap for raising 
the level of complexity in systems of nanopolyhedra and 
motivates future investigations into the formation 

pathways of unconventional supracrystals using in-situ 
techniques25,44-47. 
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