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ABSTRACT: Self-assembly of nanoparticles into designed
structures with controlled interparticle separations is of crucial
importance for the engineering of new materials with tunable
functions and for the subsequent bottom-up fabrication of
functional devices. In this study, a series of lipophilic, highly
flexible, disulfide dendritic wedges (generations 0−4), based on
2,2-bis(hydroxymethyl)propionic acid, was designed to bind Au
nanoparticles with a thiolate bond. By controlling the solvent
evaporation rate, the corresponding dendron-capped Au
hybrids were found to self-organize into hexagonal close-
packed (hcp) superlattices. The interparticular spacing was
progressively varied from 2.2 to 6.3 nm with increasing
dendritic generation, covering a range that is intermediate between commercial ligands and DNA-based ligand shells. Dual
mixtures made from some of these dendronized hybrids (i.e., same inner core size but different dendritic covering) yielded binary
superlattice structures of unprecedented single inorganic components, which are isostructural with NaZn13 and CaCu5 crystals.

■ INTRODUCTION

The collective physical properties of nanoparticle (NP)
assemblies depend strongly on interparticle distance. The
controlled tuning of interparticle spacings offers the possibility
to optimize the response of NP solids for applications including
optical, magnetic and electronic devices.1−7 One well-known
example of distance-dependent response is the localized surface
plasmon resonance of metallic NPs, and particularly of gold and
silver NPs.8−12 Although substantial efforts have been made to
decrease interparticular spacings in NP solids,6 typically for
enhanced conductivity, many optical phenomena such as
plasmonic enhancement of photoluminescence have ideal
interparticle separations greater than the 1−2 nm that is
typically accessed with commercially available ligands, such as
alkylthiols (including dithiol and disulfide-based ligands), ω-
functionalized alkylthiols, etc. To date, lithographic methods
have been used to study these effects,11,13 but recently, new
“softer” bottom-up approaches including DNA hybridization of
NPs,14−19 liquid-crystals functionalization,20−23 liquid crystals
defects20,23,24 and block copolymers surface templates25 have
been reported, and shown to allow precise control over the NPs
assemblies (NP separations and symmetries of the arrange-
ments).9,11,13,26,27 Of relevance to this work, interparticle

spacings modulation in the range of 0.6−1.9 nm were achieved
in binary mixtures of poly(amidoamine) dendrimers (PAMAM,
G0−G4) and mercaptoundecanoic acid passivated gold NPs
prepared via co-precipitation, but without control of the
ordering.28 In all cases, the distance modulation is presented in
dimers, trimers, or in small particles clusters, and the accessible
range has been limited by the size of the organic templates.
Replicating this interparticle distance control while still
preserving ordered assemblies of NPs over large areas with
high uniformity is an important challenge and is inevitable for
the fabrication of solid-state devices and metamaterials based
on NPs.
Herein, we present our strategy that utilizes soft, lipophilic

dendritic ligands as monodisperse and homogeneous organic
NP coatings to foster the formation of NP superlattices with a
precise control over interparticle distances in a range that is
intermediate between commercial and DNA-based ligands.
Dendritic molecules are pertinent ligands for NP functionaliza-
tion in that they possess controlled functionality, monodisperse
size, and adaptive generation-dependent morphology (cone
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angle variability).29−32 Due to their high flexibility and
deformability, well ordered NP assemblies can still be formed
even in systems having larger size/shape distribution
discrepancies. Previous reports on nanoparticle-cored den-
drimers prepared directly in the presence of dendrimers33 or via
solvent-mediated dendritic ligand exchange reaction34−37 have
included the study of spacing-dependent dipolar interactions in
2D arrays of iron oxide NPs,38 liquid-crystalline self-assemblies
of dendronized gold nanoparticles,39−41 construction of
covalently bound dendrimer−NP multilayers,42 and the use
of dendronized hybrid systems in drug delivery,43−45 imaging
and theranostics,46 and sensing for selective ion recogni-
tion,47,48 as well as recoverable catalysts.49

■ RESULTS AND DISCUSSION

Disulfide dendritic wedges of generations 1−4, based on 2,2-
bis(hydroxymethyl)propionic acid scaffold (bis-MPA, 5,
Scheme 1) were synthesized by the Cu(I)-catalyzed cyclo-
addition “click” reaction between the azide-terminated
anchoring unit 4 and the alkynic branches 12−15 (Scheme
1). The anchoring unit 4 was prepared in a three-step, high-
yield synthesis from commercially available 11-bromoundeca-

nol 1 (Scheme 1) and derivatized with a disulfide function to
bind effectively to Au NPs.50

The synthesis of the branched polyester scaffolds 7−10 was
achieved via divergent iterative anhydride coupling according to
reported methods.51−54 The hydroxyl end groups of the
dendrons were then selectively reacted with stearic anhydride
to provide desired steric and solubility properties (12−15,
Scheme 1). In addition, the nonbranched system, G0, was
prepared for comparison by direct esterification of stearic
anhydride with propargyl alcohol (11, inset Scheme 1). The
disulfide compounds synthesized as described above were used
to perform ligand exchange on 5.8 nm-diameter Au NPs
capped with oleylamine (Au@OLAM, Figure S1). The
mechanism of disulfide addition is presumed to be similar to
self-assembled monolayers.55 After ligand exchange, which was
performed by stirring Au@OLAM in a chloroform solution
containing the displacing dendritic ligand, unbound organic
material was removed by repeated precipitation with
antisolvent (2-propanol/ethanol mixtures) and centrifugation.
The resulting dendronized hybrids Au@Gn (n = 0−4) could be
redispersed in chloroform, toluene, hexanes, or other nonpolar
solvents. As a standard against which the dendritic effect can be
evaluated, ligand exchange was also performed with 1-

Scheme 1. Synthesis of the Diazido Anchoring Unit, 4, Dendritic Alkyne, and Disulfide Wedges G0-4, and Corresponding
Dendronized Gold Hybrids Au@G0-4a

aReagents and conditions: (i) NaN3, DMF, 70 °C, 12 h; (ii) TsCl, Et3N, CH2Cl2, rt, 12 h; (iii) thiourea, EtOH, 80 °C, 12 h, then I2, MeOH, rt, 30
min. (iv) See Supporting Information for details; (v) stearic anhydride, DMAP, pyridine, CH2Cl2, 12 h; (vi) 4, Cu(SO4) 5H2O (20 mol %), sodium
ascorbate (40 mol %), THF/H2O = 4/1, MW, 60 °C, 2−6 h; (vii) oleylamine caped Au@NPs (Au@OLAM), CHCl3, rt, 20 min.
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dodecanethiol (DDT), which is a common ligand for gold NPs
(Au@DDT).
The detailed syntheses of the dendritic ligands and

characterization data are provided in the Supporting
Information. The presence of the dendritic coating on the
NP surface and the effect on interparticle spacing were
confirmed by a combination of techniques including FTIR,
NMR, and UV−vis spectroscopies; thermogravimetric analysis
(TGA); transmission electron microscopy (TEM); and small-
angle X-ray scattering (SAXS). Unambiguous results were
obtained when solution phase NMR spectroscopy was used.

1H NMR spectroscopy demonstrating ligand exchange is
shown in Figure 1. In addition to aliphatic protons, several

spectral resonances of the free dendritic ligand (G2 in this case)
can be assigned as shown. Once ligand exchange has proceeded,
a substantial broadening of the representative proton signals of
the dendrons was observed (Figure 1), to such an extent that
some resonances were no longer distinguishable from the
baseline. This phenomenon essentially accounts to the
hindered and slower dynamics of the dendrons bound to the
NP with respect to those of the free ligands, the time scale of
the NMR presenting an average of all possible conformations.56

Furthermore, when the sample in solution was treated with
iodine, the thiol-containing dendritic ligands were oxidized off
of the Au NP surface (Figure 1), as NMR shows that the
specific signals from the ligand are mostly recovered after
iodine oxidation. Albeit destructive, this method provides an
unambiguous proof of the presence of dendritic ligands on Au
NP surfaces. The absence of residual OLAM on the NP surface
was also identified by FTIR, which revealed the disappearance
of the peak at ca. 3000 cm−1 of the amine (Figure S2).
The grafting density on the gold surface was determined

from TGA measurements (Figure S3). The organic weight
fraction for each sample was obtained by heating under air to
500 °C. These measurements showed that essentially all the
oleylamine ligands were displaced by the disulfide-containing
ligands, which form a stronger bond with gold. A substantial
enhancement of the overall thermal stability of the dendronized
hybrids with respect to the OLAM-precursor and the DDT-
capped Au NP (from ca. 50 up to 100 °C) was also observed
upon increasing the dendritic generation, which suggests that
the numerous diverging liphophilic chains are tightly packed in
the shell corona and efficiently shield the inorganic core.33 The
volume fractions of the organic parts, directly deduced from the
weight fractions and reasonably assuming a density of 0.9 g·
cm−3 for the dendrons (due to their lipophilic nature and low-
temperature solid behavior, Figure S4), allowed estimations of
the number of ligands per Au NP, hybrids’ radii, and grafting
densities. The Au@DDT and Au@OLAM samples showed
similar grafting densities, which, as expected, decreased with
each new generation, most likely due to steric hindrance (Table
1). Corollary, the hybrids’ diameters also increase steadily with
the size of the dendrons (Figure S5).
To provide a visual demonstration of the ligand-mediated

interparticle spacings, NP monolayer assemblies were obtained
by drop-casting dilute hexanes dispersions of the hybrids (<1
mg mL−1) onto diethylene glycol liquid surfaces, followed by
controlled evaporation.5 TEM micrographs (Figure 2) show
the progressive increase of interparticle separation from Au@
DDT to Au@G4.
SAXS of the Au hybrid solids, shown in Figure 3a, confirm

that the increase in interparticle spacing apparent from the
TEM images is replicated throughout drop-cast NP solid films
(Table 1). The maximum of the first peak of the samples shift
systematically from a value of q = 0.825 nm−1 for Au@DDT to
q = 0.545 nm−1 for Au@G4, indicative of an overall increase in

Figure 1. 1H NMR spectra (CDCl3, 500 MHz) of free disulfide G2
(top), Au@G2 (middle), and disulfide G2 dendron after iodine
treatment of Au@G2 (bottom).

Table 1. Plasmonic and Structural Properties of the Dendronized Hybridsa

L (Au@L) λmax/nm q/nm−1 d/nm a/nm s/nm MW/g mol−1 wt % nL f ϕhyb/nm s′/nm δ/L nm−2 σ/Å2

DDT 575 0.825 7.6 8.0 2.2 202.4 7.4 469 64.5 8.2 2.4 4.5 22.2
G0 554 0.715 8.8 9.2 3.4 551.9 14.7 371 78.7 9.7 3.9 3.5 28.6
G1 535 0.685 9.2 9.6 3.8 934.5 16.9 259 81.3 10.2 4.4 2.5 40.0
G2 534 0.605 10.4 10.9 5.1 1699.7 20.0 175 84.3 10.8 5.0 1.6 60.6
G3 531 0.595 10.6 11.1 5.3 3230.0 21.0 98 85.1 11.0 5.1 0.9 111.1
G4 528 0.545 11.5 12.1 6.3 6290.7 28.0 73 89.3 12.2 6.4 0.7 142.8
OLAM - - - - - 267.5 9.0 440 70.2 8.6 2.9 4.2 23.8

aL: ligand type on the NP surface (G0−G4 are thiol-containing dendrons). λmax: maximum of the absorption wavelength in solid films. q: q-vector; d
= 2π/q, diffraction spacing; a = [3d Log 3]/π,57 average interparticular distance; s = a − ϕ, edge-to-edge separation, from SAXS (ϕ = 5.8 nm, NP
diameter). MW: ligand molecular weight. wt %: weight fraction of ligands, from TGA; nL = {wt %(L)/[1 − wt %(L)]}. [MWAu@NP/MWL], number
of (thiol) ligands grafted on the NP surface; MWAu@NP = nAu·MWAu = 1.19 × 106 g mol−1, molecular weight of NP; MWAu = 196.967 g mol−1;
VAu@NP = 4π(ϕ/2)3/3 = 102.2 nm3, NP volume; VAu = 16.923 Å3; nAu = VAu@NP/VAu = 6036−6037, number of Au atoms in NP; f = nLVL/(nLVL +
VAu@NP), ligand volume fraction; VL = nL[MWL/0.6022ρ], volume of the dendritic part estimated assuming a density, ρ = 0.9 g cm−3 (for DDT and
OLAM, ρ = 0.85 and 0.813 g cm−3, respectively); ϕhyb = ϕ/[(1 − f)]1/3, hybrid diameter; s′ = ϕhyb − ϕ, edge-to-edge separation, from TGA; δ = nL/
4π(ϕ/2)2, grafting density; σ = 100/δ, ligand cross-section area.
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separation of approximately 4 nm. Although all the samples are
glasses as evidenced by the broadness of the fundamental small-
angle reflection (Figure 3a), they nevertheless all exhibit short-
range hexatic ordering as revealed by TEM images (Figure 2).
Au@G2 and Au@G4 in particular show an additional diffuse

reflection, with the center electron density maximum in spacing
ratio √3 with respect to first diffraction signal: these two
reflections coincide with the first reflections of a hexagonal
lattice. We estimate based upon particle sizing measurements
that this corresponds to an edge-to-edge spacing of 2.2 nm for

Au@DDT increasing to 6.3 nm for Au@G4, assuming an
average hexagonal environment for all the samples (s, Table
1).57 The interparticle distances calculated from TGA data are
in very close agreement to the results obtained from X-ray
diffraction (comparison of a and ϕhyb,, the hybrid diameter, or s
and s′, Table 1, Figure S5). This suggests that the soft ligands,
and particularly those of smaller generation, deform from a
spherical shell to distorted polyhedron in order to more
efficiently fill interstices in the solid state.
The dramatic change in interparticle spacing is also apparent

in the extinction spectra shown in Figure 3b. In the solution
phase, all the samples show nearly superimposable extinction
spectra, besides a slight broadening upon increasing generation
(Figure S6, λmax ≈ 522 nm), which indicate that the size and
shape uniformity of the particles is preserved through the ligand
exchange (Figure S7). When deposited onto thin films, the gold
NPs show a redshift and broadening of the visible plasmon
resonance compared to the isolated particles. The shift of the
plasmon energy from the solution value is largest for Au@DDT
and smallest for Au@G4, reflecting the differences in the
interparticle spacing within those materials (Table 1).
Jain et al. demonstrated that the distance dependence of the

absorption properties in pairs of noble metal nanoparticles
(normalized to the isolated wavelength as Δλ/λ0) obeys a
universal scaling according to eq 1:

λ λΔ = −ae/ x t
0

/
(1)

where x is the reduced spacing, obtained by dividing the edge-
to-edge separation (s, s′, Table 1) with the diameter of the NP
(ϕ = 5.8 nm), and both the parameters a and t depending on
the interparticle environment and resonator material, respec-
tively.11 This equation was empirically verified using litho-
graphically fabricated nanodisk pairs and data from solution-
phase measurements of DNA-coupled Au NPs with variable
DNA base pair spacings.58 For Au NP pairs, the value of t has
been found to range between 0.18 and 0.27 and the value of a
between 0.16 and 0.29.11,58 Fitting our data on interparticle
separation and plasmon shift to eq 1 provides an estimate of t =
0.30−0.31 and a = 0.36−0.39 (Figure S8 for s and s′,
respectively), similar to the universal scaling which has been
found in previous studies albeit with slightly higher values for
both parameters. However, these results were obtained with
smaller particles, much smaller absolute spacings than those
obtained from DNA-based systems,58 and confirmed in three-
dimensional solids rather than small clusters.
Although TEM, SAXS, and UV (Figures 2 and 3)

demonstrate control over the average spacing in the solid
state for nanoparticles, under these experiments the samples do
not demonstrate spontaneous long-range ordering. In Figure 4,
we show self-assembled superlattices of Au NPs formed by slow
evaporation of concentrated hexanes dispersions (5 mg mL−1)
of NPs on diethylene glycol. We first investigated superlattices
of Au NPs with different generations of dendron coating. In
Figure 4a, a self-assembled superlattice film of Au@DDT
showing regions containing monolayer, bilayer, and trilayer is
displayed. Large area superlattices, shown for Au@G1 and Au@
G2 hybrids in Figure 4b,c can be obtained for NPs with
dendritic ligands. These solids have much lower inorganic
density than the Au@DDT superlattices, demonstrated in
Figure 4c, which shows a bilayer region of Au@G2. At high
magnification, such as the Au@G4 superlattice shown in Figure
4d, the dramatically larger interparticle distances (∼12 nm) in
the superlattice with dendron ligands become obvious.

Figure 2. TEM micrographs of monolayers of Au@DDT and Au@G0-
G4. Scale bars are 50 nm.

Figure 3. (a) Transmission SAXS of thin solid films composed of Au@
L (L = DDT, G0-G4). (b) Extinction spectra of thin solid films
composed of Au@L, normalized to the absorption maximum and
offset for clarity. Same color code for both figures. (c) Schematic
representation of the average interparticle edge-to-edge spacings of
solids composed of Au@L hybrids deduced from SAXS.
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Typically, in all cases, the Au NP superlattices form close-
packed hcp assemblies; small regions of fcc arrangements (i.e.,
ABC stacks) were nevertheless sparingly found over very small
areas (Figure S9). Although these hybrids have a “soft” corona,
the formation of close-packed superlattices as shown in Figure
4 is still consistent with a model of entropy-driven
crystallization of hard spheres, as the Au@L hybrids are a
priori spherical building blocks that occupy the highest possible
volume fraction. Because the contribution of the ligand shell to
the volume of the building block increases with the generation
of ligand, the inorganic density of the close-packed superlattices
decreases (see also Figure S5).59

The dendron-based strategy outlined above allows access to
more complex self-assembled structures of a single inorganic
building block by combing the Au@L hybrids with different
effective diameters (i.e., with different generation coatings): two
superlattice structures of the AB13 and AB5 types,

60 respectively,
which are only otherwise known in binary compounds, are
reported in Figure 5. For instance, when the monodisperse
Au@DDT and Au@G2 hybrids are mixed, the effective
diameter of the individual building blocks is adjusted to obtain
a solid phase isostructural with the binary compound NaZn13
(Figure 5a).61 Mixing Au@G1 and Au@G4 hybrids, which have
closer relative diameters, yields regions of a phase isostructural
with CaCu5 (Figure 5b). Both of these crystal structures are
known in binary elemental and colloidal systems, but they are
not formed in other single-component assemblies (Figure S10).
The first-order effect driving self-assembly into these binary

superlattices is still the result of the coassembly of differently
sized, monodisperse spheres. Although the starting point to
explain the formation of these structures also relies on close
packing for spheres with different diameters, but this is not
necessarily sufficient to explain the observed assemblies because

they do not represent the highest possible packing fractions at
the size ratios estimated in from Table 1 (Figure S10). In the
NaZn13 structure, the Au@G2 hybrids, with an effective
diameter (ϕhyb, Table 1) of 10.8 nm act as the larger spheres
forming a simple cubic sublattice. Au@DDT hybrids, with an
effective diameter of 8.2 nm form slightly distorted icosohedra
in the interstices of the simple cubic lattice. Slight
polydispersity is known to increase the space-filling of this
structure, but at the diameter ratio of the Au@L samples used
here (γ ≈ 0.76), NaZn13 structures show space filling of 59%,
substantially less than single-component materials and other
possible quasi-binary structures.62,63 Indeed, NaZn13 structures
were observed to coexist with single-component superlattices of
Au@DDT particles (Figure S12). To obtain the observed
CaCu5 structure, Au@G4 hybrids, with an effective diameter of
12.2 nm, act as the larger spheres, and Au@G1 hybrids, with an
effective diameter of 10.2 nm, act as the smaller spheres. Again,
space filling is an incomplete explanation for the observed
CaCu5 phase, which is less dense (62% at the size ratio of
0.84% used here) than single-component assemblies or other
potential quasi-binary structures (e.g., CuAu).
The failure of simple hard sphere models may be explained

by the fact that ligand-coated NPs are, on close inspection,
neither hard nor spherical. Recent work by Boles and Talapin64

suggests that “softness”, or the relative volume of the organic
shell of hydrophobic NPs, alters and enhances coassembly
compared to hard systems by increasing the total filling fraction
beyond that which is expected from a hard-sphere model. This
has been used to explain, for example, the observation of both
fcc and bcc single-component structures, although we did not
observe bcc structures in any of the Au@L hybrids. Large
organic volume fractions, as in this work, allow deformation of
the spherical coronae of particles into Voronoi ̈ polyhedra that

Figure 4. TEM micrographs of (a) Au@DDT forming monolayer, bilayer, and trilayer in an hcp superlattice film. (b) Multilayer superlattice film of
Au@G1 hybrid. (c) Bilayer superlattice film of Au@G2. (d) High magnification of Au@G4 superlattice bilayer with partial coloration of the A and B
layers in green and purple, evidencing theoretically expected moire ́ patterns. Average interparticular distances, dTEM(nm) = 8.3 (Au@DDT), 10.1
(Au@G1), 11.3 (Au@G2), 12.5 (Au@G4).
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allow maximum space filling. In addition, Boles and Talapin64

observed that the preferred coordination number decreases
with increases in the softness of the ligand shell. These two
phenomena explain the formation of nominally poorer space-
filling NaZn13 and CaCu5 structures made of soft Au@L
hybrids, as opposed to the more dense quasi-binary phases or
phase-separated single-component structures.

■ CONCLUSIONS
We have demonstrated that lipophilic, highly flexible dendritic
ligands of several generations tethered to the surface of gold
NPs can control their spacing and their assemblies in the solid
state. By changing the dendritic generation grafted on the
particle surface, we systematically were able to tune the
interparticle distances between Au NPs over a range
intermediate between that of DNA-stabilized particles and
spacings available with commercial reagents, therefore provid-
ing an additional tool to engineer interparticle spacing in films
and nanocomposites. Last, despite the relative simplicity of the
ligand structure, the differentiation of the Au NP species with
different dendritic tethers was used to generate unprecedented
complex single-component NP superlattices, and opens new
frontiers in the field of NPs assemblies. Indeed, this important
last result is very promising and motivates the exploration of
many other binary combinations of dendronized nano-

particulate hybrids, considering various dendritic structures
and peripheral groups, and expanding the range of inorganic
cores to different chemical compositions, sizes and shapes, to
fabricate more exotic and functional multicomponent super-
lattices, i.e., metamaterials with modulable and enhanced
properties.
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2014, 15, 1283−1295.
(23) Saliba, S.; Mingotaud, C.; Kahn, M. L.; Marty, J.-D. Nanoscale
2013, 5, 6641−6661.
(24) Blanc, C.; Coursault, D.; Lacaze, E. Liq. Cryst. Rev. 2013, 1, 83−
109.
(25) Chiu, J. J.; Kim, B. J.; Kramer, E. J.; Pine, D. J. J. Am. Chem. Soc.
2005, 127, 5036−5037.
(26) Jones, M. R.; Osberg, K. D.; MacFarlane, R. J.; Langille, M. R.;
Mirkin, C. A. Chem. Rev. 2011, 111, 3736−3827.
(27) Wilner, O. I.; Willner, I. Chem. Rev. 2012, 112, 2528−2556.
(28) Srivastava, S.; Frankamp, B. L.; Rotello, V. M. Chem. Mater.
2005, 17, 487−490.
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