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ABSTRACT: The cluster-based body-centered-cubic superlattice
(cBCC SL) represents one of the most complicated structures
among reported nanocrystal assemblies, comprised of 72 truncated
tetrahedral quantum dots per unit cell. Our previous report
revealed that truncated tetrahedral quantum dots within cBCC SLs
possessed highly controlled translational and orientational order
owing to an unusual energetic landscape based on the balancing of
entropic and enthalpic contributions during the assembly process.
However, the cBCC SL’s structural transformability and mechan-
ical properties, uniquely originating from such complicated
nanostructures, have yet to be investigated. Herein, we report
that ¢cBCC SLs can undergo dynamic transformation to face-
centered-cubic SLs in response to post-assembly molecular
exposure. We monitored the dynamic transformation process using in situ synchrotron-based small-angle X-ray scattering, revealing
a dynamic transformation involving multiple steps underpinned by interactions between incoming molecules and TTQDs’ surface
ligands. Furthermore, our mechanistic study demonstrated that the precise configuration of TTQDs’ ligand molecules in cBCC SLs
was key to their high structural transformability and unique jelly-like soft mechanical properties. While ligand molecular
configurations in nanocrystal SLs are often considered minor features, our findings emphasize their significance in controlling weak
van der Waals interactions between nanocrystals within assembled SLs, leading to previously unremarked superstructural
transformability and unique mechanical properties. Our findings promote a facile route toward further creation of soft materials,
nanorobotics, and out-of-equilibrium assemblies based on nanocrystal building blocks.
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Figure 1. Characterizations of truncated tetrahedral quantum dot (TTQD) NC building blocks and ¢cBCC NC-SLs. (A) High-resolution (HR)-
transmission electron microscopy (TEM) image showing an individual TTQD. (B) Corresponding atomic model of the TTQD. (C) High-angle
annular dark-field imaging (HAADF)-TEM visualization of TTQDs. (D) TEM image of a cBCC NC-SL viewed via [110] g¢c projection, and (E)
Corresponding SAXS pattern for the cBCC NC-SL. (F) Photograph displaying a piece of the cBCC supercrystal. (G) Computer model of a cBCC
NC-SL unit cell. (H) Integrated 1D SAXS pattern of the cBCC NC-SL powder sample represented with a gray line, with fitted patterns and
constituent peaks indicated in pink. The pink and blue shaded areas are the SAXS peak areas for cluster-based structures and nearest neighbor
distance, respectively. (I) Corresponding 2D SAXS pattern of the cBCC NC-SL powder sample.

(vdW) interactions between NCs for structural integ-
rity,”"**7* making them unresponsive to external stimuli. A
recent work demonstrated dynamically transformable NC-SLs
achieved by tethering NCs with tecton ligands through
hydrogen bonding.”* The authors demonstrated that the
NC-SLs could alter their superstructures when the solvent was
switched from toluene to n-decane, which affected ligand
molecules’ conﬁguration.24 Moreover, to gain insight into the
dynamic process from the NC superstructure scale down to the
molecular level, detailed time-resolved in situ measurements
become vital. Recent advancements in in situ techniques for
NC self-assemblies have revealed unprecedented molecular
movement and dynamics at the (sub)nanometer scale, which
can provide valuable information about underlying mecha-
nisms during NC self-assembly processes.”’ >’

In this study, we present a comprehensive investigation of
dynamic NC-SLs in response to molecule exposure, utilizing
time-resolved in situ synchrotron-based small-angle X-ray
scattering (SAXS) measurements. We found that cluster-
based body-centered cubic (¢cBCC) SLs formed from
truncated-tetrahedral quantum dots (TTQDs) exhibit delicate
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and weak inter-TTQD vdW interactions due to the unique
coiled molecular configurations within their ligand surfactants.
As a result, the cBCC SL solids exhibit jelly-like soft
mechanical properties with a dynamic transformability to
face-centered cubic (FCC) upon exposure to specific solvents
or vapor infusion into the lattices. We show that fine molecular
configuration and recognition play critical roles in determining
interparticle interactions and superstructural transformations
within the NC-SLs, an aspect that was largely overlooked prior
to this work. Our findings offer valuable insights into the
design and understanding of transformable NC-SL solids,
marking an important advancement in exploring and
harnessing dynamic NC-superstructured materials and their
potential applications in various fields such as biomimetics,
flexible electronics, and soft robotics.

2. RESULTS

Waurtzite (WZ) CdSe—CdS core—shell QDs with a truncated-
tetrahedral shape (denoted as TTQDs) were synthesized using
our previously reported method.*”*" Figure 1A—C shows a
high-resolution TEM image, a corresponding computer model,
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and a low-magnification scanning TEM (STEM) image of the
TTQD building blocks, respectively. The TTQDs possess an
inorganic height of 8.2 + 0.4 nm along the (0002)y, direction
and a base edge length of 10.8 + 0.6 nm (bottom (0002)y,
facet) with 2.4 nm truncation (see also Figures S1—S3 in the
Supporting Information for detailed shape information).
Notably, TTQDs retain an anisotropic surface ligand cover-
age:"*™* the bottom base (i.e., (0002)y; facet) is covered by
octadecylphosphonic acid (ODPA), and all the equivalent
sides (i.e., {1011}y, facets) are tethered with oleic acid (OA)
(Figure 1B). Subsequently, cBCC NC-SLs were fabricated by
slowly evaporating hexane in a TTQD solution (~20 mg/
mL)," as confirmed by low-magnification TEM images
showing a characteristic wavy pattern with designated lattice
fringes, as shown in Figure 1D (27.0 nm spacing between two
adjacent strong fringe lines. See also Figure S4). A 2D
synchrotron-based SAXS pattern of a submillimeter-sized 3D
single supercrystal further validated the distinctive high-
architectural <cBCC superstructure, displaying a single-crystal-
line-type spotted pattern with an orthogonal-based symmetry
viewed from the [110] projection of a BCC lattice (Figures
1E,F, SS, and Table Sl).40 The wide-angle X-ray scattering
(WAXS) pattern showcased the same atomic orientational
ordering as we previously observed (Figure S5).*" A lattice
parameter (agcc) of 38.1 + 0.4 nm was then determined
(Figure 1E, and Table S1), consistent with the simulated
computer model of the cBCC unit cell (Figure 1G). The SAXS
pattern of the cBCC SL powders and the corresponding
integrated 1D SAXS plot further confirmed the ¢BCC SL
structure (Figures 1H, I; S6, S7; and Table S2). The most
intense SAXS peak is positioned at a g-value of 0.700 nm™!
(Table S2), which has been assigned to the d(330).cc
scattering feature of the ¢BCC structure (indicated by blue
shading in Figure 1H). Additionally, a unique set of scattering
peaks in the low-q region of 0.3—0.5 nm™' arises from the
cBCC cluster subunit comprising 36 TTQDs (highlighted by
pink shading in Figure 1H).*

To test the solvent-induced structural transformation, we
subjected the ¢BCC SL powder sample to immersion in 12
different solvents with a constant duration time of 20 s (see SI
for details). Three distinctive structural outcomes, i.e., cBCC,
FCC, and amorphous (Figure 2), were obtained after the
solvent immersion experiments with the summarized results
provided in Table 1 (also see Table S3). Notably, immersion
of the cBCC SL powders in EG, diethylene glycol (DEG),
dimethyl sulfoxide (DMSO), or water did not disrupt the
pristine ¢cBCC SL structure, as evidenced by an unchanged
lattice parameter of 38.1 nm (Figure 2 and Table 1). This
structural preservation was consistently observed even when
extending the immersion time to 24 h, yielding no measurable
changes in the superstructure (Figure S8). In contrast, when
immersing the same ¢cBCC SL powder sample in nonpolar
solvents, i.e., toluene, chloroform, or hexane, the resulting 1D
SAXS pattern only showed three broad scattering features in
the g-value range of 0.6 to 2.5 nm™" (Figure 2). This SAXS
pattern matched well to the pattern simulated solely on the
basis of particle form factors with an effective size of 10.2 nm
(Figure 2 and Table 1), suggesting a superstructure solvation
process. With prolonged immersion time, complete dissolution
of the SL sample was observed, in good accordance with the
high colloidal dispersibility of TTQDs in these applied
nonpolar solvents.*’ The most intriguing result was obtained
by immersing the sample in a series of solvents, including
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Figure 2. SAXS patterns before and after solvent exposure. SAXS
pattern of cBCC NC-SLs before solvent exposure (bottom), SAXS
pattern after ethylene-glycol (EG) immersion (second from bottom),
after acetone immersion (second from top), and after toluene
immersion (top). Adjacent to each SAXS pattern, a computational
model is presented representing the resulting superstructures. Dotted
lines in the top and second tops illustrate the simulation spectra for
the assigned structures.

ethanol, methanol, ethyl acetate, acetone, and isopropanol.
This led to a superstructural phase transition from the initial
cBCC structure to a final FCC SL configuration (Figure 2, and
Table 1). Notably, a significantly reduced lattice parameter was
observed for the obtained FCC SLs, ranging from 13.6 to 15.4
nm (as compared to 38.1 nm of the starting cBCC SLs) (Table
1, S9, S10 and Tables S4—S8). Although the influence of
solvents on NC-SL formation has been widely examined in
previous studies,”******? postformation SL transformations in
response to solvent exposure are rarely explored to our best
knowledge.”**°

To closely monitor the TTQD NC-SL phase trans-
formations in response to the solvent molecules, we conducted
TTQD NC-SL vapor-exposure experiments using a specially
designed vapor chamber setup (Scheme 1). In these
experiments, the SL structural evolution was continuously
monitored through time-resolved in situ SAXS measurements
(further details are provided in Supporting Information). The
vapor chamber was configured with a reservoir containing the
applied solvent (i.e., acetone or toluene), creating a controlled
environment saturated with solvent vapor. The ¢cBCC SL
powder sample was positioned on one inner side of the
chamber window, which was then irradiated by synchrotron X-
ray irradiation for SAXS measurements (Scheme 1). SAXS
patterns for the acetone (toluene) vapor-exposure experiment
were recorded for more than 20 h (10 h) at a constant time
interval of 65 s (11 s). This setup allowed us to investigate the
SL transformation process in situ with sufficient time
resolution to capture the intricate SL transition dynamics
triggered by vaporized solvent molecules.

The in situ SAXS measurements conducted in the acetone
vapor chamber (with a vapor pressure of 30.8 KPa) showed
that the same cBCC-to-FCC SL phase transformation
occurred, as observed in the acetone solvent-immersion
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Table 1. Solvent Parameters and Results of Solvent Immersion Experiments

resulting SL resulting LC* vol./one NC (nm®)

water cBCC 38.1 (£0.4) nm 7682
EG“ cBCC 38.1 (£0.4) nm 768.2
DEG® cBCC 38.1 (£0.4) nm 7682
DMSO* ¢BCC 38.1 (+£0.4) nm 7682
methanol ECC 154 + 0.5 nm 913.1
isopropanol FCC 15.3 + 0.6 nm 895.4
ethanol ECC 14.9 + 0.6 nm 827.0
EA” FCC 14.5 + 0.6 nm 762.2
acetone FCC 13.6 = 0.4 nm 628.9
toluene dissolve N/A N/A
chloroform dissolve N/A N/A
hexane dissolve N/A N/A

interfacial energyb (mN m™) &P polar Ra” (HSP?) density (g/cm®)
§8.77 16.0 45.3 1
27.19 11.0 28.3 1.115
23.19 29 6.6 1.120
21.39 16.4 19.7 1.092
10.03 12.3 25.7 0.791
5.97 6.1 17.5 0.78S
2.15 8.8 21.3 0.789
4.60 5.3 9.0 0.895
5.82 10.4 12.7 0.78S
1.73 1.4 4.0 0.867
-5.30 0.0 3.0 1.479
0.80 3.1 7.1 0.659

“Abbreviations used in this table: EG: ethylene glycol, DEG: diethylene glycol, DMSO: dimethyl sulfoxide, EA: ethyl acetate, LC: lattice constant,
and HSP: Hansen solubility parameter. “The calculated interfacial energies and the HSP values are for referred solvent molecules and hydrocarbon-
chain parts of surfactant molecules, i.e., OA and ODPA. See details in the Supporting Information. The complete set of data is presented in Table

S3 in the Supporting Information.

Scheme 1. Schematic Ilustration of In Situ SAXS
Measurements for Solvent-Vapor-Exposure Experiments.
(A) Vapor Chamber Used for In Situ SAXS Measurements.
(B) Illustration of NC-SL Transformation From cBCC to
FCC Superstructure Occurred During the Solvent-Vapor—
Exposure Experiments

Solvent Pool

experiment, however, with a much slower SL transformation
rate (Figure 3A). Monitoring the entire transition process over
a course of approximately 21 h (~76000 s) unveiled a smooth
and gradual evolution of the SL structure (Figure 3A and
Movies S1, S2). To elucidate the structural evolution, we
plotted the position and intensity of the strongest scattering
peak (i.e, d(330)pcc and d(111)pcc), along with the
calculated effective volume per TTQD NC as a function of
the vapor-exposure time (Figure 3B—E). Notably, five distinct
transition stages, denoted as stages al—aS (color-coded in
Figure 3A), were identified during the course of SL
transformation, as detailed below (Figure 3A—E).

In stage al (0 s—ca. 260 s), all the SAXS peaks continuously
shifted toward lower g-values (e.g,, d(330).cc shifted from
0.710 to 0.692 nm™") with increased peak intensities (Figures
3B—S11, and Tables S9, S10). This suggested a uniform lattice
expansion while maintaining the initial ¢BCC SL structure.
The unit-cell volume expanded from 5.57 X 10* nm® to 6.01 X
10* nm* at an expansion rate of 17.1 nm*/s (equivalent to 238
A3/NC s and a volume expansion rate of 3.07 X 1072%/s, see
Supporting Information for calculation details) (Figure 3D).
This volume expansion was likely due to the inclusion of
vaporized acetone molecules into the SLs (thus inducing
configuration changes of the NC surface ligands; see
Discussion Section for details), with a molecular inclusion
rate of 1.3 acetone/NC s (Figure 3D). In stage a2 (ca. 260 s—
2600 s), the cBCC SL continued expanding, yet at a

significantly reduced rate (unit-cell volume expansion rate of
0.22 nm®/s, 3.1 A>/NC s, and 3.66 X 107*%/s) compared to
that in stage al (Figures 3D, S12, and Table S11). The
equivalent molecular inclusion rate dropped sharply to 0.015
acetone/NC s (Figure 3D). By the end of stage a2, the unit-
cell volume of the cBCC SL had expanded from 5.57 X 10*
nm? to 6.06 X 10* nm? (Figure 3D), corresponding to an 8.8%
volume expansion relative to the pristine structure.

Transitioning to stage a3 (ca. 2600 — 30,000 s), the cBCC
SL structure started degrading, indicated by the broadening
and diminished intensity of all the SAXS peaks (Figures
3A,CE—H and S12). A new shoulder peak emerged at a
slightly larger g-value of ~0.720 nm™' next to the primary
d(330)pcc scattering peak (Figures 3F, and S12), indicating
elevated and nonuniform local strain originating from the
(330) g crystal planes.44 Progressing to stage a4 from around
30,000 s to approximately 69,000 s, the sample exhibited a
decline in the SAXS fine features, accompanied by continu-
ously decreasing peak intensities (Figures 3C,G,H, S13, and
Table S11). In addition, gradual vanishing of the characteristic
cBCC cluster subunit scattering peaks (within the low-q region
of 0.3—0.6 nm™') unambiguously revealed a superstructure
reconstruction of the initial cBCC SL (Figures 3G and S13).
Finally, around 69,000 s (starting of stage aS), the cBCC SL
fully transited to an FCC structure with a unit-cell lattice
parameter of 14.5 & 0.4 nm, which remained nearly unchanged
for ~6000 s before stopping the SAXS pattern collection
(Figures 3C, S13, and Table S10). Such drastic lattice
parameter contraction (from 38.2 nm for the initial cBCC
SL to 14.5 nm for final FCC SL) indicated that the final FCC
SL structure was constructed from individual TTQDs with the
absence of any higher-order building units, in line with the loss
of the cluster-based subunits indicated by the in situ SAXS data
(Scheme 1 and Figure 3A,G). Intriguingly, both the initial
c¢BCC SL and the final FCC SL showed similar TTQD NC
densities (i.e., 774 nm®/NC vs 740—785 nm®/NC, Figure 3E).
This finding suggests that comparable effective volumes per
TTQD were attained for both superstructures (ie,, cBCC vs
FCC) at two different equilibrium states despite distinct
assembly fashions of the TTQD NCs.

Next, we conducted another vapor-exposure experiment
using a toluene solvent pool (vapor pressure of 3.76 kPa) over
a span of ~10 h (~35,000 s) and collected in situ SAXS
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Figure 3. In situ SAXS measurement results during the acetone—vapor—exposure experiment. (A) Series of representative in situ SAXS patterns
obtained during the acetone—vapor—exposure experiment. The five identified distinct stages are color-coded: stage al (orange), stage a2 (green),
stage a3 (purple), stage a4 (yellow), and stage aS (gray). (B,C) Plots over acetone—vapor—exposure time vs. peak position (left axis) and peak
intensity (right axis) for the most intense peak in the SAXS patterns, i.e., d(330) pcc for cBCC NC-SLs and d(111)g¢c for FCC NC-SLs: zoom-in
stages al, a2 (B) and stages al—a$ (C). (D,E) Plots over acetone—vapor—exposure time vs. volume per NC in the SL (left axis) and SL unit cell
(SL-UC) volume (right axis) for zoom-in stage al, a2 (D) and stage al—a5 (E). Purple and green marks represent calculated values based on the
c¢BCC and FCC SL structures, respectively. The solid circles represent the values calculated based on our structure assignments, i.e,, cBCC
structure for stages al—a3, and FCC structure for stage a5, while semitransparent circles represent calculated values based on the SL structures that
were not assigned as such. Please note that the structure in stage a4 is transient, and neither cBCC nor FCC can be assigned during the course of
stage a4. (F) SAXS pattern at 17,559 s: zoom-in (330) pcc peak region showing the main peak (black line) and an emergent shoulder peak (dotted
red line) (left panel); the corresponding zoom-out SAXS pattern (right panel). (GH) SAXS patterns during stages a4 and a$ for the range
denoting the cluster-based subunits (0.25—0.55 nm™") (G), and main d(330).scc peak area (0.6—0.9 nm™") (H).

patterns to monitor the structural evolution (Figure 4, and By the end of stage t2, the cBCC unit-cell volume increased
Movies S3, S4). The final SAXS pattern clearly demonstrated from 5.64 X 10* nm® to 7.73 X 10* nm* (equivalent to 290
the complete dissolution of the initial ¢cBCC SL structure nm’/NC, Table S14) (Figure 4D), representing a 37.1%

(Figure 4A]J), aligning with the result of the toluene- volume expansion, notably larger than that in the acetone
immersion experiment (Figure 2). A thorough analysis of the vapor experiment (i.e., 9.2%). These accelerated solvent-
SAXS results from the toluene—vapor—exposure experiment molecule-intake rates and the substantial unit-cell volume
revealed five distinguishable SL transition stages, denoted as expansion can be attributed to the higher molecular affinity
stages t1-tS (color-coded in Figure 4A). Analogous to the between toluene and the TTQD surface ligand molecules (i.e.,
acetone—vapor—exposure experiment, stage t1 and t2 showed OA and ODPA) compared to acetone, originated from their
the preservation of the pristine cBCC SL, yet with different similar molecular properties (see Tables 1 and S2). Meanwhile,
expansion rates of unit-cell volume: 6.48 X 1072%/s ~ 508 A®/ the SAXS peak intensities showed an initial increase until
NC s in stage t1 (0 s—ca. 300 s) and 2.58 X 1073%/s ~ 24.1 around 3000 s, followed by a subsequent decrease in stage t2
A3/NC s in stage t2 (ca. 300 s—6000 s) (Figure S14, Tables (Figure 4C). This trend suggested that the structural integrity
$12—S14). These volume expansion rates were about 2—7 fold of the ¢cBCC SL started to deteriorate with expanding the
of the expansion rates measured from the acetone—vapor— c¢BCC unit-cell volume. This observation was further
exposure experiment (stage al, a2), manifesting a faster intake supported by the shift and eventual disappearance of the
of solvent molecules (4.1 toluene/NC s and 0.20 toluene/NC- SAXS peaks in the low-q region, as illustrated in Figure 4E.
s for stage tl and t2, respectively), while minimal ligand This is in striking contrast to the result from the acetone—

20,34

configuration change should happen under this condition. vapor—exposure experiment (Figure 3), in accordance with the
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Figure 4. In situ SAXS measurement results during toluene—vapor—exposure experiment. (A) Series of representative in situ SAXS patterns
obtained during the toluene-vapor-exposure experiment. The five identified distinct stages are color-coded: stage t1 (yellow), stage t2 (green), stage
t3 (pink), stage t4 (brown), and stage tS (purple). (B,C) Plots over toluene-vapor-exposure time vs. peak position (left axis) and peak intensity
(right axis) for the most intense peak in the SAXS patterns, i.e., d(330) pcc for cBCC NC-SLs and d(111)c for FCC NC-SLs: zoom-in stages t1—
t2 (B) and stages t1—tS (C). (D) Plots over toluene vapor exposure time vs. volume per NC in the SL (left axis) and SL unit cell (SL-UC) volume
(right axis) during stage t1—t2. (E) Evolution of the SAXS patterns in the low-q region responsible for cluster-based subunits during stage t1—t3.
(F) SAXS pattern at 13,007 s (in stage t3), displaying peaks corresponding to hexagonal (100) and hexagonal (002) peaks of the spinodal
decomposition structures. inset: the corresponding 2D SAXS pattern with different intensity scales: linear (left) and log scale (right). (G) TEM
images with different magnifications of TTQD NCs under supersaturation conditions show a spinodal decomposition-like pattern. (H) SAXS
pattern evolution in stage t4. Inset: zoomed-in SAXS pattern evolution for the major peaks representing the two-types of TTQD-dimers with either
{0002 }yy,-to-{0002}yy, (pink) or {1011}yy,-to-{1011}, (black) alignments. (I) SAXS pattern evolution during stage tS. (J) Final SAXS pattern at
35171 s, with a simulated pattern (dotted line) based on the TTQD NC form factor, indicating complete NC dissolution in toluene.

varied intermolecular interactions between the TTQD ligands
and different solvent molecules.

In stage t3, from ca. 6000 to 15,000 s, the SAXS patterns
exhibited peculiar changes attributed to macroscopic spinodal
decomposition. Within this stage, the characteristic ¢cBCC
cluster subunit features in the low-q region gradually
disappeared, along with continuously declining peak intensities
across all other SAXS features (Figures 4A and S15).
Interestingly, we observed a consistent redshift of the SAXS
peaks to larger g-values (smaller d-spacings), coincident with a
fluctuation in peak position and intensity of the strongest
SAXS feature (Figure 4C). A closer look at the SAXS patterns
within this period (i.e., ca. 12,000 — 13,200 s) revealed that the
fluctuation was induced by a sporadic emergence of intense
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spotted signals observed in 2D SAXS patterns (Figures 4F and
S15). The positions of these newly emerged peaks were
consistent with a hexagonal-based SL structure with a lattice
parameter of 12.1 nm (Figure S1S and Table S15). Such
spinodal decomposition structures generally arise when the
dispersant concentration surpasses the dispersibility limit in a
specific solvent (under the supersaturation condition).*>™*
The corresponding TEM images confirmed the spinodal
decomposition by showing a characteristic dendritic pattern
with irregular microstructures of ~100—500 nm (Figures 4G
and S16). The generation of the spinodal structures well
explained the observed SAXS-peak redshifts (d-spacing
reduction), as shorter average interparticle distances should
be expected under a supersaturation (superdispersion)
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Scheme 2. Schematic Illustration of the Dynamic Transformation Process From the cBCC NC-SLs to FCC NC-SLs. (A)

Computational Models of OA, ODPA, and TTQD NCs Passivated With These Ligands in Two Distinct Solvent Environments:
Non-Polar (on the Left) and Polar (on the Right). (B) Illustrations of Two Molecular Configurations of the Ligands Between
Adjacent TTQD NCs: (i) Coiled Molecular Configuration Exhibiting Soft Touches Between Adjacent TTQD NCs Leading to
Weak vdW Interactions; (ii) Straight Configuration With Enhanced Ligand-Interdigitations Between Adjacent TTQD NCs.
The Molecular Touching Areas Were Highlighted With Red in the Illustration. (C) Proposed Mechanism for the Observed
Stepwise Superstructural Transformations During the Two Types of Vapor-Exposure Experiments Using Different Solvents:
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condition (Figure 4C,G).*~*" By the end of stage t3 (~15,000
s), the SAXS profile in the main scattering region (~0.6—0.7
nm™") displayed a dual-peak feature at 0.616 and 0.667 nm™",
corresponding to the d-spacings of 10.2 and 9.42 nm,
respectively (Figures 4H and S17). These d-spacings aligned
well with the two different inter-TTQD distances of local
TTQD-dimer configurations (the smallest building unit of the
¢BCC SL structure™): 10.2 nm for the TTQD-dimers with
bottom {0002}y,-to-{0002}y, alignment; 9.42 nm for the
TTQD-dimers with side {1011}y;,-to-{1011},, alignment
(Figures 4H,1, and $17).*>** This result demonstrated that the
basic and smallest structural configuration (i.e., TTQD-dimer
units) remained by the end of stage t3 despite the dissolution
of the overall cBCC superstructure.

In stage t4, from ca. 15,000 to 18,000 s, the spinodal
structure began collapsing, evident from drastic blueshifts and
continuous declining intensities across all the remaining SAXS
peaks (Figures 4A,H and S18). Concurrently, during this stage,
the dual-peak scattering feature in the main scattering region
gradually disappeared (Figure 4H). Specifically, the larger g-
value peak at 0.667 nm™' (smaller d-spacing of 9.42 nm)
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gradually vanished, while the smaller g-value peak at 0.616
nm™' (larger d-spacing of 10.2 nm) continuously blue-shifted
to an even smaller g-value of 0.581 nm™"' (enlarged d-spacing
of 10.8 nm) (Figure 4H). This anisotropic peak evolution
behavior indicated that the TTQD-dimers oriented with the
bottom {0002}y,-to-{0002},y, alignment persisted for a
longer period of time (survived through stage t4) during the
toluene-vapor-induced superstructure dissolution process.
Likely, the greater stability of facet registration resulted from
the stronger molecular interactions among ODPA ligands on
the bottom {0002}y facets of the TTQD NCs in comparison
to those of OA ligands on the side {1011}y, facets.””** In the
final stage tS (ca. 18,000—35,000 s), SAXS patterns gradually
lost all the scattering features from short-range orderings
(Figure 4H-I). At 35,171 s, the final SAXS spectrum solely
exhibited the signals from the form factor of the TTQD NCs
without any periodic lattices (Figures 4] and S19), consistent
with the result obtained from the toluene-immersion experi-
ment, signifying the complete dispersion of TTQD NCs
(Figure 2).
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3. DISCUSSION

To gain a deeper understanding of the solvent-induced
postformation NC-SL transformation, we investigated four
solvent-specific parameters: solvent polarity, Hansen solubility
parameter, hydrostatic pressure, and solvent—ligand interfacial
energy (Tables 1 and S3). While solvent polarity and the
Hansen-solubility factor are commonly used to -elucidate
colloidal dispersibility,** ™ neither parameter showed a
consistent trend that could explain the final transformed
superstructural results we observed (Tables 1 and S3). External
pressure has been considered a potential stimulus for inducing
superstructural transformations,”’ ~>* yet the calculated hydro-
static pressure generated by the solvent immersion remained
low, falling within the pressure range of 6—15 Pa (see
calculation details in Supporting Information). This pressure
range is about 8—9 orders of magnitude lower than the typical
pressure (1—10 GPa) required to induce any form of SL
change.’' ™’ Finally, our investigation indicated that the
interfacial energy between the surfactant and the incoming
solvent molecules, i.e., wettability,””***” potentially played a
pivotal role in driving the observed SL phase transformation
(see Method and Table S3 in the Supporting Information).
The ¢BCC-to-FCC superstructural transformation occurred
exclusively when the solvent—ligand interfacial energy was in
the range of 2.2—10.2 mN/m (Table 1). In contrast, the cBCC
SL structure remained intact when the interfacial energy
exceeded 21 mN/m. This result suggests that effective
molecular interactions between the TTQD ligands and
incoming solvent molecules are the key to triggering the
superstructural transformations in the adaptable cBCC NC-
SLs.

Our analysis verifies that the cBCC SLs can actively interact
with specific incoming molecules, thereby inducing changes in
the microenvironment, e.g,, polarity, around NCs’ surfactants.
Consequently, the molecular configuration of the ligands alters
depending on the surrounding microenvironment, ultimately
leading to a multistage transformation in the NC super-
structure at a macroscopic level. We propose that the
transformation of TTQD SLs from a ¢cBCC to an FCC
structure is dictated by alternations in the configuration of
surfactant molecules upon intaking exposed solvent molecules,
as illustrated in Scheme 2.°°7°* First, the formation of TTQD
NC-SLs with a cBCC structure requires the use of zero-
polarity solvents like hexane or cyclohexane, in which the
ligand molecules (ie., OA and ODPA) adopt a highly coiled
molecular configuration due to solvation effects (Scheme
2A).°1%%% These highly coiled ligands inhibit effective
intercalations or partial crystallization among the hydrocarbon
chains of ligand molecules on the surfaces of adjacent aligned
TTQD NCs (Scheme 2B).”® Instead, weak vdW bonds form at
random points of contact among coiled ligand molecules
(Scheme 2Bi), in line with previous studies on the friction
between molecular layers with coiled or rigid molecular
conﬁgurations.20’66 As a result, the cBCC SL structure is held
by delicate and labile interligand interactions, as evidenced by
its soft and jelly-like property (Figure $20).°° Even under
gentle pressure (mashing process, approximately 100—500 kPa,
see Method and Figure S20 in the Supporting Information),
the ¢cBCC SLs can transform into a short-range ordered FCC
structure with a lattice constant of 16.2 + 0.7 nm (Figure S21
and Table S16). This stands in contrast to conventional NC-
SL materials, which typically maintain their initial super-

structure even when subjected to external pressures as high as
5—10 GPa.>' ™’ This notably low SL phase transition pressure
(100—500 kPa) suggests that cBCC NC-SLs is a metastable
structure that underscores the exceptionally weak bond rupture
forces of 4.6—23 pN among the surface ligands of neighboring
TTQD NCs within the ¢BCC SLs (see Method S1 for
calculation details), lower than the typical vdW bond strength
(from 30 to 100 pN),**® and FCC SLs formed due to the
thermodynamical stability.

For comparison, we conducted a control assembly experi-
ment using the same TTQD NCs but under a different
assembly condition: a polar solvent (ie., ethanol) induced
destabilization method (see Experimental Details in Support-
ing Information).””” 1In line with the results from the
acetone—vapor—exposure and immersion experiments,
TTQD SLs formed under this condition exhibited an FCC
structure with a lattice constant of 16.1 & 0.5 nm (Figure S22
and Table S17). In contrast to the cBCC SLs, the resulting
FCC SLs retained their initial FCC superstructure after the
gentle mashing process (Figure S22, Table S17), indicating an
enhanced mechanical stability under external pressure. In
general, the mechanical hardness of NC-SL materials can be
largely influenced by the packing density of inorganic
components.”” Higher inorganic packing densities typically
lead to increased material hardness characterized by higher
elastic moduli and greater resistance to deformation when
subjected to external forces, and vice versa.”” However, when
assessing the inorganic packing densities of our systems, we
observed an intriguing discrepancy: the cBCC SLs, despite
their soft nature, exhibit ~50% higher inorganic packing
density than that of the FCC SLs obtained through the
solvent-induced destabilization method (Tables S1 and S17).
This counterintuitive observation underscores the pivotal role
of ligand molecular configurations in imparting the behavior of
the SLs in response to the external mechanical forces.””~"> The
ligands in the FCC SLs adopt a straight and rigid configuration
as they formed in a polar environment as illustrated in Scheme
2A right,43’60’73 leading to effective intercalations or partial
crystallization among the hydrocarbon chains of the ligands on
the surfaces of adjacent NCs (Scheme 2Bii).*””%”* As a result,
ordered and strong vdW bonds form among the ligands,
resulting in stronger interparticle interactions within the FCC
SLs hence higher structure stability in response to external
mechanical forces.”*”

When vaporized solvent molecules approach the cBCC SLs
with flexible and coiled ligand configuration (Scheme 2C, step
I), the cBCC SL solids start to host the incoming solvent
molecules between adjacent TTQD NCs while retaining the
initial ¢cBCC superstructure with high structural defect
tolerance (Scheme 2C, step a-II and t-II).”° This solvent
molecule inclusion process is supported by the observed SL
expansion, as seen in the time-resolved acetone—(or toluene-
)vapor—exposure experiment (Figures 3A,B and 4A,B). The
initial rapid molecular inclusion and SL expansion observed in
stage al and t1 are facilitated by solvent molecule diffusion and
intake. The subsequent slower molecular inclusion in stage a2
and t2 should be driven by the molecular attraction between
the NC surface ligands and the incoming solvent molecules.*
This interpretation is consistent with the higher solvent
molecule inclusion rate and larger resulting unit-cell volume
from the toluene-vapor-exposure experiment compared to the
acetone—vapor—exposure experiment.
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When a solvent such as acetone with intermediate solvent—
ligand interfacial energy (2—10 mN/m) is applied in the
solvent-vapor-exposure experiment, cBCC SLs can accom-
modate a limited quantity of solvent molecules. As a result, the
initial ¢cBCC superstructure persists for a period of time
without undergoing complete dissolution (Figures 2 and 3A).
At a microscopic level, the insertion of such solvent molecules
into the cBCC NC-SLs increases the polarity of the ligand
bilayer microenvironment located between adjacent TTQD
NCs. This, in turn, prompts a conformational change in the
ligand (i.e, OA or ODPA) from their initial coiled
configuration to a straighter arrangement (Scheme 2C, step
a-111).*°%**=% Consequently, TTQD NCs start repelling each
other, leading to the observed superstructural degradation
through inhomogeneous structural distortion and local strain
generation, as demonstrated in stage a3. As the distortion level
reaches a certain threshold, the initial hierarchical cBCC SL
structure undergoes corruption (stage a4) and gradually
transforms into the thermodynamically favored FCC SLs
through TTQD reorganization (stage aS, Scheme 2C, step a-
IV). In contrast, in the toluene-vapor-exposure experiment, a
much larger number of solvent molecules can be accom-
modated by the cBCC NC-SLs. As a result, the superstructure
progressively degrades through a supersaturation-triggered
spinodal decomposition process followed by full NC
dissolution, as shown in stage t3—tS (Figure 4A—Scheme
2C, Step t-III). Although the result of NC dissolution may
seem expected when only considering the initial and final
stages, our in situ study of the ¢cBCC NC-SL dissolution
process revealed several significant phenomena. These
included a substantial SL volume expansion of up to 37.1%,
followed by a gradual SL corruption. During this process, the
emergence of a spinodal decomposition pattern and the
selective detachment of TTQD-dimers occurred subsequently.
These findings represent insightful phenomena that we find
both exciting and unexpected. They would be otherwise
impossible to observe through common ex situ measurements
and contribute to a deeper understanding of the dissolution
process of NC assemblies in general.

4. CONCLUSIONS

To conclude, we presented a comprehensive investigation into
the dynamic behavior of transformable NC-SLs composed of
TTQD NCs upon exposure to different solvent molecules. Our
mechanistic study based on in situ SAXS measurements
revealed that the superstructural transformation was proceeded
stepwise, driven by interactions between the incoming
molecules and the ligands of the TTQD NC building blocks
within the cBCC NC-SLs. Significantly, our study underscores
a crucial revelation: seemingly minor and often overlooked
elements, such as the fine molecular alignment and
configuration of NC surfactant molecules and of guest solvent
molecules, can influence inter-NC interactions during and after
NC-SL formation. This, in turn, dictates the mechanical
characteristics of the resulting NC-SL solids. The results of our
investigation provide valuable insights into the interplay among
solvent—ligand interactions, molecular recognition, and the
formation and transformations of superstructures within
dynamic 3D nanoarchitectures. These findings open up a
promising avenue for the design and fabrication of innovative
materials with tailored functionalities for applications spanning
diverse fields, including biomimetics, flexible electronics, and
soft robotics.

5. EXPERIMENTAL SECTION

5.1. Chemicals. Acetone, methanol, ethanol, hexanes, chloroform,
isopropanol, ethyl acetate, EG, DEG, dimethyl sulfoxide (DMSO),
cadmium oxide (CdO, 99.998%), l-octadecene (ODE, 90%),
trioctylphosphine oxide (TOPO 99%), trioctylphosphine (TOP,
97%), oleylamine (OAm, 70%), and 1-octanethiol (>98.5%) were
obtained from Sigma-Aldrich. Selenium powder (99.999%) and OA
(90%) were purchased from Alfa Aesar. Octadecylphosphonic acid
(ODPA, 99%) was purchased from PCI Synthesis.

5.2. Synthesis of TTQDs and ¢cBCC NC-SLs. The cBCC NC-SLs
were prepared according to published protocols.*”*' The building
blocks, i.e.,, TTQDs, were synthesized using a CdSe—CdS core—shell
growth protocol. Briefly, 100 nmol of CdSe cores were purified once
by washing with methanol. The CdSe core nanocrystals were loaded
into a 100 mL three-neck flask with a solvent mixture of 2 mL of ODE
and 2 mL of OAm. The reaction mixture was degassed under vacuum
at room temperature for 1 h and subsequently at 120 °C for 10 min to
remove hexane, water, and oxygen. The reaction mixture was then
heated to 310 °C under nitrogen for shell growth. When the
temperature reached 240 °C, shell precursor solutions of Cd-oleate
(4-monolayer equivalent of CdS shell) and 1-octanethiol (1.2 equiv of
Cd-oleate), each dissolved in 2 mL of ODE, were simultaneously
added dropwise using a syringe pump at an injection rate of 2 mL/h. 1
hour after the injection was complete, the reaction was stopped by
removing the heating mantle and cooling to room temperature by
blowing the outside of the flask with cool air. The product was
purified by three rounds of precipitation and redispersion using
acetone/methanol and hexane. The product was suspended in hexane
with a concentration of 20 mg/mL. 2 ml of the TTQD hexane
solution was placed in a 20 ml glass vial with a loosely tightened cap
to promote slow evaporation, which typically completed in 2 weeks.
Faceted precipitations of cBCC NC-SLs were produced, which were
subjected to further characterizations and experiments.

5.3. Solvent Immersion Experiment. Solvent immersion
experiments were conducted by using cBCC NC-SL powder samples.
The sample was loaded on an open diamond anvil with a gasket. A
desired solvent was continuously dropped onto the sample for an
intended time at room temperature. After immersion, the solvent was
quickly drained, and the sample was subjected to additional analysis.

5.4. Vapor Exposure Experiment. Approximately 1.5 mg of the
powder form of ¢cBCC NC-SLs was stabilized in a vapor chamber
window. The majority of crystallites were below 20 um in size,
ensuring quasi-powder form for SAXS, where random orientational
order exists. A vial filled with acetone or toluene was placed in the
sample chamber, and synchrotron-based SAXS and WAXS measure-
ments were swiftly initiated after the sample chamber. The
Synchrotron X-ray beam had a typical beam size of 200 pm square.
X-ray beam irradiation was carried out for 1 s to collect SAXS signals
at consistent time intervals. The incident beam intensity remained
stable during the in situ measurements. Solvent vapor experiments
were performed using a vapor chamber, as shown in Scheme S1 in
Supporting Information and Scheme 1 in the main content.

5.5. Mashing Experiment. NC-SLs were mashed by gentle pokes
using a needle. The gentle mashing process changed the morphology
of ¢cBCC NC-SLs from defined solid powders to an undefined paste-
like morphology. SAXS patterns before and after the mashing process
were collected to observe the superstructure change.

5.6. Destabilizing Method to Produce NC-SLs under Polar
Solvent Conditions. 2 mL of a TTQD NC hexane solution was
placed in a S mL glass vial, and subsequently, 2 mL of ethanol was
slowly added, producing two separated layers of a nonpolar phase
containing NCs and a polar phase. The two layers were slowly merged
together over several hours. Upon polar solvent (ethanol) diffusing
into nonpolar phase (hexane), which contained TTQD NCs, the NCs
in solution were destabilized owing to the polarity increase, facilitating
NC-SLs formation under a polar solvent condition. The NC-SL
samples were generated as precipitation on the inside wall and at the
bottom of the vial, which were collected and subjected to further
characterizations.
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5.7. Synchrotron-Based SAXS and WAXS. We conducted
transmission SAXS measurements at the Bl station of the Cornell
High Energy Synchrotron Source (CHESS), Cornell University, and
the complex materials scattering beamline at NSLS II, Brookhaven
National Lab (BNL). At CHESS, using a double circular pinhole
aligned tube, monochromatic X-rays at a collimated energy of 25.514
keV were reduced to a small beam with a diameter of 100 ym. SAXS
images were collected by using a large area Mar345 detector. At BNL,
the X-ray beam (energy of 13.5 keV and beam size of 0.2 X 0.2 mm)
was irradiated to the sample, and the scattering signal was collected by
a Pilatus 2 M detector. CeO, powders were used to calibrate the
sample-to-detector distances and associated detector seating param-
eters. One-dimensional (1D) SAXS plots (i.e., q vs signal) were
generated by circularly integrating the two-dimensional (2D) SAXS
patterns from the beam center.

5.8. Electron Microscopies. TEM measurements were per-
formed on a JEOL-2100F instrument operated at 200 kV. SEM
measurements were performed on a LEO 1530 operated at 3—20 kV.

5.9. SAXS Pattern Analysis. SAXS data analyses were conducted
according to the previously reported methods.””~° A Multi-Peak
Fitting 2.0 package in Igor Pro64 version 9 (WaveMetrics) was used
for the SAXS peak analyses. Computer models in this manuscript
were created using Autodesk 3dsMax (https://www.autodesk.com/).
Python algorithm was applied for peak picking for entire SAXS
measurements from the in situ experiments and for simulation of
SAXS pattern derived from form factors.
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