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Here we investigate the dynamic self-assembly pathway of ordered gold nanocrystal arrays during the self-assembly
of gold nanocrystal micelles, with and without the presence of colloidal silica precursors, using grazing-incidence
X-ray scattering performed at a synchrotron source. With silica precursors present, a lattice with rhombohedral
symmetry is formed from the partial collapse of a face-centered cubic structure. In the absence of silica, a transient
body-centered orthorhombic phase appears, which rapidly collapses into a glassy nanocrystal film. The appearance
of face-centered and body-centered structures is consistent with a phase diagram for charged colloidal particles with

assembly modulated via Coulomb screening.

Nanocrystals (NCs) have become a highly significant class of
nanomaterials, at least in part from the possibility of unique
collective behavior obtained through interactions of neighboring
NCs within ordered two- (2D) and three-dimensional (3D) arrays
readily obtained via a low-cost, rapid self-assembly process.' >
While extensive research has been directed toward the synthesis
of novel NC shapes, compositions, and surface functionaliza-
tion,* ®less effort has been given to examining the self-assembly
process used to form well-ordered NC lattices with specified
functional properties. Practical integration of these materials into
durable coatings and devices will require a fundamental
understanding of many technical issues regarding the self-
assembly of extended NC structures, including optimization of
long-range order,” or the development of pathways to non-close-
packed morphologies.® To this end, several reports have appeared
recently that address the development of thin film structure for
highly ordered 2D lattices'”'® as well as more glassy NC
aggregates'""'> and NC monolayers formed on a Langmuir
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trough."® Although various experimental techniques were em-
ployed for these investigations of NC film formation (for example,
ex-situ electron microscopy,””'%!*!* or in situ optical measurement
of NC island growth at the surface of an evaporating film'%),
grazing incidence small-angle X-ray scattering (GISAXS) studies
using synchrotron radiation have proven to be a particularly
useful method of obtaining direct, real-time structural information
during NC self-assembly'®~'* under ambient conditions. In
GISAXS, an X-ray beam is incident upon a sample at an angle
greater than the critical angle of the film but less than that of the
substrate, thus maximizing the scattering volume inside the film
and, coupled with the high photon flux obtained at a synchrotron
source, enabling the investigation of fast (on the time scale of
seconds) self-assembly phenomena of films as thin as one
monolayer.'® GISAXS has been used to investigate the self-
assembly mechanism of Au NC ordering in evaporating drops,'*'!
as well as to probe the structure of one-dimensional (1D) NC
gradient films.'> However, these studies have all focused on
thiol-modified Au NCs that organize into close-packed hexagonal
arrays through short-range “hard-sphere” forces. Recently, we
developed a new self-assembly method to form ordered NC arrays
assembled within a metal oxide matrix."? In this method, alkane
thiol-capped Au NCs are encapsulated within micelles of ionic
surfactants, producing water-soluble NC micelles compatible
with the synthesis of metal or semimetal oxides (here we limit
our discussion to only the case of silica) from molecular precursors
using low-temperature sol—gel chemistry.'® Solution precipitation
from or spin-coating of a NC-micelle/silica precursor solution
yields powders or thin films of ordered NC-micelle/silica
superlattices with (based upon transmission electron microscopy
(TEM) and standard 1D X-ray diffraction (XRD) characterization)
a face-centered cubic (fcc) arrangement of NCs.

Here we present the results of a GISAXS study on the structure
and self-assembly pathway for ordered Au NC-micelle/silica
films deposited using solution casting onto Si substrates. We
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Figure 1. GISAXS data from the self-assembly of Au NC micelles with (A—C) and without (E,F) the presence of silica precursors. (A) Initial NC
lattice formed at = 8 min. (B) The same structure at # = 20 min. (C) Evolution of unit cell parameters (space group R m) over time for this lattice.
(D) A layered intermediate observed in the Au NC-micelle system (no silica), followed by (E) a transient orthorhombic (space group Fmmm) phase,
collapsing upon further evaporation to (F) Au NC-micelles packed in a glassy state. The incident angle is 0.2°.

find that organization of the Au NC micelles into an extended
array is consistent with a self-assembly mechanism whereby
structural evolution is driven by long-range electrostatic interac-
tions between micelles; the role of the silica phase is primarily
that of a “filler”, preventing collapse of the NC lattice during
self-assembly. Because the volume of the silica phase is less
than that of the empty space in the initial fcc phase, uniaxial
shrinkage of the film during evaporation results in arhombohedral
packing arrangement for the NC micelles within the silica matrix.
Without the presence of silica precursors, NC micelles form a
transient distorted body-centered cubic (bcc) during film evapo-
ration. The appearance of both the fcc and bce phases is in
agreement with a phase diagram for colloidal self-assembly
controlled by a screened Coulomb potential.'®"”

Stable aqueous solutions of monodisperse gold NC micelles
were synthesized using a procedure identical to that reported
previously.” Briefly, gold NCs were synthesized according to
the preparation route developed by Brust et al.,'® followed by
heat treatment to narrow the size distribution (~7%). An
interfacially driven microemulsion process was used to encap-
sulate NCs within micelles of cetyltrimethylammonium bromide
(CTAB). The final solution was indefinitely stable with a
concentration of Au NCs in water of ~50 mg/mL. For self-
assembly into a silica matrix, 0.08 mL of tetraethylorthosilicate
was added to 1 mL of Au NC solution, along with 0.05 mL of
0.07N HCI catalyst. For the in situ scattering studies presented
here, this solution was further diluted by a factor of 10. GISAXS
studies were performed on beamline 8-ID at the Advanced Photon
Source, Argonne National Laboratories, using a wavelength of
1.675 A (7.40 keV) and a sample-to-detector distance of 2000
mm. Scattering images were recorded with a 2048 x 2048 pixel
Marr CCD camera. Data fitting was by the use of NANOCELL,
a program developed at Purdue University to simulate 2D
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diffraction data for nanostructured materials, using the distorted-
wave Born approximation.'’

To investigate the self-assembly mechanism of the Au-micelle/
silica system, a 0.05 mL drop was cast onto a silicon substrate
that had been prealigned with the X-ray beam. Scattering data
was obtained every 120 s with an integration time of 30 s; images
of significance for the understanding of the self-assembly
mechanism are presented in Figure 1A,B, corresponding to data
from ¢ = 8 and 20 min after solution casting, respectively. Before
t = 10 min, no demonstrative evidence of a transition structure
between an isotropic solution and the lattice seen in Figure 1A
was observed. Although data for NC-micelle self-assembly
without silica present (vide infra) show the presence of a lamellar
intermediate, confirmation of short-lived transitional states in
the Au NC-micelle/silica system will require further studies using
a higher frame rate for data collection. Upon closer inspection
of the image in Figure 1A, each reflection is found to be split
into two distinct spots, indicating the presence of two lattices
sharing the same unit cell symmetry but with slightly different
(ca. 8%) lattice constants. In GISAXS, scattering from the beam
reflected from the film/substrate interface can also yield a second
series of spots at the detector.'® These features appear at higher
ay relative to the primary scattering pattern, however, while the
data in Figure 1A is shifted in both o and 6r. The presence of
two lattice spacings could indicate either inhomogenous evapo-
ration of the film or nucleation at either of the film interfaces;
data from this GISAXS study cannot differentiate between these
two possibilities, however. At = 10 min (Figure 1B), the doublets
coalesce into single spots, forming a pattern that we fit to a
rhombohedral space group, R3m, with a. = 67°, a = 8.6 nm, and
the (111 [direction oriented perpendicular to the substrate plane.
Figure 1C, fit lattice parameters as a function of time, shows a
progressive uniaxial shrinkage of the film from silica condensa-
tion. Calculation of the NC—NC distance inside the (111) plane
using the data in Figure 2 shows that significant lateral drying
occurs in the cast film; at + = 10 min, this nearest-neighbor
distance is 120 A, quickly shrinking (at 20 min) to 110 A and
finally stabilizing at 78 A after ca. 1 h. Another prominent
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Figure 2. (A) Schematic of an R3m unit cell showing the relationship
between this space group and an fcc structure (each gray plane
representing a close-packed NC layer, stacked in an ABC motif). (B)
Plan-view TEM image of a Au NC-micelle/silica cast film showing the
hexagonal packing of the (111) plane. (C) Cross-sectional TEM image
of a AuNC-micelle/silica cast film (the z direction of the film is indicated
by the inset arrow).

characteristic of the data in Figure 1A,B is the presence of a
diffuse ring connecting the (111) reflection with the out-of-plane
peaks; we ascribe this feature to imperfect orientation of NC
lattice domains.

In-situ GISAXS data of Au-micelle self-assembly without the
presence of silica is shown in Figure 1D—F. Here, it is clear that
self-assembly of the NC lattice proceeds through a lamellar
intermediate (Figure 1D). A transient mesophase appears (Figure
1E), which then collapses to a nonordered, glassy state upon
further evaporation (Figure 1F). Although fitting of the scattering
pattern in Figure 1E is hampered by the limited number of
reflections present as well as the diffuseness of the scattering
features, we find that the data is best described using a [020]
oriented Fmmm phase (face-centered orthorhombic) with a =
5.3 nm, b = 6.7 nm, and ¢ = 7.2 nm. Again, a diffuse ring is
present in the data, indicating the presence of nonoriented or
poorly ordered domains. The bcc NC lattice collapses upon further
film evaporation, yielding a glassy state with interparticle spacing
of ca. 3—4 nm (Figure 1F). Itis not known whether this disordered
structure is a result of insufficient physical dispersity of the NC-
micelles or the specific self-assembly pathway, or a combination
of the two.

These observed lattice symmetries can be rationalized by using
aphase diagram for colloidal self-assembly controlled by screened
Coulomb interactions along with the recognition that R3m and
Fmmm symmetries can describe partially collapsed fcc and bee
lattices, respectively.”” Figure 2A illustrates a unit cell for NCs
arranged in a rhombohedral lattice formed from layers of
hexagonally packed NCs (gray planes) stacked in an ABC motif,
showing the relationship between this unit cell and fcc packing;
if .= 60°, then the space group R3m is isomorphic with the fcc
structure.'® TEM data of a NC-micelle/silica cast film is consistent
with fcc-type packing: a plan view (Figure 2B) confirms the
6-fold symmetry of the (111) plane, while cross-sectional data
(Figure 2C) is in agreement with ABC-type stacking of NC layers
(the (110) plane). Similarly, the space group Fmmm is equivalent
to bce packing when a = b = c. Significantly, both fcc and bee
packing are found in the phase diagram for colloidal self-assembly
controlled by “soft” electrostatic interactions:*'** at low screening
potentials (e.g., conditions of low ionic strength, such as those
found in the Au NC-micelle system without silica), non-close-
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packed bcc organization is favored, while a close-packed fcc
structure appears at higher ionic strength (contributed by the
presence of ionized silica precursors and acid catalyst in the Au
NC-micelle/silica system)."® Although undistorted fcc or bec
structures are not directly observed in this study, we conjecture
that these phases are formed initially in the self-assembly pathway,
but rapidly collapse during solvent evaporation. The presence of
silica precursors stabilizes the fcc structure before complete
disruption of the NC lattice; because the volume of silica produced
by these precursors is less than the free volume of the pure fcc
phase, however, distortion of the unit cell can still occur, producing
an NC lattice with lowered symmetry. Subsequent condensation
of the silica matrix further induces unit cell deformation. In the
case of the bee phase, the absence of stabilizing silica precursors
allows for complete collapse of the lattice.

Assuming an approximate Au-micelle radius of 2 nm, the
lattices found in Figure 1B,E occur at a volume fraction of ca.
25%, higher than the range for bec and fec stability measured
for macroscopic colloids.!” However, the rhombohedral and
orthorhombic phases described here occur after partial film
collapse, beyond the range where the pure lattices would appear;
transformation into the glassy state predicted from the (equi-
librium) phase diagram in Sirota et al. may be kinetically slow.
Also, vigorous volume fraction calculations for Au NC-micelle
solutions will require careful measurement of the thickness of
the thiol/surfactant layer surrounding the Au core to obtain a true
particle radius.

Contrasting the results obtained in this study with those obtained
previously for hard-sphere assembly of Au NCs in cast films, it
is evident that lattice formation and orientation occurs through
amechanism other than concentration and nucleation at the liquid/
air interface.'®'* First, no evidence of monolayer formation at
the surface of the evaporating drop is observed, as indicated by
the lack of scattering features consistent with 2D lattice formation.
Second, comparison of cast and spin-coated films shows that
increased evaporation rate decreases the net orientation of the
self-assembled lattice; in 2D lattices formed from concentration
of NCs at the liquid surface during solvent evaporation, increased
evaporation rate has the opposite effect, suppressing the growth
of nonoriented NC lattice crystallites.'"* Combining these
observations with the phase behavior seen during our in situ
GISAXS experiments suggests a mechanism of self-assembly
whereby lattice formation is driven by bulk concentration of
Au-NCs during solvent evaporation. We hypothesize that
preferential orientation of the lattice is induced by confinement
between the liquid/solid and liquid/air interfaces; during slow
evaporation, the relative rates of structure formation and NC
diffusion may allow for lattice reorganization into a more stable
orientation, while the rapid kinetics of self-assembly in spin-
coated films freezes domain orientation before this reorganization
can occur.® Because self-assembly of Au-NCs is observed without
the presence of silica, the self-assembly process is clearly driven
by long-range (nonspecific) forces.”® Addition of silica precursors
(along with acid catalyst) does modify the self-assembly pathway,
but in a manner consistent with Coulomb screening rather than
specific close-range interactions. Without silica, the Au NC lattice
collapses upon completion of solvent evaporation, further
demonstrating the function of silica as primarily that of a structural
“filler”.
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We anticipate that future GISAXS studies of Au NC-micelle/
silica self-assembly using a faster data collection rate will enable
us to elucidate in more detail the mechanism of lattice orientation.
In addition, extension of these studies to other NC micelle
systems®* (such as those with semiconductor’ or magnetic
cores®®) and NC composite systems>’ as well as nonspherical
shapes and variable interaction potentials will further advance
the fundamental understanding of self-assembly processes,
enabling the design of NC lattices with tailored function and
properties.
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