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ABSTRACT: The growth of superlattices (SLs) made 
from self-assembled nanocrystals (NCs) is a powerful 
method for creating new materials and gaining insights 
into fundamental molecular dynamics. Previous explora-
tions of NCSL syntheses have mostly compared it to crys-
tallization. However, NCSL synthesis has not broadly 
shown cooling crystallization from saturated solutions as 
a reversible crystallization-dissolution process. We 
demonstrate the reversible growth of NCSLs by dispers-
ing NCs in liquid crystal (LCs) “smart solvents,” and har-
nessing the transitions between the isotropic and nematic 
phases of the LCs. The growth mode and morphology can 
be tuned. This process is a model platform for studying 
crystallization and demonstrates great potential in manu-
facturing the NCSLs as colloidal crystals through liquid-
phase epitaxy or colloidal synthesis. 

The growth of well-ordered nanocrystal superlattices 
(NCSLs) opens avenues for developing materials with di-
verse chemical and physical characteristics.1–3 These 
NCSLs, crafted from NC self-assembly, emulate crystal-
line structures and their constituent molecules, establish-
ing a vital link between self-assembly and crystalliza-
tion.4–8 The solvent environment and tailored ligands sig-
nificantly influence the growth of NCSLs.9–11 Similarly 
to the crystallization of molecules and ions, the self-as-
sembly of NCs commonly employs methods such as non-
reversible solvent evaporation and solvent polarity ma-
nipulation using solvent-antisolvent pairs.12,13 However, 
the straightforward method of cooling saturated solutions 
remains underreported in NCSL formation.14,15 This lim-
itation has hindered the manufacture of NCSLs and the 
purification of NCs by re-crystallization.16–18 Previous 
demonstrations of reversible NC self-assembly near room 
temperature used responsive ligands such as DNA and its 
derivatives,13,19 photo-switchable ligands,20 and charged 

ligands.21 Analogously, more controlled NCSL growth 
can be achieved through the use of appropriate responsive 
‘smart solvents,’ which promote the broad application of 
cooling crystallization in an optimum temperature win-
dow.22 This approach brings a deeper understanding of 
the NCSL growth mechanism and enables shape-con-
trolled NCSL growth, paving the way for the ‘colloidal 
synthesis’ of NCSLs.23–26 

The unique supramolecular alignment of liquid crystals 
(LCs) has provided templates, or matrices, to induce the 
arrangement of NCs into pre-specified geometries.27–30 
Many previous studies focused on controlling the for-
mation of these macroscopic structures,31–34 yet there 
have been few reports on the growth mechanism of 
NCSLs obtained by cooling LCs. The crystalline yet flu-
idic nature of LCs makes them promising candidates for 
temperature-responsive smart solvents in atomic crystal 
fabrications35 and NCSL self-assembly. In their isotropic 
phase, NCs can disperse,36 resembling traditional sol-
vents used in colloidal NC research; however, cooled LCs 
expel NCs,37,38 which can drive NCs assembly into 
NCSLs.39,40 Here, we use LCs as smart solvents to 
achieve a highly reversible growth of NCSL building 
upon our prior work on NC engineering4,41,42 and surface 
engineering.5,43 The temperature window for the growth 
and dissolution of NCSLs is determined by the intrinsic 
LC phase transition temperature. Two types of classical 
crystal growth mechanisms,44 the island growth and the 
epitaxial growth, can be achieved by the dictation of lig-
ands, leading to different NCSL structures. The yield of 
NCSLs from LCs is above 90%. We show that cooling 
crystallization of NCs from LCs enhances control over 
the NC self-assembly process compared to existing meth-
ods and can be potentially used in separation and purifi-
cation.  



 

 

Figure 1. Schematics of the crystallization and dissolution 
of NCs triggered by the phase transition of LCs. 1.0 wt% of 
NCs in 5CB are shown in the figure. 

A model system employing 5.0 nm diameter Au NCs as 
the solute and 4-cyano-4’-pentylbiphenyl (5CB) as the 
LC solvent was utilized to instigate the growth of NCSLs 
triggered by LC phase transition (Figure 1). Surface func-
tionalization of NCs is essential to enable uniform disper-
sion of NCs in isotropic LCs, and our recent design of 
promesogenic ligands has proven effective for this pro-
cess.43,45 For consistency with our previous work, ligands 
used in this study are referred to using the same nomen-
clatures (Scheme S1). Small-angle X-ray scattering 
(SAXS) confirms NCs are dispersed in the isotropic phase 
and assembled in the nematic phase (Figure S2). The re-
sulting isotropic LC dispersions closely resemble a dis-
persion of NCs in chloroform (Figure S3). Upon cooling 
to the transition temperature (TNI) of 5CB at 34 °C, the 
solubility of the NCs decreases by 90% with L3 or even 
99% with L2 (Table S1). NCs aggregate, crystalize, and 
precipitate ‘on demand’ from the dispersion within 1 to 
20 minutes. A uniform dispersion can be fully recovered 
by warming the system above TNI. This process is solely 
induced by the transition of LCs, contributing to the su-
perior reversibility of this method. This phenomenon is 
analogous to standard cooling crystallization, with NCs 
as colloidal solutes in a crystalline solvent. These features 
make the system a promising candidate for studying and 
understanding the crystallization process through in situ 
techniques at ideal temperatures and time scales. 

 

Figure 2. a) Schematics of different growth routes. b) and c) 
Corresponding TEM of Au-L2 NCSLs. d) and e) Corre-
sponding TEM of Au-L3 NCSLs. Indices of the lattice axis 
adapt the hexagonal close pack (HCP) structure. 

In any crystallization process, both thermodynamics 
and kinetics can alter the crystalline products. For exam-
ple, shape-controlled NC syntheses are enabled by tuning 
the equilibrium between deposition and dissolution. The 
well-faceted crystals are found as thermodynamic prod-
ucts through epitaxial growth, where near-spherical clus-
ters or crystals result as kinetic products of island growth 
or rapid aggregation.46 In this work, we found similarities 
between the growth of NCSLs where NCs are considered 
as tunable artificial atoms. Such control over NSCL 
growth mode and morphology of NCSLs has not been re-
ported using the solvent evaporation method. 

Despite the identical appearance of sediments with vis-
ual inspection and optical microscopy, transmission elec-
tron microscopy (TEM) reveals that the presence of 
NCSLs with different crystal shapes grow from 5CB us-
ing two ligands (Figure 2a). L2 and L3 share similar den-
dritic structures and the same biphenyl functional groups 
as tails, yet they are different in their branched chains. 
Au-L2 NCSLs predominantly adopt polyhedral crystal 
forms (Figure 2, b, and c). These NCSLs have dimensions 
smaller than one micrometer and exhibit random orienta-
tions (Figure S6). In contrast, layered NCSL flakes in an 
elongated hexagonal shape can be obtained from Au-L3 
when cooled from 5CB (Figure 2d). These flakes feature 
well-defined corners, sharp edges, and smooth facets, to-
gether resembling a single crystal with a size of several 
micrometers (Figure S7). The close-packed facets of the 
NCSLs consistently face up, and different NCSLs share 
the same elongated lattice axis. Grain boundaries are oc-
casionally observed along the longer diagonal axis (Fig-
ure 2e). These diverse NCSL crystal shapes could repre-
sent different growth trajectories. The ligand structural 
difference is exaggerated by this liquid crystalline sol-
vent. 

 

 



 

 

Figure 3. a) Scheme of different close-packed NCSL phases 
from different ligands. 2D SAXS pattern of (b) Au-L2 
NCSLs grown in LCs and (c) Au-L3 NCSLs. Kossel lines 
are marked with arrows. Indices in blue indicate HCP and 
indices in green indicate FCC. The circulation average of 
SAXS results from different cooling rates of (e) Au-L2 and 
(f) Au-L3. 

The formation and growth of NCSLs are tracked using 
in situ SAXS to elucidate the effects of different ligands 
on self-assembly behaviors (Figure 3a). Dispersions of 
1.0 wt% of NCs in 5CB in capillaries are cooled from 45 
°C to 18 °C with different rates. At the beginning, SAXS 
shows the form factors from uniform dispersion of Au-L2 
and Au-L3 above TNI (Figure S2). Au-L2 presents pre-
dominantly polycrystalline face-centered cubic (FCC) 
structures with Kossel patterns (Figure 3b), consistent 
with the TEM results. Au-L2 exhibits negligible variation 
in peak widths across different cooling rates (Figure 3d). 
In contrast, Au-L3 consistently produces a discrete, ori-
entationally preferred pattern incorporating HCP mixed 
with FCC phases (Figure 3c). A narrower peak width 
from a slower cooling rate in Au-L3 NCSLs signifies the 
attainment of either a more refined crystalline structure or 
larger crystalline domains (Figure 3e). Rapid cooling (20 
oC/min) of the dispersion may result in random aggre-
gates (Figure S11). Additionally, Au-L3 NCSLs display a 
shorter interparticle distance compared to Au-L2 despite 
having a similar ligand length and grafting density.  

This can be explained by the solubility of NCs during 
the growth process. Solubility of NCs first alters the equi-
librium between dissolution and crystallization, leading 
to different crystal ripening and possibly different growth 
mechanisms.26 In the nematic phase of 5CB, Au-L3 has 
better solubility than Au-L2 (Table S1). When Au-L3 
clusters form and sediment, the better solubility provides 
NCs an opportunity for migration and reorientation to 
form large crystalline domains with fewer grain bounda-
ries through ripening. In contrast, once the small crystal-
line Au-L2 clusters form at the interface between the iso-
tropic and nematic domains of LCs, the poor solubility 
prevents NCs from dissolving or reordering. They there-
fore maintain their size and shape. Under TEM, random, 
free NCs consistently appear in the Au-L3 system but not 
in Au-L2. The small polyhedrons of Au-L2 align closely 

with the kinetic product, whereas the thermodynamically 
favored, large NCSLs appear in Au-L3. Also, based on 
our prior studies of the lubricating phenomena without 
LC solvents, L3 results in less ligand interdigitation and 
better mobility for individual NCs in NCSLs than L2,47 
which could also facilitate the migration of Au-L3 NCs 
after deposition. 

 

Figure 4. a) Sediments of Au-L3 NCSLs in a horizontally 
placed capillary with a diameter of 1.0 mm after the heating-
cooling cycle. b) Corresponding demonstration of the Au-
L3 NCSLs in capillaries and crystal orientation obtained 
from SAXS and TEM. c) In situ SAXS of superlattice 
growth during cooling crystallization. The indices are in blue 
for HCP peaks and green for FCC peaks. d) Peak evolving 
and vertical grain size change during epitaxial growth. 

Our observation of orientational alignment in SAXS 
and TEM of Au-L3 NCSLs further suggests that NCSL 
growth occurs on the walls of capillaries, where the mac-
roscopic orientation determines the microscopic lattice 
orientation (Figure 4a, S10). In the SAXS pattern of a hor-
izontally set capillary, the indices indicate that the NCSLs 
have a close-packed 0001  facet against the wall (sub-
strate), with the 1100  and 1100  lattice vectors along 
the capillary (Figure 4b). Corresponding TEM images re-
veal the longer diagonal aligns with the 1100  lattice 
vectors, where the close-packed layers are perpendicular 
to the direction of the electron beam. During epitaxial 
growth on the capillary surfaces, close-packed layers are 
formed incrementally, and stacking faults may occur (Fig-
ure 4c). In situ SAXS observations of crystal growth high-
light the emergence of a sharp HCP 1100  diffraction 
peak at the initial phase of NCSL growth. However, this 
peak diminishes progressively over time. In an increas-
ingly thicker crystal, the FCC stacking faults disrupt the 
hexagonal symmetry, causing the HCP-exclusive peak to 
recede (Figure 4d). The average grain size along the ver-
tical stacking direction reveals a fluctuating plateau stage 
between two incrementing growth stages, coinciding with 
the evolution and attenuation of the distinct 1100  
peaks. This observation emphasizes the characteristic as-
pects of epitaxial growth.  



 

The one-dimensional confinement of the capillary 
guides NCSL growth, with the front growing edges along 
the capillary exhibiting 1100  facets, resulting in a sin-
gle-crystal-like diffraction pattern. Hexagonal or triangu-
lar plate shapes are also observed when slowly cooling 
the LC-NC dispersion on a flat substrate. In that case, the 
substrate dominates the out-of-plane orientation of 
NCSLs, while their in-plane orientation may vary. Due to 
the surface energy of the NCSL crystals, the well-faceted 
structure remains, leading to the persistence of similar 
shapes (Figure S7). In a vertically set capillary, mass 
transportation is constrained by the high viscosity of the 
LCs, causing the formation of Liesegang-like stripes for 
the as-formed NCSLs (Figure S5).48,49 The recurring pat-
terns indicate that the restricted inter-diffusion of NCs 
within LCs results in a macroscale self-regulation of pe-
riodic interfaces.50 The formation mechanism of similar 
patterns in minerals and fluids remains a topic of debate, 
with our NCs in LCs presenting an innovative platform to 
address this fundamental puzzle. 

This finding presents a novel approach to NCSL syn-
thesis and can be extended and generalized to not only in 
different LCs, but also to NCs of diverse shapes, sizes, 
and materials. We explored alternative LCs as solvents to 
demonstrate this, such as 4-cyano-4’-octylbiphenyl 
(8CB), along with diverse NCs ranging in diameter from 
5 nm to 15 nm. Nucleation continues to be triggered by 
the onset of isotropic to the LC phase transition, and re-
sulting in the close-packed structures from the dispersion. 
Analogous to observations of Au in 5CB, these NCSLs 
can also have varied shapes and sizes which may go 
through different routes of nucleation and growth (Figure 
S13). The adaptability of the binding group on ligands to 
different NCs has been also demonstrated previously.47 

In summary, we demonstrate the utility of LCs as a sol-
vent for the on-demand cooling crystallization of NCs. 
The reversible and temperature-sensitive LC phase tran-
sition induces a solubility change in the NCs, offering an-
other degree of freedom in manipulating NCSL growth. 
Ligand can impact the structures and behaviors of self-
assembly with great tunability. Various routes of nuclea-
tion and growth lead to distinct morphologies and sizes of 
NCSLs. The abundance of different LCs, NCs, and sur-
face ligands suggests diverse NCSL synthesis possibili-
ties. The striking similarity between the NCSL growth in 
LC dispersion and the NC colloidal syntheses opens pos-
sible avenues for NCSL fabrication. Moreover, this ap-
proach reveals the dynamics of molecules during cooling 
crystallization. We anticipate this study will pave the way 
for ‘colloidal synthesis’ of NCSL clusters and liquid-
phase epitaxy of mesoscale crystals. 
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