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ABSTRACT 

 

Building plamonic superlattice nanomembrane enables new class of two-dimensional 

(2D) optical metamaterials, which are free-standing, one-particle-thick, supracrystalline 

structures constituted by metallic nanocrystals. The past two decades have witnessed 

the wet chemical synthesis of plasmon-active nanocrystals, allowing them to serve as 

“meta-atoms” from the “plasmonic periodic table”. The following challenge lies on 

rationally group those artificial atoms into 2D plasmonic superlattices. In theory, it is 

possible to virtually design nanostructures with desired plasmonic properties by 

selecting nanocrystal types, adjusting soft ligand length, and controlling lattice 

structures. In practice, however, it has been notoriously challenging to manipulate at 

will for large-scale, ordered assembly of these meta-atoms. This thesis addresses the 

existing challenges, specifically, focuses on high-quality synthesis of plasmonic 

nanocrystal building blocks including gold nanospheres (AuNPs), ultrathin gold 

nanowires (AuNWs), bimetallic core-shell Au@Ag nanobricks (NBs), following by 

their programmed assembly with a general polymer-ligand-based approach in 

conjunction with drying-mediated self-assembly at air-water interface. Three types of 

novel plasmonic superlattice nanomembranes are prepared, which represent the 

thinnest possible metallic membrane known to date, including free-standing AuNPs 

superlattice nanomembrane, giant AuNWs superlattice nanomembranes with 

mechanical strength, optical transparency and electrical conductivity, and giant 

superlattice membranes with customizable hybridized plasmon modes and near-field 

distributions.  

 

This thesis begins with a literature review of initial success in growing 1D~3D 

nanoparticle superlattices by soft ligands. The dominant nanoscale interactions and 

theoretical model that involved in superlattice construction are firstly outlined. From 

the view of methodological perspective, pioneering and ongoing research on 

nanoparticle superlattices are categorized in three types, namely, molecule-based, 

DNA-based, and polymer-based nanoparticle superlattices. 

 

Based on those previously reported design rules, Chapter 3 presents a novel and general 

method to construct free-standing nanoparticle superlattice nanomembranes using 



 

vi 
 

polymers as ligands. The long-range ordered superlattice nanomembranes could be 

transferred onto arbitrary substrates, and both structural features (interparticle spacing) 

and functional properties (plasmonic coupling) can be precisely adjusted by tailoring 

the sizes of the constituent nanoparticles. 

 

To further tackle the challenge in fabricating defect-free superlattice membranes at 

large area, Langmuir-Blodgett techniques is employed to assemble ultraflexible 

AuNWs into giant mettallic superlattice membrane. Chapter 4 presentes the thinnest 

possible version of metallic membranes known to date, which is about 2.5 nm thick but 

with macroscopic lateral dimensions. Such giant metallic nanomembranes are 

transparent, conductive and mechanically strong, with an optical transmittance of 90-

97%, an electrical resistance of ~1142 kΩ sq-1, and a breaking strength of ~14 N m-1 

with a typical atomic force microscope probe. Beside the structural and mechanical 

features, this nanomembrane exhibits multi-angular potential applications, such as in 

lightweight foldable supercapacitor and electrocatalysis. 

 

Beyond structural and functional programmability, Chapter 5 extends the fabrication 

technique to more complex bimetallic nanobricks. Both experimental evaluation and 

theoretical simulation demonstrated the customizable plasmon modes and near-field 

distributions of giant superlattice nanomembrane. Consequently, Raman hot spots 

could be generated at specific excitation wavelength in a highly predictable way. The 

NB superlattice membranes are homogeneous in structure, vapor-permeable and 

mechanically flexible. It can be used as universal and unique SERS substrates with 

highly uniform Raman hotspot distributions across large area, for rapid and sensitive 

multi-phase detection of chemical species in air and liquid. 

 

Finally, conclusions arising from this thesis have been summarized in Chapter 6, as 

well as opportunities and perspectives for future focus of this field.
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Plasmonic superlattice nanomembrane is a conceptually new class of two-dimensional 

thinnest possible metamaterials [1-14]. It consists of self-assembled metallic 

nanocrystals with highly ordered nanoscopic structures and programmable multi-

functionality. Remarkably, such nanomembranes integrate both striking mechanical 

robustness and tailorable plasmonics into one customizable system. Unlike 

conventional biomimetic or polymeric membranes, their functionality can be precisely 

programmed by adjusting the morphology and composition of constituent nanoparticles, 

varying types or lengths of soft ligands, and engineering packing order of lattice 

structures. Hence, the ability to build plasmonic superlattice nanomembrane of 

macroscopic surfaces but nanoscale thicknesses is crucial for understanding the 

unparalleled optical signature of 2D plasmonics,[3, 8, 13, 15] and is of great practical 

significance for bottom-up plasmonic devices and circuits with implications in many 

important research disciplines[16]. 

 

As the basic constituent elements for the superlattice nanomembrane, metallic 

nanocrystals possess of unparalleled optical signature originating from composition, 

specific size and morphology [17, 18]. To date, a wide range of plasmon-active 

nanocrystals have been synthesized by well-developed procedures, allowing them to 

serve as “meta-atoms” from the “plasmonic periodic table”[14]. The following 

challenge, then, lies on rationally group these artificial atoms into well-defined 

plasmonic superlattices with unique optical property.  

 

Theoretically, plasmon hybridization theory predicts the possibility to virtually design 

such 2D superlattice nanomembranes with any desired plasmonic properties by 

adjusting sizes, shapes and lattice structures of constituent nanoparticles[19, 20]. In 

practice, nevertheless, it has been notoriously challenging to manipulate at will large-

scale, ordered assembly of these “meta-atoms”, despite initial success in growing 

nanoparticle superlattices[1-3, 5, 7, 13, 15, 21-31]. Substantial efforts have been made 

in precisely regulating the distinct pairwise interactions during the nanoparticle self-

assembly by soft ligands such as short-chain molecules, DNA, and polymer (as 

reviewed in Chapter 2). However, their practical applications are often hampered by the 
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difficulty in fabricating defect-free superlattice membranes with nanometers thickness 

but with macroscopic lateral dimensions, which are apparently conflicting 

characteristics difficult to achieve simultaneously. 

 

To essentially tackle those challenges, the following design principles and assembly 

rules have mapped out the research focus and requirements: (1) high monodispersity of 

constituent nanoparticles with strong surface plasmon resonance properties; (2) 

effective soft ligand capping to precisely control over complex interactions/forces at 

different spatial and temporal scales; (3) strict 1D physical confinement for 2D growth 

of superlattices; (4) free-standing, isolated forms in their final stage of growth for facile 

transfer and post-manipulation. Unless those requirements have been simultaneously 

realized, well-defined plasmonic superlattice nanomembrane with arbitrary design will 

not be realized.  

 

With those in mind, this thesis addresses those challenges, particularly, presenting the 

following original concepts and efficient methods: (1) successful synthesis of high-

quality monodispersed plasmonic nanocrystals with precisely designed SPR signatures, 

including gold nanospheres, ultrathin single-crystalline gold nanowires (AuNWs), 

bimetallic Au@Ag core-shell nanobricks (NB); (2) a general methodology to use 

polymer-capped nanocrystals with densely capping density for drying-mediated self-

assembly at the air-liquid interface; (3) simple yet efficient method to fabricate giant 

superlattice nanomembranes of nanometer-scale thickness but macroscopic lateral 

dimensions, which representing the thinnest version of metallic membranes; (4) facile 

PDMS-assisted technique to transfer free-standing superlattice membranes onto 

arbitrary substrates for device construction; (5) multifunctional superlattice 

nanomembranes with customizable plasmonic responses (Chapter 3), conductivity and 

mechanically strong (Chapter 4), programmable near-field confinement and hotspots 

distribution (Chapter 5). 

 

In the subsequent Chapter 2, an elaborate literature review has been presented to 

outline the building of nanoparticle superlattice using soft ligands. Based on 



Chapter 1 

37 
 

perspective of materials design, various pioneering and ongoing research on 

nanoparticle superlattice are included, including molecule-based, DNA-based, and 

polymer-based superlattices. Under the inspiration of those pioneering research, 

Chapter 3 describes a generic polymer-ligand-based approach to fabricate free-standing, 

monolayered nanoparticle superlattice sheets. In the following Chapter 4, building 

block has been extended to anisotropic ultrathin AuNWs, and presents giant AuNWs 

superlattice nanomembrane with high transparency, mechanically strength and 

conductivity. Remarkably, Chapter 5 further extended the polymer-based assembly 

technique, and shows giant superlattice membrane with customizable hybridized 

plasmon modes and near-field distributions. Coupled with accurate discrete-dipole-

approximation (DDA) simulations, the plasmonic property can be predicted a priori. 

Beyond structural and functional programmability, the giant NB superlattice sheet is 

homogeneous in structure, vapor-permeable and mechanically flexible, enabling their 

uses as universal and unique SERS substrates with highly uniform Raman hotspot 

distributions across large area, for rapid and sensitive detection of chemical species in 

both air and liquid.  

 

Finally, this thesis envisions the future work and challenges for engineering superlattice 

nanomembrane, including large-scale growth combined with post-manipulation, multi-

component superlattice membrane, etc. The ease of self-assembly manufacture, highly 

customizable plasmonics and superior SERS enhancements, as well as the potential 

integration with other nanomaterials, makes superlattice nanomembrane a unique 

material base for the next-generation of nanophotonic devices and smart sensors. 
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Nanoparticle superlattice refers to ordered array of elementary nanocrystals. It is an 

essential task in modern nanoscience and nanotechnology to rationally design and build 

such highly ordered structures with programmable multifunctions.[1-31] Substantial 

efforts have been made in the last two decades in developing synthetic approaches with 

wet chemical techniques, enabling a wide range of nanoparticles with controllable 

composition, geometry, and properties[32-37] (including semiconductor, magnetic, and 

plasmonic nanoparticles). The following challenge is to efficiently group these 

“artificial atoms” [4] into well-defined nanoarchitectures including “artificial molecules 

and polymers” [38-41], two-dimensional superlattice membranes[1, 2, 5], and 

“supracrystals”[23, 42-46]. Nevertheless, it is non-trivial to rationally group 

nanoparticles together due to complex nanoscale forces at different spatial and temporal 

scales. Numerous attempts have been made by using physical methods (optical, 

electrical, magnetic, mechanical), chemical methods (short-chain molecule, polymer), 

and biological approaches (peptide, protein, DNA)[47].  

 

In this chapter, the assembly of nanoparticle superlattice is highlighted from a materials 

design perspective, namely, by categorizing the methodologies with soft ligands. It 

begins with the outline of key interparticle forces and general design principles that 

involved in superlattice construction. Then, various pioneering and ongoing research on 

nanoparticle superlattice are reviewed, including molecule-based, DNA-based, and 

polymer-based superlattices (Scheme 2.1).  

 

2.1 General design principles for nanoparticle superlattice 

Building nanoparticle superlattice with soft materials relies crucially on rational control 

over interparticle interactions at various magnitudes and length scales.[48] To unravel 

the nanoscale-characteristic interactions, it is required to understand and subsequently 

manipulate various nanoscale forces among building blocks, such as van der Waals 

attraction, magnetic/electrostatic interaction, steric repulsion, short-rang ligand 

interactions. Comprehensive consideration of those specific forces is needed for 

engineering nanoparticle assemblies into desired stable architectures with minimum 

thermodynamic potentials (Gibbs or Helmholtz free energies). In this section, the 

dominant nanoparticle interactions are summarized based on the view of ‘soft spheres’, 
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and then reviewed recent theoretical advances in modeling ligand deformation in soft 

crystallization and design rules for DNA-based superlattice.  

 

 

Scheme 2.1 | Schematic summary of various nanoparticle superlattices assembled from 
libraries of soft-ligand capped nanocrystals using molecule-based, DNA-based and 
polymer-based methodologies. Figure reproduced with permission from Ref. [1, 2, 5, 8, 
12-14, 17, 20, 22, 24, 49-55].© (1998, 2001, 2006, 2007, 2009, 2010, 2012, 2013) NPG. 
(2006, 2009) AAAS. (2010, 2013) Wiley-VCH. (2008, 2011) ACS. 
 

2.1.1 Nanoparticle interactions during assembly of ‘soft spheres’ 

Pioneering simulations have treated sterically stabilized nanoparticles as hard spheres 

that exhibiting an infinite repulsive force upon contact.[56, 57] The basic prerequisite 

from hard sphere model is that the free energy for phase transition depends on the 

entropy. However, the interaction potential in reality is actually contributed from the 

combination of vdW attractive forces between nanoparticle cores and steric repulsion 

of soft ligands.[58] Based on this perspective, ligand-capped nanoparticles behave 

more like ‘soft spheres’ during self-assembly,[59] in which the nanophysics for 
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interaction potential can be estimated as the combined contributions from vdW 

attraction potential (UvdW) and steric repulsion potential (Usteric) (Figure 2.1), 

 

 

Figure 2.1 | Interparticle potential derived from vdW attraction potential (UvdW) and 
steric repulsion potential (Usteric). The profile is outlined based on two oleic acid-
capped Co nanoparticles with a diameter of 3.3 nm. Figure reproduced with permission 
from Ref.[60]. © (2010) Beilstein-Institut. 
 

stericvdWtotal UUU                                                                                     Equation (2.1) 

 

Using Hamaker’s derivation,[61] the van der Waals interaction can be estimated 

between a pair of nanospheres with diameter (dcore) and nearest neighbor core-to-core 

distance (dNN),  
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where A is the Hamaker constant that depends on the polarizability of nanoparticle and 

surrounding medium. The steric repulsion derives from interactions of ligands with 

solvent as well as ligand-ligand interactions. In a good solvent, Usteric can be calculated 

by employing de Gennes’ expression,[62]  
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where h0 is the ligand brush thickness and σ is the diameter of the circular footprint 

occupied by a single ligand on the nanoparticle surface. Those theoretical equations 

indicate that the total interaction potential depends on the diameter and composition of 

nanoparticle, as well as the length and conformation of soft ligands. Besides the above 

ubiquitous forces, other interactions are also playing crucial roles in nanoparticle 

assembly and superlattice formation, such as electrostatic attraction/repulsion between 

surface-charged particles,[63, 64] permanent magnetic moments between 

semiconducting nanoparticles,[2, 65] Watson-Crick base-pairing interaction from 

DNA-capped nanoparticles,[4, 18, 27, 38, 66] et al. With those fundamental theories in 

mind, rational engineering of nanoparticle superlattice can be achieved by 

incorporating those nanoscopic forces in a predictable envision. 

2.1.2 Modeling ligand deformation in soft crystallization 

Unlike the conventional crystallization of hard spheres, the self-assembly of 

nanoparticle superlattice is a soft process, in which the organic corona will deform 

dynamically with transitionally scalable crystalline states. This dynamic soft 

crystallization has been demonstrated by using single strand (ss) DNA capped AuNPs 

as model system (Figure 2.2a).[23] To quantify the soft-crystallization process, two 

dimensionless parameters have been defined to evaluate the softness (χ) and 

deformation degree (λ) of ligand corona, 
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Based on this definition, the typical softness of alkyl-capped nanoparticles is at the 

range of 0.3-0.8, whereas ssDNA-capped AuNPs indicates a softness of 0.6-5.1. By 

using polymer as soft ligands, much wider range of softness can be achieved. For 

example, polystyrene-capped AuNPs exhibit a larger softness (χ =1.6-2.5) compared 

with the traditional short-length ligands.[6] This will lead to a smooth and uniform 
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deformation of polymer-capped AuNPs during the soft-crystallization process and 

afford a large-scale self-assembly superlattice compared with short chain stabilized 

nanoparticles. 

 

Figure 2.2 | (a) Scheme for the deformation of soft-corona nanoparticles in soft-
crystallization. (b) Probing soft crystallization using in situ SAXS demonstrates the 
continuous deformation of corona. (c) Scheme of DNA-capped hydrodynamic 
nanoparticle in complementary contact model. The spherical cap represent overlapped 
portion of corona with adjacent nanoparticle. (d) Illustration of design rule (3) that 
nanoparticles with same hydrodynamic size form similar superlattice structure. (e) 
Phase diagram shows predictable superlattice structure by controlling core size and 
DNA ligand ratio. Each colored domain denotes the specific superlattice structure. The 
dots represent the superlattice obtain in experimental. Figures reproduced with 
permission from Ref. [23, 45]. (a, b) © (2010) Wiley-VCH. (c-e) © (2011) AAAS.  
 

During the drying-mediated self-assembly process, the extended chains behave as 

molecular spring in accordance with an entropic spring model (ESM), which is derived 

based on the ideal polymer chains[67] and brush polymer theory. 
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where b is the Kuhn length, kB is the Boltzmann constant, T is temperature, γ is scaling 

constant (including excluded volume effects) and σ is the grafting density of ligand. 

Real time SAXS characterization reveals that the deformation parameter (λ) is solely 

dependent on the softness (χ) of building blocks under the same driving force (f), which 

matches well with the entropic spring model (Figure 2.2b). This model can be used as 

a generic expression to interpret soft corona deformation at the nanoscale, and as a 

guideline for conjugating various soft materials in superlattice formation. The soft-

crystallization will definitely induce pathways to control interparticle interactions for 

applications in adaptive nanodevices. 

 

2.1.3 Basic design rules for DNA-based crystallization 

Predictable superlattice control has been established in crystallization of DNA-capped 

nanoparticles by using programmable DNA hybridization as the driving force.[44] By 

means of independently design nanoparticle size and DNA interconnect length, 

superlattices with different length scale and crystallographic symmetries can be 

intentionally achieved.[45] During the assembly of DNA-nanoparticles with 

complementary sticky ends, multiple interaction types are existed in the system, such as 

van der Waals, Watson-Crick base pairing forces, electrostatic repulsive forces from 

negatively charged DNA, et al. But in the real crystallization, the vdW and negative 

repulsion are negligible due to large distances between adjacent nanoparticles and high 

local salt concentration.[68] Hence, the DNA duplex formation can be taken into 

account as the dominant force for crystal stabilization. Based on this, a simplified 

complementary contact model (CCM) can be used to evaluate relative superlattice 

stabilities for DNA-based system.[45] In this model, complementary DNA sticky ends 

are assumed to physically contact with each other, and any contacted sticky ends will 

eventually form a DNA duplex. Also, DNA-nanoparticles are treated as ‘fuzzy spheres’ 

where the sticky ends are confined in a predictable region surrounding the 

nanoparticles (Figure 2.2c). The maximum radius (Rn) of DNA-nanoparticle in 

superlattice can be calculated as: 

 

 4.034.0  xrR nn                                                                                 Equation (2.7) 
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where rn is the radius of nanoparticle n, x is number of DNA bases. If the overlapped 

portion of DNA corona with neighbor nanoparticles is considered as spherical caps, 

then the surface area (Sn) of adjacent fuzzy spheres is: 

 

)(
22

nn hcS                                                                                             Equation (2.8) 

 

where c and hn represent the radius and height of the overlapped spherical cap. Then 

the number (Nduplex,n) of hybridized DNA strands on nanoparticle n can be calculated as: 

 

2
,,,, 4 nnarticlepnNADnneighbornnduplex RNNNSN                                                 Equation (2.9) 

 

where Nneighbor,n, NDNA,n, Nparticle,n represent the number of neighboring particles, DNA 

capped to particle n, and n-type nanoparticles for a unit cell, respectively. By applying 

this model, a phase diagram has been simulated for predicting crystallographic 

structures as a function of nanoparticle size ratio and DNA ligand ratio (Figure 2.2d 

and e), which is demonstrated to be consistent with experimental lattices. Based on 

both theoretical modeling and through SAXS characterization, basic qualitative design 

principles have been outlined for rational engineering of DNA-nanoparticle based 

superlattices[44, 45]: (1) DNA-NPs (with equal Rn) will maximize the number of 

closest neighbors with which it can be hybridized; (2) slowing down the rate of DNA 

linker releasing and rehybridization would facilitate lattice growth and stabilize kinetic 

products; (3) the hydrodynamic size, instead of core size or DNA length, mainly 

determines the superlattice structure; (4) for binary components, the stabilized 

superlattice is mainly determined by the hydrodynamic size ratio and DNA ligand ratio 

between two building blocks; (5) by co-modification with different DNA 

complementary sequences, a nanoparticle with different linkers that contain different 

base sequences, multiple DNA interactions can create sophisticated and complex 

superlattices. 

 

2.2 Molecule-based nanoparticle superlattice 

Within this section, the review is mainly focused on the viable assembly approaches for 

fabrication of superlattices that formed by molecule-capped nanoparticles from the 
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view of methodological perspective. Here, the molecule refers to short-chain ligands 

that capped around nanoparticles, such as surfactants, alkylthiols. By utilising its 

conventional function, surfactant itself can be used to form dried foam films that 

assembled by two reversed Gibbs monolayers of surfactants.[69] This free-standing 

bilayer film that constructed by surfactants was used as sacrificial template for 

deposition of inorganic materials, and finally guided fabrication of inorganic 

nanomembranes with thickness of a few to a hundred nanometres. Different from the 

traditional membrane formation techniques, surfactant provided a flexible way to form 

free-standing inorganic multilayered membranes. Apart from its conventional functions, 

surfactants are acting as the most widely used stabilizing ligands for nanoengineering 

of nanoparticles with precise periodicity and complexity. The specific functionalized 

terminating groups of various surfactants facilitate the conjugation with surface of bare 

nanoparticles. Such organic-inorganic soft-hard conjugates perform as a useful vehicle 

during drying-mediated entropy-driven self-assembly at interfaces, external field-

activated assembly, and template-directed assembly.[70-72] Such promising 

nanoarchitectures will enable diverse assortment of superlattice structures with 

appealing optoelectronic properties and mechanical robustness.[19]  

 

Figure 2.3 | TEM image and photograph (inset) of superlattice using dodecanethiol-
capped AuNPs. Reproduced with permission from Ref. [21]. © (1996) Wiley-VCH.  
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2.2.1 Single-component nanoparticle superlattice 

Pioneering strategies were introduced by using alkyl-functionalized gold nanoparticles 

(n-C12H25) with selectively separated sizes, and formed nanocrystal superlattices 

characterized by both translational and orientational orders.[21] Small fraction of 2D 

monolayers can be observed after spreading toluene solution of precisely determined 

nanoparticles on carbon substrates (Figure 2.3). Slow drying led to ordered fractions of 

2D monolayers with small surface areas (~200 nanoparticles from fraction domain).  

 

By controlling the surfactant length and external parameters during superlattice 

formation, the interparticle distances can be easily tuned, enabling customizable optical 

property and predictable transitions. In one report, alkylthiol-capped Ag nanoparticles 

(AgNPs) were used to form quasi-ordered Langmuir monolayers on water surface.[15] 

Three different surfactants (i.e., propanethiol, hexanethiol and decanethiol) were 

combined with two sized AgNPs. The compressing of Langmuir-Blodgett (LB) trough 

changed the surface pressure, lead to controllable interparticle distances. When the 

distances decreased from 1.2 to 0.5 nm, both quantum and classical effects can be 

observed from the optical responses. However, keep decreasing the distances will result 

in an insulator-to-metal transition. At this reversible transition point, the nonlinear 

optical response of superlattice membrane would decrease to constant value, while the 

linear reflectance also decrease and finally close to the property of a thin metallic film. 

This method suggested a tailorable way to adjust coupling property and electronic wave 

function overlap within adjacent nanoparticles.  

 

To form close-packed nanoparticles superlattice, it needs small size dispersity of 

nanoparticles that consistently capped by soft ligands. Broad deviations of capping 

ligands would prevent disorder-order phase transition and lead to structure with low 

ordering. One fundamental research reveals that dodecanethiol-capped nanoparticles 

behave similarly to soft spheres consisting of metallic hard core and organic soft 

corona.[59] Different from the assembly of hard particles, the effects of capping ligand, 

facet and morphology of nanoparticle, and interparticle forces all contribute to the 

superlattice formation and ordering. For the same type of chain structure, the functional 

group of ligands also influences superlattice ordering. One systematic research has 

pointed out that alkanethiol-capped nanoparticles formed better superlattices compared 
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with amine-capped nanoparticles.[73] This may due to the weaker binding between 

amine and particle surface that lead to disorder of the exterior alkane chain.  

 

 

Figure 2.4 | Effect of chain length of surfactant ligand on superlattice structure.TEM 
images show 3D to 2D superlattices (left to right) using surfactants with increasing 
length by applying the ‘digestive ripening’ method. Reproduced with permission from 
Ref. [74]. © (2002) ACS.  
 

Beside from capping groups, the chain length greatly influences the structure and 

property of assembled superlattice.[75, 76] By applying the digestive ripening, a 

detailed study reported the effect of chain length on the superlattice.[74] Four different 

surfactants (i.e., octanethiol, decanethiol, dodecanethiol, and hexadecanethiol) were 

used as the capping ligand for comparison of assembled superlattices (Figure 2.4). For 

short ligand such as octanethiol, 3D assemblies or aggregation were observed due to 

large attracting forces between particles. With the increase of chain length, the 

balanced interaction among particles lead to self correction and organization, finally 

formed small fractions of 2D hcp assemblies and 3D structures. While the ligand length 

further increased to C16, 2D arrangements of nanoparticles were mostly formed with 

well-ordered structures. This fact indicates that the interparticle interactions can be 

well-controlled by using surfactants with different lengths, finally lead to tunable 

superlattice structures. In addition, the density, volume fraction, along with chemical 

characteristics of ligand/nanoparticle interface, may influence the thermal 

conductivities of assemblies.[77] 
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Figure 2.5 | TEM image and inset model shows free-floating superlattices constructed 
by DMAET-stabilized CdTe quantum dots. Reproduced with permission from Ref. [20]. 
© (2006) AAAS.  
 

The soft surfactant can also provide multiple driving forces as balance parameter to 

govern the self-assembly of nanoparticles. As an example for assembly of quantum 

dots, 2-(Dimethylamino) ethanethiol (DMAET) capped CdTe nanoparticle was able to 

spontaneously assemble into free-floating monolayer in solution (Figure 2.5).[20] Both 

experimental results and multiple simulations demonstrated that the driving force is 

originated from anisotropic electrostatic interactions and directional hydrophobic 

attractions. The DMAET contributed positive charge to the CdTe particles and 

hydrophobicity that originating from methyl groups. Similar to the function of 

surfactant, chiral ionic liquids can also acting as capping ligand around nanoparticles 

and guiding the assembly. The molecular structures of different ligands determine the 

hydrophilicity and steric hindrance during superlattice formation, and largely affect the 

nanoparticle patterns during the surfactant-enhanced Marangoni-Benard convection. 

[78] 

 

The nanoparticles capped by heterogeneous ligands would trigger the site-specific 

interactions and self-assembly. The physical or chemical interactions between soft 

ligands, such as hydrogen bonding, electrostatic and hydrophobic forces, are able to 

induce asymmetrical assembly of nanocrystals.[79, 80] CTAB 

(Cetyltrimethylammonium bromide) is a common ionic surfactant for control over 
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shapes of gold nanorods and stabilization during seed mediated synthesis. When 

CATB-capped AuNRs were partly exchanged by polystyrene at the two arrowheads, 

they can self-assembly into 1D regularly spaced chains that mediated by adding mixed 

solvent into the well-dispersed system, which is due soluble differences between side-

capped CTAB and end-capped PS ligands.[41] The AuNRs act as multifunctional 

monomer units and organize themselves into macromolecule-like assemblies during the 

chain-like structure formation, which is a process that analogous to step-growth 

polymerization. By selectively control the property and ratio of mixed solvent, various 

nanostructures can be formed.[55] This method established an approach to the 

quantitative prediction of the structural characteristics and LSPR properties of linear, 

branched, ring/bundle-shaped ensembles of AuNRs. [81]  

 

The use of appropriate surfactant is able to maintain the separation between 

nanoparticles, which enables 2D monolayers by either LB techniques or droplet 

evaporation. To unravel the structure evolution of superlattice membrane as a function 

of surface pressure during LB process, in situ optical microscope and X-ray scattering 

can be used to probe the formation process. The concentration of surfactant ligand, 

other than the surface pressure, is crucial for controlling the interparticle spacing.[82] 

Also, under high surface pressure, the reversibility of crumpled multilayer also largely 

depends on the surfactants. Besides the LB techniques, 2D superlattice membrane with 

long-range ordering can be prepared by drop-drying method. By utilizing air/liquid 

interface as natural platform, such method is truly scalable, enabling monolayer 

superlattice membranes with controllable long-range ordering (Figure 2.6).[14, 83] By 

using dodecanethiol-capped AuNPs (6 nm) as model building block, concentrated 

AuNPs in toluene was carefully spread on a water droplet. The rapid evaporation 

dynamically leads to 2D confinement of AuNPs at the air/water interface. After the 

evaporation of water droplet, the small islands of 2D assemblies would nucleate and 

grow into large membrane with considerate ordering. It proves that high concentration 

of particle along with the small fraction of excess surfactant in the system may promote 

monolayer formation. In the earlier report, it has been demonstrated that the excess 

nonvolatile dodecanethiol ligand may provide a lasting wetting layer that giving 

nanoparticles a high surface mobility.[83] During this interfacial assembly regime, the 

evaporation kinetics and attractive interaction between the particles and interface 

determined the quality of 2D membrane.[14] Two parameters are essentially important 
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in this assembly kinetics: flux of particles into the interface (f) and interfacial diffusion 

length (δ). A sufficiently higher f that determined by both evaporation rate and 

nanoparticle concentration, along with larger δ resulting from considerable 

nanoparticle-interface interaction, are necessary for 2D membranes. Small value of 

these two parameters will contribute to ‘stain-’ or ‘belt-’ like fractions that prevent 

large-scale membrane during late-stage drying. Based on this mechanism, highly 

ordered superlattice membrane with giant surface areas can be realized by carefully 

choosing different capping ligands to control the interaction forces between particles 

and interface. 

 

Figure 2.6 | 2D superlattice shows long-range order of AuNPs kinetically self-
assembled at air/water interface using drop-drying method. Reproduced with 
permission from Ref. [14]. © (2006) NPG.  
 

Hierarchical self-assembly of more elaborate nanoparticles is a challenging task 

compared with spherical or simple anisotropic nanoparticles.[84] A sequential 

assembly scheme has been achieved by using monodispersed octapod-shaped 

nanoparticles (CdSe/CdS) that capped by hydrophobic surfactants. They can assembly 

into chain-like structures when dissolved in toluene.[85] Further addition of acetonitrile 

would trigger the aggregation of octapod chains into 3D superlattices with high 

porosity. The interlocked configuration of such porous superlattice would lead to fast 

cation exchange and offer application potential in photovoltaic and sensors.[86]  
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Figure 2.7 | Mechanically robust free-standing superlattice membrane constructed by 
surfactant-capped nanoaprticles. TEM images of 2D superlattice membrane assembled 
by (a) dodecanethiol-capped AuNPs, (b) oleylamine-capped Fe/Fe3O4 and (c) oleic 
acid-capped CoO nanoparticles. (d) Histograms of Young’s modulus indicates median 
value of 6 Gpa, 1 Gpa and 14 Gpa for those nanomembranes, respectively. Reproduced 
with permission from Ref.[5, 87] © (2007) NPG and (2010) Wiley-VCH. 
 

Surfactant-capped nanoparticles are able to form close-packed 2D superlattice 

membranes showing electronic transport properties,[88] and more strikingly, with 

remarkable mechanical strength and robustness. The first reported free-standing 

nanoparticle membrane was assembled by hydrophobic dodecanethiol-capped AuNPs 

as basic building blocks. 2D monolayered superlattices were formed by spreading 

AuNPs dispersed toluene solution across water droplet resting on a silicon nitride 

substrate. Then the following self-assembly process would occur at the air-water 

interface[5]. The resulting monolayered membranes were highly ordered close-packed 

arrays that spanned across micrometer-sized holes, yielding freestanding structures 

(Figure 2.7a). Mechanical studies revealed a surprisingly large Young’s modulus in the 

range of 3~39 GPa by analyzing from elasticity theory.[89] The short dodecanethiol 

ligands may overlapped from neighboring nanoparticles and interdigitate with each 

other. The extracted Young’s modulus of ligand (Ethiol~4 GPa) in the membrane is 

larger than most common polymers, which could be attributed to the confinement of 

ligands on the nanoparticle surfaces and interstices between the nanoparticles. Based on 

this fundamental result, the surfactant ligands have not only effectively balanced the 
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interparticle attraction, but also offered intrinsic tensile strength of superlattice 

membrane in forms of ligand-ligand interactions. Followed systematic study was 

conducted on large-area free-standing superlattice sheets of various building blocks 

(i.e., Au, Fe/Fe3O4, and CoO) and capping ligands (i.e., dodecanethiol, oleylamine, and 

oleic acid, respectively) (Figure 2.7b, c)[87]. In the fabrication method, drying-

mediated assembly technique was used for different nanoparticle systems to create 

close-packed monolayer membranes that span holes of tens of micrometers in diameter. 

Particularly, CoO membrane was able to span over 70-μm-wide square holes with huge 

amount of freely suspending particles. Detailed mechanical study reveals that the 

Young’s moduli is constant value and irrelevant to the surface area of membrane 

(Figure 2.7d). Importantly, the size of building blocks, ligand-core and ligand-ligand 

interactions mainly determined the mechanical strength. The stronger binding and 

interdigitated ligands contributes to larger mechanical robustness and stiffness. Also, 

the larger particle size may increase the fracture strength of membrane, but multilayer 

may decrease the fracture strength owing to differences in residual strain during 

deposition. 

 

Pathway to the device applications always relies on the free-standing form of assembly 

and stratagem for transferring such nanostructure onto various substrates.[3] Free-

standing 1D plasmonic chain can be generated under the mechanism of 

superhydrophobicity-directed fluid drying. By combination of top-down and bottom-up 

strategy, citrate-capped AuNPs (45nm)/calcein composites formed 1D nanowires that 

free-standing on the superhydrophobic toothing-pillar-pair-structured silicon substrate 

(Figure 2.8a~c).[90] During the evaporation of droplet, microscale liquid bridges 

between neighboring micropillars guided the assembly direction, enabling 1D AuNPs 

nanowires as long as 30 μm with controllable width. The superhydrophobic pillars and 

ration of AuNPs/calcein are two key parameters that determined chain formation. 

Strikingly, such 1D nanowires with single particle width can free-suspended with one 

end connected to the micropillars, indicating remarkable mechanical robustness. In 

addition, the nanowires show plasmonic waveguiding property with a propagation 

length of ~2.1 μm, indicating a potential application for nanophotonic circuits.  
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Figure 2.8 | Free-standing 1D & 2D nanoparticle superlattices. (a) Optical micrograph 
and (b) TEM image of zigzag-type 1D assemblies formed between neighboring 
superhydrophobic micropillars. (c) magnified TEM images show tunable width of 
linear assembly by changing GNP/calcein ratio. (d) Scheme shows nitrogen-assistant 
method for transferring 2D free-standing superlattice membrane from copper grid (inset 
image) onto (e) SiO2/Si substrate. (f) magnified TEM image of red area in (e). 
Reproduced with permission from Ref. [90] [11] © (2013&2011) Wiley-VCH. 
 

Notably, a feasible transfer method and detailed electrical measurements of 

monolayered free-standing superlattice sheets has been presented[11]. In the first step, 

a TEM grid was sandwiched between Teflon with a cone-shaped cave and aluminum 

foil with a centered hole. Dodecanethiol-capped AuNPs (13.6 nm) were then self-

assembled into 2D superlattice membranes at the air/water interface. After evaporation 

of water, the membrane gradually deposited onto the TEM grid and formed the free-

standing membrane under the shape confinement and surface compression of cone-

shaped cave. Then, a nitrogen gas flow forces the membranes to leave the TEM grid 

and deposit onto hard substrate (Figure 2.8d). During this gas-forced transfer process, 

most free-standing membranes preserved the original shapes and without deterioration 

(Figure 2.8e, f). Moreover, the order of the local structure is also similar to that over 

the holes of the TEM grid, which proved that this method can be used to transfer 

nanomembranes onto arbitrary substrates while maintaining the local packing order, the 

global shape, and the relative positions. 

2.2.2 Multicomponent nanoparticle superlattice 
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Figure 2.9 | TEM images of binary superlattice membrane composed by different-sized 
nanoparticles. (a) Ordered binary array with RB/RA≈0.58. (b) size-segregated array with 
RB/RA≈0.47. (c) Random distributed array with RB/RA> 0.85. TEM images of 
superlattice co-assembled by AuNPs/AuNRs with anisotropic gold nanowires. SEM 
and TEM images of (e) AuNPs and (f) AuNRs embedded in AuNWs. (g, h) Scheme 
and TEM image of AlB2-type BNSL membrane constructed by15nm Fe3O4 and 6nm 
FePt nanoparticles. (i) TEM image of quasicrystalline superlattice assembled by 
13.4nm Fe2O3 and 5nm AuNPs. Figure reproduced with permission from Ref.[2, 17, 49] 
© (1998&2010) NPG, (2010) Wiley-VCH.  
 

Soft ligands also guide co-assembly of multicomponent building blocks (with various 

size, morphology, or composition) in one system, creates binary/ternary superlattice 

with distinct multifunctional properties. By precisely controlling the type and size 

ratios of constituent nanocrystals, it is possible to manipulate the structure and 

composition of superlattice.[28] One early example is the bimodal superlattice 

structures constructed by alkanethiol-capped AuNPs with two different sizes.[17] 

Simply by evaporation of toluene, three types of bimodal structure were observed that 
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closely related to the size ratios of coexisted AuNPs: (1) intimately organized bimodal 

array with AB2 stoichiometry, which is particularly favored when radius ratio of 

particles RB/RA within the range of 0.482 to 0.624 (Figure 2.9a); (2) phase-segregated 

domains with two different particles when RB/RA is in the range of 0.458 to 0.482 

(Figure 2.9b); (3) randomly distributed particles with small RB/RA (Figure 2.9c).  

 

Binary structures with geometrical diversity have been generated by co-assembling of 

AuNPs/AuNRs with anisotropic gold nanowires (AuNWs, with diameter of 1.6 nm and 

length larger than 5mm) (Figure 2.9d~f).[49] Compared with drop-casting assembly at 

solid substrate, the controllable assembly at air/liquid interface shows extended 

monolayer area and tunable structures. In this report, oleyamine was acting as the 

capping ligand and balancing the interactions between different building blocks. Also, 

excess oleyamine in solution facilitate diffusion of nanoparticles along the AuNWs and 

led to highly ordered structure. The AuNWs would form bundles that guided the 

orientation of AuNRs with end-to-end alignments. The interparticle distances can be 

programmed through changing the ratio of nanoparticle and AuNWs in solution, 

enabling variable SPR responses of binary assembly.  

 

Binary nanocrystal superlattices (BNSLs) have also been demonstrated recently and 

enriched design of novel metamaterials[2]. A general method has been created for 

preparation of centimeter-scale BNSLs that can readily be transferred to arbitrary 

substrates. By spreading a drop of hexane solution containing Fe3O4 and FePt 

nanocrystals with selected sizes and concentrations over the surface (~1.5 cm×1.5 cm) 

of diethylene glycol (DEG), liquid-air interfacial assembly of multicomponent 

nanocrystals allowed rapidly growing of large-scale monolayers with long-range 

ordered BNSLs (Figure 2.9g, h). This method has provided a facile and robust way to 

grow membranes of quasicrystalline BNSLs (Figure 2.9i) and ternary nanocrystal 

superlattices. Various superlattice structures (e.g., isostructural with NaCl, CuAu, AlB2, 

MgZn2, MgNi2, Cu3Au, Fe4C, CaCu5, CaB6, NaZn13, and cub-AB13 compounds, and 

dodecagonal quasicrystalline superlattice et al.) and can be formed by using 

combinations of semiconducting, plasmonic and magnetic nanocrystals.[29, 91] The 

electrical charges, together with entropic, van der Waals, steric and dipolar interactions, 

determined the BNSL stoichiometry.[63] For example, by altering the charges on PbSe 

nanoparticles through adding extra surfactant molecules (oleic acid or tri-n-



Chapter 2 

61 
 

alkylphosphine oxides), self-assembly of different superlattice structure can be directed. 

Those superlattice structures allow in depth analysis of crystallography including 

structure defects,[92] offering unique ordering parameter and mechanisms in assembly 

of various nanoparticles.[93] BNSLs shows unique plasmonic properties contributed 

from the different composition and near-field coupling between adjacent nanoparticles. 

As an example, the BNSLs constructed by AuNPs, and non-plasmonic particles (Fe3O4, 

PbS, PbTe) shows a tunable SPR coupling ranging from 551 nm to 640 nm.[31] It can 

be systematically controlled by tuning the lattice structure, nanoparticle 

size/shapes/compositons, enabling a programmable spectral property across broad 

range.  

 

Different from continuously self-assembly, non-uniform inorganic nanoparticles can 

spontaneously assemble into large core-shell supraparticles.[94] Such self-limiting 

process is mediated by the balanced van der Waals attraction and electrostatic repulsion 

among the constituent nanoparticles, creating inorganic nanostructures with complexity 

that mimicking the biological assemblies. For example, citrate-capped CdSe particles 

(2.9 ± 0.7 nm) can assemble into supraparticles with a median diameter range from 22 

± 2.4 nm to 49 ± 4.1 nm with the increasing growth time. Also, hybrid core-shell metal-

semiconductor supraparticles can be formed by introducing Au nanoparticles into the 

system, enabling distinct hierarchical assemblies.[95] 

 

2.3 DNA-based nanoparticle superlattice 

Compared with the short-chain molecules, DNA turns out to be the most promising 

candidate to manipulate nanoparticles at will due to its many inherent advantages, such 

as (a) the unique Watson-Crick base-pairing forces between complementary strands 

that allow for adjusting interparticle potentials with high accuracy; (b) DNA length that 

is finely and widely tunable from nanoscale to microscale with available chemical and 

biological toolkits; (c) emerging structural DNA nanotechnologies that allow for facile 

control over topology and mechanics of DNA motifs, enabling superior accuracy in 

templated assembly of nanoparticles. These unique characteristics enable DNA to be 

engineered either into various topological structures (structural engineering) or with 

desired sequences to optimize hybridization forces (sequence engineering), allowing 
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for facile programmed, templated or ligand-based assembly of nanoparticles into well-

defined nanoarchitectures. 

 

In this section, various viable approaches for building structurally-well-defined 

nanoarchitectures have been reviewed, along with discussion on their pros and cons. 

We thoroughly summarize viable strategies developed for building DNA-based 

nanostructures (Table 2.1). These methods and techniques can be categorized in three 

types, namely DNA-programmed self-assembly, DNA-templated self-assembly, and 

unconventional DNA technologies and nanopatterning. 

 

Table 2.1 | Summary on methodologies for constructing DNA-based nanostructures 
 

Methodologies 
Category of 

Architectures 
Building Blocks 

Conjugation 
Method 

Specific Structures References 

D
N

A
-P

ro
gr

am
m

ed
 S

el
f-

A
ss

em
b

ly
 “Plasmonic 

Molecules” 

AuNPs (5/10nm) 
Mono-DNA 
Conjugation 

Dimer/Trimer [38, 96] 

AuNPs (5-20nm) 
Mono-DNA 
Conjugation 

Pyramids [97] 

AuNPs (13/30/60 
nm) 

Site-
Specific 

DNA 
Conjugation 

Cat 
Paw/Satellite 
/Dendrimer 

[98] 

Au/Ag core-shell 
(20nm) 

Site-
Specific 

DNA 
Conjugation 

Nanodumbbells [99] 

AuNP/AgNP & 
nanoshell 
(11-75nm) 

Site-
Specific 

DNA 
Conjugation 

Heteropentamer/
Janus 

Nanoclusters 

[39, 100, 
101] 

Au Nanorods and 
Spheres 

Site-
Specific 

DNA 
Conjugation 

Heteromers [102] 

AuNPs (5-18 nm) PCR/RCA 
Dimer to 
multimer 

[103-105] 

“Plasmonic 
Polymers” 

AuNP (4.4 nm) 

Non-
specific 

Electrostatic 
forces 

Linear Chains [106] 

“Plasmonic 
Crystals” 

AuNP (11-15nm) 
Multi-DNA 
conjugation 

BCC/FCC 
superlattices 

[18, 23, 
27, 39, 

66] 
Anisotropic NPs (14-

140nm) 
Multi-DNA 
conjugation 

superlattices [43] 

AuNPs (5-20nm) 
Multi-DNA 
conjugation 

Multiple Lattice 
Structures [22, 45] 
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“Plasmonic 
Molecules” 

AuNPs (5/15nm) 
Cyclic 
DNA 

frames 

Triangles/square
s 

[107] 

Au/AgNPs (5-20nm) 
DNA 

Origami 
Dimers/Trimers [108, 109]

AuNPs & AuNRs 
DNA 

Origami 
Heter-dimers [110] 

“Plasmonic 
Polymers” 

AuNPs (10/15nm) 
DNA 

Nanotube 
Nanopeapod [111] 

AuNPs (5-15nm) 
DNA 

tile/origami 
Stacked 

Rings/Spirals 
[52, 112, 

113] 
“Plasmonic 

Sheets” 
AuNPs (6.2nm) DNA tiles 2D superlattices [114-116] 

U
n
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N
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h

n
ol

og
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s 
an

d
 

N
an

op
at
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rn
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g 

“Plasmonic 
molecules” 

AuNPs (5nm) 
Origami/ 

lithography 
2D arrays [51] 

“Plasmonic 
Polymers” 

AuNPs (40nm) Printing 
Plasmonic 

Chains 
[117] 

“Plasmonic 
Sheets” 

AuNPs (13nm) 

Dry-ligand 
combined 
with top-

down 

Large-area free-
standing 

superlattices 
[3, 118] 

“Plasmonic 
polymers/sheets

/Crystals” 

AuNPs (13nm) Dry-ligand 
/lithography 

Chains/corrals/ 
sheets/crystals [119] 

 
(AuNPs: Au nanoparticles; AuNRs: Au nanorods; ss/ds-DNA: single strand/double 
strand-DNA; BCC, body-centered cubic; FCC: face-centered cubic; PCR, polymerase 
chain reaction; RCA, rolling circle amplification) 
 

2.3.1 DNA-programmed self-assembly 

One of the unique features of DNA molecules is the specific Watson-Crick base pairing 

interactions between complementary sequences. These forces can be used to regulate 

interparticle potentials (enthalpic interactions) between adjacent nanoparticles and, 

therefore, program assembly of pre-synthesized nanoparticles. In two seminal papers, 

Alivisatos and Mirkin reported their initial results in 1996: the former focused on 

grouping finite-number nanoparticles together[38], whereas, the later focused on 

constructing three-dimensional arrays[66]. The initial reports outlined the concepts of 

DNA-programmed materials synthesis in which multicomponent assemblies could be 

arranged in space on the basis of rational design of DNA linkers and conjugates. 

Numerous techniques and methods, inspired by these pioneering approaches, have 

since been developed. 

2.3.1.1 Nanoparticle superlattice derived from mono-DNA conjugates 
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To precisely define the spatial positions of nanoparticles, it is often necessary to obtain 

high-purity mono-DNA conjugates (i.e. one oligonucleotide per particle)[38]. In the 

initial paper, mono-DNA conjugates led to the assembly of homodimeric and 

homotrimeric nanostructures, which are not attainable with multi-DNA conjugates (i.e. 

multiple oligonucleotides per particle). However, this strategy has been limited to small 

nanoparticles (< 10 nm) and typically leads to mixtures that need separation by 

electrophoretic methods. In a subsequent work, hetero-dimeric/trimeric plasmonic 

nanostructures were obtained [96] (Figure 2.10a). Briefly, AuNPs with two different 

diameters (5 and 10 nm) were used as building blocks and three different strategies 

were tested. The first involved the use of two complementary stands; the second 

involved the use of three DNA strands in which one of them act as a linker; the third 

involved multiple DNA strands and post-hybridization attachment of nanoparticles. All 

the desired products were purified by gel electrophoresis on 3-4% agarose gel. Dimer 

and trimer plasmonic molecules were formed by all three strategies as confirmed by 

TEM. However, the resulting assemblies were not structurally rigid, with deviations in 

the interparticle spacings and orientations because of the flexibility of DNA molecules. 

This flexibility resulted in different spatial arrangements of the AuNPs ranging from 

collinear to triangular distributions. The relative spatial distances between AuNPs was 

controllable by adjusting the lengths of double-stranded DNA, and the interparticle 

spacings of 1.2 nm, 1.5 nm and 5.8 nm were reported for the sequences with 18, 28, 

and 38 base pairs, respectively. The yields of designed plasmonic nanostructures are 

highly dependent on the quality of plasmonic nanoparticle mono-DNA conjugates 

which requires purification by gel electrophoresis and anion-exchange high-

performance liquid chromatography (HPLC) purification methods[120, 121].  

 

Vectorial control over nanoparticle placement by DNA programming is possible. In 

one excellent demonstration, nanoparticles could be grouped with high spatial control, 

leading to the formation of plasmonic tetrahedral molecules[97]. In this work, dsDNA 

was used as a scaffold to control the placement of 5-nm-diameter AuNPs. Four 

different types of AuNPs could be precisely positioned to each tip of the DNA 

tetrahedron. Gel electrophoresis was used to purify the tetrahedral assemblies which 

were further confirmed by both TEM and small-angle X-ray scattering (SAXS) 

characterization. Remarkably, this method could be used to produce chiral plasmonic 

structures with two different configurations of the constituent particles (Figure 2.10b). 
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The authors argued that their system could potentially act as a more sensitive plasmon 

ruler than simple dimeric structures because the conformation changes in such a 

multiparticle assembly could create a symmetry breaking that is apparent in the optical 

spectral measurements.  

 

Figure 2.10 | Plasmonic nanostructures derived from mono-DNA and site-specific 
DNA conjugates. (a) Schematic and TEM images for 10 nm AuNPs homodimer and 
5/10/10 nm AuNPs heterotrimer constructed from mono-DNA conjugates. (b) Chiral 
nanostructures built by using DNA-AuNPs monoconjugats with four different sizes at 
DNA pyramids tips. (c) Dendrimer-like nanostructures formed by asymmetric 
functionalized AuNPs. (d) End, side, and satellite nanostructures formed by AuNPs and 
Au nanorods after selective modification using DNA. (e) Stepwise surface modification 
of AuNPs and formation of two-faced cluster with anisotropic nanostructures. 
 

2.3.1.2 Nanoparticle superlattice derived from site-specific DNA conjugates 

Site-specific DNA conjugates refer to DNA-nanoparticle conjugates with multiple 

DNA strands attached to only specific sites on nanoparticle surfaces. Such conjugates 

can lead to the formation of anisotropic plasmonic assemblies. The asymmetric DNA-

functionalization of AuNPs could be achieved by using magnetic microparticles as 

geometric restriction templates[98]. With this strategy, AuNPs could be anisotropically 

functionalized with two different oligonucleotide sequences. This offers the divalent 

linking capability of the resulting AuNPs, allowing for the design and programmable 

assembly of discrete nanoparticle heterostructures, such as satellite, cat paw, and 

dendrimer-like assemblies (Figure 2.10c). Nam et al. used the similar method to 

synthesize SERS-active Au-Ag core-shell nanodumbbells[99]. By virtue of magnetic 
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particle-assisted separation, a high yield of anisotropically-functionalized nanoparticle 

conjugate was achieved, consequently, led to large quantities of dimeric AuNPs upon 

DNA hybridization. Furthermore, silver shells could be specifically deposited onto 

AuNP cores, forming Au-Ag core-shell nanodumbbells. The interparticle spacing could 

be controlled by adjusting Ag shell thickness. By fine-tuning this spacing, a detection 

limit of single molecule could be achieved.  

 

In a different approach, Kotov et al. reported complex assemblies from nanoparticles 

and nanorods based on selective modification of gold nanorods (AuNRs) with DNA. 

Three types of regiospecifc assemblies denoted as End, Side, and Satellite isomers were 

achieved with a yield of exceeding 85% (Figure 2.10d)[102]. All three types of 

nanostructures had an AuNR in the center and AuNPs sentinels at different positions 

that were controlled by regiospecific modification of AuNRs. Multiple experimental 

techniques were used to verify the various structural features, uniformity, and stability 

of the designed plasmonic assemblies. These plasmonic structures could serve as label-

free intracellular probes to acquire local organelle environment information within live 

cells. 

 

Alternatively, Gang et al. reported a stepwise assembly approach to synthesize AuNP 

dimers from anisotropically-functionalized AuNPs [101]. In this approach, DNA-

encoded nanoparticles were assembled onto a solid support in a stepwise manner. The 

steps of repeated assembly and disassembly at a surface imparted AuNPs with 

anisotropy, consequently generating remarkably high yields of well-defined dimer 

clusters and Janus (two-faced) nanoparticles (Figure 2.10e). The authors claimed that 

the stepwise approach could give higher yield of dimers than the conventional solution-

based strategies.  

2.3.1.3 Nanoparticle superlattice derived from multi-DNA conjugates 
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Figure 2.11 | (a) DNA-functionalized AuNPs can be assembled into different 
crystallographic lattice structures programmed by the sequence of the DNA linkers. (b) 
Schematic of hexagonal superlattice of standing AuNRs with corresponding TEM 
images. (c) Scheme illustration of using 3D hollow DNA spacers in AuNP 
crystallization. TEM images of a bcc lattice (left) formed from AuNPs (20 nm) and 
DNA spacer (10 nm), and ‘Lattice X’ (right) structure formed from AuNPs (10 nm) and 
DNA spacer (20 nm). (d) Controllable switching of interparticle distances by using a 
reconfigurable DNA device (ld) that acts as an interparticle linkage. After addition of 
set DNA strands (s1, s2), ld structure can be reversibly transformed from a flexible C 
configuration to stem loop RS and linear RL morphologies. 
 

Multi-DNA conjugates refer to DNA-nanoparticle conjugates with multiple DNA 

strands associated with one particle. The conjugation was mostly achieved by thiolated-



Chapter 2 

68 
 

DNA capped at the nanoparticle surface through Au-S covalent bond. Recently, an 

efficient and novel method has demonstrated to use poly adenine (polyA) as anchoring 

block that conjugated with nanoparticle surface[122]. Programming self-assembly of 

multi-DNA conjugates often leads to three-dimensional assemblies, which, however, 

requires careful control over DNA sequences, number density, ionic strength and 

hybridization temperatures. Initial attempts only led to aggregates with limited order 

[66], with observable red-blue color changes due to plasmonic coupling. Interestingly, 

the formation of particles aggregates were reversible, which could be controlled by 

DNA sequence and length, solvent, and temperature along with supporting electrolyte 

concentration. This finding was rapidly developed into a powerful diagnostic tool for 

detections of DNA, RNA and protein. Furthermore, the success in single-component 

systems could be extended to binary nanoparticle systems[123].  

 

Remarkably, the quality of 3D crystals from multi-DNA conjugates was significantly 

improved. In the same issue of Nature journal, two independent groups led by 

Mirkin[18] and Gang [27] reported their 3D nanoparticle crystals from multi-DNA 

conjugates by programmed temperature control. Both groups characterized the 

formation of nanoparticle crystals by synchrotron-based small-angle X-ray scattering 

(SAXS) and revealed the crystallization mechanism during each heating and cooling 

cycle. The results show that it is possible to achieve two distinct crystalline states (i.e. 

face-centered-cubic (FCC) or body-centered-cubic lattices (BCC)) by choosing 

different DNA sequences even with the same type of nanoparticle (Figure 2.11a)[18]. 

Nanoparticles could be assembled through a single DNA linker that gave rise to equal 

binding affinities between particles, resulting in a close-packed FCC structure; 

alternatively, nanoparticles could be assembled through two different DNA linkers, 

leading to a binary system which favored the less close-packed BCC structure. These 

results demonstrated the power of DNA in regulating lattice structures of nanoparticle 

crystals.  

 

The concept of optimizing crystallization of multi-DNA conjugates by precise 

temperature control could also be extended to anisotropic building blocks such as gold 

nanorods, rhombic dodecahedra and octahedral nanoparticles. It was found that particle 

shape had a strong influence on the superlattice dimensionality, crystallographic 

symmetry and phase of DNA-functionalized nanoparticles[43]. Mirkin et al. observed 
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that one-, two- and three-dimensional structures from anisotropic particles and the 

similar structures could not be made through the assembly of spherical particles. For 

example, AuNRs formed predominantly into 2D sheets with hexagonal symmetry in 

most samples investigated (Figure 2.11b). They argued that this was due to the 

preferred base-pairing interactions perpendicular to their long axis to maximize the 

hybridization events.  

 

Furthermore, a diverse array of 3D nanoparticle superlattices were thoroughly 

investigated from different DNA linkers and particles with various sizes[45]. Six basic 

design rules were formulated for regulating crystal structures, including 

crystallographic symmetry, and interparticle distances. In a recent work, the library of 

achievable DNA-programmed 3D superlattices was extended to new lattice structures 

by using hollow DNA nanostructures as 3D spacers [22] (Figure 2.11c). The unique 

hollow DNA structures served as voids that could be selectively placed into a lattice 

structure of AuNPs, leading to several distinct lattice structures that were difficult to 

obtain by conventional strategies (e.g., AB2 type, simple hexagonal, graphite type, AB6 

type, ‘lattice X’). This hollow DNA spacer-based method opens a new route to design 

crystals with novel lattice structures that are not naturally occurring. 

 

The structural flexibility of DNA and the reversibility of DNA hybridization events 

make it possible to obtain dynamic, reconfigurable and responsive nanostructures [124, 

125]. In one example, 3D superlattices and dimer clusters could be constructed with 

controllable switching of interparticle distances (in the range of 15-25%) by using a 

reconfigurable DNA structure that acted as an interparticle linkage[39]. By adding the 

specific DNA strands, the interparticle distances in the superlattices and clusters can be 

modified even in their post-assembly states (Figure 2.11d). The transition states and 

local re-arrangements were probed by SAXS which revealed the structural integrity of 

the systems during the reconfiguration process.  

 

Although crystallization of DNA-nanoparticles was typically achieved upon thermal 

annealing below its melting temperature, only polycrystalline micro-domains were 

obtained so far. By mimicking traditional crystallization techniques, slowing cooling of 

DNA-capped nanoparticles enables faceted rhombic dodecahedron microcrystals 

(Figure 2.12a-c), which further extended the DNA-programmable crystallization 
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method[50]. During the formation of such single-crystal, the crystal shape was 

demonstrated to be independent of nanoparticle sizes. Both experimental and 

theoretical calculation of surface energy values indicated that the rhombic 

dodecahedron is the thermodynamically most favorable crystal shape over a range of 

particle sizes. This method reveals that DNA-mediated self-assembly of nanoparticles 

can be rationally designed by controlling the surface energies of macroscopic 

nanoparticle crystals, which acting as a true analogue to atomic crystallizations.  

 

The DNA-mediated assembly of 3D AgNPs superlattice was not developed until 

recently. With an extension to this superlattice, DNA-programmed assembly can be 

used to construct binary plasmonic superlattice with AgNPs and AuNPs as building 

blocks (Figure 2.12d-f)[53]. Four types of binary superlattices can be achieved by 

varying the nanoparticle ratios, combined with rational design of DNA linkers, 

including AB-type (CsCl), AB2-type (AlB2), AB3-type (Cr3Si) and AB6-type (Cs6C60) 

superlattices. The extinction spectra of such Au-Ag binary superlattice exhibited a 

Fano-like interference, resulting in an observable dampening of SPR responses.  

 

DNA-programmed pathways could be combined with other methods, such capillary 

force-assisted self-assembly. In one example, AuNPs and nanoshells could grouped 

into structurally well-defined heteropentamer cluters (pentamers), which consist of a 

74nm-diameter AuNP surrounded by four nanoshells[100]. To obtain this structure, the 

pentamers were first synthesized by DNA hybridization but the structures were “loose” 

due to the soft nature of DNA. In a following step, the “loose” pentamers in solution 

could be “compressed” into a 2D plane by capillary forces during drying process 

(Figure 2.12g). To optimize the pentamer formation, a 75 bases ds-DNA spacer was 

used. Interestingly, this heteropentamer nanostructure showed specific magnetic and 

Fano-like resonances characterized by a broad electric dipole resonance spanning the 

entire range of the spectra. 

2.3.1.4 Nanoparticle superlattice from DNA polymerization 

DNA-programmed materials synthesis can be combined with polymerase chain 

reaction (PCR) or rolling circle amplification (RCA) to form various superstructures. 

Kotov et al. attached DNA primers onto nanoparticle surfaces and then carried out PCR 

reactions[103]. By changing the density of the primer on the surface of AuNPs and 
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controlling the number of PCR cycles, a number of plasmonic nanostructures were 

generated ranging from a mixture of dimers, trimers, tetramers, to chiral spatial 

organizations of AuNPs. The improvement of this method would rely on the 

development of separation methods for different oligomers. High yield of different 

generations of products will also be highly desirable for systematic studies of their 

chiral properties.  

 

Figure 2.12 | (a) Slow-cooling method shows crystallization of DNA-AuNPs. (b-c) 
SEM images of rhombic dodecahedron microcrystal. Scale bars are 2μm and 1 μm. (d) 
Design of DNA linkers for AuNPs-AgNPs binary superlattice. (e-f) STEM images and 
EDX elemental maps of AB- and AB2-type lattices. (g) DNA-functionalized 
nanoparticles/nanoshells into heteropentamer clusters (pentamers), which consist of a 
smaller gold nanosphere (74 nm) surrounded by a ring of four larger nanoshells ([r1, r2] 
= [62.5, 92.5] nm). (h) Schematic illustration of RCA on DNA-AuNPs that served as a 
scaffold for the formation of satellite 3D nanostructures. AFM image (right) showed 
superstructures constructed from 5 nm and 15 nm AuNPs (large bright spots). 
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Another DNA polymerization-based method to fabricate plasmonic nanostructures is 

by RCA which can produce long and linear single DNA strands from a short (<100 

bases), circular DNA template. The first RCA-based method to plasmonic structures 

was reported by Mao et al. They first synthesized monofunctionalized DNA-AuNPs (5 

nm) and then mixed them with RCA products (namely, long DNA strands with 

repeating sequences complementary to DNA sequence on AuNPs). This process led to 

the formation of micrometer-long 1D chains of AuNPs[104]. In a different approach, Li 

et al. fabricate satellite-like plasmonic nanostructures by RCA[105]. In this report, 

DNA oligonucleotides were tethered to AuNPs as the primer and a single-stranded 

circular DNA was used as a template. In the presence of  DNA polymerase, RCA 

reactions led to extension of nanoparticle-tethered DNA with repeats complementary to 

circular DNA templates (Figure 2.12h). Furthermore, AuNPs were attached to these 

repeats, forming satellite 3D nanoassemblies.  

2.3.2 DNA-templated self-assembly 

2.3.2.1 Simple dsDNA templates  

Murray et al. described the assembly of 1D linear chains of AuNPs (4.4 nm) coated by 

cationic trimethyl (mercaptoundecyl) ammonium (TMA) monolayers[106, 126]. The 

DNA acted as a template for cationic AuNPs by electrostatic interactions. The 

morphology of nanostructures varied from chains to complex bundles, which was 

controlled by controlling relative ratios of nanoparticles versus DNA base pairs. The 

edge-to-edge distance was estimated to 2.9 ± 0.9 nm, consistent with the predicted 

thickness corresponding to twice the TMA monolayer thickness. However, some 

precipitation would occur if the ratio of DNA to monolayer-protected cluster increased. 

This was likely due to the large binding constant provided by individual cation-anion 

electrostatic interactions. 

2.3.2.2 Templates based on DNA titles, DNA frames and DNA Origami 

Both DNA-programmed and dsDNA-templated nanostructures suffer from weak 

mechanical strength. Dehydration often leads to the structural collapse or shrinkage. 

Recently developed structural DNA nanotechnology can overcome this challenge by 

sophisticated design of rigid DNA tiles, frames and origami. 
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Figure 2.13 | DNA-templated self-assembly constructed by using DNA tiles and DNA 
origami. (a) DNA-functionalized AuNPs were organized into closely packed rows with 
precisely defined regular inter-row spacings templated by the DNA scaffolding. (b) 3D 
plasmonic tubular spirals of AuNPs using DNA tile-mediated self-assembly. (c) 
Encapsulated ‘nanopeapod’ AuNPs 1D chains using triangular DNA nanotubes with 
longitudinal variation as host. TEM image (right side) shows that encapsulated AuNPs 
could be spontaneously released from the nanotubes by simple addition of specific 
DNA strands. (d) Six-nanoparticle self-similar chain nanostructures using triangular 
DNA-origami templates. (e) DNA origami-templated AuNRs dimer that forming with 
various predetermined inter-rod angles. 
 

DNA can be interweaved to form rigid double-crossover (DX) tiles which can be 

further interlinked to form 2D DNA grids. Kiehl et al. utilized four different DX tiles to 

assemble 2D DNA grids on a solid substrate[116, 127]. Then DNA-modified AuNPs 

were positioned onto the grids with precisely defined regular inter-row spacing, via 

Watson-Crick base-pairing forces (Figure 2.13a). Seeman et al. used a similar method 

but with different DNA scaffolds and reported the formation of two-component (5 and 

10 nm AuNPs) 2D periodic patterns[114]. By using 3D DX triangles, a rhombic lattice 

arrangement tailed with different sticky ends enabled the formation of the two-

component template which then guided formation of 2D nanoparticle assemblies. 

 

DNA-tile-based method can also lead to 3D plasmonic nanostructures. Yan et al. 

reported the formation of 3D plasmonic tubular nanostructures (stacked rings, single 

spirals, double spirals, and nested spiral tubes) of AuNPs by using DNA tile-mediated 
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self-assembly (Figure 2.13b)[52]. The different conformations of tubular structure and 

chiralities could be controlled by size-dependent steric repulsions among AuNPs. With 

two different AuNPs (5 nm and 10 nm), complex 3D patterns, such as double helix and 

quadruplex structures, were obtained. These AuNPs were wrapped parallel to the DNA 

tubular axis. By further engineering the DX-DNA tiles structures, it should be possible 

to place AuNPs of different sizes in or outside of the DNA tubes. This work extended 

DNA-templated nanostructures to 3D complex architectures similar to some naturally 

existing patterns. 

 

With the aid of synthetic chemistry techniques, Sleiman et al. developed a different 

route to fabricate rigid DNA frames. They reported the creation of dynamic DNA 

templates which were fully functional in their single-stranded and cyclic forms. This 

template guided the selective attachment of AuNPs with different diameters on the 

complementary arms. Different nanostructures have been established by using the same 

square DNA template, such as square, trapezoidal, and rectangular clusters. 

Interestingly, post-assembly ‘write/erase’ methods were demonstrated by selectively 

removing one particle from triangles of three AuNPs, followed by positioning another 

AuNP onto the specific site[107]. 

 

Linear chain structures of AuNPs could also be produced from rigid DNA frames. In 

particular, AuNPs could be positioned inside DNA nanotubes fabricated from rigid 

DNA triangles to form ‘nanopeapod’ (Figure 2.13c)[111]. The advantages of using the 

DNA nanotubes are that conjugation with AuNPs (10 and 15 nm) was size-specific, 

and the core-to-core distances of AuNPs could be precisely controlled. Notably, the 

encapsulated AuNPs could be spontaneously released from the nanotubes by simply 

adding specific DNA replacement strands. The external strands could selectively open 

the DNA nanotube structure and break the chain-like structures, which could be 

potentially be applied in gene-triggered delivery of drugs and cell-specific therapies. 

 

Structurally more complex plasmonic nanoarchitectures could be produced from DNA 

origami templates. DNA origami has attracted much attention to the field of DNA 

nanotechnology since the landmark work established by Rothemund[128]. In contrast 

to the conventional crossover strategy that uses single building block to construct larger 

structures in a ‘two-step’ process, DNA origami provides a versatile and simple ‘one-
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pot’ method to create addressable DNA nanopatterns by using various short staple 

DNA strands to fold genomic DNA into geometrically desired nanopatterns[108, 129, 

130]. 

 

Liu et al. reported a bottom-up assembly method to synthesize monomeric, dimeric and 

trimeric AgNPs (20 nm) cluster, and AgNP-AuNP heterodimer nanostructures 

templated by triangular-shaped DNA origami with a side length of 114 ± 2 nm [108]. 

The synthesis involved two steps: (1) preparation of triangular-shaped DNA origami 

with high quality and desired capture strands at predetermined locations on the 

structure; (2) hybridization of phosphorothioated chimeric DNA conjugated AgNPs on 

the DNA origami template. They demonstrated that the core-to-core distance between 

each AgNPs can be precisely controlled from 29 to 94 nm. The yield of dimer could 

reach 81%, and the yield of trimer could reach 62.5%. 

 

In addition, Bokor et al. developed the six-nanoparticle self-similar chain structures by 

using DNA origami templates[109]. The long scaffold strand hybridized with designed 

staple strands, forming the triangular DNA origami with specific binding sites on one 

side of the origami surface (Figure 2.13d). These binding sites guided the different 

AuNPs (5, 10, 15 nm) to the desired locations through complementary base-pairing 

forces. A plasmonic resonance band shift from 521 to 526 nm was observed, indicating 

strong local electromagnetic field enhancements in the interstices between 

nanoparticles. 

 

The anisotropic building blocks could also be assembled into nanoarchitectures by 

DNA-origami templates. AuNRs have been successfully assembled into discrete, well-

ordered AuNR and AuNR-AuNP hybrid nanoarchitectures[110]. The DNA origami-

templated AuNRs dimer could form various predetermined inter-rod angles (0°, 60°, 

90°, 180°) (Figure 2.13e). This opens a new route to coordinate the spatial orientations 

of anisotropic nanoparticle building blocks. 

 

With DNA origami methods, it is possible to design more complex plasmonic 

nanostructures [131] [132] for various applications in nanodevices[133]. For example, 

Ding et al. reported the construction of 3D AuNP helices by rolling and stapling 2D 

rectangular DNA origami[112]. The geometric dimension of stapling positions on DNA 
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origami could be rationally controlled, tailoring the structural parameters of AuNPs 

helices. Similar nanohelices with left- and right-handed morphologies were reported by 

Kuzyk et al. using a different DNA origami-template method[113]. For each plasmonic 

helix, nine AuNPs were specifically conjugated to the site of DNA origami 24-helix 

bundles consisting of complementary staple DNA extensions. The nanohelices 

exhibited both circular dichroism and optical rotatory dispersion effects due to 

plasmonic coupling in chiral structures. These plasmonic helices resembled natural 

chiral moleculars, opening a new route to manipulate light by programming chirality.  

 

2.3.3 Unconventional DNA technologies and nanopatterning  

2.3.3.1 As entropic ligands in drying-mediated self-assembly 

 

Figure 2.14 | DNA as entropic ligands in drying-mediated self-assembly. (a) Free-
standing monolayered DNA-AuNPs superlattice sheets. 3D STEM tomography 
reconstruction of a folded sheet (left) and TEM image (right) showing hexagonal 
ordering. (b) drying-mediated deformation of DNA corona in 3D supercrystals. 
 
The programmed pathway and template strategies have led to a diverse range of 

plasmonic nanostructures. In a different route, Cheng et al. successfully put DNA to an 

unconventional use as an entropic “dry ligand” in a drying-mediated self-assembly 

process[134]. Under low ionic strength, this method led to large-area highly-ordered 
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nanoparticle superlattices without, in some circumstances, the requirement of specific 

Watson-Crick base-pairing (Figure 2.14a). Cheng et al. systematically investigated the 

mechanism of dry-DNA-ligand-mediated self-assembly on solid support, holey 

substrate, and at the air/water interface. In particular, drying-mediated self-assembly of 

DNA-capped nanoparticles has been systematically investigated by synchrotron-based 

small-angle X-ray scattering (SAXS)[23]. This represented a hybrid strategy of drying-

mediated self-assembly and programmable crystal formation, and the studies on such 

dynamic crystallization demonstrated that DNA-mediated nanoparticle crystals were 

soft with continuously scalable lattice constants (Figure 2.14b). Furthermore, this 

result showed that crystallization time in the soft-crystallization process can be tuned 

by programming base-pairing forces. It also revealed that DNA behaved as a molecular 

spring in the drying-mediated self-assembly process, from which a simple entropic 

spring argument could be applied to generic soft-corona hard-sphere interactions at the 

nanoscale (such as alkyl-molecule-mediated self-assembly of nanoparticles).  

 

Furthermore, DNA-mediated self-assembly of AuNPs has been investigated at the 

air/water interface by Synchrotron-based Grazing-incidence Small-Angle X-ray 

Scattering (GISAXS). Specifically, an X-ray beam was positioned parallel to a silicon 

support, raster-scanning a droplet containing DNA-capped nanoparticles. This allows 

for mapping spatial crystallization events across the entire droplet [118]. The 

experimental results showed that DNA could direct self-assembly of the nanoparticles 

into Gibbs monolayers at the air/water interface., and that the spacing within the 

monolayer was highly dependent on ionic strength. These synchrotron-based studies on 

DNA-ligand-mediated self-assembly showed that DNA can manipulate nanoparticle 

crystallization both temporally and spatially. This may substantially extend the scope of 

application of DNA in materials and interfaces. 

 

DNA ligands offer superior advantages to alkyl molecule ligands. The highly 

controllable molecular lengths of DNA ligands enable tailoring of both structural (inter-

particle spacings) and functional properties (plasmonic and mechanical) over a wide 

window. In particular, the edge-to-edge inter-particle spacing in DNA-based 

nanoparticle superlattices can be adjusted up to 20 nm in dehydrated state [3], which is 

a significantly wider range than that has been achieved with alkyl molecular ligands. 

Such control allows for tuning plasmonic colors without changing chemical 
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compositions and shows potential applications in future plasmonic circuits. Compared 

to DNA-programmed and DNA-templated strategies, DNA-ligand-based method 

provides a simple yet efficient route to fabricate large-area nanoparticle superlattices 

stable in dehydrated state with low cost. However, the drawback of ligand-based 

approach is to loose the specificity in constructing more complex lattice structures 

other than face-centered-cubic or hexagonally-close-packed packing geometries.   

2.3.3.2 In conjunction with top-down lithography 

DNA-based bottom-up self-assembly can be combined with top-down lithography. In 

particular, DNA-dry-ligand-based strategy exhibited excellent compatibility with top-

down lithography. This combination may be a critical step for future integration of 

DNA-derived plasmonic nanostructures into nanophotonic circuits.  

 

Figure 2.15 | Top-down lithography integrates with bottom-up DNA-programmed self-
assembly. (a) Cross-sectional scheme of a microdroplet confined in a micromould 
showing centre dewetting. Localized assembly of the AuNPs microdiscs was then 
achieved by DNA-programmed crystallization. (b) SEM image of nanoparticle disks 
pattern with highly ordered internal structures. (c) Large-area patterning of AuNPs (5 
nm) onto spatially ordered, 2D arrays through the site-selective deposition of triangular 
DNA origami onto lithographically patterned substrates. 
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By virtue of lithographically-fabricated micromoulds, DNA-mediated nanoparticle 

crystallization events could be localized, leading to patterned superlattices. This 

strategy was able to rationally control the local crystallization events of the 

nanoparticles superlattices, which resulted in versatile structures with high degrees of 

internal order, such as single particle-width corrals, single particle-thickness microdiscs 

and submicrometre-sized ‘supercrystals’ (Figure 2.15a and b)[119]. These nanoscale 

features were produced from micrometer-sized moulds, corresponding to a few hundred 

times of size reduction. Notably, these patterned superlattices could be addressed by 

micropatterned electrode arrays, suggesting compatibility with current solid-state 

devices. 

 

Furthermore, by virtue of lithographically-fabricated microholes, the crystallization of 

DNA-capped nanoparticles can be confined to 2D planes. This process led to free-

standing monolayered DNA-nanoparticle superlattice membranes (Figure 2.15a)[3]. 

Both internal and overall structures of sheets could be controlled. For examples, 

circular and square sheets were obtained conforming to the holey geometries defined 

by top-down lithography; the edge-to-edge interparticle spacing could be precisely 

tuned from ~1 nm to ~20 nm. The spacing control influenced the plasmonic coupling, 

leading to plasmonic nanosheets with different colors. This method opens a simple yet 

efficient avenue towards the assembly of plasmonic nanoparticle solids in their ultimate 

thickness limit – a promising step that may enable their integration into solid-state 

nanodevices. 

 

DNA origami-templated plasmonic nanostructures could also be combined with top-

down lithography. Cha et al. reported the repeated patterning of large-area arrays of 

10nm ssDNA-functionalized AuNPs by a soft-lithographic subtraction printing 

process[135]. In this method, ssDNA were first adsorbed on PDMS substrates, 

followed by subtraction printing using a lithographically templated silicon master. The 

patterned ssDNA domains were then transferred to silicon substrates. Furthermore, 

DNA hybridization was applied to induce assembly of ssDNA-functionalized AuNPs. 

Finally, patterned and crossed lines were achieved. Furthermore, Cha et al. also 

reported the large-area patterning of AuNPs (5 nm) into spatially ordered, 2D arrays 

through the site-selective deposition of triangular DNA origami onto lithographically 

patterned substrates (Figure 2.15c)[51]. Precise binding of AuNPs to each DNA 
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structure was achieved and formed macroscopic arrays with characteristic length scales 

ranging from a few to several hundreds of nanometers. Different patterns, such as 

multiple triangles with alternating left and right orientations, were also formed, 

providing a new way to rationally generate complex patterned networks[136]. 

 

In addition, there were reports of using printing methods with photolithographically-

fabricated stamps to pattern DNA-capped nanoparticles. Stellacci et al. reported the 

applicability of supramolecular nanostamping for replicating DNA arrays by using 9 

nm AuNPs with high fidelity[137]. Udo et al. also reported a Gutenburg-type method 

with electron beam-fabricated stamps to replicate lithographically defined 

nanostructures[138]. Dense nanoparticle loading and high transfer yields were achieved 

over three consecutive printing cycles. 

2.4 Polymer-based nanoparticle superlattice 

The facile functionalization and unique topological features of polymer allow it to 

template and guide the assembly of nanoparticle building blocks into well-defined 

architectures. Such self-assembly process is similar to the case of surfactant-capped 

nanoparticles, but polymer ligands shows unprecedented advantages to widely tune 

interparticle spacing especially for large nanoparticles, which are essential for vast 

assortment of plasmonic applications. Previously, polymer has been successfully used 

as ligands to stabilize nanoparticles either by direct synthesis [139, 140] or ligand-

exchange procedure[141]. Such success has led to ordered nanoparticle arrays self-

assembled at solid substrates[140, 142] and as free-standing state.[6, 8, 12] In addition, 

polymer has also been used to template the assembly of nanoparticles into various 

structures [54, 143-146]. In this section, we review the established pathways in 

polymer-based construction of nanoparticle architectures. 

2.4.1 Polymer-templated self-assembly 

 

By appropriate conjugation with homopolymer and block copolymer, nanoparticles can 

be assembled into multiple nanostructures with distinct ordering.[147, 148] In this 

method, the nanoparticles are embedded with the polymer matrix, which acting as a 

soft template for guiding the assembly process. [143] In one example, alkane-capped 

CdSe nanorods can densely packed into vertical arrays in the PMMA matrix under the 
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combined forces of external electric field and interfacial energy.[149] The CdSe 

nanorods were aligned along the direction of applied field, and the ‘self-corralling’ 

process facilitated the formation of side-by-side packed arrays owing to nonfavorable 

interactions between ligands and polymer matrix (Figure 2.16a). Without the polymer 

matrix or changed into PMMA-miscible ligands, the phase separation would not 

happen, resulted in a randomly distributed nanoparticles.  

 

Figure 2.16 | (a) Vertically aligned CdSe nanorods in PMMA matrix under the 
combined guidance of external electric field. (b) Formation of nanoparticle chains in 
PS-b-PMMA copolymer domains. (c) Ordered lamellar structure formed by AuNPs at 
the interfaces of PS-b-P2VP block copolymer. (d~f) Lamellar and cylindrical 
nanostructures of ordered CdSe nanorods formed in PS-b-P4VP domains. Figure 
reproduced with permission from Ref.[54, 149-151] © (2006) ACS, (2001) NPG,(2007) 
ACS, and (2011) ACS. 
 

Specifically, the microphase separation of block polymer can guide the assembly of 

nanoparticles,[152] which can be tailored by both enthalpic (tuning particle ligands) 

and entropic effects (particle diameters relative to gyration radius of polymer). 

Hierarchical self-assembly of Au and Ag nanoparticles were achieved using 

polystyrene-block-poly(methylmethacrylate) (PS-b-PMMA) copolymer as template.[54] 

The copolymer film was first formed on SiN4 substrate by spin-cast and induced 

regular stripe-like domains. Then the metallic nanoparticle was deposited on the film 

and diffused selectively along the domains, leading to ordered nanochains and 

continuous wires (Figure 2.16b). In addition, by verifying volume fractions of 
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nanoparticles, stable bicontinuous microstructures with small dimensions (100 nm) can 

be created.[151] The AuNPs specifically bind to interfaces without causing macrophase 

separation of symmetric AB diblock copolymers polystyrene-block-poly(2-

vinylpyridine) (PS-b-P2VP) (Figure 2.16c).  

 

Copolymer-based supramolecules can also template the assembly of anisotropic CdS 

nanorods with controllable nanostructures. Morphological control in nanorods 

assembly was achieved by varying supramolecular microdomains (i.e., spherical, 

lamellar, and cylindrical morphology) of PS-b-P4VP, enabling cylindrical alignment of 

nanorods parallel to copolymer, continuous networks, and nanorod clusters.[150] 

(Figure 2.16d-f) Furthermore, quantitative analysis indicates that the interaction of 

nanorod and polymer ligand (ΔHrod‑polymer), the entropy relevant to polymer chain 

deformation, (ΔSpolymer), and the energy of nanorods interactions (ΔGrod-rod) are essential 

parameters for controlling nanorod assemblies. Further hierarchical ordered patterns 

has been created for ternary system which contains two kinds of nanoparticles (gold 

and silica) conjugated with poly(styrene-b-ethylene propylene) copolymer.[153] This 

copolymer-templated assembly provides multiple perspectives toward construction of 

high-performance nanocomposite with characteristic nanoscale orderings.  

 

Growth of nanoparticles can also be induced within polymer micelles and 

microdomains, enabling ordered nanostructure in polymer matrix.[154] Such 

‘microreactor’ confined the size, and reacting environment can be modified by adding 

additional interactions (e.g., hydrogen bond, coordinative, acid-base) that attributed by 

functional groups in polymer matrix. One example is the growth of AuNPs (1 nm) 

within the PVP micelle of PS-b-PVP block copolymer by utilizing a nucleation rate that 

is much larger than the diffusion rate. This method can be used to create 

nanocomposites for catalyst recycling in catalytic reactions. 

2.4.2 Polymer-assistant self-assembly 

“Artificial molecules” such as nanoparticle dimers and trimers are achieved based on 

control over the aggregation kinetics of nanoparticles by fine tuning of the electrostatic 

interactions under polymer encapsulation. Firstly, AuNPs capped by hydrophobic 

ligands[155, 156] can self-aggregated into randomly distributed nanoparticle clusters 

by inducing aggregation with HCl. The assemblies were then encapsulated by 
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amphiphilic diblock copolymers polystyrene-b-poly(acrylic acid) (PS154-b-PAA60) in 

a DMF/H2O mixture, resulted in a yield of 61% for dimers and 15% for trimers[155] 

(Figure 2.17a). The encapsulated polymer shells efficiently stabilized the nanostructure 

and prevented disintegration during subsequent purification and enrichment processes. 

However, isolation techniques are needed to get high-purity nanostructures with high 

yield. An efficient sedimentation method has been developed by exploiting CsCl 

solutions with high density. [156] The enhanced relative difference in sedimentation 

velocity enhanced separation purity with yields of dimers as high as 95%[156]. 

Subsequently, a different method was developed to prepare Ag NP dimers by 

introducing etching agent to Ag nanocubes with the assistance of poly(vinyl 

pyrrolidone) (PVP).[157] The Fe(NO3)3 efficiently etched the cubes into spheres and 

induced the dimerizing of AgNPs with yield of 66% (Figure 2.17b). The hotspots 

generated at nanogaps (~1nm) between the dimers triggered intense SERS signal on the 

order of ~108. 

 

Figure 2.17 | (a) Aggregation induced dimers of AuNPs and simultaneously 
encapsulated by PS154-b-PAA60. (b) Etching agent induced dimerization with the 
assistance of PVP. Ag nanocubes were acting as precursor and etched into Ag 
nanospheres. Reproduced with permission from Ref.[155, 157] © (2008) ACS, (2010) 
Wiley-VCH.  
 

2.4.3 Polymer-mediated self-assembly 
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Basically, two methods are developed for synthesis polymer-capped nanoparticles, 

namely, ‘grafting-from’ and ‘grafting-to’ approaches. For the ‘grafting-from’ method, 

the initiator was conjugated with particle surface and then polymer chain grows after 

applying polymerization.[158] However, the stability of initiator-particle bond has 

destroyed under high temperature, which limited this process only success under low 

temperature. Only mild polymerization process (e.g., ring-opening or controlled free-

radical polymerization) can lead to well-dispersed polymer-capped nanoparticles.[159] 

Differently, the ‘grafting-to’ method was performed by reducing particle precursor 

under the existence of thiolated-polymers, enabling densely capping of polymer after 

particle formation.[140] But the presence of polymer in the reacting system may result 

in low uniformity of particle size and shapes. The exchange of the conventional alkane-

based ligand with polymer needs fine-tuning the chemical nature of both ligands.  

 

Based on those pioneering work, a more efficient ‘two-step grafting-to’ method was 

introduced for fabrication of polystyrene-capped AuNPs. Those PS-capped AuNPs can 

spontaneously assemble into short-range-ordered monolayers when cast onto solid 

substrates[142]. By independently modify the particle size or chain length of PS ligand 

(Mn from 3,770~66,000), the interparticle distances can be changed, enabling a tunable 

LSPR property that relevant to interparticular dipolar coupling. However, it is hard to 

arbitrarily transfer such monolayers onto other substrates, and the inevitable structure 

defects make it difficult to integrate membranes on a desired substrate for device 

applications. In this report, the conformation, capping density, thiol-footprint and 

hydrodynamic diameter of PS are thoroughly studied and concluded several basic rules 

for this system: (1) The capping density would decrease with increasing of PS chain 

length; (2) the average area occupied per PS ligand increases with larger PS molecular 

weight; (3) the PS ligand showed a brush conformation and can be treated as 

constrained stiff chains with a cylindrical-to-conical geometry (de Gennes’ equations). 

 

With integration of “grafting to” and “grafting from” method, AuNPs and AuNRs 

capped by amphiphilic binary polymer brushes were synthesized by sequential ligand 

exchange and surface initiated atom transfer radical polymerization (ATRP).[160] The 

hybrid polymer capped AuNPs/AuNRs can self-assembly into ordered monolayers at 

oil/water interfaces (Figure 2.18a). Due to different property of polymer chains, it 

exhibited unique features such as stimuli-responsive assembly and disassembly with 
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fast kinetics and controlled interparticle distribution. With carefully controlling over 

solvent quality (chloroform/water/hexane percentage), PEG/PMMA-capped 

nanoparticle assemblies show tunable SPR responses. Owing to pH responsive property 

of PDEA, PEG/PDEA-capped nanoparticle formed variable structures at different pH. 

Such sequential surface modification technique give rise to hybrid polymer induced 

interfacial assembly. By changing polymer property, pH-variation and solvent quality 

controllable assembly can be achieved, enabling new ways for programmable 

plasmonic properties of superlattice.  

 

Figure 2.18 | (a) Schematic illustration of the synthesis of PEG/PMMA-capped AuNPs. 
It was achieved by sequentially combined “grafting to” (conjugation of PEG and ATRP 
initiator to particle surface) and “grafting from” (surface-initiated polymerization). 
Monolayer was formed at oil/water interface. (b) Free-standing superlattice membrane 
with area of 1 cm2. TEM image shows ordered array of AuNPs. Reproduced with 
permission from Ref. [12, 160] © (2008&2010) ACS. 
 

A myriad of design strategies have been sought for utilizing polymer-capped 

nanoparticle to construct 2D superlattice membrane, including evaporation-mediated 

assembly, LB technique, and interfacial self-assembly. It allows the growth of large 

area monolayers with highly ordered structure that combine the desirable properties of 

nanoparticles and polymers[143]. As an example, polymethylmethacrylate (PMMA) 

capped AuNPs (5.5 nm) can assembly into free-standing membrane under the 

evaporation-driven polymer solidification at air/water interface (Figure 2.18b).[12] In 
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this case the ordered AuNPs/PMMA nanocomposite monolayer can reach a physical 

dimension of 10 cm2. This AuNPs/PMMA monolayer is transferable to arbitrary 

substrates and remains stable as a free-standing membrane suspended over centimeter-

sized holes. Moreover, the PMMA serves as a photoresist enabling two modes of 

electron beam patterning, and the e-beam exposed area can be preserved after treatment 

of hexane and toluene. 

 

Figure 2.19 | (a) Schematic illustration of Langmuir-Blodgett trough. (b-d) SEM 
images and inset optical images show tunable interparticle distances and plasmon 
responses of superlattice membrane formed by Ag cuboctahedra. Reproduced with 
permission from Ref. [13, 161]. © (2008) ACS and (2007) NPG. 
 

Combined with Langmuir-Blodgett (LB) techniques, polymer-based nanoparticles can 

assembly into various superlattices with high ordering at the air-water interface.[161] 

In this way, nanoscale assembly can be tuned upon controlling of macroscopic 

parameters such as surface pressure, and compressing speed. In one report, PVP capped 

Ag nanocrystals (including truncated cubes, cuboctahedra, and octahedra) were 

organized into densely packed 2D superlattices with tunable plasmonic properties 

(Figure 2.19).[13] For example, the cuboctahedra superlattice shows different SPR 

bands at various surface pressures. At low pressure and loose packing, single SPR band 

ascribed to quadrupolar mold coupling dominated the spectrum, and blue-shifted with 



Chapter 2 

87 
 

increasing surface pressure, indicating strong near-filed interactions. With further 

compressing, higher-order mode coupling induced SPR bands at low wavelength, and 

new broad band associated with plasmon delocalization would appear at ~600 nm.  

 

Figure 2.20 | (a) Optical image of sedimentation-driven assembly of Ag octahedron 
into 3D supercrystals at bottom of cuvette. Reflectance spectra collected at different 
height indicated structure difference. (b) Scheme shows the supercrystal formation. (c) 
SEM images and corresponding scheme of densest lattice packing of Ag cubes, 
truncated cubes and cuboctahedra. Reproduced with permission from Ref.[24, 162]. 
© (2008) ACS and (2011) NPG. 
 

Compared with linear polymer ligand, amphiphilic branch copolymer may facilitate 

monolayer formation through vertical segregation of different polymer arms. In one 

example, V-shaped polybutadiene-poly(ethylene glycol) (PB-PEG) was capped on 

AuNPs (2 nm).and formed ordered monolayer using LB technique. But the pancake 

shaped nanostructure only reaches a maximum lateral dimension of 10 μm.[145] A 

more concentrated nanoparticle solution should be used to spread on air/water interface 

to get large-scale monolayer. By using ‘grafting-from’ method, PMMA-capped AuNPs 

were synthesized by the surface-initiated living radical polymerization, and formed 

monolayer superlattice on air/water interface after LB compressing.[158] The 

controlled growth of chain length decided the interparticle distances in superlattice. The 

analysis on interparticle distances and PMMA grafting lengths reveals that the PMMA 

was fully stretched during assembly, arising from high-density capping and brush 

conformation. This flexible pathway enables control over optical response of polymer-
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capped nanoparticles, and facilitates the transfer and manipulate of metallic 

nanostructure arrays into highly integrated and hierarchically organized nanodevices. 

 

To avoid non-uniform fluctuations and severe salvation forces in drying-mediated 

assembly, sedimentation-driven assembly is proved to be a facile way to fabricate 

large-scale supercrystals of polyhedral nanoparticles with conjectured densest 

packings.[24, 162] In this assembly scheme, PVP stabilized Ag nanocrystals (cubes, 

truncated cubes, cuboctahedra, truncated octahedra and octahedral) were loaded in a 

designed PDMS reservoir and formed dense supercrystals by gravitational 

sedimentation (Figure 2.20). The assembly indicates that nanoparticles are more like 

entirely hard and non-attractive polyhedral. This can be explained by the repulsion 

induced from the PVP layers. The strong entropic repulsion balanced with vdW 

attraction of particle cores. Acting as depleting agents, free polymer chains in solution 

mediate substantial attractions between polymer-capped nanoparticles. 

 

Figure 2.21 | (a-e) Nanostructures self-assembled by AuNRs with end-capped 
polystyrene and side-capped CTAB. SEM images show the structures of (a) rings, (b) 
chains, (c) bundled chains, (d) side-to-side bundles, (e) microspheres. (f) SEM image of 
AuNRs superlattice membrane. (g) High magnification images show vertically aligned 
monolayer (V-sheets) and horizontally aligned monolayer (H-sheets). Reproduced with 
permission from Ref.[8, 55]. © (2007) NPG, (2011) ACS. 
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Site-specific asymmetric functionalization of nanoparticle by using polymer lead to 

self-assembly of varying geometries. As described in previous section, amphiphilic 

AuNRs with longitudinal side-capped CTAB and end-capped hydrophobic polystyrene 

can be used as general building blocks for construction of various nanostructures 

(Figure 2.21a-e). Self-assembly was simply triggered by adding water to organic 

solvent containing AuNRs. In the DMF/water mixture, AuNRs assembled into rings 

and chain-like nanostructure with end-to-end connection of PS ligand. Whereas in 

THF/water mixture, the AuNRs aligned side-by-side and formed bundled-chains, 

aggregated balls and microspheres.[55] The selective hydrophilic and hydrophobic 

property induced from CTAB and PS guided the geometry of nanostructures. This 

method established a straightforward approach to the quantitative prediction of the 

structural characteristics and LSPR properties of linear, branched, ring/bundle-shaped 

ensembles of AuNRs. [81]  

 

In contrast to the significant progress achieved in the construction of superlattices from 

nanospheres, much less success has been reported for nonspherical building blocks. A 

simple yet robust polymer ligand-based approach has been reported to assemble 

plasmonic AuNRs into two types of ordered superlattice sheets, which aligned 

horizontally into superlattice monolayer sheets (H-sheets) or vertically into superlattice 

monolayer sheets (V-sheets) (Figure 2.21f and g)[8]. Both sheets can be controlled at 

the monolayer level (i.e., 31.3 ± 0.3 and 63.6 ± 2.1 nm for H- and V-sheets, 

respectively), with lateral dimensions in the submillimeter scale. The nanosheets 

display distinct spectral features dependent on the nanorod orientations, spacing, and 

size. These features are explained by the difference in plasmon modes excited on the 

sheets, which are confirmed through discrete-dipole-approximation (DDA) calculations. 

This general and facile polymer-ligand-based strategy can be applied to other 

anisotropic building blocks, thus serving as a promising method to fabricate free-

standing superlattice membranes for various applications in nanophotonic devices and 

sensors. 
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The modular self-assembly of plasmonic superlattice sheets enables new two-

dimensional metamaterials with programmable properties. Such sheets integrate unique 

properties of optoelectronic nanomaterials with striking mechanical robustness and 

tailorable plasmonics into one multifunctional system. It allows programming their 

properties by modifying the morphology and composition of constituent nanoparticles 

and engineering packing order of lattice structures. Recently, there has been emerging 

interest in building the free-standing superlattice sheets for a plethora of potential 

applications, including ultrafiltration[1] and optoelectronic devices[2-4].  

 

As reviewed in previous chapter, representative success in constructing such 

superlattice nanosheets has been realized via the alkyl molecular ligands [2, 3, 5-9]. 

The drying-mediated, entropy-driven self-assembly at air-liquid interfaces has been 

demonstrated to be a general approach to fabricate defect-free superlattice sheets with 

superior mechanical strength[8]. Nevertheless, a potential drawback in alkyl-

nanoparticle superlattice membranes is the limited molecular length that restricts the 

range for tailoring interparticle electromagnetic coupling. Recently, DNA has been 

successfully utilized as a ‘dry ligand’ under unusually low ionic strength and 

successfully obtained free-standing, monolayered DNA-nanoparticle superlattice sheets 

in a microhole-confined self-assembly process [10-12]. The highly controllable 

molecular lengths of DNA ligands enable tailoring of both structural (interparticle 

spacings) and functional properties (plasmonic and mechanical) over a wide window. 

In particular, the edge-to-edge interparticle spacing for DNA-based monolayer 

superlattice sheets can be adjusted up to 20 nm – a greater size range than has been 

achieved with alkyl molecular ligands[13].  

 

In this chapter, a generic approach has been presented to use polymers as ligands to 

fabricate the free-standing, monolayered nanoparticle superlattice sheets based on 

drying-mediated, entropy-driven self-assembly at the air-liquid interface. In this 

approach, polystyrene (PS) capped nanoparticle was used as a model system. The self-

assembly process is similar to the case of alkyl-capped nanoparticles, but longer 

polymer ligands enable wider tuning of interparticle spacing especially for large 
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nanoparticles which are important for plasmonic applications. As outlined in Section 

2.4, polymers have been successfully used as ligands to stabilize nanoparticles either by 

direct synthesis [14, 15] or ligand-exchange procedure[16]. Such successes have led to 

ordered nanoparticle arrays self-assembled at solid substrates[15, 17]. However, to the 

best of our knowledge the use of generic polymers as ligands in drying-mediated 

assembly at the air-liquid interface has not been reported.  

 

With this approach, it is possible to fabricate superlattice nanosheets as large as ~15 

micrometers in lateral dimensions with a thickness of ~13 nm, corresponding to an 

aspect ratio (lateral size/thickness) of more than 1000. Both internal structures (particle 

size and interparticle spacing) and collective properties (plasmonic coupling) are 

tunable. The monolayered polymer-nanoparticle sheets are highly stable under various 

conditions, transferable to any arbitrary substrates, and can be manufactured with 

focused ion beams. This demonstrates the potential to integrate the superlattice 

nanosheets into miniaturized optical and electronic devices.  

 

3.1 Experimental methods 

3.1.1 Materials  

Gold (III) chloride trihydrate (HAuCl4·3H2O, ≥99.9%) and trisodium citrate dihydrate 

were obtained from Sigma Aldrich. Hexane, THF, and chloroform were obtained from 

Merck KGaA. Thiol-functionalized polystyrene (Mn = 12 kDa, Mw/Mn = 1.09) was 

purchased from Polymer Source Inc. All chemicals were used as received unless 

otherwise indicated. All aqueous solutions were made using demineralized water, 

which was further purified with a Milli-Q system (Millipore). All glassware used in the 

following procedures was cleaned in a bath of freshly prepared aqua regia and rinsed 

thoroughly in H2O prior to use.  

3.1.2 Synthesis of AuNPs 

Gold nanoparticles with diameters of 13 nm and 26 nm were synthesized according to 

the literature.[18] A representative procedure for the preparation of 13nm AuNPs is as 
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follows: 2 mL HAuCl4 solution (25 mM) was diluted by 170 mL Milli-Q water and 

heat to 100ºC until boiling. Next, 6 mL sodium citrate solution (34 mM) was added into 

the above auric solution. After heating for 3 min, the clear solution changed to a wine-

red color, which indicated the formation of Au nanoparticles. After further boiling for 

10 minutes, the heat source was removed and the dispersion was cooled down to room 

temperature. Reducing the volume of sodium citrate solution to 3 mL led to 26 nm Au 

nanoparticles. 

3.1.3 Conjugation of AuNPs with PS-SH 

PS-capping of the citrate-reduced AuNPs was achieved by following to the reported 

“Grafting to” method.[15, 17] In a typical experiment, 5 mL as prepared AuNPs (13nm, 

3.7 nM) was spun down and concentrated into 0.2 mL, followed by dropwise addition 

of above concentrated AuNPs to an excess solution of PS-SH in THF (1.5 mg mL-1) 

under vigorous stirring. After aging for 24 hours at room temperature, the supernatant 

was discarded and the samples were purified by repeated centrifugation-resuspension 

cycles with chloroform until the supernatant showed no presence of residual PS-SH 

upon the addition of methanol. The PS-capped AuNPs with different sizes were well-

dispersed in organic solution and no changes in properties were noted with time. 

3.1.4 Characterization  

The free-standing PS-capped AuNPs superlattice sheets were simply transferred from 

the air-liquid interface to 300 mesh lacey-carbon grids as mentioned in main text, and 

characterized by TEM using a Philips CM20 at a 200 kV accelerating voltage.  

 

UV-vis spectra of superlattice sheets were recorded at room temperature using a J&M 

MSP210 Microscope Spectrometry System over a tiny area while the film was 

illuminated by a high-intensity fiber light source under a 40× objective, and the 

transparent/reflection images were recorded by a CCD camera on the microscope. In 

addition, the monolayer sheets were also transferred onto a silicon nitrate wafer and 

easily cut to different shapes by using focused ion beam-SEM (FEI Quanta 3D FEG). 

The monolayer sheet can be cut into different shapes with designed patterns in FIB-

SEM.  
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Synchrotron-based SAXS was performed at the Australian Synchrotron. 2D diffraction 

patterns were recorded on a Dectris-Pilatus 1 M detector of 10 modules at sample-to-

detector distances of 3388 mm, as calibrated using a silver behenate standard. The 

effective beam size was approximately 100 µm x 200 µm, and the exposure time was 1 

second. Exposures were taken at 25°C at a wavelength of 1.24 Å.  

 

Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo TGA-

SDTA851 analyser in the temperature range from 25 to 700 °C at a heating rate of 

10°C/min. The runs were performed under N2 gas, and the gas was switched to air for 

10 min at the end of the run at 700°C to ensure complete combustion of the organic 

material. N2 and air gases were used at a rate of 50 mL/min.  

 

AFM experiments were performed with a Dimension Icon Scanning Probe Microscope 

at 25°C. Data visualization and analysis was carried out by using Gwyddion software. 

Fourier transform infrared (FT-IR) spectra were recorded with KBr disks, using a GX 

spectrophotometer (Perkin-Elmer, Waltham, MA, USA). The PS-capped AuNPs and 

citrate-capped AuNPs were dispersed in chloroform and water respectively, and then 

evaporated onto the KBr disks.  

 

3.2 Results and discussion 

3.2.1 Characterization of PS-capped gold nanoparticles 

High-quality polystyrene-capped gold nanoparticles (PS-capped AuNPs) with two 

distinct sizes were synthesized based on a modified grafting approach reported by 

others[17]. In a typical procedure, the “bare” aqueous gold nanoparticles (citrate-

capped AuNPs) were firstly synthesized via Frens’ approach. Then excess amount of 

thiolated polystyrene with molecular weight of 12,000 in THF was brought in contact 

with nanoparticles solution with vigorous agitation to prevent aggregation and 

incomplete exchange arises from the poor surface coverage of nanoparticles. During 

the ligand exchange process, thiolated polystyrene acts as both a phase-transfer reagent 
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and capping agent via a robust covalent linkage between the polymer and the gold 

surface[15]. Based on the TEM images of synthesized PS-capped AuNPs, the diameters 

different AuNPs are 13.1 ± 1.9 nm and 26.0 ± 4.5 nm, as indicated in Figure 3.1.  

 

Figure 3.1 | Histogram on diameter distribution of “bare” gold nanoparticles as 
determined by TEM. Curves in both plots represent Gaussian fits.  
 
 

 

Figure 3.2 | UV-vis spectra of (a) 13 nm citrate-capped/ PS-capped AuNPs, and (b) 26 
nm citrate-capped/ PS-capped AuNPs dispersed in THF. Insets are photographs of 
corresponding AuNPs. (c) Phase transfer process indicates successful ligand exchange 
from citrate into PS.  
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Stabilization of nanoparticles by thiolated polystyrene was confirmed by measurements 

of localized surface plasmon resonance (LSPR) and FT-IR. Originally, AuNPs 

generated by citrate reduction are well-dispersed in water due to citrate-based charge-

charge repulsion[19]. This electrostatic interaction would be weakened and lead to 

partial flocculation if the citrate-capped AuNPs were transfer from water to THF, 

resulting in the sudden color change from ruby red to dark purple-blue. As shown in  

Figure 3.2a and b, the citrate-capped AuNPs give rise to a dramatic red-shifting and 

broadening of the surface plasmon resonance (SPR) band to 610 nm and 688 nm for 13 

nm and 26 nm AuNPs. After surface functionalization of PS, the PS-capped AuNPs 

exhibits monodispersed SPR bands at 525 nm and 533 nm for both AuNPs, which 

clearly demonstrates the successful ligand exchange process. Specifically, the phase 

transfer phenomena further proved this conclusion[20] (Figure 3.2c). After ligand 

displacement of citrate into PS, the hydrophobic PS-stabilized AuNPs are well 

dispersing in bottom chloroform layer, while the citrate-capped AuNPs are only 

dispersing in upper water layer.  

 

Figure 3.3 | FT-IR spectra of 26 nm citrate-capped AuNPs, PS-capped AuNPs and 
thiolated-PS in two magnified spectral regions. 
 

Transmission FT-IR spectroscopy also demonstrated the surface functionalization of 

AuNPs by PS (Figure 3.3). The C=O carbonyl group valence vibrational band of 

citrate at 1645 cm-1 disappeared after the PS capping. In addition, characteristic C-C 

stretching vibrations bands (1492 cm-1 and 1452 cm-1) and C-H stretching vibrations 
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bands (2849 cm-1, 2922 cm-1, and 3025 cm-1) were observed even after washing 

samples multiple times to completely remove non-bonded ligands. Thus, the above 

results demonstrate the effective stabilization of nanoparticles by thiolated PS. 

 

Figure 3.4 | TGA curves of (a) 13nm PS-capped AuNPs and (b) 26nm PS-capped 
AuNPs. The weight ratio of Au/PS and corresponding calculation results have been 
summarized in Table 3.1. 
 
Table 3.1 | Analytical characteristics of PS-capped AuNPs and superlattice sheets 
 

Entrya 

PS-capped AuNPs Superlattice sheets 

dcore
b 

(nm) 
PS/Au % 
(wt. %)c 

Grafting 
densityc 

(chains/nm2) 

Diameter 
of PS 

footprintc 
(nm) 

Calculated 
corona 
heightd 
(nm) 

Softness
e (χ) 

Edge-to-
edge 

spacingb 
(nm) 

Deformation 
parametere 

(λ) 

13nm PS-
AuNPs 

13.1 ± 
1.9 

26.6/73.4 0.77 1.29 18.4 2.8 2.5 0.7 

26nm PS-
AuNPs 

26.0 ± 
4.5 

19.8/80.2 1.03 1.11 20.4 1.6 2.1 0.6 

 
a: The ligands for all the nanoparticles were thiol-functionalized polystyrene 
(Mn=12,000, Mw/Mn = 1.09, Degree of polymerization = 115); b: Determined by TEM 
and statistical analysis through ImageJ; c: Estimated from data of TEM and TGA; d: 
Calculated by using de Gennes’s model that assumes a polymer brush constrained 
inside a cylindrical tube of diameter d (footprint of PS chain) reported in Ref.[21]; e: 
the dimensionless quantity χ and deformation parameter λ were calculated by applying 
the entropic spring model reported in Ref.[22]. 

 

The grafting densities of PS-capped AuNPs were calculated from the diameters of 

AuNPs cores as evaluated by TEM analysis and the weight ratio of PS/AuNPs as 

determined by TGA (Figure 3.4). The weight fraction analysis led to a high grafting 

density of approximately 1 ligand/nm2 (Table 3.1), which is comparable with the 

grafting densities reported by A. M. Ritcey et al[17]. The calculated diameters of the 
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effective footprint of the grafted PS is much smaller than the reported theoretical Flory 

radius of a tethered PS chain (~6.6 nm) with the similar length[17], indicating that the 

PS chains extends significantly in solvent and adopt a brush conformation on the 

surface of the AuNPs. 

3.2.2 Fabrication and transfer of PS-capped AuNPs superlattice sheets 

 

Figure 3.5 | Low-magnification images of free-standing superlattice sheets formed 
using 26.0 nm PS-capped AuNPs in 50×50 μm grids, which were acquired under (a) 
transmission and (b) reflection mode by microscope. (c) TEM image of a monolayer 
sheet self-assembled from 26.0 nm PS-capped AuNPs with a diameter of ~15 μm, 
crumpled area indicates the flexibility of the sheet, (d) Higher-magnification TEM 
image of (c) shows that nanoparticles are hexagonally-packed yet well spaced. 
 

To fabricate free-standing monolayered superlattice nanosheets, PS-capped AuNPs with 

diameters of 26 nm were concentrated and finally dispersed in 0.5 mL chloroform (80 

nM, 8.5 mg mL-1), then one drop (~ 4-6 μL) of the solution was carefully spread onto 

the surface of Milli-Q water in a plastic petri dish. The droplet quickly spread over the 

water surface in less than 1s. The dish was then covered to prevent fluid flows and 

solvent fluctuations. The evaporation-mediated assembly of hydrophobic PS-capped 
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AuNPs led to the formation of thin particle sheets floating at the water surface. After 5 

minutes, a gold-colored reflection was observed on the water surface, which indicated 

complete solidification. These sheets were circular-shaped, and readily observable 

under an optical microscope in both transmission and reflection modes (Figure 3.5a 

and b). Similar to the kinetically driven interfacial self-assembly of AuNPs reported 

earlier[5], we also observed polymer-AuNPs nanosheets were facilitated by the rapid 

evaporation, followed by nucleation and growth into 2D crystals at the monolayer level 

(Figure 3.5c and d). 

 

 
Figure 3.6 | TEM characterization of free-standing nanoparticle superlattice sheets 
formed using (a~d) 26 nm and (e, f) 13 nm PS-capped AuNPs on a random hollow 
lacey-carbon grid. In (e, f), the lacey carbon substrate resulted in the crumpled area on 
the membrane, the membrane still maintained its shape and demonstrates the flexibility 
of the sheets. 
 

2D PS-capped AuNPs nanosheets are robust and flexible, and are transferable to a 

variety of substrates without deterioration. The transfer can typically be achieved by 

either Langmuir-Blodgett or Langmuir-Schaffer techniques. Notably, neither transfer 

process caused any rupturing or deterioration of the nanosheets (Figure 3.5c and 3.6). 

The PS-capped AuNP superlattice sheets are highly stable under electron irradiation 

and highly processable by focused-ion beam (FIB) lithography. Particularly, after being 

transferred onto silicon wafer, it can be cut into rectangular shapes (Figure 3.7), which 
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suggested a facile way to manufacture the superlattice sheets into arbitrary shapes for 

optoelectronic applications. In conjunction with programmable plasmonic coupling, 

this methodology is potentially enabling in the integration of free-standing, 

monolayered sheets into future optoelectronic devices. 

 

Figure 3.7 | SEM characterization of nanoparticle superlattice sheets formed using 26 
nm PS-capped AuNPs transfered onto a silicon nitrate wafer. (d) One sheet was cut by 
using a focused ion beam, which demonstrated a facile way to pattern the monolayer 
arrays into desired shapes. 
 

3.2.3 Characterization of PS-capped AuNPs superlattice sheets 

High magnification TEM micrographs show that the superlattice sheets consisted of 

monolayered AuNPs with hexagonal packing symmetry (Figure 3.5d). Unlike most 

previously reported superlattices which usually formed from NPs with small 

diameters[13, 23-26], this technique achieved superlattice sheets with much larger 

particle size. Although polymer-stabilized AuNPs with comparable sizes have been 

previously used to form arrays on a solid support[15], [27-29], the success in forming large-

scale, free-standing superlattice sheets has not yet been reported. By using polystyrene 

with higher molecular weight, it is possible to construct large particles into 2D 

superlattice membranes. Figure 3.8 shows that superlattice sheets constructed by 

different sized nanoparticles. When particle sizes were changed, the structural features 
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including monolayer and hexagonally-ordered packing were maintained.  

 

 

Figure 3.8 | TEM characterization of different superlattice sheets formed using (a) 13.1 
nm and (b) 26.0 nm PS-capped AuNPs, (c) and (d) are corresponding histograms of 
interparticle distance analyzed from TEM images. Curves in both plots represent 
Gaussian fits. 
 

The size of building blocks influences the PS ligand compression and conformation 

during the self-assembly process. With the same ligands capping two different particles 

(13 nm and 26 nm), two superlattice nanosheets were fabricated. The edge-to-edge 

interparticle spacing was measured (Figure 3.8). Based on analysis in Figure. 3.1 and 

3.8, the corresponding core-to-core distance of self-assembled superlattice sheets are 

15.6 ± 1.9 nm and 28.1 ± 2.7 nm. After subtracting the diameters, the former gave a 

edge-to-edge spacing of ~2.5 nm, whereas, the latter gave a spacing of ~2.1 nm. This 

indicates that the polystyrene ligands experienced larger compression in the lateral 

directions for larger nanoparticles. Notably, compared to those 2D particle arrays 

formed on a solid support[17], the spacing in this system is much smaller. This may be 

due to the absence of particle-substrate interactions at the air-water interface, whereas, 

the strong particle-substrate interaction in Ritcey’s report may prevent lateral particle 
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collision. Similar small spacing was also found in the corresponding three-dimensional 

arrays[22]  

 

Figure 3.9 | Representative AFM height image and the corresponding cross section 
profile for monolayer superlattice sheets constructed from 26 nm PS-capped AuNPs. 
The measurements were repeated ten times, and the average height is 32.1 ± 2.3 nm. 
 

The vertical compression was characterized by measuring the thickness of the 

superlattice nanosheets with atomic force microscope (AFM) after transferring the 

sheets onto a silicon wafer. A typical AFM image and the corresponding line scan are 

shown in Figure 3.9. Evidently, the monolayered structure is in agreement with the 

TEM imaging. After subtracting the nanoparticle diameters, the compressed 

polystyrene thickness in vertical directions can be estimated to be 3.5 nm and 3.1 nm 

for 13 nm and 26 nm AuNPs, respectively.  

 

The interparticle spacing was further confirmed with the drop-casted particle films on a 

solid support. These drop-casted films are multi-layered particles and their crystalline 

structures were investigated by the synchrotron-based small-angle X-ray scattering 

(SAXS). 1D SAXS spectra were obtained by azimuthally integrating 2D SAXS 

patterns over a quadrant using the FIT2D program[22], and relative scattering 

intensities were plotted as a function of scattering vector q: 

θ/λπq sin4                                                                                              Equation (3.1) 

where θ is the scattering angle and λ is the wavelength of X-ray radiation. The structure 

factors, S(q), from the SAXS patterns were obtained by dividing out the form factor, 

F(q) (i.e. the predicted scattering pattern for particles that are completely dissociated). 



Chapter 3 

115 
 

F(q) was measured by SAXS of low polystyrene-nanoparticles concentrations loaded in 

a capillary tube. 

 

Interparticle spacing in the samples was determined using the following equations:[30]  









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








0

2

3

2

q
d Au


                                                                                       Equation (3.2) 

where dAu is the distance between the centroid of two nearest neighbor particles and q0 

is the position of the first order scattering peak, which equal to 0.447 nm-1 for 13 nm 

PS-capped AuNPs arrays and 0.249 nm-1 for 26 nm PS-capped AuNPs arrays. 

 

 

Figure 3.10 | The integrated and extracted structure factors S(q) from SAXS patterns 
(insets) of drop-casted films constructed by PS-capped AuNPs. Dashed line at bottom 
suggests the theoretical peak positions for f.c.c. arrangement. 
 

The representative 1D scattering data for the drop-casted films of 13 nm and 26 nm 

gold nanoparticles is shown in Figure 3.10. The discrete Bragg peaks were not 

observed, but it appears to be indicative of a face-centered cubic arrangement. Thus, 

the interparticle spacings could be estimated to be 16.2 nm and 28.8 nm for 13 nm and 

26 nm AuNPs, respectively. This corresponds to the edge-to-edge interparticle spacing 
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of 3.1 nm and 2.8 nm. These values were close to those for 2D monolayered 

superlattice nanosheets (Table 3.1). 

 

The above the experiments show that the vertical polystyrene thickness in the 

superlattice sheet is about 3 fold greater than the lateral thickness. Two reasons could 

account for this: (1) nanoparticles are trapped at the air/water interface to form 

monolayers, the core-core van der Waals attraction in the late stage of solvent drying 

leads to the strong lateral compression[1]; (2) PS ligands may be pushed above and 

below the monolayers during the drying-mediated self-assembly.  

3.2.4 Plasmonic property of PS-capped AuNPs superlattice sheets 

 

Figure 3.11 | UV-vis spectra of AuNPs dispersed in water and superlattice sheets 
constructed from (a) 13.1 nm PS-capped AuNPs and (b) 26.0 nm PS-capped AuNPs. 
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Plasmonic properties of PS-capped AuNPs superlattice nanosheets were investigated 

using a microscope UV-visible spectrometer in transmission mode (Figure 3.11). The 

superlattice sheets could be clearly observed under microscope with both transmission 

and reflection modes (Figure 3.5a and b), exhibiting blue and yellow colours, 

respectively. This is due to the unique absorption and scattering effects of the 

superlattice nanosheets due to the localized surface plasmon resonance (LSPR). 

Compared with the LSPR bands of dispersed AuNPs (Figure 3.11), the LSPR bands for 

the nanosheets shift significantly to red, suggesting strong interparticle coupling for 

both 13 nm and 26 nm AuNPs. The LSPR studies demonstrate that the plasmonic 

properties of superlattice nanosheets are customizable simply by adjusting particle 

size[31].  

 

3.3 Conclusion 

In this chapter, a general and facile method was developed to construct free-standing 

nanoparticle superlattice sheets using generic polymers as ligands through drying-

mediated self-assembly at the air-liquid interface. The thicknesses of superlattice sheets 

are at monolayer level, yet they are mechanically robust and can be highly stable under 

various conditions, transferable to any arbitrary substrates, and processable with FIB 

milling. The superlattice sheets also exhibit strong plasmonic coupling resonances 

which are adjustable simply by varying particle sizes. This approach offers great 

modularity and versatility, and can potentially be extended to polymer-magnetic or 

quantum dot nanosheets. Thus, this methodology has great potential for applications in 

substrate-free optoelectronic devices, high-density data storage, new classes of 

biosensors and smart ultrafiltration membranes. 
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Giant metal superlattice nanomembranes are two-dimensional, ordered metallic 

nanoparticle arrays forming ultrathin membrane of a few nanometers thick but with 

macroscopic lateral dimensions. Despite the exciting progress in the fabrication of free-

standing metallic superlattice nanomembranes, their practical applications are often 

hampered by the difficulty in fabricating defect-free membranes at large area [1-13]. In 

particular, it is challenging to grow giant superlattice nanomembranes which feature the 

two apparently conflicting characteristics – nanoscale thickness and macroscopic lateral 

dimensions[2]. Previous attempts with sphere-like hard building blocks only led to 

superlattice membranes restricted to small lateral dimensions.[3, 5, 6, 9, 10] Metallic 

nanowires are of special interests among nonspherical building blocks[14, 15], since 

nanowires can not only be associated to provide a large diversity of molecular-scale 

interconnects[16-18], but also constitute an exciting route to form superlattice 

membranes with thinnest possible lateral thickness consisting of large quantities of 

closed-packed nanowires arrays with ordered spatial distribution[19]. 

 

In this chapter, giant superlattice nanomembranes were fabricated from soft one-

dimensional building blocks – ultrathin single-crystalline gold nanowires (AuNWs) via 

Langmuir-Blodgett (LB) techniques. Although LB techniques have been widely used 

for the assembly of nanowires,[20-25] the ability to form mechanically-robust free-

standing nanomembranes has not yet been reported, to the best of our knowledge. This 

could be due to the fact that gold nanowires are thinner and more flexible, contributing 

to maintaining the integrity of the nanomembranes at large area. Specifically, a single-

layer AuNWs superlattice nanomembrane is transparent, conductive and mechanically 

robust, with an optical transmittance of 90-97% over a wide spectral window of 300-

1100 nm, an electrical resistance of ~1142 kΩ sq-1, and a breaking strength of ~14 N m-

1 with a typical atomic force microscope probe. Such single-layer nanowire membranes 

are transferable to any arbitrary substrates, facile to be integrated into lightweight, 

foldable optoelectronic devices with low consumption of materials and energy. This 

methodology may serve as a model system, extendable to superlattice nanomembranes 

from other materials for a myriad of applications in construction of new classes of two-

dimensional metamaterials and devices. 
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4.1 Experimental methods 

4.1.1 Materials  

Gold (III) chloride trihydrate (HAuCl4·3H2O, ≥99.9%), Triisopropylsilane (99%) and 

Oleylamine were purchased from Sigma Aldrich. Hexane and chloroform were 

obtained from Merck KGaA. All chemicals were used as received unless otherwise 

indicated. All aqueous solutions were made using demineralized water, which was 

further purified with a Milli-Q system (Millipore). All glassware used in the following 

procedures was cleaned in a bath of freshly prepared aqua regia and rinsed thoroughly 

in H2O prior to use. 

 

Holey Lacey Formvar/Carbon films (300 mesh and irregular pores with sizes varying 

from less than a quarter of 1 μm to more than 10 μm) were purchased from Ted Pella. 

Quantifoil holey carbon films (2 μm-diameter hole, 2 μm in space) were purchased 

from Electron Microscopy Sciences. Holey silicon nitride support films (2-μm-diameter 

hole, 4 μm pitch) were purchased from SPI supplies. 

4.1.2 Synthesis of ultrathin AuNWs 

Large-scale synthesis of ultrathin AuNWs was performed according to the literature[26]. 

HAuCl4·3H2O (53 mg) and hexane (50 mL) were added into a 100mL Schott/Duran 

bottle, followed by addition of Oleylamine (OA, 1.8 mL) as both stabilizer and growth 

template. After completely dissolving of gold precursor, triisopropylsilane (TIPS, 2.5 

mL) was added into above auric solution and allowed to stand for 2 days without 

disturbing at room temperature. Finally, the solution turned into dark-red, indicating the 

formation of AuNWs (0.58 mg mL-1). The residue chemicals were removed by repeated 

centrifuging and thorough washing by ethanol/hexane (1/3, v/v) and finally 

concentrated into 5mL that dispersed in chloroform (5.82 mg mL-1). Statistical 

evaluation from TEM images of as-prepared AuNWs shows an estimated yield of 

~90%. The surfaces of the as-made AuNWs were capped by oleylamine and indicated 

as hydrophobic property. 

4.1.3 Fabrication and transfer of AuNWs superlattice nanomembrane 
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AuNWs superlattice membrane was prepared using a Langmuir-Blodgett trough (Nima 

Technology) at 25 °C. The Telflon-coated trough and barrier were wiped with CHCl3 

and then purged with ethanol to remove any dust or organic contaminants. In a typical 

experiment, 10 mL purified AuNWs (0.58 mg mL-1) was centrifuged and redispersed in 

1 mL CHCl3 (5.82 mg mL-1). Then the concentrated AuNWs solution was added 

dropwise to the air-water interface of the LB trough. The droplet quickly spread over 

the water surface in less than 1s and evaporated to leave an isotropically distributed 

AuNWs floating on the water surface. The trough was then covered to prevent fluid 

flows and solvent fluctuations, and allowed to equilibrate for 30 min. The AuNWs were 

then isothermally compressed by moving the two opposing barriers towards each other 

while the surface pressure was monitored with a Wilhelmy plate. At a target surface 

pressure (e.g. 20 mN m-1 for monolayered AuNWs superlattice membrane), the 

pressure was kept constant at least 1 h. After the equilibration, the AuNWs superlattice 

membrane was transferred onto hydrophilic substrates by slowly pulling the substrate 

out of the aqueous subphase with a vertical dipping speed of 5 mm min-1, and 

transferred to hydrophobic substrates by horizontal deposition through Langmuir-

Schaefer technique. Also, transfer of multilayer AuNWs nanomembrane could be 

realized by using layer-by-layer transfer method, which is discussed in details in 

Section 4.2.2. 

4.1.4 Characterization 

Morphology characterization was carried out using a Philips CM20 TEM at a 200 kV 

accelerating voltage, Hitachi H-7500 field emission TEM operating at 80kV, and JEOL 

JSM-7001F FEG SEM. High-resolution TEM images were performed on a JEOL JEM 

2011 TEM operated at an acceleration voltage of 200 kV. Stepwise focusing with low 

beam currents helped to avoid distortion of AuNWs by the electron beam. The 

transmittance of superlattice nanomembrane is measured with Agilent 8453 UV-Vis 

spectrophotometer, and the transparent images were recorded by a CCD camera on the 

J&M MSP210 Microscope Spectrometry System, while the membrane was transferred 

onto glass slide and illuminated by a high-intensity fiber light source under a 40× 

objective. Thermogravimetric analysis (TGA) was carried out using a Mettler Toledo 

TGA-SDTA851 analyzer in the temperature range from 25 to 700 °C at a heating rate 
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of 10°C/min. The runs were performed under N2 gas, and the gas was switched to air 

for 10 min at the end of the run at 700°C to ensure complete combustion of the organic 

material. N2 and air gases were used at a rate of 50 mL/min.  

 

Force-displacement curves from nanoindentation and topography images were obtained 

with a Veeco Dimension Icon AFM in tapping mode using Bruker silicon probes (MPP-

21100-10). The spring constant for cantilever was 3 N m-1. The typical tip speed for the 

indentation was 500nm s-1. Each membrane was first imaged by AFM, then gradually 

increased the applied force and performed multiple indentations with the AuNWs 

superlattice membrane to collect the force-indentation curve, and finally imaged again 

to check for rupture of membrane.  

4.2 Results and discussion 

4.2.1 Fabrication of AuNWs superlattice nanomembrane  

 

Figure 4.1 | Large-scale synthesis of ultrathin single crystalline AuNWs with high-
aspect ratio. (a) and (b) Photographs of the synthesis of ultrathin AuNWs at the initial 
and final state of reaction. (c) Schematic illustration for the oleylamine-capped AuNWs. 
(d) High resolution TEM image of an individual single crystalline ultrathin AuNW 
shows [111] lattice planes. (e) TEM image of aligned AuNWs assemblies. (f) TEM 
image of AuNWs bundles. g) SEM image of AuNWs bundles. 
 

High-quality single crystalline ultrathin AuNWs were synthesized by adopting the 
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recently reported approaches.[26-28] In brief, gold precursor (HAuCl4) was gradually 

reduced by triisopropylsilane (TIPS) in the presence of oleylamine (OA). After aging 

the solution at room temperature for 2 days, the solution turned from yellow to dark red 

(Figure 4.1a and b), indicating complete reduction of Au+-amine complex into OA-

capped AuNWs dispersible in hexane[27] (Figure 4.1c). The nanowires were 

precipitated out by adding ethanol and centrifugation, and then washed twice with 

ethanol and re-dispersed in chloroform as concentrated stock solution for further use.  

 

Figure 4.2 | TGA curve of OA-capped AuNWs. The calculated weight ratio of 
OA/AuNWs is 18%/ 82%. The turning point at 348 °C is corresponding to the boiling 
point of oleylamine. 
 

In the purified nanowires, the OA molecules contribute to 18% of the total weight as 

demonstrated by thermogravimetric analysis (Figure 4.2). Thus, the OA capping 

effectively stabilizes nanowires and prevents them from deterioration in various 

characterization and processing in the fabrication of nanomembranes. Electron 

microscopy studies show each nanowire is single crystalline growing along the [111] 

direction (Figure 4.1d) with an interfringe distances of ~0.23 nm and ultrathin with a 

width of ~2.5 nm. The nanowires have enormous aspect ratios, extending to tens of 

micrometers in length. These structural characteristics give nanowires high mechanical 

robustness and flexibility, leading to hairy morphology (Figure 4.1e). Due to strong 

hydrophobic interactions between OA ligands, the nanowires tended to form parallel 
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bundle-like strands (Figure 4.1f and g).  

 

Figure 4.3 | Typical π-A isotherm of the AuNWs superlattice nanomembrane during 
LB compression obtained at the air/liquid interface at 25 °C. The AuNWs superlattice 
nanomembrane undergoes four transition stages as surface pressure is increased, 
indicated by a change in the isotherm slope. 
 

The as-synthesized AuNWs were used to fabricate giant superlattice nanomembranes 

by LB techniques. Typically, one droplet (~ 4-6 μL) of nanowires dispersed chloroform 

solution was carefully spread onto the water surface in a LB trough. The droplet 

quickly spread and evaporated in less than 1s, distributing the nanowires uniformly on 

the water surface. By moving LB baffle, the free-floating nanowires were forced to 

approach each other with gradual phase transitions (Figure 4.3). In particular, a Mott-

insulator-to-metal transition was noted at the surface pressure of ~13 mN m-1. This 

transition was indicated by the appearance of red-colored metallic sheen, and further 

demonstrated by turning the slope in the typical π-A isotherm.[22] A further 

compression led to rapid pressure buildup from 13 mN m-1 to 38 mN m-1 until collapse, 

and in this process a condensed nanowire membrane formed on the water surface. 

Figure 4.4a shows a giant nanowire superlattice membrane covering an entire trough 

area of ~35 cm2. The membranes were mechanically strong yet flexible, transferable to 

a variety of substrates (including silicon, glass slides, paper, plastics, TEM copper grids, 

and PDMS, etc) without cracking or rapturing (Figure 4.4b). The coating could 

substantially alter the wetting properties. For example, the contact angle of a glass slide 
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increased from ~26o to ~103o after nanomembrane covering (Figure 4.4c).  

 

Figure 4.4 | Fabrication of monolayered AuNWs superlattice nanomembrane. (a) 
Photograph of a homogeneous nanomembrane with an area of 35 cm2 on the LB trough. 
(b) Photograph of a membrane transferred onto a glass slide. (c) Photographs of sessile 
water droplets on glass and on membrane. (d) AFM height image of the superlattice 
nanomembrane transferred onto silicon wafer. (e) AFM cross-sectional height plot 
corresponding to the dashed line in (d). (f) and (g) TEM images of monolayer 
superlattice nanomembranes collected at surface pressure of 20 mN m-1 and 30 mN m-1, 
respectively. 
 

4.2.2 Transfer and manipulation of AuNWs superlattice nanomembrane  

Facile and effective transfer could be achieved by both Langmuir-Blodgett vertical 

deposition[29] and Langmuir-Schaffer techniques[18]. After the equilibration of 

nanomembrane at a target surface pressure, the AuNWs superlattice nanomembrane 

could be transferred onto hydrophilic substrates by slowly pulling the substrate out of 

the aqueous subphase with a steady dipping speed of 5 mm min-1. Also, multilayer 

AuNWs nanomembranes can be obtained by repeating the LB deposition procedure 

through layer-by-layer method. For the hydrophobic substrates, horizontal deposition 

can be used through Langmuir-Schaefer technique. Figure 4.5 shows a direct transfer 

of AuNWs nanomembrane with a large area onto PDMS surface, and indicates 

flexibility without cracking after repeated bending cycles.  
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Figure 4.5 | (a) Photograph shows that monolayer AuNWs superlattice nanomembrane 
was entirely transferred onto PDMS (3cm×3cm). The printed words are clearly visible, 
indicating the high optical transparency of monolayer nanomembrane. (b) The 
nanomembrane could withstand repeated bending without deterioration or rupturing.  
 

 

Figure 4.6 | Process of substrate-to-substrate transfer process from PDMS to PET 
surface. Note that the transfer is 100% fidelity. 
 

Remarkably, AuNWs nanomembranes could also be transferred from one substrate to 

another. It could be firstly transferred onto a PDMS sheet, and then transferred to any 

other solid substrate. Figure 4.6 shows the transferring process of nanomembranes 

from PDMS sheet to PET plastics. The AuNWs nanomembrane coated PDMS stamp 

was put onto PET film with a moderate pressure to ensure the intimate contact between 

two substrates. After slowly pulling away the PDMS stamp, the AuNWs 
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nanomembrane could be completely transferred onto PET surface. This facile transfer 

technique has suggested a prospective method to fabricate patterned AuNWs 

nanomembranes by integration with soft lithography[30]. 

4.2.3 Morphological characterization of AuNWs superlattice nanomembrane  

 

Figure 4.7 | (a) and (b) TEM images of AuNWs superlattice nanomembrane after 
transferred to holey carbon film at high surface pressure of 40 mN m-1, which exhibited 
tight packed arrays with periodic wrinkling folds in the membrane. Panel (b) shows the 
magnified parts of the membrane (red dash) in panel (a). (c) is the magnified TEM 
image of yellow dashed part in (b), indicating the arc structure of monolayer and 
reflects the flexibility of ultrathin AuNWs. (d) TEM image shows a nanomesh-like 
morphology of two layers of AuNWs superlattice nanomembrane. This is formed by 
first transferring one layer of membrane onto carbon film, followed by transferring the 
second layer after turning 90º of carbon film during deposition.  
 

Remarkably, the nanomembranes consisted of dominantly monolayered nanowires 

aligned in parallel. Figure 4.4d shows a typical atomic force microscopy (AFM) image 

of AuNWs nanomembranes transferred onto a silicon wafer. The membrane is 

uniformly continuous extending to centimeter-scale with little defects. Further AFM 

line scanning gave an average thickness of 2.2 ± 0.1 nm (Figure 4.4e). Monolayered 
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superlattice nanomembranes could withstand large lateral compression forces up to 

~38 mN m-1. The membranes were then transferred to lacey/carbon copper grid at 

specific surface pressures of 20 mN m-1 and 30 mN m-1, and their morphologies were 

characterized (Figure 4.4f and g). Both images indicated predominantly the 

monolayered AuNWs, in agreement with the above AFM characterizations. 

Nevertheless, under high compression forces, the membranes tended to be crumpled by 

piling (Figure 4.4g) or bending (Figure 4.7). Nevertheless, the membranes remain 

intact without any cracking or rupturing during the LB compression process.  

4.2.4 Mechanical properties of AuNWs superlattice nanomembrane  

 

Figure 4.8 | TEM images of the free-standing AuNWs superlattice nanomembrane 
formed by transferring onto a holey silicon nitride substrate with 2μm-diameter holes. 
(a) The monolayer superlattice nanomembranes were stretched themselves across over 
the substrate with the holes without deterioration. (b) Magnified TEM image of an 
intact monolayered superlattice nanomembrane in (a), indicating an ordered array of 
AuNWs. These free-standing AuNWs membranes were further indented by AFM for 
characterization of mechanical properties. 
 

To quantitatively determine the mechanical property of free-standing superlattice 

nanomembranes, AFM nanoindentation experiments were performed. Firstly, the 

superlattice membranes were transferred onto holey silicon nitride substrate patterned 

with periodic 2μm-diameter holes. The superlattice membranes could span over the 

holes. Majority of membranes (~80%) remained intact after transfer and survived from 

vacuum drying (Figure 4.8). By high-resolution imaging, we located specific intact 

membranes (Figure 4.8b) and then indented at the center of microholes. Force-

displacement curves were recorded with stepwise increase of force until rupturing the 
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membrane (Figure 4.9a). Notably, the ruptured holes were V-shaped memorizing the 

shapes of pyramid AFM probes (Figure 4.9e and f), and the adjacent holes didn’t 

coalescence, indicating paper-like mechanical properties. Consistent force curves were 

obtained for both multiple indents within a specific holey region, as well as other holey 

areas.  

 

Figure 4.9 | Mechanical properties of monolayered superlattice nanomembranes. (a) 
Force-displacement curves from AFM indentation (circle) and from theoretical fitting 
(line). Fracture load is indicated by a × mark. (b) Histogram of 2D elastic modulus, Ε2D. 
(c) Histogram of membrane pretention, σ2D. d) AFM height image of superlattice 
nanomembrane cover over a 2-μm-diameter microhole in the silicon nitride substrate 
before indentation. (e) AFM height image of a ruptured nanomembrane. (f) 
corresponding TEM image of the same ruptured nanomembrane in (e). Note that 
triangle hole in (e) becomes v-shaped hole in (f), which indicates that the “triangular 
tongue-like membrane” yielded in AFM imaging but recovered back in TEM imaging. 
This result echoes the strong mechanical properties as revealed in (a). 
 

4.2.4.1 Young’s modulus of AuNWs superlattice nanomembrane 

By fitting the force curves, Young’s modulus can be derived using the similar model 

reported earlier[3] Figure 4.9a shows a typical trace of the force-displacement curves 

which plots the deflection of cantilever as it contacts and separates from the sample 

during the extension and retraction of the scanner. All curves are linear in small force 

and turn nonlinear at large displacement. Finally, the membrane will rupture at large 

force, resulting in the hysteresis of indenting and retracting traces. AuNWs superlattice 
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membranes allowed for multiple ruptures within the same membrane (Figure 4.10) and 

individual rip did not nucleate during repeated AFM imaging and TEM re-imaging. 

This characteristic suggests that superlattice nanomembrane behaves as if it was 

macroscopic paper or alumina foil, in agreement with the scaling law of elastic 

membranes[31].  

 

Figure 4.10 | (a) AFM height image of AuNWs superlattice nanomembrane after two 
times indentation and allowed for multiple ruptures within the same membrane. (b) 
Corresponding TEM image of double poking. The degradation of AuNWs was 
observed in TEM image in (b) upon long exposure to the high-energy electron beam.  
 

To calculate the force applied to the membrane during indentation it is necessary to 

measure the cantilever sensitivity, which is the cantilever deflection signal versus the 

voltage applied to the Z piezo determined from the slope of the force plot during 

indentation on clean silicon surface immediately after indentation on membranes. Then 

nanoindentation was performed by using the same tip (cantilever spring constant is 3 N 

m-1) without repositioning the tip or changing the laser alignment during the series of 

tests. Multiple indentations were performed by gradually increasing the forces not only 

on single AuNWs membrane, but also single indents on multiple membranes, without 

observing damage of our membrane prior to breakage at final high forces. The force 

brought to bear on the membrane was calculated from: 

deflectionkF                                                                                             Equation (4.1) 

where k is the spring constant of cantilever and δdeflection is the measured deflection . 

Indentation depth (δ) in final force-displacement curves was calculated from: 

deflectionpiezoZ                                                                                        Equation (4.2) 
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where Zpiezo is the height of the cantilever. Force-displacement curves were obtained by 

plotting the applied force versus indentation depth, δ. The elastic behavior can be 

described by that of a clamped circular film indented at the center with an infinitely 

small point[3, 6]: 

3
23


R

Eh
kF                                                                                          Equation (4.3) 

where E is Young’s modulus, h is the film thickness, and R is the film radius. This 

model is valid for the regime in which δ/h >> 1 and the tip diameter is small compared 

to the film radius. As long as the indentation depths reached distances much greater 

than the film thickness, a transition from linear to cubic term would appear[32]. Here 

Poisson’s ratio was assumed to be 1/3. The spring constant of membrane (k) could be 

calculated from the linear regime of the curve, which was depending on the pre-strain 

of the film[6]. By using k as the fitting parameter, Young’s modulus is able to be 

extracted through fitting of F(δ) to Equation (4.3). Finally, Young’s modulus was 

calculated to be 5.2 ± 0.4 GPa for AuNWs superlattice membranes based on ten 

different measurements (Figure 4.11). This value is comparable to those for DNA-

nanoparticle membrane[3] and alkyl-nanoparticle membrane.[6, 11] 

 

Figure 4.11 | (a) Typical force-displacement curve of AuNWs superlattice 
nanomembrane in Fig. 3a. Black represents the indent cycle and red represents the 
retract cycle. The tip experienced a strong attractive force that caused a jump into 
contact with sample surface. On the retract cycle the tip jumps out of contact just as the 
retraction force overcomes adheresion and then pulled off. (b) Statistical distribution of 
force-displacement curves of ten indents from different membranes in Fig. 4.8. 
 

4.2.4.2 Mechanical strength of AuNWs superlattice nanomembrane 

The breaking strength of AuNWs superlattice membrane was estimated by using a 
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typical AFM probe with a tip radius of 24 nm. Based on the models used for monolayer 

graphene,[32] it was assumed that nanowire superlattice nanomembrane as a true 2D 

material given the ultrathin nature and large aspect ratio of nanomembrane. Thus, the 

strain energy density can be normalized by the area rather than the volume of the 

nanomembrane. Hence, its mechanical behavior under AFM probe indentation is 

properly described by a 2D stress, σ2D and 2D modulus, Ε2D. Both have units of 

force/length rather than force/area for normal 3D material systems. The force-

displacement behavior for a clamped circular membrane under central point loading 

can then be approximated as: 

F  0
2D (R)


R






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                                                            Equation (4.4) 

where F is the applied force,  0
2D

 is the pretension in the membrane, R is the radius of 

circular membrane, δ is the deflection at the center, Ε2D is the 2D modulus, and q is a 

constant depending on poisson’s ratio, ν, by the equation, q = 1/(1.05-0.15ν-0.16ν2).  

Numerical fitting of 10 sets of force curves from different locations under different 

loads gave σ2D and Ε2D of 1.4 ± 0.1 N/m and 52 ± 23 N/m, respectively 

(Figure 4.9b and c). With these values on the basis of the continuum model used for 

2D material,[32] the breaking strength was calculated to be 14.3 ± 1.4 N/m. Following 

the identical treatment, the breaking strengths of previous reported DNA-based 

nanoparticle membranes were also calculated. By using DNA of 30 and 50 bases long, 

the breaking strength was estimated of 4.5 N/m and 1.8 N/m, respectively. Considering 

the fact that 100nm-radius probe was used in DNA-based nanomembranes, the above 

results show that the nanowire superlattice membrane is much stronger than DNA-

nanoparticle membrane. This may originate from the 1D nanowire building blocks used 

in this study. It is harder to break gold nanowires than tangled DNA strands.  

4.2.5 Optical property of AuNWs superlattice nanomembrane  

The monolayer AuNWs nanomembrane exhibited exceptionally high optical 

transmittance of 90-97 % with an almost flat line over a fairly wide spectral range of 

300~1100 nm (Figure 4.12). The observed high optical transparency is due to the 

ultrathin nature of our superlattice nanomembranes, which is in agreement with the 
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theoretical prediction.  

 

Figure 4.12 | High optical transparency of monolayered AuNWs superlattice 
nanomembrane. (a) photograph of a PET plastic sheet partially covered with 
superlattice nanomembrane. (b) a paper sheet coated with nanomembrane on both sides. 
(c) experimental (black) and theoretical (red) transmittance spectra of monolayered 
superlattice nanomembrane on a glass slide. Approximate agreement in experiment and 
theoretical calculation proves that nanomembranes are composed of predominantly a 
single nanowire layer. 
 

The theoretical transmittances of nanomembranes with different AuNW diameters were 

determined by calculating the decay of an electromagnetic wave after propagating 

through a medium[33]. In this model, the incident light was vertical to the 

air/membrane/glass/air multi-layer 2-D cross-sectional structure. The structure was 

divided into rectangular unit cells (strips) with unified width and variable heights 

according with the surface topology of the AuNWs on the substrate. The calculation is 

then made separately in each cell, followed by an integration step over one lateral 

pattern period. The diameters of the AuNWs were set to be 1.9, 2.5, 10 and 15 nm as 

shown in Figure. 4.13. The surface coverage was fixed to 60% as calculated from the 

TEM images. The frequency-dependent refractive index and extinction coefficient 

values are obtained based on the reported reference[34]. The light polarization is not 

considered here, as the AuNWs are aligned in parallel in the scale of a few micrometers, 

much smaller than the beam size of the incident light for the transmittance 

measurements. Also, although transverse plasmonic modes are generated in a single 
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nanowire and between nanowires, this effect is not considered in this calculation, as the 

resonance wavelengths of AuNWs with diameters of a few nanometers should be 

beyond the lower end of the spectrum for the transmittance measurements. 

 

Figure 4.13 | Theoretical calculation on transmittance spectra of monolayer superlattice 
nanomembranes composed by AuNWs with different diameters. 
 

As shown in Figure 4.13, the results showed an evident decreasing trend of the 

transmittance with increasing diameters. Note that the calculated theoretical 

transmittance of 2.5 nm AuNWs monolayer nanomembrane provides a reasonable fit of 

our measured profile, which further proved the monolayer structure of our 

nanomembrane. The slight decrease in the region of 500-550 nm is due to the surface 

plasmon resonance of spherical nanoparticles existing as impurity in the 

nanomembrane as seen in Figure 4.1e [35]. 

4.2.6 Electrical conductivity of AuNWs superlattice nanomembrane  

For any optically transparent, electrically conductive thin films, there is a general trade-

off between the transmittance and resistance, that is, the thicker films tend to be more 

conductive but less transparent, while the thinner films tend to be more transparent but 

less conductive. A proper transmittance-resistance combination is an important design 

factor for application of transparent, conductive thin films on real devices. For a better 

understanding of the AuNW superlattice nanomembranes, the optical-electrical 
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properties of multiple layers of nanomembranes were investigated by measuring 

transmittance (T) and four-point probe sheet resistance (Rsh). A single layer of 

nanomembrane gave T of 97% at 800 nm wavelength. The square resistances of a set of 

superlattice membranes from 15 batches of stock nanowire solutions were measured 

and giving a value of 1142 ± 16 kΩ sq-1. Both the T and Rsh decreased as increased 

coating layers, as shown in Figure 4.14. For 10-layer nanomembranes, T reduced to 37 % 

and Rsh reduced by one order of magnitude compared to those values for the monolayer.  

 

Generally, the relationship between the transmittance and sheet resistance can be 

described as following[36, 37]:  

                                                                   Equation (4.5) 

where σop(λ) is the optical conductivity for wavelength λ and σdc the DC conductivity. 

This expression was used to fit the experimental data (Figure 4.14). The λ was set to be 

800 nm. The ratio σdc/σop can be considered as a figure of merit to represent the 

transparent conductive layer, e.g., higher σdc/σop means better DC conductance of 

membrane with the same transparency. The numerical fitting of experimental data gave, 

σdc/σop = 1.25. 

 

Improving σdc/σop requires better understanding of the mechanisms behind the 

resistance of AuNWs superlattice nanomembranes. In general, the total resistance is a 

superposition of resistance from the single AuNW and resistance from the formation of 

the membrane network. This is affected by the following five factors: (i) The resistivity 

of single AuNW, which is generally larger than that of bulk. The additional resistance is 

from electrons hitting at the nanowire wall. In a constrained geometry there is always a 

fraction of electrons scatter to the wall and their energy is partially dissipated. The 

fraction of electrons scattered to the wall and the corresponding energy loss become 

considerably large, when the cross-section of the wire is smaller than the mean-free 

pathlength of electrons in the metal[38]. The AuNWs with diameter of ~3 nm fall right 

in this category. (ii) The grain boundary of metal can also create resistance[39]. (iii) 

The contact resistance at the joint of two nanowires, which can be quite significant, 

T ()  1188.5
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resulting large resistivity of nanowire network of large lateral scale[30]. (iv) 

Insufficient paths for electrons to transport laterally along the surface. This can be quite 

significant if the nanowire surface coverage is too low. (v) Random orientation of 

nanowires (disorder) over large lateral scale. This will increase the pathlength (and 

therefore resistance) for electron to transport from one position to another position in 

the network. In the worst case, which also commonly happens for any physical 

networking system, there forms some clusters in the network and these clusters are 

linked weakly or even completely isolated. Therefore, the electron transport between 

two adjacent clusters could be very difficult[40].  

 

 

Figure 4.14 | (a) Optical transmittance spectra of monolayer and multilayer AuNWs 
superlattice nanomembranes. Insets show images of different layers of AuNWs 
nanomembranes transferred onto the PDMS substrate, and the words printed on bottom 
paper help visualize the transparency. (b) Transmittance (λ = 800 nm) as a function of 
sheet resistance. Data of both nanomembranes (experimental, blue squares) and perfect 
grating (modeled, red triangle) are shown. Solid and dashed curves predict the 
transmittance-sheet resistance relationship of nanomembranes and gratings (shown in 
inset scheme), respectively. 
 

Firstly, the resistance due to the nanowire itself was considered, corresponding to factor 

(i) and (ii). The as-synthesized AuNWs is ultrathin, single-crystalline with ultra-long 

aspect ratios. According to the classic scattering model given by Sondheimer[38], the 

conductivity of a metal nanowire reduces almost proportionally when reducing its 

diameter. Assuming the bulk resistivity of Au is 22.2 Ω·nm, the mean free pathlength of 

electrons in Au is 40 nm, and all the electrons scattered to the nanowire wall are 

absorbed with their energy dissipated, the calculated resistivity of a 3 nm-diameter 

AuNW is about 300 Ω·nm. Most recent research has found that if the AuNWs are 
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highly crystalline and the surface is highly smooth, the energy can be mostly recovered 

from elastic scattering and the conductivity of the NWs can be close to its bulk 

condition[41]. Therefore, it is reasonable to assume a conductivity of 22.2 – 300 Ω·nm 

for the AuNWs.  

 

 

Figure 4.15 | Sheet resistance as a function of bending cycles for one- and eight-layer 
of AuNWs nanomembranes. 
 

Then the resistance from superlattice membrane structures was considered. From 

structural characterization of nanomembranes by TEM, the nanowires reach a surface 

coverage of 60%. If it is assumed that the nanowires are infinitely long and ideally 

aligned at the device scale, then an estimated sheet resistance of 15 - 200 Ω/sq can be 

obtained for this perfect grating. The T of 97% and Rsh of 200 Ω/sq correspond to the 

red triangle showing in Figure 4.14. Using σdc/σop = 50000 to fit, the transmittance-

resistance relationship of this perfect grating is also predicted in Figure 4.14b. Since 

the perfect grating ignores resistance factor (iii) to (v), the discrepancy may be due to 

the fact that AuNWs have finite length and the alignment is limited to micrometer-scale, 

and there may exist a large contact resistance at the joint of two nanowires.[30] To 

reduce the square resistance for multilayered nanomembranes, normal pressing forces 

were applied to the mulilayered membranes and observed improvement in conductivity 

(15-19%), which may be due to the decrease of wire-to-wire spacing during mechanical 

compression.[42] Nevertheless, the conductivity remains far from theoretical prediction, 

indicating that the densely-packed capping oleylamine molecules surrounding AuNWs 

may substantially prevent electron-hopping from wire to wire. Despite high sheet 
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resistance, superlattice nanomembrane could withstand mechanical bending for 

hundreds of cycles. The monitored sheet resistance of superlattice nanomembranes was 

shown in Figure 4.15. In particular, the sheet resistance for monolayer nanomembrane 

only increased by about 14% after 400 bending cycles.  

4.2.7 Nanomembrane-based supercapacitor and electrocatalytic electrode 

 

Figure 4.16 | (a), Schematic illustration of nanomembrane-based supercapacitor device. 
(b) Cyclic voltammograms of supercapacitor in Li2SO4 at different scan rates. (c) 
Charge-discharge curves at various current density. (d) Nyquist plot (a plot of the 
imaginary component, Z’, versus the real component, Z’’ of the impedance) for the 
supercapacitor. (e) Electrocatalysis of AuNWs superlattice nanomembrane towards 
oxygen reduction reaction in 0.1 M PBS (pH = 7.2) solution at room temperature 
(sweep rate 50 mV s-1). 
 

Notably, both quantities of nanowires and the lateral dimensions of membranes are 

scalable, which allows fabrication of giant superlattice nanomembrane in large 

quantities promising for practical applications. In particular, nanomembranes could be 

easily integrated into a flexible supercapacitor device (Figure 4.16a). By Langmuir-
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Shaeffer deposition, the superlatttice membranes could be transferred onto both sides of 

paper (Figure 4.12b), and repeated bending didn’t destroy membranes or influence 

conductivities. Then a two-electrode supercapacitor device could be constructed by 

impregnating the paper with the 2M Li2SO4 electrolyte and sandwiching the 

membrane/paper between two current collectors (Figure 4.16a).  

 

 

Figure 4.17 | Specific capacitance (Cs) versus discharge current density plots. 
 

The device exhibited superior supercapacitive behavior. We first investigated the effect 

of scan rate on the electrochemical performances of nanowire membrane 

supercapacitors. Figure 4.16b shows the cyclic voltammogram (CV) over a broad 

scanning window from 10 to 1000 mV s-1. Note that the current increases with scan rate 

and the CV curves were close to being rectangular in shape even at the scan rate of 

1000 mV s-1, suggesting a nearly ideal supercapacitive behavior[43]. Although the 

presence of OA capping layer on the surface of AuNWs membrane likely contributed to 

a small amount of pseudocapacitance, the linearity of the measured current indicates 

that this device is primarily nonfaradaic. Galvanostatic charge/discharge curve at 

various current density (4.8 - 48 A g-1) displays a nearly linear response and thus 

excellent capacitive behavior (Figure 4.16c). Specific capacitance (Cs) is calculated 

from the discharge curves according to the following equation[44]: 
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])/(/[ mtViCs                                                                                   Equation (4.6) 

where i is the applied current, ΔV/Δt is the slope of the discharge curves after the 

voltage drop at the beginning of each discharge (iR drop), and m is the mass of AuNWs 

superlattice membrane on one electrode. Based on HR-TEM measurement, the total 

width of a single AuNW together with OA capped layer is estimated as 3.6 nm. Then 

the weight density of monolayer AuNWs superlattice membrane that covered on paper 

can be calculated and give a value of 3.5 μg cm-2. Based on the above calculations, the 

specific capacitance (Cs) as a function of the applied current densities were investigated 

(Figure 4.17), giving the highest specific capacitance as 73 F g-1. From the 

charge/discharge curves, the energy density (E) and power density (P) could be 

calculated by using the total resistance calculated from internal resistance (IR) drop 

from the charge-discharge: 

RmVP 4/2                                                                                              Equation (4.7) 

mCVE /5.0 2                                                                                           Equation (4.8) 

where V is the cutoff voltage, C is the measured device capacitance, m is the total mass 

of the superlattice membrane on electrode. The internal resistance (R) was determined 

from the voltage drop at the beginning of each discharge: 

)2/( iVR iR                                                                                              Equation (4.9) 

where ΔViR is the voltage drop between the first two points in the voltage drop at its top 

cutoff and i is the current applied. The maximum energy density of 2.5Wh kg-1 and the 

highest power density of 107 kW kg-1 were achieved at an operation voltage of 0.5 V. 

This value is comparable to previously reported carbon-based electrode materials and 

exhibits substantially higher power density[45-47]. This high power density may be 

originated from the low equivalent series resistance (ESR) of giant superlattice 

nanomembrane-based device, which could be further evaluated by electrical impedance 

spectroscopy (EIS) in the frequency range of 0.05 Hz to 100 kHz (Fig. 5e). From the 

extrapolation of the vertical portion of the Nyquist plot to the real axis, the ESR was 

estimated to be 2.1 Ω, which is contributed from both of the electrolyte resistance and 

electronic resistance of membrane[48]. This value is lower than that by other 

supercapacitors[45-47], which demonstrates the excellent electrical conductance 
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between the giant superlattice nanomembrans and the current collector, although the 

lateral in-plane conductance is low.  

 

The nanowire superlattice membranes could behave as electrocatalysts towards 

cathodic oxygen reduction reaction (ORR). Figure 4.16e shows the ORR polarization 

curves for monolayer and bilayer nanomembranes covered on ITO electrode surfaces. 

For both giant superlattice nanomembrane modified ITO electrodes, the distinct 

reduction peak at -270 mV vs. Ag/AgCl/KCl (sat.) is attribute to the 2-electron 

reduction of O2 to H2O2 (Equation 4.10)[49].  

222 22 OHeHO  
                                                                   Equation (4.10) 

However, the further reduction of H2O2 to H2O was not obvious and just showed as a 

shoulder at around -410 mV under the present experimental conditions. This is due to 

the H2 evolution occurred predominantly during this reaction[49] and the preferential 

exposure of Au(111) active crystal facets for AuNWs, which is known to be mainly 

active toward two-electron reduction to hydrogen peroxide[50]. Interestingly, the 

electrocatalytic performances can be tailored. The bilayer nanomembranes displays 

more positive onset potential and greater catalytic current than the monolayer. This is 

arising from the higher interconnection of nanowires in the double layer that provided 

better electronic continuity.  

 

4.3 Conclusion 

In summary, this chapter presents a simple yet efficient method to fabricate giant 

metallic superlattice nanomembrane of about 2.5 nm thick but with macroscopic lateral 

dimensions from ultrathin flexible gold nanowires. Such superlattice nanomembrane 

represents the thinnest version of metallic membranes known to date.[3, 6, 11] 

Remarkably, the ultrathin superlattice nanomembranes are mechanically strong, 

optically transparent and electrically conductive. Notably, both synthesis of gold 

nanowires and fabrication process of superlattice nanomembranes are scalable, which 

render this methodology promising for practical applications in future lightweight 

foldable optoelectronics, such as touch-screen devices.[42, 51] Besides the excellent 
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structural and mechanical features, nanomembranes exhibited multi-angular 

applications, such as in lightweight foldable supercapacitor and electrocatalysis. This 

methodology can potentially be extended to fabricate nanomembranes from other types 

of nanowires or multiple components, therefore, it may become a general modular 

approach to integrate optoelectronic properties with mechanical robustness into a single 

lightweight, foldable 2D materials systems for promising applications in future foldable 

electronics. 
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The ability to build plasmonic superlattice sheets of macroscopic surfaces but 

nanoscale thicknesses using different nanocrystals from the “plasmonic periodic 

table”[1] is crucial for understanding the unparalleled optical signature of 2D 

nanoparticle superlattices,[2-14] and is of significance for bottom-up fabrication of 

plasmonic devices and circuits.[15] In chapter 3, polymer-ligand-based strategy has 

been proved as a robust avenue to fabricate superlattice sheets from nanospheres. This 

general strategy enables both structure regulation and spatial control of 2D superlattice. 

However, challenges are still ahead for large-scale ordered assembly of complex 

nanocrystals with desired plasmonic properties.  

 

In this chapter, this challenge has been addressed by fabrication of giant-surface 

plasmonic superlattice sheets about 3-mm-wide and 40-nm-thick, corresponding to an 

aspect ratio of 75,000. It was achieved by using drying-mediated self-assembly of 

polystyrene-capped anisotropic Au@Ag core-shell nanobricks (NBs) at air/water 

interfaces. A unique feature of such superlattice sheets is their uniform optical response 

across the entire surface. It was achieved by synthesizing the sheets from large 

ensembles of highly monodispersed nanoparticles and capping the nanoparticles with 

soft ligands, which prevented their disordered aggregation at high concentrations. The 

connection between the nanoparticles provided by the ligands is strong enough to allow 

superlattice transfer among various substrates. This feature, along with the uniform 

distribution of hot spots across superlattice surface, makes possible high-sensitive 

detection of chemicals in different aggregate states using SERS. The ability of 

assembling different types of plasmonic nanoparticles using this polymer-ligand-based 

strategy opens up new avenues in designing novel two-dimensional metadevices and 

sensors.  

5.1 Experimental methods 

5.1.1 Materials  

Gold (III) chloride trihydrate (HAuCl4·3H2O, ≥99.9%), hexadecyltrimethylammonium 

bromide (CTAB), cetyltrimethylammonium chloride solution (CTAC, 25 wt. % in H2O), 

silver nitrate (AgNO3), sodium borohydride (NaBH4), L-ascorbic acid, and 4-
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aminothiophenol were purchased from Sigma Aldrich. Tetrahydrofuran (THF) and 

chloroform was obtained from Merck KGaA. Thiol-functionalized polystyrene (Mn = 

50,000 g/mol, Mw/Mn = 1.09) was purchased from Polymer Source Inc. PDMS Sylgard 

(184) silicon elastomer, curing agent, and precursor were purchased from Dow Corning, 

USA. All chemicals were used as-received unless otherwise indicated. Deionized water 

was used in all aqueous solutions, which were further purified with a Milli-Q system 

(Millipore). All glasswares used in the following procedures were cleaned in a bath of 

freshly prepared aqua regia and were rinsed thoroughly in H2O prior to use. 

 

Gilder extra fine bar grids (2000 mesh with 7 × 7 μm2 square holes) were purchased 

from Ted Pella. Holey silicon nitride support films (2-μm-diameter hole, 4 μm pitch) 

were purchased from SPI supplies. 

5.1.2 Synthesis of CTAB-capped gold nanorods 

Monodisperse CTAB-capped gold nanorods were prepared according to the well-

established seed-mediated growth method in a two-step procedure[16-18]. First, a 

brownish seed solution was prepared by mixing 5.0 ml 0.2 M CTAB with 5.0 ml 0.5 

mM HAuCl4, followed by adding 0.6 ml 0.01 M ice-cold NaBH4 under vigorous 

stirring. Then a growth solution was prepared by adding 5.0 ml 0.2 M CTAB solution 

into 0.2 ml 4 mM AgNO3 solution, followed by addition of 5.0 ml 1.0 mM HAuCl4 and 

0.08 ml 0.08 M ascorbic acid. Finally, CTAB-capped gold nanorods were obtained by 

adding 12 μL seed solution into the above growth solution and aged for 2 hours at 30oC. 

The nanorod solutions were centrifuged at 7,000 rpm for 20 min and re-dispersed into 

10 ml 80 mM CTAC solution. This step was repeated twice to ensure complete 

replacement of CTAB ligands by CTAC molecules. 

5.1.3 Synthesis of CTAC-capped Au@Ag NBs 

Highly monodisperse CTAC-capped Au@Ag NBs were synthesized by following the 

recently reported approaches[19] with slight modification To grow bimetallic Au@Ag 

NBs, a silver precursor solution was added into the as prepared Au nanorods to enable 

seed-mediated growth process. Typically, a mixture of 2l 0.01 M AgNO3 and l 0.1 M 

ascorbic acid (l = 0.1 ~ 1.0 ml) was mixed with 10 ml CTAC-capped nanorods and 
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aged for 30s before annealing at 60 °C for 4 h under stirring condition. The solution 

changed the color from dark blue to orange during the growth of the silver shells. 

Finally, the solution was purified by repeated centrifugation at 5000 rpm for 20 min and 

re-dispersed into 5 ml Milli-Q water. The silver coating thickness increased as the 

amount of AgNO3 and ascorbic acid increased. 

5.1.4 Synthesis of Polystyrene-capped Au@Ag NBs 

Replacement of CTAC with thiolated PS was achieved by a two-step ligand exchange 

procedure[20, 21]. Typically, as-prepared CTAC-stabilized Au@Ag NBs (5 mL) were 

concentrated to 0.1 mL, and then added it dropwisely into thiol-functionalized 

polystyrene THF solution (2 mg mL-1) under vigorous stirring. After aging for 

overnight at room temperature, the supernatant was discarded and samples were 

purified by repeated centrifugation–precipitation cycles and re-dispersed in chloroform 

as a stock solution. 

5.1.5 Fabrication of giant NB superlattice sheet 

Typically, one drop of chloroform solution of PS-capped Au@Ag NBs (~27 nM) was 

carefully spread onto the surface of convex-shape water droplet on a holey copper or 

silicon nitride grid. After quick chloroform evaporation, silver-colored reflective solid 

films formed on the water subphase. Subsequently, water slowly evaporated, leading to 

the formation of the giant superlattice sheets covered almost the whole grid. 

5.1.6 Characterization 

Electron imaging was carried out using a Philips CM20 TEM or FEI Tecnai G2 T20 

TEM at an acceleration voltage of 200 kV, or Hitachi H-7500 field emission TEM 

operating at 80kV.  

 

The optical extinction spectra of bulk solution samples were acquired by an Agilent 

8453 UV-Vis spectrophotometer; whereas spectra of superlattice sheets were obtained 

using a J&M MSP210 microscope spectrometry system. Optical micrographs of the 

superlattice sheets were taken by a Nikon industrial bright field microscope (ECLIPSE 

LV 100D) under transmission and reflectance modes. 
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Force-displacement curves and topographical structures were obtained with a Veeco 

Dimension Icon AFM in tapping mode using Bruker silicon probes (MPP-11120-10). 

The spring constant for the cantilever was 40 N m-1. The typical tip speed for the 

nanoindentation was 500 nm s-1. The AFM data was characterized using Gwyddion 

software.  

 

Raman spectra were recorded by using a Renishaw RM 2000 Confocal micro-Raman 

System with three different lasers: 514, 633, and 782 nm (laser spot size: 1 μm). All 

Raman spectra were recorded by fine-focusing a 50× microscope objective under data 

acquisition time of 10 s, and corrected by baseline subtraction to exclude the 

fluorescence contribution. The strong a1-type band at ~1078 cm-1 was used to calculate 

SERS enhancement factor (EF).  

5.1.7 Numerical method for simulation 

To compute the extinction spectra of NB giant superlattice sheet and to estimate the 

distribution of hot-spots in these sheets, an open-source numerical simulation tool — 

DDSCAT 7.2 was employed based on DDA method[22, 23] which has a faster 

computing efficiency as compared to other numerical tools[21, 23]. This method 

allowed to estimate the extinction of incident light by a 2D ensemble of nanoparticles, 

where each nanoparticle was represented as an array of polarizable point dipoles. NB 

was modeled as a silver nanocuboid with a capsule shaped gold nanorod at the center. 

The corners and edges of the NBs were smoothened as required to closely resemble the 

shapes obtained experimentally. The interaction of light with so designed nanoparticle 

(represented as an array of N dipoles) was then modeled by estimating the electric field 

۳௝	 of the jth dipole (j [1,N) as sum of incident field (۳୧୬ୡ,௝	) and contributions from 

other dipoles (۳୭୲୦ୣ୰,௝	). 

 

In case of a 2D periodic array of NBs in yz plane representing giant superlattice sheet, a 

set of linear coupled equations were solved in DDSCAT using periodic boundary 

conditions along both y and z directions, where light was assumed to propagate along x 
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direction and a target unit cell (TUC) was defined with the structural specifications of 

an NB. The whole target was considered as an ensemble of identical NBs (made of N 

dipoles, i.e. j = 1, ..., N in a TUC) arranged periodically in a 2D array (with indices m, n 

specifying periodic replicas of the TUC). 

5.2 Results and discussion 

5.2.1 Synthesis of monodisperse NBs  

 

Figure 5.1 | Synthesis and characterization of monodisperse Au@Ag NBs with finely-
tunable thickness. (a) Schematic illustration of growth process from Au nanorods to 
Au@Ag NBs. (b) TEM images of Au nanorods, and Au@Ag NBs with increasing Ag 
thickness. The inset shows the photographs of solution products with distinct colors. (c) 
Extinction spectral development of Au@Ag NBs as Ag shell thickness increased. 
 

The starting point of fabricating a free-standing giant superlattice sheet was the 

synthesis of monodisperse ensembles of bimetallic Au@Ag nanobrick (NB)—which 
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was performed with minor modifications to a recently developed method[19, 24] In 

brief, 47 nm × 20 nm gold nanorods were synthesized and used as cores, then coated by 

a uniform layer of silver. The presence of CTAC during the coating process was proved 

to be crucial for uniform coating.[25] The silver coating thickness could be tuned 

simply by adjusting the amount of Ag+ and ascorbic acid. The as-prepared core-shell 

NBs were highly monodispersed and their coating thicknesses were precisely tunable 

(Figure 5.1).  

 

Such NBs possessed well-pronounced dipolar, quadrupolar and octopolar localized 

surface plasmon resonance (LSPR) bands that were critically influenced by the silver 

coating thickness (Figure 5.1c). There were four characteristic plasmonic peaks for 

Au@Ag NBs. The peaks I and II shifted slightly to red as the silver coating thickness 

increased. The peak III first blue-shifted and then red-shifted with simultaneous 

increase in intensity. The peak IV kept blue-shifting but the intensity increase was 

slower than that for the peak III and finally the peak IV intensity was lower than that 

for the peak III although it was higher in the beginning.[26]  

 

Figure 5.2 | (a) Calculated extinction spectrum of Au@Ag NB. (b) Calculation of near-
field intensity distribution to evaluate electric field distribution of a single NB, when 
incident light is polarized along the transverse edge (TE) and longitudinal edge (LE) (as 
shown in inset schemes). The peaks I, II, III are excited under the TE polarization, and 
the peak IV is excited along the LE polarization. E-field distribution contours of 
Au@Ag NBs show the origin of the four plasmon resonance peaks. Moreover, the 
intensity of electric field in each case also predicts the relative strengths of the peaks in 
the extinction spectrum.  
 

5.2.2 Plasmon modes of NBs 
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To further identify the nature of the four characteristic peaks and relevant plasmon 

modes in a single Au@Ag NB, near-field calculation of electric field intensity was 

performed using DDSCAT to evaluate E-field distribution in and around the 

nanoparticle[27]. Bulk permittivity values of gold and silver in Au@Ag NBs were 

obtained from the literature[28]. As shown in Figure 5.2, The peak I and II are assigned 

to octupolar plasmon modes, the peak III can be ascribed to transverse dipolar plasmon 

mode , and the peak IV is identified as longitudinal dipolar plasmon mode [26]. 

5.2.3 Synthesis of polystyrene-capped Au@Ag NBs by ligand exchange 

 

Figure 5.3 | (a, b)Schematic of fabrication process of PS-capped NB by ligand 
exchange (c) The experimental extinction spectra of CTAC-capped NBs in water and 
PS-capped NBs in chloroform; (d) Calculated extinction spectra of NBs dispersed in 
water (n=1.33) and chloroform (n=1.45) using DDA method; All the calculated spectra 
are normalized by their peak values. The capping ligands were not included in the 
simulation model since they had negligible influences on the overall extinction spectra. 
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Notably, pristine NBs were stabilized by hexadecyltrimethylammonium chloride 

(CTAC) – a weak-binding ligand insufficient for protection against random 

nanoparticle aggregation (Figure 5.3a). Therefore, a two-step ligand exchange 

procedure[20, 21] was applied to replace CTAC by a much stronger binding ligand – 

thiolated-polystyrene (PS) (Mn = 50,000 g mol-1). (Figure 5.3b) 

 

The plasmonic spectra changes during the ligand exchange process were measured 

experimentally and computed theoretically by discrete dipole approximation (DDA) 

simulation. Experimentally, the PS-capped Au@Ag NBs in chloroform exhibited strong 

characteristic LSPR bands, indicating the absence of aggregation (Figure 5.3c). The 

lineshapes of these LSPR bands in chloroform resembled the corresponding ones in 

water but showed some shifts in position. Both lineshapes and spectral changes could 

be reproduced by DDA simulation, which is a computationally efficient approach to 

calculating optical responses of complex nanostructures[29] (Figure 5.3d). In particular, 

a slight discrepancy of simulation results with the experimental spectra was noted, 

which may be due to the fact that the numerical model did not take into account the 

capping of NBs with ligands. The ligand binding is known to dampen resonances[30]. 

5.2.4 Fabrication of NB superlattice sheets 

To grow NB superlattice sheet, a droplet of concentrated chloroform solution of PS-

capped NBs was spread onto a sessile water drop on a holey copper grid (2000 mesh 

with hole-size of 7 μm × 7 μm, Figure 5.4a-c). Rapid chloroform evaporation confined 

the self-assembly of PS-capped NBs at the air/water interface forming monolayered 

sheet patches. Subsequent slow water evaporation reduced the interface area by about 

50% from hemisphere-like surface to pancake-like surface. This process gradually led 

to fusion of the patchy nanosheets into giant sheets covering the entire holey substrate 

(Figure 5.4c).  

5.2.5 Morphological characterization of NB superlattice sheets 

5.2.5.1 Giant superlattice sheets at different magnifications 
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Figure 5.4 | Fabrication of giant NB superlattice sheet. (a-c), Schematic of fabrication 
process in conjunction with drying-mediated self-assembly. (d-f), Characterization of 
giant NB superlattice sheet at the macro-, micro- and nano-scale by optical microscope, 
SEM and TEM, respectively. 
 
At the macroscopic scale, the superlattice sheets were readily observable under an 

optical microscope with distinct colors for NBs (Figure 5.4d); at the microscopic scale, 

the superlattice sheets were monolayered yet flexible (Figure 5.4e); at the nanoscopic 

scale, NBs were horizontally aligned with ordered packing (Figure 5.4f). Such-formed 

superlattice sheets could have a lateral dimension of 3 mm (Figure 5.5) but with a 

thickness of 40 nm, corresponding to an aspect ratio of about 75,000. 

5.2.5.2 Ordering parameter of NB superlattice sheet 

NBs were packed in a more complex way due to their anisotropicity. To quantify the 

degree of order, 2D orientational order parameter (S2D) was calculated using Hore’s 

method[31] from TEM images as we did previously for gold nanorods[21]. 





NBsN

i
i

NBs
D N

S
1

2 2cos
1                                                                                 Equation (5.1) 

where θi is the angle between the NB i and the average orientation of Au@Ag NBs in a 

region of radius r around it, and NNBs is the total number of Au@Ag NBs in that 

analyzing region.  
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Figure 5.5 | SEM and TEM images of a typical millimeter-scale giant superlattice sheet 
at various magnifications. (a) SEM image showed the giant superlattice sheet covering 
almost the entire copper grid. The red arrows indicate the crumpled sheet with ridge-
like morphology, demonstrating the high flexibility and robustness. (b) Higher-
magnification SEM image of the region in (a). (c), (d) TEM images of the NB 
superlattice sheet show the high homogeneity in surface structures and ordered packing. 
 

 
Figure 5.6 | (a) TEM image of NB superlattice sheet. (b) 2D orientational-order 
parameter S2D plotted as a function of the radius (r) of the analyzed region, which is 
marked as yellow dashed circles in panels (a). The representative three circles have a 
radius of 1,200 nm which were selected for calculating the S2D.  
 
In the TEM image of a superlattice sheet, three circular regions were randomly selected 

for analysis, as shown in Figure 5.6. For each region, theach e S2D are calculated with r 
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= 100, 200, ... , 1200 nm and plotted in Figure 5.6b. The value of S2D ranges from 0 for 

isotropic distributions to 1 for perfectly aligned Au@Ag NBs.  

 

Note that the ordering parameter S2D is about 0.3 when the chosen radius is less than ~ 

400 nm. When the radii are above ~600 nm, the S2D reached a plateau of about 0.10. 

This value represented the degree of ordering of giant NB superlattice sheets. It 

indicates an increasing localized ordering at small region, and then decreasing after a 

threshold, suggesting that the packing order is close to isotropic at large dimensions.[31, 

32] 

5.2.5.3 Parameters in affecting growth of giant superlattice sheets 

 

Figure 5.7 | TEM images of self-assembled Au@Ag NBs with long and short PS 
ligands. (a) TEM images show that the superlattice sheet is continuous in structures 
with uniform interparticle separations by using long PS ligand (Mn = 50,000 g mol-1). 
(b) Disordered, multi-stacked and closely-packed assembly structures by using shorter 
PS ligand (Mn = 12,000 g mol-1). 
 

The quality of giant superlattice sheets was critically dependent on the length of the 
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polymer ligands (Figure 5.7) but weakly dependent on the type of substrates 

(Figure 5.8). The long PS chains successfully balanced core-core Van der Waals 

attraction and capillary forces during the assembly by experiencing great compression 

in the lateral directions,[33, 34] leading to well-defined separation and spatial 

distribution of NBs. Different from the previous successful example of assembling 

nanocrystals with small sizes, the large dimension of NBs in this system need longer 

molecular ligands, which was consistent with the particle softness argument – a larger 

particle required longer ligands to stabilize against aggregation.[35] In addition, 

concentrations of nanoparticle solution have a weak effect on the formation of 

superlattice sheets but affected their lateral dimensions. Monolayer superlattice sheets 

were obtained within concentrations of ~27 nM. The higher concentration favored the 

formation of giant sheets with crumpling upon water evaporation. 

 

Figure 5.8 | TEM images of the giant NB superlattice sheet formed on (a) copper grid 
with square holes (7 μm × 7 μm) and (b) holey silicon nitride substrate with 2 μm-
diameter holes. In both cases, the superlattice sheets were stretched themselves across 
over the substrate with the holes without deterioration. The sheet in (b) was further 
indented by AFM for characterization of mechanical properties. 
 

5.2.5.4 Transferability and 2D patterning of giant superlattice sheets 

Strikingly, giant superlattice sheets could be transferred onto a variety of substrates 

including plastics, paper, silicon wafer, glass slides, and could be even shaped into 

desired shapes and patterned into regular arrays. Figure 5.9a illustrates a typical 

transferring process of the giant sheets to PDMS elastomer followed by peeling off 

from copper grid. This led to simultaneous patterning of square sheets which were 



Chapter 5 

165 
 

complementary replica of holey copper grid. Notably, these square sheets could be 

further stamped onto other substrates, such as silicon wafers.  

 

Figure 5.9 | (a) Schematic illustration of PDMS-assisted transfer process. The back 
side of a holey copper grid with a giant superlattice sheet on the front side was brought 
into contact with a PDMS elastomer with a moderate pressure applied to ensure the 
intimate contact (step 1). After peeling off the copper grid, the superlattice sheets were 
transferred onto PDMS with square-shaped patterns (step 2). The square superlattice 
sheets could be further stamped onto other substrates such as silicon (step 3). (b) AFM 
height image of NB superlattice sheets transferred to Si wafer. (c) AFM cross-sectional 
height plot corresponding to the dashed line in (b), showing an average thickness of 56 
± 2 nm. 
 

Typically, a PDMS elastomer was prepared by mixing Sylgard 184 with a mass ratio of 

10:1 for prepolymer to curing agent. The mixture was stirred and poured into a flat 

Petri dish. After annealing at 80 °C for 5 h, the cross-linked PDMS was cut into 10 mm 

× 10 mm stripes. The back side of a holey copper grid covered by giant superlattice 
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sheets in the front side was brought into contact with a fresh-made PDMS with a 

moderate pressure applied to ensure the intimate contact between two substrates. Then, 

the copper grid was slowly removed, leaving discrete square-shaped sheet arrays on 

PDMS. The superlattice sheets could be further tamped onto a variety of other solid 

substrates. 

 

The entire transfer and patterning process has high-fidelity transfer efficiency with little 

cracking and deterioration. The thickness and surface morphology of superlattice sheets 

were further characterized after transferring onto silicon wafer by using an atomic force 

microscope (AFM). The sheets are uniformly continuous in square shape with little 

defects, which is in good agreement with the TEM imaging (Figure 5.8a). Further 

AFM line scanning gave an average thickness of 56 ± 2 nm for a typical NB 

superlattice sheet, indicating the monolayer structure comparable to the height of 

constituent nanoparticle building blocks. The line scanning profile outlined the uniform 

height of superlattice sheets with regular lateral dimensions, demonstrating the 

preserved monolayer structure without crumpling after transfer. After subtracting the 

height of nanoparticles, the compressed polystyrene thickness can be estimated to be ~5 

nm. This height of PS in vertical direction indicated a collapsed brush conformation, 

similar to previously presented case of superlattices composed of nanospheres (Chapter 

3).  

5.2.6 Mechanical properties of giant superlattice sheets 

Despite being extremely thin with nanoscale single-particle thickness, the sheets were 

mechanically strong. AFM nanoindentation was used to determine Young’s modulus of 

superlattice sheets, following the approach described in Chapter 4. Superlattice sheets 

were directly fabricated on a holey silicon nitride substrate with regularly spaced 2μm-

diameter holes. TEM was first used to find the specific monolayered sheets followed by 

AFM imaging by addressing the same circular sheets. Then nanoindentation was 

performed at the center of these sheets with a typical AFM tip (cantilever spring 

constant is 40 N m-1, Bruker silicon probes, MPP-11120-10). 
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The typical indentation force curve plotting the applied force versus indentation depth, 

δ (black line) is shown in Figure 5.11. Numerical fitting (red line) derives a typical 

Young’s modulus of ~1.0 ± 0.3 GPa. 

 

 

Figure 5.10 | (a) A typical force-displacement curve from AFM indentation (black) and 
from theoretical fitting (red) for NB superlattice sheet. (b) TEM image of superlattice 
sheet cover over a 2-μm-diameter microhole in the silicon nitride substrate after 
indentation. The inset arrows show the local rips of ruptured sheets. 
 

5.2.7 Customizing plasmonics of superlattice sheet and theoretical modeling 

5.2.7.1 Dimensions of three different plasmonic building blocks 

To illustrate customizability of NB superlattice sheets, three ensembles of different 

NBs were synthesized with three specific Ag shell thicknesses — small-NB (s-NB), 

medium-NB (m-NB), large-NB (l-NB) (Figure 5.12). Detailed statistical dimensions of 

the three building blocks are shown in Table 5.1.  

 

Figure 5.11 | Schematic illustration of three building blocks. 
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Table 5.1 | Dimension of synthesized Au@Ag NBs 
 

Entry a 
Length b 
(l, nm) 

Diameter b 
(d, nm) 

Aspect ratio - - 

Au nanorod 
(core) 

47 ± 3 20 ± 2 2.4 - - 

Entry a 
Length b 
(l, nm) 

Width b 
(w, nm) 

Aspect ratio 
End thickness 

(le, nm) 

Side 
thickness 
(ls, nm) 

s-NB 59± 3 30± 1 2.0 6 5 

m-NB 62± 3 38± 2 1.6 7.5 9 

l-NB 63± 2 45± 2 1.4 8 12.5 

 

a: The ligands for all the nanoparticles were thiol-functionalized polystyrene 

(Mn=50,000, Mw/Mn = 1.06); b: Obtained from TEM images of Au@Ag NBs, and 

statistical analysis through the free software ImageJ.  

 

5.2.7.2 Measurement of interparticle spacing of three NB superlattice sheets 

The chosen three building blocks were used to fabricate giant superlattice sheets 

following the procedure described in Figure 5.4. Their structures were characterized 

using TEM. The representative images were used to measure interparticle spacings. 

The side-by-side (lss) and end-to-end (lee) for superlattice sheets from s-NB, m-NB and 

l-NB were measured and fitted by Gaussian approach (Figure 5.13).  
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Figure 5.12 | Statistical analysis showing distribution of side-by-side (lss) and end-to-
end (lee) spacing in NB superlattice sheets measured from TEM images. Red curves 
represent the Gaussian fits to the distributions. 
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5.2.7.3 Extinction spectra of three NB superlattice sheets 

The extinction spectra of superlattice sheets feature distinct resonances shown in 

Figure 5.14. The positions of resonances can be varied over a wide range via adjusting 

the dimensions, geometry, and composition of its building blocks. Following the 

above-described procedure, s-NB, m-NB and l-NB were assembled into three giant 

superlattice sheets. Each sheet had its own color due to the unique spectral position of 

the extinction resonance, which is the function of size and shape of the nanoparticles. 

The major contribution to the extinction spectra of the sheets was found to stem from 

the dipole–dipole coupling between the plasmonic nanoparticles. The resonant peak in 

the spectrum of NB superlattice exhibited a significant blue shift (from 635 to 560 nm) 

with the thickness of silver coating (from 5 nm in s-NBs, through 9 nm in m-NBs, to 

12.5 nm in l-NBs).  

 

 

Figure 5.13 | Superlattice sheets from three different building blocks. (a-c), 
Experimental and simulated extinction spectra of NB-superlattice sheets. Insets are the 
optical microscope images and TEM images of individual sheets. Scale bar is 100 nm 
for all TEM images. 
 

The observed spectral shifts have two major contributions stemming from the 

modification of scattering properties of individual nanoparticles with thickening of 

silver coating and the enhancement of interparticle interaction with nanoparticle size 

for a fixed edge-to-edge separation (determined by the length of the capping ligands). 

On one hand, the experiments with individual nanoparticles dispersed in water revealed 

that the increase in silver coating induced a blueshift of about 66 nm for dipolar 
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resonance peaks of NBs. On the other hand, both experiment and DDA simulations 

showed that the stronger interparticle interaction in superlattice sheets made of larger 

nanoparticles manifests itself through the sharpening of extinction resonances. 

5.2.7.4 SERS efficiency and near-field distribution for NB superlattice sheets 

Programming the sizes and shapes of nanoparticles constituting superlattice changes 

the strength of their near-field confinement and the efficiency of SERS on superlattice 

surface [since SERS enhancement factor (EF) is proportional to the fourth power of the 

confinement strength, EF  (|E|/|E0|)4]. To estimate the strength of E-field distribution, 

4-aminothiophenol (4-ATP) was used as a SERS probe to measure SERS EFs for the 

three superlattice sheets at laser wavelengths of 514, 633, and 782 nm. The strongest 

EFs of the NB-superlattice sheets were observed at 633-nm wavelength, regardless of 

the size of the constituent nanoparticles (Figure 5.15).  

 

Figure 5.14 | SERS enhancement factors obtained on NB-superlattice sheets under 
various excitation wavelengths. 
 

The interesting shape-discrimination phenomena could be understood from thorough 

DDA simulation of extinction spectra and near-field distribution. The dimensions of the 

nanoparticles and their spacing in the array were chosen equal to the mean dimensions 

of s-NB, m-NB, and l-NB (Tables 5.1) and the mean distances between their edges in 

the side-by-side (lss) and end-to-end (lee) orientations (Figure 5.13). The spectra for all 

combinations of lee and lss are obtained, which were then averaged based on the weights 
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assigned from their frequency of occurrence of periodicity parameters (lee and lss) given 

in Figure 5.13.  

 

Figure 5.15 | Extinction spectra of NB superlattice sheets simulated based on DDA 
method. The spectra were calculated using mean values of the interparticle spacing 
parameters (lee and lss) shows in Fig. 5.13. The dashed vertical lines show the 
wavelengths of excitation laser used in Raman spectroscopy, i.e., 514, 633, and 782 nm. 
 

Comparison of the extinction efficiencies of m-NB-superlattice sheets at the three 

wavelengths showed that the strongest EF corresponded to the highest extinction near 

the LSPR band (Figure 5.16). Correspondingly, the near-field intensity is strongest for 

NB-superlattice sheets at 633 nm (Figure 5.17). The above simulation results were 

from a small area of a 2D-periodic array of 25 identical nanoparticles but these results 

were truly scalable independent on superlattice sizes. 

 

Figure 5.16 | Calculated near-field distributions on m-NB-superlattice sheet (lee = 3 nm, 
lss = 4 nm) under three excitation wavelengths of 514 nm, 633 nm, and 782 nm. The 
distribution was calculated across the plane passing through nanoparticle centres. 
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To compare the SERS intensity of three different NB superlattice sheets, Raman signal 

was probed using the fixed laser wavelength (633 nm). Based on recorded SERS 

intensity and simulated E-field intensity, it reveals that m-NB-superlattice sheets shows 

highest confinement (Figure 5.18). This implies that the laser (633 nm for m-NB 

superlattice sheet) for which the maximum amount of light gets extinct correlates fairly 

well with the highest confinement of E-field, which eventually leads to the maximum 

enhancement in Raman scattering intensity. 

 

Figure 5.17 | (a) SERS spectra for NB superlattice sheet with incident laser wavelength 
of 633 nm. (b) Simulated E-field intensity distribution on for s-NB, m-NB, l-NB 
superlattice sheets at 633 nm. The simulated E-field distribution in (b) show relevant 
intensities of hotspots generated in NB superlattice sheets, which is consistent with the 
Raman scattering intensities shown in (a).  
 

5.2.8 Giant superlattice sheets as universal and unique SERS substrates 

5.2.8.1 SERS spectra from patterned square sheets 

PDMS-transferring approach was used to shape the giant superlattice sheets into 

multiple square sheets onto silicon wafers, and then probed SERS enhancement at 

specific square sheets using 4-ATP as a Raman probe (Figure 5.19). 4-ATP has 

characteristic vibration bands in the region between 800 and 1800 cm-1. These peaks 

are mainly assigned to either the a1 or b2 vibrational modes[36] (Table 5.2). The strong 

vibrational band at 1078 cm-1 was used to calculate SERS enhancement factor (EF) 

which was determined by the following Equation (5.2): 

BULKBULK

SERSSERS

NI

NI
EF

/

/
                                                                                 Equation(5.2) 
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where ISERS and IBULK are the peak intensity at 1078 cm-1 in the SERS spectrum of 4-

ATP and bulk 4-ATP, respectively; NSERS is the number of adsorbed 4-ATP molecules 

on substrate within the laser spot; NBULK is the number of 4-ATP molecules within the 

illumination volume of laser in a bulk sample. NSERS can be further calculated by: 

/NlaserdSERS AANN                                                                              Equation (5.3) 

 

where Nd is the number density of particles per unit area, Alaser is the area of the focal 

laser spot, AN is the nanoparticle surface area determined by TEM measurements and σ 

is the footprint size of 4-ATP molecule (~ 0.20 nm2)[37]. 

 

Figure 5.18 | (a) Schematic illustration of transferring superlattice sheets onto Si wafer, 
which can be readily used as SERS substrate. (b) Scheme shows the setup of Raman 
spectrometer. 
 

Table 5.2 | Raman spectral peak assignment for 4-ATP adsorbed on superlattice sheet 
 

4-ATP Raman (cm-1) Vibrational assignment a 

1078 νCS, 7a (a1) 

1141 δCH, 9b(b2) 

1392 νCC+δCH, 3(b2) 

1438 νCC+δCH, 19b(b2) 

1578 νCC, 8a(a1) 

a: ν and δ denotes stretching and bending respectively. 
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Figure 5.19 | (a) Superimposed SERS spectra obtained from 20 different spots on NB-
superlattice sheets under the laser excitation wavelength of 633 nm. (b) Histogram of 
SERS enhancement factors on NB-superlattice sheets. 
 

A unique feature of NB superlattice sheets is their high structural homogeneity and the 

resulting uniformity of SERS EFs across the surface. It was demonstrated by recording 

SERS spectra of 4-ATP from 20 different spots (of about 0.8-m2 each) on the surface 

of superlattice sheets (Figure 5.20a). The almost perfect overlap of the 20 spectra 

indicates an exceptional uniformity of SERS from superlattice surface. In particular, the 

EFs variances for 1078-cm-1 peak were 5.6% for NB-superlattice sheets. (Figure 

5.20b). These variances are well below those reported for nanosphere arrays,[38] dry 

plasma-fabricated irregular particle arrays,[39] and patterned nanoclusters.[22]  

 

5.2.8.2 Liquid and vapor detection using free-standing superlattice sheets 

Beyond signal uniformity, superlattice sheets are mechanical flexible and vapor-

permeable, enabling their uses as a universal and unique SERS platform for 

ultrasensitive chemical identification of analyst in liquid, air. Typically, superlattice 

sheets enabled detection of 4-ATP dissolved in ethanol at concentrations as low as of 

about 100 pM (Figure 5.21a).  

 

 

 



Chapter 5 

176 
 

 

 

Figure 5.20 | NB superlattice sheets as universal SERS substrates for chemical 
identification of analytes in liquid, in air. (a) SERS spectra acquired from 4-ATP 
ethanol solutions. (b) SERS spectra from airborne 4-ATP at different exposure times. 
Inset illustrates permeation of 4-ATP molecules through and their binding onto 
suspended superlattice sheets.  
 

In addition, superlattice sheets were vapor-permeable and could be suspended due to 

their mechanical robustness, which allowed for monitoring airborne analytes in real-

time and in-situ (Figure 5.21b). This capability is demonstrated by measuring the 

SERS spectrum of the NB-superlattice sheet sealed in a plastic container together with 

5 mg of 4-ATP powder. As the powder sublimated and the molecules of 4-ATP 

gradually diffused towards, and got attached to the superlattice surface (see inset in 

Figure 5.21b), the Raman spectrum of superlattice started featuring the SERS signature 

of 4-ATP. Remarkably, the characteristic Raman peak at 1078 cm-1 was readily seen 

within the first five seconds of exposure of superlattice to the 4-ATP vapor. The first 20 

seconds of exposure were accompanied by a steep growth of the peak’s intensity, 

which slowed down and got saturated in the following 40 seconds (Figure 5.22). 
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Figure 5.21 | (a) Raman spectra for airborne detection of 4-ATP at various exposure 
times. (b) The peak intensity at 1078 cm-1 of vibrational band was plotted as a function 
of exposure time of free-standing superlattice sheets to the 4-ATP vapor. 
 

5.3 Conclusion 

In summary, this chapter developed a general self-assembly method to fabricate giant 

superlattice sheets for the first time. Plasmon modes and near-field distributions in 

giant superlattice sheets could be precisely customized simply by adjusting sizes and 

shapes of constituent Au@Ag NBs. Consequently, Raman hot spots could be generated 

at specific excitation wavelength in a highly predictable way. Beyond structural and 

functional programmability, superlattice sheets are homogeneous in structure, vapor-

permeable and mechanically flexible, which enabled their uses as universal and unique 

SERS substrates with highly uniform Raman hotspot distributions across large area, for 

rapid and sensitive multi-phase detection of chemical species in air, liquid. The ease of 

self-assembly manufacture, highly customizable plasmonics and superior SERS 

enhancements in multiphase detection, as well as the potential integration with other 

2D materials such as graphene, makes this giant superlattice sheet a unique material 

base for the next-generation of nanophotonic devices and smart sensors. 
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The modular self-assembly of plasmonic superlattice nanomembranes enables new-

generation of thinnest possible 2D metamaterials with programmable properties. 

However, it is nontrivial to grow superlattice nanomembranes, which requires high 

monodispersity of constituent nanoparticles, effective soft ligand capping against 

random nanoparticle aggregation, strict 1D confined growth, and free-standing 

transferability. Essential to tackle this challenge is precisely controlling over 

nanoparticle interactions by ligand engineering, optimizing assembly techniques for 

well-defined ordering, and unraveling lattice-property relationships for predictable 

plasmonic properties. 

 

This thesis addresses the above challenges by presenting preparation and 

characterization of three superlattice nanomembranes: free-standing superlattice sheets 

formed by polymer-capped nanospheres, giant metallic superlattice nanomembranes 

from ultrathin gold nanowires, and giant superlattice sheets using bimetallic Au@Ag 

nanobricks (NBs). For the first time, it proposes a general polymer-ligand-based 

approach in conjunction with drying-mediated self-assembly at air-water interface to 

fabricate giant superlattice nanomembranes (e.g., the giant NB superlattice membrane 

is as thin as ~40 nm but as wide as ~3 mm, corresponding to an aspect ratio of ~75,000). 

This polymer-ligand-based assembly extends previous success with alkyl- and bio-

ligands for preparing superlattice membranes. Using polystyrene-capped nanocrystal as 

a model system, it enables wider tuning of interparticle spacing especially for large 

nanoparticles which are important for plasmonic applications. With this approach, 

superlattice nanospheres nanomembrane reaches lateral dimensions of ~15 micrometers 

with a thickness of ~13 nm, corresponding to an aspect ratio (lateral size/thickness) of 

>1000. Both internal structures (particle size and interparticle spacing) and collective 

properties (plasmonic coupling) are tunable. The monolayered polymer-nanoparticle 

sheets are highly stable under various conditions, transferable to any arbitrary 

substrates, and can be manufactured with focused ion beams.  

 

This thesis has presented the thinnest version of metallic membranes known to date, 

which is formed by soft 1D building blocks – ultrathin single-crystalline gold 
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nanowires (AuNWs) via Langmuir-Blodgett (LB) techniques. Such giant metallic 

superlattice nanomembrane has a thickness about 2.5 nm thick but with macroscopic 

lateral dimensions of ~35 cm2. Remarkably, the ultrathin superlattice nanomembranes 

are mechanically strong, optically transparent and electrically conductive. Notably, 

both synthesis of gold nanowires and fabrication process of superlattice 

nanomembranes are scalable, which render this methodology promising for practical 

applications in future lightweight foldable optoelectronics sensors. Also, this 

methodology can potentially be extended to fabricate nanomembranes from other types 

of nanowires or multiple components, therefore, it may become a general modular 

approach to integrate optoelectronic properties with mechanical robustness into a single 

lightweight, foldable 2D materials systems for promising applications in future foldable 

electronics. 

 

In particular, for superlattice membranes, the hybridized plasmon modes and near-field 

distributions can be strictly controlled in a 2D plane, which can be in principle 

programmed by adjusting sizes, shapes of constituent nanoparticles and controlling 

interparticle spacing. As the final part of this thesis, it demonstrates both 

experimentally and theoretically that hybridized plasmon modes and near-field 

distributions of giant superlattice sheets can be customized arbitrarily. Beyond 

structural and functional programmability, superlattice sheets are homogeneous in 

structure, vapor-permeable, enabling their uses as universal and unique SERS 

substrates with highly uniform Raman hotspot distributions across large area, for rapid 

and sensitive detection of chemical species in both air and liquid. Due to its proved 

mechanically flexible, the detection region can be extend to topologically complex 

solid surfaces in the future work. 

 

Based on the advances presented in this thesis, it is clear that undeveloped issues and 

more exciting works remain ahead. The major future work is recommended as the 

following aspects: 

  Large-scale synthesis of high-quality plasmonic nanocrystals with well-defined 

morphology, diameters, geometry is still demanded. Once novel nanocrystals have 
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been synthesized, the polymer-based assembly approach can be readily used to those 

building blocks to create superlattice nanomembranes with unprecedented plasmonic 

properties. 

 

 Binary or ternary superlattice nanomembranes constructed from different plasmonic 

nanocrystals extends the possibility of rational control and generating unprecedented 

plasmonic properties, which is rarely unexploited. In future work, it is recommended 

to construct such multi-component superlattice nanomembranes by precisely control 

over nanoscale interactions. 

 

  By developing efficient surface modification method for nanocrystals and 

controllable parameters of interfacial properties, superlattice membrane with larger 

macroscopic dimension can be achieved. Also, by employing interfacial 

polymerization, it is desired to fix superlattice structure by polymer matrix or 

crosslinked ligands. In this way, large-scale superlattice membrane can achieve 

sufficient dimension for real-world optoelectronic devices and sensors  

 

  Such plasmonic nanomembranes will definitely trigger applications such as high-

performance SERS substrates. In this thesis, accumulating evidence has highlighted 

the enhancement of the Raman signal induced by the localized surface plasmons 

within metallic nanoparticles and multiple hotspots being generated through largely 

enhanced electromagnetic field in the interstitial spaces. It is still highly desirable to 

optimizing the electromagnetic field enhancement by adjusting the plasmonic 

properties, minimizing sophisticated process involved in nanofabrication, and 

maximizing uniformity applicable for reproducible and strong signal, thus achieve 

multiple-analyte detection and ultrasensitive universal sensors.  
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 Mechanically Strong, Optically Transparent, Giant Metal 
Superlattice Nanomembranes From Ultrathin Gold 
Nanowires  
 Lipids and polymers are classic materials to be used in natural 
and artifi cial membrane systems, respectively. In contrast, 
recently there is burgeoning interest in constructing new 
class of membranes from nanoscale optoelectronic building 
blocks. [  1–11  ]  In particular, it is possible to fabricate free-standing 
periodic nanoparticle arrays (superlattices) which behave as 
mechanically strong nanomembranes with Young’s moduli 
of several GPa. [  3  ,  6  ,  11  ]  Such superlattice nanomembranes differ 
from solid-supported superlattice fi lms [  12–15  ]  in that they exist 
as free-standing, isolated forms in their fi nal stage of growth 
or processing. Remarkably, both optoelectronic and mechan-
ical properties of such superlattice membranes are tunable 
by varying materials types, adjusting ligand length, and regu-
lating lattice structures, etc. Hence, engineering superlattice 
nanomembranes constitutes an exciting route to integrate 
unique properties of optoelectronic nanomaterials with striking 
mechanical robustness and fl exibility into one tailorable 
multifunctional system, leading to lightweight metamaterials 
and devices with new functions for novel applications in opto-
electronics, [  9  ,  16  ,  17  ]  electrocatalysis, [  18  ]  and ultrafi ltration. [  19  ]  

 Despite the exciting progress in the fabrication of free-
standing metallic superlattice nanomembranes, their practical 
applications are often hampered by the diffi culty in fabricating 
defect-free superlattice membranes at large area. In particular, 
it is highly desirable to develop the ability to fabricate giant 
metal superlattice nanomembranes (two-dimensional, ordered 
metallic nanoparticle arrays forming ultrathin membrane of 
a few nanometers thick but with macroscopic lateral dimen-
sions). This is because nanoscale thickness and macroscopic 
lateral dimensions are apparently confl icting characteristics 
diffi cult to achieve simultaneously. [  2  ]  Previous attempts with 
sphere-like hard building blocks only led to superlattice mem-
branes restricted to small lateral dimensions. [  3–6  ,  9  ,  10  ]  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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 Here, we report on the fabrication of giant superlattice 
nanomembranes from soft 1D building blocks—ultrathin 
single-crystalline gold nanowires (AuNWs)—via Langmuir–
Blodgett (LB) techniques. Although LB techniques have been 
widely used for the assembly of nanowires, [  20–25  ]  the ability 
to form mechanically-robust free-standing nanomembranes 
has not yet been reported, to the best of our knowledge. This 
could be due to the fact that our gold nanowires are thinner 
and more fl exible, contributing to maintaining the integrity 
of the nanomembranes at large area. Specifi cally, we show 
a single-layer AuNWs superlattice nanomembrane is trans-
parent, conductive and mechanically robust, with an optical 
transmittance of 90–97% over a wide spectral window of 
300–1100 nm, an electrical resistance of  ∼ 1142 k Ω  sq  − 1 , and 
a breaking strength of  ∼ 14 N m  − 1  with a typical atomic force 
microscope probe. Such single-layer nanowire membranes are 
transferable to any arbitrary substrates, facile to be integrated 
into lightweight, foldable optoelectronic devices with low con-
sumption of materials and energy. Our methodology may 
serve as a model system, extendable to superlattice nanomem-
branes from other materials for a myriad of applications in 
construction of new classes of two-dimensional metamaterials 
and devices. 

 We began with the large-scale synthesis of high-quality single 
crystalline ultrathin AuNWs by adopting the recently reported 
approaches. [  26–28  ]  In brief, gold precursor (HAuCl 4 ) was gradu-
ally reduced by triisopropylsilane (TIPS) in the presence of 
oleylamine (OA). After aging the solution at room temperature for 
2 days, the solution turned from yellow to dark red ( Figure    1  a,b), 
indicating complete reduction of Au  +  -amine complex into 
OA-capped AuNWs dispersible in hexane [  27  ]  (Figure  1 c). The 
nanowires were precipitated out by adding ethanol and centrif-
ugation, and then washed twice with ethanol and re-dispersed 
in chloroform as concentrated stock solution for further use.  

 In the purifi ed nanowires, the OA molecules contribute to 
18% of the total weight as demonstrated by thermogravimetric 
analysis (Supporting Information, Figure S1). Thus, the OA 
capping effectively stabilizes nanowires and prevents them 
from deterioration in various characterization and processing 
in the fabrication of nanomembranes. Electron microscopy 
studies show each nanowire is single crystalline growing along 
the [111] direction (Figure  1 d) with an interfringe distances of 
 ∼ 0.23 nm and ultrathin with a width of  ∼ 2.5 nm. The nanowires 
have enormous aspect ratios, extending to tens of micrometers 
in length. These structural characteristics give nanowires high 
mechanical robustness and fl exibility, leading to hairy mor-
phology (Figure  1 e). Due to strong hydrophobic interactions 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 80–85
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     Figure  1 .     Large-scale synthesis of ultrathin single crystalline AuNWs with high-aspect ratio. a,b) Photographs of the synthesis of ultrathin AuNWs 
at the initial and fi nal stage of reaction. c) Schematic illustration for the oleylamine-capped AuNWs. d) High-resolution TEM image of an individual 
single crystalline ultrathin AuNW shows [111] lattice planes. e) TEM image of aligned AuNWs assemblies. f) TEM image of AuNWs bundles. g) SEM 
image of AuNWs bundles.  
between OA ligands, the nanowires tended to form parallel 
bundle-like strands (Figure  1 f,g). 

 Furthermore, we applied the as-synthesized AuNWs to fabri-
cate giant superlattice nanomembranes by LB techniques. Typi-
cally, one droplet ( ∼ 4–6  μ L) of nanowires dispersed chloroform 
solution was carefully spread onto the water surface in a LB 
trough. The droplet quickly spread and evaporated in less than 
1s, distributing the nanowires uniformly on the water surface. 
By moving LB baffl e, the free-fl oating nanowires were forced to 
approach each other with gradual phase transitions (Supporting 
Information, Figure S2). In particular, a Mott-insulator-to-metal 
transition was noted at the surface pressure of  ∼ 13 mN m  − 1 . 
This transition was indicated by the appearance of red-colored 
metallic sheen, and further demonstrated by turning the slope 
in the typical  π -A isotherm. [  22  ]  A further compression led to 
rapid pressure buildup from 13 mN m  − 1  to 38 mN m  − 1  until 
collapse, and in this process a condensed nanowire membrane 
formed on the water surface.  Figure    2  a shows a giant nanowire 
superlattice membrane covering an entire trough area of 
 ∼ 35 cm 2 . The membranes were mechanically strong yet fl ex-
ible, transferable to a variety of substrates (including silicon, 
glass slides, paper, plastics, TEM copper grids, and PDMS, 
 etc ) without cracking or rapturing (Figure  2 b and Supporting 
Information, Section 2). The coating could substantially alter 
the wetting properties. For example, the contact angle of a glass 
slide increased from  ∼ 26 °  to  ∼ 103 °  after nanomembrane cov-
ering (Figure  2 c).  

 Remarkably, the nanomembranes consisted of dominantly 
monolayered nanowires aligned in parallel. Figure  2 d shows 
a typical atomic force microscopy (AFM) image of AuNWs 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 80–85
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nanomembranes transferred onto a silicon wafer. The mem-
brane is uniformly continuous extending to centimeter-
scale with little defects. Further AFM line scanning gave an 
average thickness of 2.2  ±  0.1 nm (Figure  2 e). We found that 
monolayered superlattice nanomembranes could withstand 
large lateral compression forces up to  ∼ 38 mN m  − 1 . We trans-
ferred the membranes to lacey/carbon copper grid at specifi c 
surface pressures of 20 mN m  − 1  and 30 mN m  − 1 , and char-
acterized their morphologies (Figure  2 f,g). Both images indi-
cated predominantly the monolayered AuNWs, in agreement 
with the above AFM characterizations. Nevertheless, under 
high compression forces, the membranes tended to be crum-
pled by piling (Figure  2 g) or bending (Supporting Informa-
tion, Figure S5). Nevertheless, the membranes remain intact 
without any cracking or rupturing during the LB compres-
sion process. 

 To quantitatively determine the mechanical strength of free-
standing superlattice nanomembranes, we performed AFM 
nanoindentation experiments. Firstly, the superlattice mem-
branes were transferred onto holey silicon nitride substrate 
patterned with periodic 2  μ m-diameter holes. The superlattice 
membranes could span over the holes. Majority of membranes 
( ∼ 80%) remained intact after transfer and survived from vacuum 
drying (Supporting Information, Figure S6). By high-resolution 
imaging, we located specifi c intact membranes ( Figure    3  d) and 
then indented at the center of microholes. Force-displacement 
curves were recorded with stepwise increase of force until 
rupturing the membrane (Figure  3 a). Notably, the ruptured 
holes were V-shaped memorizing the shapes of pyramid AFM 
probes (Figure  3 e,f), and the adjacent holes didn’t coalescence 
81wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Fabrication of monolayered AuNWs superlattice nanomembrane. a) Photograph of a homogeneous nanomembrane with an area of 
35 cm 2  on the LB trough. b) Photograph of a membrane transferred onto a glass slide. c) Photographs of sessile water droplets on glass and 
on membrane. d) AFM height image of the superlattice nanomembrane transferred onto silicon wafer. e) AFM cross-sectional height plot corre-
sponding to the dashed line in d). f) and g) TEM images of monolayer superlattice nanomembranes collected at surface pressure of 20 mN m  − 1  and 
30 mN m  − 1 , respectively.  
(Supporting Information, Figure S9), indicating paper-like 
mechanical properties. We observed consistent force curves 
for both multiple indents within a specifi c holey region, as well 
as other holey areas. Fitting of the force curves allowed us to 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  3 .     Mechanical properties of monolayered superlattice nanomembrane
theoretical fi tting (line). Fracture load is indicated by a  ×  mark. b) Histogram
d) AFM height image of superlattice nanomembrane cover over a 2- μ m-diam
height image of a ruptured nanomembrane. f) corresponding TEM image o
becomes v-shaped hole in (f), which indicates that the “triangular tongue-like
This result echoes the strong mechanical properties as revealed in (a).  

Appen
derive a Young’s modulus of  ∼ 5.2  ±  0.4 GPa using the similar 
model reported earlier [  3  ]  (Supporting Information, Section 4). 
This value is comparable to those for DNA-nanoparticle mem-
brane [  3  ]  and alkyl-nanoparticle membrane. [  6  ,  11  ]   
bH & Co. KGaA, Weinheim

s. a) Force-displacement curves from AFM indentation (circle) and from 
 of 2D elastic modulus,  E  2D . c) Histogram of membrane pretention,   σ   2D . 
eter microhole in the silicon nitride substrate before indentation. e) AFM 
f the same ruptured nanomembrane in e). Note that triangle hole in (e) 
 membrane” yielded in AFM imaging but recovered back in TEM imaging. 
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     Figure  4 .     High optical transparency of monolayered AuNWs superlattice nanomembrane. 
a) photograph of a PET plastic sheet partially covered with superlattice nanomembrane. 
b) a paper sheet coated with nanomembrane on both sides. c) experimental (black) and the-
oretical (red) transmittance spectra of monolayered superlattice nanomembrane on a glass 
slide. Approximate agreement in experiment and theoretical calculation proves that nanomem-
branes are composed of predominantly a single nanowire layer.  
 We further estimated the breaking strength 
when using a typical AFM probe. Based on 
the models used for monolayer graphene, [  29  ]  
we assume our nanowire superlattice 
nanomembrane as a true 2D material given 
the ultrathin nature and large aspect ratio of 
our nanomembrane. Thus, the strain energy 
density can be normalized by the area rather 
than the volume of the nanomembrane. 
Hence, its mechanical behavior under AFM 
probe indentation is properly described by a 
2D stress,   σ   2D  and 2D modulus,  E  2D . Both 
have units of force/length rather than force/
area for normal 3D material systems. The 
force-displacement behavior for a clamped 
circular membrane under central point 
loading can then be approximated as: 

F = σ 2D
0 (π R) δ

R

)
+ E 2D(q 3 R) δ

R

)3
  

where  F  is the applied force,  σ  2 D   0  is the pre-
tension in the membrane,  R  is the radius of 
circular membrane,   δ   is the defl ection at the 
center,  E  2D  is the 2D modulus, and  q  is a con-
stant depending on poisson’s ratio,   ν  , by the 
equation,  q   =  1/(1.05-0.15  ν  -0.16  ν   2 ). Numer-
ical fi tting of 10 sets of force curves from 
different locations under different loads gave 

  σ   2D  and  E  2D  of 1.4  ±  0.1 N/m and 52  ±  23 N/m, respectively 
(Figure  3 b and c). With these values on the basis of the con-
tinuum model used for 2D material, [  29  ]  we could then estimate 
the breaking strength of 14.3  ±  1.4 N/m with a typical AFM 
probe with a tip radius of 24 nm. Following the identical treat-
ment, we also estimated our previous nanoparticle membranes 
from DNA of 30 and 50 bases long, giving breaking strengths 
of 4.5 N/m and 1.8 N/m, respectively. Considering the fact that 
100 nm-radius probe was used in DNA-based nanomembranes, 
the above results show that the nanowire superlattice mem-
brane is much stronger than DNA-nanoparticle membrane. 
This may originate from the 1D nanowire building blocks used 
in this study. It is harder to break gold nanowires than tangled 
DNA strands. 

 The monolayer AuNWs nanomembrane exhibited exception-
ally high optical transmittance of 90–97% with an almost fl at 
line over a fairly wide spectral range of 300 ∼ 1100 nm (Figure  2 b, 
and  Figure    4  ). The observed high optical transparency is due to 
the ultrathin nature of our superlattice nanomembranes, which 
is in agreement with the theoretical prediction. We estimated 
the theoretical transmittances of nanomembranes with different 
wire diameters by calculating the decay of an electromagnetic 
wave after propagating through a medium (Supporting Infor-
mation, Section 5). The results showed an evident decreasing 
trend of the transmittance with increasing diameters (Sup-
porting Information, Figure S10). Note that the calculated theo-
retical transmittance of 2.5 nm AuNWs monolayer nanomem-
brane provides a reasonable fi t of our measured profi le, which 
further proved the monolayer structure of our nanomem-
brane. The slight decrease in the region of 500–550 nm 
is due to the surface plasmon resonance of spherical 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 80–85
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nanoparticles existing as impurity in the nanomembrane as 
seen in Figure  1 e. [  30  ]   

 In addition, monolayered AuNWs superlattice membranes 
are conductive. The square resistances of a set of superlat-
tice membranes from 15 batches of stock nanowire solutions 
were measured by a four-point probe station, giving a value 
of 1142 ± 16 k Ω  sq  − 1 . This value is substantially higher than 
that given by a theoretical modeling, in which nanowires are 
assumed to be infi nitely long and ideally aligned to the device 
scale. This model predicted a sheet resistance of 15–200  Ω  sq  − 1  
(Supporting Information, Section 6) along the direction of the 
AuNWs. The discrepancy may be due to the fact that AuNWs 
have fi nite length and the alignment is limited to micrometer-
scale, and there may exist a large contact resistance at the 
joint of two nanowires. [  31  ]  We further investigated relation-
ship between optical transmittance and electrical conduc-
tivity by multilayer coating. As the coating layer of nanomem-
brane increased, both the transmittance and sheet resistance 
decreased (Supporting Information, Figure S11). Similar to 
transparent electrode from other materials, [  31  ,  32  ]  the relation-
ship between the transmittance and sheet resistance can be 
described by Equation S4 in supporting information. How-
ever, the square resistance for multilayered nanomembrane 
remains very high. We applied the normal pressing forces to 
the mulilayered membranes and observed improvement in 
conductivity (15–19%), which may be due to the decrease of 
wire-to-wire spacing during mechanical compression. [  33  ]  Nev-
ertheless, the conductivity remains far from theoretical predic-
tion, indicating that the densely-packed capping oleylamine 
molecules surrounding AuNWs may substantially prevent 
electron-hopping from wire to wire. 
83wileyonlinelibrary.combH & Co. KGaA, Weinheim
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  Despite high sheet resistance, superlattice nanomembrane 

could withstand mechanical bending for hundreds of cycles. 
We monitored the sheet resistance of superlattice nanomem-
branes (Supporting Information, Figure S12). In particular, the 
sheet resistance for monolayer nanomembrane only increased 
by about 14% after 400 bending cycles. 

 In summary, this paper presents a simple yet effi cient method 
to fabricate giant metallic superlattice nanomembrane of about 
2.5 nm thick but with macroscopic lateral dimensions. To the best 
of our knowledge, such superlattice nanomembrane represents 
the thinnest version of metallic membranes known to date. [  3  ,  6  ,  11  ]  
Remarkably, the ultrathin superlattice nanomembranes are 
mechanically strong, optically transparent and electrically con-
ductive. Notably, both synthesis of gold nanowires and fabrica-
tion process of superlattice nanomembranes are scalable, which 
render our methodology promising for practical applications in 
future lightweight foldable optoelectronics, such as touch-screen 
devices. [  33  ,  34  ]  Our methodology can potentially be extended to 
fabricate nanomembranes from other types of nanowires or 
multiple components, therefore, it may become a general mod-
ular approach to integrate optoelectronic properties with mechan-
ical robustness into a single lightweight, foldable 2D materials 
systems for promising applications in future foldable electronics.  

 Experimental Section 
  Materials:  Gold (III) chloride trihydrate (HAuCl 4  · 3H 2 O,  ≥ 99.9%), 

Triisopropylsilane (99%) and Oleylamine were purchased from Sigma 
Aldrich. Hexane and chloroform were obtained from Merck KGaA. All 
chemicals were used as received unless otherwise indicated. All aqueous 
solutions were made using demineralized water, which was further 
purifi ed with a Milli-Q system (Millipore). All glassware used in the 
following procedures was cleaned in a bath of freshly prepared aqua 
regia and rinsed thoroughly in H 2 O prior to use. 

 Holey Lacey Formvar/Carbon fi lms (300 mesh and irregular pores 
with sizes varying from less than a quarter of 1  μ m to more than 10  μ m) 
were purchased from Ted Pella. Quantifoil holey carbon fi lms (2  μ m-
diameter hole, 2  μ m in space) were purchased from Electron Microscopy 
Sciences. Holey silicon nitride support fi lms (2- μ m-diameter hole, 4  μ m 
pitch) were purchased from SPI supplies. 

  Characterization : Morphology characterization was carried out using 
a Philips CM20 TEM at a 200 kV accelerating voltage, Hitachi H-7500 
fi eld emission TEM operating at 80 kV, and JEOL JSM-7001F FEG SEM. 
High-resolution TEM images were performed on a JEOL JEM 2011 TEM 
operated at an acceleration voltage of 200 kV. Stepwise focusing with 
low beam currents helped to avoid distortion of AuNWs by the electron 
beam. The transmittance of superlattice nanomembrane is measured 
with Agilent 8453 UV–vis spectrophotometer, and the transparent 
images were recorded by a CCD camera on the J&M MSP210 Microscope 
Spectrometry System, while the membrane was transferred onto glass 
slide and illuminated by a high-intensity fi ber light source under a 40 ×  
objective. Thermogravimetric analysis (TGA) was carried out using a 
Mettler Toledo TGA-SDTA851 analyzer in the temperature range from 25 
to 700  ° C at a heating rate of 10  ° C/min. The runs were performed under 
N 2  gas, and the gas was switched to air for 10 min at the end of the run 
at 700  ° C to ensure complete combustion of the organic material. N 2  
and air gases were used at a rate of 50 mL/min. 

 Force-displacement curves from nanoindentation and topography 
images were obtained with a Veeco Dimension Icon AFM in tapping 
mode using Bruker silicon probes (MPP-21100-10). The spring constant 
for cantilever was 3 N m  − 1 . The typical tip speed for the indentation was 
500 nm s  − 1 . Each membrane was fi rst imaged by AFM, then gradually 
increased the applied force and performed multiple indentations with 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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the AuNWs superlattice membrane to collect the force-indentation 
curve, and fi nally imaged again to check for rupture of membrane. See 
Supporting Information Section 4 for a detailed analysis. 

  Synthesis of Ultrathin AuNWs : Large-scale synthesis of ultrathin AuNWs 
was performed according to the literature. [  26  ]  HAuCl 4  · 3H 2 O (53 mg) and 
hexane (50 mL) were added into a 100 mL Schott/Duran bottle, followed 
by addition of Oleylamine (OA, 1.8 mL) as both stabilizer and growth 
template. After completely dissolving of gold precursor, Triisopropylsilane 
(TIPS, 2.5 mL) was added into above auric solution and allowed to stand 
for 2 days without disturbing at room temperature. Finally, the solution 
turned into dark-red, indicating the formation of AuNWs (0.58 mg mL  − 1 ). 
The residue chemicals were removed by repeated centrifuging 
and thorough washing by ethanol/hexane (1/3, v/v) and fi nally 
concentrated into 5 mL that dispersed in chloroform (5.82 mg mL  − 1 ). 
Statistical evaluation from TEM images of as-prepared AuNWs shows 
an estimated yield of  ∼ 90%. The surfaces of the as-made AuNWs were 
capped by oleylamine and indicated as hydrophobic property. 

  Fabrication and Transfer of AuNW Superlattice Nanomembrane : 
AuNWs superlattice membrane was prepared using a Langmuir-
Blodgett trough (Nima Technology) at 25  ° C. The Telfl on-coated trough 
and barrier were wiped with CHCl 3  and then purged with ethanol to 
remove any dust or organic contaminants. In a typical experiment, 
10 mL purifi ed AuNWs (0.58 mg mL  − 1 ) was centrifuged and redispersed 
in 1 mL CHCl 3  (5.82 mg mL  − 1 ). Then the concentrated AuNWs solution 
was added dropwise to the air-water interface of the LB trough. The 
droplet quickly spread over the water surface in less than 1s and 
evaporated to leave an isotropically distributed AuNWs fl oating on the 
water surface. The trough was then covered to prevent fl uid fl ows and 
solvent fl uctuations, and allowed to equilibrate for 30 min. The AuNWs 
were then isothermally compressed by moving the two opposing 
barriers towards each other while the surface pressure was monitored 
with a Wilhelmy plate. At a target surface pressure (e.g., 20 mN m  − 1  
for monolayered AuNWs superlattice membrane), the pressure was kept 
constant at least 1 h. After the equilibration, the AuNWs superlattice 
membrane was transferred onto hydrophilic substrates by slowly pulling 
the substrate out of the aqueous subphase with a vertical dipping speed 
of 5 mm min  − 1 , and transferred to hydrophobic substrates by horizontal 
deposition through Langmuir-Schaefer technique. Also, transfer of 
multilayer AuNWs nanomembrane could be realized by using layer-
by-layer transfer method. See Supporting Information Section 2 for a 
detailed description.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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The ability to produce nanoparticles (or “artificial atoms”)
constitutes an exciting route to engineer structures with

nanoscopic dimensions with high accuracy and to create novel
properties that differ from those of their bulk counterparts.
Substantial progress has been made in the past 20 years in the
wet chemical synthesis of nanoparticles (particularly quantumdots
and plasmonic and magnetic nanoparticles), which has led to a
wide spectrum of applications, including electronics, diagnosis,
drug delivery, etc. It is expected that the ability to assemble these
elementary nanoparticles into well-defined assemblies (“artificial
molecules”,1,2 “artificial polymers”,3,4 “supracrystals”5�10) will
further impact the way materials are synthesized and devices are
fabricated. This has been supported by theoretical predictions,
such as plasmon hybridization theory,11 which testifies to the signi-
ficance of grouping nanoparticles into well-defined architectures.

Recently, there has been emerging interest in building ultra-
thin, free-standing nanoparticle sheets for a plethora of potential
applications, including ultrafiltration12 and optoelectronic de-
vices.13�15 If the thickness of the nanoparticle sheets is at the
single particle level and the packing order is hexagonal close-
packed, then such nanosheets are the thinnest possible 2D
nanoparticle crystals (or monolayered nanoparticle superlattice
sheets)—the nanoscopic analogues of “graphene”. Representa-
tive success in constructing such superlattice nanosheets has
been realized via the alkyl molecular ligands.13,14,16�20 The
drying-mediated, entropy-driven self-assembly at air�liquid in-
terfaces has been demonstrated to be a general approach to
fabricate defect-free superlattice sheets with superior mechanical
strength.19 In addition, multiple binary and ternary superlattice
membranes have also been demonstrated recently byMurray and
co-workers.13,14 Nevertheless, a potential drawback in alkyl-
nanoparticle superlattice membranes is the limited molecular
length that restricts the range for tailoring interparticle electro-
magnetic coupling.

We recently successfully utilized DNA as a “dry ligand” under
unusually low ionic strength and successfully obtained free-
standing, monolayered DNA�nanoparticle superlattice sheets
in a microhole-confined self-assembly process.21�23 The highly
controllable molecular lengths of DNA ligands enable tailoring of
both structural (interparticle spacings) and functional properties
(plasmonic and mechanical) over a wide window. In particular,
the edge-to-edge interparticle spacing for DNA-basedmonolayer
superlattice sheets can be adjusted up to 20 nm—a greater size
range than has been achieved with alkyl molecular ligands.24

In this work, we extend previous success with alkyl- and
bioligands to more general polymer ligands for the fabrication
of free-standing superlattice sheets. Using polystyrene (PS)-cap-
ped nanoparticles as a model system, we demonstrate a generic
methodology to assemble the monolayered polymer�nanoparticle
superlattice sheets at the air�liquid interface. The self-assembly
process is similar to the case of alkyl-capped nanoparticles, but
longer polymer ligands enable wider tuning of interparticle
spacing especially for large nanoparticles, which are important
for plasmonic applications. Previously, polymers have been
successfully used as ligands to stabilize nanoparticles either by
direct synthesis25,26 or by a ligand-exchange procedure.27 Such
successes have led to ordered nanoparticle arrays self-assembled
at solid substrates.26,28 In addition, polymers have also been used
to template the assembly of nanoparticles into various stru-
ctures;29�33 however, to the best of our knowledge, the use of
generic polymers as ligands in drying-mediated assembly at the
air�liquid interface has not been reported. With our approach,
we obtained superlattice nanosheets as large as∼15 μm in lateral
dimensions with a thickness of ∼13 nm, corresponding to an

Received: July 9, 2011
Revised: September 26, 2011

ABSTRACT: We report on a generic approach to use polymers as ligands to
fabricate the free-standing, monolayered nanoparticle superlattice sheets based
on drying-mediated, entropy-driven self-assembly at the air�liquid interface.
Such superlattice nanosheets are the thinnest possible two-dimensional crystals
whose structural features and functional properties can be adjusted by tailoring
the sizes of their nanoparticle constituents. The monolayered superlattice
nanosheets are highly stable under various conditions, transferable to any
arbitrary substrates, and can be manufactured with focused ion beams. This
demonstrates the potential to integrate the superlattice nanosheets into miniaturized optical and electronic devices.
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aspect ratio (lateral size/thickness) of >1000. Both internal
structures (particle size and interparticle spacing) and collective
properties (plasmonic coupling) are tunable. The monolayered
polymer�nanoparticle sheets are highly stable under various
conditions, transferable to any arbitrary substrates, and can be
manufactured with focused ion beams. This demonstrates the
potential to integrate the superlattice nanosheets into miniatur-
ized optical and electronic devices.

We began with the synthesis of high-quality polystyrene-
capped gold nanoparticles (PS-AuNPs) with two distinct sizes:
13.1 ( 1.9 nm and 26.0 ( 4.5 nm (Figure S1, Supporting
Information), based on a modified grafting approach reported by
others.28 In a typical procedure, the “bare” aqueous gold nano-
particles (citrate-capped AuNPs) were synthesized via Frens’
approach. Then, thiolated polystyrene with a molecular weight of
12 kDa in chloroform was added to a nanoparticle solution with
vigorous agitation. Thiolated polystyrene acts as both a phase-
transfer reagent and capping agent via a robust covalent linkage
between the polymer and the gold surface.26

Stabilization of nanoparticles by thiolated polystyrene was
confirmed by measurements of localized surface plasmon reso-
nance (LSPR) and FT-IR. In a control experiment, 13-nm
citrate-stabilized AuNPs aggregated in THF, as evidenced by a
color change from ruby red to dark purple-blue and an apparent
coupling LSPR peak at ∼610 nm (Figure S2, Supporting
Information). Consistent phenomena were observed for 26-nm
AuNPs. In contrast, in the presence of thiolated polystyrene, the
13- and 26-nm AuNPs exhibit single LSPR bands at 525 and
533 nm, respectively, indicating no aggregation. We further used
transmission FT-IR spectroscopy to characterize polystyrene-
capped AuNPs (Figure S3, Supporting Information). The CdO
carbonyl group valence vibrational band of citrate at 1645 cm�1

disappeared after the PS capping. In addition, characteristic C�C
stretching vibrations bands (1492 and 1452 cm�1) and C�H
stretching vibrations bands (2849, 2922, and 3025 cm�1) were
observed even after washing samples multiple times to comple-
tely remove nonbonded ligands. Thus, the above results demon-
strate the effective stabilization of nanoparticles by thiolated PS.

We further measured the grafting number densities of poly-
styrene ligands via thermogravimetric analysis (TGA). The
typical TGA curve is shown in Figure S4. The weight fraction
analysis led to a high grafting density of approximately 1 ligand/
nm2 (Table 1), which is comparable with the grafting densities
reported by A. M. Ritcey et al.28

To fabricate free-standing monolayered superlattice na-
nosheets, polystyrene-capped AuNPs with diameters of 26 nm
were concentrated and finally dispersed in 0.5 mL of chloroform
(80 nM, 8.5 mg mL�1); then one drop (∼4�6 μL) of the

solution was carefully spread onto the surface of Milli-Q water in
a plastic Petri dish. The droplet quickly spread over the water
surface in less than 1 s. The dish was then covered to prevent fluid
flows and solvent fluctuations. The evaporation-mediated assem-
bly of hydrophobic PS-AuNPs led to the formation of thin
particle sheets floating at the water surface. After 5 min, a gold-
colored reflection was observed on the water surface, which
indicated complete solidification. These sheets were circular-
shaped and readily observable under an optical microscope in
both transmission and reflection modes (Figure 1a and b).
Similar to the kinetically driven interfacial self-assembly of
AuNPs reported earlier,16 we also observed polymer-AuNP
nanosheets were facilitated by the rapid evaporation, followed
by nucleation and growth into 2D crystals at the monolayer level
(Figure 1c and d).

2D PS-AuNP nanosheets are robust and flexible and are
transferable to a variety of substrates without deterioration.
The transfer can typically be achieved by either Langmuir�-
Blodgett or Langmuir-Schaffer techniques. Notably, neither
transfer process caused any rupturing or deterioration of the
nanosheets (Figure 1c and Figure S5 of the Supporting Informa-
tion). High magnification TEM micrographs show that the super-
lattice sheets consisted of monolayered AuNPs with hexagonal
packing symmetry (Figure 1d). Unlike most previously reported

Table 1. Analytical Characteristics of PS-Capped AuNPs and Superlattice Sheets

PS-capped AuNPs superlattice sheets

entrya
dcore

b

(nm)

PS/Au %

(wt %)c
grafting densityc

(chains/nm2)

diameter of PS

footprintc (nm)

calcd corona

heightd (nm)

softnesse

(χ)

edge-to-edge

spacingb (nm)

deformation

parametere (λ)

13 nm PS-AuNPs 13.1 ( 1.9 26.6/73.4 0.77 1.29 18.4 2.8 2.5 0.7

26 nm PS-AuNPs 26.0 ( 4.5 19.8/80.2 1.03 1.11 20.4 1.6 2.1 0.6
aThe ligands for all the nanoparticles were thiol-functionalized polystyrene (Mn = 12,000, Mw/Mn = 1.09, degree of polymerization = 115).
bDetermined by TEM and statistical analysis through the free software ImageJ. c Estimated from data of TEM and TGA. dCalculated by using
de Gennes’s model, which assumes a polymer brush constrained inside a cylindrical tube of diameter d (footprint of PS chain) reported in ref 33.
e The dimensionless quantity χ and deformation parameter λ were calculated by applying the entropic spring model reported in ref 10.

Figure 1. Low-magnification images of free-standing superlattice sheets
formed using 26.0 nm PS-AuNPs in 50 � 50 μm grids, which were
acquired under (a) transmission and (b) reflectionmode bymicroscope.
(c) TEM image of a monolayer sheet self-assembled from 26.0 nm PS-
AuNPs with a diameter of ∼15 μm; the crumpled area indicates the
flexibility of the sheet. (d) Higher-magnification TEM image of part c,
showing that nanoparticles are hexagonally packed yet well spaced.
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superlattices which usually formed from NPs with small diame-
ters,24,29�32 our technique achieved superlattice sheets with much
larger particle size. Although polymer-stabilized AuNPs with compar-
able sizes have been previously used to form arrays on a solid sup-
port,26,34�36 the success in forming large-scale, free-standing super-
lattice sheets has not yet been reported.Webelieve that it is possible to
use even bigger particles when higher molecular weight polystyrene is
used. When particle sizes were changed, the structural features,
including monolayer and hexagonally ordered packing, were main-
tained (Figure 2).

We investigated the influence of particle size on the PS ligand
compression during the self-assembly process. With the same
ligands capping two different particles (13 and 26 nm), we
fabricated two superlattice nanosheets and measured the edge-to-
edge interparticle spacing (Figure 2 and Figure S1 of the Supporting
Information). The former gave a spacing of ∼2.5 nm, whereas the
latter gave a spacing of∼2.1 nm. This indicates that the polystyrene
ligands experienced greater compression in the lateral directions
for larger nanoparticles. Notably, compared to those 2D particle
arrays formed on a solid support,28 the spacing in our system
is much smaller. This may be due to the absence of particle�
substrate interactions at the air�water interface, whereas the strong

particle-substrate interaction in Ritcey’s report may prevent lateral
particle collision. Similar small spacing was also found in the
corresponding three-dimensional arrays (Supporting Information,
section S3)

We also measured the vertical compression by measuring the
thickness of the superlattice nanosheets with an atomic force
microscope (AFM) after transferring the sheets onto a silicon
wafer. A typical AFM image and the corresponding line scan are
shown in Figure 3. Evidently, the monolayered structure is in
agreement with the TEM imaging. After subtracting the nano-
particle diameters, the compressed polystyrene thickness in

Figure 2. TEM characterization of different superlattice sheets formed
using (a) 13.1 nm and (b) 26.0 nm PS-AuNPs; parts c and d are the
corresponding histograms of interparticle distance analyzed from the
TEM images. Curves in both plots represent Gaussian fits.

Figure 4. UV�vis spectra of AuNPs dispersed in water and superlattice
sheets constructed from (a) 13.1 nm PS-AuNPs and (b) 26.0 nm
PS-AuNPs.

Figure 3. Representative AFM height image and the corresponding cross-sectional profile for monolayer superlattice sheets constructed from 26 nm
PS-AuNPs. The measurements were repeated ten times, and the average height is 32.1 ( 2.3 nm.
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vertical directions can be estimated to be 3.5 and 3.1 nm for 13
and 26 nm AuNPs, respectively.

The above experiments show that the vertical polystyrene
thickness in the superlattice sheet is about 3-fold greater than the
lateral thickness. Two reasons could account for this: (1) nano-
particles are trapped at the air�water interface to form mono-
layers, and the core�core van der Waals attraction in the late
stage of solvent drying leads to the strong lateral compression;12

(2) PS ligands may be pushed above and below the monolayers
during the drying-mediated self-assembly.

We further investigated plasmonic properties of PS-AuNPs
superlattice nanosheets using a microscope UV�visible spectro-
meter in transmission mode (Figure 4). The superlattice sheets
could be clearly observed under a microscope with both trans-
mission and reflection modes (Figure 1a and b), exhibiting blue
and yellow colors, respectively. This is due to the unique
absorption and scattering effects of the superlattice nanosheets
due to the localized surface plasmon resonance (LSPR). Com-
pared with the LSPR bands of dispersed AuNPs (Figure 4), the
LSPR bands for the nanosheets shift significantly to red, suggest-
ing strong interparticle coupling for both 13 and 26 nm AuNPs.
The detailed coupling mechanism remains unclear and is cur-
rently under investigation. But the LSPR studies demonstrate
that the plasmonic properties of superlattice nanosheets are
customizable simply by adjusting particle size.37

The PS-AuNP superlattice sheets are highly stable under
electron irradiation and highly processable by focused ion beam
(FIB) lithography. Particularly, we have transferred the super-
lattice onto silicon wafer and cut the sheets into rectangular shapes
(Figure S7, Supporting Information), which suggested a facile way
to manufacture the superlattice sheets into arbitrary shapes for
optoelectronic applications. In conjunction with programmable
plasmonic coupling, ourmethodology is potentially enabling in the
integration of free-standing, monolayered sheets into future opto-
electronic devices.

In summary, we report a general and facile method to con-
struct free-standing nanoparticle superlattice sheets using generic
polymers as ligands through drying-mediated self-assembly at the
air�liquid interface. The sheet thicknesses are at monolayer
level, yet they are mechanically robust and can be highly stable
under various conditions, transferable to any arbitrary substrates,
and processable with FIB cutting. The sheets also exhibit strong
plasmonic coupling resonances which are adjustable simply by
varying particle sizes. We believe this approach offers great
modularity and versatility, and can potentially be extended to
polymer-magnetic or quantum dot nanosheets. Thus, this meth-
odology may lead to applications in substrate-free optoelectronic
devices, high-density data storage, new classes of biosensors, and
smart ultrafiltration membranes.
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DNA-based plasmonic
nanoarchitectures: from structural
design to emerging applications
Yi Chen1,2 and Wenlong Cheng1,2∗

Plasmonic nanoarchitectures refer to the well-defined groupings of elementary
metallic nanoparticle building blocks. Such nanostructures have a plethora
of technical applications in diagnostics, energy-harvesting, and nanophotonic
circuits, to name a few. Nevertheless, it remains challenging to construct plasmonic
nanoarchitectures at will inexpensively. Bottom-up self-assembly is promising
to overcome these limitations, but such methods often produce defects and
low-yields. For these purposes, DNA has emerged as a powerful nanomaterial
beyond its genetic function in biology to either program or template synthesis of
plasmonic nanostructures, or act as a ligand to mediate large-area self-assembly. In
conjunction with top-down lithography, DNA-based strategies can afford excellent
control over internal and overall structures of plasmonic nanoarchitectures. In this
review, we outline the representative methodologies for building various well-
defined plasmonic nanoarchitectures and cover their recent exciting applications.
© 2012 Wiley Periodicals, Inc.
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INTRODUCTION

It is an essential task in modern nanoscience
and nanotechnology to understand light–matter

interactions at the nanoscale as well as to
develop the capability to precisely manipulate
light by nanomaterials. Construction of well-defined
plasmonic nanoarchitectures from elementary metallic
nanoparticle building blocks constitutes an exciting
route to control light propagation below the
diffraction limit. Such plasmonic structures can
precisely concentrate, guide and switch light at the
nanoscale,1,2 which is leading to the development of
next-generation technologies for a broad spectrum
of applications, such as in miniaturized optical2 and
electronic devices,3,4 sensors5 and photonic circuits,6

and medical diagnostics and therapeutics7,8

Thanks to the worldwide efforts in developing
synthetic approaches with wet chemical techniques,

∗Correspondence to:
1Department of Chemical Engineering, Monash University,
Clayton, Victoria, Australia
2The Melbourne Centre for Nanofabrication, Clayton, Victoria,
Australia

a wide range of recipes are available to control
the key morphological parameters of metallic
nanoparticles.9–14 In general, a particle’s specific
size and shape produces a unique optical signa-
ture, allowing it to serve as ‘artificial plasmonic
atom’.15 The following task, then, is to find an
efficient way to group these artificial atoms into
well-defined plasmonic architectures including vecto-
rial (or directional) grouping of finite numbers of
nanoparticle,16,17 one-dimensional regularly-spaced
nanoparticle chains,18,19 two-dimensional ordered
arrays20–22 and three-dimensional ordered nanoparti-
cle assemblies,23–28 which we term in this review ‘plas-
monic molecules’, ‘plasmonic polymers’, ‘plasmonic
sheets’, and ‘plasmonic crystals’, respectively. The
recently developed plasmon hybridization theory29

justifies the need to construct plasmonic nanoarchitec-
tures to substantially expand the scope of plasmonics
to spur various technical applications.30

Nevertheless, it is nontrivial to rationally group
nanoparticles together due to complex nanoscale
forces at different spatial and temporal scales. Unless
precise control can be exercised over these forces,
particularly to achieve high fidelity of vectorial

Volume 4, November/December 2012 © 2012 Wiley Per iodica ls, Inc. 587
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bonding interactions among particles, a vast vari-
ety of plasmonic nanoarchitectures with arbitrary
design will never be realized. Numerous attempts have
been made by using physical methods (optical, electri-
cal, magnetic, mechanical), chemical methods (small
molecule, polymer), and biological approaches (pep-
tide, protein, DNA).31 Among all these strategies,
DNA turns out to be the most promising candi-
date to manipulate nanoparticles at will due to its
many inherent advantages, such as (1) the unique
Watson–Crick base-pairing forces between comple-
mentary strands that allow for adjusting interpar-
ticle potentials with high accuracy; (2) DNA length
that is finely and widely tunable from nanoscale
to microscale with available chemical and biological
toolkits; (3) emerging structural DNA nanotechnolo-
gies that allow for facile control over topology and
mechanics of DNA motifs, enabling superior accu-
racy in templated assembly of plasmonic nanoparti-
cles. These unique characteristics enable DNA to be
engineered either into various topological structures
(structural engineering) or with desired sequences
to optimize hybridization forces (sequence engineer-
ing), allowing for facile programmed, templated,
or ligand-based assembly of plasmonic nanoparti-
cles into well-defined nanoarchitectures. To date, a
number of novel plasmonic nanostructures, including
‘plasmonic molecules’, ‘plasmonic polymers’, ‘plas-
monic sheets’, and ‘plasmonic crystals’ have been
developed.15 In this sense, DNA has gone beyond
its traditional role as genetic information carrier,
and has become a powerful nanomaterial to manip-
ulate materials synthesis at the nanoscale with high
accuracy.

A few excellent reviews have discussed this excit-
ing topic from different perspectives. In this article,
we review from a methodological perspective the
various viable approaches for building structurally
well-defined plasmonic nanoarchitectures and discuss
their pros and cons. In addition, we cover some
emerging applications of these plasmonic nanoar-
chitectures as well as discuss opportunities and
challenges.

METHODOLOGIES

We thoroughly summarize viable strategies developed
for building DNA-based plasmonic nanoarchitectures
(Table 1). These methods and techniques can
be categorized in three types, namely DNA-
programmed self-assembly, DNA-templated self-
assembly, and unconventional DNA technologies and
nanopatterning.

DNA-PROGRAMMED SELF-ASSEMBLY

One of the unique features of DNA molecules is
the specific Watson–Crick base pairing interactions
between complementary sequences. These forces can
be used to regulate interparticle potentials (enthalpic
interactions) between adjacent nanoparticles and,
therefore, program assembly of pre-synthesized
nanoparticles. In two seminal papers, Alivisatos and
Mirkin reported their initial results in 1996: the former
focused on grouping finite-number nanoparticles
together,16 whereas, the later focused on constructing
three-dimensional arrays.43 The initial reports
outlined the concepts of DNA-programmed materials
synthesis in which multicomponent assemblies could
be arranged in space on the basis of rational design
of DNA linkers and conjugates. Numerous techniques
and methods, inspired by these pioneering approaches,
have since been developed.

Plasmonic Structures Derived from
Mono-DNA Conjugates
To precisely define the spatial positions of nanopar-
ticles in plasmonic architectures, it is often neces-
sary to obtain high-purity mono-DNA conjugates
(i.e., one oligonucleotide per particle).16 In the ini-
tial paper, Alivisatos et al. obtained mono-DNA
conjugates which led to the assembly of homod-
imeric and homotrimeric nanostructures that are not
attainable with multi-DNA conjugates (i.e., multiple
oligonucleotides per particle). However, this strategy
has been limited to small nanoparticles (< 10 nm)
and typically leads to mixtures that need sepa-
ration by electrophoretic methods. In their subse-
quent work, they improved the design and obtained
hetero-dimeric/trimeric plasmonic nanostructures32

(Figure 1(a)). Briefly, gold nanoparticles (AuNPs) with
two different diameters (5 and 10 nm) were used as
building blocks and three different strategies were
tested. The first involved the use of two comple-
mentary stands; the second involved the use of
three DNA strands in which one of them act as
a linker; the third involved multiple DNA strands
and post-hybridization attachment of nanoparticles.
All the desired products were purified by gel elec-
trophoresis on 3–4% agarose gel. Dimer and trimer
plasmonic molecules were formed by all three strate-
gies as confirmed by transmission electron microscope
(TEM). However, the resulting assemblies were not
structurally rigid, with deviations in the interparticle
spacings and orientations because of the flexibility
of DNA molecules. This flexibility resulted in dif-
ferent spatial arrangements of the AuNPs ranging
from collinear to triangular distributions. The relative

588 © 2012 Wiley Per iodica ls, Inc. Volume 4, November/December 2012
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spatial distances between AuNPs was controllable by
adjusting the lengths of double-stranded DNA, and
the interparticle spacings of 1.2, 1.5, and 5.8 nm
were reported for the sequences with 18, 28, and
38 bp, respectively. The yields of designed plasmonic
nanostructures are highly dependent on the quality of
plasmonic nanoparticle mono-DNA conjugates which
requires purification by gel electrophoresis and anion-
exchange high-performance liquid chromatography
(HPLC) purification methods.61,62

Vectorial control over nanoparticle placement
by DNA programming is possible. In one excellent
demonstration, nanoparticles could be grouped with
high spatial control, leading to the formation of
plasmonic tetrahedral molecules.33 In this work,
dsDNA was used as a scaffold to control the placement
of 5-nm-diameter AuNPs. Four different types of
AuNPs could be precisely positioned to each tip
of the DNA tetrahedron. Gel electrophoresis was
used to purify the tetrahedral assemblies which were
further confirmed by both TEM and small-angle X-
ray scattering (SAXS) characterization. Remarkably,
this method could be used to produce chiral
plasmonic structures with two different configurations
of the constituent particles (Figure 1(b)). The authors
argued that their system could potentially act as a
more sensitive plasmon ruler than simple dimeric

structures because the conformation changes in such
a multiparticle assembly could create a symmetry
breaking that is apparent in the optical spectral
measurements.

Plasmonic Structures Derived from
Site-Specific DNA Conjugates
Site-specific DNA conjugates refer to DNA-
nanoparticle conjugates with multiple DNA strands
attached to only specific sites on nanoparticle sur-
faces. Such conjugates can lead to the formation
of anisotropic plasmonic assemblies. The asymmetric
DNA-functionalization of AuNPs could be achieved
by using magnetic microparticles as geometric restric-
tion templates.34 With this strategy, AuNPs could
be anisotropically functionalized with two different
oligonucleotide sequences. This offers the divalent
linking capability of the resulting AuNPs, allowing
for the design and programmable assembly of dis-
crete nanoparticle heterostructures, such as satellite,
cat paw, and dendrimer-like assemblies (Figure 1(c)).
Nam et al. used the similar method to synthesize
SERS-active Au–Ag core–shell nanodumbbells.35 By
virtue of magnetic particle-assisted separation, a high
yield of anisotropically functionalized nanoparticle
conjugate was achieved, consequently, led to large

Mono-DNA conjugates Asymmetric functionalized AuNPs

C ′

C ′

C ′

C ′

C ′

+ A′′

+

+

Separate Janus particle
AB–p–B ′C ′

C–p

25 nm

Asymmetric assembly

50 nm50 nm50 nm20 nm

Regiospecific assemblyChiral plasmonic pyramids

"R"

"S"

(a)

(b)

(c) (e)

(d)

FIGURE 1 | Plasmonic nanostructures derived from mono-DNA and site-specific DNA conjugates. (a) Schematic and TEM images for 10 nm
AuNPs homodimer and 5/10/10 nm AuNPs heterotrimer constructed from mono-DNA conjugates. (b) Chiral nanostructures built by using DNA-AuNPs
monoconjugats with four different sizes at DNA pyramids tips. (c) Dendrimer-like nanostructures formed by asymmetric functionalized AuNPs.
(d) End, side, and satellite nanostructures formed by AuNPs and Au nanorods after selective modification using DNA. (e) Stepwise surface
modification of AuNPs and formation of two-faced cluster with anisotropic nanostructures.
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quantities of dimeric AuNPs upon DNA hybridiza-
tion. Furthermore, silver shells could be specifi-
cally deposited onto AuNP cores, forming Au–Ag
core–shell nanodumbbells. The interparticle spacing
could be controlled by adjusting Ag shell thickness.
By fine-tuning this spacing, a detection limit of single
molecule could be achieved.

In a different approach, Kotov et al. reported
complex assemblies from nanoparticles and nanorods
based on selective modification of gold nanorods
(AuNRs) with DNA. Three types of regiospecifc
assemblies denoted as End, Side, and Satellite isomers
were achieved with a yield of exceeding 85%38

(Figure 1(d)). All three types of nanostructures had an
AuNR in the center and AuNPs sentinels at different
positions that were controlled by regiospecific
modification of AuNRs. Multiple experimental
techniques were used to verify the various structural
features, uniformity, and stability of the designed
plasmonic assemblies. These plasmonic structures
could serve as label-free intracellular probes to acquire
local organelle environment information within live
cells.

Alternatively, Gang et al. reported a stepwise
assembly approach to synthesize AuNP dimers
from anisotropically functionalized AuNPs.36 In
this approach, DNA-encoded nanoparticles were
assembled onto a solid support in a stepwise manner.
The steps of repeated assembly and disassembly
at a surface imparted AuNPs with anisotropy,
consequently generating remarkably high yields of
well-defined dimer clusters and Janus (two-faced)
nanoparticles (Figure 1(e)). The authors claimed
that the stepwise approach could give higher yield
of dimers than the conventional solution-based
strategies.

Plasmonic Structures Derived from
Multi-DNA Conjugates
Multi-DNA conjugates refer to DNA-nanoparticle
conjugates with multiple DNA strands associated with
one particle. Programming self-assembly of multi-
DNA conjugates often leads to three-dimensional
assemblies, which, however, requires careful control
over DNA sequences, number density, ionic strength,
and hybridization temperatures. Initial attempts only
led to aggregates with limited order,43 with observable
red–blue color changes due to plasmonic coupling.
Interestingly, the formation of particles aggregates
were reversible, which could be controlled by
DNA sequence and length, solvent, and temperature
along with supporting electrolyte concentration. This
finding was rapidly developed into a powerful

diagnostic tool for detections of DNA, RNA, and
protein. Furthermore, the success in single-component
systems could be extended to binary nanoparticle
systems.63

More recently, the quality of 3D crystals from
multi-DNA conjugates was significantly improved. In
the same issue of Nature journal, two independent
groups reported their 3D nanoparticle crystals from
multi-DNA conjugates by programmed temperature
control.26,27 Both groups characterized the formation
of nanoparticle crystals by synchrotron-based small-
angle X-ray scattering (SAXS) and revealed the
crystallization mechanism during each heating and
cooling cycle. The results show that it is possible
to achieve two distinct crystalline states [i.e., face-
centered-cubic (FCC) or body-centered-cubic lattices
(BCC)] by choosing different DNA sequences even
with the same type of nanoparticle26 (Figure 2(a)).
Nanoparticles could be assembled through a single
DNA linker that gave rise to equal binding
affinities between particles, resulting in a close-packed
FCC structure; alternatively, nanoparticles could be
assembled through two different DNA linkers, leading
to a binary system which favored the less close-packed
BCC structure. These results demonstrated the power
of DNA in regulating lattice structures of nanoparticle
crystals.

The concept of optimizing crystallization of
multi-DNA conjugates by precise temperature con-
trol could also be extended to anisotropic building
blocks such as gold nanorods, rhombic dodecahedra
and octahedral nanoparticles. It was found that par-
ticle shape had a strong influence on the superlattice
dimensionality, crystallographic symmetry and phase
of DNA-functionalized nanoparticles.25 One-, two-
and three-dimensional structures were observed from
anisotropic particles but the similar structures could
not be made through the assembly of spherical par-
ticles. For example, AuNRs formed predominantly
into 2D sheets with hexagonal symmetry in most
samples investigated (Figure 2(b)). They argued that
this was due to the preferred base-pairing interac-
tions perpendicular to their long axis to maximize the
hybridization events.

Furthermore, a diverse array of 3D nanoparticle
superlattices were thoroughly investigated from dif-
ferent DNA linkers and particles with various sizes.44

Six basic design rules were formulated for regulating
crystal structures, including crystallographic symme-
try, and interparticle distances. In a recent work, the
library of achievable DNA-programmed 3D super-
lattices was extended to new lattice structures by
using hollow DNA nanostructures as 3D spacers45

(Figure 2(c)). The unique hollow DNA structures
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FIGURE 2 | (a) DNA-functionalized AuNPs can be assembled into different crystallographic lattice structures programmed by the sequence of the
DNA linkers. (b) Schematic of hexagonal superlattice of standing AuNRs with corresponding TEM images. (c) Scheme illustration of using 3D hollow
DNA spacers in AuNP crystallization. TEM images of a bcc lattice (left) formed from AuNPs (20 nm) and DNA spacer (10 nm), and ‘Lattice X’ (right)
structure formed from AuNPs (10 nm) and DNA spacer (20 nm). (d) Controllable switching of interparticle distances by using a reconfigurable DNA
device (ld ) that acts as an interparticle linkage. After addition of set DNA strands (s1, s2), ld structure can be reversibly transformed from a flexible C
configuration to stem loop RS and linear RL morphologies.

served as voids that could be selectively placed
into a lattice structure of AuNPs, leading to sev-
eral distinct lattice structures that were difficult to
obtain by conventional strategies (e.g., AB2 type, sim-
ple hexagonal, graphite type, AB6type, ‘lattice X’).

This hollow DNA spacer-based method opens a new
route to design crystals with novel lattice structures
that are not naturally occurring.

The structural flexibility of DNA and the
reversibility of DNA hybridization events make
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it possible to obtain dynamic, reconfigurable and
responsive nanostructures.64,65 In one example, 3D
superlattices and dimer clusters could be constructed
with controllable switching of interparticle distances
(in the range of 15–25%) by using a reconfig-
urable DNA structure that acted as an interparticle
linkage.17 By adding the specific DNA strands, the
interparticle distances in the superlattices and clus-
ters can be modified even in their post-assembly
states (Figure 2(d)). The transition states and local re-
arrangements were probed by SAXS which revealed
the structural integrity of the systems during the recon-
figuration process.

DNA-programmed pathways could be combined
with other methods, such as capillary force-assisted
self-assembly. In one example, AuNPs and nanoshells
could be grouped into structurally well-defined
heteropentamer cluters (pentamers), consisting of
a 74 nm-diameter AuNP surrounded by four
nanoshells.37 To obtain this structure, the pentamers
were first synthesized by DNA hybridization but the
structures were ‘loose’ due to the soft nature of
DNA. In a following step, the ‘loose’ pentamers in
solution could be ‘compressed’ into a 2D plane by
capillary forces during drying process (Figure 3(a)). To
optimize the pentamer formation, a 75 bases ds-DNA
spacer was used. Interestingly, this heteropentamer
nanostructure showed specific magnetic and Fano-
like resonances characterized by a broad electric
dipole resonance spanning the entire range of the
spectra.

Plasmonic Structures from DNA
Polymerization
DNA-programmed materials synthesis can be com-
bined with polymerase chain reaction (PCR) or rolling
circle amplification (RCA) to form various superstruc-
tures. DNA primers could be attached to nanoparticle
surfaces and then followed by PCR reactions.39 By
changing the density of the primer on the surface of
AuNPs and controlling the number of PCR cycles, a
number of plasmonic nanostructures were generated
ranging from a mixture of dimers, trimers, tetramers,
to chiral spatial organizations of AuNPs. The improve-
ment of this method would rely on the development
of separation methods for different oligomers. High
yield of different generations of products will also be
highly desirable for systematic studies of their chiral
properties.

Another DNA polymerization-based method to
fabricate plasmonic nanostructures is by RCA which
can produce long and linear single DNA strands
from a short (< 100 bases), circular DNA template.
The first RCA-based method to plasmonic structures
was reported by Mao et al. They first synthesized
monofunctionalized DNA-AuNPs (5 nm) and then
mixed them with RCA products (namely, long DNA
strands with repeating sequences complementary to
DNA sequence on AuNPs). This process led to the
formation of micrometer-long 1D chains of AuNPs.40

In a different approach, Li et al. fabricate satellite-like
plasmonic nanostructures by RCA.41 In this report,
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FIGURE 3 | (a) DNA-functionalized nanoparticles/nanoshells into heteropentamer clusters (pentamers), which consist of a smaller gold
nanosphere (74 nm) surrounded by a ring of four larger nanoshells ([r1, r2] = [62.5, 92.5] nm). (b) Schematic illustration of RCA on DNA-AuNPs that
served as a scaffold for the formation of satellite 3D nanostructures. AFM image (right) showed superstructures constructed from 5 and 15 nm AuNPs
(large bright spots).
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DNA oligonucleotides were tethered to AuNPs as the
primer and a single-stranded circular DNA was used as
a template. In the presence of φ 29 DNA polymerase,
RCA reactions led to extension of nanoparticle-
tethered DNA with repeats complementary to circular
DNA templates (Figure 3(b)). Furthermore, AuNPs
were attached to these repeats, forming satellite 3D
nanoassemblies.

DNA-TEMPLATED SELF-ASSEMBLY

Simple ds DNA Tempaltes
Murray et al. described the assembly of 1D linear
chains of AuNPs (4.4 nm) coated by cationic
trimethyl (mercaptoundecyl) ammonium (TMA)
monolayers.42,66 The DNA acted as a template for
cationic AuNPs by electrostatic interactions. The
morphology of nanostructures varied from chains to
complex bundles, which was controlled by controlling
relative ratios of nanoparticles versus DNA base
pairs. The edge-to-edge distance was estimated to
2.9 ± 0.9 nm, consistent with the predicted thickness
corresponding to twice the TMA monolayer thickness.
However, some precipitation would occur if the ratio
of DNA to monolayer-protected cluster increased.
This was likely due to the large binding constant
provided by individual cation–anion electrostatic
interactions.

Templates Based on DNA Titles, Frames,
and Origami
Both DNA-programmed and dsDNA-templated
nanostructures suffer from weak mechanical strength.
Dehydration often leads to the structural collapse or
shrinkage. Recently developed structural DNA nan-
otechnology can overcome this challenge by sophisti-
cated design of rigid DNA tiles, frames, and origami.

DNA can be interweaved to form rigid double-
crossover (DX) tiles which can be further interlinked
to form 2D DNA grids. Kiehl et al. utilized four
different DX tiles to assemble 2D DNA grids on
a solid substrate.54,67 Then DNA-modified AuNPs
were positioned onto the grids with precisely defined
regular inter-row spacing, via Watson-Crick base-
pairing forces (Figure 4(a)). Seeman et al. used a
similar method but with different DNA scaffolds
and reported the formation of two-component (5 and
10 nm AuNPs) 2D periodic patterns.55 By using 3D
DX triangles, a rhombic lattice arrangement tailed
with different sticky ends enabled the formation
of the two-component template which then guided
formation of 2D nanoparticle assemblies.

DNA-tile-based method can also lead to 3D
plasmonic nanostructures. Yan et al. reported the
formation of 3D plasmonic tubular nanostructures
(stacked rings, single spirals, double spirals, and
nested spiral tubes) of AuNPs by using DNA tile-
mediated self-assembly51 (Figure 4b). The different
conformations of tubular structure and chiralities
could be controlled by size-dependent steric repulsions
among AuNPs. With two different AuNPs (5 and
10 nm), complex 3D patterns, such as double helix
and quadruplex structures, were obtained. These
AuNPs were wrapped parallel to the DNA tubular
axis. By further engineering the DX-DNA tiles
structures, it should be possible to place AuNPs
of different sizes in or outside of the DNA tubes.
This work extended DNA-templated nanostructures
to 3D complex architectures similar to some naturally
existing patterns.

With the aid of synthetic chemistry techniques,
Sleiman et al. developed a different route to fabricate
rigid DNA frames. They reported the creation of
dynamic DNA templates which were fully functional
in their single-stranded and cyclic forms. This
template guided the selective attachment of AuNPs
with different diameters on the complementary
arms. Different nanostructures have been established
by using the same square DNA template, such
as square, trapezoidal, and rectangular clusters.
Interestingly, post-assembly ‘write/erase’ methods
were demonstrated by selectively removing one
particle from triangles of three AuNPs, followed by
positioning another AuNP onto the specific site.46

Linear chain structures of AuNPs could also
be produced from rigid DNA frames. In particular,
AuNPs could be positioned inside DNA nanotubes
fabricated from rigid DNA triangles to form
‘nanopeapod’50 (Figure 4c). The advantages of using
the DNA nanotubes are that conjugation with
AuNPs (10 and 15 nm) was size-specific, and the
core-to-core distances of AuNPs could be precisely
controlled. Notably, the encapsulated AuNPs could
be spontaneously released from the nanotubes by
simply adding specific DNA replacement strands.
The external strands could selectively open the
DNA nanotube structure and break the chain-like
structures, which could potentially be applied in gene-
triggered delivery of drugs and cell-specific therapies.

Structurally more complex plasmonic nanoar-
chitectures could be produced from DNA origami
templates. DNA origami has attracted much attention
to the field of DNA nanotechnology since the land-
mark paper reported by Rothemund.68 In contrast
to the conventional crossover strategy that uses sin-
gle building block to construct larger structures in a
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FIGURE 4 | DNA-templated self-assembly constructed by using DNA tiles and DNA origami. (a) DNA-functionalized AuNPs were organized into
closely packed rows with precisely defined regular inter-row spacings templated by the DNA scaffolding. (b) Three-dimensional plasmonic tubular
spirals of AuNPs using DNA tile-mediated self-assembly. (c) Encapsulated ‘nanopeapod’ AuNPs 1D chains using triangular DNA nanotubes with
longitudinal variation as host. TEM image (right side) shows that encapsulated AuNPs could be spontaneously released from the nanotubes by simple
addition of specific DNA strands. (d) Six-nanoparticle self-similar chain nanostructures using triangular DNA-origami templates. (e) DNA
origami-templated AuNRs dimer that form with various predetermined inter-rod angles.

‘two-step’ process, DNA origami provides a versatile
and simple ‘one-pot’ method to create addressable
DNA nanopatterns by using various short staple
DNA strands to fold genomic DNA into geometrically
desired nanopatterns.47

Liu et al. reported a bottom-up assembly method
to synthesize monomeric, dimeric, and trimeric
AgNPs (20 nm) cluster, and AgNP–AuNP heterodimer
nanostructures templated by triangular-shaped DNA
origami with a side length of 114 ± 2 nm.47

The synthesis involved two steps: (1) preparation of
triangular-shaped DNA origami with high quality and
desired capture strands at predetermined locations on
the structure; (2) hybridization of phosphorothioated
chimeric DNA conjugated AgNPs on the DNA
origami template. They demonstrated that the core-
to-core distance between each AgNPs can be precisely
controlled from 29 to 94 nm. The yield of dimer could
reach 81%, and the yield of trimer could reach 62.5%.

In addition, Bokor et al. developed the six-
nanoparticle self-similar chain structures by using
DNA origami templates.48 The long scaffold strand
hybridized with designed staple strands, forming the
triangular DNA origami with specific binding sites
on one side of the origami surface (Figure 4(d)).
These binding sites guided the different AuNPs

(5, 10, 15 nm) to the desired locations through
complementary base-pairing forces. A plasmonic res-
onance band shift from 521 to 526 nm was observed,
indicating strong local electromagnetic field enhance-
ments in the interstices between nanoparticles.

The anisotropic building blocks could also
be assembled into nanoarchitectures by DNA-
origami templates. AuNRs have been successfully
assembled into discrete, well-ordered AuNR and
AuNR–AuNP hybrid nanoarchitectures.49 The DNA
origami-templated AuNRs dimer could form various
predetermined inter-rod angles (0◦, 60◦, 90◦, 180◦)
(Figure 4(e)). This opens a new route to coordinate
the spatial orientations of anisotropic nanoparticle
building blocks.

With DNA origami methods, it is possible to
design more complex plasmonic nanostructures69,70

for various applications in nanodevices.71 For
example, Ding et al. reported the construction of 3D
AuNP helices by rolling and stapling 2D rectangular
DNA origami.52 The geometric dimension of stapling
positions on DNA origami could be rationally
controlled, tailoring the structural parameters of
AuNPs helices. Similar nanohelices with left- and
right-handed morphologies were reported by Kuzyk
et al. using a different DNA origami-template
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method.53 For each plasmonic helix, nine AuNPs were
specifically conjugated to the site of DNA origami
24-helix bundles consisting of complementary staple
DNA extensions. The nanohelices exhibited both
circular dichroism and optical rotatory dispersion
effects due to plasmonic coupling in chiral structures.
These plasmonic helices resembled natural chiral
moleculars, opening a new route to manipulate light
by programming chirality.

UNCONVENTIONAL DNA
TECHNOLOGIES AND
NANOPATTERNING

As Entropic Ligands in Drying-Mediated
Self-Assembly
The programmed pathway and template strategies
have led to a diverse range of plasmonic nanos-
tructures. In a different route, Cheng et al. suc-
cessfully put DNA to an unconventional use as
an entropic ‘dry ligand’ in a drying-mediated self-
assembly process.72 Under low ionic strength, this
method led to large-area highly-ordered nanoparticle
superlattices without, in some circumstances, the
requirement of specific Watson–Crick base-pairing
(Figure 5(a)). Cheng et al. systematically investigated

the mechanism of dry-DNA-ligand-mediated self-
assembly on solid support, holey substrate, and at
the air/water interface. In particular, drying-mediated
self-assembly of DNA-capped nanoparticles has been
systematically investigated by synchrotron-based
small-angle X-ray scattering (SAXS).28 This repre-
sented a hybrid strategy of drying-mediated self-
assembly and programmable crystal formation, and
the studies on such dynamic crystallization demon-
strated that DNA-mediated nanoparticle crystals were
soft with continuously scalable lattice constants
(Figure 5(b)). Furthermore, this result showed that
crystallization time in the soft-crystallization process
can be tuned by programming base-pairing forces.
It also revealed that DNA behaved as a molecu-
lar spring in the drying-mediated self-assembly pro-
cess, from which a simple entropic spring argument
could be applied to generic soft-corona hard-sphere
interactions at the nanoscale (such as alkyl-molecule-
mediated self-assembly of nanoparticles).

Furthermore, DNA-mediated self-assembly of
AuNPs has been investigated at the air/water inter-
face by Synchrotron-based Grazing-incidence Small-
Angle X-ray Scattering (GISAXS).59 Specifically, an
X-ray beam was positioned parallel to a silicon
support, raster-scanning a droplet containing DNA-
capped nanoparticles. This allows for mapping spatial

Free-standing plasmonic superlattice sheets

Dynamic crystallization

Soft crystallization

DNN DNN

(a)

(b)

FIGURE 5 | DNA as entropic ligands in drying-mediated self-assembly. (a) Free-standing monolayered DNA-AuNPs superlattice sheets.
Three-dimensional STEM tomography reconstruction of a folded sheet (left) and TEM image (right) showing hexagonal ordering. (b) Drying-mediated
deformation of DNA corona in 3D supercrystals.
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crystallization events across the entire droplet. The
experimental results showed that DNA could direct
self-assembly of the nanoparticles into Gibbs mono-
layers at the air/water interface, and that the spacing
within the monolayer was highly dependent on ionic
strength. These synchrotron-based studies on DNA-
ligand-mediated self-assembly showed that DNA can
manipulate nanoparticle crystallization both tempo-
rally and spatially. This may substantially extend the
scope of application of DNA in materials and inter-
faces.

DNA ligands offer superior advantages to alkyl
molecule ligands. The highly controllable molecular
lengths of DNA ligands enable tailoring of both struc-
tural (inter-particle spacings) and functional proper-
ties (plasmonic and mechanical) over a wide window.
In particular, the edge-to-edge inter-particle spacing in
DNA-based nanoparticle superlattices can be adjusted
up to 20 nm in dehydrated state,20 which is a sig-
nificantly wider range than that has been achieved
with alkyl molecular ligands. Such control allows
for tuning plasmonic colors without changing chem-
ical compositions and shows potential applications
in future plasmonic circuits. Compared to DNA-
programmed and DNA-templated strategies, DNA-
ligand-based method provides a simple yet efficient
route to fabricate large-area nanoparticle superlattices
stable in dehydrated state with low cost. However,
the drawback of ligand-based approach is to loose the
specificity in constructing more complex lattice struc-
tures other than FCC or hexagonally close packed
(HCP) packing geometries.

In Conjunction with Top-Down
Lithography
DNA-based bottom-up self-assembly can be combined
with top-down lithography. In particular, DNA-dry-
ligand-based strategy exhibited excellent compatibility
with top-down lithography. This combination may be
a critical step for future integration of DNA-derived
plasmonic nanostructures into nanophotonic circuits.

By virtue of lithographically-fabricated micro-
moulds, DNA-mediated nanoparticle crystallization
events could be localized, leading to patterned
superlattices.60 This strategy was able to rationally
control the local crystallization events of the nanopar-
ticles superlattices, which resulted in versatile struc-
tures with high degrees of internal order, such as
single particle-width corrals, single particle-thickness
microdiscs and submicrometre-sized ‘supercrystals’60

(Figure 6(a) and (b)). These nanoscale features were
produced from micrometer-sized moulds, correspond-
ing to a few hundreds times of size reduction. Notably,

these patterned superlattices could be addressed by
micropatterned electrode arrays, suggesting compati-
bility with current solid-state devices.

Furthermore, by virtue of lithographically fabri-
cated microholes, the crystallization of DNA-capped
nanoparticles can be confined to 2D planes.20 This
process led to free-standing monolayered DNA-
nanoparticle superlattice membranes (Figure 5(a)).
Both internal and overall structures of sheets could
be controlled. For examples, circular and square
sheets were obtained conforming to the holey
geometries defined by top-down lithography; the
edge-to-edge interparticle spacing could be pre-
cisely tuned from ∼1 to ∼20 nm. The spacing
control influenced the plasmonic coupling, lead-
ing to plasmonic nanosheets with different colors.
This method opens a simple yet efficient avenue
toward the assembly of plasmonic nanoparticle sheets
in their ultimate thickness limit—a promising step
that may enable their integration into solid-state
nanodevices.

DNA origami-templated plasmonic nanostruc-
tures could also be combined with top-down lithog-
raphy. Cha et al. reported the repeated patterning
of large-area arrays of 10 nm ssDNA-functionalized
AuNPs by a soft-lithographic subtraction printing
process.73 In this method, ssDNA were first adsorbed
on PDMS substrates, followed by subtraction printing
using a lithographically templated silicon master. The
patterned ssDNA domains were then transferred to sil-
icon substrates. Furthermore, DNA hybridization was
applied to induce assembly of ssDNA-functionalized
AuNPs. Finally, patterned and crossed lines were
achieved. Furthermore, they achieved the large-area
patterning of AuNPs (5 nm) into spatially ordered,
2D arrays through the site-selective deposition of tri-
angular DNA origami onto lithographically patterned
substrates57 (Figure 6(c)). Precise binding of AuNPs to
each DNA structure was achieved and formed macro-
scopic arrays with characteristic length scales ranging
from a few to several hundreds of nanometers. Differ-
ent patterns, such as multiple triangles with alternating
left and right orientations, were also formed, pro-
viding a new way to rationally generate complex
patterned networks.74

In addition, there were reports of using
printing methods with photolithographically fabri-
cated stamps to pattern DNA-capped nanoparti-
cles. Stellacci et al. reported the applicability of
supramolecular nanostamping for replicating DNA
arrays by using 9 nm AuNPs with high fidelity.75 Udo
et al. reported a Gutenburg-type method with electron
beam-fabricated stamps to replicate lithographically
defined nanostructures.76 Dense nanoparticle loading
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FIGURE 6 | Top-down lithography integrates with bottom-up DNA-programmed self-assembly. (a) Cross-sectional scheme of a microdroplet
confined in a micromould showing center dewetting. Localized assembly of the AuNPs microdiscs was then achieved by DNA-programmed
crystallization. (b) SEM image of nanoparticle disks pattern with highly ordered internal structures. (c) Large-area patterning of AuNPs (5 nm) onto
spatially ordered, 2D arrays through the site-selective deposition of triangular DNA origami onto lithographically patterned substrates.

and high transfer yields were achieved over three
consecutive printing cycles.

APPLICATIONS

A fascinating aspect of plasmonic nanoparticles is that
their optical properties are strongly affected by struc-
tural parameters such as size and shape, as well as
material composition and the surrounding dielectric
environment.77–81 This origins from so-called local-
ized surface plasmon resonance (LSPR)—the coherent
oscillation of conduction band electrons at a cer-
tain frequency of light. By virtue of the powerful
LSPR of plasmonic nanoparticles, one can design

superior sensing/diagnostic devices,82,83 and high-
efficiency energy-harvesting systems.84

Since their advent, DNA-based strategies to
form 3D plasmonic aggregates have become power-
ful diagnostic tools for detection of DNA, RNA, and
proteins.58,85 Such colorimetric DNA detection meth-
ods utilize DNA-functionalized particles as probes and
the complementary DNA strands as target molecules.
In the presence of complementary target DNA, large
plasmonic aggregates formed, leading to a red shift
of the plasmonic resonance band with a concomitant
red-to-purple color change (Figure 7(a)). A striking
feature of this method is the sharpness and clar-
ity of the transition simply on the basis of color
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change. In addition, the optical properties86 and spe-
cific melting characteristics87 of macroscopic DNA-
functionalized plasmonic structures can be controlled
through the choice of DNA as well as size and shape
of nanoparticles.88,89

Taking advantage of extreme sensitivity of plas-
monic coupling in response to interparticle spacing,
researchers have developed an AuNP/AgNP-based het-
erodimeric plasmonic biosensor for detecting DNA
sequences.65 In the presence of target DNA molecules,
the hybridization events induced dimer formation,
which led to a spectral shift of 102 nm for AgNPs
and 23 nm for AuNPs (Figure 7(b)). The sensing was
based on the sensitivity of LSPR to interparticle spac-
ing, bringing the concept of plasmonic dimeric ruler
which could be used to ‘measure’ a sensing distance

up to 70 nm. Unlike fluorescence-based methods that
often suffer from issues of bleaching or blinking, plas-
monic ruler sensor can be used to monitor biological
binding events in real-time for virtually unlimited
length of time. The results from real-time imaging
studies revealed the binding and cleavage events of
restriction enzymes,90 providing physical insights on
the potential energy change between the straight and
bentbreak DNA states.

Impressively, sensors based on plasmonic
nanostructures could reach single-molecule detec-
tion accuracy by surface-enhanced Raman scattering
(SERS). One such example is the Au–Ag core–shell
nanodumbbells,35 in which a Raman-active Cy3 dye
molecule was located between dimeric particles. In
this approach, the Raman dye position could be
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FIGURE 7 | Applications of DNA-based plasmonic nanostructures. (a) Colorimetric DNA detection method using DNA-functionalized particles as
probes and the complementary DNA strands as target molecules. (b) Plasmon ruler used in the detection of the hybridization of complementary DNA
to the ssDNA linkers. After hybridization, the particles were pushed apart due to the more rigid nature of dsDNA than ssDNA, which resulted in a
blue-shift of ∼2.1 nm measured by monitoring the spectrum of single AuNPs dimer. (c) SERS-active Au–Ag core–shell nanodumbbells assembled by
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precisely defined by synthetic chemistry techniques
and the gap between particles could be controlled
by Ag shell thickness (Figure 7(c)). The characteris-
tic Raman peaks for Cy3 dye were observed with a
laser of 514.5 nm. Quantitative analysis of these peaks
revealed an enhancement factor (G) of 2.7 × 1012,
which is large enough for single-molecule detection.

Owing to the great enhancement of electrical
fields in region-specific isomers,91,92 plasmonic nanos-
tructures could be used as a platform for nanoscale
sensors in living cells. Three types of isomers of AuNPs
and AuNRs were incubated with HeLa cells,38 which
exhibited sufficient field enhancement to detect struc-
tural changes in lipids of mitochondria and small
metabolites. The satellite isomer was able to pen-
etrate through the cellular membrane entering the
cytoplasm directly. The structural control over the
position of plasmonic nanoparticles by DNA opens a
new route to real-time probing of the local organelle
environment in live cells.

CONCLUSIONS AND OUTLOOK

In this review, we present various viable methodolo-
gies for the DNA-based design of plasmonic nanoar-
chitectures, including DNA-programmed structures
(Homo/Heterodimer, multimers, tetrahedrons, 1D
chains, 2D superlattices, and 3D supercyrstals), rigid
DNA scaffold- templated assembly, and unconven-
tional use of DNA ligands in combination with
top-down lithography. DNA has proven by far the
most successful molecule for programmable assembly
of plasmonic nanoparticles into an assortment of
functional nanostructures. These well-defined nanos-
tructures have a broad spectrum of applications, espe-
cially in high-sensitivity biological diagnosis, based on
their localized surface plasmon resonance and SERS
effects.

Moreover, it is important to note that all the
DNA-based strategies covered in this review are in
principle extendable to other materials systems,61

such as quantum dots, magnetic nanoparticles, etc.
An existing example is the self-assembly of quantum
dot complexes using DNA-functionalized cadmium
telluride nanocrystals.93 Cross-shaped complexes con-
taining three different types of dots can be achieved,
providing a potential application in nanoscale opto-
electronic devices. Another example is the fabrication
of quantum dot arrays with programmable period-
icity by DNA origami nanotube-guided assembly.94

Accordingly, DNA plays multiple roles, not only
in templating of plasmonic nanostructures, but also

in tailoring the coupling of heterogeneous material
systems.

Despite the potentiality, modularity and general-
ity of DNA-based strategies in directing the synthesis
of well-defined materials at the nanoscale, it is still in
its embryonic stage of development. Many challenges
need to be overcome before real-world applications
can be realized. For example, it remains a grand
challenge to use DNA to manipulate nanoparticle at
will. As seen in Table 1, most of successful examples
are based on isotropic spherical building blocks. DNA
conjugation with structurally more complex plas-
monic nanoparticles95 and assembly of high-quality
multi-component assemblies,49 remain material chal-
lenges. For example, current mono-DNA conjugation
approaches are based on controlling DNA/NP ratios
in initial reactions followed by purification. Such a
method is tedious with low yields. Systematic evolu-
tion of ligands by exponential enrichment (SELEX)
is a new combinatorial chemistry technique in molec-
ular biology for producing oligonucleotide sequence
that can bind specifically to proteins or even entire
cells. The SELEX technologies may be extended to
produce highly specific DNA to bind nanoparticles
forming high-yield monoconjugates. In addition, to
date DNA-based strategies often lead to plasmonic
nanoarchitectures with limited local order and limited
stability in the dehydrated state, potentially ham-
pering real-world applications. This may call for
a multidisciplinary collaboration among chemistry,
physics, biology and materials science to find a route
to achieve control of the DNA-based assemblies at
multiple scales ranging from nanoscale all the way to
macroscale.56,96 For example, the DNA design rules
for 3D nanoparticle crystals have been formulated
recently,97 which outlines the versatility of control-
ling internal structures including lattice structures and
inter-particle spacing. As a further step to apply these
elegant nanoparticle crystals to real-world energy and
sensing devices, a critical step may be needed to con-
trol their overall structure by other means (such as
microshaping and nanopatterning) or to grow device-
scale large crystals by preventing kinetically trapped
structures.

In conclusion, given the versatility of DNA as
a designer nanomaterial as continuously improved
methodologies are developed, substantially more
sophisticated plasmonic structures will be success-
fully produced in the near future. Hence, we believe
that DNA-based nanoarchitectures will soon be seen
in real-world intelligent optoelectronic devices and
smart diagnostic systems.
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