Angewandte

Communications

Au Nanosheets

DOI: 10.1002/anie.201304122

Self-Assembly of Au,s into Single-Cluster-Thick Sheets at the Interface
of Two Miscible High-Boiling Solvents™*

Zhennan Wu, Chunwei Dong, Yanchun Li, Hongxia Hao, Hao Zhang,* Zhongyuan Lu,* and

Bai Yang

Exploring new methods to create self-assembled monolayers
of nanostructures is fundamental both for understanding the
microscopic interactions and creating low-dimensional quan-
tum-confined materials.'”*! Despite numerous reports of two-
dimensional self-assembly of nanoparticles composed of
hundreds of atoms, limited success has been achieved when
employing much smaller nanoclusters (NCs).) As to NCs,
the thermal fluctuation energy of the surroundings is com-
parable to the intercluster interactions, which can detach the
assembled clusters and restrict the formation of ordered
architectures. From a different view, the self-assembly of
nanostructures can be understood as crystallization, which
involves nucleation and growth. If the growth along one
specific dimension is suppressed, 2D-oriented growth will be
favored.!'’”*" Most recently, CdSe NCs have been reported as
intermediates for the synthesis of crystalline nanosheets.® !
Within the soft template of lamellar cadmium compounds, the
2D-limited recrystallization of NCs generates CdSe
sheets.” " Although this finding belongs to 2D colloidal
synthesis, it opens the door to construct 2D architectures from
preformed NCs.

Our basic idea was to extend the colloidal synthesis of
crystalline nanosheets to construct self-assembled 2D archi-
tectures of NCs. As the most investigated model, Au NCs
capped with hydrophobic alkylthiols were adopted to perform
the 2D self-assembly in two miscible high-boiling-point
solvents with a slight polarity difference. The microphase
separation of the solvents creates a lamellar interface that acts
as the soft template to direct Au cluster self-assembly into
single-cluster-thick sheets by combining with intercluster
hydrophobic-hydrophobic attraction (Figure 1).

The Au NCs employed for the self-assembled architec-
tures are prepared in dibenzyl ether (BE) using 1-dodeca-
nethiol (DT) to reduce Au™ at room temperature (Figure S1).
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Figure 1. The self-assembly of Auys into single-cluster-thick nanosheets
by combining the surface tension at the LP-BE interface and inter-
cluster hydrophobic attraction.

Simultaneously with the reduction of Au™ to Au' and Au’,
didodecyl disulfide is generated as the byproduct.?*? Sys-
tematic characterization presents that the as-prepared Au
clusters are Aus, which are composed of Au’;Au’,DTs
(Supporting Information, Figures S2-4). The Au;s clusters
exhibit the average diameter of 1.5+0.3 nm and a strong
photoluminescence (PL) centered at 600 nm (Figure S2a-d).

The self-assembly of Au,s clusters into diversified archi-
tectures is induced by adding liquid paraffin (LP) to the Au,s
BE solution and annealing at 140°C. For a typical nanosheet
preparation, a Aus solution (0.032 mmol) with a LP/BE
volume ratio of 7.5:1 is heated to 140°C and maintained for
1h in vacuum (see the Supporting Information). Although
such an operation does not alter the UV/Vis absorption and
PL spectra, the fluorescence lifetime (Figures S2 and S5) and
transmission electron microscopy (TEM) images reveal
a change in morphology from isolated NCs to thin sheets
comprised of clusters, with widths of ca. 300 nm and lengths of
200-1000 nm (Figure 2b-d and Figure S2a). High magnifica-
tion TEM images confirm that the sheets are assemblies of
individual clusters rather than crystalline Au (Figure 2c,d).
The distance between neighboring clusters is around 3.0+
0.3 nm, contributing both from the Au;s core and outside DT
molecules. The length of DT in the elongated feature has been
reported to be 1.7 nm.[*"l Because the distance between Aus
cores is nearly the length of one DT, it indicates intercalation
of DT between neighboring clusters.’!! On the basis of TEM
observation, the angle of the DT alkyl chain at a tangent to the
cluster surface is estimated to be 62°. Tapping mode atomic
force microscopy (AFM) reveals that the thickness of the
sheets is 1.68 nm (Figure 2e), which is slightly larger than one
Au,s core, but smaller than the distance between neighboring
clusters in the sheets (Figure 2d and Figure S2 a). This implies
the preferential distribution of DT in the sheets. Furthermore,
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However, a slight volume
decrease from 17.4mL
to 171 mL was found
(Table S1), owing to the
application of vacuum. The
decrease in solvent volume
enhances the local concen-
tration of Auys clusters,
facilitating the aggrega-
tion-nucleation. Note that
the aforementioned nano-
sheets are formed from
. the adherent aggregates
A (Figure 2 and S7). We con-
"""" sidered controlling the evo-
lution of the self-assembled

i '_ vertical distance = 1.68 nm

Figure 2. a) Optical (left) and PL (right) images of a CHCl; dispersion of the Aus cluster nanosheets. b—
d) TEM images of the adherent nanosheets at different magnifications. Inserts in (c): TEM images of the
domains with disordered (1) and ordered (2) arrays of Au,s. €) Tapping-mode AFM and the corresponding
topography cross section of the adherent nanosheets on a silica wafer. f) Small-angle region of the powder
XRD patterns of the adherent nanosheets (—), isolated nanosheets (--
corresponding TEM images are shown in (b) and Figure 3 a,d, respectively.

small-angle X-ray powder diffraction (XRD) presents peaks
at 2.4 and 2.7°, which correspond to a d spacing of 3.6 nm and
3.2 nm, respectively (Figure 2 f); 2nd and 3rd order peaks are
also observed at 4.9-5.5° and 7.3-8.3°. The appearance of two
groups of XRD peaks indicates that two spatial characteristics
of the clusters exist. By comparing with the XRD patterns of
other Au;s self-assembled architectures (Figure2 and
Figure 3), it can be concluded that a d spacing of 3.6 nm
relates to the alignment of Au,s clusters in the nanosheets,
whereas a d spacing of 3.2 nm results from the stacking of
nanosheets during XRD measurement (Figure S6). Although
the dspacing from XRD is generally larger than that
observed by TEM analysis, the results firmly support that
the intra-nanosheet cluster distance is larger than the inter-
nanosheets distance. This strongly suggests a preferential
distribution of DT in the nanosheets.

The TEM images also reveal that the nanosheets are
composed of interphase ordered and disordered domains
(Figure 2c¢ insets), because the formation of the nanosheets
involves step-wise assembly and reorganization in 2D (Fig-
ure S7). This is quite similar to the nucleation and 2D growth
of semiconductor crystalline sheets."™'! Under heating,
solvent evaporation enhances the local concentration of
Auys clusters and thereby leads to aggregation-nucleation.
In our system, two miscible solvents, LP and BE, with only
a slight polarity difference, are employed.’” The Au,; clusters
are more compatible with BE than LP, because of the higher
polarity of BE. So, the aggregation-nucleation mainly occurs
in the BE-rich domain (Figure 1). It is reasonable to consider
that the generation of nanosheets relates to the total volume
and LP/BE ratio variation during annealing. Density and
refractive index measurements indicate that the LP/BE ratio
is constant before and after 140°C annealing (Figure S8).
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architectures by tuning the
evaporation rate of sol-
vents. In this scenario, N,
was used rather than
vacuum, to lower the evap-
oration rate. This leads
to differential solvent loss
(Table S1), thus avoiding
further aggregation after
nucleation and producing
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Figure 3. Low (a) and high (b and c) magnification TEM images of the
isolated nanosheets, produced by annealing the Au;;s cluster solution
at 140°C for 10 min under N,. The cluster concentration is

0.032 mmol. Low (d) and high (e and f) magnification TEM images of
the nanospheres obtained by annealing the Au,s solution at 140°C for
1 h under vacuum. The cluster concentration is 0.008 mmol. The LP/
BE volume ratio is 7.5:1.
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isolated nanosheets with uniform size and shape (Figure 3 a—
c).

The 2D self-assembly must be carried out at high Auys
concentration (Figure 3d—f and Figure S9). As the concen-
tration decreases from 0.032 mmol to 0.008 mmol, the self-
assembled architectures turn from sheets into spheres,
although the spheres still maintain the size and spectral
properties of the original Auys clusters (Figure 3f and Fig-
ure S10). When the concentration decreases to 0.002 mmol,
the nanospheres disappear and irregular aggregates form.
Temporal evolution of the self-assembled architectures fur-
ther indicates that the concentration greatly influences the
morphologies of aggregated clusters (Figures S7 and S11),
namely the intermediates, making the subsequent self-assem-
bly follow a different pathway. The apparent disparity in
cluster aggregation also reflects the different status of the
binary solvents, because of the different solubility of the
clusters in LP and BE.

This consideration is further revealed by the effect of LP/
BE volume ratio on the morphologies of self-assembled
architectures (Figure S12). As the initial LP/BE ratio
decreases, the morphologies turn from nanosheets to bipyr-
amids and finally to irregular aggregates. At low concentra-
tion (such as 0.008 mmol), the morphologies also depend on
the LP/BE ratio (Figure S13). Although LP and BE are
miscible, there exists a microphase separation and thus an
interface between LP and BE at higher temperatures (Fig-
ure S14), which acts as a soft template to direct Auys self-
assembly. A high LP/BE ratio is thought to generate lamellar
structures, allowing 2D Au,; assembly.

For a better understanding of the self-assembly mecha-
nism, we performed a dissipative particle dynamics (DPD)
simulation using a coarse-grained (CG) model.”** The
corresponding results are summarized in a phase diagram
(Figure S15). To map these experimental systems, we choose
an appropriate coarse-graining level for BE, LP, DT, and Au
(Table S2). Our DPD simulation is in good agreement with
experimental observations. Namely, that the formation of the
lamellar microphase is favored at high LP/BE ratio and high
Au,s concentration; otherwise, the self-assembled architec-
tures undergo a transition from nanosheets to bipyramids,
nanospheres, and irregular aggregates (Figure S9, S12, and
S13). When several Auys clusters approach each other, the DT
chains can accommodate new configurations and allow
redistribution on the Au,s surface. At higher LP/BE ratios,
the Auys clusters are even more compatible with BE. The
surface energy (E) of Au clusters at the LP-BE interface can
be estimated according to the contact angle with LP or BE
(Figure 1), where r is the radius of Au clusters, v is the
interfacial tension between BE and LP, 6 is the contact angle
of the Au clusters with LP that is larger than 90°.° It means
that it is energetically favorable for Au clusters to remain in
BE, which promotes cluster aggregation and the generation of
nanosheets.

The formation of nanosheets must break through a tem-
perature barrier, which was found to be 140°C in our
experiments. In this context, the Au clusters are capped
with DT. Similar to the most examples of self-assembled
architectures from hydrophobic nanostructures,'” the inter-
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calation of the DT alkyl chains permits the self-assembly of
Auys clusters by hydrophobic attraction. However, the
thermodynamically allowed self-assembly should cross the
energy barrier.’!l The longer alkyl chains contribute to
stronger hydrophobic attraction, but require higher temper-
ature to cross the barrier. Thus, annealing at 140°C is
necessary to enhance alkyl chain mobility and thereby
facilitate Auys cluster assembly. In our experiment, the
turbid nanosheet solution turns clear when the temperature
is slightly higher than 140°C (Figure S16), thus showing the
high mobility of the DT alkyl chain over the temperature
barrier. The hydrophobic attraction between DT is strong,
represented by the capability to drive DT distribution in the
nanosheets (Figure 2d-f). The hydrophobic attraction
between the neighboring Auys clusters is calculated to be
7 kg T (Figure S17), where kg is the Boltzmann constant and T
is the absolute temperature. In addition, 'H NMR and mass
spectra demonstrate the coexistence of didodecyl disulfides in
the nanosheets (Figure S18 and S19). As didodecyl disulfides
possess longer alkyl chains than DT, it may assist the
formation of nanoarchitectures by supplying additional
hydrophobic attraction. We do not exclude the existence of
intercluster static, dipolar, and van der Waals interactions.
However, for hydrophobic Aus clusters with very small size,
these interactions are negligible in comparison with the
thermal fluctuation energy, kg 7, thus they contribute less to
the 2D self-assembly process.”!

Most importantly, strong hydrophobic attraction leads to
a reorganization of the aggregated clusters at 140°C and
finally produces nanosheets. Such reorganization includes two
aspects: First, the isotropic hydrophobic attraction between
neighboring NCs combines with the surface tension at the
LP-BE interface, which generates a strong tension with a 2D
orientation (Figure 1). This drives the 2D reorganization of
aggregated clusters during annealing. As a result, single-
cluster-thick sheets are produced. Second, at the boundaries
of the adherent aggregates, the clusters are less limited by the
neighboring ones. This leads to the ordered alignment of Au;
clusters. In contrast, the clusters in the aggregates are greatly
limited, and thus remain unordered (Figure2c). For the
system with a lower solvent-evaporation rate (Figure 3a—c),
the less dynamic alkyl chains of DT facilitate the reorganiza-
tion of NCs in the aggregates, but suppresses the adherence of
the aggregates. Consequently, isolated nanosheets are pro-
duced rather than adherent ones. Because of the less dynamic
alkyl chains, the alignment of clusters is disordered (Fig-
ure 3¢).

The 2D self-assembly of Au,s clusters is not limited to
mixtures of LP and BE. Nanosheets are also produced in
a binary system of octadecene (ODE) and BE (Figure S20).
Because the polarity of ODE is closer to BE than LP,* more
ODE is required for generating the lamellar microphase and
enough surface tension to direct the self-assembly.

In summary, we demonstrate the self-assembly of DT-
capped Aus clusters into single-cluster-thick nanosheets in
high-boiling solvents. The trick is to anneal the clusters in two
miscible solvents with a slight polarity difference. The solvent
microphase separation generates a lamellar interface, which
acts as a soft template to direct the 2D self-assembly. In this

Angew. Chem. Int. Ed. 2013, 52, 9952 -9955


http://www.angewandte.org

scenario, the surface tension of the interface combines with
the isotropic hydrophobic attraction between the neighboring
clusters, thus generating the driving force for 2D orientation.
The formation of nanosheets relates to both cluster aggrega-
tion (nucleation) and reorganization (recrystallization) at the
interface. Consequently, the morphologies of the self-assem-
bled architectures are adjustable by altering cluster concen-
tration, solvent volume ratio, and the differential volume
variation of the solvents. Because the as-prepared nanosheets
are dispersible in common organic solvents such as chloro-
form, they will be promising building blocks for the design of
ultrathin devices through solution processing.
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