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ABSTRACT: The size-dependent and collective physical properties of
nanocrystals (NCs) and their self-assembled superlattices (SLs) enable
the study of mesoscale phenomena and the design of metamaterials for a
broad range of applications. However, the limited mobility of NC building
blocks in dried NCSLs often hampers the potential for employing
postdeposition methods to produce high-quality NCSLs. In this study, we
present tailored promesogenic ligands that exhibit a lubricating property
akin to thermotropic liquid crystals. The lubricating ability of ligands is
thermally triggerable, allowing the dry solid NC aggregates deposited on
the substrates with poor ordering to be transformed into NCSLs with high
crystallinity and preferred orientations. The interplay between the
dynamic behavior of NCSLs and the molecular structure of the ligands
is elucidated through a comprehensive analysis of their lubricating efficacy
using both experimental and simulation approaches. Coarse-grained
molecular dynamic modeling suggests that a shielding layer from mesogens prevents the interdigitation of ligand tails, facilitating the
sliding between outer shells and consequently enhancing the mobility of NC building blocks. The dynamic organization of NCSLs
can also be triggered with high spatial resolution by laser illumination. The principles, kinetics, and utility of lubricating ligands could
be generalized to unlock stimuli-responsive metamaterials from NCSLs and contribute to the fabrication of NCSLs.

Ligand
Lubrication

Bl INTRODUCTION

The applications of nanocrystals (NCs) in optical devices,
catalysis,” and sensors’ rely on the organization of NCs,*’
which can be achieved through the self-assembly of NCs into
superlattices (SLs).”” A persistent issue hindering the
manufacturing of NCSLs is the lack of mobility of NC
building blocks once the NCSLs are formed as dry solids.”
Researchers attempted to address this issue by incorporating

been conducted.’*' However, the introduction of the
lubricating phenomenon at the nanoscale and the underlying
mechanism at the molecular level remain unexplored. Besides
globally providing solvent vapor’*® or high pressure,”*
grafting mesogen-functionalized ligands on the surface of
NCs could be a new pathway to promote the mobility of single
NC building units on demand. The mobility of NCs can be
observed during the reorganization of NCSL solids in
experiments, and all atomistic (AA)*™* or coarse-grain

the NCs in a polymer matrix or with extended ligands,”~'* and
the versatility of these organic—inorganic hybrid materials
showed the excellent potential of NCSLs as smart materi-
als.'>'* However, in most former cases, the volume fractions of
NC cores in the assemblies were relatively low, typically 10%
or less,”"> and the dynamics mainly arise from the organics
serving as a flux or matrix to carry the NCs'>'® and determine
the final structure.

The low mobility of NCs not only hampers the ability to
enhance the NCSL crystallinity through postdeposition
treatments for large-scale applications but also restricts the
development of hybrid materials. Thermotropic liquid crystals
(LCs), especially nematic LCs, are known to favor the face-to-
face slide past along the director of nematogens and can serve
as liquid lubricants.'’~"” Investigations on LCs tuning the
interface friction and controlling the droplet mobility have also
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(CG)*™** simulations can assist in comprehensively under-
standing the underlying ligand-mediated relative motions.
These simulations are known to be capable of encapsulating
the intricacies of the molecular features of surface
ligands.” >+

In this study, we present the design of dendritic ligands end-
functionalized with biphenyl mesogens. The ligands facilitate
the reordering and reorientation of NCs in the substrate-
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deposited NCSLs as dry solids without any solvent assistance.
We refer to this phenomenon as ligand lubrication, where the
ligand shells prefer not to interdigitate. Reducing the
interdigitation of the ligand chains may free up the NCs and
unlock the local environment to grant better mobility.”>*” A
thermodynamically favored, close-packed NCSL with high
crystallinity and preferred low-energy facets presented at a
substrate is achieved through a topotactic transition from
glassy state aggregates. The effectiveness of ligand design in
manipulating the lubricating ability of ligands and conse-
quently the movements of the NCs are demonstrated
systematically. In parallel with experimental observations, CG
molecular dynamics (MD) simulations elucidate that lubrica-
tion originates from the molecular interactions of ligands,
where biphenyls form a shielding layer to prevent chain
interdigitation. These new insights establish at a molecular
level how ligand structure and interactions can affect the
structural change and formation of NCSLs, thus providing a
structure—property relationship of these stimuli-responsive
nanomaterials on a multiscale level.

B RESULTS AND DISCUSSION

The design of thermally triggerable lubricating ligands for
dynamic NCSLs considers the following principles (Scheme
1). (1) Mesogenic: The mesogen functionalization should be
added to the end of a ligand tail to introduce possible face-to-
face sliding. (2) Stabilizing: The ligand shell should be capable
of protecting the NCs at elevated temperatures. (3) Flexible:

Scheme 1. Library of Ligands and Their Schematic Models
with Linear and Dendritic Structures, Including the
Promesogenic Ligands (L1, L2, and L3), the
Nonpromesogenic Ligands (G1C12 and GITEG), and the
Unfunctionalized Native Ligand (Oleylamine)®
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“The design principles of lubricating ligands being mesogenic,
stabilizing, and flexible are shown as axes on the plot. The six ligands
are placed based on their evaluation along each axis.
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The ligand chains should have flexibility to avoid crystallizin
on NCs and yield a high propensity for self-assembly.”’ ™
Based on the first principle, biphenyl mesogens are introduced
as tail groups (L1, L2, and L3). The fact that Au-L1 fuses
during heating shows the importance of the second principle
(Figure S1). The dendritic structure, which is compact on the
peripheral ligand chains and highly efficient in protecting NCs
under thermal excursions,” serves as a skeleton on which to
graft biphenyls (L2 and L3). L2 with alkyl chains and L3 with
triethylene glycol (TEG) chains are synthetically distinct in
flexibility, leading to different responses to their NCSL
structural changes, as shown in the following experiments.
The corresponding nonpromesogenic ligands (G1C12 and
GITEG) are also prepared as a comparison. All ligands are
synthesized with atomic precision following our reported
procedures.*”** Tt is the first time these designed ligands are
used for dynamic NCSLs in a dried solid state comprising
solely the ligand functionalized NCs. In the final NCSLs, the
shell thickness is below 2 nm and surrounds an Au NC core of
S nm in diameter, where the core occupies 20—27% of the
volume in each building block (Table §2).%0%3

The evolution of the NCSL structures with each of the four
dendritic ligands is monitored by in situ GISAXS during a
heating—cooling cycle from 30 to 110 °C with a temperature
interval of 20 °C and a thermal equilibration time of 20 min.
The whole annealing process takes around 3 h. Au NCs are
dropcast onto a Si substrate, dry under vacuum overnight, and
form random aggregates. A face-centered cubic (FCC) or
hexagonal close-packed (HCP) structure is formed directly
from aggregates for NCs coated with promesogenic ligands
after annealing. This confirms that the promesogenic ligands
are actively assisting the NCs in assembling into the
thermodynamically favored ordered structure from a disor-
dered state instead of determining the final structure as a
matrix or flux.'>'® As a comparison, Au-G1C12 and Au-
GITEG (Figure S2 and Tables S3 and S4) do not have a trend
of increased order or orientational preference of NCSLs,
confirming the role of biphenyl functionalization in lubrication.

Among all of the ligand systems in this study, L3 with
biphenyl mesogens, dendritic structures, and flexible TEG
chains fulfills all three principles and yields the best lubricating
ability (Figure 1). Initially, at 30 °C, the diffraction pattern
exhibits a uniform ring with a broad peak, characteristic of
poorly ordered aggregates (Figure 1a). From this diffraction
ring, an oriented FCC pattern emerges as the temperature
ramps from 30 to 110 °C. A small increase in interparticle
distance, which is the distance between the centers of two
neighboring NCs, from 7.95 to 8.21 nm is measured due to
thermal expansion (Table S2). Distinct from previous studies,”
the whole of the NCSL does not melt but crystallizes directly
from the glassy state. The ordering of NCs improves
continuously with extended heating, as evidenced by the
narrowing of the diffraction peak width seen from GISAXS,
and thus, increasing grain sizes are calculated from the Scherrer
equation (Figure 1b and Table S3). This close-packed,
thermodynamically favored structure remains after cooling.
The NCSL crystallinity can be further improved by subjecting
the sample to a subsequent annealing process to result in a
single-crystal-like GISAXS pattern (Figure 1c).

Complementing the X-ray scattering data in the reciprocal
space, transmission electron microscopy (TEM) images
display the real-space topotactical structural change after
annealing at 100 °C for 30 min, 1 h, and 4 h (Figure 1d).
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Figure 1. (a) Evolving of GISAXS of Au-L3 drop-cast on an untreated Si substrate during heating. Peak indices are labeled. Negative Gpar Values
represent the pattern on the left. (b) Horizontal line-cuts of the GISAXS images of Au-L3 at g,., = 0.03 A™": heating from 30 to 110 °C and cooling
from 110 to SO °C; temperature interval, 20 °C. Resolving of the [311] and [220] peaks is shown in the inset (from S0 to 110 °C in heating). (c)
GISAXS images of the FCC Au-L3 film made after a subsequent annealing process. Scale bar: 0.05 A™". (d) TEM images of the growth of Au-L3
NCSLs over time. NCs are dropcast on a TEM grid and annealed at 100 °C for 30 min, 1 h, and 4 h. The upper insets are the corresponding
selected-area SAED, and the lower insets are zoomed-in views of edge areas to show the migrating of NCs from edges. Scale bar: in the zoomed-out
images, 200 nm; in the inset panels, 50 nm.
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Figure 2. (a) TEM images of Au-L2 drop-cast onto TEM grids at 25 °C (left) and preheated at 120 °C (right). Scale bar: 100 nm. (b) GISAXS of
Au-L2 dropcast on an untreated Si substrate at the beginning (30 °C) and at the maximum temperature (110 °C). The annealing process is the
same as that in Figure la. Negative g,,, values represent the pattern on the left. (c) Line-cuts of Au-L2 with a finer temperature interval of § °C at
Gver = 0.03 A", (d) The average grain size of Au-L2 and Au-L3 was calculated from the deconvolution of the peak. The shaded area is a zoomed-in
view of the Au-L2 DSC melting peak. (e) DSC of the second heating—cooling cycle of Au-L2 and Au-L3. Solid lines are heating curves, and dashed
lines are cooling curves. (f) q values at different temperatures of Au-dendritic ligands in a full annealing cycle. The background is colored red for
heating and blue for cooling. The relaxation of the expanded NCSLs might be slow.

The initial sample consists of mostly glassy state aggregates.
More crystalline domains are seen with a longer annealing
time, and a large-area ordered NCSL with a “jigsaw puzzle”
morphology is formed eventually (Figure S5). The selected-
area small-angle electron diffraction (SAED) shows the
corresponding change in the polycrystalline NCSLs, matching
well with the X-ray scattering data. Higher magnification
images of the edge area indicate that the crystalline change
starts from the center of the assembly with NCs at the edge
migrating to form the ordered NCSLs. The statistics of the
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number of aggregates that contain at least one ordered domain
at different annealing stages show an increase with time. The
average area of crystalline domains also increases correspond-
ingly (Figure S9). The individual character and narrow size
distribution of Au-L3 NCs remain after heating at 100 °C for 3
days (Figure S10), highlighting the use of dendritic structures
to ensure thermal stability.

The alkyl chains in L2 are less flexible than the TEG chains
in L3. This molecular structural difference is reflected in the
different thermal responses of Au-L2 and Au-L3 NCSLs. Au-
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Figure 3. Dimer model of Au-L2 and Au-L3. (a) Total energy of the simulated system when two NCs are confined to a series of given distances.
Finer increments are taken around the minimum. The units are described in Figure S33. Ligand distributions for (b) Au-L2 and (c) Au-L3 dimer
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the shell of each particle are shown for clarity. (d) Force decomposition plots of Au-L2 and Au-L3 dimer systems. The force is first summed over
the indicated groups on distinct particles and then projected along the center-to-center axis of the dimers. Interactions among biphenyls, skeleton,
and NC core (metal) are analyzed separately. Positive forces indicate repulsion between NCs, and negative forces indicate attraction. Units of force

are in (kcal/mol)/A.

L2 NCs dropcast at room temperature mostly present random
aggregations, and Au-L2 dropcast at 120 °C can yield well-
ordered, highly faceted NCSLs even with a faster solvent
evaporation rate (Figure 2a), indicating L2 can also alter the
structure at elevated temperatures. However, no orientational
preference is developed, as characterized by in situ GISAXS.
Although the crystallinity of Au-L2 does improve after the
same annealing process as Au-L3, the final average grain size is
40 nm, whereas Au-L3 has a grain size of 160 nm (Figure 2b,
Table S3).

A finer temperature interval in annealing shows that Au-L2
starts with a small narrowing in the peak width at low
temperatures, presents a sharp shrink of peak widths and
emergence of the secondary diffraction ring simultaneously at
around 75 °C, and stays almost unchanged until 90 °C (Figure
2c). The crystallinity improvement of Au-L2 displays a clear
temperature threshold during annealing compared with the
continuous change of Au-L3 (Figure 2d, Figure S18).
Differential scanning calorimetry (DSC) shows Au-L2
assemblies have a sharp endothermic peak at 73 °C, matching
the melting peak of the neat L2 ligand and the turning
temperature in Au-L2 GISAXS. On the other hand, Au-L3
only has a glass transition well below room temperature,
reflecting the difference in the kinetics of NCSLs due to the
flexibility of chains (Figure 2e and Figure S19).

In addition to the kinetic differences, near 70 °C, Au-L2 also
displays a thermal shrinking of the interparticle distance from
8.7 to 8.2 nm, echoing the transition associated with the DSC
endothermic peak (Figure 2e), while the other three dendritic
ligands all show a normal thermal expansion during heating
(Figure 2f and Figure S8). It is therefore inferred that the
ligand interdigitation is developed with the melting of the
whole ligand shell or even just the tails, allowing adjacent NC
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cores to get closer and causing a macroscopic thermal
shrinking.””

A microscopic simulation investigation is carried out to
unravel two things: (1) how the ligand molecular structures
affect the ligand interdigitation and (2) how the ligand
structure and interdigitation affect the ordering of NCs.
Simulating these systems presents a significant challenge: The
size and geometry of the NC cores with their ligands must be
considered, making the cost to employ AA simulations”>*® or
ab initio simulations notably high.****7*® Conversely,
simplified geometric representations of the NCs and their
ligand shells as spheres or polyhedrons””*® may not fully
recover the crucial interactions of the promesogenic ligands.
These requirements underscore the significance of utilizing
intermediate-resolution, coarse-grain (CG) models to inves-
tigate nanoscale features of ligand-functionalized NC cores and
the associated molecular-level conformational properties.

We developed a CG model to tackle this challenge. We
adopt parameters from the prototype of our ligands, biphenyl-
based LCs, which have been proven capable of capturing
fundamental aggregation properties previously.””*" To simu-
late the TEG chains, new representations of the ether moieties
and their associated potential terms are parametrized (Figures
S28 and $29). Rigid spherical metal shells of diameter 5.1 nm
represent the NC cores, and ligands are uniformly attached to
mimic the experimental grafting density’' (Table S1, Figure
S27). Each ligand is a set of spherical “beads” representing
phenyls, oxygens, and carbons. A description of parametriza-
tion and modeling is presented in the simulation section of the
Supporting Information.

A dimer model consisting of two NCs and their respective
ligand shells has been constructed to investigate the interaction
between neighboring NCs at varying interparticle distan-
ces. 15?2 Generally, the dimer simulation considers a range of

https://doi.org/10.1021/jacs.3c10706
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distances that are comparable to experiments for both Au-L2
(7.0—12.0 nm) and Au-L3 (6.5-10.5 nm). The calculations
suggest that the potential curve of Au-L2 is different from that
of Au-L3. While the latter contains a single minimum at 7.75
nm (similar to 8.0 nm in experiments), the former shows a
lower energy minimum at 8.25 nm and an additional broad
minimum in the range of 9—10 nm (Figure 3a). These two
minima of the Au-L2 curve are a result of the L2 ligands
transitioning from one stable configuration to another more
stable one as the cores get closer. In the following discussion,
we show these two configurations are noninterdigitated and
interdigitated ligand shells. The existence of a barrier suggests
the requirement of an activation energy to reduce the
interparticle distance. This is consistent with the endothermic,
freedom-increasing process manifested in experiments as the
melting of L2 at around 75 °C (Figures 2e and S8). Since the
minimum at 8.25 nm is lower in energy, the dimer changes
from the broad minimum between 9 and 10 nm to the closer
interparticle distance, corresponding to the thermal shrinking
observed in experiments (Figure 2e). Snapshots of Au-L2 and
Au-L3 at 8 and 9 nm display the ligand configuration (Figure
3b,c); the Au-L2 ligand corona appears to be cylindrically
shaped, while that of Au-L3 shows more narrowing at the
contact interface. The apparent difference is consistent with
the difference in flexibility of the ligands.

Further analysis through force decomposition considers the
ligand biphenyl and the skeleton that comprises all remaining
atoms in L2 or L3 (Figure S35). Force contributions to the net
force between the NCs from different segments of the ligands
are elucidated (Figure 3d and Figure S38). First, for all
distances, the bulky biphenyl—biphenyl groups mainly show
repulsion and the skeleton—skeleton interactions mainly show
attraction (Figure 3d). The skeleton—skeleton attraction thus
appears to be the driving force for particle adhesion. Second,
the biphenyl—skeleton interaction varies from attractive to
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repulsive as the distance between the two particles decreases
(Figure 3a). This repulsive force is higher in Au-L2 than in Au-
L3. Around the first energy minimum of Au-L2 (Figure 3a),
there is a sudden drop of the skeleton—skeleton force and an
increase of the biphenyl—skeleton repulsion, which indicates a
decrease of the relative distance between these groups. Third, a
weak repulsion between one NC metal and ligands on the
other NC is observed when the distance is less than 8 nm for
Au-L2; this metal-ligand repulsive interaction, denoting a
reduction in the distance between one NC core and the ligands
originating from the adjacent NC, is consistent with the ligand
interdigitation. Conversely, the core—ligand force is zero for all
distances with Au-L3 (Figure 3d), suggesting that there is little
ligand interpenetration.

For this dimer model, the spatial distribution of ligands is
different in Au-L2 and Au-L3 (Figure 4). The findings confirm
a noticeable difference in the amount of interdigitation of L2
and L3 in the dimer simulations. Limited overlap of the two
biphenyl distributions, one associated with each particle,
occurs at longer separations in the dimer of Au-L2 (Figure
4a). However, when the interparticle distance is smaller than
8.5 nm, a significant overlap of the L2 distribution is observed,
showing that an increasing number of biphenyls have invaded
the adjacent NC ligand shell (Figure 4a). The enhanced level
of interdigitation is the new configuration of the ligand shells,
which provides a stronger skeleton-skeleton interaction and
stabilizes a new minimum. In contrast, Au-L3 shows little
overlap of the biphenyl distributions for the same set of
interparticle distances, indicating little interdigitation of the
ligand layers (Figure 4b). Notably, the lack of interdigitation
has also been reported previously with other ligand systems.*®
It is also noteworthy that the nonpromesogenic ligands (those
without biphenyl) in this study exhibit a high level of
interdigitation even at a long distance of 9.0 nm (Figure
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$40), which is consistent with the previous understanding of
alkyl and polymeric ligands.””>>>*

From the dimer model, the flexible biphenyl functionalized
TEG chains prevent entangling and result in a non-
interdigitated interparticle region. On the other hand, the
less flexible alkyl chains in L2 provide multiple stable
conformations, as reflected in the interparticle distance
observed experimentally. The most stable conformation has
ligand interdigitation (Figure 3a), effectively preventing the
particles from reorientating. However, in the dimer model, it is
possible to underestimate the interdigitation of L3 ligands
because of this low coordination environment. Higher
coordination consistent with high-density lattices must be
considered to better understand Au-L3 NCSLs.

We build an FCC unit cell with one particle at the center of
the cube. The simulation for a series of unit cell lengths shows
that the optimum interparticle distance falls around 9 nm,
more than 1 nm larger than the minimum in the dimer model
(Figure Sa). Notably, at this optimum distance, the ligand shell
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Figure 5. Simulation of Au-L3 NCs in an FCC unit cell. (a) Total
energy of the system when the unit cell is defined at a series of given
interparticle distances. (b) Simulated L3 ligand shell at a minimum
energy (9.0 nm interparticle distance). Biphenyls from the central NC
are colored orange, and biphenyls from the surrounding NCs are blue.
(c) Simulated distributions (blue) of distance from the NC center to
the biphenyl in the FCC unit cell at interparticle distances between 8
and 11 nm. Sampled reference distributions of distances from the NC
center to the surface of the corresponding Wigner—Seitz unit cell
(red) are used for comparison. The results for Au-L2 in the FCC unit
cell can be found in the Supporting Information.

is confined in the Wigner—Seitz cell (Figure Sb). The
boundary between the ligand shell of the central NC and the
surrounding NCs is distinct, with biphenyls forming a shield.
Minimal interdigitation is observed, as confirmed by the
statistics of the relative positions of biphenyls. The distance of
biphenyls from the central particle is calculated, and the
distribution is compared with a theoretical distribution of
distances to the Wigner-Seitz cell surface (reference) at the
given interparticle distance (Figure Sc). The biphenyl
distribution coincides with that of the reference distribution
for large distances with infrequent instances of exceeding the
boundary. This demonstrates that essentially all biphenyls
remain in the Wigner—Seitz cell at low (10.0 nm) and
optimum (9.0 nm) interparticle distances; even at a high
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density (8.0 nm), few biphenyls penetrate the Wigner—Seitz
cell. This simulation of Au-L3 FCC NCSLs confirms that the
interdigitation level of L3 is indeed lower than that of L2
(Figure S44), and the boundary between NCSLs is therefore
well-defined. The decreased entanglement in Au-L3 facilitates
sliding between outer shells and grants each NC better
mobility. With thermal stimuli, the enhanced mobility of Au-
L3 relative to Au-L2 is expected to allow the NCSLs to reorder
into a thermodynamically favored close-packed structure.

A time- and temperature-resolved kinetic study of Au-L3
NCSLs with a different thickness sheds light on the sequence-
prioritized, bottom-up reordering mechanism of the origin of
the NCSL orientation preference (Figure 6a and Figure S11).
The Au-L3 NCSLs can undergo a seemingly endless
reordering like topotaxy,”” until well-ordered while being
maintained at a certain elevated temperature. Temperatures
only change the rate of reordering. The lubricating of the
interparticle region frees up the local binding of NCs and the
thermal energy gives the NCs mobility to move to close-
packed configurations. The crystallinity of NCSLs develops
almost simultaneously at different depths of the NCSL film as
GISAXS from different incident angles displays the FCC
pattern at the same time. In contrast, the orientation develops
gradually from the bottom to the top. When the NCSLs in the
bulk region have already formed a well-oriented pattern (0.15°
incidence), the NCSLs on the surface still show a partially
emphasized polycrystalline pattern (0.05° incidence), indicat-
ing a chronological sequence in forming the orientation at
different depths. Indeed, a higher density of NCs and the
interface of substrates make the NCs at the bottom region
easier to realize the favored orientation. This lubricating
mechanism differs significantly from solvent-vapor anneal-
ing,”>** even though both methods may yield similar structural
outcomes.

A thick Au-L3 film is prepared by dropcasting a doubled
amount of NCs on a same-size substrate (compared to the film
in Figure 1) to slow down the process. Consistent with Figure
1b, at 30 °C, the uniform diffraction ring shows glassy state
aggregates without long-range order (Figure 6b). As the
temperature increases, the (111) spot emerges at 65 °C after
20 min, while the (111) spot evolves more slowly and appears
together with the higher-ordered diffraction rings when the
temperature reaches 70 °C after another 10 min. These sharp
higher-order diffraction rings indicate the formation of long-
range-ordered FCC NCSLs. Different narrowing rates of the
(111) and (111) peaks show quantitively the anisotropic
growth of the SLs (Figure 6¢). This observation suggests that
the out-of-plane order develops faster than the in-plane order,
which may also be promoted by the substrate.

The orientation development can be quantitatively under-
stood by defining a factor from the evolution of the (022) and
(113) peaks (in-plane packing) compared to the (111) peak
(out-of-plane packing) (Figure 6d and Figures S1S and S16).
While samples with three thicknesses all show a similar rate of
forming oriented NCSLs in the bulk (0.15°), the thinnest
sample is the fastest to be oriented at the top surface (0.05°).
Therefore, the orientation should develop gradually from the
bottom, where (111) facets are presented at the substrate
interface, toward the top. When annealing at a fixed
temperature of S0 °C, the rate of NCSL formation is slower
in the thick sample compared to the medium and thin samples.
However, the final crystallinity of the thick sample can surpass
that of the other two samples (Figure 6e). Together with the

https://doi.org/10.1021/jacs.3c10706
J. Am. Chem. Soc. 2024, 146, 3785—3795


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10706/suppl_file/ja3c10706_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10706/suppl_file/ja3c10706_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10706/suppl_file/ja3c10706_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10706/suppl_file/ja3c10706_si_002.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10706?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10706?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10706?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10706/suppl_file/ja3c10706_si_002.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10706?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c10706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

‘ >
‘ QOut-of-plane > - ln-p.lam'e
organization organization ‘
e = R

BT

-0.10 -0.05 0.00 -0.10 -0.05 0.05 0.10

-0.10 -0.05
Gpar(A71) GparlA™1) GparlA™1)
c) d) e)
0.018 - 0.082 - - - -
g 2 ——(111) 28 —=— Thick-0.05° —=— Thick-0.15° —=— Thick
001844 0,087 4 ——(111) -+— Medium-0.05° +— Medium-0.15°
0251 Thin-0.05°, ] Thin-0.15°
0.014 0.080 =
e
< 0.012+ < 0079 % 020 !
< < 1 w 0.20 1 Ry
S 0.0104 g s {v
%ooos- B £ 515 ] f ;
‘ T 0.0771 g A
0.006 o |
0.076 4 0.10 v "
0.004 3
444 00751
0.002 4+ T T T | T T T T | 0.05 -+ T T T 1 T T T T 1 v T v T d
30 50 70 90 110 30 50 70 90 110 30 50 70 90 110 30 50 70 90 110 0 10 20 30 40 50
Temperature (°C) Temperature (°C) Time (minute)

Figure 6. (a) Illustration showing the reorganization process of Au-L3 NCSLs on the substrate. (b) In situ GISAXS patterns for the thick Au-L3
NCSLs at 30 °C, 65 °C, and 100 °C during heating. (c) Peak width (left) and g (right) extracted from the line-cut of the g-images at 0.05° incident
angle. Out-of-plane (111) peaks are from the vertical line-cut at Gpsr = 0 A~ In-plane (111) peaks are from a horizontal line-cut at gy, = 0.0265
A~ (d) Formation rate of in-plane orientation factored by the intensity ratio of (022)/(111) peaks of Au-L3 samples with a different thickness
during thermal annealing at 0.05° (left) and 0.15° (right) incident angle. (e) Deconvoluted peak widths of the out-of-plane (111) peak
corresponding to time of Au-L3 at 50 °C.

chronological reordering and reorientation of these FCC insufficient to shield the interdigitation of ligands and result
NCSLs, it can be seen the structural change starts from the in limited reordering before transitioning to the interdigitated
interface between NCSLs and substrates where the most status. However, the phase transition of the L2 ligands can

thermodynamically stable (111) facets are preferred to form introduce a lattice densification of NCSLs.
and then propagates throughout the whole NCSLs with the The densification phenomenon of Au-L2 showed great
assistance of the noninterdigitated, lubricating L3 ligand shell potential in laser writing applications. As a demonstration, a
revealed by simulation. laser beam passes swiftly through an Au-L2 film at a
We reiterate the design principles; the ligands should wavelength close to the plasmonic distinction peak of Au
terminate with mesogens, stabilize the NCs across a range of NCs (Figure S25), a mark of the annealed region with a width
temperatures, and exhibit sufficient flexibility to allow of 2 ym shows up under optical microscopy due to plasmonic
reconfiguration and self-assembly. The nonpromesogenic heating (Figure 7a and Figure S$20). Compared to the
ligands in this study both have a high level of ligand unilluminated areas on both sides, the laser-treated region
interdigitation, and no lubricating phenomenon can be has a smoother surface like that of a thermally annealed
observed. When all three principles are achieved, the ligand sample, confirmed by atomic force microscopy (AFM) with a
lubrication phenomenon of L3 can increase crystallinity and 4-fold decrease in roughness (Figures 7b,e and S21). The
improve the orientational preference of NCSLs simultaneously. thickness of the treated region decreases due to the
L2 fulfills two of the three principles, with biphenyls and the densification of Au-L2 NCSLs with lattice shrinking. TEM
dendritic structure in the present study but without the TEG images show the individual Au-L2 NCs do not degrade or fuse
chains to increase flexibility. The biphenyls for L2 are upon illumination and the NCSLs become better crystallized
3791 https://doi.org/10.1021/jacs.3¢10706
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Figure 7. (a) Left: [llustration of using a laser to anneal the Au-L2 film. Right: Schematics of the annealed area with an ordered structure. (b) SEM
image of a laser-annealed area, highlighted by a dashed line. Scale bar: 1 gm. (c, d) TEM images of the laser-annealed area in (b). Scale bars: (c) S0
and (d) 200 nm. (e) Surface profile of the same area in (b) with AFM after laser annealing. Scale bar: 2 ym.

(Figure 7, ¢, and d), matching well with the result of thermally
heating the substrate. Applying the laser illumination to the
Au-L3 film could also trigger structural changes, but the
annealed region is not as trackable as Au-L2 due to the absence
of film densification, the limitation of the laser beam size, and
the resolution of optical microscopy. The annealed NCSL films
from either thermal annealing or laser treatment show no red-
shift of plasmonic extinction, again proving the NCs do not
fuse (Figure S25). The conductivity of the Au-L2 thin film
increases by 3 orders of magnitude after thermal annealing,
possibly due to ligand interdigitation and better ordering in the
NCSLs. However, it is still limited as an insulator with a face-
to-face distance of 3 nm>® (Table S5). The absence of red-
shifts of plasmonic extinctions also matches with the insulating

result and no observed fusing of NCs.
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B CONCLUSION

We show that designing and introducing thermally responsive,
dendritic promesogenic ligands on the surface of colloidal NCs
create a lubrication phenomenon. The integration of biphenyls
at the ligand tails effectively prevents the entangling of chains,
as unveiled by simulations. This lubrication of interparticle
spaces provides the NCs with the ability to move, leading to
the reorganization and reorientation of the NCSLs. This
insight highlights the distinction between lubrication in dry
solid systems and other scenarios involving solvents or matrix
support, introducing a new dimension to manipulate the
mobility of NC building blocks within NCSLs. The design
principles for lubricating ligands are formulated with broad
applicability by systematically comparing ligands with varying
molecular structures by using theoretical and experimental
analyses. The implications of these findings extend to diverse
fields such as plasmonics and optoelectronics, where material
properties are profoundly influenced by ordering and
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interparticle spacing. Additionally, the straightforward post-
processing setup and high spatial control employed in this
approach will greatly facilitate the production of NCSLs on
scales ranging from meso- to bulk-level.
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