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NANOMATERIALS
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In nanoscale assemblies, observations of structures in the 

transition pathways between high-symmetry lattices are rare 

because of the inherent instability of the intermediate phases. 

We report that silver nanocrystals with shapes similar to 

truncated octahedra (mecons) self-assemble into superlattices 

that are stable and resemble a previously unobserved phase 

that bridges face-centered and body-centered cubic structures 

along the Nishiyama-Wassermann martensitic pathway. These 

superlattices exhibited high structural purity and stability and 

created a robust and tunable dissymmetric phase landscape. 

Notably, light-matter coupling emerged in these silver 

nanocrystal superlattices through plasmon-photon 

hybridization at the quantum level.

Exploring newly identified phases of matter offers profound opportuni-
ties to transform how materials function and organize, opening path-
ways to a wide spectrum of technological applications (1–8). Among 
these, intermediate states during solid-phase transitions offer a rich 
library of structures that bridge well-defined phases (8–13). Although 
the initial and final states of such transitions are often well character-
ized and thermodynamically stable (14–17), the intermediate phases 
corresponding to configurations that arise during the transformation 
remain largely unexplored (18). These transient states, however, are 
of critical importance: They govern the kinetics, pathways, and energy 
landscapes of phase transformations and may host emergent structural 
or functional motifs absent from either parent phase (6, 19–26).

In nanoscale assemblies, rare observations of in-transition struc-
tures have only been made along the Bain transformation pathway 
through martensitic transformation—a diffusionless phase transition 
between high-symmetry structures (11, 27–29)—using advanced in situ 
time-resolved characterization techniques (9, 10, 30). However, despite 
their critical role, no such in-transition phase has ever been stabilized 
as a persistent structure under ambient conditions. Their inherently 
dynamic and short-lived nature presents major challenges for struc-
tural and property characterization, thereby limiting our ability to 
fully unravel the functionality and complexity of solid-state phase be-
havior (14–18). Unlocking access to these hidden intermediate states 
would mark a paradigm shift in the study of phase transitions, offering 
transformative opportunities to manipulate transformation pathways 
and to discover entirely new classes of materials with tailored func-
tionalities (31–36).

We report the formation of stable silver nanocrystal (Ag-NC) super-
lattices (SLs) that resemble the in-transition phase of martensitic 
transformation under ambient conditions that was achieved through 
the controlled assembly of shape-engineered Ag-NCs. By fine tuning 
the Ag-NC shape from a sphere to a mecon (also known as a truncated 
octahedron) (37), we observed a gradual SL evolution from a face-
centered cubic (FCC) to a body-centered cubic (BCC) lattice. The Ag-NCs 
with intermediate shapes form stable dissymmetric SLs that resemble 
transient in-transition structures along the Nishiyama-Wassermann 
(N-W) martensitic transformation pathway (27). Computer simulations 
reveal the critical role of both particle shape and soft ligands in stabi-
lizing these dissymmetric SL structures. Furthermore, all the SL films 
obtained from 10-nm-ish Ag-NCs (FCC, dissymmetric, and BCC SLs) 
exhibit quantum-level plasmon-photon hybridization within the deep-
strong light-matter coupling regime, that is, coupling strength exceed-
ing unity. This discovery provides a window into phase transformation 
mechanisms and introduces a versatile platform for designing materials 
with programmable structural complexity and functionality.

Spherical and mecon Ag-NC SLs
Uniform spherical and mecon-shaped Ag-NCs, with nearly identical 
inorganic core volumes (~520 nm3, equivalent to a 10.0-nm-diameter 
sphere), were synthesized through a newly developed thermal decom-
position method (Fig. 1, A to F; methods; fig. S1; and tables S1 and S2). 
These NCs were functionalized with oleic acid and oleylamine mole-
cules, endowing them with colloidal dispersibility in nonpolar solvents 
such as hexanes. High-crystalline Ag-FCC atomic domains of the ob-
tained Ag-NCs were confirmed by high-resolution transmission electron 
microscopy (HRTEM) images, corresponding fast-Fourier transform 
(FFT) patterns, and powder x-ray diffraction measurements (Fig. 1, B 
and E; fig. S2; and table S3). While spherical Ag-NCs did not exhibit 
clearly defined facets (Fig. 1G), mecon Ag-NCs had six {100}Ag-FCC square 
and eight {111}Ag-FCC hexagon exposed facets (Fig. 1I and supplemen-
tary text 1). In addition, spherical Ag-NCs exhibited an absorption peak 
located at 3.05 eV (406 nm) (Fig. 1C), whereas mecon Ag-NCs had a 
main absorption feature at 2.91 eV (426 nm), along with a shoulder 
peak at ~3.43 eV (~362 nm) (Fig. 1F). These absorption features arose 
from localized surface plasmon resonances, which are collective excita-
tions of the free electrons in the Ag-NCs (38, 39).

Hexane suspensions of these Ag-NCs (at a concentration of ∼10 mg/ml) 
were used for SL formation through a slow solvent evaporation process 
(methods). Synchrotron-based small-angle x-ray scattering (SAXS) mea
surements revealed that the spherical Ag-NCs were assembled into an 
FCC structure (aSL-FCC = 17.75 nm), whereas the mecon Ag-NCs formed 
a BCC SL (aSL-BCC = 14.12 nm), resembling the three-dimensional honey
comb structure (Fig. 1, H, J, K, and L; figs. S3 and S4; and tables S4 
and S5). TEM images of the obtained FCC and BCC SLs were consistent 
with the assigned structures viewed from the [111]SL-FCC and [110]SL-BCC 
projections, respectively (Fig. 1, K and L, middle insets). Selected-area 
wide-angle electron diffraction (WAED) measurements confirmed the 
atomic orientation alignments across all constituent Ag-NCs in the SLs 
(Fig. 1, K and L, right insets, and fig. S5). In the FCC SLs, a sixfold sym-
metric WAED pattern was observed when viewed along the [111]SL-FCC 
projection (Fig. 1K, right and middle insets, and fig. S5).

Detailed analysis based on simulated WAED patterns suggested that 
the spherical Ag-NC orientations were aligned such that the [110]Ag-FCC 
projections appear in the (111)SL-FCC plane, with three distinct in-plane 
rotational orders exhibiting a regulated angle offset of 120° (Fig. 1H and 
fig. S5). In contrast, a single crystal–like spotted WAED pattern, identi-
cal to the [110]Ag-FCC diffraction pattern of Ag-NCs, was obtained for the 
BCC SLs when viewed along the [110]SL-BCC projection (Fig. 1L, right 
inset, and fig. S5). This result indicated that in the BCC SL, the crystal 
lattice axis of Ag-NCs and the SL axis shared the same coordinate directions 
(i.e., x, y, and z axes) (Fig. 1J and fig. S5), where maximized {111}Ag-FCC-
to-{111}Ag-FCC facet alignments are exhibited (supplementary text 1).
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Phase-intermediate SLs from truncated-mecon Ag-NCs
Next, we synthesized Ag-NCs with an intermediate shape between a 
mecon and a sphere (fig. S6 and supplementary text 2). To quantify the 
shapes, we defined a sphericity parameter, λ, where λ = 0 represents 
a perfect mecon and λ = 1 corresponds to a perfect sphere (supple-
mentary text 2). TEM measurements confirmed excellent size and 
shape uniformities of the synthesized Ag-NCs with a λ of 0.62 (fig. S6), 
which were used to produce powder Ag-NC SLs. Synchrotron-based 
SAXS measurements revealed an intricate pattern, characterized by 
>30 well-resolved scattering peaks within the scattering vector q in 
the range from 0.05 to 0.30 Å−1 (corresponding to a lattice spacing d 
of 12.56 to 2.09 nm; Fig. 2A, fig. S7, and table S6).

This SAXS pattern could not be attributed to any common SL struc-
tures assembled in single-component NC systems, such as FCC, BCC, 
hexagonal close-packed (HCP), or any combination of these phases 
(fig. S8). Therefore, we examined phase-intermediate structures that 
arise during four common martensitic transformation pathways: Bain, 
Pitsch, N-W, and Kurdjumov-Sachs pathways (supplementary text 3) 
(27, 28, 36). Through structural analyses based on both real- and 
reciprocal-space results, we identified that the Ag-NC SLs had a phase-
intermediate structure along the N-W martensitic transformation 
pathway (Fig. 2, A and D; figs. S7 to S15; and tables S6 and S7). N-W 

phase-intermediate unit cells are described using a base-centered 
monoclinic Bravais lattice (Fig. 2A, right inset, and supplementary 
text 3). In the N-W pathway, the crystallographic relationship with the 
reference FCC and BCC structures presents the (001)SL–N-W as 
the shared lattice plane with the (111)SL-FCC and (011)SL-BCC planes, 
and the shared directions of 

[

110
]

SL-FCC
//
[

110
]

SL−N-W
//[100]SL-BCC and 

[

112
]

SL-FCC
//
[

100
]

SL−N-W
//
[

011
]

SL-BCC
 (Fig. 2B) (27, 28, 36). By descend-

ing the high symmetry (Oh point group) of FCC or BCC structures to 
the lower symmetry (C2/m point group) of a N-W phase-intermediate 
structure, additional SAXS peaks emerge by gradually dissolving 
the peak degeneracy of the reference FCC or BCC lattices (Fig. 2C, 
fig. S11, table S7, and movie S1). Through fitting the SAXS pattern 
using the N-W unit cell, the lattice constants were determined to be 
a = 19.58 nm, b = 12.13 nm, c = 12.13 nm, α = 90°, β = 128.6°, and γ = 90° 

(Fig. 2A, fig. S5, table S6, and Methods). This N-W phase-intermediate 
lattice comprises a 33.8% BCC (i.e., 66.2% FCC) structural contribu-
tion, defined as a phase-intermediate structural parameter Ʈ = 33.8% 

(see supplementary text 3). The shared plane in the N-W phase-

intermediate unit cell with Ʈ = 33.8%, (001)SL–N-W, exhibited a 4.5% 
expansion along the 

[

110
]

SL-FCC
 and 2.1% contraction along the 

[

112
]

SL-FCC
 

compared with the reference FCC phase (Fig. 2B and supplementary
 

Fig. 1. Spherical and mecon Ag-NCs and their SLs. (A to C) Spherical Ag-NCs and (D to F) mecon Ag-NCs: low-magnification TEM images [(A) and (D)], HRTEM images (scale bar,  

3 nm) [(B) and (E), top], the corresponding FFT patterns [(B) and (E), bottom left], simulated FFT patterns [(B) and (E), bottom right], and absorption spectra from experiments [(C) and 

(F), solid lines] and simulations [(C) and (F), dashed lines]. In (C), the presented peaks were used for fitting the experimental absorption spectra. a.u., arbitrary units. For presentation 

purposes, the TEM image in (E) was cropped, and the empty lower-left background region was digitally extended using matching background texture; no experimental features or data 

were modified. (G to J) Atomic models of an individual spherical Ag-NC (G), an FCC SL unit cell from spherical Ag-NCs (H), an individual mecon Ag-NC (I), and a BCC SL unit cell from 

mecon Ag-NCs (J). (K and L) One-dimensional (1D) SAXS spectra of an FCC SL from spherical Ag-NCs (K) and a BCC SL from mecon Ag-NCs (L). Open circles, solid lines, dashed lines, 

peaks, and bars in the panels represent integrated data points from the 2D SAXS patterns, 1D SAXS spectra, fitted SAXS spectra, constituent peaks for the fitting, and standard peak 

positions of the assigned structures, respectively. Insets: 2D SAXS patterns (scale bar, 0.5 nm−1) (left), TEM images of the SLs (scale bar, 30 nm) (middle), and selected-area WAED 

patterns (scale bar, 3 nm−1) (right). In the right inset panel of (K), the indices from top to bottom are assigned to the patterns corresponding to the inner to outer positions, respectively.
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text 3). The obtained N-W phase-intermediate SLs showed high struc-
tural purity and remained stable for at least 6 months after formation 
despite their high structural complexity.

To identify the orientational order of the constituent Ag-NCs (λ = 
0.62) within this phase-intermediate SL, we probed the structure 
from four distinct SL projections: [001]SL–N-W, [011]SL–N-W, [102]SL–N-W, 
and 

[

105
]

SL−N-W
 (Fig. 2D). Correlating the NC and SL orientations, the 

[310]Ag-FCC, 
[

110
]

Ag-FCC
, [101]Ag-FCC, and [100]Ag-FCC atomic orientation Ag-NCs 

were confirmed to align with the [001]SL–N-W, [011]SL–N-W, [102]SL–N-W, and 

[

105
]

SL−N-W
 SL projections, respectively (Fig. 2D, iv, ix, xiv, and xix). This 

orientation alignment was consistent with the assigned SL and 
atomic models (Fig. 2D and figs. S12 to S15). In the SL model, {111}Ag-FCC-
to-{111}Ag-FCC facet registrations between neighboring particles were 
consistently observed in the shared plane, (001)SL–N-W, along the N-W path-
way (Fig. 2B supplementary text 3). This retention of inter-{111}Ag-FCC 
facet registry in the shared planes exists in N-W phase-intermediate 
structures but not in any phase-intermediate configurations along 
other martensitic transformation pathways (supplementary text 3). 

Fig. 2. Characterizations and phase diagram of N-W phase-intermediate SLs. (A) SAXS spectrum for a N-W phase-intermediate SL with Ʈ of 33.8% from Ag-NCs with λ of 

0.62. Open circles, solid line, dashed line, and peaks represent integrated data points of 2D SAXS pattern, fitted SAXS spectrum, and constituent peaks for the fitting, 

respectively. Insets: N-W phase-intermediate unit cell and the lattice constants for the N-W phase-intermediate SLs with Ʈ of 33.8% (left) and 2D SAXS pattern (right; scale bar, 

0.5 nm−1). (B) Schematics of the shared plane through the N-W (middle) pathway between the reference FCC (left) and BCC (right) structures. The difference in the opacity of 

the spheres represents that they are located in different layers along the viewing directions. (C) Diagram of SAXS-peak evolution from an FCC (bottom) to a BCC (top) through 

the N-W pathway (middle). The numbers at the intersections along the line positioned at Ʈ of 33.8% (blue dots) correspond to the peak numbers assigned in the SAXS peaks 

shown in (A). (D) Rotational TEM study for the N-W phase-intermediate SL with Ʈ of 33.8%. Leftmost column (i, vi, xi, and xvi): TEM images showing SL fringes (scale bars,  

40 nm). The SL fringes labeled as p1 to p4 correspond to SAXS peaks 1 to 4 in (A), respectively. Middle left column (ii, vii, xii, and xvii): the corresponding SAED patterns (scale bars, 

0.2 nm−1). Middle column (iii, viii, xiii, and xviii): computer models of the N-W SLs. Middle right column (iv, ix, xiv, and xix): computer models of the individual NCs in the SLs. 

Rightmost column (v, x, xv, and xx): the corresponding WAED patterns (scale bars, 3 nm−1). (E) Phase diagram, λ versus particle size, plotted from 16 Ag-NC samples forming 

FCC, BCC, and N-W phase-intermediate SLs with different Ʈ values. (F) Phase diagram, Ʈ versus λ, plotted from 16 Ag-NC samples with different particle volumes and shapes 

(ranging between a sphere and a mecon). The complete dataset used for these diagrams is presented in table S8.
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These findings suggest that interfacet interactions among Ag-NCs play 
a critical role in stabilizing this unusual N-W phase-intermediate SL 
(24, 25, 40–42).

To further demonstrate the general applicability of capturing N-W 
phase-intermediate structures, Ag-NCs with various sphericity param-
eters (λ from 0.11 to 0.95) and particle volumes (ranging from ∼85 to 
590 nm3; particle size: 5.5 to 10.4 nm) were synthesized (fig. S16 and 
table S1) and assembled into SLs (Fig. 2, E and F; figs. S17 to S24; and 
tables S8 to S18). We found that N-W phase-intermediate SLs at dif-
ferent transitioning stages (0% < Ʈ < 100%) can be produced from the 
Ag-NCs with λ between ~0.35 and ~0.85 (Fig. 2, E and F; fig. S17; and 
table S8). Increasing particle size broadens the stability window of the 
phase-intermediate SLs compared with smaller counterparts (Fig. 2E). 
Moreover, the phase-intermediate SL structural parameter, Ʈ, shows a 
strong correlation following a sigmoid curve with the Ag-NC sphericity 

parameter, λ (Fig. 2F), indicating the phase-intermediate structural 
control and stabilization through precise engineering of particle shape. 
These results reveal a phase diagram containing a region where such 
highly dissymmetric structures can exist with a wide range of struc-
tural parameters (meaning that the full range of Ʈ is accessible).

Molecular dynamics simulations and mechanistic study
To investigate the formation mechanisms of the phase-intermediate 
structures, we developed minimal models of ligand-coated Ag-NCs and 
performed hard particle Monte Carlo (HPMC) and hard particle molecu-
lar dynamics (MD) simulations of the assembly processes (Fig. 3, A 
to F; figs. S25 to S29; and movies S2 to S8). We initially considered a 
hard particle model using the stiff interaction potential curve that 
accounts for the Ag-NC shape (0 ≤ λ ≤ 1) and therefore isolates the 
role of particle shape (Fig. 3A, purple dashed line, and movies S2 to 

Fig. 3. Simulations of phase-intermediate SL formation from NCs with varying sphericity parameters. (A) Pair potential curves between NCs used in simulations. 

Potential curves for the stiff interaction model, the soft interaction model, and the total potential model (stiff and soft interactions combined) are presented with purple dashed, 

green dashed, and gray solid lines, respectively. See supplementary text 1 for the definition of gap distance. (B) Phase diagram, λ versus Ʈ, plotted from HPMC simulations using 

the stiff interaction model (left) and MD simulations using the total potential model (right). Red spheres on the right panel represent experimentally obtained data from Ag-NCs 

with the same particle volume (∼520 nm3) and varying sphericity (λ: 0.17 to 0.95). Purple and cyan spheres represent simulation results starting from FCC and BCC configura-

tions, respectively. (C to F) Structural analysis for simulated SLs from Ag-NCs with λ of 0.0 (C), 0.4 (D), 0.8 (E), and 1.0 (F): snapshots of the simulated SLs (top), FOODs for 

(111)Ag-FCC facets (bottom left), BOODs for eight nearest neighbors (bottom middle), and overlaid presentations of (111)Ag-FCC FOODs and eight nearest-neighbor BOODs 

(bottom right). (G to K) WAED patterns for the experimentally obtained SLs formed by the Ag-NCs (∼520 nm3) with λ of 0.17 (G), 0.39 (H), 0.56 (I), 0.83 (J), and 0.95 (K): 

WAED patterns (scale bars, 3 nm−1) (top) and magnified signals with lines showing the longitudinal (L) and radial (R) directions (insets); the ratios of full width at half maximum 

between peaks integrated along the L and R directions for SAED (green bars) and WAED (purple bars) patterns (bottom). The corresponding SAED patterns used in this analysis 

are provided in fig. S29. (L) Computer models of neighboring NCs in the SLs with FCC (top), phase-intermediate (middle top, middle bottom), and BCC (bottom) structures, 

highlighting the evolution of orientational order of the constituent NCs and soft ligand–induced facet-to-facet interactions.
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S5). However, the observed step function–like, abrupt transition from 
the BCC to an FCC lattice when λ > 0.5, which was consistent regard-
less of the starting structural configuration (Fig. 3B, left), indicated 
that the systems were unlikely to be kinetically arrested or otherwise 
trapped out of equilibrium (43). This result suggested that the hard 
particle model alone cannot explain the experimental observations of 
stabilized phase-intermediate structures (43).

Next, we added a soft repulsive interaction model between the par-
ticles to account for ligand-ligand interactions that we hypothesized 
could soften the shape of the Ag-NC core (Fig. 3A, gray solid line). MD 
simulations using this model (Fig. 3, A and B; figs. S25 to S27; and 
movies S6 to S8) demonstrated the self-assembly and stabilization of 
N-W phase-intermediate structures (Fig. 3B, right). The plots of λ ver-
sus Ʈ from these simulations exhibited a smooth sigmoidal curve 
(Fig. 3B, right, blue and green spherical markers). Experimental data 
of SLs from Ag-NCs of identical particle volume (∼520 nm3) but vary-
ing shape (λ: 0.17 to 0.95) aligned well with the sigmoidal curve 
(Fig. 3B, right, red spherical markers; figs. S3, S4, and S30 to S33; and 
tables S4, S5, and S19 to S21), demonstrating the strong agreement 
between experiments and simulation.

Further examination of the simulated SLs from particles with λ = 
0, 0.4, 0.8, and 1.0 provides greater insights into the orientational 
ordering of Ag-NCs (Fig. 3, C to F, and fig. S29). Across all tested λ 
values, the bond orientational order diagrams (BOODs), computed for 
each particle’s eight nearest neighbors, perfectly matched the {111}Ag-FCC 
facet orientational order diagrams (FOODs) (Fig. 3, C to F, bottom 
right), demonstrating that the {111}Ag-FCC facets remained in contact 
in all the N-W phase-intermediate structures. Additionally, the FOODs 
of {111}Ag-FCC and {100}Ag-FCC facets display increasingly smeared sig-
nals with increasing λ (Fig. 3, C to F, bottom left, and fig. S29), indicat-
ing a gradual loss of Ag-NC facet alignment. This gradual decrease of 
particle orientational order was also confirmed in experiments by 
closely analyzing the electron diffraction patterns of SLs assembled 
from Ag-NCs with the same volume of ∼520 nm3 and various λ values 
of 0.17, 0.39, 0.56, 0.83, and 0.95 (Fig. 3, G to K, and fig. S30).

Although the SAED signals remained confined and spherical, the 
spot signals in the WAED patterns became increasingly smeared and 
elongated with increasing Ag-NC sphericity (Fig. 3, G to K, and fig. 
S30), which can be quantified by the width ratios of WAED peaks in-
tegrated along the longitudinal and radial directions (Fig. 3, G to K, 
purple bars, bottom, and fig. S34). This result indicates increased par-
ticle rotational freedom with increasing Ag-NC sphericity, which is 
associated with the less sharply faceted (111) planes, and thus weaker 
aligning torques, and reduced effective interfacet interactions (Fig. 3L 
and figs. S34 to S36) (44). The excellent agreement between simula-
tion results and experimental findings suggested that the N-W path-
way was favored by local interactions, particularly through {111}Ag-FCC 
facets, which remain preserved within the shared (001)SL–N-W plane 
(fig. S36 and supplementary text 3). Moreover, the tunable control over 
interaction magnitude enabled by shape-directed Ag-NC modifications 
and soft ligand interactions played a crucial role in stabilization of 
phase-intermediate SLs along the N-W martensitic pathway.

Light-matter coupling in SL films
Metallic NC SLs exhibit optical properties that arise from the light-
matter coupling of their collective plasmons (23, 26, 32, 33, 45–49). 
The interaction between plasmons localized on different NCs generates 
collective excitations that hybridize with photons into plasmon polari-
tons, as previously demonstrated for spherical gold NC SLs (33). 
Because Ag-NCs are among the most plasmonic-responsive particles 
(38, 39), we measured optical responses of Ag-NC SLs with different 
numbers of NC layers in both transmission and reflection modes 
(Fig. 4, A to D, and figs. S37 to S41). For all three SL architectures—FCC 
SLs from spherical Ag-NCs, phase-intermediate SLs from Ag-NCs with 
λ = 0.56, and BCC SLs from mecon Ag-NCs—the transmission and 

reflection features shifted continuously toward lower energy, and new 
peaks emerged upon increasing the number of Ag-NC SL layers from 
one to six (Fig. 4, E to G, and figs. S39 and S40). Numerical simulations 
of the optical spectra with a finite-difference time-domain software 
package reproduced the experimental spectra with excellent agreement 
(fig. S39). In the simulated 24-layer slabs, strong minima in reflectance 
below 2 eV arose from plasmon polariton standing waves across the 
SL slabs (Fig. 4H). Between 2 and 4 eV, the total transmission dropped to 
zero (Fig. 4H), consistent with the opening of a polaritonic gap in the 
electromagnetic spectrum. Such a gap is a hallmark of ultrastrong and 
deep-strong light-matter coupling, in which the coupling strength be-
comes comparable to, or exceeds, the bare excitation frequency, invali-
dating the conventional weak-coupling approximation and leading to 
nonperturbative light-matter hybridization and a qualitatively modi-
fied polaritonic dispersion (23, 33). The Ag-NC SLs with fewer particle 
layers displayed less pronounced transmission and reflection features 
(Fig. 4, E to G) because the SL thicknesses (<60 nm) were much less 
than the polariton wavelength (~150 nm for visible frequencies).

We quantified light-matter coupling in the Ag-NC SLs by extracting 
the plasmon polariton energies from the simulated spectra and fitting 
them to a polaritonic Hopfield dispersion to determine the transverse 
collective plasmon frequency, ωt, and the vacuum Rabi frequency, ΩR 
(Fig. 4, H and I; see methods) (33, 47). Note that the experimentally 
determined polariton dispersion points agreed well with the polari-
tonic Hopfield dispersion fitted to simulations (Fig. 4I). All three SLs 
exhibit Rabi frequencies of >2 eV (FCC: 2.25 eV; phase-intermediate: 
2.49 eV; BCC: 2.43 eV), exceeding their corresponding transverse collec-
tive plasmon energies (FCC: 2.16 eV; phase-intermediate: 2.37 eV; BCC: 
2.30 eV) (Fig. 4, H and I). The resulting reduced coupling strengths, 
η = ΩR/ωt, thus reached the deep-strong light-matter coupling region 
(η > 1) for all three SLs with a gradual and consistent increase from FCC 
(η = 1.04), to phase-intermediate (η = 1.05), to BCC (η = 1.06) (33, 47).

These results demonstrate how the stable phase-intermediate struc-
ture provided an experimentally accessible structural bridge that 
traces the evolution of optical coupling across the FCC-BCC transfor-
mation pathway. The space-filling characteristic of the mecon shape 
in a BCC structure potentially allows such SLs to surpass the maximum 
packing fraction of 74% possible with FCC SLs from spheres. Simu
lations of a tight BCC structure with a packing fraction of 84.5% by 
reducing interparticle distance reached a decreased transverse collec-
tive plasmon frequency of ωt =1.54 eV and an increased Rabi frequency 
of ΩR = 2.77 eV (Fig. 4I and fig. S41). As a result, a much higher reduced 
coupling strength, η = 1.80, was obtained, which has never before been 
reported for particles of such small size.

We can establish a unified design framework for achieving deep-
strong coupling in self-assembled plasmonic NC SLs under ambient 
conditions. (i) Packing fraction: Increasing the packing fraction of 
inorganic plasmonic cores while minimizing surfactant volume en-
hances collective coupling, leading to larger coupling constants and 
stronger polariton states (50). This trend is supported by simulations 
of mecon Ag-NC SLs, where reducing interparticle distance or increas-
ing NC size both resulted in higher coupling strength (fig. S42 and 
table S22). In contrast, variations in Bravais lattice symmetry, minor 
distortions, or local disorder play only secondary roles. (ii) Shape en-
gineering: Nonspherical, space-filling geometries, such as mecon-like–
shaped NCs, can surpass the 74% packing limit of spheres, thereby 
further amplifying coupling strength. Simulations of BCC SLs assem-
bled from 59-nm mecon Ag-NCs achieved a high packing fraction of 
95.1% and a coupling constant of η = 2.59, well exceeding those of FCC 
SLs composed of spherical Ag-NCs of identical size and interparticle 
distance (packing fraction of 70.4%, η = 1.36; table S22). (iii) Material 
selection: Materials with higher free-electron densities, such as coinage 
metals, exhibit stronger plasmonic oscillators and thus larger coupling 
strength (23, 33, 50). Consistently, the simulated FCC SLs composed 
of spherical Ag- and Au-NCs (identical size of 59 nm) both exhibited 
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large coupling constants of 1.36 and 1.32, respectively (table S22) (33). 
The slightly higher value of Ag-NCs likely stems from their lower in-
trinsic losses relative to Au-NCs (23, 33, 50). Together, these insights 
establish a unifying design principle: Maximizing free-carrier densities 
and core packing through shape-engineered architectures provides an 
effective route to achieving and tuning deep-strong light-matter cou-
pling in self-assembled plasmonic SLs.

Discussion
Our study demonstrates that mecon-like Ag-NCs can self-assemble into 
SLs with stable dissymmetric configurations—structures that would 
typically be transient, if observed at all, along the N-W martensitic 
pathway. By precisely tailoring Ag-NC shapes, we achieve SLs spanning 
the entire transformation trajectory from FCC and BCC arrangements. 
These assemblies define a previously unobserved, symmetry-breaking 
phase domain, offering a framework for understanding structural 
phase transitions by stabilizing otherwise elusive intermediate states. 
By capturing and structurally resolving such phase-intermediate states 
in a model NC system, our work provides an experimentally tractable 
analog that can deepen the fundamental understanding of martensitic 

transformation pathways in metallic systems (51). Moreover, all Ag-NC 
SLs studied exhibited deep-strong light-matter coupling through plas-
mon polariton hybridization, enabling a unified design principle for 
unlocking this emergent quantum phenomenon. Together, these find-
ings underline the promise of Ag-NC assemblies for practical appli
cations in photonics, optical metamaterials, and quantum technologies. 
We envision that this work will inspire new design strategies for ac-
cessing diverse phase-intermediate superstructures, assembled from 
building objects across multiple length scales, paving the way for trans-
formative advancements in materials science and next-generation 
technologies.
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Materials and Methods 

Materials 

Silver acetate (Ag-acetate, 99.99% trace metal basis), copper (II) acetate (Cu(acetate)2, 97%), oleic 
acid (OAcid, technical grade 90 %), oleylamine (OAm, technical grade 70 %), diphenyl ether 
(DPE, for synthesis), hydrochloride acid (HCl, 37%, ACS reagent), 4-tert-butyltoluene (95%), 
toluene (certified ACS), hexanes (certified ACS), acetone (certified ACS), and 
dimethylformamide (DMF, certified ACS) were purchased from Aldrich. 

Methods  

Synthesis of Ag-NCs 

Ag-NCs were synthesized using a heating-up method via a decomposition reaction. Typically, 334 
mg (2 mmol) of Ag-acetate, 1.8 mg (0.01 mmol) of Cu(acetate)₂, 1 µL of HCl, and 14 mL of a 
mixture of OAcid, OAm, and DPE (Table S1) were loaded into a 100-mL flask. The solution was 
degassed under vacuum for 5 minutes at room temperature, then heated to 45 °C for 10 minutes, 
followed by heating to 80 °C for 20 minutes. Under a nitrogen blanket, the solution was further 
heated to a designated temperature (between 130 °C and 180 °C), which was typically reached 
within 5–10 min without overshooting (i.e., 10 °C/min). The reaction solution was then maintained 
for 5–20 minutes (Table S1). After the reaction was completed, the flask was swiftly cooled to 
room temperature using an ice-water bath (i.e., 30 °C/min). Hexane was added to the crude reaction 
mixture until no flocculation was observed, after which acetone was added until light-brown 
flocculation appeared. The product was isolated by centrifugation (8000 rpm for 5 min), and the 
resulting Ag-NCs were stored in hexane. 

Annealing experiments for Ag-NCs from mecons to spheres 

For Ag-NCs with identical volumes but different sphericity values, we conducted annealing 
experiments. Initially, mecon Ag-NCs were synthesized. After purification and collection, 15 mg 
of the Ag-NCs were redispersed in a mixture of 8 mL of 4-tert-butyltoluene and 2 mL of OAm in 
a flask. Following three cycles of freeze-pump-thaw degassing, the solution was heated to 160 °C 
(Table S2). The reaction was monitored by measuring the absorption peak of aliquots. To collect 
the samples, the reaction flask was rapidly cooled to room temperature using an ice-water bath. 
The product was collected via centrifugation, followed by precipitation with acetone. The resulting 
Ag-NCs were stored in hexane, and TEM measurements were carried out to confirm the sphericity 
values of the products. 

Detailed synthetic protocols for spherical, mecon-shaped, and intermediate-shaped (λ = 0.62) Ag-
NCs used in Figures 1 and 2 (see also Tables S1 and S2). 

Synthesis of mecon-shaped Ag-NCs: 333 mg of Ag-acetate, 1.9 mg Cu(acetate)₂, 1 µL of HCl, 1 
mL of OAcid, 1 mL of OAm, and 12 mL of DPE were loaded into a 100-mL flask. The solution 
was degassed under vacuum for 5 minutes at room temperature, then heated to 45 °C for 10 
minutes, followed by heating to 80 °C for 20 minutes. Under a nitrogen blanket, the solution was 
quickly heated to 180 °C (ca., 10 °C/min) and maintained for 5 minutes. After the reaction was 
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completed, the flask was swiftly cooled to room temperature using an ice-water bath. The product 
was collected via centrifugation following precipitation with acetone, and the resulting Ag-NCs 
were stored in hexane. 

Synthesis of spherical Ag-NCs: The synthesized mecon Ag-NCs described above were used as the 
initial materials and transformed into spherical Ag-NCs through annealing process. Specifically, 
15 mg of the mecon-shaped Ag-NCs were redispersed in a mixture of 8 mL of 4-tert-butyltoluene 
and 2 mL of OAm in a flask. Following three cycles of freeze-pump-thaw degassing using liquid 
nitrogen, the solution was heated to 200 °C and kept for 5 min. To collect the samples, the reaction 
flask was rapidly cooled to room temperature using an ice-water bath. The product was collected 
via centrifugation, followed by precipitation with acetone. 

Synthesis of intermediate-shaped Ag-NCs with λ = 0.62: 334 mg of Ag-acetate, 1.9 mg 
Cu(acetate)₂, 1 µL of HCl, 2 mL of OAcid, 2 mL of OAm, and 10 mL of DPE were loaded into a 
100-mL flask. The solution was degassed under vacuum for 5 minutes at room temperature, then 
heated to 45 °C for 10 minutes, followed by heating to 80 °C for 20 minutes. With an identical 
volume with different sphericity values, we conducted annealing experiments. Under a nitrogen 
blanket, the solution was further heated to 150 °C (ca., 10 °C/min) and maintained for 5 minutes. 
After the reaction was completed, the flask was swiftly cooled to room temperature using an ice-
water bath. The product was collected via centrifugation following precipitation with acetone, and 
the resulting Ag-NCs were stored in hexane. 

 

Preparation of Ag-NC SLs 

All Ag-NC SLs presented in this study were prepared via a slow solvent evaporation process. 
Specifically, 4 mL of Ag-NC solution in hexane (10 mg/mL) was placed in a capped vial and 
allowed to dry over 3-6 weeks. This slow evaporation process is critical for obtaining structurally 
rigid SLs with sharp and well-defined SAXS peaks. The film samples for TEM and optical 
measurements were prepared using a liquid-air interface method. A 0.1-mL hexane solution of Ag-
NCs (1 mg/mL) was placed on a pool of dimethylformamide in a 20-mL glass vial. Typically, 
evaporation took around 10 minutes, during which the Ag-NC SL films formed on the liquid 
substrate. The floating Ag-NC SLs were collected onto a desired substrate (e.g., TEM grid, glass 
substrate) for further measurements.  

 

Instruments and software 

TEM and selected-area ED measurements were performed on a JEOL-2100F microscope, operated 
at 200 kV. For SAED and WAED measurements, camera lengths of 200 cm and 12 cm were used, 
respectively. Scanning electron microscopy measurements were performed on a LEO-1530, 
operated at 5 kV. High-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) images were acquired with a Hitachi HD 2700C dedicated STEM, equipped 
with a probe Cs corrector, and operated at 200 kV. HAADF-TEM was performed on an FEI Talos 
F200X TEM/STEM, also operating at 200 kV. Powder X-ray diffraction patterns were obtained 
on a Bruker D8 Discovery 2D X-ray Diffractometer, equipped with a Vantec 500 2D area detector 
and operating with Cu Kα (λ = 1.541 Å) radiation. Absorption spectra were measured using an 
Agilent Technologies Cary 5000 UV-Vis-NIR Spectrophotometer. Optical microscopic images, 
including bright-field, dark-field, and reflection modes, were acquired with the 508 PV 
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Microscope Spectrophotometer (CRAIC Technologies) and Nikon Eclipse LV150N (Nikon). The 
reflectance and transmission spectra were collected from a selected area of 5 µm × 5 µm. Computer 
models were constructed using Autodesk 3ds Max (Autodesk). 

 

Synchrotron-based SAXS measurements 

Synchrotron-based transmission SAXS measurements were conducted at the Complex Materials 
Scattering beamline at the National Synchrotron Light Source II at Brookhaven National 
Laboratory. At the National Synchrotron Light Source II, the X-ray beam (with an energy of 13.5 
keV and a beam size of 0.2 × 0.2 mm) was directed to the sample, and the scattering signal was 
collected by a Pilatus 2M detector. A mixture of cerium oxide powders was used to calibrate the 
sample-to-detector distances and the detector settings parameters. This protocol generated 2D 
SAXS patterns. 1D SAXS plots of scattering vector (q) vs. signal intensity in log10 scale were 
generated by circularly integrating the 2D SAXS patterns from the beam center.  

 

Determinations of Ʈ values and lattice constants for phase-intermediate NC SLs 

The lattice constants for N-W phase-intermediate SLs were determined through the least-square 
method by minimizing the difference between experimental and calculated values in SAXS peak 
positions. Given Ʈ and ucc (unit cell constant, which is applied to normalize a, b, c unit cell 
parameters) for a N-W SL, the lattice constants, a, b, c, a, b, and g are expressed as below:  

 

a/ucc = 1.73205 - Ʈ  ´ 0.09906 

 b/ucc = 1.00000 + Ʈ  ´ 0.15470 

c/ucc = 1.00000 + Ʈ  ´ 0.15470 

a = 90º 

b = 125.265º + Ʈ  ´ 9.735º 

g = 90º          (Eq. 1) 

 

The detailed structures and geometrical characteristics for N-W phase-intermediate unit cell are 
described in Supplementary Text 3. Using these lattice constants, d-spacings(hkl) can be calculated 
using Eq. 2: 

 

 
!

"!($%&) = !
(! (#!!ℎ) + #))&) + #**') + 2#!)ℎ& + 2#)*&' + 2#!*ℎ')  (Eq. 2) 

 

Where the coefficients are defined as: 

 

 #!! = *)+) sin) / 
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 #)) = 0)+) sin) 1 

 #** = 0)*) sin) 2 

 #!) = 0*+)(cos / cos 1 − cos 2) 
 #)* = 0)*+(cos 1 cos 2 − cos /) 
 #!* = 0*)+(cos	γ cos / − cos 1) 
 8 = 0*+91 − cos) / − cos) 1 − cos) 2 + 2 cos / cos 1 cos 2 

 

Using the experimentally determined d-spacing values from SAXS peaks, ucc and Ʈ are treated as 
variables and optimized by minimizing the discrepancy between calculated and measured d-
spacing values.  

 

Calculation of simulated SAXS spectra of NC SLs 

The simulated SAXS spectra, I(q), were calculated using the form factors of the building block 
Ag-NCs, P(q), and the structural factors of the SLs, S(q), as shown in Eq. 3:(52-54) 

 

 ;(<) = =(<)#(<) + >?(<)       (Eq. 3) 

 

where BL(q) is the baseline. We calculated P(q) S(q), and BL(q) using the equations below within 
the relevant q-range, then convoluted at each q-point. The convolution of P(q) and S(q) was done 
using Microsoft Excel. 

 

Baseline calculation 

A linear function on a logarithmic scale was used to represent the baseline, expressed as Eq. 4: 

 

          '@A!+>?(<) = 0 + * ∙ <                         (Eq. 4) 

 

where a and b are the y-axis intercept and slope, respectively. These values were selected to match 
the simulated spectra with the experimentally obtained data. 

 

Form factor calculation 

The form factors were calculated using Eq. 5 and 6, with the parameters (average diameter and 
standard deviation) obtained from TEM measurements.  
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 =(<) = 	CD *
(,∙"(.∙/))"E (sin(< ∙ F(G ∙ H)) − 	< ∙ F(G ∙ H) cos(< ∙ F(G ∙ H)))I) 

           (Eq. 5) 

 

 F(G ∙ H) = G ×	 !
/√)1 K2#!3$%&' 4

!

      (Eq. 6) 

 

where d, r, and σ represent the size distribution, the average radius, and the standard deviation of 
the building blocks, respectively.  

 

Structural factor calculation 

The structure factors for the SLs were obtained from the powder diffraction function in 

CrystalMaker using the assigned lattice constants. 

We determined the lattice constants for the NC SLs used in this study using the least-squares 
methods. For FCC and BCC SLs, we used lattice constant, a, as a variable, while ucc and Ʈ are 
treated as variables for phase-intermediate SLs (see the details in Determinations of Ʈ values and 

lattice constants for phase-intermediate NC SLs). Starting with estimated initial values for these 
variables, the sum of squares of the differences between calculated and measured d-spacing values 
was minimized through global optimization. Typically, more than 10 peaks were used to perform 
the least-squares fitting and determine the lattice constants. 

Upon assignments of lattice constants, the structural factors were determined using the powder 
diffraction function in CrystalMaker (CrystalMaker Software Limited). A Lorentzian function was 
employed for the peak profile, with the peak width adjusted to match the experimental data.  

 

Discrete dipole approximation (DDA) for absorption spectra simulations for Ag-NCs 

In DDA, the target particle is discretized into N polarizable cubes. (55) The optical properties of 
the particle are modeled by calculating the coupling among these N polarizable cubes and the 
incident light. The particle’s shape is determined by the arrangement of these cubes, and its size 
can be adjusted by varying the number and dimensions of the cubes. In our simulations, the grid 
length of each cube was set to 0.125 nm. 

Ag-NCs were modeled with three layers. The inner core was represented by bulk Ag, with its 
dielectric constant obtained from Johnson et al.'s work. (56) Preceding the ligand layer, a thin layer 
with a modified dielectric constant, resulting from the interaction between the ligand and Ag atom, 
was introduced with a thickness of 0.25 nm. The dielectric constant of this layer was obtained from 
a report by Peng et al. (39) Finally, an outer layer consisting of a 1 nm thick ligand with a refractive 
index of 1.46 was applied to the surface. 

In our simulations, we initially constructed a perfect mecon with these three layers similar to the 
model shown in Fig. 1i. To increase the sphericity in the particle, we applied a cutting radius to 
remove the prominent corners of the mecon for those outside of the defined radius. We gradually 
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rounded the mecon by reducing the cutting radius from 5.5 nm to 5.0 nm, until the structure was 
truncated to a sphere. This process was repeated for the two outer layers, while their thicknesses 
remained constant at 0.25 nm and 1 nm, respectively. Throughout the rounding process, the 
volume of the particle was kept constant. 

 

SL formation simulations  

We simulated two distinct models of ligand-grafted Ag-NC to separately probe the effects of the 
Ag-NC shape and ligand–ligand repulsion on the formation and stability of the phase-intermediate 
structures.  To examine the effects of particle shape, we considered a stiff interaction model where 
the particles interact solely through volume exclusion and whose assembly and phase behavior 
were therefore completely determined by the shape of the particles. To examine the effects of 
ligand-induced interparticle repulsion, we considered a hard-core plus soft interaction model, i.e., 
total potential model, where a soft repulsive region was added to the interparticle pair potential. 
Particles in both models were characterized by the sphericity, λ, which determines the set of 
points G⃗(5) that define the particle shape.  

The set of points G⃗(+) was constructed by first placing a point on each vertex and two points equally 
spaced along each edge of a mecon. Next, the hexagonal facets were filled in with a hexagonal 
grid of points, and the square facets were filled in with a square grid. G⃗(!) was constructed by 
“puffing out the facets” of the mecon; mathematically, by radially scaling  G⃗(+) by G6/|G+|, where G6 is the circumsphere radius of the mecon and |G+| is the length of the vectors in  G⃗(+).  G⃗(5) was 
then the linear interpolation of  G⃗(+)  and G⃗(!).  These points defined the vertices of the hard 
polyhedra in the hard particle model and served as the interaction centers in the soft interaction 
model (see below for model-specific details). Supplementary Text 2 shows a set of points with 
their convex hulls for different values of λ. We note that the density of interaction sites on the Ag-
NC model is nonuniform (see figure in Supplementary Text 2), even when λ = 1. Since these 
points define the interaction sites in the soft interaction model (see below Figure), the total NC–
NC interaction is always anisotropic. The density of interaction sites is lower on regions of the 
particle surface that correspond to the [100] directions of the Ag-FCC lattice, which in our model 
corresponds to a lower ligand density on the surface. We made this assumption in the absence of 
any experimental evidence to (in)validate it; however, the accuracy of the model’s structural 
predictions (vide infra — new simulated WAED figure) demonstrates its validity. 

All simulations were performed using the HOOMD-blue simulation engine (version 4.8), using 
HPMC for the stiff interaction model and HPMD for the total potential model. (57, 58) We 
leveraged the signac framework for data management, and managed the computational workflow 
with row (https://row.readthedocs.io/en/0.4.0/). The freud analysis toolkit was used to analyze the 
systems. (59) 

 

https://row.readthedocs.io/en/0.4.0/
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Caption ׀ FCC SLs from spherical Ag-NCs from simulation (A) WAED patterns from MD-
simulation generated FCC SLs from the [111]FCC-SL projection, (B) theoretical WAED patterns 
from the computer model, (C) snapshot of MD-simulation generated SLs from the [111]FCC-SL 
projection, and (D) same MD snapshot as (C) with coloring to denote domain orientations, as in 
Fig. S5 panel (D). The strong agreement between these results and Fig. S5 (A-D)—particularly 
between panels (A) and Fig. S5 (A)—demonstrates the high fidelity of the simulation in capturing 
the experimentally observed SL structure and orientation distribution. Note that the particles in 
(G) and (H) are depicted as discretized polyhedra, but the particles had Q = 1.0 in the simulation 
(i.e., sphere-shaped, see Supplementary Text 2). 

 

Stiff interaction model and simulations 

We investigated the role of shape assembly and stability of phase-intermediate structures by 
performing HPMC simulations of shapes across the shape family parameterized by λ. Here, the 
shape is defined as the convex hull of the points G⃗(5). We conducted two distinct types of HPMC 
simulations of the stiff interaction model, differing in whether the particles were initialized in a 
completely disordered state or in a crystalline configuration. When initialized from BCC and FCC, 
we placed particles in a simple cubic lattice at 0.4 packing and then simulated at a constant volume 
for 1,000,000 HPMC steps to randomize their positions and orientations. These systems were then 
compressed to a packing fraction of 0.5 over 1,000,000 HPMC steps and then slowly compressed 
to the final packing fractions using an iterative scheme, allowing the simulation box to change 
shape during compression. In each of the 10 iterations, the system was first compressed to a target 
packing fraction, followed by 1,500,000 steps of HPMC with box shear and aspect ratio moves to 
allow the simulation cell to respond to shear and tensile stresses. Once the systems reached the 
final packing fractions (0.7), we ran for additional 75,000,000 HPMC steps, with the latter 
25,000,000 used for structural analysis. All MC moves (particle position, orientation, and box 
moves) were tuned to achieve ~20% acceptance rate.  
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Total potential model and simulations 

In addition to HP simulations, we implemented a model that includes a soft interparticle repulsion 
to account for ligand-ligand interactions between neighboring Ag-NCs. This model assumes the 
NCs are in a good solvent for the ligands, leading to steric repulsion between the ligand layers on 
neighboring particles. This steric repulsion effectively screens the van der Waals (vdW) 
interactions between the Ag-NC cores for the particles and ligands of interest here, as predicted by 
an analytical NC–NC interaction model that accounts for core–core vdW and ligand–ligand 
interactions (60, 61). This analytical model predicts a total interaction profile with a maximum 
attraction of ~1/2 kBT, which we assume is negligible We considered two repulsive length scales 
in this model: the longer-range, softer repulsion between sites (2 nm < r < 4 nm) represents the 
penalty associated with ligand layers on neighboring Ag-NCs interdigitating, while the second 
repulsive length scale (r < 2 nm) represents the stronger, entropic/steric repulsion when 
compressing Ag-NCs once their ligand layers are fully interdigitated. The softer repulsion was 
implemented as a Gaussian-like potential: 

 

S789:TG;<U = V= exp Z− .()!

)/*!
[        (Eq.7)	

 

where the magnitude V=  and characteristic range H=  were set such that S789:(2	nm) = 2	&]. We 
implemented the stronger repulsion as a Weeks–Chandler–Anderson (WCA) potential: 

 

S7:>99TG;<U = 4V?@A _Z/+,-

.()
[!) − Z/+,-

.()
[B` + VCDE      (Eq.8)	

S7:>99TG;<U = a4V?@A _Z/+,-

.()
[!) − Z/+,-

.()
[B` + V?@A, G;< < 2	nm

0, d ≥ 2	nm     (Eq.9) 

 

 

where H?@A = 2	fg	 × 22#.  such that the minimum of the corresponding Lennard–Jones potential 
was at 2 nm. The total pairwise inter-Ag-NC interaction was then computed as the sum: 

 SFD2FD = ∑ S;<,HIJKTG;<U + S;<,$L."(G;<);,<                           (Eq.10) 	
for all pairs of interaction sites i and j on the two Ag-NCs (i and j on different Ag-NCs). These 
interactions were implemented through rigid body constraints in HOOMD-blue, where the 
interaction sites constitute the points defining the rigid body. (62) 

We initialized simulations of the soft interaction model with 1,000 Ag-NCs (393,000 total 
interaction sites) in simple cubic lattices at ~0.4 packing and then simulated a pressure ramp to 
mimic the evaporative assembly process. The systems evolved using the symplectic Martyna–
Tobias–Klein integrator with a fully anisotropic Langevin piston barostat (i.e., all dimensions of 
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the simulation box independently coupled to the barostat) to allow for the relaxation of tensile and 
shear stresses in the simulation box. (63) We linearly increased the systems' pressure from 0.01 to 
0.1 over the first 1 × 107 MD steps and collected system snapshots over the next 1 × 107 MD steps 
for analysis. For all MD simulations, we used a timestep δt = 0.01τ, where τ is the natural time 
unit of the simulation, pressure coupling constant τs = 1000·δt and friction constant of the Langevin 
piston γ = 2/τs.  

 

Orientational order diagrams analyses 

We characterized the structure of the systems using the rotationally invariant Steinhardt order 
parameter of order 10,  <k!+M , where the bar denotes the neighbor-averaged version and the prime 
denotes the weighted version. (64) Neighbor lists were constructed via a Voronoi decomposition 
of the particle centroids. Ag-NCs were considered neighbors if their respective Voronoi cells 
shared a common plane, and the area of the plane was used as the weight for calculating,  <k!+M . 
Reported values are the averages over all particles and all simulation frames used for analysis. To 
quantitatively compare experimental and simulation results, the Steinhardt order parameter values 
were normalized and converted to Ʈ. See Fig. S28. 

To further quantify order in the system, we computed two distinct orientational order diagrams. 
The standard BOODs mapped each particle’s nearest neighbor vectors onto the unit sphere, 
generating a distribution of nearest globally referenced neighbor directions. Additionally, we 
computed FOODs, constructed similarly to BOODs, except that they used the distribution of facet 
normal vector directions. The correlation of the system BOOD and FOOD describes the correlation 
between the lattice vectors of the Ag-NC SL and the lattice planes of the Ag-NCs. 

Structural factors were constructed by projecting the particle positions into the viewing plane and 
taking the FFT of the resulting point pattern. These patterns did not directly contain information 
related to the shapes of the particles. All analyses were performed using the freud analysis 
toolkit.(59) 

 

Finite-Difference Time-Domain (FDTD) simulations for plasmonics of Ag-NC SLs 

To simulate the optical response of Ag-NCs and their SLs, the FDTD method was employed as 
implemented in Lumerical FDTD Solutions. This method discretizes space and time into cubic 
cells and solves Maxwell's equations iteratively. (65) For the simulations, we used the Ag dielectric 
function measured by Yang et al. (66) and a dielectric constant of 1.4 for the surrounding medium 
to mimic the ligand molecules. We employed a mesh-override region covering the full structure 
with a mesh size of 0.05 nm for single particles and 0.1~0.2 nm for the SLs. Slabs of Ag-NC SLs 
for FDTD simulations were constructed to replicate experimentally-obtained NC SLs (i.e., the SL 
structures and lattice constants), with some adjustments of the particle size and the gap distance to 
match optical properties from the experiment and simulation. Specifically, slabs of FCC SLs with 
a lattice constant 17.75 nm were constructed from spherical Ag-NCs with a diameter d = 11.25 
nm. The gap distance was calculated as 1.3 nm. In the simulation box, the [111]SL-FCC direction 
was designated as the z-axis. Slabs of BCC SLs were constructed using mecon Ag-NCs with an 
identical volume to that of the spherical Ag-NCs. The lattice constant was set to 14.12 nm, ensuring 
the same interparticle distance as in the FCC SLs. In the simulation box, the [110]SL-BCC was 
designated as the z-axis. Electromagnetic simulations for phase-intermediate SLs composed of Ag-
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NCs with a sphericity parameter λ = 0.56 were conducted using a simplified structural model, 
generated by scaling the BCC unit cell to match the relevant size. It should be noted that the actual 
phase-intermediate SLs are too complicated to reproduce in simulation slab due to their symmetry-
breaking, base-centered monoclinic structure. Unlike BCC and FCC SLs whose substrate-parallel 
planes ((110)SL-BCC and (111)SL-FCC) correspond to well-defined wavevectors (ΓN and ΓL) in the 
Brillouin zone, phase-intermediate SLs lack a periodic pathway between common critical points 
normal to the substrate, preventing direct and precise simulation of the optical properties of the SL 
along the lattice stacking direction. This approach, while not capturing the full structural 
complexity of the N-W phase-intermediate SL, reproduced the experimental spectra with excellent 
agreement. For tight BCC SLs, the gap distance was further reduced to 0.5 nm, increasing the 
space-filling factor to 84.5%. We reduced the structure to a single unit cell perpendicular to the z-
axis and applied periodic boundary conditions along the x- and y-axes. In the simulation box, the 
slabs were illuminated by broadband plane electromagnetic waves propagating along the z-axis 
direction and polarized along the x-axis direction. We confirmed that the polarization direction in 
the xy-plane did not affect the calculated far-field spectra. 2D frequency-domain power monitors 
were used to record simulated transmission, T, and reflection spectra, R. The absorption spectra, 
A, were then obtained using the relation A = 1 – T – R. 

To extract the plasmon-polariton dispersion from the FDTD simulations, the simulated absorption 
spectra were used to determine the frequency and wavelength of polariton standing waves across 
a SL slab. The simulation spectra of FCC SLs from spherical Ag-NCs and BCC SLs from mecon 
Ag-NCs with ~ 48 SL layers were fitted with Lorentzian functions to determine the standing waves 
frequency. It should be noted that a large number of layers was necessary to collect sufficient data 
points, as the small NC size resulted in a relatively thin total slab thickness compared to the 
polariton wavelengths. The plasmon-polariton wavelength was derived from the open slab 
boundary conditions across the simulated slabs (see Ref. 33 for details). The extracted energies 
were plotted against the wavevector (Fig. 4H) and were fitted using Hopfield model for the lower 
polariton to obtain the collective transverse plasmon frequency, lK , and the vacuum Rabi 
frequency, mN . The reduced coupling strength n  (the strength of light-matter coupling) was 
assessed with the ratio of the vacuum Rabi frequency and the collective transverse plasmon 
frequency, i.e., mN/lK.(33) Additionally, FCC and BCC SLs of the intermediate rounded mecons 
were simulated; however, little difference was observed when compared to the ideal spherical and 
mecon structures. 
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Supplementary Text 1: Geometrical characteristics of mecons, spheres, and their SLs  

 

This section discusses the geometrical characteristics of mecons, spheres, and their superstructures 
including the gap distances within the SLs, the projected area corresponding to TEM images, NC 
volume, and NC density within the SLs.  
 

 
 

Caption ׀ Computer models of FCC SL, BCC SL, and two nearest neighbor NCs 
 
 
Spheres and FCC SLs  
 
Volume of a spherical object can be calculated as: 
 
 Vsphere = 4/3 π × (Dsphere /2)3 
 
where Vsphere and Dsphere are the volume and diameter of a sphere, respectively. 
 
For spheres, the gap distance is defined as the point-to-point distance between two nearest neighbor 
particles, as illustrated above. In FCC SLs, the nearest neighbor distance (i.e., the center-to-center 
distance) is d(110)SL-FCC, thus the gap distance can be calculated as:  
 

Gap distance = d(110)SL-FCC - Dsphere  
 
The projection of a sphere, as appeared in TEM images, is presented as a circle, with an area given 
by: 
 

Area of projected sphere = π × (Dsphere/2)2 
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Example: 10.0 nm sphere in an FCC SL with the lattice constant (aSL-FCC) of 17.75 nm 

 
Volume of the sphere (Vsphere):  
 

Vsphere = 4/3 π × (10.0 /2)3 = 523.5 nm3 
 
Gap distance:  
 
The center-to-center distance between the nearest neighbors in the FCC SL is: 
 

d(110)SL−FCC = aSL-FCC × √	2 / 2 = 12.55 nm 
 
The gap distance is then: 
 

Gap distance: 12.55 nm - 10.0 nm = 2.55 nm 

 
NC density: 
 
The NC density in the SL is calculated using:  
 

Volume of NC core × Number of NCs per SL unit cell / Volume of SL unit cell.  
 
This results in an NC density of 35.4%. 
 
 
 

Projected area calculation:  

 
With a diameter of 10.0nm,  
 

Area of projected sphere = π × (10/2)2 = 78.54nm2 
 

 

Mecons and BCC SLs  
 
The volume of a mecon is given by: 
 

 Vmecon = 8√	2 × edge length3  
 
where Vmecon is the volume of a mecon. A perfect mecon has a uniform edge length.  
 
For mecon-shaped NCs forming a BCC SLs, the gap distance is determined by the plane-to-plane 
separation as illustrated in the figure shown in page 11. We used the Wigner-Seitz (WS) cell to 
calculate the gap distance in the BCC SL. Because a mecon can serve as the WS cell of a BCC, 
the gap distance is expressed as: 
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Gap distance 
= d(111)SL-BCC - width of mecon in d(111) direction  
= d(111)SL-BCC (1 - V1/3 WS-BCC / V1/3 mecon)  

 
where VWS-BCC is the volume of the WS cell for the BCC SLs. It is noted that d(111)SL-BCC is the 
nearest neighbor distance in BCC SLs.  
 
Each BCC unit cell contains two mecon-WS cells, thus VWS-BCC can be calculated as: 
 

Unit cell volume of a BCC SL = VWS-BCC × 2 
 
Following these calculations, the gap distance between neighboring mecons can be precisely 
obtained. 
 
  
 

 

 

 

Caption ׀ BCC SLs from mecons and the cross-section for the (110)SL-BCC plane 
 

Projected area of the mecon: Calculating the projected area of a mecon needs careful 
considerations due to the anisotropic geometric characteristic of the mecon shape. For example, 
the projected area along the [110]Ag-FCC projection of a mecon can be calculated based on the 
following equations. Since the [110]Ag-FCC projection aligns with the [110]SL-BCC direction, the 
projection of WS cell in the BCC lattice along the [110]SL-BCC direction can be expressed as tiling 
of elongated hexagons as presented above. The projected area of the BCC SLs from [110]SL-BCC 
direction, AWS-BCC[110], contains two elongated hexagons (purple box area in the above right panel), 
thus the area can be calculated by:  
 

 AWS-BCC[110]	 =  d(100)SL-BCC × 2 d(110)SL-BCC /2 

 

A projected area of a mecon from [110]Ag-FCC projection, AAg-mecon[110], can be calculated from 
AWS-BCC[110], VWS-BCC and Vmecon using the equation below: 

 

V1/3 WS-BCC / V1/3 mecon = A1/2
WS-BCC[110] / A1/2

Ag-mecon[110] 
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Example: Mecons with an edge length of 3.59 nm in a BCC SL with a lattice constant (aBCC) of 

14.12 nm  

 
Volume of the mecon:  
 

Vmecon = 8√	2 × (3.59 nm)3 = 523.5 nm3 
 
Gap distance: 
  

= d(111)SL-BCC × (1 - V1/3 WS-BCC / V1/3 mecon)  
= 12.23 nm × (1 – (1416.3/523.5)1/3) 
= 3.45 nm  

 
Following the same procedure, the gap distance along [100]SL-BCC direction can be calculated to 
be 3.99 nm. 
 
NC density:  
 

Vmecon × 2 / Volume of SL unit cell.  
 
This results in an NC density of 37.2%. 
 

 

 

Projected area calculation of a mecon from [110]Ag-FCC, AAg-mecon[110]:  

 
AWS-BCC[110] =  d(100)SL-BCC × 2 d(110)SL-BCC /2 

  = 14.12  × 9.99 
  = 140.98 nm2 

 

Thus, 
 

AAg-mecon[110]  = (A1/2
WS-BCC[110] ×	V1/3 mecon / V1/3 WS-BCC )2 

  = (140.981/2 ×	523.51/3 / 1416.31/3)2 

= 72.91 nm2 
 

 

Takeaways 
In this section, we compared a mecon and a sphere with an identical volume (523.5 nm³) and 
evaluated their self-assembled SLs using parameters obtained from experiments. This resulted in 
comparable NC densities between the FCC and BCC SLs (35.4% vs. 37.2%). However, the 
projected areas of the mecon and sphere differed notably (78.54 nm² vs. 72.91 nm²). Moreover, 
while the gap distance values are different (2.55 nm vs. 3.45 nm), it is particularly important to 
note that the gap distance needs to be defined specifically for each structure. This distinction 
highlights the need for careful consideration when comparing structural parameters derived from 
experimental results.  
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Supplementary Text 2: Sphericity of Ag-NCs  
 

 
 
Caption ׀ Models of a perfect mecon, intermediate shapes with different sphericity values, and a 

perfect sphere 
 
To characterize the shape of the Ag-NCs used in this study, we defined a sphericity parameter, λ, 
based on the distance from the center to the mesh points of the surface, ri,λ. Here, ri,λ represents the 
position of the mesh point i for a given λ, where λ = 0 is a perfect mecon, and λ = 1 is a perfect 
sphere. Given R as the circumradius of these objects (i.e., radius of a reference sphere) and ri,0 as 
the positions of the mesh points of the reference mecon, shapes with 0 < λ < 1 can be defined 
through linear interpolation between the sphere and the mecon, expressed as:  
 
                                                      ri,λ = (1 − λ) × ri,0 + λR 

 

 

 
 

Caption ׀ HR-TEM images of Ag-NCs and the sphericity value 
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In the experiments, sphericity was defined based on the anisotropic characteristics of the mecon 
shape, as observed from the [110]Ag-FCC direction. Specifically, we analyzed HR-TEM images of 
Ag-NCs in the [110]Ag-FCC projection, measuring the lengths along the [111]Ag-FCC and [200]Ag-FCC 

directions, i.e., L[111)Ag-FCC and L[200]Ag-FCC. The sphericity parameter was quantified using the 
length ratio, L[200]Ag-FCC / L[111]Ag-FCC. For a perfect sphere (λ = 1) and a perfect mecon (λ = 0), 
the ratios of L[200]Ag-FCC / L[111]Ag-FCC take values of 1.00 and 1.18, respectively. For 
intermediate shapes, 0 < λ < 1, we applied linear interpolation between these two values, then 
obtained the value of λ. To ensure statistical robustness, at least 25 images were analyzed for each 
sample of interest. We confirmed that the λ values determined from this experimental approach 
closely matched those derived from the computationally-parameterized models as the ones shown 
in the previous page, with deviations within a 5.0% error range. This consistency allowed for a 
direct comparison between the computational models and the experimentally observed samples in 
our study. 
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Supplementary Text 3: Four martensitic transformation pathways 
 

In this section, four major martensitic pathways between a BCC and an FCC, i.e. Bain, Pitsch, 
Kurdjumov-Sachs (K-S), and Nishiyama-Wassermann (N-W) transformation pathways are 
explained in detail.  Specifically, we list shared planes and directions through each pathway, 
graphical explanations of each pathway, and NC SL models delineating the martensitic 
transformation.   
 
 
Shared planes and directions 
 
Bain: Shared planes: (001)FCC // (001)BCC , (110)FCC // (010)BCC , (11k0)FCC // (100)BCC  

Shared directions: [110]FCC // [100]BCC 
 
Pitsch: Shared planes: (1k01k)FCC // (1k1k2k)BCC , (100)FCC // (11k0)BCC  

Shared directions: [010]FCC // [1k1k0]BCC, [101k]FCC // [11k1k]BCC, [001]FCC // [001]BCC 
 
K-S: Shared planes: (111)FCC // (110)BCC  

Shared directions: [1k10]FCC // [1k11]BCC 
 
N-W: Shared planes: (111)FCC // (011)BCC  

Shared directions: [11k0]FCC // [100]BCC,  [1k1k2]FCC // [01k1]BCC 
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Graphical explanations of Bain, Pitsch, N-W, and K-S transformations 
 
(i) Bain transformation  
 

 
 

Caption ׀ Schematics of the Bain transformation pathway 
 
The schematics describe the Bain transformation pathway from an FCC (left, yellow model), to a 
phase-intermediate (center, pale blue model), to a BCC (right, blue model) structure. The 
representative shared planes along the Bain transformation pathway are (001)FCC // (001)BCC, 
illustrated with purple planes in the top models. The representative shared directions are [110] FCC 
// [100] BCC, highlighted with red arrows in the bottom models.  
 
The Bain phase-intermediate unit cell can be represented by a body-centered tetragonal structure. 
Using the unit cell, the lattice constants presented in the top right panel result in equivalent 
structures to an FCC and a BCC. Given Ʈ and ucc (unit cell constant, which is applied to normalize 
a, b, c unit cell parameters) values, the lattice constants, a, b, c, a, b, and g are expressed as follows:  
 
 a/ucc = 0.890897 + Ʈ ´ 0.109103 
 b/ucc = 0.890897 + Ʈ ´ 0.109103 

c/ucc = 1.259921 - Ʈ ´ 0.259921 
a = 90º 
b = 90º 
g = 90º 
Position: (0, 0, 0), (0.5, 0.5, 0.5)  
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(ii) Pitsch transformation  
 

 
 

Caption ׀ Schematics of the Pitsch transformation pathway 
 
The schematics describe the Pitsch transformation pathway from an FCC (left, yellow models), to 
a phase-intermediate (center, pale blue models), to a BCC (right, blue models) structure. The 
representative shared planes along the Pitsch transformation pathway are (1k01k)FCC // (1k1k2k)BCC, 
illustrated with purple planes in the top models. The representative shared directions are [010] FCC 
// [1k1k0] BCC, highlighted with red arrows in the bottom models.  
The Pitsch phase-intermediate unit cell can be represented by a base-centered monoclinic structure. 
Using the unit cell, the lattice constants presented in the top left and right give equivalent structures 
to an FCC and a BCC, respectively. Given Ʈ and ucc values, the lattice constants, a, b, c, a, b, 
and g are expressed as follows:  
 
 a/ucc = 1.41421 - Ʈ ´ 0.25951 
 b/ucc = 1.41421 + Ʈ ´ 0.21878 

c/ucc = 1.00000 
a = 90º 
b = 135º - Ʈ ´ 9.736º 
g = 90º 
Position: (0, 0, 0), (0.5, 0.5, 0)  



 

 

21 
 

(iii) Kurdjumov-Sachs (K-S) transformation 
 

 
 

Caption ׀ Schematics of the Kurdjumov-Sachs transformation pathway 
 
The schematics describe the K-S transformation pathway from an FCC (left, yellow models), to a 
phase-intermediate (center, pale blue models), to a BCC (right, blue models) structure. The 
representative shared planes along the K-S transformation pathway are (111)FCC // (110)BCC, 
illustrated with purple planes in the top models. The representative shared directions are [1k10] FCC 
// [1k11] BCC, highlighted with red arrows in the bottom models.  
The K-S phase-intermediate unit cell can be represented by a triclinic structure. Using the unit cell, 
the lattice constants presented in the top left and right give equivalent structures to an FCC and a 
BCC, respectively. Given Ʈ and ucc values, the lattice constants, a, b, c, a, b, and g are expressed 
as follows:  
 
 a/ucc = 1.00000 
 b/ucc = 1.00000 

c/ucc = 1.00000 + Ʈ ´ 0.1547 
a = 120º + Ʈ ´ 5.264º 
b = 120º + Ʈ ´ 5.264º 
g = 60º + Ʈ ´ 10.529º 
Position: (0, 0, 0) 
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(iv) Nishiyama-Wassermann (N-W) transformation 
 

 
 

Caption ׀ Schematics of the Nishiyama-Wassermann transformation pathway 
 
The schematics describe the N-W transformation pathway from an FCC (left, yellow models), to 
a phase-intermediate (center, pale blue models), to a BCC (right, blue models) structure. The 
representative shared planes along the N-W transformation pathway are (111)FCC // (011)BCC, 
illustrated with purple planes in the top models. The representative shared directions are [11k0] FCC 
// [100] BCC and [1k1k2] FCC // [01k1] BCC, highlighted with red arrows in the bottom models.  
The N-W phase-intermediate unit cell can be represented by a base-centered monoclinic structure. 
Using the unit cell, the lattice constants presented in the top left and right give equivalent structures 
to an FCC and a BCC, respectively. Given Ʈ and ucc, the lattice constants, a, b, c, a, b, and g are 
expressed as follows:  
 
 a/ucc = 1.73205 - Ʈ  ´ 0.09906 
 b/ucc = 1.00000 + Ʈ  ´ 0.15470 

c/ucc = 1.00000 + Ʈ  ´ 0.15470 
a = 90º 
b = 125.265º + Ʈ  ´ 9.735º 
g = 90º 
Position: (0, 0, 0), (0.5, 0.5, 0) 
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NC movements in the shared planes during the martensitic transformation  
 

 
 

Caption ׀ NCs in the shared planes during the martensitic transformation 
 
 

 
Caption ׀ Nishiyama-Wassermann transformation pathway in expanded cells 

 

Here, we extended the N-W transformation pathway beyond a single unit cell to describe the 
process in expanded cells. In the models, the 10 red balls represent those forming a N-W unit cell, 
while the blue balls represent atoms beyond that unit cell.  
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Supplementary Figures and Tables 

Table S1 ׀ Synthetic parameters of Ag-NCs used in this study.   
 

Silver NC 

Sample ID* Mecon Ag a 
Ag with λ = 

0.62 b 
Ag-III Ag-IV Ag-V Ag-VI 

Size** 10.2 nm 8.9 nm 6.3 nm 10.4 nm 7.4 nm 8.4 nm 

Sphericity (λ) 0.17 0.62 0.46 0.44 0.39 0.28 

Ag-acetate 333 mg 333 mg 331 mg 331 mg 1656 mg 331 mg 

Cu(acetate)2 1.9 mg 2.5 mg 2.4 mg 2.4 mg 14 mg 2.4 mg 

HCl 1 µL 15 µL 1 µL 1 µL 50 µL 1 µL 

OAcid 1 mL 2 mL 2.5 mL 1 mL 10 mL 1.5 mL 

OAm 1 mL 2 mL 2.5 mL 1 mL 10 mL 1.5 mL 

DPE 12 mL 10 mL 9 mL 12 mL 50 mL 11 mL 

Reaction 

Condition 
180 ºC-5 min 150 ºC-5 min 180 ºC-5 min 160 ºC-10 min 150 ºC-5 min 180 ºC-5 min 

 
 
 

Silver NC 
Sample ID* 

Ag-VII Ag-VIII Ag-IX Ag-X Ag-XI Ag-XII 

Size** 5.5 nm 10.4 nm 7.1 nm 7.5 nm 7.6 nm 6.4 nm 

Sphericity (λ) 0.89 0.28 0.33 0.45 0.72 0.56 

Ag-acetate 331 mg 331 mg 331 mg 666 mg 331 mg 331 mg 

Cu(acetate)2 2.4 mg 2.4 mg 2.4 mg 5.0 mg 2.4 mg 2.4 mg 

HCl 0.5 µL 0.1 µL 0.1 µL 10 µL 1 µL 0.5 µL 

OAcid 7 mL 1 mL 2 mL 5 mL 1.5 mL 2 mL 

OAm 7 mL 1 mL 2 mL 5 mL 1.5 mL 2 mL 

DPE 0 mL 12 mL 10 mL 18 mL 11 mL 10 mL 

Reaction 

Condition 
160ºC-10min 180ºC-5min 185ºC-5min 180 ºC-5 min 180 ºC-5 min 160 ºC-10 min 

 
a This sample was used for BCC SLs presented in Fig.1. b This sample was used for SLs presented in Fig. 2. * All NCs were used for 
SLs presented in Fig. 3E, F, and Table S8. ** The presented size is the average of measured length along [002] direction of the 
relevant sample. 

 
 
Table S2 ׀ Results of annealing experiments. 
 

Ag NC 
Sample ID* 

Mecon Ag 
NCsa 

Ag-
Annealed 1 

Ag-
Annealed 2 

Ag- 
Annealed 3 

Spherical 
Ag NCsb 

Size** 10.2 nm 10.1 nm 10.0 nm 10.0 nm 10.0 nm 

Sphericity (λ) 0.17 0.39 0.56 0.83 0.95 

 
a This sample was used for BCC SLs presented in Fig. 1. b This sample was used for FCC SLs presented in Fig. 1. * All NCs were 
used for SLs presented in Fig. 3, and Fig. S30. ** The presented size is the average of measured length along [002] direction of the 
relevant sample. 
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Fig. S1. Analysis of TEM images of spherical and mecon Ag-NCs. (A) Histogram of areas of 
the spherical Ag-NCs in the TEM image. (B) Histogram of the diameter of the spherical Ag-NCs. 
(C) Histogram of areas of the mecon Ag-NCs. (D) Histogram of the size in the long axis (i.e., 
[002]Ag-FCC direction) of the mecon Ag-NCs. The analyzed TEM images are shown in main Fig. 

1A, B, D, and E. For detailed calculation and discussion on comparisons between spheres and 
mecons in TEM images, please see Supplementary Text 1. 
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Fig. S2. Powder XRD spectra of Ag-NCs. XRD spectra of Ag-VII, Ag-XII, Ag-VI and Ag-VIII 
(left), and normalized and magnified peaks in the range of 25-29 nm-1 (right top) and 29-33 nm-1 
(right bottom). The bars are the standard peak positions of the Ag-FCC atomic structure. Peak 
narrowing was observed with increase of the NC size. This trend follows the well-known Scherrer 
equation relationship, indicating the high crystallinity of the Ag-NCs used in this study. 
 
 
 
Table S3. Results of the XRD (Ag-VIII) shown in Fig. S2. 

 
Peak number 1 2 3 4 5 

Peak position (q/Å) 2.662 3.074 4.336 5.088 5.333 

d-spacing (Å) 2.360 2.044 1.449 1.235 1.178 

Peak assignment Ag-FCC (111) Ag-FCC (200) Ag-FCC (220) Ag-FCC (311) Ag-FCC (222) 

 
The assigned unit cell is an FCC with a = 4.090 Å. The lattice constant, a, is consistent with reported values of Ag crystals (e.g., 
4.084Å from 10.1002/anie.201913704). 
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Fig. S3. SAXS spectrum of FCC SLs from spherical Ag-NCs. (left) SAXS spectrum of SLs 
from spherical Ag-NCs. The thick pale blue line, thin purple line, grey dashed line, and purple-red 
peaks represent the experimentally-obtained SAXS spectrum, the fitted spectrum, the simulated 
spectrum, and the constituent peaks used for fitting, respectively. (right) 2D SAXS pattern. The 
scale bar is 0.5 nm-1. 
 
Table S4. Detailed results of SAXS spectrum presented in Fig. S3.  

 
Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0614 0.0711 0.0995 0.1180 0.1233 0.1420 0.1502 0.1550 0.1732 0.1841 

d-spacing (Å) 102.38 88.35 63.15 53.25 50.94 44.25 41.84 40.54 36.27 34.13 

Peak assignment 
FCC 
(111) 

FCC 
(200) 

FCC 
(220) 

FCC 
(311) 

FCC 
(222) 

FCC 
(400) 

FCC 
(330) 

FCC 
(331) 

FCC 
(422) 

FCC 
(511) 

Peak number 11 12 13 14 15 16     

Peak position (q/Å) 0.1984 0.2110 0.2239 0.2369 0.2510 0.2535     

d-spacing (Å) 31.67 29.78 28.07 26.53 25.03 24.79     

Peak assignment 
FCC 
(440) 

FCC 
(600) 

FCC 
(541) 

FCC 
(622) 

FCC 
(551) 

FCC 
(640) 

    

 

The assigned unit cell is an FCC (Ʈ is 0%) with a = 17.75 (± 0.10) nm. Volume per one NC in the SL is 1398.1nm3.  
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Fig. S4. SAXS spectrum of BCC SLs from mecon Ag-NCs. (left) SAXS spectrum of SLs from 
mecon Ag-NCs. The thick pale blue line, thin purple line, grey dashed line, and purple-red peaks 
represent the experimentally-obtained SAXS spectrum, the fitted spectrum, the simulated 
spectrum, and the constituent peaks used for fitting, respectively. (right) 2D SAXS pattern. The 
scale bar is 0.5 nm-1. 
 
Table S5. Detailed results of SAXS spectrum presented in Fig. S4.  
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0628 0.0886 0.1092 0.1255 0.1404 0.1550 0.1668 0.1778 0.1887 0.1988 

d-spacing (Å) 100.06 70.89 57.54 50.07 44.75 40.53 37.67 35.35 33.30 31.60 

Peak assignment 
BCC 
(110) 

BCC 
(200) 

BCC 
(211) 

BCC 
(220) 

BCC 
(310) 

BCC 
(222) 

BCC 
(321) 

BCC 
(400) 

BCC 
(330) 

BCC 
(420) 

Peak number 11 12 13 14 15 16 17    

Peak position (q/Å) 0.2082 0.2278 0.2434 0.2522 0.2600 0.2674 0.2734    

d-spacing (Å) 30.18 27.58 25.81 24.91 24.17 23.50 22.98    

Peak assignment 
BCC 
(332) 

BCC 
(510) 

BCC 
(521) 

BCC 
(440) 

BCC 
(530) 

BCC 
(600) 

BCC 
(611) 

   

 

The assigned unit cell is a BCC (Ʈ  is 100%) with a = 14.12 (± 0.04) nm.  Volume per one NC in the SL is 1416.3 nm3. 
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Fig. S5. Selected-area WAED patterns for FCC SLs from spherical Ag-NCs and BCC SLs 

from mecon Ag-NCs.  (A-D) FCC SLs from spherical Ag-NCs and (E-H) BCC SLs from mecon 
Ag-NCs: experimental selected-area WAED patterns (A, E), simulated WAED patterns (B, F), 
overlapped presentation of the simulated and experimental WAED patterns (C, G), and computer 
models of the assigned structures (D, H). The simulated WAED pattern presented in panel B was 
synthesized with three sets of FCC patterns from the [110] projections with 0°, 120° and 240° 
angle offsets. In panel D, mecon models were used for presentation purposes to clearly show the 
facet orientation orders.  
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Fig. S6. Ag-NCs with a λ of 0.62 used for the N-W phase-intermediate SLs presented in Fig. 

2. (A-C) TEM images with various magnifications. (D) STEM image. (E) HR-STEM images of 
an individual Ag-NC viewed along the [110]Ag-FCC projection. (F) The corresponding FFT patterns 
of the HR-STEM images. (G) Length distribution histograms of Ag-NCs in the [200]Ag-FCC (pink) 
and [111]Ag-FCC (orange) directions.  
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Fig. S7. SAXS spectrum of SLs from Ag-NCs with λ = 0.62. (left) SAXS spectrum of the Ag-
NC SLs. The thick pale blue line, thin purple line, grey dashed line, and purple-red peaks represent 
the experimentally-obtained SAXS spectrum, the fitted spectrum, the simulated spectrum, and the 
constituent peaks used for fitting, respectively.(right) 2D SAXS pattern. The scale bar is 0.5 nm-1. 
 

 
Table S6. Detailed results of SAXS spectrum presented in Fig. S7. 

 
Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0665 0.0735 0.0818 0.1035 0.1089 0.1227 0.1320 0.1463 0.1606 0.1636 

d-spacing (Å) 94.44 85.49 76.80 60.72 57.70 51.22 47.59 42.94 39.12 38.42 

Peak number 11 12 13 14 15 16 17 18 19 20 

Peak position (q/Å) 0.1680 0.1828 0.1911 0.1970 0.2070 0.2108 0.2172 0.2236 0.2315 0.2345 

d-spacing (Å) 37.40 34.38 32.87 31.89 30.35 29.80 28.93 28.10 27.14 26.80 

Peak number 21 22 23 24 25      

Peak position (q/Å) 0.2458 0.2640 0.2763 0.2817 0.2871      

d-spacing (Å) 25.56 23.80 22.74 22.30 21.89      

 

The assigned unit cell is a base-centered monoclinic with the lattice constants of a = 19.58 nm, b = 12.13 nm, c = 12.13 nm, ! = 90º, 
" = 128.6º and # = 90º. Ʈ and ucc values are 33.8% and 11.53 nm, respectively.  Volume per one NC in the SL is 1126.9 nm3.  
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Fig. S8. Simulated SAXS spectra containing BCC and FCC lattices with different ratios. The 
bottom and top bars are the standard peak positions of BCC and FCC lattices, respectively.  
 

 
  



 

 

33 
 

 

 
 

Fig. S9. TEM measurements of NW phase-intermediate SLs from Ag-NCs with λ = 0.62. (A, 

B) TEM images, (C) FFT pattern from the TEM image in (B), (D) small-angle and (E) wide angle 
ED patterns. 
 

 

 
 

Fig. S10. SEM images of NW phase-intermediate SLs from Ag-NCs with λ = 0.62 at different 

magnifications and the corresponding computer model. 
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Fig. S11. SAXS-peak evolution from a BCC (top) to an FCC (bottom) lattice through the N-

W transformation pathway. This figure presents a magnified view of the panel shown in Fig. 2C 
in the main text. Relative peak positions were adjusted to ensure that FCC and BCC SLs exhibit 
similar NC densities, consistent with our experimental observations. The SAXS evolution results 
can be analyzed by tracking individual peak movements in Movie S1. 
 
 
Table S7. Miller indices correlations of SAXS-peak evolution from an FCC to a BCC through 

the N-W transformation pathway.  

 
BCC (110) (200) (211) (220) (310) (222)  
FCC (111) (200) (220) (200) (311) (220) (222) (400) (331) (420) (311) (420)                

BCC (321) (400) (330) (420) (332) 

FCC (422) 
(333) 
(511) 

(331) (440) (400) (531) 
(333) 
(511) 

(600) 
(442) 

(420) 
(600) 
(442) 

(620) (422) (620) (531) 

 
 
The SAXS evolution results can be analyzed by tracking individual peak movements in Movie S1. The Miller indices presented in the 
same row (e.g., FCC (333) and (511)) have the same d-spacing. 
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Fig. S12. Rotational TEM results and analysis along viewing direction 1.  (A) N-W phase-
intermediate SL model with the SL axis and Ag crystal atomic axis in NCs. (B) Schematics of the 
rotational TEM measurements. (C-J) Results from viewing direction 1: TEM image (C), 
overlapped presentation of the magnified TEM image and the assigned models (D), experimental 
selected-area SAED (E), simulated SAED (F), overlapped presentation of the experimental and 
simulation SAEDs (G), experimental selected-area WAED (H), simulated WAED (I), and 
overlapped presentation of experimental and simulated WAEDs (J). (K,L) Computer models of 
the SLs (K) and atomic models Ag-NCs (L) from viewing direction 1. 
  



 

 

36 
 

 
 

Fig. S13. Rotational TEM results and analysis along viewing direction 2.  (A) N-W phase-
intermediate SL model with the SL axes and Ag crystal atomic axes. (B) Schematics of the 
rotational TEM measurement showing different viewing directions. (C-F) Results from viewing 
direction 2: Overlapped presentation of the magnified TEM image and the assigned models (C), 
experimental selected-area WAED (D), simulated WAED (E), and overlapped presentation of 
experimental and simulated WAEDs (F). (G, H) Computer models of the SLs (G) and of Ag-NCs 
(H) from viewing direction 2. 
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Fig. S14. Rotational TEM results and analysis along viewing direction 3.  (A) N-W phase-
intermediate SL model with the SL axes and Ag crystal atomic axes. (B) Schematics of the 
rotational TEM measurement showing different viewing directions. (C-F) Results from viewing 
direction 3: Overlapped presentation of the magnified TEM image and the assigned models (C), 
experimental selected-area WAED (D), simulated WAED (E), and overlapped presentation of 
experimental and simulated WAEDs (F). (G, H) Computer models of the SLs (G) and of Ag-NCs 
(H) from viewing direction 3. 
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Fig. S15 ׀ Rotational TEM results and analysis along viewing direction 4. (A) N-W phase-
intermediate SL model with the SL axes and Ag crystal atomic axes. (B) Schematics of the 
rotational TEM measurement showing different viewing directions. (C-F) Results from viewing 
direction 4: Overlapped presentation of the magnified TEM image and the assigned models (C), 
experimental selected-area WAED (D), simulated WAED (E), and overlapped presentation of 
experimental and simulated WAEDs (F). (G, H) Computer models of the SLs (G) and of Ag-NCs 
(H) from viewing direction 4. 
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Fig. S16. TEM images of various Ag-NCs with different sizes and sphericities. The sample 
labels correspond to those listed in Table S1.  
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Table S8. Detailed results of the SLs from various NCs used for Fig. 2E in the main text.   
 

Ag-NC 

Sample ID* 

Spherical 

Ag-NC a,c 

Mecon 

Ag-NC a,c 

Ag with λ = 

0.62 b 

Ag with λ = 

0.39 c  

Ag with λ = 

0.56 c 

Ag with λ = 

0.83 c 
Ag-III Ag-IV 

Sized 10.0 nm 10.2 nm 8.9 nm 10.1 nm 10.1 nm 10.0 nm 6.3 nm 10.4 nm 

λ of Ag 

NCs 
0.95 0.17 0.62 0.39 0.56 0.83 0.45 0.44 

Ʈ of SLN-W 0% 100% 33.8% 90.8% 65.1% 22.1% 89.3% 79.6% 

LCe length 
FCC:  

17.75 nm 

BCC: 
14.12 nm 

a: 19.58 nm  
b,c: 12.13 nm 

a: 19.18 nm 
b,c :13.32 nm 

a: 20.02 nm,  
b,c: 13.21 nm 

a: 21.25 nm,  
b,c: 12.85 nm 

a: 13.87 nm, 
 b,c: 9.60 nm 

a: 20.60 nm 
b,c:14.00 nm 

LCe angle 90º	 90º 
0, 1 = 90º 
2 = 128.6º	

0, 1 = 90º 
2 = 134.1º 

0, 1 = 90º 
2 = 131.6º 

0, 1 = 90º 
2 = 127.4º 

0, 1 = 90º 
2 = 134.0º 

0, 1 = 90º 
2 = 133.0º 

 
 
 
 

Ag-NC 

Sample ID* 
Ag-V Ag-VI Ag-VII Ag-VIII Ag-IX Ag-X Ag-XI Ag-XII 

Sized 7.4 nm 8.4 nm 5.5 nm 10.4 nm 7.1 nm 7.5 nm 7.6 nm 6.4 nm 

λ of Ag 

NCs 
0.39 0.28 0.89 0.28 0.33 0.45 0.72 0.56 

Ʈ of SLN-W 100% 100% 0% 100% 100% 93.1% 24.0% 53.0% 

LCa length 
BCC:     

10.61 nm 
BCC:     

11.44 nm 
FCC:  

11.22 nm 
BCC:     

14.48 nm 
BCC:     

10.25 nm 
a: 15.39 nm, 

 b,c: 10.74 nm 
a:15.76 nm,  
b,c: 9.57 nm 

a: 14.97 nm,  
b,c: 9.64 nm 

LCe angle 90º 90º 90º 90º 90º 
0, 1 = 90º 
2 = 134.3º 

0, 1 = 90º 
2 = 127.6º 

0, 1 = 90º 
2 = 130.4º 

 
* The details of the Ag-NCs listed in this table are presented in Tables S1, 2. a These SLs are presented in Fig. 1. b This SL is presented in Fig. 2 c These 
SLs are presented in Fig. 3, and Fig. S30. d The presented sizes are the average of measured major diameters of the sample. e LC represents lattice 
constants of the unit cell.    
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Fig. S17. SAXS spectra of Ag-NC SLs collected in this study. The spectra are arranged from 
top to bottom in the order of increasing sphericity value (λ) of the constituent Ag-NCs. 
Corresponding tabulated SL parameters are summarized in Table S8.  
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Fig. S18. SAXS spectrum of FCC SLs from Ag-VII. (left) The thick blue line, thin purple line, 
and purple-red peaks represent the experimentally-obtained SAXS spectrum, fitted spectrum, and 
constituent peaks used for fitting, respectively.(right) 2D SAXS pattern. The scale bar is 0.5 nm-1. 
 
 
Table S9. Detailed results of SAXS spectrum presented in Fig. S18. 

 
Peak number 1 2 3 4 5 6 7 8 

Peak position (q/Å) 0.0982 0.1106 0.1569 0.1847 0.1963 0.2202 0.2492 0.2739 

d-spacing (Å) 63.96 56.79 40.05 34.02 32.01 28.54 25.21 22.94 

Peak assignment 
FCC 
(111) 

FCC 
(200) 

FCC 
(220) 

FCC 
(311) 

FCC 
(222) 

FCC 
(400) 

FCC 
(331) 

FCC 
(422) 

 

The assigned unit cell is an FCC (Ʈ = 0%) with a = 11.22 (± 0.17) nm. Volume per one NC in the SL is 353.2 nm3. 
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Fig. S19. SAXS spectra of BCC SLs from Ag-VIII, VI, V, and IX. The thick blue lines, thin 
purple lines, grey dashed lines, and purple-red peaks represent the experimentally-obtained SAXS 
spectra, fitted spectra, simulated spectra, and constituent peaks used for fitting, respectively. (Inset) 
2D SAXS patterns. The scale bars are 0.5 nm-1. 
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Table S10. Detailed results of the SAXS spectrum of Ag-VIII SLs presented in Fig. S19 top 

left. 

 
Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0611 0.0866 0.1063 0.1224 0.1371 0.1502 0.1624 0.1734 0.1843 0.1939 

d-spacing (Å) 102.84 72.59 59.09 51.31 45.83 41.83 38.69 36.24 34.09 32.40 

Peak assignment 
BCC 
(110) 

BCC 
(200) 

BCC 
(211) 

BCC 
(220) 

BCC 
(310) 

BCC 
(222) 

BCC 
(321) 

BCC 
(400) 

BCC 
(330) 

BCC 
(420) 

Peak number 11 12 13 14 15 16 17 18 19 20 

Peak position (q/Å) 0.2036 0.2127 0.2213 0.2379 0.2453 0.2530 0.2604 0.2677 0.2749 0.2811 

d-spacing (Å) 30.87 29.54 28.39 26.42 25.62 24.84 24.13 23.47 22.86 22.35 

Peak assignment 
BCC 
(332) 

BCC 
(422) 

BCC 
(510) 

BCC 
(521) 

BCC 
(440) 

BCC 
(530) 

BCC 
(600) 

BCC 
(611) 

BCC 
(620) 

BCC 
(541) 

Peak number 21 22 23 24 25 26     

Peak position (q/Å) 0.2883 0.2948 0.3008 0.3071 0.3133 0.3193     

d-spacing (Å) 21.79 21.31 20.89 20.46 20.05 19.68     

Peak assignment 
BCC 
(622) 

BCC 
(631) 

BCC 
(444) 

BCC 
(550) 

BCC 
(640) 

BCC 
(552) 

    

 

The assigned unit cell is a BCC (Ʈ = 100%) with a = 14.48 (± 0.02) nm.  Volume per one NC in the SL is 1518.0 nm3. 

 
 

 
 
 
 
 

Table S11. Detailed results of the SAXS spectrum of Ag-VI SLs presented in Fig. S19 top 

right. 
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0770 0.1097 0.1346 0.1550 0.1735 0.1895 0.2071 0.2199 0.2335 0.2466 

d-spacing (Å) 81.58 57.30 46.69 40.53 36.22 33.16 30.33 28.57 26.91 25.48 

Peak assignment 
BCC 
(110) 

BCC 
(200) 

BCC 
(211) 

BCC 
(220) 

BCC 
(310) 

BCC 
(222) 

BCC 
(321) 

BCC 
(400) 

BCC 
(330) 

BCC 
(420) 

Peak number 11 12 13        

Peak position (q/Å) 0.2578 0.2700 0.2809        

d-spacing (Å) 24.38 23.27 22.37        

Peak assignment 
BCC 
(332) 

BCC 
(422) 

BCC 
(510) 

       

 

The assigned unit cell is a BCC (Ʈ = 100%) with a = 11.44 (± 0.05) nm.  Volume per one NC in the SL is 747.8 nm3. 
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Table S12. Detailed results of the SAXS spectrum of Ag-V SLs presented in Fig. S19 bottom 

left. 
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0840 0.1185 0.1453 0.1678 0.1870 0.2066 0.2222 0.2370 0.2520 0.2776 

d-spacing (Å) 74.82 53.02 43.23 37.43 33.59 30.41 28.27 26.51 24.93 22.63 

Peak assignment 
BCC 
(110) 

BCC 
(200) 

BCC 
(211) 

BCC 
(220) 

BCC 
(310) 

BCC 
(222) 

BCC 
(321) 

BCC 
(400) 

BCC 
(330) 

BCC 
(420) 

 
The assigned unit cell is a BCC (Ʈ = 100%) with a = 10.61 (± 0.09) nm.  Volume per one NC in the SL is 597.9 nm3. 

 
 

 
 
 
 

Table S13. Detailed results of the SAXS spectrum of Ag-IX SLs presented in Fig. S19 bottom 

right. 
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0861 0.1229 0.1502 0.1725 0.1941 0.2100 0.2319 0.2462 0.2604 0.2748 

d-spacing (Å) 72.97 51.14 41.83 36.42 32.38 29.92 27.10 25.52 24.13 22.86 

Peak assignment 
BCC 
(110) 

BCC 
(200) 

BCC 
(211) 

BCC 
(220) 

BCC 
(310) 

BCC 
(222) 

BCC 
(321) 

BCC 
(400) 

BCC 
(330) 

BCC 
(420) 

Peak number 11 12 13 14       

Peak position (q/Å) 0.2870 0.3003 0.3139 0.3366       

d-spacing (Å) 21.89 20.93 20.02 18.66       

Peak assignment 
BCC 
(332) 

BCC 
(422) 

BCC 
(510) 

BCC 
(521) 

      

 

The assigned unit cell is a BCC (Ʈ = 100%) with a = 10.25 (± 0.05) nm.  Volume per one NC in the SL is 538.0 nm3. 
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Fig. S20. SAXS spectrum of Ag-X SLs. (left) The thick blue line, thin purple line, grey dashed 
line, and purple-red peaks represent the experimentally-obtained SAXS spectrum, fitted spectrum, 
simulated spectrum, and constituent peaks used for fitting, respectively. (right) 2D SAXS pattern. 
The scale bar is 0.5 nm-1. 
 
 
 
Table S14. Detailed results of the SAXS spectrum of Ag-X SLs presented in Fig. S20. 
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0813 0.0839 0.1152 0.1166 0.1397 0.1436 0.1619 0.1655 0.1813 0.1846 

d-spacing (Å) 77.25 74.93 54.54 53.88 44.99 43.75 38.80 37.97 34.65 34.04 

Peak number 11 12 13 14 15 16 17 18 19 20 

Peak position (q/Å) 0.2155 0.2185 0.2331 0.2469 0.2591 0.2676 0.2726 0.2859 0.2981 0.3144 

d-spacing (Å) 29.16 28.76 26.96 25.45 24.25 23.48 23.05 21.98 21.08 19.98 

Peak number 21 22 23        

Peak position (q/Å) 0.3208 0.3303 0.3403        

d-spacing (Å) 19.59 19.02 18.47        

 

The assigned unit cell is a base-centered monoclinic with lattice constants of a = 15.39 nm b,c = 10.74 nm, !,	# = 90º, and " = 134.33º. 
The Ʈ and ucc values are 93.1% and 9.39 nm, respectively. Volume per one NC in the SL is 634.8 nm3. 
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Fig. S21. SAXS spectrum of Ag-III SLs. (left) The pale blue line, thin purple line, grey dashed 
line, and purple-red peaks represent the experimentally-obtained SAXS spectrum, fitted spectrum, 
simulated spectrum, and constituent peaks used for fitting, respectively. (right) 2D SAXS pattern. 
The scale bar is 0.5 nm-1. 
 
 
 
Table S15. Detailed results of the SAXS spectrum of Ag-III SLs presented in Fig. S21. 

 
Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0913 0.1240 0.1301 0.1574 0.1610 0.1800 0.1843 0.2069 0.2251 0.2399 

d-spacing (Å) 68.81 50.67 48.33 39.92 39.02 35.10 34.91 30.37 27.91 26.20 

Peak number 11 12         

Peak position (q/Å) 0.2605 0.2768         

d-spacing (Å) 24.12 22.70         

 

 
The assigned unit cell is a base-centered monoclinic with lattice constants of a = 13.87 nm b,c = 9.60 nm, !,	# = 90º, and " = 133.96º. 
The Ʈ and ucc values are 89.3% and 8.43 nm, respectively. Volume per one NC in the SL is 460.5 nm3. 
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Fig. S22. SAXS spectrum of Ag-IV SLs. (left) The pale blue line, thin purple line, grey dashed 
line, and purple-red peaks represent the experimentally-obtained SAXS spectrum, fitted spectrum, 
simulated spectrum, and constituent peaks used for fitting, respectively. (right) 2D SAXS pattern. 
The scale bar is 0.5 nm-1. 
 
 
 
Table S16.  Detailed results of the SAXS spectrum of Ag-IV SLs presented in Fig. S22. 

 
Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0610 0.0630 0.0840 0.1050 0.1105 0.1230 0.1276 0.1330 0.1400 0.1525 

d-spacing (Å) 103.00 99.73 74.80 59.84 56.86 51.08 49.24 47.24 44.88 41.20 

Peak number 11 12 13 14 15      

Peak position (q/Å) 0.1620 0.1674 0.1798 0.1860 0.1897      

d-spacing (Å) 38.79 38.37 37.41 35.28 34.11      

 

 
The assigned unit cell is a base-centered monoclinic with lattice constants of a = 20.60 nm b,c = 14.00 nm, !,	# = 90º, and " = 133.01º. 
The Ʈ and ucc values are 79.6% and 12.47 nm, respectively. Volume per one NC in the SL is 1475.0 nm3. 
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Fig. S23. SAXS spectrum of Ag-XII SLs. (left) The thick pale blue line, thin purple line, grey 
dashed line, and purple-red peaks represent the experimentally-obtained SAXS spectrum, fitted 
spectrum, simulated spectrum, and constituent peaks used for fitting, respectively. (right) 2D 
SAXS pattern. The scale bar is 0.5 nm-1. 
 
 
Table S17. Detailed results of the SAXS spectrum of Ag-XII SLs presented in Fig. S23. 

 
Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0830 0.0935 0.1090 0.1310 0.1535 0.1660 0.1780 0.2033 0.2055 0.2138 

d-spacing (Å) 75.70 67.20 57.64 47.96 40.93 37.85 35.30 30.91 30.58 29.39 

Peak number 11 12 13 14 15      

Peak position (q/Å) 0.2200 0.2333 0.2377 0.2410 0.2620      

d-spacing (Å) 28.56 26.93 26.43 26.07 23.98      

 

The assigned unit cell is a base-centered monoclinic with lattice constants of a = 14.97 nm b,c = 9.64 nm, !,	# = 90º, and " = 130.42º. 
The Ʈ and ucc values are 53.0% and 8.91 nm, respectively. Volume per one NC in the SL is 529.4 nm3. 
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Fig. S24. SAXS spectrum of Ag-XI SLs. (left) The thick blue line, thin purple line, grey dashed 
line, and purple-red peaks represent the experimentally-obtained SAXS spectrum, fitted spectrum, 
simulated spectrum, and constituent peaks used for fitting, respectively. (right) 2D SAXS pattern. 
The scale bar is 0.5 nm-1. 
 

 
Table S18. Detailed results of the SAXS spectrum of Ag-XI SLs presented in Fig. S24. 

 
Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0825 0.0925 0.1018 0.1310 0.1369 0.1551 0.1661 0.1851 0.2030 0.2084 

d-spacing (Å) 76.11 67.95 61.74 47.95 45.90 40.50 37.83 33.95 30.95 30.14 

Peak number 11 12 13 14 15 16 17 18 19 20 

Peak position (q/Å) 0.2124 0.2222 0.2311 0.2417 0.2492 0.2609 0.2634 0.2722 0.2750 0.2824 

d-spacing (Å) 29.58 28.27 27.19 26.00 25.21 24.08 23.85 23.08 22.84 22.25 

Peak number 21          

Peak position (q/Å) 0.2888          

d-spacing (Å) 21.75          

 

 
The assigned unit cell is a base-centered monoclinic with lattice constants of a = 15.76 nm b,c = 9.57 nm, !,	# = 90º, and " = 127.60º. 
The Ʈ and ucc values are 24.0% and 15.76 nm, respectively. Volume per one NC in the SL is 571.2 nm3. 
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Fig. S25. Snapshots of Movie S6. MD Simulation trajectory for λ = 0.0 (mecon) with the total 
(stiff + soft) pair potential model is presented. 
 
 
 

 

 
 

Fig. S26. Snapshots of Movie S7. MD Simulation trajectory for λ = 0.6 (intermediate shape) with 
the total (stiff + soft) pair potential model is presented. 
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Fig. S27. Snapshots of Movie S8. MD Simulation trajectory for λ = 1.0 (sphere) with the total 
(stiff + soft) pair potential model is presented. 
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Fig. S28. Conversion from Steinhardt parameter (Q10-SP) to Ʈ values. (top) Simulation from 
stiff interaction models, and (bottom) from total interaction models. In both results, the left, center, 
and right panels present Q10-SP plots extracted from the simulation results, fitting results using 
sigmoid functions and the fitting parameters, and conversions from Q10-SP to Ʈ values, 
respectively. See also ‘SL Formation Simulation and Orientational Order Diagrams Analyses’ 

section in Methods. 
 
Note: We conducted the conversion from Q10-SP to Ʈ values for quantitative comparisons 
between simulations and experiments. The conversion was done by normalization of the plots by 
taking the base and minimal values of Q10-SP as 100% and 0% in Ʈ values. In this normalization 
process, we converted 0.327 and 0.410 of Q10-SP values to 100% Ʈ values (perfect BCC) for the 
results from hard object models and from total interaction models, respectively. It should be noted 
that while Q10-SP values indicate the superstructure information in the system, structural 
fluctuations also affected Q10-SP values. Hard object models result in superstructures with high 
fluctuations, leading to lower coordination environments hence lower Q10-SP values. 
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Fig. S29. Orientational order diagrams from simulated SL models with various sphericity 

parameter values. 1st column: FOODs for (111)Ag-FCC facets; 2nd column: FOODs for (100)Ag-FCC 
facets; 3rd column: BOODs for 8 nearest neighbors; 4th column: BOODs for 14 nearest neighbors;  
5th, 6th, and 7th column: Overlay presentations of (111)Ag-FCC FOODs + 8 neighbor BOODs, 
(100)Ag-FCC FOODs + 14 neighbor BOODs, and (111)Ag-FCC FOODs + 14 neighbor BOODs, 
respectively. The green dashed circles indicate that the signals from the BOODs and FOODs are 
located in the same positions. 
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Fig. S30. SLs from Ag-NCs with a particle volume of ca. 520 nm3 and various sphericity 

parameters. (i-iv) BCC SLs (Ʈ = 100%) from mecon Ag-NCs (λ = 0.13); (v-viii) N-W phase-
intermediate SLs with Ʈ = 91% from Ag-NCs with λ = 0.39, (ix-xii) N-W phase-intermediate SLs 
with Ʈ = 65% from Ag-NCs with λ = 0.56; (xiii-xvi) phase-intermediate SLs with Ʈ = 22% from 
Ag-NCs with λ = 0.83; (xvii-xx) FCC SLs (Ʈ = 0%) from near spherical Ag-NCs (λ = 0.95). (i, v, 
ix, xiii, xvii) SAXS patterns, (ii, vi, x, xiv, xviii) TEM images (scale bars, 40 nm), (iii, vii, xi, xv, 
xix) SAED patterns (scale bars, 0.1 nm-1), and (iv, viii, xii, xvi, xx) WAED patterns (scale bars, 4 
nm-1). 
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Fig. S31. SAXS spectrum of SLs from Ag-NCs with λ of 0.39 with a particle volume of ca. 

520 nm3. (left) SAXS spectrum of SLs from Ag-NCs with λ of 0.39 with the same individual 
particle volume as spherical and mecon Ag-NCs. The thick blue line, thin purple line, grey dashed 
line, and purple-red peaks represent the experimentally-obtained SAXS spectrum, the fitted 
spectrum, the simulated spectrum, and the constituent peaks used for fitting, respectively. (right) 
2D SAXS pattern. The scale bar is 0.5 nm-1. 
 
 
Table S19. Detailed results of the SAXS spectrum presented in Fig. S31.  
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0654 0.0665 0.0914 0.0939 0.1125 0.1155 0.1312 0.1340 0.1452 0.1615 

d-spacing (Å) 96.09 94.48 68.73 66.92 55.84 54.40 47.88 46.89 43.28 38.90 

Peak number 11 12 13 14 15 16 17 18 19 20 

Peak position (q/Å) 0.1725 0.1760 0.1958 0.2005 0.2167 0.2362 0.2407 0.2525 0.2573 0.2680 

d-spacing (Å) 36.42 35.70 32.08 31.34 28.99 26.61 26.11 24.89 24.42 23.45 

Peak number 21 22 23 24       

Peak position (q/Å) 0.2725 0.2764 0.2829 0.2901       

d-spacing (Å) 23.06 22.73 22.21 21.66       

 
The assigned unit cell is a base-centered monoclinic with lattice constants of a = 19.18 nm, b, c = 13.32 nm, !,	# = 90º, and " = 
134.10º. The Ʈ and ucc values are 90.8% and 11.68 nm, respectively. Volume per one NC in the SL is 1222.0 nm3.  
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Fig. S32. SAXS spectrum of SLs from Ag-NCs with λ of 0.56 with a particle volume of ca. 

520 nm3. (left) SAXS spectrum of SLs from Ag-NCs with λ of 0.56 with the same individual 
particle volume as spherical and mecon Ag-NCs. The thick blue line, thin purple line, grey dashed 
line, and purple-red peaks represent the experimentally-obtained SAXS spectrum, the fitted 
spectrum, the simulated spectrum, and the constituent peaks used for fitting, respectively. (right) 
2D SAXS pattern. The scale bar is 0.5 nm-1

. 

 
 
Table S20. Detailed results of the SAXS spectrum presented in Fig. S32.  
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0633 0.0677 0.0843 0.0938 0.1079 0.1143 0.1269 0.1347 0.1590 0.1659 

d-spacing (Å) 99.20 92.81 74.57 66.99 58.25 54.99 49.53 46.66 39.51 37.87 

Peak number 11 12 13 14 15 16 17 18 19  

Peak position (q/Å) 0.1719 0.1763 0.1908 0.1999 0.2133 0.2341 0.2421 0.2558 0.2703  

d-spacing (Å) 36.55 35.64 32.93 31.43 29.46 26.84 25.95 24.56 23.24  

 

 
The assigned unit cell is a base-centered monoclinic with lattice constants of a = 20.02 nm, b, c = 13.21 nm, !,	# = 90º, and " = 
131.60º. The Ʈ and ucc values are 65.1% and 12.01 nm, respectively. Volume per one NC in the SL is 1307.27 nm3. 
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Fig. S33. SAXS spectrum of SLs from Ag-NCs with λ of 0.83 with a particle volume of ca. 

520 nm3. (left) SAXS spectrum of SLs from Ag-NCs with λ of 0.83 with a same individual particle 
volume as spherical and mecon Ag-NCs. The thick blue line, thin purple line, grey dashed line, 
and purple-red peaks represent the experimentally-obtained SAXS spectrum, the fitted spectrum, 
the simulated spectrum, and the constituent peaks used for fitting, respectively. (right) 2D SAXS 
pattern. The scale bar is 0.5 nm-1. 
 
 
Table S21. Detailed results of the SAXS spectrum presented in Fig. S33.  
 

Peak number 1 2 3 4 5 6 7 8 9 10 

Peak position (q/Å) 0.0614 0.0692 0.0743 0.0980 0.1021 0.1156 0.1225 0.1383 0.1568 0.1642 

d-spacing (Å) 102.40 90.82 84.56 64.11 61.53 54.38 51.29 45.44 40.08 38.26 

Peak number 11 12 13 14 15 16 17 18 19 20 

Peak position (q/Å) 0.1717 0.1797 0.1843 0.1917 0.1942 0.2039 0.2091 0.2310 0.2353 0.2470 

d-spacing (Å) 36.60 34.96 34.09 32.78 32.35 30.82 30.05 27.20 26.70 25.43 

Peak number 21 22 23        

Peak position (q/Å) 0.2559 0.2643 0.2687        

d-spacing (Å) 24.56 23.78 23.38        

 

 
The assigned unit cell is a base-centered monoclinic with lattice constants of a = 21.25 nm, b, c = 12.85 nm, !,	# = 90º, and " = 
127.42º. The Ʈ and ucc values are 22.1% and 12.43 nm, respectively. Volume per one NC in the SL is 1394.11 nm3. 
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Fig. S34. SAED and WAED peak elongation for assessing the rotational freedom of the NCs 

in N-W phase-intermediate SLs. (A-D) SAED and (E-H), WAED patterns from the SLs with Ʈ 
of 22 % from Ag-NCs with λ of 0.83 (see panels xiii-xvi in Fig. S31). (A, E) ED patterns. The 
inset panels show a magnified signal with longitudinal and radial axes (i.e., major and minor 
diameters) of the oval pattern. (B, F) 3D contour maps of the selected ED signals. (C, D, G, H) 
Integrated intensity plots of ED patterns along the longitudinal (C, G) and radial (D, H) directions. 
Grey lines show the fitting results for each plot using the Gaussian curve, and the full-width half 
maximum (FWHM) values are presented below the peak. It is noted that plot points located at the 
center of the signal were omitted for the fitting purpose because of the saturated intensity signals. 
Graphs presented in Fig. 3G-K bottom represent the average L/R values (ratios of FWHM values 
along the longitudinal, L, and radial, R, directions) from multiple ED signals. 
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Fig. S35. Computer models of FCC, phase-intermediate, and BCC SLs from Ag-NCs with 

different sphericities.  (top) The models illustrate that Ag-NCs within the SLs gain more 
rotational freedom as the sphericity of the building blocks increases. (middle) The models 
emphasize the Ag-NCs, showing that as curvature develops, the prominence of (111) facets 
diminishes. (bottom) The models depict ligand interactions between (111) facets of neighboring 
Ag-NCs. Ligands actively involved in these interactions are highlighted in purple in the image, 
and their involvement decreases as sphericity increases. In the spherical models, where the 
rotational symmetry is 6-fold, nearest-neighbor interactions extend beyond just (111) facets to 
include (111)-to-(100) and (100)-to-(100) facet interactions, represented by blue ligands in the 
model.  
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Fig. S36. Plot of SL structure parameters as functions of sphericity and size of NC building 

blocks from experiments and MD simulation. Sphere and square marks represent results from 
experiments and MD simulations, respectively. 

Note: Across the entire studied size/shape range, the SL structures (i.e., FCC, BCC, or phase-
intermediate) are primarily determined by particle sphericity, while particle size modulates the 
relative stability and accessibility of these structures, confirming the accessibility of the phase-
intermediate regime and good agreement between experimental and simulation results.  
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Fig. S37. TEM analysis of BCC SLs containing various layers presented in Fig. 4B in the 

main text. (A) A large TEM image presented in Fig. 4B. (B-D) Magnified TEM images of 1-layer 
SLs (B), 2-layers SLs (C), and 3-layers SLs (D). (E) WAED pattern from the 3 layers SLs. It is 
noted that the SLs thicker than 1-layer SLs consistently show similar type of WAED patterns. The 
assigned structure is consistent with the structural model presented in Fig. 1L and Fig. S5. 
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Fig. S38. Images of Ag-NC SLs under optical microscopes. (A, B) Images in reflection mode, 
(C) dark field mode, and (D) transmission mode. 
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Fig. S39. Simulated optical properties of Ag-NC SLs consisting of 1-6 layers. (left) FCC SLs 
from spherical Ag-NCs, (center) N-W phase-intermediate SLs from Ag-NCs with λ of 0.56, and 
(right) BCC SLs from mecon Ag-NCs. Dashed and solid lines are transmission and reflection 
spectra, respectively. Note that the N-W phase-intermediate SL model employed in the 
electromagnetic simulations is a simplified model. Details are provided in Finite-Difference Time-

Domain (FDTD) simulations for plasmonics of Ag-NC SLs in Methods  
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Fig. S40. FDTD simulated optical properties of FCC and BCC Ag-NC SLs.  Simulated optical 
properties (transmission, reflection, and absorption) of FCC SLs from spherical Ag-NCs (left, 
purple lines) and BCC SLs from mecon Ag-NCs (right, blue lines) consisting of 12 layers (top), 
24 layers (middle), and 48 layers (bottom).  
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Fig. S41. FDTD simulated optical properties of tight BCC SLs from mecon Ag-NCs with 

various layer numbers. Calculated transmission (left), reflection (center), and absorption (right) 
spectra of BCC SLs from mecon Ag-NCs with a smaller gap distance (i.e., 0.5 nm) consisting of 
12 layers (top), 24 layers (middle), and 48 layers (bottom). 
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Fig. S42. Plasmonic properties simulation for BCC SLs from different size Ag-NCs. 
Simulated optical properties (transmission for dashed line and reflection for solid lines) of 48-
layers BCC SLs from 5 nm mecon Ag-NCs (A), 24-layers BCC SLs from 11.25 nm mecon Ag-
NCs (B), and 6-layers BCC SLs from 59 nm mecon Ag-NCs (C). (D) Dispersion of the lower 
plasmon-polaritons for BCC SLs. 5 nm mecon Ag-NCs (purple circle marks), 11.25 nm mecon 
Ag-NCs (blue square marks), and 59 nm mecon Ag-NCs (pink circle marks). The solid lines, 
dotted lines, and dash lines are the fitting lines with a Hopfield Hamiltonian, fitted transverse 
collective plasmon frequency, ωt, and free photon dispersion, respectively. 
 

 

Table S22. Results of electromagnetic simulation for light-matter coupling in various SLs 

Materials SL Structure  
Gap 

Distance*  
Size Shape 

Packing 

Fraction 
ΩR (eV) ωt (eV) η 

Ag BCC 1.30 nm 5 nm Mecon 25.0% 1.72 2.50 0.69 

Au FCC 1.30 nm 11.25 nm Sphere 53.3% 1.87 1.85 1.01 

Ag FCC 1.30 nm 11.25 nm Sphere 53.3% 2.25 2.16 1.04 

Ag 
phase-

intermediate** 
1.30 nm 11.25 nm IS*** 55.0% 2.49 2.37 1.05 

Ag BCC 1.30 nm 11.25 nm Mecon 57.2% 2.43 2.30 1.06 

Ag BCC tight 0.50 nm 11.25 nm Mecon 84.5% 2.77 1.54 1.80 

Au FCC 1.30 nm 59 nm Sphere 70.4% 1.74 1.32 1.32 

Ag FCC 1.30 nm 59 nm Sphere 70.4% 1.91 1.40 1.36 

Ag BCC 1.30 nm 59 nm Mecon 95.1% 5.13 1.98 2.60 

 
*         Gap distance. Details are provided in Supplementary Text 1: Geometrical characteristics of mecons, spheres, and 

their SLs 
**      The phase-intermediate SL model employed in the electromagnetic simulations is a simplified model. Details are 
provided in Finite-Difference Time-Domain (FDTD) simulations for plasmonics of Ag-NC SLs in Methods  
***       IS: Intermediate shape, i.e., Ag-NCs with a sphericity parameter λ = 0.56. 
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III. Video Captions  

Caption for Movie S1  

SAXS pattern evolution during the Nishiyama-Wassermann transformation pathway. 

Caption for Movie S2  

MC simulation trajectory for λ = 0.4 with the stiff interaction model starting from a BCC 

lattice. The particle centers were initialized on a BCC lattice. The video shows 4 × 107 HPMC 
steps. The system packing fraction increased from 52% to 70% during the first 2.5 × 107 HPMC 
steps, after which it was held constant at 70%. The shape of the simulation box (i.e., its aspect ratio 
and tilt factors) was allowed to fluctuate during the entire simulation to allow anisotropic stresses 
to relax. 

Caption for Movie S3  

MC simulation trajectory for λ = 0.4 with the stiff interaction model. starting from an FCC 

lattice. The particle centers were initialized on an FCC lattice. The video shows 4 × 107 HPMC 
steps. The system packing fraction increased from 52% to 70% during the first 2.5 × 107 HPMC 
steps, after which it was held constant at 70%. The shape of the simulation box (i.e., its aspect ratio 
and tilt factors) was allowed to fluctuate during the entire simulation to allow anisotropic stresses 
to relax. 

Caption for Movie S4  

MC simulation trajectory for λ = 0.6 with the stiff interaction model starting from a BCC 

lattice. The particle centers were initialized on a BCC lattice. The video shows 1.5 × 108 HPMC 
steps. The system packing fraction increased from 52% to 70% during the first 2.5 × 107 HPMC 
steps, after which it was held constant at 70%. The shape of the simulation box (i.e., its aspect ratio 
and tilt factors) was allowed to fluctuate during the entire simulation to allow anisotropic stresses 
to relax. 

Caption for Movie S5  

MC simulation trajectory for λ = 0.6 with the stiff interaction model starting from an FCC 

lattice. The particle centers were initialized on an FCC lattice. The video shows 1.5 × 108 HPMC 
steps. The system packing fraction increased from 52% to 70% during the first 2.5 × 107 HPMC 
steps, after which it was held constant at 70%. The shape of the simulation box (i.e., its aspect ratio 
and tilt factors) was allowed to fluctuate during the entire simulation to allow anisotropic stresses 
to relax. 

Caption for Movie S6  

MD simulation trajectory for λ = 0.0 with the total (soft + stiff) interaction model. The video 
shows 2 × 107 MD steps, and the systems’ pressure setpoint increased from 0.01 to 0.1 during the 
first 1 × 107 steps, after which it remained constant at 0.1. 

Caption for Movie S7  

MD simulation trajectory for λ = 0.6 with the total (soft + stiff) interaction model. The video 
shows 2 × 107 MD steps, and the systems’ pressure setpoint increased from 0.01 to 0.1 during the 
first 1 × 107 steps, after which it remained constant at 0.1. 

Caption for Movie S8   

MD simulation trajectory for λ = 1.0 with the total (soft + stiff) interaction model. The video 
shows 2 × 107 MD steps, and the systems’ pressure setpoint increased from 0.01 to 0.1 during the 
first 1 × 107 steps, after which it remained constant at 0.1. 
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