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ABSTRACT: We investigated the physicochemical and transport phenomena governing the self-
assembly of colloidal nanoparticles at the interface of two immiscible fluids. By combining in situ
grazing-incidence small-angle X-ray scattering (GISAXS) with a temporal resolution of 200 ms and
electron microscopy measurements, we gained new insights into the coupled effects of solvent
spreading, nanoparticle assembly, and recession of the vapor—liquid interface on the morphology
of the self-assembled thin films. We focus on oleate-passivated PbSe nanoparticles dispersed across
an ethylene glycol subphase as a model system and demonstrate how solvent parameters such as
surface tension, nanoparticle solubility, aromaticity, and polarity influence the mesoscale
morphology of the nanoparticle superlattice. We discovered that a nanoparticle precursor
monolayer film spreads in front of the bulk solution and influences the fluid spreading across the
subphase. Improved understanding of the impact of kinetic phenomena (i.e., solvent spreading and
evaporation) on the superlattice morphology is important to describe the formation mechanism

assembly
]

and ultimately enable the assembly of high-quality superlattices with long-range order.

B INTRODUCTION

The self-assembly of nanoparticles (NPs) into complex
superstructures is of widespread scientific and technological
interest for the prospect of creating materials whose properties
and function can be tuned through the choice of and
interaction between constituent particles.l_3 During the last
decade, research into self-assembly has received a significant
boost from the availability of high-fidelity colloidal NP building
blocks with precisely engineered size, shape, and composi-
tion.” Recent reviews have captured the exciting prospects of
this emerging class of metamaterials in fields spannin:

catalysis,é_8 as well as electronic,”'® thermoelectric,"""!

magnetic,”” and photovoltaic'* applications, revolutionizing
energy material research.'”

In atomic crystals and self-assembled supercrystals alike,
access to high-quality single crystals is a critical prerequisite to
understanding their fundamental properties and enabling
emerging technologies. Many of the challenges to assembling
colloidal NPs into a well-defined “single crystal” superlattice
derive from the complexity of the interactions between NPs
and the interplay between different physicochemical and
transport phenomena that occur during the assembly.'®”"®
Fluid interfaces have emerged as a versatile and effective
platform to direct the self-assembly of high-fidelity NP
assemblies over large areas.'”™>! Moreover, the fluid substrate
allows for chemical modification of the ligand shell of the self-
assembled NPs, for example, by using additives in the
subphase. These processing advances have opened an exciting
new field of atomically oriented and fused NP superlattices as a
step toward bottom-up designed functional materials.”””>°
Whereas the majority of previous studies of molecules or NP
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assembly at fluid interfaces have focused on monolayers
(ML),**™* the understanding of droplet spreading and
crystallization as a way to achieve and modify multilayer-
ordered superlattices is scarce; with the results and discussion
presented in this manuscript, we aim to address this knowledge
gap.

The basic aspects of NP assembly at the interface of two
immiscible fluids are schematically summarized in Figure 1. At
first glance, the assembly process is ostensibly simple; however,
further consideration reveals that the formation of the
assembly involves a complex interplay of several coupled
subprocesses, including the spreading of the colloidal solvent
across the fluid interface, the evaporation of the solvent, and
the recession of the fluid interface. During these processes, the
NP solution undergoes a “phase transformation” of a colloidal
NP “gas” to an ordered thin film at the liquid—liquid or
liquid—air interface. Although the spreading process of liquids
on solid and liquid substrates is fairly well understood from a
macroscopic point of view,”” the dynamic local structure at the
molecular/NP level has been difficult to study with suitable
temporal and spatial resolutions.

The fast temporal resolution (200 ms) afforded by
synchrotron-based in situ grazing-incidence small-angle X-ray
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Figure 1. (a) Superlattices of colloidal NPs are assembled at a liquid—
liquid interface by simple drying; (b) the spreading and drying
processes, as well as the resulting structure, are studied using in situ
synchrotron-based grazing-incidence small-angle X-ray scattering
(GISAXS); and (c) sketch of the experimental system.

scattering (GISAXS) presents an opportunity to gain new
insights into the dynamics of NP assembly at the interface
between two immiscible fluids. We leveraged the fast temporal
resolution to reveal the existence of a monolayer NP film
rapidly spreading ahead of the “bulk” colloidal NP solution.
This NP “precursor” monolayer has important implications on
the spreading of the bulk solution and the formation of the NP
multilayer assembly. We discuss differences in the spreading
dynamics observed with different solvents in terms of the NP
solubility and wetting properties, and relate the initial
dynamics to the final structure of the NP assembly. Analyzing
and comparing the fluid-phase and the superlattice-phase
scattering signals allowed us to study the superlattice formation
throughout the assembly process.

B METHODS

NP Synthesis. PbSe NPs were prepared by the method reported
following literature recipes.”**" The synthesis was carried out in a
three-necked flask under an inert nitrogen atmosphere. First, PbO (4
mmol, 0.892 g) and oleic acid (~10 mmol, 3.2 mL) were dissolved in
I-octadecene (ODE, 15.5 mL) to yield a precursor solution. The
solution was then degassed by heating stepwise to 110 °C over the
course of 1 h under <10 Pa vacuum, after which the flask was filled
with nitrogen from the well-flushed Schlenk-line, and the solution was
heated to 160 °C. In a glovebox, Se was dissolved in trioctylphosphine
(TOP) to yield a 1.67 M stock solution. Next, diphenylphospine
(DPP) was added to the TOPSe solution at a final concentration of
0.1 M. Seven milliliters of the TOP/DPP-Se solution was rapidly
injected into the vigorously stirred, hot lead oleate solution. PbSe NPs
formed immediately after injection, the temperature dropped to about
145 °C, and the crystal growth was allowed to proceed for 3 min,
when the reaction was quenched by removing the heating mantle,
injecting a 1:1 volume toluene, and placing the bottle in a water bath.
Following the synthesis, the NPs were washed several times by
sequential precipitation with acetone and redispersion in toluene.
Based on the statistical analysis of transmission electron microscopy
(TEM) images and UV—vis characterization, the PbSe NP cores had
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an average diameter of 6 nm with a 5% relative size distribution. The
NPs were kept in toluene in the glovebox, dried, and redispersed in
the desired solvent for superlattice formation.

UV-Vis Spectroscopy. Spectra (Figure S1) were taken from
dilute solutions in tetrachloroethylene using a Cary 5000
spectrometer. The size and concentration were extracted following
the work of Moreels et al.**

TEM Analysis. Transmission electron microscope (TEM) imaging
was performed with an FEI Tecnai T12 operated at a 120 keV
accelerating voltage equipped with a LaBg filament and a top-mount
SIS Megaview II camera. Samples of the dry film were collected from
the ethylene glycol (EG) surface by the Langmuir—Schaefer method
and dried in vacuum before imaging.

NP Superlattice Formation. The superlattice formation was
performed by dropping a low-volume (1 uL), high-concentration
(0.18 mM, ~130 mg/mL) NP solution onto the flat surface of 4 mL
EG contained in a round poly(tetrafluoroethylene) (PTFE) trough
with 4.3 cm diameter mounted at the X-ray beam path. The NP
solution was introduced as a droplet suspended from a syringe needle,
brought into contact with the EG subphase using a remote-controlled
manipulator. The droplet of the NP solution was added ~1.5 cm from
the beam path to capture the entire spreading process.

X-ray Scattering Characterization. Grazing-incidence small-
angle X-ray scattering (GISAXS) measurements were performed at
beamline D1 of the Cornell High Energy Synchrotron Source
(CHESS) using a monochromatic radiation of wavelength 4 = 1.162
A with a bandwidth A1/4 of 1.5%. The X-ray beam was produced by
a hard-bent dipole magnet of the Cornell storage ring and
monochromatized with Mo/B,C synthetic multilayers with a period
of 30 A. Small-angle scattering data was obtained using a Pilatus 200k
air-cooled pixel array detector with a pixel size of 172 ym X 172 um
and a total of 487 X 407 pixels with a 32-bit dynamical range per
pixel. Wide-angle scattering data was obtained using a Pilatus 100k
detector with similar specifications but 487 X 195 pixels. The sample-
to-detector distance was 1307 mm, as determined using a silver
behenate powder standard with in-house software GIXSpack. The
incident angle of the X-ray beam was 0.25°, between the critical angles
of the EG subphase and the PbSe NP material. Image series of 150
frames with 0.2 s integration per frame were recorded during the
spreading process; this 30 s window allowed the samples to fully dry.
Scattering images were indexed, integrated, fitted, and simulated using
purpose-built MATLAB scripts or GIXSGUL>?

During postprocessing of the X-ray scattering data, we sought to
model interparticle interactions in both the liquid and superlattice
phases. The colloidal gas/liquid phase was modeled using the Baxter
Adhesive sphere model, in which the NPs have an attractive square-
well potential with width A and depth u,>*** Radial integrations
between 70 and 76° from the x-axis were fit using A, u,, and particle
volume fraction, ¢, as unknown parameters. The well width was
treated as the ensemble-average length of ligand extension from the
NP surfaces. The superlattice spacing between particles, or “effective
diameter”, was determined from the inverse of the Bragg peak
location along g,. Further details of the analysis and the underlying
theory are discussed in the Supporting Information (SI).

B RESULTS AND DISCUSSION

We performed the self-assembly experiments using oleate-
capped, 6.1 nm PbSe NPs with ~5% polydispersity (see the
details in the Methods section and the Supporting
Information). Aliphatic solvents such as hexane and octane
are among the most commonly used solvents for interfacial
assembly of such colloidal NPs due to their low viscosity,
surface tension, and low miscibility with EG as the polar
subphase. For practical purposes, we sought to replace the
conventional low-boiling solvents like hexane with less volatile
solvents to slow down the evaporation without the need for a
controlled vapor atmosphere in a closed chamber. We selected
three solvents with similar boiling points and molecular
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Figure 2. Temporal dynamics of the superlattice formation from the droplet to the superlattice using (a) decane, (b) mesitylene, and (c)
dichlorobenzene captured using GISAXS. The snapshots are taken before the droplet spreads across the beam path showing the precursor
monolayer (stage I), after the droplet spreads across the beam path showing a pure solution or coexisting monolayer and solution (stage II), before
the crystallization showing the intermediate structures (stage III), and after visibly complete drying (stage IV). The color scales in (a)—(c) are
correlated to the intensity data on the logarithmic scale. (d) Sketches of the corresponding phenomena, with the crosshair representing the X-ray
beam location. (e) Schematic illustration of the relative spreading velocity of the “bulk solution” and the faster NP monolayer. (f) Schematic
illustration of the densification of the NP solution during solvent evaporation and formation of assemblies within the bulk (not observed) and fluid

interfaces.

weights that exhibit similar volatility but decreasing NP
solubility as listed: decane (DE), mesitylene (ME), and
dichlorobenzene (DCB). The differences between the solvents
lie in their physicochemical properties: DE is apolar and
aliphatic, ME is apolar and aromatic, and DCB is polar and
aromatic. We define the NP solubility limit as the maximum
concentration at which the colloidal dispersion is stable; at NP
concentrations above the solubility limit, the NP dispersion
leads to agglomeration and superlattice formation as detailed
below. Hansen solubility parameters (HSPs) of the solvents, as
well as those of EG, are provided in the Supporting
Information, together with a relative energy density estimate.*®
DE and ME are expected to be immiscible with EG, whereas
DCB is on the verge of miscibility. The oleate-passivated PbSe
NPs have notably different solubilities in each of the solvents.
DE and ME are “good” solvents in terms of “solvent quality”:
DE disperses NPs at high concentrations immediately, ME
shows slower dispersion times and is expected to lead to lower
solubility than alkanes, while DCB requires time to dissolve the
NPs at high concentration, and the applied concentration
approaches the saturation level.””** We estimated the HSP of
the oleate-passivated NPs using various solvents, and the

6108

calculated solubility in these solvents matches the observations
(see the Supporting Information).

The spreading and drying dynamics of NP solutions in DE,
ME, and DCB show profoundly different behavior. Videos
taken from the spreading and drying processes (see in the
online SI and Figures S2 and S3) confirm that the three
solvents evaporate slow enough (10—30 s) for practical
purposes. The DE solution spreads completely (from the
inside out) and dries in an orderly fashion (inward from the
edges of the trough), with a contact line velocity of ~1 mm/s
(Figure S3a). The ME solution also spreads well initially, but
the spreading stops before the bulk droplet reaches the edge of
the trough, and a thin film is formed around the edges. The
droplet then starts to withdraw slowly, which leaves behind a
thicker film, with a contact line velocity similar to that using
DE. At the end, however, signs of partial wetting are observed
and the remainder of the ME solution forms droplets in the
center of the trough, surrounded by the solid film. The
spreading behavior of the DCB solution is markedly different
from that of DE and ME. Soon after depositing the DCB
solution onto the EG subphase, the DCB disappears, while
small droplets containing most of the NPs are formed. We
attribute this behavior to the partial miscibility of DCB in EG.
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All three solvents create areas that are macroscopically
homogeneous. To understand how these solvent characteristics
and the spreading behavior impact the NP superlattice
formation, we studied the three systems using time-resolved
X-ray scattering throughout the spreading and drying
processes.

The general approach and the experimental design are
shown in Figure 1. Briefly, NPs dispersed in a solvent were
dropped onto an essentially flat ethylene glycol (EG) liquid
reservoir (the subphase) at ~1.5 cm from the X-ray beam path,
and GISAXS and grazing-incidence wide-angle scattering
(GIWAXS) patterns were recorded with a high temporal
resolution (200 ms) to examine the evolution of the film
structure during subsequent spreading and drying of the NP
solution. We note that X-ray scattering at wide angles was
dominated by ring-like features, indicating that the colloidal
NPs did not exhibit a preferential orientation relative to the
interface during the initial spreading and assembly phases of
the experiment (shown in Figure S12).

Figure 2 summarizes the GISAXS data acquired during the
assembly of colloidal PbSe NP solutions in various solvents.
We first discuss the main features observed in the assembly
experiments with NPs dispersed in DE (Figure 2a) and then
compare the significant differences observed in ME (Figure
2b) and DCB (Figure 2c). Figure 2d—f provides an illustrative
interpretation of the key structural features observed during
the experiment.

Immediately after the droplet of NP solution contacts the
EG subphase (stage I), weak Bragg peaks are observed near g,
~ 0.9 nm™}; these correspond to an ordered thin NP film at
the interface (Figure 2, left column). The out-of-plane
scattering signature suggests the presence of a densely packed
NP monolayer (see the extracted profiles in Figure S4), which
spreads rapidly ahead of the bulk solution, as schematically
illustrated in Figure 2e. This phenomenon is known as the
“precursor film” in the classical wetting theory, a “molecular”
film bridging the interfacial energy discontinuity at the contact
line.’>*” Although the dynamics in liquids spreading on liquids
is slightly different, precursor films have also been indirectly
observed during the spreading of surfactants on water: a
droplet of two species with different interactions with the
subphase will partition, and the favored species will dominate
the forward-moving edge to form the precursor film.**~*

Within the first 2—S5 s (stage II), the bulk NP solution in DE
spreads across the beam path, as indicated by the blob-like
scattering pattern. The spreading DE solution fully dissolves
the precursor film (in agreement with the visual observations
of the droplet covering the entire trough). In dilute solutions,
the NPs are uncorrelated (ie, a colloidal gas), and the
scattering pattern reflects the form factor of the NPs. We fit the
dilute scattering pattern (such as the one in the second column
of Figure 2a) to a theoretical model of a spherical NP to
determine a mean particle diameter of 6.1 nm with a
polydispersity of 8% (see Figure S6),”** which is consistent
with the size and polydispersity obtained from UV-—vis
spectroscopy of 6.1 nm and S5.5%, respectively (see Figure
S1).*” The deviation in polydispersity is most likely caused by
the Vineyard factor not being included in the form factor
calculation.™

As the solvent evaporates, the NP concentration within the
thin liquid film gradually increases, which leads to a phase
transition from the initial NP colloidal gas to a dense liquid to
a network of solvated but correlated NPs and ultimately an
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ordered assembly (i.e., solid). These transitions can be tracked
based on the X-ray scattering signature of the film. The blob-
like features creep outward from the reflected beam origin to
form rings indicating a transition to a dense NP solution.”***
During this time period, we also observe temporary super-
lattices with different spacings (multiple peaks in proximity;
see Figure S9).

Upon further evaporation of the solvent, the NP
concentration gradually increases to the point at which
scattering signatures of superlattice crystallization are observed
(stage III). The dense fluid scattering and superlattice
scattering rods are observed simultaneously but only for less
than a second. This scattering signature is likely due to the
rather long grazing beam path interacting with the interface
(23 mm at 0.25° incidence covering an area of ~10 mm?®
across the trough); both the dry and the wet areas are tested
for a short period. When at last all of the solvent is evaporated
(stage IV), strong scattering rods are observed. Complete NP
superlattice crystallization in the beam path occurs over ~§ s
(see the videos in the SI; snapshots not shown), resulting in an
face-centered cubic (fcc)-like superlattice with its densely
packed {111}-equivalent hexagonal plane aligned to the fluid
interface. This structure is confirmed by the presence of (11)
and (20) scattering rods of the hexagonal plane that are,
respectively, ~1.7 and 2 times larger than the g, value of the
first-order (10) in-plane peak and the characteristic out-of-
plane pattern of the (11) rods.*> The broad peak at relatively
high g, values in the (10) scattering rod (Figure S4) suggests a
mixed system, with the presence of both hexagonal close-
packed (hcp)- and fcc-type stackings of the hexagonal planes
(ABA and ABC types considering the NP positions). Bulk
crystal indexing of the patterns focusing on the (00) and (11)
rods (that are less affected by stacking faults) suggests an ~5%
out-of-plane shrinkage (see Figure S5).*> Moreover, some of
the replicate samples show a distortion from the hexagonal in-
plane symmetry in line with the previous observations of body-
centered cubic (bcc), tetragonal, or rhombohedral phases.”> ™

In the case of NP solutions in ME, scattering patterns
acquired within the first second show clear signatures of the
rapidly spreading NP monolayer precursor film (left column,
Figure 2b). Interestingly, the scattering intensity of the NP
monolayer precursor film is more pronounced compared to
those observed in NP solutions in DE. We have compared the
experimental scattering patterns to simulated patterns to
confirm that the precursor film observed in ME experiments
is a dense NP monolayer (see the out-of-plane profile in Figure
S4). In later stages of the spreading and drying (i.e., stages II
and I1I), a thick (2—3 monolayer) superlattice phase similar to
that observed using DE coexists with the bulk solution. The
shape of the superlattice scattering signatures is unaffected by
the drying process, which suggests that the film thicknesses are
effectively constant (see Figure S4) and consequently that the
surface areas corresponding to the precursor film (monolayer),
self-assembled superlattice, and receding liquid are laterally
separated. These distinct regions are also clearly visible in the
photograph in Figure S3.

In the final stage of the process (i.e., stage IV), the scattering
signatures of the films show dominant peaks of a thick fcc
lattice superposed onto the previously existing superlattice
profile. We attribute these scattering signatures to the NP
superlattice crystallization driven by the drying of the confined,
concentrated NP solution droplets observed in the videos.
Moreover, a set of sharp spots near the main superlattice

https://dx.doi.org/10.1021/acs.langmuir.0c00524
Langmuir 2020, 36, 6106—6115


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00524/suppl_file/la0c00524_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00524?ref=pdf

Langmuir

pubs.acs.org/Langmuir

In-plane Integration

Decane
° Intensity (a.u.)

Mesitylene
o Intensity (a.u.){

0 1
q, (m™)

Dichlorobenzene
° Intensity (a.u.)

Radial Integration_

— [e——— X
=]
—_— 2605 S" \
____/L = 138
\13.85 q_ré;
—_—28 2] e 28s
| I —— sesvsssssssrsisim messnsssssssssssssssnsssesess () D G
5 : 1.0 05 1.0 15 20 25
q, (hm™) q(nm™)
= |
_‘JL%AOS : 260
__.-/\\_2305 %A\.._._.__.._.-za.Os
__JL__S%s B 5.2
————
— —1es & 06s
5 ) 1.0 05 1.0 15 20 25
q, (hm™) q(nm™)
e N 3
254s % /\‘\—————-25.4s
— 48s B N 485
_/\LZ_ZS 5 [
—— DR 22s
il
5 1.0 05 1.0 15 20 25
4 ,
q, (hm™) q(m™)

Figure 3. Quantitative analysis of the in situ X-ray scattering data: (a) integration ranges for radial (white shading) and in-plane (red shading)
intensity profiles and (b) in-plane (left column) and radial (right column) integration profiles over the temporal regimes indicated in Figure 2 for
DE, ME, and DCB, respectively. The black lines for the in-plane integrations show fits to the Bragg peaks, and for radial integrations, they indicate
fluid-phase scattering fits for curves with a sufficient signal-to-noise ratio.

scattering rods appear at the final stage of the drying. These
spots may be related to larger, well-ordered crystallites in the
beam path, with lattice spacing larger than the main
superlattice (likely due to the remnant solvent).

Experiments using NPs suspended in DCB reveal several
additional scattering features not observed with DE or ME
(Figure 2c). One notable difference is that the morphology of
the final film (stage IV, the right column of Figure 2c) also
includes a powder-like diffraction ring. This scattering
signature indicates the presence of NP assemblies that are
randomly oriented relative to the substrate (similar to a
powder diffraction pattern) or a glassy phase with only short-
range translational and no rotational order. The lack of higher-
order rings suggests that we observe a glassy phase; however,
the data is not conclusive as the NP form factor can suppress
the scattering signal at higher g-values. The lack of preferential
orientation suggests that either the glassy or bulk crystal
assemblies may have formed in the bulk solution (denoted as
Ag in Figure 2f). We note that the formation of three-
dimensional (3D) NP assemblies in the “bulk fluid” can be
ruled out in DE and ME based on the absence of the ring-
scattering pattern. The second panel in Figure 2¢, at t = 2.2 s
(stage II), reveals a transient double-scattering rod, which
exists for up to S s during the transition from a dense liquid to
a dry superlattice. The second peak indicates a second in-plane
crystalline phase with a larger lattice spacing than the first
phase. We have considered two possible interpretations of this
dual structure. One hypothesis is that the two scattering
signatures arise from assemblies formed at both the liquid—
liquid and liquid—gas interfaces as illustrated by A, g and
Ap,_1, in Figure 2f. The alternate hypothesis is that the two
scattering signatures arise from multiple grains arranged
laterally across the X-ray beam path, with one set of grains
more solvated by the solvent than the other set. The previously
discussed presence of both dry and wet areas in assemblies
formed from NP solutions in ME and inhomogeneous drying
in the beam path favor the second interpretation of two
laterally separated, transient crystalline phases, one containing
more remaining solvent as the temporary spacer. Interestingly,
the transient double reflection is also observed for NP
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dispersed in DE and ME, albeit the coexistence is limited to
less than a second for DE and around 3 s for ME (Figure S9).
The presence of a broad second peak has been assigned to
areas of a monolayer particulate film showing a two-
dimensional (2D) glassy phase; however, our sharp peaks
suggfgst a well-defined crystalline phase similar to the final
one.

Beyond a qualitative comparison of the transient processes
described above, the rich information content of the X-ray
scattering data also provides important quantitative insights.
Two variables of particular interest include the -effective
diameter of the colloidal NP and the volume fraction of the
solution. The effective particle diameter reflects the extent to
which the dispersing solvent swells the organic ligand shell
surrounding the NP core. Since the diameter of the inorganic
NP core is the same in our experiments, the effective diameter
determined from X-ray scattering experiments thus reflects the
“softness” of the colloidal NP dissolved in various solvents.
The NP volume fraction provides an important metric in the
phase transition from colloidal gas to dense liquid and
ultimately to the NP superlattice (colloidal solid). We
extracted the effective diameter of the NPs in both the fluid
and the superlattice phases as follows. For the superlattice
phase, we determined the in-plane positions of the first-order
Bragg peaks (both peaks in the case of peak splitting) and
converted them to real-space distances assuming a hexagonal
symmetry and used these nearest-neighbor distances as the
effective diameter of the particles in the superlattice phase. For
the liquid phase, we extracted the radial intensity distribution
at a g-range that does not overlap with any of the out-of-plane
scattering rods and fitted a simulated curve describing the
fluid-phase scattering pattern based on the work of Baxter (see
Figure 3a).”"* We modeled the fluid phase using a square-well
attractive potential, with independent parameters being the
volume fraction of the scatterers, the correlation length (the
nearest observed center-to-center distance possible in the
system), and the strength of interaction between particles. We
consider the correlation length as the effective NP diameter in
solution and use the volume fraction to track the solvent loss.
Figure 3 shows the in-plane and radial integration ranges,
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Figure 4. Effective NP diameter in the fluid phase (black markers) and in the 2D crystalline phase (blue and red markers for first and intermittent
second peaks) for experiments using (a) DE, (b) ME, and (c) DCB as solvents. (d) NP volume fraction in the fluid phase determined from Baxter
fits. Error bars represent the 95% confidence interval of the Baxter fits, and shaded regions of the effective diameter plots indicate the full width at

half-maximum of the solid-phase Bragg peaks.

extracted intensity data, and best-fit curves for each panel in
Figure 2. Additional details of the quantitative analysis and
modeling are discussed in the Methods section and the
Supporting Information.

The fitted values for the fluid- and superlattice-phase
effective diameters and NP volume fractions are shown in
Figure 4 for all three NP solutions. Fits were attempted for
each recorded frame during the 25 s collection period, but only
those with reliable fit are shown. The error bars represent the
confidence interval of the fit (fluid-phase) and the peak width
(superlattice phase). During the early stages of the experiment,
the fluid-phase fit involves a relatively high uncertainty in the
effective diameter; at later stages, this high uncertainty
decreases because of an increasing dependence on the
structure factor (which is a function of the effective
diameter).”® As the colloidal solution densifies, the structure
effects have more impact on the intensity profile, which in turn
reduces the uncertainty of the fit.

The effective diameter at early times (stage I) corresponding
to the NPs in the precursor monolayer shows similar nearest-
neighbor spacing to the final (stage IV) superlattice (see the
blue markers in Figure 4a—c), indicating its dense, almost
solvent-less nature. The effective diameter in these initial films
increases with time in the case of all three solutions, which
suggests a gradual swelling of the NP ligand shell as the solvent
follows the solute precursor film into the path of the X-ray
beam. In the case of NP solutions in DE, the solvent
redisperses the NPs rapidly and completely. By contrast, in the
cases of ME and DCB, the Bragg peaks of the ordered NP
precursor monolayer persist and the solution phase and
monolayer scattering signals superpose. These observations
can be correlated to the videos; the beam path covering both
dry and wet regions explains the coexisting features. While
precursor films on solid substrates and static structures at the
liquid—liquid interfaces have been studied using various
methods,””*>"" the understanding of the dynamic phenomena

6111

on liquid surfaces is limited by the lack of available techniques
due to the high spreading velocity and geometric constraints.
The continuous development of high-speed X-ray detectors
and bright light sources has promise for reopening the field to
new mechanistic studies.

During stage II, the fluid-phase effective diameters of the
colloidal NPs are ~10 nm in DE, ~10.5 nm in ME, and ~8.5
nm in DCB (see the black markers in Figure 4a—c). The slight
difference in the effective NP diameters between DE and ME is
due to minor differences in NP size and ligand coverage; the
NPs used for the DE experiment were synthesized separately
from the NPs used for ME and DCB with nearly identical size
distributions. To underscore the reproducibility of the trends
shown in Figure 4, we provide an additional in situ experiment
for DE using the same NPs as ME and DCB in the SI. The 10
nm effective NP diameter is consistent with the simple model
of an ~6 nm inorganic NP core surrounded by an ~2 nm thick
oleate ligand shell. This observation suggests that the ligand
corona is swollen by the solvent in DE and ME, confirming the
good solvent quality and the “soft” nature of the colloidal NP.
The much shorter correlation length of NPs dispersed in DCB
suggests a dense, collapsed ligand corona caused by the
preferential ligand—ligand over ligand—solvent interactions.
NPs dissolved in DCB are therefore characterized by a
relatively harder colloidal interaction potential compared to the
soft colloidal NP in DE and ME. These trends are consistent
with the HSPs of the ligand and the solvents discussed earlier
and in the SL

Transient X-ray scattering patterns also provide insights into
the evolution of the NP volume fraction during the spreading
and superlattice formation. Initially, both DE and ME in Figure
4d show a steady increase in the inorganic NP core volume
fraction in the fluid phase starting at close to the ~2% value
calculated for the stock solution (~130 mg/mL, 0.18 mM).
The initial increase in the volume fraction is comparable for
DE and ME since the solvent is evaporating uniformly from
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Figure 5. TEM images of the superlattices transferred to carbon grids at (a—c) low magnification showing the microscopic film morphology and
(d—f) high magnification showing the nanostructure, using DE, ME, and DCB, respectively. The insets are the Fourier transform versions of the
corresponding images showing a structure close to a (110)-oriented bcc lattice.

the surface of the exposed film. After approximately 12—15 s,
the film prepared from DE solutions undergoes a rapid
densification indicated by a sharp rise in the inorganic volume
fraction (Figure 4c) and a decrease of the fluid-phase effective
NP diameter (Figure 4a). This change overlaps in time with
the appearance and contraction of a superlattice phase, and the
effective diameters are strikingly similar in the two phases. The
last observable fluid-phase effective diameters (before full
drying) match those calculated from the temporary second
Bragg peaks (secondary superlattice phases). The macroscopi-
cally observed contact line motion during drying (~0.5 mm/s)
and the width of the beam (~0.5 mm) give a transition time
comparable to that observed from the volume fraction plot (<2
s), suggesting that the crystallization is mainly occurring at the
contact line. In the context of the underlying phase transition,
it is interesting to note that the maximum volume fraction
matches the value corresponding to the onset of the
Kirkwood—Alder transition if fully stretched ligands are
considered (¢ = 0.12 X (10/6)> ~ 0.5).>

The inorganic volume fraction of NPs in films prepared from
ME solutions increases more gradually up to an inorganic
volume fraction of ~0.08, and full densification only occurs
around 24 s. The effective diameter of NPs in ME (Figure 4b)
starts to decrease well before full drying and also approaches
the value calculated from the transient Bragg peak, slightly
higher than the value obtained from the permanent superlattice
phase. The lower final volume fraction (Figure 4d) of NP in
ME compared to that in DE suggests that the superlattice
phase develops from a less-dense fluid phase due to more
favored ligand—ligand interactions compared to the solution in
DE. The slower evaporation and densification in the case of
ME solutions are likely due to the lower surface area of the
contracted droplets.

The analysis of NPs dispersed in DCB reveals two notable
differences. First, the initial inorganic volume fraction is higher
than for DE or ME or the initial solution. The higher volume
fraction (i.e., faster enrichment in the NP concentration) in
DCB is likely the result of the loss of some DCB solvent to the
EG subphase due to the partial miscibility of the solvent and
subphase. Second, the effective diameter of the fluid and
superlattice phases is identical after about 6 s, confirming that
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the permanent scattering ring is actually a densely packed
glassy phase with the same nearest-neighbor distance as in the
superlattice (this analysis is more reliable than just qualitative
assessment of the patterns discussed earlier as the form factor
is fully included). The final inorganic volume fraction of ~0.19
(¢ =0.19 X (8.5/6)* ~ 0.54 when the ligand shell is included)
suggests that the NPs froze into a metastable loosely packed
phase through the Kirkwood—Alder transition and did not
complete the crystallization observed using DE and ME.>
Although it appears that there is an offset in the final
superlattice spacing between DE, ME, and DCB, we do not
consider it a significant trend as the sample-to-sample and
spot-to-spot differences can cause an error of up to 0.2 nm.

To complement the X-ray scattering structure analysis, we
also examined the micro- and nanoscale morphologies of
similarly prepared samples using transmission electron
microscopy (TEM) (Figure S). The low-magnification images
(Figure Sa—c) show that at micrometer length scales, NP
assemblies formed from DE, ME, and DCB solvents show
strikingly different morphologies. Films prepared from DE
solutions yield a relatively uniform (3—4 NP monolayer thick)
superlattice with a typical grain size on the order of 2—3 um.
NP films formed from ME solutions show considerable
thickness variations from 1 to 3—4 NP monolayers and
slightly smaller grain sizes of about 1 ym. The DCB samples
show large aggregates of NPs surrounded by 1—2 monolayer
thick, rather disordered films. The morphological differences
evident from the TEM images can also be correlated to the
out-of-plane X-ray scattering variation of the Bragg peaks, as
detailed in the Supporting Information, Section 6.1.

Despite the above-mentioned differences in micrometer
morphology and film formation dynamics, the nanoscale
structures of the DE, ME, and DCB samples are remarkably
similar, as illustrated by the high-resolution TEM images
(Figure Sd—f). Fast Fourier transform (FFT) analysis of the
superlattice structures in all samples reveals in-plane lattice
vector angles of around 70—72°, matching that of a {110}
surface normal-oriented bcc superlattice, with nearest-neighbor
spacings between 8.2 and 8.4 nm. Whereas the NP superlattice
structure formed on a fluid surface (e.g., EG) immediately after
solvent evaporation is characterized by fcc, the NP films
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imaged in the TEM are best described as a bcc-like lattice.
Comparing the superlattice structures analyzed by GISAXS
and TEM involves subtle differences, which are detailed in the
Supporting Information, Section 6.2. The similarities in lattice
spacing and symmetry suggest that the NP superlattice
structure does not depend on the ligand shell solvation before
self-assembly and the ligand corona is sufficiently flexible to
find the thermodynamically favored configuration in the
ordergd4 phase (entropically driven Kirkwood—Alder transi-
)

To understand the relationship between the NP solvent and
film morphology, we have to consider the interplay between
several coupled processes, including the (i) initial rapid
spreading of the NP precursor monolayer, (ii) spreading of
the bulk NP solution, (iii) solvent evaporation, and (iv)
recession of the three-phase interface. Below, we discuss how
the NP film transformation (ie., transition from colloidal gas
to superlattice solid) is impacted by the sequence of these
events.

The spreading of a liquid across the interface of an
immiscible liquid subphase is driven by the Marangoni effect,
a surface tension gradient, and related distortion created by the
three-phase contact line. The spreading can be parameterized
by the interfacial energetics, quantified by the spreading
parameter (S)

S=Yy~ (70,1 + 7’1,2) (1)

where y are the surface or interface tensions, and 0, 1, and 2
represent the air, top phase (ie, DE, ME, or DCB), and
bottom phase (i.e., EG), respectively.” Spreading occurs if S >
0, which means that the system can lower its energy by
replacing the initial high-energy interface (y,,) with a thin film
with lower overall interfacial energy (7o, + 71,). That the rapid
initial spreading of the NP monolayer (ML) is comparable for
all three solvents indicates that the film formation is
energetically favored in each case. The NP ML precursor
film covers the trough in ~0.15 s after the addition of the NP
solution to the top of the EG surface (see the videos in the
Supporting Information). The rapid spreading at the rate of
~100 mm/s suggests a spreading force on the order of 10 mN/
m,>® which is in line with the estimates based on the interfacial
tension reported using hexane or toluene.’® The surface
tension is not expected to change significantly in the presence
of NCs due to the similar chemical nature, and hence the
spreading properties are expected to remain advantageous
throughout the process. Given that the spreading of the NP
ML precursor film is comparable and complete in each solvent
case, we can conclude that the observed differences in the NP
film morphology arise from processes that follow the initial
spreading of the precursor film.

We can rationalize the different spreading behaviors
observed for DE, ME, and DCB solutions in the context of
the spreading energetics (eq 1) and the coupled dynamic
processes of the NP superlattice formation and solvent
evaporation. The key steps are schematically summarized in
Figure S13. Concurrent with the spreading of the bulk
solution, the colloidal NP concentration increases due to
solvent evaporation (and miscibility in the case of DCB); the
rate of concentration increase is a function of the distance from
the injection site, being dependent on the local film thickness
and liquid mass flow, and the more homogeneous evaporation
rate. As the solution reaches the “solubility limit”, the critical
volume fraction at a given spot, the NP solution transforms
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from a colloidal fluid into an initially solvated, later dry
superlattice. In this comparison, we can ignore the effect of
supersaturation and instead focus on a relative comparison of
the solubilities for the three solvent classes investigated.
Notably, the relative saturation concentration scales as DE >
ME > DCB. The lower relative saturation concentration of NP
dissolved in ME compared to that in DE explains why the bulk
ME solution does not fully spread to the edge of the trough
(i.e., it does not spread as far as the DE). As shown in Figure
S12, the ME solution reaches supersaturation, which leads to
the formation of the NP SL at the three-phase interface. The
nascent SL formed at the interface pins the spreading of the
bulk solution. With further solvent evaporation, the SL
formation then propagates radially inward from the pinned
interface, leaving behind a rather homogeneous, flat film with a
thickness and morphology determined by the local nucleation
and crystal growth processes.

The difference in the observed SL grain sizes can also be
rationalized by comparing the saturation concentration in
different solvents. Ceteris paribus, the superlattice nucleation
rate scales approximately exponentially with the supersatura-
tion of the colloidal solution,”” which explains that ME and
DCB solutions form smaller SL grains (higher nucleation rate)
compared to DE solutions. Moreover, large oversaturation
through rapid solvent loss and low solubility enhances the
chances of vitrification (Kirkwood—Alder transition) or
homogeneous nucleation leading to misoriented crystals,
which could explain the disordered phase-scattering ring
observed for DCB.

In summary, the discussion above provides new insights into
the delicate choice of solvent for the NP solution wetting and
SL film formation. The withdrawing droplet permanently loses
NPs and volume, and a fine balance of evaporation rate and
saturation concentration is required to achieve large-scale
homogeneity. It is clear that ME is not an ideal solvent, as the
edges of the droplet dry before the bulk droplet completely
spreads (and a monolayer ring surrounds the rest of the film).
The bulk ME solution thus remains in the form of droplets;
both effects are caused by a low saturation concentration. The
high-quality SL formed from DE solutions derives from the
fact that the bulk solution spreads completely to form a large-
scale, homogeneous, flat film covering the entire trough.
Through this example and the discussion, we can set the
requirements for homogeneous film formation at liquid—liquid
interfaces. The three, equally important properties of a suitable
solvent are (1) low surface tension and high interfacial tension
against the subphase to ensure complete wetting, (2) complete
immiscibility with the subphase to limit solvent loss and set it
controllable to avoid vitrification, and (3) excellent solubility
for the NPs, allowing for crystallization at very high
concentrations. Alkanes with strong affinity to the typical
oleic acid ligands and low surface tension providing good
wetting are ideal candidates, which explains the popularity of
hexane and octane in similar studies. In our experiments, we
observed that DE satisfies the conditions, and uniform
superlattices are formed at a 10 cm? scale. The superlattice
uniformity shown in the TEM images and the scattering data
confirm that bulk crystallization is effectively avoided at this
time scale. The final film thickness before drying (estimated to
be around 100 nm, S times the estimated dry thickness) is
enough to confine the crystallization to two dimensions.
Nevertheless, we do see a decreasing thickness near the center
of the trough; one will likely be able to overcome this issue by
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optimizing the evaporation rate, the surface tension gradient at
the edges of the drying droplet, and the solution viscosity.

B CONCLUSIONS

In summary, we provide new insights into the physicochemical
processes accompanying the formation of NP superlattices at
the interface of two immiscible fluids. We examined how the
interplay of surface tension-driven wetting and spreading and
solvent evaporation-driven dewetting impacts the morphology
of the self-assembled NP assemblies. The combination of in
situ X-ray scattering and TEM provides both qualitative trends
and detailed quantitative insights into the 2D superlattice
assembly. Our comparison of three NP solvents (DE, ME, and
DCB) illustrates that the solvent choice influences the
nanoscopic softness of the colloidal NP shell, as well as the
macroscopic fluid spreading behavior. We identified the NP
solubility as a crucial factor in the formation of homogeneous,
high-quality films. We observe that the precursor (i.e., NP
monolayer) film spreading ahead of the droplet affects the final
droplet size. In the case of “bad” solvents, the NPs bonding in
the precursor film hinder the consecutive spreading of the bulk
solution, while good solvents with high solubility (such as
decane) are able to form a homogeneous film over a large area.
During evaporation of the solvent, the interaction of the
solvent with the particles, and not with the liquid substrate,
affects the film morphology. On the other hand, the symmetry
of the superlattice does not depend on the solvent, showing the
robustness of the interparticle forces at the nanometer length
scales. We expect that better understanding of the dynamics of
the self-assembly process will help improve the methods used
for large-scale, ordered NP superlattices and related meta-
materials.
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