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Abstract
The thermal stability of highly ordered two-dimensional superlattices consisting of
dodecanethiol-ligated Au nanoparticles has been investigated using in situ grazing incidence
small-angle x-ray scattering in air and in vacuum. In the lower temperature region (<70 ◦C),
annealing in air results in a minimal change of superlattice structure, whereas annealing in
vacuum leads to a considerable lattice contraction and a decrease in long-range order. At higher
temperatures (>100 ◦C), ligand desorption causes nanocrystals to sinter locally, destroying
quasi-long-range order. The sintering process is significantly enhanced in vacuum compared to
the case in air due to the increased desorption rate of thiol ligands under low pressure.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Colloidal nanocrystals of semiconductors, noble metals, and
transition metals have been the focus of intense research
during the past two decades, largely driven by their unique
electronic, optical, and magnetic properties [1–4]. The
prospect of using nanocrystals as building blocks to form
superlattices and to create macroscopic functional devices
has generated significant interest in understanding nanoscale
self-assembly [5–9]. Combining nanocrystals with different
sizes [10], compositions [6] and even shapes [11] could
lead to new materials with fascinating collective properties.
However, before self-assembled nanocrystal superlattices can
be considered for applications such as sensors [12], electronic
devices [7] or magnetic storage media [13], their thermal
stability needs to be further investigated. Indeed, nanoscale
materials show significantly lower melting temperatures
compared to their bulk counterparts [14], and the organic
ligands that stabilize a nanocrystal superlattice can undergo
melting transition at room temperature or even below [15–17].

A few existing experiments illustrate a complex picture
when the nanoparticle arrays are thermally annealed. Korgel
used small-angle x-ray scattering (SAXS) to study three-
dimensional (3D) superlattices of silver nanocrystals coated
with alkanethiols of different lengths [18]. He observed a
narrow temperature range in which the disordering of the
nanocrystal superlattice resembles the melting of an atomic
solid, whereas above this ‘melting’ point and within a certain

temperature range, a bicontinuous phase with long-range
spatial correlation exists. This phase was attributed to thermal
fluctuation of displaced ligand chains. Sandhyarani et al
studied 3D superlattices of octadecanethiol- and octanethiol-
protected small silver clusters using differential scanning
calorimetry and x-ray diffraction [19]. They reported a
reversible melting and crystallization transition when the
temperature was cycled through the melting point of the
thiol ligand. On the other hand, a recent grazing-incidence
small-angle x-ray scattering (GISAXS) study by our group
on 3D dodecanethiol-ligated Au nanocrystals has revealed a
irreversible continuous disordering and shrinking of the lattice
parameter upon annealing [20]. In this work, we extend
our study on the thermal stability of 3D Au nanocrystal
superlattices to two-dimensional (2D) superlattices. GISAXS
is a powerful in situ x-ray technique that combines the
accessible length scales of SAXS and the surface sensitivity of
grazing incidence, thus allowing us to study the 2D order-to-
disorder transition in detail. As the rate of ligand evaporation
can also affect thermal stability, we perform our measurements
both in air (atmospheric pressure) and in vacuum.

2. Experimental section

2.1. Nanocrystal synthesis

Au nanocrystals were synthesized using a digestive ripening
procedure described in detail in reference [21]. Briefly, 68 mg
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of gold chloride and 208 mg of didodecyldimethylammonium
bromide (DDAB) were dissolved in 20 ml of toluene. 26 mg
of sodium borohydride in 74 μl of water was added under
vigorous stirring (30–60 min) until a wine colored solution
developed. This was followed by the addition of 1.6 ml of
dodecanethiol (DDT) to the reaction flask to complete the
DDAB-DDT ligand exchange. 30 ml of 200 proof ethanol
was then added to precipitate the as-prepared particles. After
the precipitates were dried, 20 ml of toluene and 1.6 ml
of DDT was added, followed by heating the solution under
reflux on a hotplate for 3 h. This digestive ripening process
helps to narrow the size distribution of the gold colloids, as
demonstrated in several previous studies [21, 22]. After the
colloid was cooled to room temperature over night, the top
layer of the solution was extracted, precipitated, and washed
with ethanol several times. Finally, the dried sample was
dissolved in toluene to a number concentration of ∼1013 ml−1.
This procedure results in Au nanocrystal diameters in the 5.5–
7.5 nm range, with average diameters determined by the initial
injection of borohydride and the amount of water present in
the reaction. Typical size distributions are in the 5–7% range
as indicated by TEM measurements.

2.2. Self-assembly of 2D superlattices

We have previously shown that the assembly mechanism
for 3D and 2D superlattices is fundamentally different: the
formation of 3D nanocrystal superlattices in solution is
understood to be the analog of conventional crystal growth
from atoms and molecules [23], although the interaction
between the nanocrystal building blocks is quite different
from the interactions on the atomic scale. For noble metal
nanocrystals, van der Waals interaction plays the role of
the attractive force and the steric hindrance caused by the
interdigitation of organic ligand molecules serves as the
repulsion. On the other hand, the formation of 2D superlattices
requires the confinement of nanocrystals to a 2D surface or
interface, typically achieved through depositing nanocrystals
directly on solid substrates [24–26] or on the liquid–air
interface using a Langmuir trough [27]. Recently, it was
found that 2D superlattice domains can spontaneously form
and grow in size at the liquid–air interface using a simple
drop drying process [28, 29]. The underlying mechanism for
this unique phenomenon is the slow diffusion of nanocrystals
in comparison with the faster motion of the drying liquid
surface. The interaction between nanocrystals and the liquid–
air interface is also enhanced by the addition of a small excess
of ligand molecules to the colloidal droplet. As the droplet
evaporation progresses, the density of nanocrystals at the
interface increases, leading to the formation of 2D superlattices
when the critical concentration for 2D crystallization is
reached. The highly ordered 2D superlattice domains typically
can grow to tens of microns in size and can be tracked with
conventional optical microscopy [29]. Such 2D Au nanocrystal
superlattices are used in our experiments upon complete drying
of the droplet on a Si/SiN substrate (figure 1).

Figure 1. Transmission electron micrograph of a 2D gold
nanocrystal superlattice formed by the drop drying technique on a
Si/SiN nitride membrane substrate.

2.3. GISAXS setup

GISAXS measurements were carried out at the XOR 8-ID-E
beamline of the Advanced Photon Source. A monochromatic
x-ray energy of 7.35 keV (x-ray wavelength of 1.687 Å)
selected by a single bounce Si(111) crystal with energy
resolution of �E/E ∼ 10−4 was used throughout the
experiments. In a typical measurement, x-rays were incident
on the Au nanocrystal monolayers under a fixed angle of 0.2◦.
The beam size was confined to 25 μm in vertical direction and
140 μm horizontally, resulting in a footprint on the sample
of ∼4 mm long along the beam direction (spanning the entire
nanocrystal monolayer sample length). GISAXS patterns were
collected using a MAR165 CCD detector (79.138 μm microns
pixel pitch in 2 × 2 binning mode with 2048 × 2048 pixels) at
a distance of ∼1167 mm from the sample (figure 2(a)). This
setup was able to detect a maximum horizontal scattering angle
of ∼3.97◦ (or an out-of-plane scattering vector of ∼2.3 nm−1).
The samples were prepared on Si/SiN substrates and mounted
on a Lakeshore 340 temperature-controlled copper heating
stage. A Pt100 resistor measured the stage temperature. Due
to the negligible heat capacity of the Si/SiN chips compared
to the massive copper stage and assuming a good thermal
contact enabled by thermal grease, we estimate that the
temperature difference between the sample and heating stage
is less than 1 ◦C. Peltier-cooling was employed to decrease
the temperature of the sample. GISAXS measurements were
carried out with samples in air and in a vacuum of 10−4–
10−5 Torr.

3. Results and discussions

Figure 2(b) shows a typical small angle x-ray scattering pattern
obtained from a highly ordered Au nanocrystal monolayer at
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Figure 2. (a) Schematic diagram of GISAXS setup. (b) A typical
scattering pattern collected on the CCD for a highly ordered 2D gold
nanocrystal superlattice. (The intensity of the scattering pattern is
plotted on a log scale in order to enhance the contrast.)

room temperature. The pattern consists of scattering rods
(Fourier-transforms of the 2D hexagonally packed particles)
that intersect the plane of the detector. Intensity variations in
the qz direction are due to the form factor of the approximately
spherical Au nanocrystals and is consistent with the form factor
directly measured from the colloidal solution. Multiple peaks
are observed corresponding to scattering in the (10), (11) and
(20) directions as indicated in the figure. A comparison of the
calculated interplane spacings from (10), (11) and (20) peaks
indicates a hexagonal 2D array (d10/d20 = 2.0, d10/d11 =√

3), which is consistent with the TEM image shown in
figure 1. The position of the peaks is determined by the lattice
constant of the 2D nanocrystal array. The width of the peaks
indicates the degree of ordering, which is more illustrative
in the 2D linear intensity GISAXS pattern. Therefore, the
structural changes of the superlattices at high temperature can
be tracked by the change of these peaks. For the as-prepared
samples at room temperature, we obtain an interparticle
spacing of 8.3 nm, consistent with the measured particle size
of 7 nm stabilized by DDT ligands. Our previous experiments

have shown that excess DDT ligands play an important role in
the formation of nanocrystal superlattices. Besides affecting
the interfacial energy of the liquid–air interface, the excess
ligands in solution also ensure a complete coating of ligand
molecules on the surface of nanocrystals. Moreover, thiol
ligands fill interstitial voids between particles, establishing a
well-defined lattice spacing [30] and thus maintaining the long-
range spatial correlation of the superlattice.

We examined the thermal stability of the 2D superlattices
in two different temperature regions classified by the different
thermal behavior of the ligands: the low temperature region
(<70 ◦C) and the high temperature region (>100 ◦C). In the
low temperature region, ligand desorption from the nanocrystal
surface is not a major concern. However, the ligands on the
surface of nanocrystals could undergo a first-order ‘melting
transition’, in which the alkane chains of the ligand transform
from a highly ordered state to a disordered state. This
is represented by an increase in gauche bond conformation
compared to the trans conformation [15]. The temperature at
which the melting transition occurs depends on both the chain
length as well as the curvature of the nanoparticle surface.
The melting temperature of DDT ligands on the extended gold
surface is 50 ◦C [31], whereas on a 2 nm cluster is −10–
3 ◦C [15, 16]. For slightly larger particles (5–6 nm, close in
size to what we used in our studies) the melting transition was
reported to be 33 ◦C [17].

Figure 3 shows the evolution of the normalized (10) peak
as a function of temperature when the sample is heated to
65 ◦C and cooled back to 30 ◦C, both in air and in vacuum. A
comparison of these two scenarios shows a striking difference.
There is little to no change in the peak position and width when
the superlattice is heated in air, but in vacuum the nanocrystal
array shows a irreversible shrinkage of the lattice constant
and a broadening of the (10) peak, indicating an increase
of lattice disorder. The change of the corresponding lattice
parameter during consecutive heating and cooling cycles is
shown in figure 4. A contraction of the interparticle spacing
from 8.25 to 8.07 nm is observed when the superlattice is
heated from 30 to 65 ◦C in vacuum (a change of 2%). The
stress induced by this lattice contraction results in large cracks
of the nanocrystal monolayer with micron size domains, easily
visible in optical microscopy. These data are clearly different
from the reversible superlattice phase transition induced by the
melting and recrystallization of surface ligands [19].

The different behavior of the low-temperature annealing
can be traced to the amount of free thiol molecules in the
arrays. As we mentioned above, excess thiols play an
essential role in the formation of nanocrystal arrays with the
drying-droplet method. Due to the slow evaporation rate of
DDT at room temperature, unbound molecules are present
in the sample even after drying, forming a spacer between
nanocrystals in addition to the stabilizing thiols directly
bound to the Au surface. The evaporation rate of unbound
thiols is greatly enhanced in vacuum, especially at elevated
temperatures. During the typical time frame of the experiment
with a heating rate of about 2–3 ◦C min−1 (10–15 min heating
time to 65 ◦C), excess thiols from the interparticle space could
evaporate significantly more rapidly in vacuum than in air. This
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Figure 3. Change of the normalized (10) scattering peak when the
sample is heated to 65 ◦C and cooled back to 30 ◦C, (a) in air and
(b) in vacuum.

means that interstitial ligand density between nanoparticles in
the arrays could decrease sharply in vacuum. At the same time,
increasing the concentration of gauche-conformation ligands
during a melting transition will allow more efficient ligand
packing, reducing the steric repulsion between ligands and
thereby resulting in a decrease of the lattice constant in the 2D
array. The contraction of the superlattice after evaporation of
excess thiols can be important in increasing the conductivity
of nanocrystal arrays. Due to the exponential dependence
of the tunneling resistivity on interparticle spacing, a 0.2 nm
shrinkage of the lattice constant can give rise to several orders
of magnitude increase of electric conductivity. This behavior
has been reported in a Co nanocrystal array [32].

The difference in thermal stability when the sample is
annealed in air and in vacuum becomes more dramatic in
the high temperature region. When the sample is heated
above 100 ◦C, the desorption of thiols attached to the Au
surface becomes an important factor. Temperature-dependent
scanning-tunneling microscopy measurements have shown that

Figure 4. Change of lattice constant obtained from the shift of (10)
scattering peak position when the sample is heated to 65 ◦C and
cooled back to 30 ◦C both in air and in vacuum.

DDT monolayers bound to the Au (111) surface desorb at
∼125 ◦C [33]. Figure 5 shows the comparison of two samples
that are heated to 160 ◦C, and then cooled back to 30 ◦C at
a rate of 2–3 ◦C min−1, both in air and in vacuum. The
ordering of the superlattice is largely retained when the sample
is heated in air, with a shift of the peak position to higher
qx values and a broadening of the peak width. On the other
hand, the ordering of the superlattice heated in vacuum is
completely destroyed. The large diffuse scattering near qx = 0
(not shown) indicates significant sintering of particles on the
surface when the sample is annealed in vacuum, resulting in a
wide distribution of interparticle spacing. The most dramatic
change was observed when the temperature of the sample was
increased beyond 110 ◦C in vacuum (figure 5(e)). Although
the sample in air maintains lattice order at 160 ◦C for short
periods of time (∼a few minutes), an extended exposure to this
elevated temperature over several hours leads to the gradual
disintegration of the lattice order similar to that observed in
vacuum at 110 ◦C. This confirms that the difference of thiol
desorption rate between the sample heated in air and in vacuum
is the main contributing factor to the different thermal stability
of 2D superlattices.

4. Conclusions

We have shown that GISAXS is a powerful in situ technique
to monitor the temperature-induced structural changes of
2D nanocrystal superlattices. Our results indicate that the
thermal stability of the superlattice strongly depends on the
melting transitions, the desorption rates of surface ligands and
exhibits a striking difference between annealing in air and
in vacuum. Therefore, for future devices that are designed
based on nanocrystal superlattices, it is important to take into
consideration the thermal stability of these new materials.
Several approaches could be further investigated to improve the
thermal stability of superlattices, such as chemical techniques
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Figure 5. GISAXS patterns from a 2D gold nanocrystal superlattice (a) at 30 ◦C, (b) at 30 ◦C after being heated in air to 160 ◦C and cooled
back to 30 ◦C at a rate of 2–3 ◦C min−1, (c) at 30 ◦C after being heated in vacuum to 160 ◦C and back to 30 ◦C at a rate of 2–3 ◦C min−1.
Change in intensity of the (10) peak after being heated in air (d) and in vacuum (e).

based on coating the particles with a different material with
higher melting temperatures, or physical techniques such as
cross-linking ligands between neighboring nanocrystals by
electron beam.
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