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. The fabrication of an ultra-dense, highly periodic nanoparticle array from a soft template is one of the
. most important issues in the fields of material science and nanotechnology. To date, block copolymer
(BCP) structures have been primarily used as templates for fabricating highly periodic nanoparticle
arrays with high areal densities. Herein, we demonstrate for the first time the use of a supramolecular
dendrimer assembly for the formation of a highly ordered nanoparticle array with a high areal density

of ~20 Tdot/in?, four times larger than that of the currently reported BCP-based nanoparticle arrays.
By the simple thermal annealing of a dendrimers containing a metal precursor between two flat, solid
substrates, a hexagonal array of small gold nanoparticles (with a diameter of ~1.6 nm and center-to-
center distance of ~5.3 nm), oriented normal to the bottom, was achieved. Density functional theory
calculations demonstrated that the gold cation strongly bound to the head group of the dendrimer. This
. structure served as a building block for self-assembly into a stable cylindrical structure. We anticipate
. that this study will lead to the creation of a large family of supramolecular dendrimers that can be
utilized as soft templates for creating periodic, ultra-dense nanoparticle arrays.

. Fabricating a monodisperse, ultrahigh-density nanoparticle array is crucial for various applications, including
. high-density data storage, memory devices, and the synthesis of secondary nanomaterials'-°. A large amount of
. studies on the generation of highly periodic two- or three-dimensional nanoparticle arrays using structured tem-
. plates originating from soft building blocks have been conducted. These include the use of block copolymer (BCP)
. and liquid crystal (LC) defects. In general, nanoparticle arrays have been obtained by the loading of precursor’-1
: or nanoparticles'"'? onto BCP micelles, followed by the encapsulation of the preformed nanoparticles’*~' into the
. phase-separated BCP domain and/or BCP interfaces, and finally precursor loading®!#-° of or metal deposition*"?
. of on the nanopatterned template of the BCP. In addition, ultra-dense, periodic nanostructure have been achieved by
© pattern transfer from ordered BCP domain from selective etching?-*. The defects of smectic liquid crystals**-** and
disclinations of cholesteric liquid crystals®! have also been utilized as templates for obtaining a periodic assembly of
nanoparticles arrays. The areal densities of the nanoparticle arrays prepared from the aforementioned liquid crystal
defects/dislocations or BCP templates range from 0.1 Gdot/in? to 5 Tdot/in%.

Results
. Computational calculation. In this paper, we describe a facile method for creating a highly periodic, ultra-
. high-density hexagonal array of small nanoparticles by using a supramolecular dendrimer as a new template
© to direct the self-assembly of nanoparticles. The nanoparticle array obtained by using this new method possess
. the highest areal density in comparison with the structured templates using existing soft building blocks, thus
. overcoming the limitations of the latter method. Our approach for achieving a highly ordered nanoparticle array
is based on the self-assembly of supramolecular dendrimers containing a metal precursor (gold cations, Au*").
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Figure 1. (a) Chemical structure of the supramolecular dendrimer. (b) Top and side views of the optimized
structures of 15-crown-5 with attached benzene before (left) and after (right) gold cation (Au**) binding in the
gaseous phase. Au, C, O, and H are shown in gold, gray, red, and white, respectively. The binding energy of Au*™
on 15-crown-5 with an attached benzene (in kJ/mol) is included. (c) Molecular structure of the supramolecular
dendrimer in the absence and presence of gold cation binding based on the DFT calculation. (d) Schematic
illustration of the self-assembly of dendrimers containing gold cations (Au-dendrimers) into a cylindrical
structure.

A dendrimer material (Fig. 1a) possessing a 15-crown-5 head, semi-fluorinated tails, and metal precursor
(gold cations), was utilized as a building block to direct the formation of a highly ordered hexagonal array of gold
nanoparticles within the thin film. The pristine supramolecular dendrimer material (Fig. 1b) is known to form a
stable hexagonal cylindrical structure via a non-covalent self-assembly process®>*. For this technique, it is impor-
tant to verify the detailed molecular structure of the dendrimer after metal precursor binding since the shape and
chemistry of the basic building block is crucial to determining the ordered structure through the self-assembly.

To examine the change in the molecular structure of the dendrimer in the absence and presence of the pre-
cursor (Au**) binding, we conducted density functional theory (DFT) calculation (Fig. 1b). Our DFT simulation
result shows that the Au®* cation is strongly bound in the cavity of the 15-crown-5 of dendrimer material with a
high binding energy (Figs 1c and S1). This high binding energy may arise from the small ionic radius and high
ionic charge of the gold cation (Au*")**-". Since the gold cation fits exactly into the cavity of the 15-crown-5, as
shown in Fig. ¢, the dendrimer containing the gold cation (Au-dendrimer) has the same tapered shape and a
similar molecular size as the pristine dendrimer (Fig. 1a,b). The Au-dendrimer is expected to form a stable hex-
agonal structure via spontaneous self-assembly, in which the core region of the supramolecular column is filled
with gold cations (Fig. 1d). The highly periodic, ultra-dense gold nanoparticle hexagonal array can be achieved by
the self-assembly of these Au-dendrimer building blocks. Herein, Au®* gold ions was utilized a metal precursor
for forming a complex with 15-crwon-5 moiety of dendrimer material since dendrimer-Au** complex showed
the best result regarding a formation a highly ordered particle array compared to Au'* ions. In addition, it is
expected that Au*" ion, having smaller ionic radius and large ionic charge compared to Au'" ion, have the higher
binding energy when they have complex with 15-crwon-5 moiety of dendrimer material based on the previous
studies®®*%,

Mesophase behavior of Au-dendrimer. The fixation of the gold cation (Au**) to 15-crown-5 of den-
drimer material was achieved by mixing a gold salt solution (HAuCl,, 0.15 wt% MeOH) with a dendrimer solu-
tion (pristine dendrimer material, 0.2 wt% chloroform) at 2:1 volume ratio, with subsequent stirring for 4h. The
powder-type Au-dendrimer complex was obtained by solvent removal under vacuum for 1h in the absence of
light.

To verify whether the pristine dendrimer maintained a cylindrical mesophase after precursor binding (as was
expected), the phase behavior of the Au-dendrimer building block as a function of temperature was analyzed by
differential scanning calorimetry (DSC, Fig. 2a), polarized optical microscopy (POM, Fig. 2b), and in situ grazing
incident small-angle X-ray scattering (GISAXS, Fig. 2c—f). The pristine dendrimer undergo two phase transitions:
crystalline-to-LC phase at 18 °C and isotropization at 78 °C (Fig. 2a, dashed line). Interestingly, the isotropic
transition temperature changed from 78°C to 118°C (Fig. 2a, solid line) in the presence of the gold precursor;
this may be attributed to the increased molecular weight and varied inter- and intramolecular interactions of the
Au-dendrimer complex. To identify the mesophase that is formed upon cooling of this isotropic melt, we con-
ducted POM analysis. A characteristic fan-shaped texture shown by POM imaging was obtained upon cooling
of the Au-dendrimer complex from its isotropic state to room temperature. This is a typical texture indicating a
columnar liquid crystalline phase (Fig. 2b). The phase behavior of the Au-dendrimer complex during heating and
cooling was confirmed by in situ GISAXS in a single bottom-top open-air system (Fig. 2c-f). An approximately
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Figure 2. Phase behavior of the supramolecular dendrimers containing gold cations. (a) DSC of the first
cooling and second heating run of the pristine dendrimers (dashed line) and Au-dendrimers (solid line). (b)
POM image of the Au-dendrimers at 100 °C upon cooling from the isotropic melt. GISAXS images of the
Au-dendrimer film obtained at 30 °C (c) and 120°C (d) during the heating run, and at 115°C (e) and 30°C (f)
during the cooling run.

100 nm thick Au-dendrimer film was formed by push coating®’: a drop of Au-dendrimer solution (~1pl, 0.5 wt%
in chloroform) was placed onto a SiO,-coated amorphous fluoro-polymer (Teflon AF), covered with thermally
cured PDMS (poly dimethyl siloxane) pad, and subsequently dried for 30 min at 25°C in the absence of light.
The scattering pattern of the as-casted film indicated the coexistence of vertical and planar orientations of the
Au-dendrimer column to the bottom substrate (Fig. 2c). Three Bragg peaks at [1—10], [-1—20], and [—2—10]
indicate the existence of a hexagonal array of Au-dendrimer supramolecular columns oriented parallel to the bot-
tom substrate. In contrast, the two in-plane Bragg peaks at [100] and [—100] indicate the presence of supramo-
lecular columns aligned vertically to the bottom substrate. The geometric confinement of the sandwiched cell by
the PDMS top and bottom substrate resulted in the partial vertical orientation of supramolecular columns during
the push coating process. The arc that is present around the scattering peaks originates from randomly oriented
Au-dendrimer columns, the presence of which may be attributed to fast solvent removal during push coating. All
diffraction patterns disappeared, indicating that the disordered state, above the isotropic transition temperature
(118°C, Fig. 2e). Three reflections ([1—10], [-1—20], and [-2—10]), began to emerge at q=1.35nm ' as the
temperature decreased below the isotropic transition temperature (Fig. 2e), which indicates the formation of a
hexagonal array of Au-dendrimer columns. The average cylinder diameter was ~5.3 nm, which is slightly larger
than that of a pristine dendrimer (ca. 4.5nm). This increase in cylinder diameter might be due to the inclusion
of the Au cation into the crown-ether core of the dendrimer, in which the varied chemistry of the Au-dendrimer
complex can result in inter- and intramolecular interactions during the self-assembly process that are different
to those in assembly of pristine dendrimer®#1#2, Decreasing to room temperature resulted in clearer scattering
peaks with a second-order diffraction peak (Fig. 2f). This simple thermal treatment induced the formation of
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a highly ordered hexagonal array of Au-dendrimer columns within a short stabilization time (in the realm of
minutes).

Preparation of ultra-dense nanoparticle arrays. To prepare an ultra-dense periodic nanoparticle array,
the orientation of the Au-dendrimer cylinders was controlled by using a double-sandwich cell as a geometric
confinement template. Figure 3a shows the highly ordered hexagonal array of Au-dendrimer cylinders, oriented
normal to the bottom, formed in the double-sandwich cell via simple thermal annealing. An approximately
100 nm thick Au-dendrimer film was formed by push coating: PDMS was used to cover a drop of Au-dendrimer
solution (~1pl, 0.5 wt% chloroform) that was placed onto an amorphous fluoro-polymer (Teflon AF)-coated
bottom substrate (carbon-supported TEM grid). Subsequent drying was carried out for 30 min at 25°C in the
absence of light (i of Fig. 3a). The dried Au-dendrimer film, which was confined between the PDMS top and the
bottom substrate, was heated above its isotropic temperature (118 °C) and cooled down to room temperature at
arate of 1°C/min to induce a highly ordered hexagonal array of Au-dendrimers with a vertical orientation (ii of
Fig. 3a). In this process, the top and bottom substrates serve as a geometric confinement template via the created
double-sandwich system, which induces a highly ordered vertical alignment of the Au-dendrimer cylindrical
structures*=*>. An amorphous fluoro-polymer was coated on the bottom substrate to secure conformal contact
between the Au-dendrimer film and the bottom substrate, which is crucial to the creation of a large-area vertical
array of fluorinated, tapered dendrimers in the double-sandwich system*. After alignment was achieved, the
Au-dendrimer film was exposed to UV (365 nm) for 1h to obtain fully reduced gold particles (Au®) with a PDMS
cover (iii of Fig. 3a). Finally, the PDMS top cover was peeled off to expose the Au-dendrimer film on the bot-
tom substrate (iii of Fig. 3a), transmission electron microscopy (TEM) analysis was conducted without chemical
staining. For the dendrimer film with a low amount of loaded gold cations, chemical staining with RuO, was
conducted to enhance the mass contrast and electron irradiation stability during TEM analysis.

A representative TEM image of Au-dendrimer building block in the sandwiched cell shows a perfect hexago-
nal array of cylindrical structures oriented normal to the bottom substrate (Fig. 3b). Analysis of the [1—-10], [120],
[—110], [-2—10], and [—1—20] reflections in the fast Fourier transform (FFT) diffraction pattern of the TEM
image further reveals the formation of highly ordered hexagonal cylinders (inset of Fig. 3b). It is important to
note that this TEM image of the Au-dendrimers was taken without chemical staining (with RuO,). Thus, the dark
regions of the cores of the cylindrical structures clearly represents a gold-rich region, which arises from the high
electron density of Au that is located in the core of the cylindrical structure obtained by self-assembly. Gold cation
inclusion in the head of the dendrimer resulted in enhanced mesophase thermal stability and mass contrast,
which made it possible to directly observe the ordered particle array without damaging the dendrimer film in the
absence of chemical staining. A thorough inspection of the TEM image of the ordered structure generated from
the Au-dendrimers revealed the existence of a highly periodic structure with an average cylinder diameter of ca.
5.3 nm, which is consistent with the GISAXS analysis shown in Fig. 2. A high-magnification TEM image of the
Au-dendrimer column clearly shows the presence of Au nanoparticles (~1.6nm) in the core region of the supra-
molecular cylindrical structure with 2.3 A d spacing, which corresponds to the spacing between the [111] plane
of crystalline Au (2.3 A). The obtained gold nanoparticle array possesses the highest areal density (~20 Tdot/in?)
in comparison with that of previously reported particle arrays prepared using other soft building blocks.
Elemental mapping using energy-dispersive X-ray spectroscopy with a scanning transmission electron micro-
scope was carried out to reconfirm the position of the gold nanoparticles on the Au-dendrimer film. Elemental
mapping of Au (Fig. 3¢, Au-L and Au-M) with six clearly visible spots in the FFT pattern reveals (inset of Fig. 3c,
Au-L and Au-M) that the bright core region of the cylindrical structure in the dark-field scanning image (dark
region of the bright-field TEM image) consists of gold species. This result confirms that the core region of the
supramolecular columns, formed by the self-assembly of Au-dendrimers, becomes filled with gold species.
Further evidence of the formation of vertically oriented Au-dendrimer films annealed in a double-sandwich cell
was obtained by GISAXS. Clear in-plane Bragg peaks (Miller indices [100], [110], and [200] for a 2D hexagonal
column) exist at q =~ 1.35nm ™" (period ca. 5.3nm), +/3 q ~ 2.34nm™', and /4 q~ 2.7nm"', which suggest that
the hexagonal columns are oriented perpendicular to the surface (Fig. 3d) over a large area.

Reduction states of gold cation attached to dendrimer. X-ray photoelectron spectroscopy (XPS)
measurement was conducted to trace the reduction state in each processing step: film formation, thermal anneal-
ing, and UV irradiation. As shown in Fig. 4a, XPS inspection of the as-casted Au-dendrimer film revealed an
Au4f binding energy spectrum at 91. 58 eV (4f;, for Au*™), 89.09¢€V (4f;), for Au®), 87. 88 eV (4f,, for Au’™), and
85.39¢€V (4f;, for Au’), which indicate the coexistence of Au** and Au® species in the as-casted Au-dendrimer
films. This is attributed to the fact that a certain amount of Au®" jons that are bound to the dendrimers were
reduced to Au’ species during solution mixing and the push-coating process because of a reaction between the
15-crown-5 and gold cations*®*. In addition, a large amount of gold cations (Au®*) were reduced to Au® species
by the thermal annealing process (Fig. 4b) and subsequent UV irradiation (1 h at 365 nm), which resulted in for-
mation of fully reduced gold nanoparticles (Fig. 4c).

To determine whether the gold nanoparticles were consistently present across the thickness of the film, an XPS
depth-profiling analysis was carried out. Figure 4d shows the relative ratios of the elements gold, carbon, oxygen,
fluorine, and silicon as a function of the sputtering time for the vertically oriented fully reduced Au-dendrimer
film (Fig. 4d). The gold, carbon, and fluorine signals came from the Au-dendrimer films, while the silicon signals
resulted primarily from the SiO, wafer. The gold signals were present across the film thickness and decreased
gradually until they disappeared toward the bottom of the films (at a sputtering time of 800s; see Fig. 4d). In
addition, the Au4f binding energy (Au’, 4f;;, = 89.09 eV and 4f,,, = 85.39 V) obtained from seven points on
the Au-dendrimer film (with a total thickness of ~100 nm and point-to-point thickness of ~16 nm) remained
constant, confirming that fully reduced gold particles (Au’) exist throughout the thickness of the film (Fig. 4e).
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Figure 3. Fabrication of ultra-dense gold nanoparticle hexagonal array oriented normal to the bottom. (a)
Schematic illustration of the deposition of the Au-dendrimer thin film on the bottom substrate by push coating,
thermal annealing in a double-sandwich cell, UV irradiation, and removal of the top PDMS layer. (b) TEM images
of a highly periodic hexagonal array of Au-dendrimers ([Au]/[Dend] = 1) oriented normal to the bottom substrate
and without chemical staining, and the corresponding FFT pattern with a higher diffraction (bottom inset in Fig. 2a).
Gold particles ~1.6nm in size are clearly shown in the high-resolution TEM image with 2.3 A d spacing (yellow inset
in Fig. 2a). (c) Elemental mapping of Au (Au-L and Au-M) with six clearly shown spots in the FFT pattern (inset).
(d) 2D GISAXS scattering patterns of the hexagonal cylinders oriented perpendicular to the bottom surface.
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Figure 4. XPS Au4f region scans showing the difference in binding energy between Au® and Au®" of the (a) as-
casted Au-dendrimer film, (b) thermally annealed Au-dendrimer film, and (c) fully reduced Au-dendrimer film
via UV irradiation. (d) Relative atomic percentages of the elements gold, carbon, oxygen, fluorine, and silicon
in the Au-dendrimer film as a function of the sputtering time. (e) Variation of the Au’ 4f binding energies of the
fully reduced Au-dendrimer film (~100 nm thick) plotted from top to bottom as a function of the sputter time/
depth.

With the system used in this study, we can fabricate a highly ordered hexagonal array of small gold nanoparticles
(~1.6nm) throughout the thickness of the Au-dendrimer film with high periodicity. This was obtained by using
supramolecular dendrimers containing a metal precursor as building block.

Effect of [Au]/[Dend] on formation of nanoparticle arrays. The effects of the gold cations loaded
onto the dendrimers on the ordered structure of the Au-dendrimer supramolecular assembly, was investigated
by varying the molar ratios of the gold cations to dendrimers mixing solution. Herein, moles of gold cations and
dendrimer molecules are denoted by [Au] and [Dend], respectively. The molar ratio of gold cations to dendrimer
([Au]/[Dend]) was varied from 0.04 to 5 (Figs 5 and S2). When [Au]/[Dend] was less than 1, a stable hexagonal
cylindrical structure was successfully formed from the Au-dendrimer building blocks via thermal annealing in
the double-sandwich cell. Even though we did not observe a clear TEM image at [Au]/[Dend] = 0.5 because of a
slight difference in mass contrast between the core and tail regions of the Au-dendrimer cylindrical structure, the
six-spot FFT pattern (inset of Fig. 5a) that was observed confirmed the existence of a hexagonal cylindrical struc-
ture. The most ideal Au-dendrimer hexagonal array was obtained at [Au]/[Dend] ~ 1 (Fig. 5b). As demonstrated
in our DFT calculation, one gold cation fits into the cavity of a 15-crown-5 of dendrimer material, thus becoming
an Au-dendrimer building block that can self-assemble into the desired hexagonal cylindrical structure. The den-
drimer molecules bind the gold cations (Au") at this equivalent ratio of 1:1 to form the equivalent Au-dendrimer
structure at [Au]/[Dend] ~ 1. At [Au]/[Dend] = 1.5; excess gold cations that do not bind to the dendrimers are
likely to aggregate around the core region of the column, while the hexagonal array of the Au-dendrimer columns
remains, as shown in Fig. 5c. When further gold cations were added to the dendrimer ([Au]/[Dend] = 5, Fig. 5d),
large gold particles (~10 nm in size, Fig. 5¢) were generated, and the ordered hexagonal cylindrical structure was
no longer found.

The average diameter of the supramolecular cylinders was calculated from TEM and GISAXS analysis
(Table S1). Interestingly, the average diameter of the supramolecular cylinders in the range of 0< [Au]/[Dend] <1
gradually increased from 4.5 nm (pristine dendrimer, [Au]/[Dend] ~ 0) to 5.3 nm (Au-dendrimer, [Au]/[Dend]
2 1) as the ratio of loaded gold cations to dendrimer (Fig. 5f, binding region) increased. Although the exact
mechanism is not fully understood, it is likely that the pristine dendrimers and Au-dendrimers self-assemble
together into a cylindrical structure, in which the varied molecular packing of supramolecular dendrimers leads
to a gradual increase in cylinder diameter as a function of [Au]/[Dend]*>4142,

Preparation of other metal particle arrays. Our approach is not only limited to the use of gold cations
(Au’"), as the pristine dendrimers can be used as templates for the formation of highly periodic arrays of var-
ious metal nanoparticles that possess an ionic radius and charge that allow them to bind into the cavity of the
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Figure 5. TEM images of the ordered structure of Au-dendrimers annealed between a Teflon AF coated bottom
and PDMS top sandwiched cell at (a) [Au]/[Dend] = 0.5, (b) [Au]/[Dend] = 1, (c) [Au]/[Dend] ~ 1.5, and (d)
[Au]/[Dend] = 5, and their corresponding FFT patterns (insets of ac). (e) High-resolution TEM image of large
gold nanoparticles formed at [Au]/[Dend] ~ 5 and the corresponding FFT pattern (inset). (f) Variation of the
diameter of the supramolecular cylindrical structures as a function of [Au]/[Dend].

15-crown-5 head of the dendrimer. Following the procedure described above, we conducted fixation experiments
using this dendrimer and other cations such as silver (AgNO;) and platinum (PtCl,) at [cation]/[Dend] ~ 1.
Interestingly, highly periodic nanoparticle arrays of silver and platinum were generated via the self-assembly of
the dendrimers containing metal cations in a double-sandwich cell composed of a Teflon AF bottom and PDMS
top, as in the case of Au-dendrimers. The TEM images and corresponding FFT patterns shown in Fig. S3 clearly
confirm the formation of hexagonal arrays of silver and platinum nanoparticles with average cylindrical diame-
ters of 4.65nm and 5.04 nm, respectively. These results demonstrate the possible use of these dendrimers as a new
soft building block to guide a large amount of metal nanoparticles into forming hexagonal arrays with high perio-
dicity and spatial accuracy in a simple manner. The spatial distribution of the nanoparticles might be controllable
in the transition from a bilayer to rectangular columns, hexagonal columns, or cubic structures depending on the
shape and chemical structure of the monodendron when the supramolecular dendrimer is used as a template to
guide the nanoparticle assembly.

Conclusions

In summary, we experimentally demonstrated, for the first time, the use of supramolecular dendrimers as a soft
building block to guide a nanoparticle assembly. Highly periodic, ultra-dense nanoparticle arrays were generated
by utilizing a dendrimer containing a metal precursor (Au-dendrimer), which formed a stable hexagonal cylin-
drical structure upon cooling from the isotropic melt. This investigation provides several significant insights for
material science and nanotechnology. First, the nanoparticle arrays based on a soft building block formed in this
study have the highest areal density (~20 Tdot/in?) with a ca. 1.6 nm dot size and ca. 5.3 nm interparticle spacing,
as compared with those generated using existing soft building blocks. Second, this nanoparticle array is obtained
in a simple and fast manner arising from beneficial properties of self-assembly promoted by the supramolecu-
lar dendrimers, such as the small features and fast stabilization of the ordered structure. Third, supramolecular
dendrimers have a high possibility of being used as templates capable of forming a large family of metal nano-
particle arrays with a variety of orders. This is due to the hugely diverse chemistry, structure, and functionality of
supramolecular dendrimers. We believe that this investigation presents the opportunity to create a large family of
supramolecular dendrimers that are ultra-dense and possess a highly periodic nanopattern.

Methods

Material. Perfluorinated tapered supramolecular dendrimer material was synthesized by using the previously
described method®. Fluorinated polymer (Teflon AF, Dupont) were used as received. PDMS pad (5 mm thick)
was prepared by thermal curing of the pre-polymer (Silicone Elastomer base: curing agent = 10:1 weight ratio,
Sylgard 184, Dow corning) on cleaned Si wafer at 80 °C for 2h.
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Precursor fixation with dendrimer material.  Fixation of gold cation (Au **) to the crown-ether group
([Au]/[Dend] =1) was conducted by mixing of gold salt solution (HAuCl,, 0.15 wt% in MeOH) with dendrimer
solution (dendrimer material 1, 0.2 wt% in Chloroform) with 2:1 volume ratio, and subsequent stirring for
four hours. Other Au-dendrimer complex having, different value of [Au]/[Dend], was obtained by varying the
concentration of gold precursor in methanol proportional to value of [Au]/[Dend] with fixed concentration of
dendrimer solution in chloroform (0.2 wt%). The powder type Au-dendrimer complex was obtained by solvent
removal under vacuum for one hour with light blocked.

Preparation of highly ordered hexagonal array of gold nanoparticles, oriented normal to bot-
tom substrate, with the highest areal density. An approximately 100 nm thick Au-dendrimer film is
formed by push coating, PDMS covering a drop of Au-dendrimer solution (a drop ~ 1pl, 0.5 wt% in chloroform)
on amorphous fluoro-polymer (Teflon AF) coated bottom substrate (carbon supported CF grid) and subsequent
drying for 30 minutes at 25 °C with light blocked. The dried Au-dendrimer film, confined between PDMS top
cover and bottom substrate, is heated above its isotropic temperature (118 °C) and cooled down to room temper-
ature at 1 °C/min rate to induce a highly ordered hexagonal array of Au-dendrimer with vertical orientation. After
the whole alignment process, Au-dendrimer film is exposed to UV (365 nm) for 1 hour to obtain fully reduced
gold particle (Au’) with PDMS cover. PDMS top cover is peeled off. Transmission electron microscopy (TEM)
analysis is conduct without chemical staining ([Au]/[Dend] >0.5). For the dendrimer film having low loaded
gold cation ([Au]/[Dend] <0.5), chemical staining with RuO, was conducted to enhance the mass contrast and
electron irradiation stability during TEM analysis.

In-situ GISAXS. GISAXS experiment was performed at Pohang Accelerator Laboratory (PAL), 3 C SAXS
Line. An approximately 100 nm thick Au-dendrimer film is formed by push coating, PDMS covering a drop of
Au-dendrimer solution (a drop ~ 1 pl, 0.5 wt% in chloroform) on amorphous fluoro-polymer (Teflon AF) coated
Si0, and subsequent drying for 30 minutes at 25 °C with light blocked. Ordering process is observed in real time
during heating and cooling process in open air system.

Computational details. The geometry of the 15-crown-5 head with an attached benzene group and
the complex formed with Au*" were optimized using the B3LYP functional, which was implemented in the
GAUSSIANO09 program (G09)*. The B3LYP density functional has been used to model the crown ether in other
works®**!. The 6-31 4 G(d) basis set was used to describe all of the electrons in the system. The Los Alamos effec-
tive core potential (LANL2DZ)** was employed for the Au atom. The basis set superposition error was corrected
for the binding energy value using the counterpoise method. To reduce the computational costs, the dendrimer
material was simplified as a 15-crown-5 molecule with an attached benzene group. The expression for the DFT
binding energy of a metal cation (Au*") to the 15-crown-5 with an attached benzene group is defined as follows:

BE; = E(Au®*-15-crown-5 with attached benzene)
—{E(15-crown-5 with attached benzene) + E(Au®")}

where E(Au’*-15-crown-5 with attached benzene), E(15-crown-5 with attached benzene), and E(Au’") are the
total energies of the 15-crown-5 with attached benzene and Au** binding, the 15-crown-5 with attached benzene,
and the Au’" cation, respectively, all in the minimum energy configuration.

The binding energy of 15-crown-5 with an attached benzene complex in an aqueous phase was calculated at
the same level by using the dielectric continuum solvation model. In modeling solvent effects in quantum chemi-
cal calculations, the polarizable continuum approach is widely used. The dielectric PCM (DPCM)* is the original
version of PCM that is no longer recommended®*; as such, further variations of PCM (i.e., the conductor-like
polarizable continuum model (CPCM)** and integral equation formalism PCM (IEFPCM)*® are more commonly
implemented in quantum chemistry packages. Among the available continuum solvent models (DPCM, CPCM,
and IEFPCM), IEFPCM was used in this work; this is in keeping with a previous study indicating that IEFPCM
provides accurate results for solvents with low dielectric constants®’.

References

1. Sun, S., Murray, C. B., Weller, D., Folks, L. & Moser, A. Monodisperse FePt nanoparticles and ferromagnetic FePt nanocrystal
superlattices. Science 287, 1989-1992 (2000).

2. Ruiz, R,, Dobisz, E. & Albrecht, T. R. Rectangular patterns using block copolymer directed assembly for high bit aspect ratio
patterned media. ACS Nano. 5,79-84 (2011).

3. Ghoshal, T. et al. Size and space controlled hexagonal arrays of superparamagnetic iron oxide nanodots: magnetic studies and
application. Scientific reports 3,2772-2779 (2013).

4. Fan, H. J., Werner, P. & Zacharia, M. Semiconductor nanowires: from self-organization to patterned growth. Small 2, 700-717
(2006).

5. Kim, K. H. ef al. Sulfur infiltrated mesoporous graphene-silica composite as a polysulfide retaining cathode material for lithium-
sulfur batteries. Carbon 69, 543-551 (2014).

6. Min, B. H. et al. Bulk scale growth of CVD graphene on Ni nanowire foams for a highly dense and elastic 3D conducting electrode.
Carbon 80, 446-452 (2014).

7. Spatz, J. P., Herzog, T., M6umer, S., Ziemann, P. & Moller, M. Micellar inorganic-polymer hybrid systems - a tool for
nanolithography. Adv. Mater. 11, 149-153 (1999).

8. Spatz, J. P,, Mossmer, S., Hartmann, C. & Moller, M. Ordered deposition of inorganic clusters from micellar block copolymer films.
Langmuir 16, 407-415 (2000).

9. Park, S., Wang, J.-Y., Kim, B., Chen, W. & Russell, T. P. Solvent-induced transition from micelles in solution to cylindrical
microdomains in diblock copolymer thin films. Macromolecules 40, 9059-9063 (2007).

10. Cho, W.J., Kim, Y. & Kim, J. K. Ultrahigh-density array of silver nanoclusters for SERS substrate with high sensitivity and excellent

reproducibility. ACS Nano. 6, 249-255 (2012).

SCIENTIFICREPORTS| (2079) 9:3885 | https://doi.org/10.1038/s41598-019-40363-6 8


https://doi.org/10.1038/s41598-019-40363-6

www.nature.com/scientificreports/

11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

25.
26.
27.

28.
. Kim, D. S., Suh, A,, Yang, S. & Yoon, D. K. Grooving of nanoparticles using sublimable liquid crystal for transparent omniphobic

30.
31.

32.

33.
34.
35.
36.

37.
38.

39.
40.
41.
42.
43.
44,
45.
46.
47.
48.

49.
50.

51.
52.

53.

Kang, Y. & Taton, T. A. Core/shell gold nanoparticles by self-assembly and crosslinking of micellar, block-copolymer shells. Angew.
Chem. Int. Ed. 44, 409-412 (2005).

Chen, Y,, Cho, J., Young, A. & Taton, T. A. Enhanced stability and bioconjugation of photo-cross-linked polystyrene-shell, Au-core
nanoparticles. Langmuir 23, 7491-7497 (2007).

Lin, Y. et al. Self-directed self-assembly of nanoparticle/copolymer mixtures. Nature 434, 55-59 (2005).

Zhao, Y. et al. Small-molecule-directed nanoparticle assembly towards stimuli-responsive nanocomposites. Nature Materials 8,
979-985 (2009).

Song, D.-P. et al. Controlled supramolecular self-assembly of large nanoparticles in amphiphilic brush block copolymers. J. Am.
Chem. Soc. 2015, 137, 3771-3774.

Jang, S. G., Kramer, D. J. & Hawker, C. J. Controlled supramolecular assembly of micelle-like gold nanoparticles in PS-b-P2VP
diblock copolymers via hydrogen bonding. . Am. Chem. Soc. 133, 16986-16996 (2011).

Kao, J. et al. Rapid fabrication of hierarchically structured supramolecular nanocomposite thin films in one minute. Nat. Commun.
5,4053-4060 (2014).

Suh, H. S. et al. Sub-10-nm patterning via directed self-assembly of block copolymer films with a vapour-phase deposited topcoat.
Nat. Nanotech. 12, 575-582 (2017).

Segal-Peretz, T. et al. Characterizing the three-dimensional structure of block copolymers via sequential infiltration synthesis and
scanning transmission electron tomography. ACS Nano 9, 5333-5347 (2015).

Shin, D. O. et al. Sub-nanometer level size tuning of a monodisperse nanoparticle array via block copolymer lithography. Adv. Funct.
Mater. 21, 250-254 (2011).

Park, S., Wang, J.-Y., Kim, B. & Russell, T. P. From nanorings to nanodots by patterning with block copolymers. Nano Lett. 8,
1667-1672 (2008).

Lopes, W. A. & Jaege, H. M. Hierarchical self-assembly of metal nanostructures on diblock copolymer scaffolds. Nature 414, 735-738
(2001).

Xu, J. et al. Fabrication of silicon oxide nanodots with an areal density beyond 1 Teradots Inch=2. Adv. Mater. 23, 5755-5761 (2011).
Gu, X,, Dorsey, P. & Russell, T. P. High density and large area arrays of silicon oxide pillars with tunable domain size for mask etch
applications. Adv. Mater. 24, 5505-5511 (2012).

Gu, W. et al. Solvent-assisted directed self-assembly of spherical microdomain block copolymers to high areal density arrays. Adv.
Mater. 25, 3677-3682 (2013).

Yoon, D. K. et al. Internal structure visualization and lithographic use of periodic toroidal holes in liquid crystals. Nature Materials
6, 866-870 (2007).

OK, J. M. et al. Controlling smectic liquid crystal defect patterns by physical stamping-assisted domain separation and their use as
templates for quantum dot cluster arrays. Langmuir 32, 13418-13426 (2016).

Honglawan, A. et al. Synergistic assembly of nanoparticles in smectic liquid crystals. Soft Matter 11, 7367-7375 (2015).

surface. J. Colloid Interface Sci. 513, 585-591 (2018).

Coursault, D. ef al. Linear self-assembly of nanoparticles within liquid crystal defect arrays. Adv. Mater. 24, 1461-1465 (2012).
Yunfeng, L. Y. et al. Periodic assembly of nanoparticle arrays in disclinations of cholesteric liquid crystals. PNAS 114, 2137-2142
(2017).

Percec, V., Johansson, G., Ungar, G. & Zhou, J. Fluorophobic effect induces the self-assembly of semifluorinated tapered
monodendrons containing crown ethers into supramolecular columnar dendrimers which exhibit a homeotropic hexagonal
columnar liquid crystalline phase. J. Am. Chem. Soc. 118, 9855-9866 (1996).

Hudson, S. D. et al. Direct visualization of individual cylindrical and spherical supramolecular dendrimers. Science 278, 449-452
(1997).

Jonathan, W. S. First- and second-sphere coordination chemistry of alkali metal crown ether complexes. Coord. Chem. Rev. 215,
171-221 (2001).

Shannon, R. D. Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides. Acta Cryst.
A32,751-767 (1976).

Heo, J. Theoretical studies on selectivity of dibenzo-18-crown-6-ether for alkaline earth divalent cations. Bull. Korean Chem. Soc. 33,
2669-2674 (2012).

Anderson, S. E. et al. EST and MALDI mass spectrometry of large POSS oligomers. Int. J. Mass Spectrom. 227, 63-76 (2003).
Anderson, J. D., Paulsen, E. S. & Dearden, D. V. Alkali metal binding energies of dibenzo-18-crown-6: experimental and
computational results. International Journal of Mass Spectrometry 227, 63-76 (2003).

Shannon, R. D. & Radii, R. E. I. and Systematic Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallographica. A32,751-767 (1976).

Tkawa, M. et al. Simple push coating of polymer thin-film transistors. Nat. Commun. 3, 1176-1183 (2012).

Percec, V., Cho, W.-D., Mosier, P. E., Ungar, G. & Yeardley, D. J. P. Structural analysis of cylindrical and spherical supramolecular
dendrimers quantifies the concept of monodendron shape control by generation number. J. Am. Chem. Soc. 120, 11061-11070
(1998).

Rosen, B. M. et al. Predicting the structure of supramolecular dendrimers via the analysis of libraries of AB; and constitutional
isomeric AB, biphenylpropyl ether self-assembling dendrons. J. Am. Chem. Soc. 131, 17500-17521 (2009).

Kwon, K. et al. Direct observation of highly ordered dendrimer soft building blocks over a large area. Nano Lett. 15, 7552-7557
(2015).

Kwon, K., Park, K. & Jung, H.-T. Long-range single domain array of a 5-nm pattern of supramolecules via solvent annealing in a
double-sandwich cell. Nanoscale 10, 8459-8470 (2018).

Feng, X. et al. Thin polymer films with continuous vertically aligned 1 nm pores fabricated by soft confinement. ACS Nano 10,
150-158 (2016).

Sakai, T. & Alexandridis, P. Mechanism of gold metal ion reduction, nanoparticle growth and size control in aqueous amphiphilic
block copolymer solutions at ambient conditions. . Phys. Chem. B 109, 7766-7777 (2005).

Longenberger, L. & Mills, G. Formation of metal particles in aqueous solutions by reactions of metal complexes with polymers. J.
Phys. Chem. 99, 475-478 (1995).

Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 38, 3098-3100
(1988).

Frisch, M. J. et al. Gaussian 09, revision A. 02; Gaussian, Inc.: Wallingford, CT, 2009.

Choi, C. M., Heo, J. & Kim, N. J. Binding selectivity of dibenzo-18-crown-6 for alkali metal cations in aqueous solution: A density
functional theory study using a continuum solvation model. Chem Cent J. 6, 84 (2012).

Alkauskas, A., Baratoff, A. & Bruder, C. Gaussian form of effective core potential and response function basis set derived from
troullier-martins pseudopotential: results for Ag and Au. J. Phys. Chem. A 105, 6863-6868 (2001).

Hay, P. J. & Wadt, W. R. Ab initio effective core potentials for molecular calculations. Potentials for the transition metal atoms Sc to
Hg. J. Chem. Phys. 82,270-283 (1985).

Miertus, S., Scrocco, E. & Tomasi, J. Electrostatic interaction of a solute with a continuum. A direct utilizaion of AB initio molecular
potentials for the prevision of solvent effects. Chem Phys 55, 117-129 (1981).

SCIENTIFIC REPORTS |

(2079) 9:3885 | https://doi.org/10.1038/s41598-019-40363-6 9


https://doi.org/10.1038/s41598-019-40363-6

www.nature.com/scientificreports/

54, Tomasi, J., Mennucci, B. & Roberto Cammi, R. Quantum mechanical continuum solvation models. Chem.Rev. 105, 2999-3093
(2005).

55. Klamt, A. & Schitiirmann, G. COSMO: a new approach to dielectric screening in solvents with explicit expressions for the screening
energy and its gradient. J. Chem. Soc., Perkin Trans. 2(0), 799-805 (1993).

56. Cances, E., Mennucci, B. & Tomasi, J. A new integral equation formalism for the polarizable continuum model: theoretical
background and applications to isotropic and anisotropic dielectrics. J. Chem. Phys. 107, 3032-3041 (1997).

57. Li, H. & Jensen, J. H. Improving the efficiency and convergence of geometry optimization with the polarizable continuum model:
new energy gradients and molecular surface tessellation. J. Comput. Chem. 25, 1449-1462 (2004).

Acknowledgements

This research was financially supported by the Samsung Research Funding Center of Samsung Electronics under
project number SRFC-MA1502-04 and was technically supported by the Pohang Accelerator Laboratory, which
is dedicated to small-angle X-ray scattering (3C SAXS) measurements.

Author Contributions

K.K. was responsible for the conceptual design, experimental section, interpretation of data, manuscript writing
and drawing of figure and illustration. B.L.S. and J.H.K. conducted a computational calculation. 2B the idea and
designed the experiments. K.P. conducted X-ray experiment. H.T.J. was responsible for the supervising the overall
experimental, interpretation of data, and manuscript writing.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-40363-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:3885 | https://doi.org/10.1038/s41598-019-40363-6 10


https://doi.org/10.1038/s41598-019-40363-6
https://doi.org/10.1038/s41598-019-40363-6
http://creativecommons.org/licenses/by/4.0/

	Ultra-dense (~20 Tdot/in2) nanoparticle array from an ordered supramolecular dendrimer containing a metal precursor

	Results

	Computational calculation. 
	Mesophase behavior of Au-dendrimer. 
	Preparation of ultra-dense nanoparticle arrays. 
	Reduction states of gold cation attached to dendrimer. 
	Effect of [Au]/[Dend] on formation of nanoparticle arrays. 
	Preparation of other metal particle arrays. 

	Conclusions

	Methods

	Material. 
	Precursor fixation with dendrimer material. 
	Preparation of highly ordered hexagonal array of gold nanoparticles, oriented normal to bottom substrate, with the highest  ...
	In-situ GISAXS. 
	Computational details. 

	Acknowledgements

	Figure 1 (a) Chemical structure of the supramolecular dendrimer.
	Figure 2 Phase behavior of the supramolecular dendrimers containing gold cations.
	Figure 3 Fabrication of ultra-dense gold nanoparticle hexagonal array oriented normal to the bottom.
	Figure 4 XPS Au4f region scans showing the difference in binding energy between Au0 and Au3+ of the (a) as-casted Au-dendrimer film, (b) thermally annealed Au-dendrimer film, and (c) fully reduced Au-dendrimer film via UV irradiation.
	Figure 5 TEM images of the ordered structure of Au-dendrimers annealed between a Teflon AF coated bottom and PDMS top sandwiched cell at (a) [Au]/[Dend] ≈ 0.




