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n-1 Interactions Mediated Self-Assembly of Gold
Nanoparticles into Single Crystalline Superlattices in
Solutionf

FuKe Wang,** Yuriy A. Akimov,” Khoo Eng Huat” and Chaobin He***

A first attempt of employing n-nt interaction for self-assembly of colloidal gold nanoparticles
into 3D single crystalline superlattices in solution is presented. It is demonstrated that simple
capping ligands exchange with aromatic thiols leads to self-assembly of gold nanoparticles into
fce packed superlattices with well-defined facets and long-range ordering. Stimuli that can
break the m-m interactions lead to disassembly of gold nanoparticles, allowing the design of
reversible assembly and reconfiguration. The crystallization of gold nanoparticles is shown to
be kinetically controlled by the concentration of aromatic thiols in solution, enabling efficient
tuning of the long- and short-range ordering in nanoparticles lattices, accompanied with

corresponding changes of the effective optical properties.

Introduction

Nanomaterial research has received global attention in the past
few decades. Various nanomaterials with different structural
features and sizes, together with different composition
including metals, semiconductors, oxides, carbide, organic and
polymers have been prepared to give impetus to new
applications.' With the development of nanomaterials research,
it has been recognized that assembly of nanoparticles into
macroscopic architectures can result in enhanced optical,
electronic, magnetic, and catalytic properties.” Importantly,
many researches have pointed out that the ordering and packing
of nanoparticles (NPs) in the assembly is of utmost importance
for the development of materials with unique properties.’
Therefore, superlattices of colloidal NPs emerged as a new
class of building blocks in nanofabrication to construct cost-
effectively NPs-based devices through bottom-up, solution
processing approaches.® Many applications such as biomedical
diagnosis, catalysis, plasmonics, high-density data storage, and
energy conversion have been reported by using NPs
assemblies.’ In addition, NPs assembly follows a similar
crystallization principle of atoms and molecules. Therefore, the
self-assembly of NPs into colloidal crystal provides a unique
opportunity to study the general aspects of crystallization
process by using either real-space imaging technique or in situ
monitoring of optical and electronic properties.

Many approaches have been explored to mediate assembly
of different NPs.” Among these researches, gold (Au) NPs
received much more attention due to easy synthesis and size
control, as well as for their unique plasmonic properties.® Most
of Au NPs assembly studies led to the formation of two-
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dimensional (2D) assembly or three-dimensional (3D)
amorphous aggregates.” The difficulty in achieving well-
defined crystalline superlattices resides in the efficient control
over particle-particle interaction and coalescence dynamics.'
Currently, Au NPs superlattices (crystals) are mainly produced
by slow and controlled solvent evaporation of Au NPs
suspension with a narrow size distribution, where assembly is
driven by minimization of the surface energy via elimination of
interfaces. As this approach is based on solvent evaporation, it
naturally lacks control over the crystals size and structure, as
well as the difficulty in reconfiguration of NPs through
reversible disassembly.!' To achieve a high level of control
over the assembly to form macroscopic structure in solution,
DNA-mediated crystallization of Au NPs was proposed as a
first attempt for the chemically induced self-assembly. It
provides high selectivity for nanocrystals’ sizes and inter-
particles  distance  through  precise  recognition  of
complementary DNA strands via hydrogen bonding. However,
the DNA-guided crystallization needs tedious NPs surface
functionalization together with repeat heating/cooling cycles to
facilitate the formation of face-centered cubic (fcc) and body-
centered cubic (bee) crystal structures. '

In this paper, we report a facile way to create a single
crystalline Au NPs superlattice in solution by employing 7-7
interactions in a controlled manner. Theoretical and empirical
studies have shown that aromatic rings tend to form higher-
order clusters driven by entropy.'® In this study, we demonstrate
that addition of aromatic thiols to Au NPs leads to the
formation of fcc packed Au colloidal crystals. Interestingly, the
n-n interactions mediated NPs assembly can be kinetically
tailored to form short- and long-range ordered structures,
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providing tunable physical properties of the resulting
superlattice. Importantly, disassembly of the ordered
superlattice can be simply achieved through breaking the w-n
interactions, allowing the design of reversible assembly of Au
NPs or their reconfiguration in response to external stimuli.

Results and Discussion

Fig. 1 shows a schematic illustration of the m-m interactions
mediated crystallization of Au NPs in solution. Uniform sized
Au NPs were first capped with oleylamine (OLA) and
dispersed in an organic solution of hexane. When aromatic thiol
ligand, 1-mercaptonaphthalene (NaphSH), was added to the
solution, ligands exchange occurred on the surface of Au NPs
due to the stronger Au-thiols interactions. The attractive
nonbonded interactions between the naphthalene rings provide
the driving force for gold NPs assembly. At the same time, the
repulsive interactions between particles and solution media
provide an environment that allows NPs to move and to adjust
their positions with respect to others in solution.
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Fig. 1 Schematic illustration of m-m interactions mediated
crystallization of Au NPs in solution. The ligands exchange of
aromatic thiols with OLA on the surface of Au NPs causes the
assembly of Au NPs mediated by n-n interactions. Unstable Au
NPs either adjust their positions to the energy favorable
positions or dissolve back to the solution.

In a typical experiment, uniform Au NPs with diameter of
11 £ 0.5 nm were synthesized by the reduction of HAuCl, in
oleylamine solution at 80 °C for 4 hours. The obtained gold
NPs were purified by precipitation into alcohol and
centrifugation, washed with alcohol and re-dispersed in hexane
to yield a homogeneous wine-red solution. The resulting
oleylamine-capped gold NPs showed a strong local surface
plasmon resonance (LSPR) at 520 nm. The concentration of
gold NPs solution was measured by UV-vis spectra and
determined based on the extinction coefficients method as
reported.' Typically, the Au NPs solution in hexane was
adjusted to about 1.1 x 10'* NPs/ml (about 7.5 x 10~ mol/L
based Au element) before assembly. Under continue shaking or
stirring, NaphSH was added to Au NPs solution to reach the
final concentration of 5 mmol/L at room temperature. The
solution displayed a gradual color change from red to blue and
finally to grey in about 45 min after addition of NaphSH to gold
NPs solution in hexane.
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Fig. 2 3D Au NPs superlattices in hexane solution. (a) The UV-
vis-NIR extinction spectra evolution as function of time in 5
mM of NaphSH hexane solution. (b) TEM images of formed
3D Au NPs superlattices. (c) SEM images of the formed single
crystalline superlattices with defined faceted surfaces. (d) High
resolution TEM analysis of the formed single crystalline Au
NPs superlattices. Inset shows the FFT image of the crystal
displayed in (d). (e) Hexagonal arranged voids show the face-
centered closely packed NPs superlattices.

Color change of the solution was accompanied with the
gradual variation of the spectral extinction as shown in Fig. 2a.
There was nearly no obvious spectra change at the early stage.
However, after 70 seconds, a shoulder peak appeared at longer
wavelength (660 nm) together with bleaching of the LSPR at
520 nm. The remarkable spectral change occurred at the second
minute, when the long-wavelength peak shifted from 700 nm to
800 nm. Within next 20 mins, the long-wavelength peak was
further shifted to about 980 nm, together with a gradual red-
shift and bleaching of LSPR. Finally, two peaks were stabilized
at around 570 and 980 nm. The formed Au NPs assembles were
then purified by low speed centrifugation and re-dispersed into
hexane.

The highly ordered packing of Au NPs was confirmed by
transmission electron microscopy (TEM) analysis shown in Fig.
2b. The formed superlattices were found to be polyhedrons
rather than spheres, with sizes ranged from 200 to 300 nm. The
formation of well-faceted superlattices was further confirmed
by scanning electron microscope (SEM) analysis as shown in
Fig. 2c. It revealed that the formed assemblies are single
crystalline with highly ordered 3D packing of Au NPs. The flat
facets of crystals are composed by closely packed nanoparticles
in the manner of ABCABC stacking. Small-angle X-ray
diffraction (SAXS) patterns of these superlattices (see ESI, Fig.
S171) indicates that gold NPs were assembled into an fec
structure with lattice parameter of ¢ = 19.6 nm. The packing
model of gold NPs was further studied by using high
magnification TEM and fast Fourier transform (FFT) analysis.
TEM analysis showed that the assembled gold NPs exhibit on-
axis superlattices-fringe patterns attributed to an fcc
superlattices structures (Fig. 2d,e). As shown in Fig. 2d, the
[111] projection image exhibits the characteristics of long-
range fcc ordering of the individual nanocrystals with
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hexagonal cross-fringes. The cross-fringes in the [001] and
[011] projection image and patterns (see ESI, Fig. S2t) also
confirmed the formation of fcc superlattices structures.
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Fig. 3 Simulation results for the Au NPs superlattices. (a)
Extinction cross-sections of the effective spherical aggregates
with different values of the radius R. (b) Contributions of
scattering and absorption to the extinction cross-sections of the
effective sphere of R=150 nm. (c) Spatial distribution of the
electric and magnetic fields around the effective sphere of
R=150 nm at the three peak wavelengths of 537, 760, and 927
nm. (d) Spectral dependence of the statistical extinction
coefficient for the populations of spherical aggregates obeying
the truncated normal distribution with six different values of the
mean radius R,. The standard deviations are assumed to be AR
= 0.2 R,, with the fixed density of the Au NPs ny = 1.1 x 10'?
NPs/ml. The curve labeled "NPs" shows the extinction
coefficient of NPs before assembly.

To gain insight into the origins of the long-wavelength
extinction of the self-assembled Au NPs crystals, optical
properties of Au NPs superlattice were calculated by solving
the full set of 3D Maxwell’s equations for the infinitely long (in
the x- and y-directions) structure consisting of five identical
layers of the fcc-packed NPs (see ESI, Fig. S37). Although, the
actual shape of the observed crystalline aggregates is
polyhedral rather than spherical, effective spheres are still a
good model to study the assemblies’ spectral extinction (see
ESI, Fig. S4t), as the extinction measurements were taken for
the aggregates moving in the solution. The extinction cross-
sections of effective spheres were calculated using the Mie
theory'® and are shown in Fig. 3a for different values of the
radius. Following this theory, the extinction cross-sections are
particularly sensitive to the aggregates size. Fig. 3a clearly
demonstrates the difference in extinction by small and large
assemblies — for small aggregates, the strong short wavelength
extinction is observed governed by the LSPR in Au NPs, while
for larger aggregates, a longer wavelength extinction appears in
addition to the LSPR that becomes dominant with the growth of
the assemblies. Moreover, as the size of aggregates increases,
more peaks appear in the long-wavelength range given by the
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enhanced scattering of light, as shown in Fig. 3b. This
enhancement originates from the constructive interference of
light on a dielectric sphere,'>'® confirmed by the dominating
scattering (Fig. 3b) and the interference patterns of the electric
and magnetic fields in a sphere (Fig. 3c). Thus, the scattering
enhanced by bigger assemblies increases the extinction of
incident light in the long-wavelength range. Eventually, after
mixing of aggregates with different size and statistical
averaging of their cross-sections, the extinction peak shifts
towards longer wavelength, getting broader and less
pronounced, as shown in Fig. 3d.

The performed analysis of exctinction reveals that the long-
wavelength peak appeared in the UV-vis-NIR spectra is a
statistically blurred interference-induced resonance, governed
by the aggregates size distribution. As a result, it can be directly
used for estimation of the aggregates size distribution (Fig. 3d).
This enables us to interpret temporal evolution of the extinction
spectra in terms of the assembly dynamics for in situ
characterization and study of the crystallization process (see
ESI, Fig. S57).

As the NPs assembly is attributed to the w-m interaction,
self-organization dynamics is very sensitive to the properties of
the capping ligands.!” Due to stronger interaction of Au-thiol
than Au-NH,, it is reasonable to expect that NaphSH will
replace OLA to form new capping ligands on Au NPs surface,
when NaphSH is added to the solution. This was confirmed by
nuclear magnetic resonance (NMR) spectroscopy analysis of
the free gold NPs and assembled gold NPs (see ESI, Fig. S67).
NMR analysis of free gold NPs showed only signal from OLA,
while NMR spectra of assembled gold NPs exhibited both
peaks from OLA and NaphSH. Integration of the peaks of
assembled gold NPs showed that nearly half of OLA was
substituted by NaphSH at a low thiols concentration (5
mmol/L), suggesting strong interaction of NaphSH with NPs
surface. The capping of Au NPs surface with NaphSH leads to
a substantial increase in the attraction potential between
nanoparticles and results in their assembly.

Notably, n-n interaction force is within the range of 8-12
kJ/mol,'® which is weaker than the hydrogen bonds used in the
DNA-mediated Au NPs assembly. Thus, no extra energy is
required for NPs motion within an aggregate once it has been
assembled, to adjust their position and form single crystalline
superlattices. Therefore, in our approach, the tedious repeated
heating/cooling cycles, which are traditionally used in the
DNA-mediated assembly to reach low energy structures, can be
avoided. As a result, the assembly of high-ordered structures
can be achieved in a shorter time. In addition, the solution,
where the assembly occurs, provides the enviroment for Au
NPs to adjust their unfavor position and form more stable
superlattices. Thereafter, the combination of n-r interaction and
solution assembly prevent the unlimited growth of particles
aggregates and short-range ordering, which often occurs in
other assembly techniques. Furthermore, assembly in solution
provides a great opportunity for in situ monitoring of the
dynamic crystallation process. The three basic crystallization
steps including nucleation, fast growth, and equilibrium can be
seen directly in the time-function UV-vis spectra. It gives a
metrology for in situ kinetics characterization and helps in
studying fundamental aspects of crystallization.

Similar to the molecular crystallization, the structure and
shape of the Au NPs aggregates are under kinetic control. As
shown in Fig. 4a, when Au NPs were assembled in the presence
of higher concentration of NaphSH (12.5 mmol/L), a quick
aggregation was observed through fast solution color change
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and the corresponding UV-vis extinction spectra. As shown in
Fig. 4a, LSPR of Au NPs red-shifted together with rapid
appearance of the long-wavelength peak upon addition of high
concentrated NaphSH (12.5 mM). The newly formed peak
quickly stabilized at 830 nm, suggesting a short-range coupling
of Au NPs with smaller mean size of assemblies. The formed
gold NPs aggregates were characterized by TEM, which
showed short-range packing of Au NPs and smaller sizes of the
aggregates.
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Fig. 4 Chemically controlled Au NPs aggregates with long- and
short-range ordered assembly. (a) The UV-vis extinction
evolution versus time in 12.5 mM of NaphSH hexane solution
(left) and TEM images of formed Au NPs assembles (right). (b)
The UV-vis extinction evolution versus time in 200 mM of
NaphSH hexane solution (left) and TEM images of the formed
Au NPs assembles (right).

Further increase of NaphSH concentration leads to the
formation of random Au NPs aggregates. Fig. 4b shows one
example of Au NPs assembly in 200 mmol/L. NaphSH solution.
Au NPs started to aggregate immediately upon addition of the
high concentration NaphSH. The solution color changed to blue
quickly and the long-wavelength extinction peak appeared at
about 680 nm. Further assembly led only to a slight decrease of
the LSPR intensity and broadening of the long-wavelength
peak. TEM analysis of the formed Au NPs aggregates showed
the formation of monodispersed amorphous spheres with size
changing from 150 nm to 200 nm. This suggests that the
assembly of Au NPs in the presence of NaphSH is a kinetic
controlled process that provides a simple way to tune the
aggregates’ extinction: lower concentration of NaphSH causes
long-ordered assembly, while higher concentration of NaphSH
results in short-range ordering of Au NPs.

The NaphSH concentration-induced short- and long-range
ordering was attributed to the different NPs self-organization
mechanisms. As we have discussed above, single crystalline
superlattices were formed at low NaphSH concentration
because Au NPs assembly was dominated by m-m interactions.
However, at higher NaphSH concentration, Au NPs assembly
was mainly driven by the depletion force created by the large
amount of free NaphSH in the solution.'” The depletion force
pushes Au NPs to aggregate quickly. As a result of the fast

4| J. Name., 2012, 00, 1-3

aggregation, Au NPs do not have enough time to re-arrange
their positions in the formed nanocrystals, and thus lead to
short-range coupling with more amorphous assemblies. Also,
due to the fast nucleation, large amount of nucleus formed at
the early stage, leading to the formation of smaller amorphous
aggregates in the solution.
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Fig. 5 Mechanism studies of the m-m interactions-mediated
crystallization of Au NPs. (a) Extinction spectrum change of
Au NPs in toluene upon addition of NaphSH (5 mmol/L) from
time 0 to 5 min. (b) Extinction change of Au NPs in hexane
with addition of high concentrated NaphSH (300 mmol/L) from
time O to 5 min.

To have a better understanding of the n-7 interaction in Au
NPs assembly, several control experiments were carried out.
Firstly, since the m-n stacking provides the driving force for Au
NPs ordered assembly, any disturbance of the m-m interaction
should prevent the NPs assembly. To confirm this assumption,
NaphSH-mediated Au NPs assembly was carried out in toluene
solution. Toluene is mono-substituted benzene derivative and
an aromatic hydrocarbon widely used as a solvent. In toluene
solution, NaphSH mainly interacts with the solvent, preventing
the n-7 interaction of NPs. As shown in Fig. 5a, when NaphSH
is added to Au NPs solution in toluene, no obvious extinction
change is observed. It confirms that Au NPs are stable and no
aggregation occurs in the solution. Subsequent TEM analysis
did not show any 3D single crystals formed. In fact, disturbance
of m-m interaction can also be observed in hexane solution at
very high concentration of NaphSH. Upon addition of highly
concentrated NaphSH (300 mM) to the Au NPs solution,
aggregation of Au NPs is observed immediately, pushed by the
depletion force and m-m interaction. Surprisingly, the formed
Au NPs aggregates disassembled into free Au NPs again
subsequently and made the solution color change from grey to
red. The dynamic change can be seen clearly from the in situ
UV-vis extinction spectra as shown in Fig. 5b. Upon addition of
NaphSH, the interference-induced peak appears and then
disappears, revealing early stage assembly and subsequent
disassembly of NPs. Thus, disassembly of Au NPs aggregates
(either with long-range or short-range ordering) can easily be
achieved through simple chemical stimuli such as addition of
highly concentrated aromatic thiols or toluene to disturb the nt-n
interactions.

Conclusions

In summary, we have showed that single crystalline Au NPs
superlattices can be prepared in a simple way by realizing the
n-t interaction-mediated self-assembly in NaphSH solution.
The crystallization process can be directly monitored in-situ
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through evolution of the UV-vis extinction spectrum featuring
plasmonic properties of Au NPs. Both the extinction and TEM
analyses confirmed the existence of long-range translational
ordering of Au NPs in the resulting superlattice structures.
Similar to the molecular crystallization, Au NPs self-assembly
has been shown to be kinetically controlled by the
concentration of the aromatic thiols in solution, resulting in
long- or short-range ordered Au NPs aggregates. In addition,
disassembly of both long- and short-range ordered Au NPs
crystals can be stimulated by chemicals such as aromatic thiols
and aromatic solvents through breaking of the m-m interactions.
In contrast to the solvent evaporation technique, the m-w
interaction-mediated assembly can achieve a higher-order
single crystalline-like Au NPs supperlattice in solution with
well-defined faceted structures, together with the ability to
disassemble aggregates upon stimuli. Compared with the DNA-
mediated technique, the given method avoids the tedious
heating and cooling cycles to get the higher-order structures, as
well as the use of enzymes to achieve the disassembly. Most
importantly, the proposed method is very simple and does not
require any highly specialized equipment or sophisticated
techniques for its realization.
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Here we present the first attempt to employ n-7 interactions to assemble gold nanoparicles into single crystalline superlattices in solution. Simple
capping ligands exchange with aromatic thiol lead self-assembly to gold nanoparticles into fcc packed superlattices with defined facted structures in
solution. The long-range ordering was confirmed by TEM analysis and in situ UV-vis NIR spectra. Stimuli that can break the n-n interactions would
lead to a reversible disassembly, allowing the design of reversible assembly of gold nanoparticles or reconfigure in response to external stimuli. In
addition, the crystallization is kinetically controlled by the concentration of aromatic thiols in solution. The n-w interaction and depletion force work
together to tune the long-range and short-range ordering in the resulting nanoparticles lattices, together with tailable collective plasmonic extinction.
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