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ABSTRACT Two-dimensional (2D) nanomaterials possessing regular layered

2D Self-assembly of Au Nanoclusters Initiated by 1D Attachement
-

structures and versatile chemical composition are highly expected in many
applications. Despite the importance of van der Waals (vdW) attraction in
constructing and maintaining layered structures, the origin of 2D anisotropy is

not fully understood, yet. Here, we report the 2D self-assembly of ligand-capped

Au,5 nanoclusters into mono-, few-, and multilayered sheets in colloidal solution.

Both the experimental results and computer simulation reveal that the 2D self-assembly is initiated by 1D dipolar attraction common in nanometer-sized
objects. The dense 1D attachment of Au,s leads to a redistribution of the surface ligands, thus generating asymmetric vdW attraction. The deliberate
control of the coordination of dipolar and vdW attraction further allows to manipulate the thickness and morphologies of 2D self-assembly architectures.
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wo-dimensional (2D) nanomaterials

whose atomic bonding along two-

dimensions are similar but stronger
than along the third dimension have at-
tracted extraordinary attentions due to their
unique layered structures and fascinating
physical properties.'® Wide investigations
have revealed that the main attraction to
hold the layers together is van der Waals
(vdW) interaction, whereas the atoms or
polyhedrals are connected by covalent, ionic,
or other strong interactions within each
layer.*~® This structural property permits to
prepare mono-, few-, and multilayered 2D
nanostructures with versatile chemical com-
position by careful selection of synthetic
protocol, for example, top-down exfoliation
and bottom-up synthesis.” ' Despite the
importance in constructing and maintaining
layered structures, vdW interaction is essen-
tially isotropic.'? The origin of anisotropy in
the formation of layered architectures still
deserves exhaustive studies.

As the key for synthesizing 2D nanoma-
terials in colloidal solution, the anisotropy
can be generated by two pathways, namely
formation of lamellar mesophase templates
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and 2D-orientated self-assembly of magic-
size nanoclusters (NCs).'*~'> The template
approaches are well understandable and
applied to produce a variety of crystalline
nanosheets,”' "' whereas the self-assembly
approaches are not fully understood, yet.
Besides vdW interaction, 2D self-assembly
also relates to other factors in NCs system,
such as dipole moment, charge, hydropho-
bicity, and so forth.'*"”~"® The efforts on
manipulating the cooperation and equilibri-
um of various interactions give the hope to
perform NCs 2D self-assembly in controlled
manner.'?

It should be mentioned that self-assem-
bly is the workhorse of current nanotech-
nology, which permits to achieve higher
level architectures from preformed building
blocks.'” However, most efforts have been
devoted to the 2D self-assembly of large
building blocks, such as big nanoparti-
cles, 22 polymers,®® and proteins,>* whereas
limited successes are reported for ultrasmall
NCs with diameter below 2 nm.>>?® The
limitation in producing 2D architectures
through NCs self-assembly is mainly arisen
from two reasons. As to ultrasmall NCs, their
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large surface energy makes them unstable during self-
assembly. They prefer to recrystallize or fuse into big
nanoparticles. In addition, for such small NCs, their
interactions are rather weak, which is comparable to
the thermal fluctuation energy of the surroundings.?’
The assembled NCs can be easily detached, thus
restricting the formation of ordered structures. Conse-
quently, exploring new methods for achieving NCs 2D
self-assembly and in particular revealing the in-depth
mechanism is highly important.

In this work, we investigate the self-assembly of
ligand-capped Au;s NCs into mono-, few-, and multi-
layered sheets in colloidal solution, which is a typical
model of polyhedral-thick 2D architectures. The
permanent dipole of the NCs, resulting both from
the specific arrangement of gold atoms and the
surface distribution of capping ligands, generates the
inter-NC dipolar attraction, and therewith initiates
the 1D oriented self-assembly of NCs. This in return
leads to the asymmetric distribution of ligands on NCs,
thus generating anisotropic vdW attraction in the
following 2D assembly. The acquirement of the origin
of anisotropy makes it possible to further control the
thickness, size, and morphologies of Au;s-based 2D
architectures.

RESULTS AND DISCUSSION

The Au;5 NCs (0.032 mmol) used to perform 2D self-
assembly are foremost prepared in 2 mL benzyl ether
(BE) at room temperature.?” In this context, 1-dodeca-
nethiol (DT, 2 mmol) acts as ligand cum reductant to
react with Au (lll), which produces the NCs composed
of Au(0),,Au(l)4DT;s. The grafting density of DTs on NC
surface is calculated as 1.9 per nm? Because of the
molecule-like transition associated with the small
diameter (1.5 + 0.3 nm), the as-prepared Au;s NCs
exhibit strong photoluminescence centered at 600 nm
(Figures 1 and 2a).

In general, the formation of layered Au; s self-assem-
bly architectures requires the annealing of Au;s BE
solution over 140 °C. However, to monitor the structur-
al evolution, important intermediates at different
stages are captured and analyzed first (Figure 2b,c.e).
As the solution is maintained at room temperature for
24 h, 1D-oriented self-assembly of Au;s NCs is ob-
served (Figure 2b). After the solution is heated to
90 °C and maintained for 5 min, small isolated 2D
architectures with width about 30 nm and length
about 50 nm are found (Figure 2e). These isolated 2D
architectures exhibit two different Au,s center-to-
center distances about 2.2 and 3.6 nm in average,
respectively, which is defined as “x” and “y”
(Figure 2c). Small-angle X-ray powder diffraction
(SAXD) clearly exhibits a peak at 2.44° corresponding
to the d spacing of “y" = 3.6 nm, consisting with
the regular arrangement of NCs along ")7" direction
(Figure 3). Despite the distinct peak at 3.65° corresponding
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Figure 1. TEM image (a) and the size distribution (b) of Au;s
NCs foremost prepared in BE solution at room temperature.
The corresponding UV—vis absorption and PL emission
spectra excited by 320 nm ultraviolet light are shown in
(c). Optical (d) and PL (e) images of the powder of Au,5 NCs.
The scale bar is 50 nm in (a).
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to “x" = 2.2 nm is not observed, the characteristic
region from 3.5° to 3.8° is much broad. This reveals
the heterogeneity of NCs along “x " direction, which is
confirmed by the transmission electron microscopy
(TEM) observation (Figure 2c).

The anisotropy of NC spatial arrangement is attrib-
uted to the different driving forces as NCs assemble
along “x" and ; directions. As to Au;5 NCs dispersed
in nonpolar solvents, the inter-NC interactions mainly
involve dipole—dipole and vdW attractions. Dipolar
attraction is anisotropic, and vdW attraction is isotro-
pic. In addition, dipolar attraction is impactful in longer
distance (~1/r3) than vdW attraction (~1/r%).28 So, like
the self-assembly of most nanometer-sized particles
and clusters,'® 1D orientation of Au;s NCs is triggered
by dipole—dipole attraction in the initial stage
(Figure 2b). By considering the specific arrangement
of intrinsic Au atoms and the distribution of DTs on
Au;s (Figure 4), computer aided calculation indicates
that the permanent dipole moment («) of Au;sDT;s is
13.27 D.%° The energy of dipolar attraction between
two NCs is calculated according to the classical formula
for aligned dipoles E = —u?/2meor (F — dned),'® where
£0i58.85 x 10 '2C? )" m . By further estimating the
center-to-center interdipolar separation r as 2.2 nm for
the NCs with diameter dyc of 1.5 nm, the energy
afforded by 13.27 D is 3.8 kJ/mol, which is higher both
than the energy of regular molecular dipole—dipole
attraction (1.5 kJ/mol) and the molar kinetic energy
at 25 °C (2.4 kJ/mol)."® This means that the dipolar
attraction between Au;s NCs is strong enough to
drive 1D self-assembly, thus leading to the spatial
distance of “x". Even at 90 °C, the permanent dipole
is still higher than the corresponding molar kinetic
energy (2.9 kJ/mol). So, the distance of “x” is main-
tained (Figure 2c).
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Figure 2. Temperature-dependent morphology evolution of Au, 5 self-assembly architectures in BE. (a—c) TEM images of the
Au, 5 NCs after incubating at 25 °C for 1 h (a) and 24 h (b), and at 90 °C for 5 min (c). (d) Computer simulation results of dipole-
induced linear arrangement of Au,5; NCs and the subsequent aggregation with increasing the concentration from N = 18 to
144 at the BD time unit t = 1 000 000 At. (€) TEM image of the small isolated 2D architectures, which is the low magnification
counterpart of (c). (fF—h) TEM images of the Au,s architectures that are incubated at 140 °C for 5 min. (f and g) The top view
with low (f) and high (g) magnification. (h) The side view of the architectures. The scale bar is 10 (a), 10 (b), 5 (c), 20 (e), and

300 nm (f).
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Figure 3. SAXD spectra of small isolated 2D architectures with elongated feature and multilayered 2D architectures, which

are incubated at 90 and 140 °C for 5 min, respectively.

Note that the surface-to-surface distance of Au;s
NCs along “x" direction is only 0.7 nm, which is even
shorter than the length of one DT chain in elongated
feature that should be 1.7 nm.?’ It implies that the
steric repulsion of neighboring Au;s NCs along “x”
direction is capable to drive DTs orientating vertical to
“x" direction (Figure 5a). Brownian dynamics (BD) is
performed to simulate the anisotropy in Au;s NC
arrangement by considering the specific structure of
Au,sDT;s (Supporting Information Figure $1)."” The
result indicates when several Au,s NCs attach to each
other, DTs can accommodate new configuration and
redistribute on NC surface. This mainly attributes to
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the variation of Au—S bond length during the self-
assembly (Supporting Information Figure S1c). Mean-
ingfully, the simulation further indicates that the dis-
tribution of DTs is more preferential along ")7" direction
than another “z” direction vertical to “x”, though DTs
are rich both along )7 and “z" directions. Accordingly,
the grafting density of DTs on NC surface alters to 0.8
per nm? along “x " direction and 2.2 per nm? along “y ”
direction (Supporting Information Figure S2). As a
result, an asymmetric vdW attraction is induced. In this
case, the surface-to-surface distance of Au;s NCs along
)7 direction is 2.1 nm, which is between the length of

one DT and two DTs. This implies the formation of
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Figure 4. Relative stability of Au;s arrangement from the bulk-crystal structures of gold (a) that presents C,, symmetry and
lowest-energy. The energy values based on the PBE/DNP level, the PBEPBE/LANL2DZ level, and the PBEPBE/SDD-Au 2f//
PBEPBE/LANL2DZ level of theory is 0.00, 0.04, and 0.00 eV, respectively (b). Au;sDT,5 NC is sketched by GaussView 5.0.8 and

optimized by the VAMP module. On the basis of the simulative construction of Au;5DT,5 NC (c), the dipole moment of

Au,5DT;5 NC is calculated as 13.27 D.
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sheet

Figure 5. Schematic illustration of the morphology variation from small isolated 2D architectures to multilayered
architectures under heating treatment at 140 °C. (a—d) The cartoon pictures describe the secondary assembly of small
isolated architectures into long multilayered architectures, which involve the distribution of DT alkyls over elongated
architectures (a), the end-to-end (b) and face-to-face self-assembly (c), and the spatial arrangement of Au,;s NCs within the

multilayered architectures (d).

overlapping structure of the DTs on neighboring Au
NCs along “y” direction, thus providing strong vdW
interaction.>® The vdW attraction of DTs between the
neighboring Au;s NCs is calculated more than 7 kgT,
where kg is the Boltzmann constant and T is the
absolute temperature.?’ In addition, the BD simulation
agrees well with the experimental results. Namely,
at the BD time unit t = 1 x 10° At, the self-assembly
of Au;s NCs follows the initial linear arrangement
induced by dipolar attraction along “x" direction, and
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subsequently along ";" direction. BD simulation also
reveals that the 2D-oriented self-assembly is more
competitive than 1D with increasing concentration of
Au,s5 NCs from N = 18 to 144 (Figure 2d), because vdW
attraction depends more greatly on the inter-NC dis-
tance than dipolar attraction.?®

Despite the formation of small isolated 2D architec-
tures at 90 °C, such structures are unstable in the
solution due to the high energy along )7 and sub-

sequent “z" direction. To obtain stable structures, the
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Au;5 BE solution must be heated to 140 °C that
allows for the growth in length, width, and thickness,
which produces long multilayered 2D architectures
(Figure 2f—h). TEM and AFM observations reveal that
the 2D architectures possess the thickness of 100 +
20 nm, width of 150 £+ 20 nm, and the length of
500—2000 nm (Figure 2f and Supporting Information
Figure S3). These 2D architectures are composed of
multiple domains, because they are the secondary
assemblies from the small 2D architectures shown in
Figure 2e. This also means that the size and shape of
domains should relate to those of initial small 2D
architectures, which can be looked as the nucleus.
Moreover, the intermediates of such secondary assem-
bly are captured at 120 and 130 °C and revealed by
TEM, which clearly show the attachment and coales-
cence of small 2D architectures (Supporting Informa-
tion Figure S4). In this process, the attachment of small
2D architectures exhibits both end-to-end and face-to-
face features (Figure 5b,c), because DTs, which con-
tribute to the vdW attraction, are rich both in the ends
and the faces of the initial small 2D architectures. The
end-to-end assembly contributes to the length, while
the face-to-face assembly contributes to the thickness
of the layer structure. Vague binding boundary is
observed along the longitudinal direction of the archi-
tectures, indicating the end-to-end assembly pos-
sesses defects (Figure 2f).

The distribution and interaction of DT alkyl chains
are schemed in Figure 5, which clearly illustrate the
morphology evolution of Au;s self-assembly architec-
tures. In this context, individual Au;s NCs capped by
DTs are driven by anisotropic dipolar attraction to
trigger 1D-oriented arrangement along “x" direction,
and therewith repulse the surface DT distribution
preferentially along )7 direction (Figure 5a). As a
result, an asymmetric vdW attraction is generated.
We do not exclude the generation of vdW interaction
from Au cores. But this interaction is isotropic and
much weaker than that between DTs, thus can be
neglected in 2D self-assembly.?® Moreover, heating
treatment makes DT more dynamic that allows further
2D-oriented assembly along )7 direction. This process
can be looked as the nucleation stage of Au;s self-
assembly architectures.?”" With respect to the density
of remaining DTs on the 2D nucleus, DTs preferentially
distribute on the two ends along )7 direction and
subsequently on the two faces (Figure 5a). Conse-
quently, in the following growth stage, the attachment
and coalescence of the nucleus exhibit the priority in
end-to-end and subsequent face-to-face features
(Figure 5b,c). The end-to-end assembly keeps along
‘; direction, while the face-to-face assembly is along
“z" direction that vertical to both “x” and )7 direc-
tions. In the final multilayered 2D architectures, a new
Au;5 center-to-center distance of 3.3 nm is found
(Figure 2h). By combining TEM and SAXD results, this
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distance is assigned as interlayer distance of “z”
(Figures 2h and 3). SAXD results show that the primary
distance “x” = 2.2 nm disappears in the final multi-
layered 2D architectures, indicating the redistribution
of Au;s NCs during heating treatment at 140 °C
(Figure 5d). In this context, the stability of dipole
chains is temperature-dependent. At 140 °C, the
molar kinetic energy of dipole chains is 3.3 kJ/mol,
which is comparable with the energy of permanent
dipole (3.8 kJ/mol). The relative weak dipolar force
can no longer maintain the structures with 1D feature
in the presence of enhanced vdW interaction. The
two Au;s5—Au;s distances of “y” and “z” in the multi-
layered architectures mean that the existence of two
kinds of vdW interactions, namely, stronger inner-
layer interaction and weaker inter-layer interaction
are in accord with the structural property of vdW
materials.' ¢

To produce monolayered self-assembly architec-
tures, the inter-NC interactions should be finely tuned
to break the interlayer interaction without destroying
the inner-layer one. Inspired by the liquid exfoliation
strategy for preparing defect-free graphene,’? the
surface tension of solvent is considered to neutralize
the interlayer vdW attraction of Au;s self-assembly
architectures. The surface tension and vdW attraction
should be very close. The energy balance can be
expressed as the enthalpy of mixing, AHpix, Which
is calculated according to AHpix/Vmix ~ (2/T)(Opau —
Oso)’¢.”® Where 6; = VE5,, is the square root of the
component surface energy. T and ¢ is the thickness of
Au, s self-assembly architectures, and the volume frac-
tion, respectively. It shows that AHy,;, depends on
the balance of Au;s vdW surface energy (Sa,) and
solvent surface energy (Jdso). Oa, is defined as the
energy per unit area required to overcome the vdW
forces as peeling two sheets apart. The vdW surface
energy belonging to inter-layer and inner-layer is
calculated to be 15.6 and 23.4 mJ/m?, respectively
(Supporting Information, Figure S5). In this respect,
BE is not a suitable solvent to produce monolayered
architectures, because of the high surface tension of
27.7 mJ/m? at 140 °C.3? To lower the surface tension to
15.6 mJ/m?, the temperature must exceed 250 °C
(Supporting Information, Figure S6). However, such
high temperature results in excessive conformational
entropy of DT alkyls, which will destroy the inner-
layered interaction and leads to random aggregates
(Supporting Information Figure S7). To solve this pro-
blem, liquid paraffin (LP) with a surface tension of
15.4 mJ/m? at 140 °C is added to lower the surface
tension of BE (Supporting Information, Figure $6).3% As
shown in Figure 6b-iii, monolayered Au, s self-assembly
architectures are obtained as annealing at 140 °C for
60 min in the binary solvents of BE and LP with the
volume ratio of 1/7.5. The temporal evolution of
the self-assembly architectures from multi-, few-, to
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Figure 6. Time-dependent morphology evolution of Au,s; self-assembly architectures at 140 and 144 °C for 60 min
after adding LP. (a) TEM image of the as-prepared multilayered architectures. (b) Typical TEM images of the archi-
tectures as maintaining the multilayers at 140 °C for 15 (b-i), 20 (b-ii), and 60 (b-iii) min. (c) Typical TEM images of the
architectures as maintaining the multilayers at 144 °C for 15 (c-i), 20 (c-ii), and 60 (c-iii) min. (d) Tapping modal AFM and
corresponding TEM images of hexagonal nanosheets, which form at 144 °C for 15 (d-i), 20 (d-ii), and 60 (d-iii) min. The scale bar

is 200 nm.

monolayer in BE and LP mixture is revealed by TEM
observation (Figure 6a,b). As extending the annealing
duration from 0, 15, 20, to 60 min, the width of the
architectures increases from 100, 200, 400, to 600 nm.
Accordingly, the thickness decreases from 100, 60, 30,
to 1.5 nm (Supporting Information Figures S3 and S8).
Meanwhile, the long architectures divide into sepa-
rate Au;s monolayer. Such reorganization involves
three aspects. First, the annealing at 140 °C acti-
vates the mobility of DTs in the multilayered 2D
architectures,>* 73 thus permitting the sliding reorga-
nization of Au;s NCs. Second, the surface tension is
lowered in BE and LP mixture, which decreases the
thickness of 2D architectures like liquid exfoliation.
Finally, because the multilayered architectures are the
aggregates of smaller 2D architectures (Figure 2f and
Supporting Information Figure S4), the connection at
specific regions, such as the interdomains, is weaker.
Therefore, the disassembly of long architectures is
allowed during the structural reorganization. Note
that the monolayered sheets are stable, which pre-
serve the morphology after maintaining at 140 °C for
5 h (Supporting Information Figure S9). Large nano-
particles are observed only at higher temperature,
such as at 250 °C for 3 h (Supporting Information
Figure S10).

To confirm the consideration, the multilayered 2D
architectures are annealed at 144 °C. Such variation
produces hexagonal nanosheets with controllable
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thickness (Figure 6¢,d). In this context, the elevated
temperature lowers the surface tension of solvents
but increases the conformational entropy of DTs,?”'
thus facilitating the sliding reorganization of Au;s
NCs and the disassembly of long architectures at the
poorly connected points. Separate assembles with
ellipsoid feature are observed after 15 min annealing
(Figure 6¢-i). Owing to the stretch stemming from the
adjacent NCs, the boundary of ellipsoids is straigh-
tened during further annealing.?” As a result, hex-
agonal individuals of self-assembly architectures are
produced (Figure 6c-ii and iii). Similar to the structur-
al evolution at 140 °C, a prolonged annealing at
144 °Cincreases the size but decreases the thickness
of hexagonal nanosheets. The sliding reorgani-
zation of Au;s also exists, which is parallel to the
sheets but orients randomly (Supporting Informa-
tion Figure S11). AFM results exhibit a gradual thick-
ness decrease to 30, 23, and 1.5 nm (Figure 6d). Note
that 1.5 nm is the diameter of individual Au;5 NCs,
showing the monolayer feature. Despite the fact that
both disassembly and sliding reorganization are
important for producing monolayered sheets, the
dominance depends on the different stages of self-
assembly. At the initial stage, the disassembly is
dominant because of the poorly connected Au
NCs in long architectures. So, separate assemblies
with ellipsoid feature are produced (Figure 6c-i).
At the following annealing treatment, sliding
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reorganization becomes dominant, because the at-
traction between Au NCs is much stronger through
the overlapping of DT alkyls.

In all, the formation of monolayered sheets is
mainly attributed to the secondary solution of LP and
the strong overlapping of DTs. LP lowers the surface
tension of solvent to neutralize the interlayer vdW
attraction, and therewith facilitates the formation of
monolayered sheets. As replacing LP by other low
surface tension solvents, such as octadecene, mono-
layered sheets are also produced (Supporting Informa-
tion Figure S12). The DTs on neighboring NCs are
strongly overlapped, which allows the sliding reorga-
nization rather than fusion of NCs. As shown in Sup-
porting Information Figure S13a, similar monolayered
sheets are produced using hexadecanethiol as the
ligand, which possesses longer alkyls than DT, whereas
big nanoparticles form using pentanethiol with
shorter length as the ligand (Supporting Information
Figure S13b).

By understanding the origin of asymmetric driving
force and entropic effect in forming 2D-oriented
Au, s self-assembly architectures, the morphologies
of architectures are further controlled (Figure 7). For
example, nanoleaves are obtained by decreasing the
concentration of Au;5 NCs (0.008 mmol) and anneal-
ing at 142 °C (Figure 7b). Such variation mainly
influences the balance of dipolar and vdW interac-
tions in the formation of initial 2D nucleus. In this
context, the permanent dipole of Au;s NCs is inde-
pendent of the concentration. NCs concentration
only affects the relative intensity of vdW interaction
and dipolar forces, because higher concentration
generates stronger vdW interaction by shortening
the distance of NCs. As simulated in Figure 1d, low
Au;5 concentration suppresses the nucleation in 2D
feature, thus generating narrow adjacent domains in
the intermediate structures. These domains adhere
through the long side, which is the )7 direction
(Supporting Information Figure S14). So, after disas-
sembly, narrow self-assembly architectures are ob-
tained. Moreover, the aspect ratio of hexagonal
nanosheets is tuned from 1.6 to 4.9 by increasing
the heating rate (Figure 7c,d). The increased heating
rate means the shortened duration to reach a spe-
cific temperature, such as 144 °C for the growth of
nanosheets. The shortened annealing duration leads
to insufficient sliding organization of Au;s in each
domain toward )7 direction, which is also the
direction of domain adhesion (Supporting Informa-
tion Figure S15). As a result, high aspect ratio hex-
agonal sheets are produced after disassembly.

It should be mentioned that the current approach
cannot be extended to the 2D self-assembly of big
nanoparticles, owing to the difference in the driving
forces like ultrasmall NCs. In our approach, the 2D self-
assembly is mainly driven by the asymmetric vdW
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Figure 7. A variety of Au,s self-assembly architectures. (a)
Product diagram of the architectures by altering the con-
centration of Au, s, reaction temperature, and heating ratio.
(b—d) Typical TEM images of the architectures with well-
defined morphology, for example, nanoleaves (b), and more
lanky hexagonal nanosheets with the aspect ratio of 1.9 (c)
and 4.9 (d). The scale bar is 200 nm.

interaction, resulting from the asymmetric distribu-
tion of capping ligands on NCs. Whereas the vdW
interaction from the core of Au NCs is negligible for
their small size, for big nanoparticles, the vdW inter-
action from the core of particles is much stronger than
that from capping ligands.?® Thus, the ligands distri-
bution cannot induce enough asymmetry for 2D self-
assembly.

CONCLUSIONS

In conclusion, mono-, few-, and multilayered 2D
architectures with controlled morphologies are pro-
duced through the self-assembly of Au;sDT;s NCs in
colloidal solution. The main driving forces of such self-
assembly are the dipolar interaction originated from
the specific structure of NCs and the vdW interaction
contributed from DTs. Triggered by the anisotropic
dipolar attraction, the initial assembly is 1D-oriented,
which in return leads to the asymmetric spatial dis-
tribution of DTs and hence the vdW attraction. As a
result, the followed self-assembly is conducted toward
2D model. With respect to control 2D morphologies,
the entropic effect is important for the reorganization
of NCs in the preassembled structures. This acquire-
ment permits to tune the length, aspect ratio, and
thickness of the final 2D architectures. The current
work presents a facile and feasible approach to pro-
duce NC-based 2D self-assembly structures in colloidal
solution. In particular, the in-depth understanding of
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the origin and control of asymmetric vdW attraction in
2D self-assembly offers a new pathway for designing

METHODS

Materials. 1-Dodecanethiol (DT, 98%) was purchased from
Aladdin Chemistry Co. Ltd. Benzyl ether (BE, 98%) was pur-
chased from Aldrich. Chloroauric acid (HAuCl, - 4H,0, Au mol %
>47.8%) and liquid paraffin (LP, CP) were purchased from the
Sinopharm Chemical Reagent Co. Ltd. Acetone and chloroform
were all commercially available products and used as received
without further purification.

Preparation of Au;s NCs. A total of 0.2 g (0.032 mmol) of
HAuCl,-4H,0 was dissolved by 2 mL of BE in a 100 mL three-
necked flask. Under vigorous stirring, 0.5 mL of DT (2 mmol) was
added dropwise at room temperature and maintained for 1 h to
produce Au;s NCs.

1D-Oriented Self-Assembly of Au;s NCs. To conduct 1D-oriented
self-assembly, the Au;s BE solution was maintained at room
temperature for 24 h after removal of the excessive DT using
chloroform.

Self-Assembly of Au, 5 NCs into Multilayered Architectures. The afore-
mentioned Au,s BE solution was heated from room tempera-
ture to 140 °C at the rate of 5 °C/min under vacuum and
vigorous stirring. When the temperature was up to 140 °C,
multilayered architectures were produced.

Self-Assembly of Au,s NCs into Monolayered Architectures. The pre-
paration of monolayered architectures was similar to that of
multilayered architectures, except for adding 15 mL of LP into
BE solution as a secondary solvent (7.5:1 LP-to-BE volume ratio).

Self-Assembly of Au;s NCs into Separate Architectures with Well-
Defined Morphologies. For a typical preparation of well-defined
hexagonal nanosheets with the aspect ratio of 1.6, the foremost
synthesized Au,s NCs were maintained for 60 min at 144 °Cin
binary solvent of 15 mL LP and 2 mL BE (7.5:1 LP-to-BE volume
ratio), and under N, protection after degassing under vacuum.
The heating rate was 10 °C/min. To produce well-defined
hexagonal nanosheets with the aspect ratio of 1.9 and 4.9,
similar operation was adopted except using the heating rate of
13 and 20 °C/min, respectively.

To produce well-defined nanoleaves, first, 0.05 g of
HAuCl,-4H,0 was dissolved by 2 mL BE in a 100 mL three-
necked flask. Under vigorous stirring, 0.125 mL of DT was added
dropwise at room temperature and maintained for 1 h to
produce Au;s NCs (0.008 mmol Au;s). Subsequently, 30 mL of
LP was added as a secondary solvent (15:1 LP-to-BE volume
ratio). The mixture was maintained for 10 min at 142 °C and
under N, protection after degassing under vacuum. The heating
rate was 10 °C/min.

To produce well-defined nanoflowers, the preparation was
similar to that of hexagonal nanosheets with the aspect ratio of
1.6, except elevating the temperature over 145 °C.

To produce adhesion structures, the preparation was similar
to that of hexagonal nanosheets with the aspect ratio of 1.6,
except lowering the concentration of Au;s to 0.015 mmol.

Purification. After it was cooled down to room temperature,
1 mL solution of Auys self-assembly architectures was washed
and precipitated through the addition of 1 mL of chloroform
and 2 mL of acetone twice at room temperature. Separated by
centrifugation, the precipitates were collected and dispersed in
1 mL of chloroform.

Characterization. UV—visible absorption spectra were mea-
sured by a Shimadzu 3600 UV—vis-NIR spectrophotometer.
Fluorescence spectroscopy was measured using a Shimadzu
RF-5301 PC spectrophotometer. Transmission electron micro-
scopy (TEM) was measured with a Hitachi H-800 electron
microscope, which was at an acceleration voltage of 200 kV
with a CCD camera. High-resolution TEM (HRTEM) images were
acquired with a JEM-2100F electron microscope at 200 kV.
Atomic force microscope (AFM) tapping mode measurements
were performed on a Nanoscope llla scanning probe micro-
scope (Digital Instruments) and by a rotated tapping mode
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practical vdW materials with broadened compositions
and morphologies.

etched silicon probe tip. Small-angle X-ray powder diffraction
(SAXD) investigation was carried out on a Rigaku X-ray diffract-
ometer using Cu K radiation (1 = 1.5418 A).

Model and Simulation Method. Material Studio version 5.0, a
high-quality quantum mechanics computer program was used
to calculate the quantum chemical parameters of Au,5DT;5 NCs.
These calculations employed AM1 semiempirical equations at
RHF level implemented in the VAMP module. First, the Au;5 NC
was generated from crystal structure,>® which agreed with the
relative stability of neutral Au;s NCs as shown in Figure 4a,b.3°
Then, Au;sDT;s NC was sketched by GaussView 5.0.8 and
optimized by the VAMP module as shown in Figure 4c. Finally,
we obtained the dipole moment as 13.27 D and the charge
distribution of Au in Au;5DT;s.

We adopted 15 linear chains connected to a center Au core
to form the composite system Au;sDT;s5, where Au;s repre-
sented 15 CG beads form a spherical rigid body. Brownian
dynamics (BD) simulation technique, a suitable and efficient
method in treating the self-assembly of nano-objects, was used
to simulate the stepwise interaction between Au;sDT;5 NCs in
BE solution (Supporting Information Figure S1).
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