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Abstract

Nanotechnology is touted as the next logical sequence in technological evolution. This has led to

a substantial surge in research activities pertaining to the development and fundamental understanding of

processes and assembly at the nanoscale. Both top-down and bottom-up fabrication approaches may be

used to realize a range of well-defined nanostructured materials with desirable physical and chemical

attributes. Among these, bottom-up self-assembly processoffers the most realistic solution towards the

fabrication of next-generation functional materials and devices. Here, we present a comprehensive review

on the physical basis behind self-assembly and the processes reported in recent years to direct the

assembly of nanoscale functional blocks into hierarchically ordered structures. This article emphasizes

assembly in the synthetic domain as well in the biological domain, underscoring the importance of

biomimetic approaches towards novel materials. In particular, two important classes of directed self-

assembly, namely, (i) self assembly among nanoparticle-polymer systems and (ii) external field-guided

assembly are highlighted. The spontaneous self-assembling behavior observed in nature that leads to

complex, multifunctional, hierarchical structures within biological systems is also discussed in this

review. Recent research undertaken to synthesize hierarchically assembled functional materials have

underscored the need as well as the benefits harvested in synergistically combining top-down fabrication

methods with bottom-up self-assembly.
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1. Introduction

Nanotechnology has drawn a great deal of interest in the pasttwo decades owing to its potential

in the creation of novel materials and device structures with extraordinary physical and chemical

properties.[1-11] Considerable resources have been invested in the research and development of these

materials to realize drastic improvements in the device/material performance. However, challenges

persist, preventing application of these technologies to real-world problems. While a general wish list for

the desired material/device properties has been identified through simulations of specific nanoscale

architectures, translating these findings to reproducible fabrication of functional macroscopic structures

on a scale feasible for industrial production is far from a trivial undertaking. Self-assembly stands out as

the most attractive, technologically feasible, and cost-effective strategy to address these challenges. Self-

assembly is essentially a bottom-up process, wherein atoms, molecules, or particles associate into well-

defined and functional geometries under specific, controllable thermodynamic conditions. Nature has

devised clever means to circumvent a number of challenges through application of self-assembly and

examples of the effectiveness of this concept are ubiquitous. The scientific community has long attempted

to replicate this idea, with early examples including colloidal assembly of large objects reported as early

as the 1940s.[12] Others have followed suit as the ability toprobe into the nanoscale has improved, and

now, self-assembly of metal and semiconductor nanoparticles [13-17], polymers [18-22], and biological

systems [23-26] is well-documented and the subject of intense on-going research. It is also known that

nature prefers the bottom-up approach exclusively, to generate self-assembled hierarchical systems

exquisitely by manipulating the local conditions using a very limited repertoire of available molecules.

Such self assembly occurs typically in the liquid phase under normal temperature, pressure and pH to

generate a variety of materials with wide ranges of strength, elasticity and function. Thus the basic tenets

of biological assembly are being investigated vigorously to apply them to modern manufacturing

processes for higher efficiency as well as development of novel, functionalized nanomaterials.

The key to self-assembly in a variety of systems such as colloidal suspensions, micro- and nano-

emulsions, and biological systems lies in achieving force balance between various attractive and repulsive

interactions.[27] It is imperative to gain a thorough understanding of the nature and complexity behind

these processes to manipulate the arrangement of nanoparticles in a desired manner. Depending on the

nature and cumulative effect of these interactions, the netassociation between objects may be either

isotropic or anisotropic. While most of the aggregations observed in non-biological systems are isotropic

in nature and result in the formation of non-hierarchical structures, the aggregation behavior observed in

many biological (DNA, RNA, and proteins) and bio-mimetic (synthetic amino acids, carboxylic acids,
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and dendric polymers) systems can be highly anisotropic in nature, leading to well-defined, directional,

and ultimately functional assemblies.

The main objective of this review is to present a detailed overview of various aspects of self-

assembly from the perspectives of fundamental science and resulting applications. This review begins

with an introduction to self-assembly and its scientific and technological implications. This is followed by

a detailed discussion on the physics of self-assembly. Specifically, the forces and force balance conditions

responsible for the self-assembly of nanoscale elements ina particular manner are presented. Readers are

referred to standard references for detailed mathematicaltreatment of the interaction forces in their

appropriate sub-sections. In the last decade, there has been a flood of scientific developments in the field

of directed self-assembly (DSA), where nanoscale buildingblocks are guided to assemble in a

predetermined fashion under the influence of external fields or templates, which has enabled realization

of hierarchical macroscopic structures with novel structural, optical, electronic, and magnetic properties.

Another attractive means towards self-assembly is to exploit the thermodynamic interactions (entropic-

enthalpic interplays) within nanoparticle and polymer systems. Recent literature has shown that such

interactions may be utilized to govern the spatial organization of the nanoparticles within the system.

Therefore, an attempt is made to provide a comprehensive review of DSA in both synthetic and biological

systems with illustrations from pioneering works reportedrecently. Particular emphasis has also been

placed on approaches that combine top-down lithography and bottom-up self-assembly towards

fabrication of hierarchically ordered structures. Such combinations often overcome the distinct limitations

of each and highlight the potential complementary nature ofthe two approaches.[28, 29]. Recent efforts

have further demonstrated the tremendous potential of integrated approaches in the generation of self-

assembled structures at all length scales (from nano- to macro-scales).[30-35]. The final section is

devoted to description of variousin situ characterization techniques developed in the past decade to grasp

the science of DSA. Catching glimpses of the self-assembly processes as it occurs is expected to provide

new insights and advance our fundamental understanding of the assembly process. Through this review,

we hope to stress the importance of understanding the concepts of self-assembly for future work at the

nanoscale and help the reader gain a fascination for the field and its progress from the viewpoint of both

fundamental science and technological development.

2. Self-Assembly: Origins and Importance

Self-assembly is a process by which discrete components aredriven to organize spontaneously

into well-defined geometries by specific interactions. These interactions may arise due to the intrinsic

properties of the individual elements composing the systemor under the influence of applied external

fields.[36, 37] Self-assembly is originally believed to beassociated with thermodynamic equilibrium; the
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organized structures being characterized by minima in the system’s free energy.[38] However, deeper

inspection suggests this definition is broad and not alwaysappropriate given the recent emergence of

concepts such as DSA, where the building units are driven to assemble through the application of external

forces such as electric, magnetic, or flow fields as well as combinations of these fields.[39]

Self-assembly, especially at the molecular level, is omnipresent in nature. Complex biological

structures such as lipid membranes, higher-order structured proteins and nucleic acids, and multi-

component protein aggregates present in living cells are formed almost exclusively through self-assembly

and are central to the very existence of life.[24, 26, 38, 40]Synthesis of man-made materials using the

concepts of molecular self-assembly was first adopted by synthetic chemists in the 1980s.[41] Subsequent

emergence of interdisciplinary sciences involving the concepts of physics, chemistry, biology and

materials science led to the development of producing materials at the nanoscale with tunable dimensions,

morphology, and functionality.[26] Examples of these forms include nanospheres, nanorods,nanowires,

nanodiscs, core-shell nanostructures, and nanocages.[7, 25, 42] In addition to the synthesis of nanoscale

objects, the concept of self-assembly has been further exploited to arrange and assemble these objects in

an orderly manner at pre-determined locations.[30-35, 37, 43] A number of interactions, namely,

electrostatic, van der Waals (vdW), steric, and hydrophobic forces, may be used to organize colloidal

nanomaterials on different surfaces. We discuss these interactions in detail with suitable illustrations in

the following section.

3. Physics of Self-assembly: Interaction Forces

The assembly of nanoscale components into macroscopic hierarchical structures depends on the

manipulation of inter-particle interactions governed by various forces as will be described shortly.

Specifically, the free energy of the system is a quintessential parameter governing self-assembly within a

colloidal suspension. Free energy is a net contribution from both enthalpic and entropic terms. The nature

of the dominant force driving the assembly depends on a number of parameters, including, but not limited

to the relative and total concentrations of the constituents composing the system, the separation distances

between them, their relative and actual size, solvent composition, temperature, and other environmental

conditions.

What drives such a system toward an ordered or disordered state? Unfortunately, there is no

simple, all-encompassing answer to this question. The length scale of different interaction potentials, the

relative magnitudes of short-range and long-range interactions, and the nature of interactions involved are

just a few of the many factors involved in the formation of ordered assemblies. It is often thought that

careful tailoring of the interactions between nanomaterials can lead to the formation of equilibrium

structures corresponding to the minimum free energy state,subsequently leading to ordered self-
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assembly.[38] In reality, processes more often occur undernon-equilibrium conditions. Prominent

examples of self-assembly dominated by non-equilibrium conditions include glass and gel formation as

well as protein folding.[44-46] In general, non-equilibrium events compete with relaxation processes that

may lead to amorphous states.[36, 46] It may therefore be necessary to exploit long-range interactions

relative to the size of the assembling components to be able to form ordered self-assembled structures.

Unfortunately, many common attractive interactions act appreciably over only the scale of molecular

dimensions. Larger, colloidal particles interacting through such short-range attractive forces would likely

aggregate to form a disordered phase. However, nearly all examples of colloidal crystallization overcome

this limitation by using long-range interactions (electrostatic and depletion) or through entropic processes

at high volume fractions.[36] The objective of this sectionis to introduce the basic concepts clearly and

restrict the discussion to qualitative highlights with suitable illustrations for each type of interaction. We

attempt to provide the readers some details on the magnitudeand the length scale of these interactions as

well as discuss how these interactions scale with particle size and inter-particle distance.

3.1 Van der Waals Forces

Van der Waals (vdW) force arises due to the interactions between two or more permanent and/or

induced dipoles. The vdW force encompass three possible configurations: (i) Keesom interactions that

describe interactions between two permanent dipoles, (ii)Debye interactions between a permanent dipole

and an induced dipole, and (iii) London forces between two ormore induced dipoles of polarizable

objects. The vdW attractive interaction potential betweendipoles may be expressed by the well-known

expression,������� � 
���� ��
 , where r is the distance between dipoles andCvdW is the

proportionality constant.[47] The constant takes into account the three different types of interactions

mentioned above. Originally, the potential was derived forinter-atomic or inter-molecular interactions. In

the case of colloidal particles where the inter-particle separation is less than 10 nm, vdW forces play a

significant role in inter-particle interactions. However, the inverse sixth-power dependence indicates that

vdW forces between dipoles decay rapidly as the distance between particles increases. Hence, it is

considered a short-range force only.

A repulsive aspect to dipole interactions also exists, which has an inverse twelfth-power

dependence on dipole separation. The combined expression for the attractive and repulsive forces forms

an analog to the Lennard–Jones (LJ) potential, which describes the interactions between two spherical

atoms. The LJ potential accounts for both attractive and repulsive interactions between atoms arising from

the overlap of their electron orbitals.[47] In the case of systems composed of many atoms (i.e.

nanoparticles), an analogous potential can be obtained by summing the LJ potential across all atom-atom
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pairs.[48] Hendersonet al [48] estimated the potential for two interacting particleswith sizes from atomic

(few Å) to nanoscopic (few tens of nm) dimensions (Figure 1). Despite variations in particle size, the

potential reaches a minimum corresponding to an equilibrium state when the particles are separated by

only a few Å, confirming that the length scale of the interaction is always of the order of atomic

dimensions.[36] The relationships governing the calculation of the LJ potential can also be applied to

other types of interaction potentials where the length scale of interaction is much smaller than the

dimensions of particles. Similar principles may further beapplied for non-spherical bodies.[49, 50] Here

also, the magnitude of the interaction increases linearly with the size of the particles and the length scale

of the interaction is independent of particle size. Detailed mathematical treatment of these calculations

with derivations and interpretations are given in these published works.[36, 47-50]

The three main theoretical approaches to describe the vdW interactions are (a) Hamaker integral

approximation [51], (b) Dzyaloshinskii–Lifshitz–Pitaevskii (DLP) theory [52], and (c) Coupled dipole

method (CDM) [53, 54]. The Hamaker integral approximation is the simplest method to determine the

magnitude of vdW interactions between objects composed of several constituents. It is in essence a pair-

wise summation (or integration) of the molecular interactions throughout the volumes of the two bodies,

which is very similar to the one described earlier for the LJ potential. The values ofCvdW estimated using

the Hamaker coefficient for various material systems are close to those calculated using more meticulous

methods such as the DLP theory and the CDM.[47] The nearly identical values ofCvdW between the three

methods suggest that the Hamaker method is a good first-order approximation of both the magnitude and

distance dependence of the vdW interaction potential across vacuum.

The expression for the interaction potential clearly indicates that the Hamaker coefficient should

be positive for the interactions to remain attractive in nature. Indeed, it is always positive for identical

colloidal particles interacting through a solvent, confirming the attractive nature of these forces.[27]

When non-identical colloidal particles are interacting through solvent, the sign of the Hamaker coefficient

is dictated by the relative dielectric properties of the solvent and two interacting particles and can be

either positive or negative under certain circumstances.[27, 55, 56] In particular, the Hamaker coefficient

becomes negative when the dielectric property of the solvent lies in between the dielectric properties of

the two interacting non-identical particles, in turn implying that the vdW interactions can move from

attractive to repulsive by changing one of these properties.[27, 36] For example, repulsive vdW

interactions are experienced by systems such as thin liquidhydrocarbon films on alumina flakes and

different types of polymers dissolved in organic solvents.[57, 58]

It is evident from our initial discussion that the Hamaker integral approximation method ignores

the influence of neighboring molecules, thus failing to take into account many-body effects between
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atoms/molecules composing the two objects. A molecule in the system with a permanent dipole or charge

may influence the effective polarizability of neighboringmolecules, which may, in turn, introduce

orientational effects that will cause notable error in the estimation of the coefficient and potential. These

effects are significant at the nanoscale, where the shape and size of a particle and the arrangement of its

constituent atoms can influence the vdW interaction at bothlarge separations [53] and near contact.[54]

Two approaches have been developed to address this issue, namely, continuum DLP theory [52] and the

discrete CDM.[53, 54] The continuum DLP approach accounts for many-body effects by including the

bulk dielectric response of the interacting materials and the surrounding medium. Meanwhile, the CDM

follows a discrete approach akin to the Hamaker pairwise summation, but accounting for all possible

many-body effects.[53, 54]

The significance of DLP theory in relation to the Hamaker integral approximation can be

understood from the plot of the Hamaker coefficient as a function of surface separation,L, calculated

using the DLP theory for two semi-infinite gold surfaces separated byL and interacting across water

(Figure 2(a)).[59] The interaction energy per unit area determined using the Hamaker integral

approximation is given as,������� � 
� 12���⁄ , where the Hamaker coefficient,A, is a constant.

According to the DLP theory,A is not constant, but a function of the separation distance between the

surfaces. The interaction energy is therefore expressed as������� � 
���� 12��
�⁄ . ForL > 10 nm, the

vdW interactions become much weaker than those estimated bythe Hamaker integral approximation,

suggesting that vdW forces would not play a significant rolein nanoscale self-assembly when the surface

separation exceeds 10 nm.[36] For smaller separations, however, the DLP-calculated Hamaker coefficient

is nearly constant. Meanwhile, the discrete CDM method provides a more appropriate calculation since it

combines the discrete Hamaker pairwise summation with a more rigorous mathetmatical treatment of

many-body effects.[53] This method could be useful for extremely small nanoparticles for which the

dielectric response is significantly different from the bulk.

In general, it is difficult to isolate the contribution of vdW forces to the self-assembly of

nanoparticles from other types of interactions that are simultaneously present. However, there are still

examples in the literature where vdW forces have been noted as the dominant effect in triggering the self-

assembly of both spherical and non-spherical nanoparticles.[27, 36, 60-63] For spherical nanoparticles,

the self-assembly has resulted in close-packed structuresin two and three dimensions [60, 61].

Interestingly, the self-assembly of nanoparticles drivenby vdW forces is often also accompanied by size

and shape selectivity, as seen inFigure 2(b).[63] In particular, the potential energy is minimal when the

largest particles are at the center of the assembled structure and the smallest particles are at the periphery.

[62] In the case of anisotropic nanoparticles such as nanorods, directional interactions are observed
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favoring assembly in a side-by-side configuration as opposed to end-to-end configuration (Figure 2(c))

owing to larger vdW forces in the side-by-side orientation [63]. Thus, the aspect ratios of the particles in

question become an important parameter in dictating the final configuration of the assembly of

anisotropic nanoparticles.

3.2 Electrostatic Forces

Electrostatic forces play a significant role in many self-assembly processes. Unlike vdW forces,

which are mostly attractive except under certain conditions as discussed in the preceding sub-section,

electrostatic forces can be either attractive or repulsivedepending on the charge of the interacting species.

For colloidal systems, the chemical nature (i.e. dielectric property) of the solvent and the concentration of

any counter-ions dictate the magnitude and length scale of these interactions.

The Coulomb force describes the electrostatic interactionbetween atoms, ions, or molecules in

vacuum or medium. This interaction is a long-range force (upto 50 nm) and very strong (typically 500 –

1000 kJ/mol) when compared to vdW interactions (~1 kJ/mol).Electrostatic forces are especially relevant

to polar systems. For example, a surface in contact with an aqueous solution can become charged through

either physisorption or chemisorption of ions. In the case of a negatively charged surface, the area in

proximity to this surface will attract positively charged ions from solution. At relatively greater distances

from this surface, the negatively charged ions will diffuseinto the region, providing an effective reduction

in the number of positively charged ions per unit volume. An equivalent picture can be drawn for a

positively charged surface. The models developed to explain this situation hypothesize formation of two

layers namely, (i) the Stern layer [64] and (ii) the Gouy-Chapman diffuse layer.[65, 66] The net charge of

the medium outside these layers can be assumed to be neutral due to the gradual move to equivalent

concentrations of the two oppositely charged ions. The double layer represents the two parallel layers of

charge surrounding the surface.

The Debye-Hückel and Gouy-Chapman theoretical models present the same qualitative

representation of the electric double-layer potential. Ingeneral, this potential is defined by the Debye-

Hückel equation� � ��e
���, whereU is the potential at a distance ofx andUo is the potential as that

distance approaches zero. As seen, the potentialU decreases exponentially with increasing distance from

the surface. The symbolκ-1 represents the screening length (Debye length) or the thickness of the double

layer. For mono-, bi-, or tri-valent electrolyte systems with concentrations less than 0.1 M, this value can

be up to 10 nm. When two surfaces with the same type of charge approach each other, the diffuse layers

(the potentials) from each surface overlap, generating a repulsive force often referred to as electric

double-layer repulsion.[12] The potential in the diffuse layer and, therefore, the double-layer repulsive
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force is affected by the surface geometry (spherical or non-spherical), the electrolyte concentration, and

the type of electrolyte. Duvalet al discusses the effect of non-uniform surface charge densityand surface

roughness on the electrostatic interaction between electric double-layers.[67]

More often than not, interactions between curved surfaces are encountered in colloidal or

biological systems. For spherical particles separated by adistance larger thanκ-1, the interaction potential

is well-approximated by the DLVO (Derjaguin, Landau, Verwey, and Overbeek) potential for screened

electrostatic interactions.[12, 68] However, when the separation distance between the interacting charged

particles is smaller thanκ-1, this theory fails to describe the interactions adequately. As a consequence,

there will be qualitative deviations between the experimentally observed self-assembled structures and the

theoretically predicted ones. However, it is possible to obtain a reasonable solution for the interaction

potential under certain boundary conditions. The Derjaguin approximation is one such approach, which

relates the force between two curved surfaces to the interaction free energy per unit area between two

planar surfaces.[49] This makes the Derjaguin approximation a very useful tool, since it is usually easier

to derive the interaction energy for two planar surfaces rather than for curved surfaces. This

approximation is valid so long as the range of the interaction and the separation distance are much smaller

than the radii of the curvatures of the interacting surfaces. In the case of colloidal solutions, it is

applicable when the thickness of the electric double-layeris much less than the radii of the curvatures (i.e.

micron-scale particles). However, the approximation becomes invalid for nanoscale self-assembly

systems and biomolecules in biological systems as the Debyelength (100 nm for 10 µM aqueous

electrolytes) is on the same order or larger than the size of the nanoscale colloids (typically 0.5 to 50

nm).[69] Thus, a more reliable numerical approach must be developed in order to establish a deeper

understanding of the electrostatic interaction potentials for the self-assembly of nanoscale objects.

Bhattacharjeeet al began that work by reporting a novel approach to describe theinteraction between a

particle and a flat surface, where the value obtained for thepotential is far more reasonable than the one

predicted by the Derjaguin approximation.[70] There is ample opportunity for further improvement in the

area of mathematical modeling and simulations to enable quantitative determination of the self-assembly

processes driven by electrostatic forces, especially for nanoparticles with different sizes and shapes

(morphologies) with screening length comparable to the size of the nanoparticles.

In reality, both the electric double layer force and the vdW forces act together in driving the self-

assembly of colloidal nanoparticles. In fact, it is quite possible that a number of other forces (steric,

hydrophobic, and hydrogen bonding) may be acting on the nanoparticles as will be explained in

subsequent sub-sections. However, the following example demonstrates self-assembly through

predominantly electrostatic interactions. Grzybowskiet al reported the self-assembly of charged, nearly
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equally sized, gold and silver nanoparticles (8.36 to 8.6 nm) to form large, diamond-like crystals with a

variety of morphologies, in which each nanoparticle has four oppositely charged neighbors.[71]Figure 3

shows one such morphology of an octahedron and the insets show the {111} and {100} faces. The as-

synthesized gold and silver nanoparticles were coated withself-assembled monolayers of 11-

mercaptoundecanoic acid (MUA) and N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA),

respectively. The resultant self-assembled crystalline structure (diamond-like ZnS or NaCl) is reported to

depend on the separation distance between the charged particles vis-à-vis the screening length.

3.3 Steric and Depletion Forces – Role of Entropy

Ordered assemblies need not always form when only strong attractive forces of interaction are

present. For well-controlled assembly, it may be necessaryto have some form of repulsive interactions

between the constituents of the system to prevent prematuresystem collapse into an undesirable

disordered state. This concept is most commonly encountered in the folding of polypeptide chains into

higher order structures. For colloidal systems, the absence of any repulsive interactions manifests in an

undesirable precipitation or flocculation among the dispersed components. Entropic interactions through

steric and depletion forces could be helpful, even essential in this context.[27]

Steric forces are long-range attractive or repulsive forces induced by the adsorption or grafting of

polymers, polyelectrolytes, and biomacromolecules on thesurface of the interacting objects. In solutions,

a number of interactions such as polymer-polymer, polymer-solvent, and polymer-colloid coexist and

contribute to the magnitude of this force.Besides, the nature of the solvent (good or poor for the

polymer), temperature, and nature of the polyelectrolyte,if used, could also affect the force [27]. It must

be kept in mind that polymer induced forces can be attractiveor repulsive depending on various

experimental factors.

When the colloidal particle surfaces are saturated with adsorbed polymers in a good solvent, the

particle interactions are effectively repulsive as a result of overlapping of the polymer layers. Specifically,

when the solvent used in the colloidal system is a good solvent for the polymer, the solvent-polymer

interaction dominates.As two or more colloidal particles coated with the polymer chains come in contact

with each other, the solvent molecules are constrained nearthe polymer chains as a result of their affinity

for the polymer. There could be loss of entropy due to restriction on the molecular motion or orientational

freedom of the polymer, provided the number density of the polymer chains per unit area of the surface of

the colloidal particles is high. This entropically driven repulsive interaction is induced by contact [72].

There is also another instance of repulsive interaction when the colloidal particles coated with polymer
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approach each other. The elasticity of polymer coils causesthe conformational entropy change in this case

[27, 73, 74].

Repulsive steric forces have been produced upon compression of neighboring polymer

‘‘brushes’’ in many applications. One of the major applications of polymer brushes is the enhanced

stability in colloidal dispersions realized through tethering long-chain molecules onto the surface of

colloidal particles. Other applications include artificial joints, transplants, drug delivery by biodegradable

micelles, and diagnostics of mutations through attachmentof polymers to DNA microarrays [75-78].

Detailed discussion on theoretical approaches to polymer brushes and its applications is beyond the scope

of this review. However, interested readers in this field are referred to several approaches such as scaling

theory [79, 80], self-consistent field theory [81, 82], andMonte Carlo simulations [81-85] that have been

put forward to explain the concepts of “polymer brushes”.

When the colloidal system is composed of colloidal particles with polymer chains in a poor

solvent, polymer-polymer interaction is preferred to polymer-solvent interaction, as a result, the colloidal

particles coated/adsorbed with polymer on their surfaces experience a net attractive force. This is often

referred to as ‘bridging attraction’ [86]. Temperature is a significant factor besides the number density of

polymer chains in this case. On the other hand, if a non-adsorbing polymer is present in the colloidal

system, attractive depletion interactions could occur. When the distance between the interacting colloidal

particles is large, an even distribution of polymer chains (micelles in solutions) is expected. If this

distance becomes small (< 2Rg,) as the colloidal particles come into contact with each other, there is a

region in the vicinity of this contact volume where the amount of polymeric chains are depleted. The

osmotic pressure force exerted by the solvent molecules present on the outside of this depletion volume is

higher. This will induce a net attractive force between the colloidal particles. This kind of interaction is

known as depletion attraction [87]. The strength of this attractive interaction is dependent on the

concentration and molecular weight of the polymers, but is generally weaker than vdW or electrostatic

forces of attraction. Interestingly, depletion attraction forces are independent of the size and the

morphology (shape) of the interacting colloidal particles. For example, the depletion attraction from a

sphere-rod interaction has been studied in detail in recentyears, where a strong attractive depletion force

is experienced owing to both translational and rotational degrees of freedom [88]. The question arises -

what happens when the colloidal particles and/or the polymer are charged? In this case, electric double-

layer repulsion and depletion attraction oppose each other[89-91]. The net force is dependent on the size

of the polymer (molecular weight) and the concentration of colloidal particles (distance between them).

Having discussed the steric repulsion and depletion attraction qualitatively, let us now consider a

few examples of self-assembling nanoparticles using theseforces. Yan and co-workers demonstrated the
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synthesis of complex tubular architectures of gold (Au) nanoparticles using DNA-mediated assembly with

various conformations and chiralities by exploiting the steric and the electrostatic repulsion effects that

the Au nanoparticles lined up on the DNA array experience [92]. Importantly, precise placement of Au

nanoparticles on the DNA structures enables one to image 3D conformations of DNA tubes and overcome

the limitations of electronic microscopic imaging techniques (Figure 4). Also, self-assembly of Au

nanoparticles into tubular structures using DNA tiles could lead to interesting properties for

nanoelectronics and photonics applications.[92] Depletion attraction forces between CdSe/CdS

hydrophobic colloidal nanorods of semiconductors dispersed in an organic solvent in the presence of an

additive have been tailored to form 2D monolayers of close-packed hexagonally ordered arrays directly in

solution [93]. Depletion attraction forces were also foundto be effective in the shape-selective separation

of nanorods from binary mixtures of rods and spheres.[93] The experimental procedures employed in this

work provide a basis for cost-effective fabrication approaches for devices from nanoscale building blocks.

3.4 Hydrophobic Effect

Studies on hydrophobic interactions continue to attract constant attention as they play a pivotal

role in understanding molecular self-assembly. The hydrophobic effect is central to our understanding of

many biological processes, including protein folding [94], formation of lipid bilayers [95], and insertion

of membrane proteins into the nonpolar lipid environment [96]. It is believed to result from the tendency

of nonpolar substances to aggregate in aqueous solution andexclude water molecules. Both entropy and

enthalpy contribute to this effect. When a nonpolar substance with limited aqueous solubility (e.g.

hydrocarbons or long-chain poly-amines) comes in contact with water, the tetrahedral bonding sites of

water molecules are disrupted around the solute-water interface or at the surface of the solute. In other

words, the dynamic hydrogen bonds between water molecules are disrupted by the presence of nonpolar

substances. According to the theory of iceberg formation, water molecules form a network like structure

around the solute molecules [97-99]. The degree of translational and orientational motions of water

molecules is restricted, leading to a loss of entropy that makes the process unfavorable in terms of free

energy of the system, given as∆G =∆H – T∆S, where∆H is the change in enthalpy, T is the temperature,

and∆S is the change in entropy. At the same time, nonpolar molecules tend to come together to form

aggregates, in turn breaking the network structure and leading to an increased motion of the water

molecules. One may also consider the fact that by aggregating together, nonpolar molecules reduce the

surface area exposed to water and minimize their disruptiveeffect. So, although there is a loss of entropy

due to the confinement of nonpolar molecules, the overall the system gains a significant amount of

entropy as a result of the motion of water molecules. In summary, hydrophobic interaction is understood
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as an entropic effect originating from the disruption of highly dynamic hydrogen bonds between

molecules of liquid water by the nonpolar solute.

The theory of iceberg formation to explain the genesis of thehydrophobic effect has been

questioned by many scientists all over the world. For the sake of providing a complete picture to the

readers, we summarize here the results from critical works.The fundamental goal of all these works is to

unravel the mystery of long-range interactions of hydrophobic forces that extend up to 100 nm from the

nonpolar surface. Yamaguchi and co-workers provided evidence for iceberg-like structure as well for the

decreased mobility of water molecules.[98] At the same time, their study did not reveal any exact

correlation of the decreased mobility of water molecules with the formation of the iceberg-like structure.

There have also been many experimental observations as wellas simulation studies for this purpose. One

of the critical experimental observations is the appearance of nanobubbles on the surfaces of hydrophobic

molecules. Attardet al have argued that the growth of these nanobubbles followed bytheir bridging

through capillary action could explain the origin of the force. The bridging meniscus would then pull the

surfaces together to form aggregates [100]. Their AFM observation of the formation of pancake-shaped

nanobubbles lends credibility to their arguments [101]. More recent experimental works with neutron and

X-ray reflectivity studies show depletion of water density atthe interface. A surface layer 2–5 nm thick

with a density about 6–12% lower than that of bulk D2O was observed by Steitzet al [102]. The authors

noted that the use of AFM in previous works might have nucleated the bubbles so they used neutron

reflectivity to look at the interface. Neutrons are strongly scattered by deuterium (D) and, therefore, they

employed D2O, in contact with deuterated polystyrene, a hydrophobic polymer. In another work reported

by Jensenet al X-ray reflectivity measurements of the interface of a heavy-alkane monolayer floating on

the surface of water also reveals a similar depletion zone of1.5 nm thickness with a density of around

10% of the bulk water density[103]. Thus, it is suggested that lower fluid density at the interface could

lead to the formation of gas-like water more so than ice-likewater [104].

3.5 Hydrogen Bonding

The unusual physical properties of water, especially its low molecular weight, high boiling point,

maximum density at 4 °C, and increasing dielectric constantupon freezing of water into ice, are

understood to originate from its hydrogen bonding structure [47]. Hydrogen bonds are also present in

other molecules apart from water. These bonds are formed between hydrogen and highly electronegative

atoms such as oxygen, nitrogen, fluorine, chlorine, and others. The electron cloud of the hydrogen atom is

attracted by these atoms, making the hydrogen atom positively polarized. The positively charged

hydrogen atom can, in turn, interact with the electronegative atoms in its vicinity. In a sense, hydrogen
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bonds are believed to be electrostatic in nature, whereby a proton mediates the attraction of two larger

atoms with partial negative charges. Magnitudes of individual hydrogen bonds range from 10 to 40 kJ per

mol and, therefore, it is weaker than a covalent bond (~ 500 kJ/mol), but stronger than vdW interactions

(around 1kJ/mol). Hydrogen bonds are directional in nature. In other words, the molecules capable of

forming a hydrogen bond interact only through specific bonding sites. Hydrogen bonding can occur

within the same molecule (intramolecular) as well as between molecules (intermolecular). Both the

strength and the directionality of the hydrogen bond are responsible for the formation and stability of the

DNA double helical structure, integrity and function of biological membranes, and cell functions such as

cellular transport.

Beyond supramolecular systems, hydrogen bond interactions have been extended to the self-

assembly of nanoscale materials [105-107]. Metal nanoparticles functionalized with thiol molecules (HS–

C6H4–X where X = OH, COOH, NH2) are reported to self-assemble through hydrogen bond formation

and the extent of assembly is dependent on the strength of hydrogen bonds formed [106]. End-to-end self-

assembly of anisotropic nanostructures has been realized through the attachment of hydrogen bonding

functionalities to the ends of the Au nanorods [105, 107]. When the functional groups are acidic, strong

hydrogen bond interactions were observed at low pH and repulsive electrostatic interactions were

experienced at higher pH [107]. Meanwhile, when the pH values are intermediate, vdW interactions could

come into play, leading to side-by-side assembly [36].     

 

4. Bottom-up Approaches

Having summarized the various fundamental interaction forces responsible for self-assembly

among discrete nanoscale elements, we will now focus on the various approaches towards the fabrication

of nanoscale organized structures. In contrast to the use ofexpensive equipment and cumbersome

processing methodologies often employed for top-down fabrication, bottom-up approaches rely on

imparting specific interactions between molecules or nanoparticles often using simple chemistry to drive

an autonomous self-assembly process once the precursors are mixed together under appropriate

conditions. The sheer number of choices available to fine tune the interactions between the nanoscale

elements (interaction forces, molecular structure, nanoparticle shape, size, and surface characteristics)

makes this especially promising for nanofabrication. For example, tunable nanostructures can be created

by simply controlling the process parameters such as temperature, humidity, pH, and chemistry of

sacrificial templates. We refer the interested readers to several detailed reviews written in this area.[108-

119] The scope of this article is limited to highlighting theground breaking achievements in directed self-

assembly (DSA) with suitable examples from recently published works.
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4.1 Directed Self-Assembly

Spontaneously self-assembled structures formed through thermodynamic interactions between

individual components is a rapidly growing area of researchas it offers facile means to fabricate uniquely

tailored nanostructures. Approaches involving the use of nanoparticles as individual building blocks for

realization of such systems are especially relevant.[120-133] Such bottom-up fabrication methodologies

offer unprecedented control on fine tuning the optical, mechanical and electrical properties of the

resultant material. Evaporation-induced self-assembly (EISA) [132, 134-139] is one such example for this

type and when combined with templating, it may be used to produce well-controlled nanostructures with

long-range order. In order to successfully exploit nanoparticle self-assembly in technological applications

and to ensure efficient scale-up, a high level of direction and control is required. The methods concerning

DSA can again be classified into three broad categories: (i)template-guided self-assembly (ii) entropic –

enthalpic interplay driven self-assembly within nanoparticle-polymer systems, and (iii) field-guided self-

assembly with subsets within these categories.

4.1.1 Template-Guided Self-Assembly

A template may be defined as a scaffold onto which molecules or particles can be arranged into a

structure with a morphology that is complementary to that ofthe template. A variety of elements, such as

single molecules [140], nanostructures (e.g., carbon nanotubes[141, 142] and mesoporous silica [143]), or

block copolymers (BCP) [132, 139, 144, 145], can serve as soft and hard templates. Hard templates

include mesoporous materials [139], porous alumina [146],proteins[147], carbon nanotubes [141, 142],

and porous polymer films [148]. Soft templates are generally micelles, reverse micelles and vesicles

formed by the aggregation of surfactant molecules. Therefore, BCPs and biomolecules can serve as a soft

template. The soft template provides cavities in dynamic equilibrium, and substances can diffuse into the

cavity through the cavity wall, while the hard template provides static pore channels, and substances can

only enter the pore channel from its opening. Soft templatesare reported to provide a uniform spatial

distribution of active reactive sites to allow controlled periodicity in the placement of nanoparticles and

hierarchical structures. Hard templates with chemically modified surfaces allow assembly of

nanoparticles and the template-directed growth of nanostructures, such as nanowires, nanorods,

nanotubes, and others. As this field has matured rapidly, some outstanding reviews on this topic have

been already written and interested readers are referred tothese publications.[39, 149-151]

4.1.2 Directed Self-Assembly through Interplay of Entropy-Enthalpy in Polymer-Nanoparticle

Systems
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4.1.2.1 Nanoparticle - Polymer Systems

One of the evolving fields of research in directed self-assembly has been that of assembly in

nanoparticle–polymer systems. In such systems, nanoparticle distribution within the polymer is

determined primarily by the interplay between entropic andenthalpic effects between the dispersed

nanoparticles and the polymer chains. A great deal of research has been accomplished on using

nanoscopic filler elements in various composites to enhance the electrical, mechanical and optical

properties of materials [152-159]. Segregation of the nanoparticles is often undesired under these

circumstances and achieving and maintaining a uniform distribution of the nanoparticles within these

composites through appropriate surface modification becomes extremely important to preserve the

structural integrity of the composite materials. However,segregation, when finely directed, could lead to

exotic structures opening up new avenues to use nanoparticles as nanoscale building blocks for bottom-up

assembled structures at multiple length scales. For example, we have recently reported a novel process of

synthesizing dye-doped nanoparticles and facilitating their controlled segregation to form fluorescent

supra-nanoparticle clusters (~22 nm), with each supra-nanoparticle cluster made up of ~200 unit

nanoparticles and each unit nanoparticle (~3 nm) in turn encapsulating on average a single dye

molecule.[160, 161] Beyond the demonstration of the assembly process, there is afunctional advantage to

this architecture, which lends itself a unique solution to the long-standing problem of self-quenching

among dye molecules when encapsulating them in high number within nanoscale volumes (e.g. within a

single nanoparticle).

Controlled segregation of nanoparticles may also lead to interesting macroscale architectures.

Nanoparticle distribution and dispersion stability within a polymer matrix are governed primarily by the

enthalpic factors between the nanoparticles and the polymer chains [162]. For maintaining a uniform

distribution of the nanoparticles, it becomes critically important to minimize the enthalpic contact

energies between the nanoparticles and the polymer chains [163]. This is easily attained when

nanoparticle is of the same chemical make-up as the polymeric matrix in which it is dispersed.

Alternatively, the nanoparticle surfaces may be grafted with appropriate surface ligands that are miscible

with the polymer matrix [120, 164]. The latter approach is more attractive as it lends greater flexibility in

incorporating nanoparticles that are fundamentally different in their chemical, electronic, optical, and/or

mechanical properties than the polymers in which they are dispersed, thereby substantially influencing the

properties of the final composite material.

Towards self-assembled systems using nanoparticles as individual building blocks, the nature of

the surface ligands on the nanoparticles plays an importantrole. It is well known that in multicomponent

polymeric systems, the component with the lowest surface energy tends to segregate to the air interface to
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minimize the surface energy of the system [164]. Thus, nanoparticles that are surface grafted with low

surface energy ligands may be selectively driven to the air interface. This aspect enables fabrication of

smart coatings wherein the surface functionality of the coatings is predominantly determined by the

nature of the ligands on the nanoparticles and those of the nanoparticles themselves.

In addition to enthalpic factors, entropy also plays an important role in determining the

nanoparticle distribution within the polymer matrix. Maintaining a uniform distribution of the

nanoparticles within a polymer matrix imposes an entropic penalty on the polymer chains as the polymer

chains have to extend and stretch across the nanoparticles [120, 164-166]. Thus, the larger the

nanoparticle, the greater the entropic penalty levied on the polymer chains [165]. A careful control of the

enthalpic and entropic factors therefore allows one to direct self-assembly within polymer-nanoparticle

composites. For this, the nanoparticle size, the surface groups on the nanoparticles, and the polymer

matrices used are all parameters that may be fine-tuned to obtain desired structures. To initiate self-

assembly, the nanoparticle-containing polymer films are often subjected to an annealing step at the glass

transition temperature of the polymer. This makes the polymer chains mobile while imparting energy to

the nanoparticles for their thermodynamically-directed segregation.

An exquisite example of self-assembly within nanoparticle-polymer systems has been reported by

Krishnanet al [167]. Here they have demonstrated various instances wherethe nanoparticle localization

may be predicted accurately and controlled experimentallywithin multi-layer polymeric thin films

(Figure 5(a)).[164]. By choosing polystyrene nanoparticles dispersed within linear polystyrene, the

authors have effectively minimized the enthalpic contribution to the self-assembly process. Segregation of

the nanoparticles to the substrate interface was observed under these conditions primarily due to the

entropic effects. By expelling the nanoparticles to the substrate interface, the linear polystyrene chains

gained conformational entropy at the cost of loss of translational entropy of the nanoparticles. Segregation

to the air interface was demonstrated with the use of CdSe nanoparticles surface-grafted with oleic acid

molecules. Here, in contrast to the behavior exhibited by the polystyrene nanoparticles, enthalpic terms

dominated. The low surface energy of the oleic acid brushes promoted the segregation of the CdSe

nanoparticles to the air interface to minimize the total energy of the system. Regardless of the

contributing term to the segregation of the nanoparticles,multilayer formation of the self-assembled

systems was demonstrated.

A relevant immediate application of this behavior, as reported in [168], is to be able to limit

dewetting of ultra-thin polymer films on low surface energysubstrates. Irrespective of the manner in

which the nanoparticles segregated (either to the substrate interface or air interface) the segregation of the

nanoparticles promoted stabilization of thin polymer films on low surface energy substrates. This is a
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significant development as dewetting in ultra-thin polymer films is a consistent problem, which usually

requires surface energy matching of the substrate or modification of the polymer functionality itself to

limit dewetting.

Recently, there has been a surge of interest in fabrication of thin films/coatings that can sense and

self-heal in response to damage [154, 156, 165, 169]. Towards this, the concepts of self-directed

nanoparticle assemblies become especially relevant. Controlled localization and on-demand release of

nanoparticles within polymer systems can lead to the next generation self-healing coating technologies.

An example of such a self-healing thin film was reported by the Balazs group (Figure 5(b) and 5(c))

[165]. It was predicted theoretically and experimentally that in amultilayered composite system

consisting of a nanoparticle-filled polymer layer topped with a brittle inorganic film, nanoparticles may

be entropically driven to fill up cracks developed within the overlying brittle film, thereby effectively

repairing the damage [156]. Practical demonstration of this thermodynamically driven self-assembly

process was done using CdSe nanoparticles surface-graftedwith polyethylene oxide (PEO) brushes and

blended within PMMA thin films. The good miscibility of PEO and PMMA ensures that the enthalpic

contributing terms are minimal and that any assembly of the nanoparticles within this system is driven

predominantly by system entropy. The authors demonstratedsuccessful segregation of the nanoparticles

to the exposed PMMA surface in cracks initiated in a brittle SiOx layer upon annealing this system to

above the glass transition temperature of PMMA. Further, the extent of this segregation was shown to be

dependent on nanoparticle size as larger nanoparticles incur a larger entropic penalty on the polymer

chains, which translates to a greater propensity of the polymer chains to expel the nanoparticles.

4.1.2.2 Block Copolymer–Nanoparticle Systems

BCPs are a classic example of synthetic systems capable of undergoing spontaneous self-

assembly to give rise to a myriad of different, ordered nanostructures with well-defined geometries. The

exceptional self-assembling propensity of these molecules may be attributed to their unique molecular

make-up. These are often amphiphilic molecules and are composed of multiple covalently linked blocks

of chemically distinct polymer segments. The amphiphilic nature owing to the differential wetting

characteristics of the individual blocks of the copolymer lends itself to spontaneous self-assembly into

ordered domains (i.e. spheres, cylinders, lamellar structures, etc.) similar to self-assembly among

surfactant systems [170, 171]. The use of these assemblies as templates for the fabrication of ordered

mesoporous inorganic materials is widely documented [139,143, 172-174]. A particular advantage of

BCPs lies in the enormous degree of flexibility it offers in the choice of the different blocks and their

individual molecular weights that are often the key factorsgoverning self-assembly among these systems
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[175]. Casting these molecules as thin films, the ensuing ordered assemblies may be further utilized as

patterning templates; this technique also referred to as block-copolymer lithography [144, 171, 175]. A

brief overview of BCP nanolithography is described in section 7.3.

We have discussed previously that the nanoparticle assembly within polymer systems is governed

primarily by their entropic-enthalpic interplay; the nanoparticle surface ligands playing an integral role in

the assembly process. By controlling the wettability of thenanoparticle surfaces such that the

nanoparticles are dispersible within only one block of the BCP, researchers have demonstrated their

controlled localization within specific domains of the BCP[166, 176-178]. This is achieved by tailoring

the ligands to have favorable enthalpic interactions (i.e.ionic, hydrogen bonding, dipole-dipole,

hydrophobic interactions, etc.) with the particular BCP block [132].

In this regard, Chiuet al demonstrated a simple and robust procedure for the exquisite control of

the nanoparticle location within a diblock copolymer [166]. By taking poly(styrene-b-2 vinylpyridine)

(PS-PVP) diblock copolymer as a model system, they have demonstrated differential segregation

behavior of gold nanoparticles surface modified with PS, PVP, or a combination of both within the BCP

domains. While nanoparticles coated with the single homopolymer (PS/PVP) segregated to the central

portion of the respective domains, co-localization of PS and PVP molecules on the nanoparticles led to

their segregation to the PS-PVP interface within the BCP (Figure 6(a) and 6(b)).[166] As in the

nanoparticle-polymer systems discussed previously, the segregation of the nanoparticles coated with

single homopolymer to the respective domains is driven primarily by the need to minimize their enthalpic

contact with the alternate domains of the BCP. Following in line with our previous discussion, although

localization of the nanoparticles at the central regions ofthe corresponding blocks result in loss of

translational entropy for the nanoparticles, this loss is offset by the gain in the conformational entropy of

the corresponding domains. The segregation of the nanoparticles that are surface modified with both PVP

and PS to the PS-PVP interface within the BCP, although rationalized by taking into consideration the

interfacial effects, still remains a subject of further investigation [166].

Extending the nanoparticle-BCP assembly to the fabrication of 3-dimensionally ordered

mesoporous materials was demonstrated by Warrenet al [132]. Although BCPs assemblies have been

reported extensively as sacrificial templates for the fabrication of ordered mesoporous metal organic

frameworks, fabrication of these structures that are purely metallic remains a significant challenge. High

surface energies associated with pure metals make it more favorable for them to assume shapes of low

surface areas [132]. By utilizing Pt nanoparticles surfacemodified with ionic liquid ligands, ultra-high

loading of the nanoparticles (~79% by volume) within the hydrophilic domains of the copolymer was

demonstrated. Cooperative assembly between functionalized nanoparticles and BCPs can further lead to
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hierarchically ordered thin film structures. Such an assembly was elucidated by Linet al where they have

demonstrated that incorporation of low surface energy tri-n-octylphosphine oxide-(TOPO)-covered CdSe

nanoparticles within a PS-PVP diblock copolymer leads to the formation of hexagonally ordered,

vertically oriented (normal to the substrate) PVP domains with the nanoparticles segregated within these

domains and concentrated at the film-air interface (Figure 6(c) and 6(d)).[127] This is despite the fact

that PVP domains had preferential wetting to the substrate.The control samples showed contrasting

architectures wherein cylindrical microdomains assembled parallel to the substrate substantiating the role

the nanoparticles played in the self-assembly process.

More recently, the cooperative self-assembly process between functionalized nanoparticles and

BCPs to yield 3D multi-layered, in-plane hexagonally ordered nanoparticle sheets was demonstrated by

Kao et al [179]. In this work, it was demonstrated that the self-assembled structures observed in the bulk

nanoparticle-BCP systems may be translated to thin film configurations with high fidelity. For example,

by optimizing the solvent annealing conditions to orient lamellae parallel to the substrate, low surface

energy nanoparticles assembled within the interiors of theBCPs were effectively kinetically trapped from

segregating to the air interface. Extending such cooperative self-assembly to anisotropic nanoparticles can

have many technological implications. One-dimensional nanostructures such as nanorods and nanowires

are increasingly being considered for use as novel filler elements within polymer composites. The

ensemble arrangement of the nanowires/nanorods and their spatial distribution within the polymeric

system can have a significant impact on the overall properties of the composite. Further, using polymeric

templates to direct their self-assembly wherein the spatial order, orientation on the substrate and rod-

rod/wire-wire spacing may be controlled accurately is desirable for applications spanning photovoltaics,

plasmonics, sensing, and others [180-182]. In the case of anisotropic shapes such as nanorods, the rod-rod

energetic interactions gain prominence and are on the same order as the other thermodynamic interactions

(entropic and enthalpic) present within typical nanoparticle-polymer systems[145]. Thorkelssonet al

reported on these aspects and how previously described energetic interactions–depletion interaction and

dipole-dipole interactions–may be coupled synergistically with those occurring between the nanorods and

the BCPs to control the nanorod organization [145]. The additional parameter–aspect ratio of the

nanorods–among other things played a vital role in the finalself-assembly process.

BCP self-assembly on chemically and/or structurally patterned surfaces presents yet another route

towards directed organization of nanoparticles on substrates [175, 183]. The underlying basis of this

organization stems from the fact that, on a chemically patterned substrate with contrasting surface

energies, preferential interfacial interactions of the individual blocks with the chemical patterns leads to

well-defined organization provided commensurability between the surface patterns and the BCP lamellae
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period is satisfied. This principle was further extended toinclude assembly on irregularly shaped patterns

by using a ternary blend of diblock copolymers and homopolymers by Stoykovichet al demonstrating

that this was a viable technique towards achieving large scale device oriented patterns [175]. In the

follow-up to this work, Kanget al adapted the cooperative self-assembly between nanoparticles and BCPs

upon chemically patterned substrates and demonstrated both theoretically and experimentally, fabrication

of ultra-low defect arrays of nanoparticles at sub-40 nm length scales with exceptional control on the local

distribution (at the length scale of few nanometers) of the nanoparticles within individual arrays [183]. It

was further demonstrated that a fine control on the local distribution of the nanoparticle within each array

may be made by controlling the period of the striped chemicalpatterns and/or the composition of the

ternary BCP blend. When the periods were commensurate, single lines of nanoparticles were obtained,

consistent with the segregation behavior observed within the bulk state. However, when the period of the

striped pattern exceeded that of the BCP lamellae, aggregated nanoparticles were obtained within the PS

domains. This was attributed to the extension in the chain configuration brought about by interfacial

surface effects. This fine level of control demonstrated bythe authors is significant as this can lead to

well-controlled nanoparticle assemblies over large areas, controllably and inexpensively.

4.1.2.3 Nanoparticle–Polymer Systems at High Temperatures

A particularly interesting scenario occurs when the nanoparticle-polymer systems are examined at

high annealing temperatures (i.e. temperatures beyond thedecomposition temperature of the polymer).

When nanoparticles possessing high temperature stabilityare utilized, this leads to the condition where

the nanoparticles, initially confined within the polymer chains, experience a sudden increase in entropy

due to the decomposition of the polymer matrix. The thermal input provided to the system further imparts

energy to the nanoparticles that are in continuous random Brownian motion. Our group previously

reported that a rapid thermal annealing step at high temperature in systems using

poly(methylsilsesqioxane) nanoparticles dispersed within poly(propylene) glycol (PPG) polymer leads to

the formation of highly porous nanoparticulate films [184]. Interestingly, the properties of these films,

even for set nanoparticle weight fractions, were highly temperature dependent. Contrary to conventional

logic, these films exhibited increasing pore volume fractions and decreasing thicknesses at higher

temperatures, suggesting that these were not constant masssystems. A significant fraction of

nanoparticles, namely, those that were not cross-linked, simply escape (i.e. fly-off) from the composite

film upon annealing at high temperature due to their increased associated kinetic energies (Figure 7(a)).

Using this novel approach, reproducible synthesis of nanoporous, high surface area films with refractive

indices as low as 1.05 was demonstrated [184].
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The system behavior of such high temperature processed nanoparticle-polymer composite films

on chemically patterned substrates presents another interesting scenario. Substrate surface energy plays a

dominant role in this case since, unlike low temperature processed systems where the substrate effects are

effectively shielded from the bulk film through the formation of a segregated monolayer of the wetting

phase at the interface, decomposition-led depletion of thesegregated labile phase results in the domino

effect for high temperature processed systems. This leads to profound morphological changes in the bulk

film. Here, surface energy was used to gate the formation of porous and collapsed pore films. By

chemically patterning the surfaces to contain low and high surface energy patterns, we had demonstrated

spontaneous patterning of nanoporous films. Preferentialwetting of the PPG phase on high surface energy

patterns led to collapse of pores in the bulk film. Films present on the low surface energy regions on the

other hand retained the high porosity (Figure 7(b)) [185].

4.1.2.4 Anisotropic Self-Assembly of Nanoparticles

Recent literature is inundated with reports on the synthesis and fabrication of various

anisotropically-shaped nanoparticles and bottom-up assembled nanostructures.[115, 117, 118, 186-189]

In most of these instances, anisotropic growth of nanoparticle superstructures is brought about by the

directional interactions among anisotropically shaped nanoparticles,[190-194] the anisotropic properties

of the nanoparticles themselves and/or under the influenceof external manipulation (Electric field,

magnetic field etc)[195]. Directional interactions between common, isotropic nanoparticles, however,

present a unique challenge, which was addressed recently byKumar and co-workers.[196, 197] This

work, which may be considered an extension of the previouslydiscussed literature on nanoparticle-

polymer systems, examined the directional assembly of nanoparticles grafted with macromolecules and

dispersed within their corresponding homopolymer matrices. By taking polystyrene chain-grafted silica

nanoparticle–polystyrene polymer composites as the model system, it was demonstrated that silica

nanoparticles self-assembled into a myriad of different anisotropic assemblies; the final self-assembled

morphology critically dependent on the grafting density ofthe polymer chains on the nanoparticles, its

molecular weight, and the molecular weight of the homopolymer matrix. Self-assembled morphologies

ranged from spherical aggregates (under the limiting case of bare nanoparticle dispersed within the

polymer matrix) to thick sheets, thin sheets, strings, and well-dispersed nanoparticles as the grafting

density and/or the molecular mass of the grafted polymer increased progressively. The authors showed

both experimentally[196] and computationally[197] that such a behavior was indeed expected for these

systems and was rationalized by considering the entropic–enthalpic interplay between the grafted

nanoparticles; the short-range inter-particle attraction forces and entropic penalty of distorting the
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polymer brush chains due to the approaching nanoparticles.The interplay among these forces essentially

leading to the final aggregated morphology of the lowest free energy. Similar anisotropic self-assembly of

isotropic nanoparticles was recently demonstrated by Manget al[198]. Here, it was demonstrated that

spherical gold nanoparticles, surface-grafted with mixedmonolayers of mesogenic molecules and alkyl

thiols led to anisotropic self-assembly of the nanoparticles; the volume fractions of the surface-grafted

molecules determining the extent of anisotropy in the finalassembly.

4.1.3 Field-Directed Self-Assembly

The use of external influences and fields to control particle suspensions is well-known for

tailoring the mechanical, optical, and electronic properties of materials in several applications. External

fields have been applied to direct the assembly of colloidaland nanoparticle systems. Electric and/or

magnetic fields are suitable choices for field-directed assembly. Also, assembly in fluid flows and even

electromagnetic fields in the form of spatially-patternedoptical traps have shown tremendous promise to

direct assembly. Macroscopic viscous flows have been demonstrated to produce ordered assembly of

nanoparticles from a solution containing a disordered suspension of nanoparticles. However, shear rate

and shear strain, particle volume fraction, particle interaction potentials, and polydispersity are factors

that affect flow-induced ordering and these need to be controlled and tuned appropriately and accurately.

A number of methods employing external fields used to produce structures from a solution phase of

precursor particles will be reviewed in this section. Field-directed assembly promises to be a key tool in

the bottom-up fabrication of novel functional nanostructures that will enable new materials and

devices.[39]

4.1.3.1 Electric Field Induced Self-Assembly

Electric field-induced self-assembly can be accomplishedusing either DC or AC fields. Most

of the works reported in literature, however, employ AC fields in order to overcome electro-osmotic and

electrochemical effects associated with DC fields. Self-assembly induced by electric fields in colloidal

and nanoparticle systems have been studied in detail over the past three decades.[199-205] Particle

polarization is the key phenomenon behind this type of field-induced assembly owing to the differences in

the dielectric properties of the particles and the surrounding medium (i.e. solvent). The charges present in

the electrostatic double-layer also contribute to the polarization in response to the external field.[199] In

this respect, the behavior of electrorheological (ER) fluids under the influence of an external field has

been studied in detail to understand the interactions and the resulting structural evolution as a function of

applied field and particle concentration [201, 206]. ER fluids are defined as colloidal suspensions of
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highly polarizable particles in a nonpolarizable solvent [206]. The induced field formed results in strong

dipole-dipole interactions, forming first dipolar chainsand then leading to the gradual formation of

minimum energy structures at longer times such as a body-centered tetragonal (bct), hexagonally close-

packed (hcp), or face-centered cubic (fcc) lattices, depending upon the particle, concentration, and field.

If the interaction energies were high, kinetically jammed states of percolated chains were observed [39].

In a recent work reported by Lumsdonet al self-assembly of micrometer-sized polymer latex

particles and silica particles was directed by applicationof an AC electric field using coplanar electrodes

(field parallel to the interface), resulting in the formation of two-dimensional hexagonal crystalline arrays

(Figure 8(a-d)) [207]. The directed self-assembly was enabled due to the role played by two

complementary forces, namely, (i) induced dipole–appliedfield and (ii) dipole–dipole interactions. While

the former caused the movement of the particles towards the surface of the electrode, the latter caused the

aggregation and 2D crystallization into hexagonal phases.Fields of intensities in the range of 40-100 V

with coplanar electrodes separated at 1 mm apart at a frequency of 200-20,000 Hz (typically 500 Hz)

were used to assemble the crystals. The remarkable aspect ofthis field-induced assembly is the reversible

switching between ordered and disordered states [39, 207].

Apart from the dipole-dipole interactions, localized electrohydrodynamic (EHD) flows generated

by AC electric fields can also enable formation of 2D superlattices and, in some cases, complex

assembled structures. Ristenpartet al reported that the frequency of AC field and the particle

concentration dictate the type of 2D planar superlattices formed (triangular or square) in case of a binary

colloidal suspension composed of silica and polystyrene particles.[204] Interestingly, the aggregation at

low frequency (< 3 kHz) is dominated by attraction resultingfrom EHD flow while that at high frequency

(20–200 kHz) the EHD flow is negligible and the aggregation is instead driven by attractive dipole-dipole

interactions.[204] Absence of superlattice formation at intermediate frequencies (3–20 kHz) has been

attributed to domination of repulsive interactions (causing lateral displacements) transverse to the applied

field. While there is no dependency on the field strength at low frequencies (< 3 kHz), the aggregation

behavior at high frequency is strongly dependent on field strength. The reported absence of field strength

dependence at low frequencies is attributed to the identical scaling of the repulsive and attractive

interaction forces scale with field strength. The authors further reported that monodisperse suspensions

exhibit similar trend at lower frequencies and hence the cause of aggregation is not intrinsically linked to

a binary character. This work is an excellent contribution to the study of electric field-directed self-

assembly of colloidal particles. The extent of resultant self-assembled complex structures depends upon

the orientation of the applied field (parallel or perpendicular to the assembly plane) and the proximity of

the colloidal particles with respect to the electrodes.[208] The degree of confinement (through varying
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spacing between the electrodes) of colloidal suspensions is also reported to dictate the assembly.[209] It

must be noted that diverse self-assembled structures are possible depending upon the field frequency, the

field strength, and the particle concentration.

4.1.3.2 Magnetic Field Induced Self-Assembly

Magnetic nanoparticles (MNPs) with tunable characteristics such as size, shape, magnetic

properties, and composition have been synthesized for wide-ranging applications such as data storage

media [210], catalysis [211], and biomedicine [212]. From an applications point of view, MNPs are

generally dispersed within a polymer with random distributions and orientations. It is expected that

achieving precise control over the spatial organization ofMNPs within the polymer matrix will enable the

production of smart, switchable materials or magnetic devices with enhanced performance parameters.

Formation of 1D, 2D and 3D assembled structures of MNPs through self-assembly requires an

understanding of the inter-particle and intermolecular forces that are present. It is evident that the extent

or the length scale of the self-assembly of MNPs will be influenced by the nature of magnetic properties

(paramagnetic or ferromagnetic) associated with the particles. MNPs are generally coated with an organic

functional layer to prevent them from aggregation and to remain soluble in solvents. Therefore, spatial

organization of these MNPs with surface functionalized groups within a polymer matrix require favorable

intermolecular interactions such as hydrogen bonding, electrostatic attraction, hydrophobic interactions,

and vdW forces.[213] Alternatively speaking, surface functionality of MNPs needs to be tailored suitably

to allow favorable interactions with the polymer for self-assembly.

In general, materials respond to magnetic fields, but the direction and magnitude of their response

is what defines the various types of magnetic materials. Diamagnetic materials are weakly repulsive to an

external field with a negative susceptibility on the order of of 10-5 to 10-6. Paramagnetic materials, on the

other hand, are weakly attractive to the field with a positive susceptibility in the range of 10-3 to 10-5.

Ferromagnetic and antiferromagnetic materials are magnetic even in the absence of external magnetic

fields. The molecular composition and nature of the coupling interactions between the electrons within

the materials distinguishes these three classes of materials. Typical MNP compositions include Fe and Co

metal particles, iron oxides (Fe3O4), spinel ferrimagnets such as CoFe2O4 or MnFe2O4, and intermetallic

alloys such as CoPt3 or FePt. Since the scope of this article is limited to self-assembly, interested readers

are referred to some excellent review articles and the references therein for information on the synthesis,

characterization, and applications of MNPs.[214-217]

Similar to the electric field-induced assembly discussed in the preceding sub-section, the main

driving force for self-assembly of MNPs is attributed to magnetostatic dipole–dipole interactions. These



26 

 

interactions could be attractive or repulsive depending upon whether the dipoles are aligned in parallel or

antiparallel directions, respectively. It has been reported that application of external magnetic fields

facilitate self-assembly of nanoparticles into array structures even for ultrafine particles, which do not

aggregate easily in the absence of field.[218] This kind of field-assisted self-assembly process may be

reversible, dependent on the interaction energy of the nanoparticles. In addition to magnetic interactions,

attractive vdW forces are also likely to play a significant role in the self-assembly of ultrafine

nanoparticles. The energy of vdW interactions scales linearly with particle radius while that of magnetic

dipole interactions is proportional to the particle’s volume. Therefore, vdW interactions dominate for

sufficiently small particles and small inter-particle distances, while the long-range magnetic interactions

play a crucial role in the presence of an external magnetic field as exemplified in the self-assembly ofγ-

Fe2O3 nanoparticles with 10 nm average diameter.[218] Thus, the magnetic interactions drive the self-

assembly of these nanoparticles in the presence of a strong external field (≈0.6 T).

Magnetic dipole–dipole interactions are directional in nature. A variety of structural

morphologies such as linear chains, ring structures, and others are possible from colloidal self-assembly

of nanomagnets.[219-223] The final morphologies of self-assembled structures are dictated by the

interplay of magnetic dipolar interactions with thermal fluctuations. In the presence of an external

magnetic field, well-ordered superlattice structures with body-centered tetragonal symmetry have been

achieved by the self-assembly of nanoparticles driven by stronger dipolar interactions.[224] Bliznyuket

al reported the observation of spontaneous self-assembly of Ni nanoparticles into an interconnected

network of nanochain structures on a Si surface in the presence of a magnetic field.[225] The AFM

images shown inFigure 9 (a & b) reveal the formation of such assembled structures with the inset

showing the arrangement of individual nanoparticles into achain.[225] Likewise, Zenget al reported the

formation of necklace-like chains of Co nanostructures when an external magnetic field was appliedin

situ during the chemical synthesis.[226] Furthermore, by usingthe pre-assembled 1D structure of Co

nanoparticulate chains as a sacrificial template, they demonstrated the synthesis of hollow nanoparticle

chains of gold, platinum, and palladium (i.e. noble metals)with tunable optical properties (Figure 10 (a-

c)). The length of the chains was shown to determine the positionsof surface plasmon resonance (SPR)

absorbance/coupling peaks. The remarkable feature of thiswork is the observed tunability of the SPR

peak from 577 nm to nearly 850 nm by merely varying the external field strength during the synthesis of

the sacrificial Co nanostructures. The SPR behavior of hollow Au nanoparticles was shown to differ

significantly from that of Au nanotubes and Au nanorods, indicating the utility of magnetic field-directed

self-assembly to obtain previously unattainable structures by more traditional means.[226] By extension,
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a number of works in the last decade have been reported on the synthesis of periodic arrays of 1D and 2D

patterns of magnetic nanoparticles and other related structures.[227-229]

We will conclude this sub-section with a few remarks on the usefulness of self-assembled MNPs

in relation to real-world applications and future directions. Self-assembly can facilitate synthesis of

hierarchically-ordered nanoparticle structures with extremely narrow distributions of size and

electromagnetic properties. MNPs are also used extensively in biomedical applications such as targeted

drug delivery and as contrast agents in a number of MRI applications. For these applications, a high

degree of control in the synthesis of MNPs is required to achieve well-defined homogeneous magnetic

properties. Lastly, this kind of DSA could be useful in the areas of smart, switchable materials and for

making materials with highly asymmetric mechanical and optical properties. Since the magnetic

properties are also dependent on the shape of the nanoparticles, future focus should be directed towards

developing self-assembly-based methods leading to shape-controlled synthesis with tailored and desired

magnetic properties.

4.1.3.3 Flow-Induced Self-Assembly

Colloidal dispersions are used extensively in a number of industries ranging from paints,

cosmetics, and inks to food and pharmaceuticals. The macroscopic properties of these dispersions are

strongly dependent on the micro- and nano-structures that result from the spatial organization of the

colloidal particles under the influence of various interactions. In general, colloidal particles are subjected

constantly to inter-particle interactions, Brownian motion, and hydrodynamic forces. The inter-particle

forces can be attractive as well as repulsive.[230] Brownian motion represents the random motion of

colloids in a fluid due to thermal effects. Hydrodynamic interactions result from the force experienced by

the colloid in a flow field induced by the motion of a given particle. Thus, the resultant structure is

determined by a delicate balance achieved through the interplay of all these forces. In this sub-section, we

will limit the discussion to key developments reported on flow-induced self-assembly.

Considerable efforts have been invested in the study of the evolution of microstructures as a

function of shear rate in colloidal suspensions of polystyrene spheres (with size from about 100 nm to a

few microns) using a variety of analytical techniques such as X-ray scattering, neutron scattering, and

optical microscopy.[230-242] The key result is the observation of disorder to order transitions by

modulating the shear flow appropriately and the observed microstructural changes show correlation with

rheological behavior of these colloidal suspensions as a function of shear rate.[231, 236-238, 243] Studies

carried out on diblock copolymer micelle systems confirm the transition from a polycrystalline state to a

(111) slipping layer under the influence of steady shear.[236, 237] These works are significant from the
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perspective of forming flow-induced self-assemblies of nanoparticles. In general, it is concluded that a

variety of parameters such as shear rate, shear strain, particle volume fraction, and the particle interaction

potentials affect flow-induced ordering.[241, 242, 244] In these examples, the colloidal particles were

suspended either in water or decane, which exhibit Newtonian fluid behavior. In these Newtonian

systems, alignment of particles has not been reported at volume fractions below 0.54 for hard spheres.

Moreover, high shear flow strengths are required to assemble nanoparticles.[242]

Let us now discuss the situation in which the particles are dispersed in a polymeric matrix or in

highly concentrated surfactant solutions. Typically, nanoparticles are employed as fillers in these systems

and, therefore, this type of system is essentially a dilute system. Such material systems exhibit complex

rheological characteristics. Several studies have been reported in the literature to investigate the effect of

shear flow vis-à-vis self-assembly of nanoparticles in the matrix. Vermant and co-workers reported the

formation of 1D string-like structures along the flow direction from a dilute suspension of polystyrene

spheres (volume fraction of 0.008) when subjected to shear flow.[245] The same group reported the self-

assembly of particles into 2D crystalline patches aligned in the flow direction.[246] The self-assembly of

particles into ordered structures in viscoelastic fluids is attributed to two possible reasons: (i) layers of

fluid sheared at different rates may form through the gap thickness between the parallel plates leading to

preferential particle migration toward layers with lower shear rates and (ii) the observed differences in the

normal stress in the sheared suspending medium. In the case of non-spherical nanoparticles, anisotropic

stresses come into play. Study on the flow-induced alignment of anisotropic particles revealed the

observation of complex orientational transitions, which are highly sensitive to aspect ratio and medium

rheological properties.[235] The system of carbon nanotubes (CNTs) is a typical example of an

anisotropic constituent where the study of flow-induced alignment of the CNTs dispersed either in

polymer matrix or surfactant solutions presents some interesting behavior.[247, 248] The behavior of

CNTs under shear flow is reportedly very interesting and of technical importance. Below a certain critical

shear rate, the dispersed state of CNTs becomes unstable leading to aggregation among CNTs. [249-253]

There is plenty of room for exploiting the flow-induced assemblies of nanoparticles in complex fluids

especially from the viewpoint of applications. This subject is relevant in large scale applications, where

complex flows are routinely observed. For example, the flows encountered in coating technology direct

self-assembly of nanoparticles from dilute suspensions. More details about flow-directed self-assembly

with recent developments can be found in these publications.[39, 254]
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4.1.3.4 Capillary Force-Directed Interfacial Self-Assembly of Nanoparticles

Capillary interaction forces are either attractive or repulsive forces that arise whenever colloidal

particles make contact with liquid-based interfaces such as a liquid-liquid interface, wetting liquid film, or

foam film. They can also exist between the colloidal particles themselves and between the colloidal

particles and a solid surface. The extent and direction of the forces are dictated by the surface properties

of the colloidal particles such as their wetting behavior, surface roughness, and the resulting interface.

The direction of the capillary force can be lateral or normalwith respect to the particle–liquid contact line

(wetting line). Kralchevskyet al have written excellent reviews on these aspects of interactions induced

by capillary forces [255]. The three major types of capillary forces are:(i) immersion, (ii) flotation, and

(iii) bridge. For the benefit of non-specialists in this area of research, we define briefly these different

types of capillary forces.

Immersion capillary forces arise when the particles are partially immersed in the liquid film. This

liquid film can be a wetting film on a solid substrate or a free-standing film. Wetting of a solid substrate

causes the formation of menisci around the particles. The direction and scale of the forces exerted on the

particles by the menisci are dependent on the wettability ofthe liquid to the substrate. When the menisci

from the neighboring particles interfere in such a way that the deformation on the menisci induced by the

wetting is minimized, an attractive capillary force arisesbetween the particles. On the other hand, if the

deformation is maximized, the force is repulsive. In the case there is no deformation induced by the

particles on the liquid interface, no immersion force interaction would exist to direct assembly.

Flotation capillary forces arise between colloidal particles when they are afloat on the surface of

liquid. Besides the interaction force exerted on the particles by the menisci, gravity and buoyant forces

acting on the particles also come into play. When the balancebetween these forces is achieved through

reduced inter-particle distance, it means, an attractive force is generated. On the other hand, if the inter-

particle distance increases, it means the net force is repulsive. The size and the density of the particles are

important parameters.

Bridged capillary is induced when a liquid or gas phase connects or bridges the particle–particle

or particle–substrate. Surface properties are extremely important in this case. For example, when the solid

surface is hydrophobic, the bridge phase must be a gas or oil.In contrast, if the surface is hydrophilic,

then the bridged phase should be water or an aqueous phase. While capillary condensation occurs when

the bridged phase is water, capillary cavitation occurs when the bridged phase is gas. The bridged phases

between solid particles form curvatures, pointing towardsthe bridged phases as a result of which a

pressure difference is generated across it. This pressure difference induces the interaction between the

particles causing them to move towards each other. Furthermore, the surface tension also acts in the same
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direction. Therefore, the bridged capillary force is always attractive. The capillary forces are orders of

magnitude stronger than vdW and electrostatic forces, and can therefore be exploited to direct self-

assembly, overcoming the presence of any repulsive interactions.[27, 255, 256]

In this respect, we briefly outline the developments in the area of capillary force-mediated self-

assembly at liquid interfaces. The driving force behind theself-assembly of particles at the interface is

attributed to the reduction in interfacial energy. The abundance of literature in directing the self-assembly

through exploitation of capillary forces is remarkable, with special emphasis in recent years on assembly

of anisotropic particles such as rods and ellipsoids.[257-260] The orientation of anisotropic particles and

the extent of packing into assembled structures at the interfaces are dependent on a number of factors

such as solvent evaporation rates, particle concentration, and characteristics such as the aspect ratio and

surface properties of the particles.[261] Particle shape is also important as the undulation of the

contact/wetting line may lead to shape-dependent capillary forces.[257, 259] Such interactions can direct

assembly of particles in preferred orientations.[258] Loudet et al recently reported a beautiful work

wherein capillary forces were exploited to direct the assembly of anisotropic polystyrene (PS) particles

(ellipsoids) with and without silica shell at an oil-water interface.[259] It was observed that the silica-

coated PS particles interact with each other forming aggregates side-by-side and the PS ellipsoids interact

end-to-end forming open structures or chains through strong, long-range capillary attractions that

exceededkBT, wherekB is the Boltzmann constant. The morphology of the aggregatedstructures was

found to depend on particle surface chemistry (Figure 11 (a & b)). The motion of interacting pairs of

ellipsoids far from other particles was monitored and recordedin situ using optical microscopy. A plot of

the center-to-center separation between two ellipsoids versus time was best fitted by a power law, holding

good for both end-to-end and side-by-side interactions. Interestingly, spheres with the same surface

chemistry behave differently, highlighting the importance of particle shape in capillary interactions.

Though the interaction energies seemed to be comparable tokBT, the motion trajectories were chaotic and

the spheres could approach one another very closely withoutcontacting and then separate again. The

authors attribute the difference in behavior to the shape anisotropy of the ellipsoids, which may produce

more complex interfacial distortions, leading to strongercapillary interactions. These observations could

not be explained by attractive vdW interactions since they are much smaller thankBT at distances larger

than 1µm.[47] As per theoretical predictions, even very small interfacial undulations of a few tens of

nanometers are enough to cause long-range capillary interactions greater than 1000kBT. [256, 262]

The assembly of spherical nanoparticles at interfaces has the potential to provide rapid self-

assembled systems due to the highly dynamic nature of the assembly process enabling rapid error

corrections[263]. Such an assembly is essentially an extrapolation of the “Pickering emulsion effect” that
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has been known for well over 100 years. Pickering emulsions are emulsions between two immiscible

phases (e.g. oil and water) that are stabilized by the segregation of micron-sized particles to the liquid–

liquid interfaces driven by the need to minimize the high interfacial energy [263, 264]. The nature of

assembly of the nanoparticles is dictated by the minimization of the Helmholtz free energy (∆�)

accompanying placement of a single nanoparticle at the interface. Taking the example of an oil-water

system, the expression for∆� is given by: ∆� � 
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!, where R is the

effective particle radius,"# $ ⁄ is the interfacial energy of the oil-water interface,"& $⁄ the energy of the

particle–water interface, and"& #⁄ the energy of the particle–oil interface [264]. The segregation of the

particles to the interface, resulting in their loss of entropy, must therefore be compensated by yielding a

negative change in∆� in order to reduce the total free energy of the system; a larger negative value of

∆� yielding a more stable assembly at the interface. This equation has several implications regarding the

interfacial assembly process. TheR2 dependence of∆� implies that larger nanoparticles favor more stable

assemblies, yielding larger negative values of∆�. As the size of the nanoparticle shrinks, the smaller

associated∆� becomes comparable to the thermal fluctuations of the nanoparticles, leading to

progressively less stable assemblies. Consequently, larger nanoparticles tend to selectively displace

smaller nanoparticles at the interface in dispersions containing a heterogeneous mixture of particle sizes

[264].

Experimental verification of the above equation was reported by Russelet al through the use of

fluorescent quantum dots (CdSe nanoparticles) surface-modified with tri-n-octylphosphine oxide (TOPO)

ligands and dispersed in toluene [264]. Introducing water droplets to this mixture, the authors

demonstrated assembly of the nanoparticles at the water interfaces, stabilizing the water droplets.

Furthermore, when two different sized quantum dots (2.8 nm and 4.6 nm CdSe nanoparticles) with size-

dependent fluorescence emission were utilized, the largernanoparticles categorically displaced the

smaller nanoparticles at the interface, as evidenced by theshift in fluorescence emission to that

corresponding to the larger quantum dots at the water interface. The use of this fluorescence probing

technique further allowed the authors to determine the timeconstant for the displacement process simply

by measuring the rate of shift in fluorescence emission. Theauthors also demonstrated photo-induced

reaction of the hydrophobic TOPO ligands on the nanoparticles at the interface, thereby transferring the

nanoparticles from the toluene phase to the water phase.

The nature of ligands attached to the nanoparticles also affects the assembly process as these have

a primary effect on the interfacial energies"& $⁄ and"& #⁄ . For instance, the degree of hydrophobicity or

hydrophilicity of the surface-attached ligands determines the spatial localization of the nanoparticles at



32 

 

the interface; more hydrophobic ligand-modified nanoparticles preferring the oil phase over the water-

phase and vice versa [263, 265]. Interfacial reactions may therefore be carried out conveniently by

exploiting this phenomenon for the surface modification and transfer of the nanoparticles from one phase

to the other. This interfacial assembly also paves way for the synthesis of heterodimeric nanoparticles or

Janus nanoparticles consisting of two or more distinct material faces. The assembly of the nanoparticles at

the liquid–liquid interface described above may also be extended to the cost-efficient formation of free-

standing, closely packed nanoparticle membranes through controlled evaporation of the solvents. Further,

‘nanoalloys’, membranes consisting of a mixture of different nanoparticles, may also be fabricated easily.

Reports include membranes consisting of close-packed arrangements of Au, Ag, andγFe2O3 nanoparticles

[265] as well as membranes made up of self-assembled biological (virus) particles [266].

The interfacial self-assembly process need not be confinedto liquid–liquid interfaces. Liquid–

solid [267] and liquid–air [268-270] interfaces have also been exploited for obtaining self-assembled

systems of nanoparticles through carefully chosen boundary conditions. While droplets of colloidal

solutions leave behind the commonly observed coffee ring patterns upon drying due to the highly non-

equilibrium fluid flow and solvent evaporation processes,Bigioni et al demonstrated that exceptional

long-range ordering of nanoparticles over macroscopic length scales was still possible under these

conditions[268]. The authors observed that the key factorsrequired for such an assembly were rapid

evaporation of the solvent and promoting attractive interactions between the particles and the liquid–air

interface. This leads to segregation of the nanoparticles to the interface from which 2D nucleation and

growth of the particle islands take place, eventually covering the entire surface with monolayer close-

packed assembly of nanoparticles (Figure 12(A)). Dodecanethiol-modified gold nanoparticles dispersed

in toluene were shown to assemble with monolayer perfectionover areas as large as 3 mm × 4 mm upon

drop-casting followed by rapid drying(Figure 12(B)). Interestingly, the assembly process was also

critically dependent on the presence of excess, unligated dodecane molecules in the solution, the absence

of which led to nanoparticles concentrating and depositingat the substrate edge. The ease of formation of

these monolayered structures with exquisite long-range order provides an attractive means to produce

self-standing 2D nanoparticle lattice sheets [267, 269, 270]. Further, the inter-particle separation within

the assemblies may be controlled easily by changing the length of the surface ligand groups. Beyond alkyl

molecular ligands, DNA molecules [271, 272] and polymeric ligands [269, 270] were also utilized to

control the inter-particle spacing, critical for applications where tailored optical/electrical properties of the

sheets are desired.

Extending these concepts to anisotropic nanoparticles, Khee Chawet al recently reported the

fabrication of free-standing, monolayered gold nanorod (GNR) superlattice sheets (Figure 12(C &
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D)).[269, 270] The anisotropy of the GNRs caused the resultant assemblies to assume different structural

morphologies (e.g. disordered assemblies, horizontally-aligned packing and vertically-aligned packing) as

a function of temperature, aging time (in solvent-rich environment), and the length of the polymeric

ligands attached to the nanorod surfaces. Increasing temperature or annealing time under the saturated

solvent environment favored the formation of vertically-aligned packing in contrast to horizontal packing

at lower temperatures or shorter annealing times for the same GNR dispersions. This was rationalized by

taking into account the Tirodo model relating the diffusionconstants of cylindrical particles to

temperature and shear viscosity, giving the GNRs more time to assume the most thermodynamically

stable vertical alignment of the GNRs.

4.1.3.5 Self-Assembly Under the Application of Combinations of Fields

In order to realize hierarchically ordered structures, it may be necessary to develop novel

procedures wherein a variety of external fields are combined together to direct nanoparticle self-assembly.

Such a method would allow achievement of a high degree of control required for realizing desired

structures assembled at multiple length scales. This sub-topic within the family of self-assembly is still a

nascent area of research. However, some efforts have been reported in the literature, which suggest an

enormous potential for this method. We will highlight the key results here. For example, electric or

magnetic fields have been applied during deposition of films to manipulate the orientation of the

nanoparticles within the films and the resulting tunable properties.

Mittal et al employed AC electric fieldin situ to assemble and control the orientation of

anisotropic (ellipsoid) TiO2 nanoparticles during film formation by convective flow of the colloidal

suspension confined in a suitable experimental cell.[273]Briefly, as the solvent evaporates, the particles

are transported towards the drying front (Figure 13). Simultaneous application of the AC field induces

the orientation of the nanoparticles either parallel or perpendicular to the field direction depending on the

magnitude and frequency of the field. The films exhibit a high degree of birefringence (∆n ≈ 0.15) and

high packing fraction of 0.75 ± 0.08 on AC field orientation of the nanoparticles while the packing

fraction in the absence of electric field was only 0.44 ± 0.06, confirming that orientation yields denser

films. Interestingly, cracks in the film propagate along the direction of the electric field, leading to

anisotropic mechanical properties. Thus, a remarkable approach to tailor the properties of nanostructured

films in situ during the deposition process has been demonstrated.[273] In another work by Dinget al

fabrication of 3D photonic crystals by convective self-assembly of magneticγ-Fe2O3/SiO2 core-shell

ellipsoids in the presence of magnetic field was reported.[274] Application of a static magnetic fieldin

situ during the convective flow of ellipsoids towards the glass slab resulted in long-range positional and

orientational ordering as shown in the SEM images (Figure 14). While the convective flow-induced self-
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assembly was responsible for the close packing, the presence of a magnetic field ensured that the

ellipsoids were not oriented in random directions. The strong, selective reflectance observed at certain

wavelengths is attributed to the periodicity of the sample induced by synergetic effects of the convective

flow and magnetic fields. A similar method based on a combination of flow-assisted assembly and

electric fields has been extended to organic nanocrystals.Employing electric field-assisted shear

assembly, orientation and degree of alignment of rod-like cellulose nanocrystals can be controlled by the

magnitude and frequency of the electric field applied to thesubstrate.[275] In another recent work,

electric field-induced alignment of more complex structure composed of organic-inorganic composite

dumbbells, specifically, a titania/silica core coated with PMMA and a polystyrene lobes, has been

demonstrated.[195] The direction of the alignment of theseanisotropic particles either parallel or

perpendicular to the direction of field depends on the interplay between the forces due to inter-particle

interaction and the torque that the induced dipoles experience in the external electric field.[195] Together,

these works show the tremendous potential of employing a combination of external fields in controlling

the placement, orientation, and alignment of nanoparticles in a desired manner. As we have seen in the

examples above, the orderly arrangement of nanoparticles has the potential to provide tunable optical and

mechanical characteristics. There is a wide scope for further research in this area of directed self-

assembly. For instance, the ability to modify inter-particle interactions rapidly with the application of

pulsed fields is yet to be demonstrated.

The kinetics of DSA (structural evolution as a function of time) needs to be exploredin-situ with

advancedstate-of-the-arttools. Unfortunately, there are experimental limitationsin using tools like

electron microscopy for this purpose. Especially, when dealing with the study of self-assembly of

nanoparticles with size below 10 nm to form hierarchical structures at multiple length scales, it is

necessary to develop appropriate instrumentation that canfacilitate in-situ monitoring to study the

kinetics of self-assembly. Some important advancement hasbeen made using X-ray and neutron

scattering methods over the past decade. We therefore present a detailed review on the application ofin-

situcharacterization methods to probe DSA of colloidal nanoparticles in section 7.

5. Self assembly in Biological Systems

Self assembly processes in living structures remain a constant source of stimuli for the

development of nanomaterials. Biological systems providea rich variety of ordered structures. Some

common examples are self-assembly of lipids to bilayers that forms the boundary of all living cells and

intracellular organelles, four heme subunits forming functional hemoglobin, ribosomal RNA and proteins

interacting to form a functional ribosome or the honeycomb like structure formed by fibers that form the
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lens of the eye (Figure 15 (D)). Proteins, in particular vary in structural properties and provide a scaffold

that can generate a massive array of materials with unique properties such as keratin, collagen, shell,

pearl, coral, microlenses and optical waveguides .Molecules, including proteins, nucleic acids and lipids

can self-assemble into supra-molecular architectures such as motors [276-280], arrays [281-283], pumps,

membranes, valves [284, 285] cytoskeletal filaments (Figure 15 (B & C))[116, 286, 287], lipid raft

signaling complexes and light harvesting and electron transport machinery for organ level structures like

bones (Figure 15 (A))[288], hearts or kidneys etc.

Nature uses the bottom-up approach at the nano- and meso-scales to constitute such complexes.

Molecular self assembly occurs ubiquitously by spontaneous association of individual biomolecules or

“monomers” under physiological conditions into structurally well-defined, complex and functional

aggregates via non-covalent interactions such as hydrogenbonding, hydrophobic forces, vdW forces

and/or electrostatic interactions. The physics of these interaction forces are described in section # 3.Since

self assembly constitutes an increase of order in a system, this process is unfavorable from an entropic

point of view. However, as they are formed from the reversible association of various molecules using the

aforementioned weak interactions, the balance between enthalpy and entropy plays an important role in

their formation. [26]Nicholas and Prigogine showed that non-linearity combinedwith non-equilibrium

constraints can generate multiple solutions through bifurcation and thus allow for more complex behavior

in an open system.[289] The biosphere absorbs energy from the sun’s radiation, exchanging energy and

materials with the earth, thereby constituting an open system. Thus, nanoscale self assembly processes

utilize the principles of irreversible thermodynamics to construct ordered, hierarchical structures.

Research efforts for understanding these processes have laid the foundation for the first biologically

inspired self assembly processes that have considerable technological potential as exemplified by self-

assembled monolayers (SAMs) [290] and GEPIs.[291] . Most importantly, the complementarity of the

shapes and chemical natures of the interacting molecular surfaces drive the energetic stabilization of the

resulting nanostructures. Although the basic polymers that constitute biological systems are quite weak,

they often display mechanical properties beyond those achieved thus far by synthetic materials.[292]

Furthermore, despite the limitations of the self assembly being forced to occur at ambient temperature,

aqueous environment, processing and limited availabilityof elements (primarily C, N, Ca, H, O, Si, P),

living systems produce complex structures from compositesthat are organized in terms of composition

and structure, containing both inorganic and organic components. Additionally, biological nanoscale

structures have built-in capacity to self-heal as well as evolve over time. That may be a direct result of the

bottom up self-assembly process, since the structural growth is not directed by any overarching design but

occurs locally due to individual molecules sensing and responding to its immediate environmental
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effectors. Hence these nanoscale structures can undergo structural and functional adjustments according

to cellular requirements.

Living systems thus accomplish a myriad of functions by having a broad range of mechanical

properties from limited resources and locally directed bottom up self assembly. The mechanical strength

of mineralized biological materials is connected to its nanostructure and to the scale, which limits the

sizes of existing flaws to the level close to the theoreticalstrength of the mineral. This was recently

demonstrated by Gaoet al.[293] However, this is only part of the story, and hierarchical aspects play a

key role. In bone, crack bridging, which occurs via local deposition and restructuring to maintain strength,

is utmost importance in determining the toughness, and representative of a unique property of biological

nanostructures –“self-healing”.[294] These mechanical properties of the self-assembled biological

structures are explained through Ashby maps. These maps denote strength and Young’s moduli as

functions of density, thereby revealing certain defining features such as having five orders of magnitude

for the range of Young’s moduli and strength despite the average density(<3) being lesser than that of

synthetic materials. Thus understanding the physics behind such properties of bio-nanostructures might be

useful in process development of synthetic mechanical or electronic devices.

5.1 Biological self assembly – Its application in the development of nanomaterials.

A model to explain the specific and unique properties of biological systems has been proposed by Arzt

[295] that has five components: self assembly, ambient temperature and pressure processing,

functionality, hierarchy of structure and evolution/environmental effects. These features have been

studied to develop variety of systems such as (i) bioinspired (or biomimicked) materials: approaches to

synthesizing materials inspired on biological systems, (ii) biomaterials: these are materials (e.g., implants)

specifically designed for optimum compatibility with biological systems and (iii) functional biomaterials

and devices.

A large body of literature has demonstrated that biomolecules and polymers in general, are

capable of self-assembling into a wide diversity of structures with distinct nanoscale architectures [296,

297]. Clearly, deeper understanding of such processes controlling diverse biological self assembly can

provide important clues that may help shape powerful biomimetic technology with higher levels of

functionality and specificity and also be cost effective. For example, Morse and co-workers [298] derived

inspiration from spicule formation to develop a manufacturing process for semiconductor thin films.

Enzymes onto gold surfaces are used as templates on which semiconductor films could grow.

Throughout this section we have provided examples of many similar instances, where the biological

nanoscale assembly processes have taught us about the physical nature of various materials and structures

that will have a profound effect on everyday applications and process design. The ingenious design of
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nanomachines in nature has helped to inspire and acceleratethe pace of development of biomimetics for

nanodevices.[299-301]. Therefore, current research efforts are focused on making these machines as

viable and effective as possible outside of their native environment.[302, 303]. It should be noted that

while the synthesis of nanomaterials is typically accomplished under equilibrium conditions, within the

biological systems, such synthesis is far from equilibriumand is driven by various biomolecular stimuli

as discussed previously.

A significant progress has been made in the application of biological materials for generating

nanodevice systems for applications in the driving of molecular sorters, building of intricate arrays and

chips for diagnostics, molecular sensors [304, 305], novelactuators[306-308] , delivery of drugs [302]

and therapeutic macromolecules [309], in nanoelectromechanical systems (NEMS) [310, 311], and in

new electronic and optical devices. Hierarchical structures and compartmental organizations are integral

to biological functions and are conserved across biological systems. At a simplistic level,

compartmentalization accounts for spatial separation andconfinement of ions and molecules within and

throughout biological systems. Selective and dynamicallychanging permeability of these compartments

enables control over the flow of energy, information, and molecular raw materials in support of complex

biochemical processes. Conversely, the study of such hierarchical processes can be harnessed for

generating complex nanodevices [312, 313] and may provide instances of “top-down” approaches in

nature. The combination of biological molecules and novel nanomaterials is of great importance in the

process of developing new nanoscale devices for future biological, medical, and bioelectronic

applications.[7, 314]The chemical modification of enzymes with redox-relay groups [315], the

immobilization of enzymes in redox polymers [316] and the conjugation of biomolecules to metal

nanoparticles (NPs) [317] and carbon-based nanomaterials[318] were reported as means to establish

electrical communication between redox proteins and electrodes.

5.2 Protein- and peptide-based bio-nanomaterials

Proteins are especially attractive candidates due to theirwell-defined structure and the feasibility

of structural modification by genetic engineering [319]. Enzyme-NP complexes based on a protein

molecular scaffold displaying hundreds of enzymes in one catalytic unit [320] have potential applications

in the food industry as well as for drug delivery. Fabrication of such structures typically require highly

stable proteins such as SP1,[321] that acts as a molecular scaffold to tether NPs [322] and protein

domains, while selectively and controllably binds to surfaces. The ability of such protein scaffolds to self-

assemble into three-dimensional nanostructures, combined with the precision to connect to NPs and

enzymes, provides a promising approach for the self-organization of composite nanostructures. Other

enzyme hybrid structures, such as the conjugation of enzymes with metal-NPs or carbon nanotubes, have
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also been reported. The system is based on laterally nanostructured arrays with high local concentration of

enzyme on the electrode surface. However, the immobilization of biological molecules on carbon

nanoscaffolds, such as carbon nanotubes, is limited by the fact that their closed shell does not allow for a

high degree of functionalization, since adsorption or covalent immobilization can be achieved only at the

functionalized end of the opened tubes.

In cyanobacteria and plants, sequential energy transfer between the different complexes of the

photosynthetic machinery is essential to trigger electrontransfer that drives photosynthesis [323, 324] and

generate molecules containing high energy bonds. Sophisticated self-organization of the natural

photosystems serves as a model for artificial photosynthetic systems that require efficient energy and

electron transfers. Accordingly, the synthesis and supramolecular self-assembly of a variety of pigments

have been widely explored with the aim of constructing photochemical and photoelectronic devices,

including photovoltaics, nonlinear optical materials, and photoswitching conductors. To mimic bacterial

light harvesting systems, dendritic systems have been widely studied for multi-pigment arrays; although it

may be currently challenging and time-consuming to producesuch complex molecules with high

yield.[325-327] Similarly, biological materials such as virus coat protein structure can serve as templates

guiding nanoscale organization of pigments via chemical linkage or electrostatic interactions. [328]. The

highly ordered coats of viruses represent one of the most well studied and exploited examples of directed

biological self assembly of proteins. The first to be studied in extensive detail was the Tobacco Mosaic

Virus (TMV). The 300nm by 18nm TMV virus particle is composedof exactly 2130 identical protein

units arranged in a spiral shaped hollow shell enclosing theRNA genome.[329, 330] The assembly

process utilizes a very limited set of reversible, non-covalent, binding interactions between the proteins

and the individual disc sub-assemblies that generate the entire viral particle, allowing it to self-edit or

correct any errors. Later, we will show in section # 6.2.2, how the self-assembly behavior of TMV has

been exploited to achieve hierarchical 3D nanostructures for the fabrication of functional materials.

The study of the self-organization properties of peptides has emerged in recent years as an active

and diverse field of research, ranging from biomedicine andbiotechnology to material science and

nanotechnology. Although self-assembly of polypeptides into aggregates such as amyloid fibrils is often

associated with human medical disorders such as Alzheimer’s disease, type II diabetes and Crutzfeld-

Jakob disease [331, 332] and microbial physiological processes [182, 333], such peptide nanofibers are

very well ordered displaying helical periodicity and possessing regularity. These self-organization

properties of peptides have been exploited for the formation of bio-inspired assembled structures,

including nanotubes, nanospheres, nanofibers, nanotapesand hydrogels (Figure 16 (A & B )).[23, 334-

338] Structural elements as short as dipeptides can form well-ordered assemblies at the nanoscale [43].
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Ionic self-complementary peptides can formβ-sheets andβ strand structures with regular repeat pattern of

alternating hydrophilic and hydrophobic groups. The hydrophobic residues shield themselves from water,

with the hydrophilic groups exposed to surface thereby driving the self-assembly. The complementary

ionic sides of these polypeptide nanostructures have been classified to several moduli on the basis of the

number of alternating positive and negatively charged amino acids on their hydrophilic faces. Another

important physical property driving ordered self assemblyprocesses is the chirality of the peptides. For

example, in the 8-residue peptide FKFEFKFE [339] the innateright handed twist of the beta stranded

peptide in the beta-sheet conformation leads to the formation of a nanoscale, ordered, left-handed, double

helical ribbon (Figure 16(C & D)). Thus, peptides serve as excellent building blocks for

bionanotechnology owing to the ease of their synthesis, small size, relative stability and chemical and

biological modifiability. Understanding the physicochemical determinants that trigger peptide self-

assembly is a fundamental step, for the rational design of new nano building blocks for biotechnological

applications or new drugs.

5.3 DNA assisted self-assembly of nanoparticles

Efficiently controlled assembly of nanostructures is becoming increasingly important as building

blocks in nanodevices, because of their unique optical, electronic, and mechanical properties.[340, 341]

Several approaches such as optical, electron beam, or dip-pen-lithography are reported for assembling the

nanostructures into higher-level devices, and systems of well-defined shapes, sizes, and functionality. All

of these techniques have little or no control of assembling nanostructures into the functional nanosystems

or devices. Biologically driven programmed assembly is an attractive alternative to assemble

nanostructures because of highly specific nature of interactions among biomolecules. In this regard,

deoxyribonucleic acid (DNA) based assembly is especially promising. [340-344]. This is because of the

unique chemical make-up of these molecules enabling highlysite specific controlled assembly of

nanostructures. Moreover, DNA can easily be synthesized with different lengths, sequences, and

functional groups. These unique properties in combinationwith the site-specific DNA adsorption on solid

surface have been exploited by many research groups to develop functional devices poised with nanoscale

materials in a high-throughput manner.[342-345] For example, Mirkin group has explained DNA based

three-dimensional programmed assembly of gold nanoparticles for highly selective colorimetric detection

of polynucleotide detection in solution.[342] In their study, the specific sequence of DNA molecules

conjugated to the gold nanoparticle provided the required programming needed for the assembly process.

Majumdar group has demonstrated DNA-mediated assembly to develop the array of gold nanoparticles

functionalized with thiolated single-stranded DNA on a solid surface i.e. on a pre-patterned gold

surface.[343] They have shown successfully the programmedassembly of nanoparticles with the help of
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standard lithography, specific DNA strands and chemicallyinert PEG molecules directing nanostructures

to develop in a specific region on a chip (Figure 17). The extraordinary specificity and selectivity make

the fabrication process ideal for assembling gold nanoparticles on a defined gold pattern by masking the

rest of the surface with polyethylene glycol molecules. Myung group approached highly specific and

selective assembly of functional multisegmented nanowires of gold/palladium/gold on prepatterned gold

electrodes using DNA hybridization.[345]Figure 18 schematically explains the hybridization of two

complementary DNA strands for the immobilization of metallic nanowires across the gold electrode. Two

complementary single-stranded DNAs (DNA1 and DNA2) modified with thiol moiety adsorb on gold

electrode and gold segments of nanowires, and enable the nanowires to selectively assemble across the

electrode. From these discussions, it is clearly understood that programmed assembly of nanoparticles

using DNA molecules is one of the best possible bottom-up nanofabrication approaches and can emerge

as a powerful platform to assemble nanomaterials into a variety of complex structures.

5.4 RNA based bio-nanomaterials

RNA has a multitude of biological functions despite being more chemically labile than DNA,

such as various forms of mRNAs, t-RNAs, small interfering and micro RNAs (siRNAs and miRNAs)

[346] which are now being harnessed for medicine. Additionally, RNA also constitutes biologically active

molecular machines such as ribozymes [347], regulatory aptamers [348] and nano-motors [348].

Therefore, RNA molecules can be designed and manipulated with a level of simplicity characteristic of

DNA while possessing versatility in structure and functionsimilar to that of proteins.This natural

versatility of RNA might make it more attractive as buildingblocks and functional components of

multifunctional therapeutic nano-scaffolds for nano-medicine [349] that have no counterparts in the

present day DNA world for building. Elegant experiments have demonstrated that modular RNA units

can form small multimeric particles of various sizes as wellas programmable filaments and 2D and 3D

nano-arrays and nanogrids consisting of RNA squares (Figure 19 (A-C)).[350-352]

RNA molecules are polymers made up of millions of nucleotides from four groups: adenosine

(A), cystidine (C), guanosine (G), and uridine (U) (see Section 3). A 100-nucleotide RNA polymer may

have as many as 4100 (=1.6×1060) different RNA molecules. Since the size of RNA ranges from the

angstrom to the nanometer scale, bottom-up approaches are preferred for use with RNA in applications

[353-355]. RNA self-assembly involves cooperative interaction of individual RNA molecules that

spontaneously assemble in a predefined manner to form a larger two- or three-dimensional structure

(Figure 19 (A & B )). Tertiary RNA structures or RNA folding is determined by repetitive structural

features [356], commonly the double helix which is constituted by consecutively stacked pairs of

complementary nucleotides which interact through hydrogen bonds. Structural motifs in RNA do not
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necessarily require any long-range tertiary interactions[357] and a synthetic combination of such motifs

can then be used to design novel nanostructures [358], including artificial ribosensors and RNA “Lego”

(Figure 19 (C-D)). [359] Artificial RNA architectures also depend on the Watson-Crick pairing of RNA

strands (hybridization of complementary base sequences) [353, 360]. RNA of diverse sequence

complexity have been used to build complex RNA Lego as well assquare- and cube-shaped self-

assembled objects [350, 354] and their crystal structures analysed. Such sequence-dependent programmed

self-assembly [353, 354] may serve as a nanoscale template for the directed combination of RNA

scaffolds for biomimetic applications. Recently, RNA has been used in a variety of techniques including

replication, molding, embossing, etc.,that allow the utilization of a variety of materials to enhance

diversity and resolution of nanomaterials. It should eventually be possible to adapt RNA to facilitate

construction of ordered, patterned, or pre-programmed arrays, construction of sensors, programmable

packaging and cargo delivery systems for biomedical applications [347, 350, 352, 361]. Given the

potential for 3D fabrication, the ability of self-repair, editing and replication, RNA self-assembly might

play an increasingly significant role in integrated biological nanofabrication.

5.5 Lipid based bio-nanomaterials

The phospholipid bilayer membranes are one of the most ubiquitous forms of nanoscale

biological self-assembly, conserved from bacteria to humans and are functionally required for all forms of

life. These bilayers organize living matter into compartments providing physical barriers that partition the

aqueous phase into several compartments that are spatially, chemically, and functionally distinct [362,

363]. Lipid molecules in bilayer membranes associate with various proteins to form functionalized

complexes involved in maintaining compartment chemical composition, critical aspects of biosynthesis,

energy transduction, information storage, and cellular recognition and signaling. [364]. Hence, whether

engineering biomimetic technologies or designing therapies to interface with the cell, this adaptable

membrane can provide the necessary molecular-level control of membrane-anchored proteins,

glycopeptides, and glycolipids.

In the last few years, lipid bilayer vesicles with an internal aqueous core, called liposomes have

been widely used for systemic (i.e intravenous) delivery ofdrugs and diagnostic reagents (Figure 20

(A)).[365, 366] They were discovered by Bangham [367] which were thought of as models for plasma

membranes. Within a liposomes’outer hydrophobic shell (lipid bilayer) is contained the internal

hydrophilic cavity enabling hydrophilic drugs or macromolecules to be encapsulated in the central

aqueous compartment, while the hydrophobic molecules can be embedded in the membrane.

Additionally, using chemical modifications, the liposomesurface can be functionalized such that they can

adsorb and carry specialized molecules or drugs. Typically, liposomes have properties like
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biocompatibility, biodegradability, low toxicity and ability for surface and size modification that make

them desirable carriers in biomedicine and made them suitable as nanoscale reaction vessels [368] as

well.. However, they have steric instability, poor controlof drug release and short half-life in circulation.

Certain liposomes have been clinically approved for the delivery of Doxorubicin (Doxil) for cancer

treatment [369]. The liposomes encapsulating Doxil was covalently modified with PEG to improve its

circulation time and referred to as “stealth liposomes”. Thus various tenets of materials science, cell

biology and pharmacology have been put together to achieve higher drug retention and sustained release

by external stimuli such as pH, magnetism, temperature and electromagnetic radiation at different

radiofrequencies to control the triggering of drug release. An example is Thermodox, a thermally

sensitive liposome encapsulating Doxorubicin to treat recurrent chest wall breast cancer and primary liver

cancer(http://celsion.com/docs/technology_thermodox). Such clinical success has led to the generation of

hybrid nanoparticle-liposomes with multiple functionalities in therapeutics and diagnostics. For example,

TOPO-capped QDs (quantum dots) were incorporated in lipid bilayers, and drugs loaded in the internal

cavity were loaded efficiently to create a theranostic vector.[370]

Recently, cubosomes (cubosome dispersions) have raised interest as a drug nanocarrier due to

their great potential as alternative drug delivery system compared to liposome. Specifically, cubosomes

consisting of binary monoolein–water systems have been widely studied.[371] They are

thermodynamically stable, aqueous surfactant systems which self-assemble into bicontinuous cubic liquid

crystalline phases. Cubosomes that have a large internal surface area (∼400 m2/g) are viscous, isotropic

and can load lipophilic, hydrophilic or amphiphilic drugs.[372, 373] Furthermore, their large interfacial

area may provide for complex diffusion for sustained release of drug cargo.[374, 375] Some examples of

cubosome mediated delivery are with somatostatin[376], insulin[377], indomethacin, and rifampicin.

Furthermore, lipid vesicles that can be induced to release entrapped materials in response to an applied

stimulus have also been developed. Elegant works from different groups have recently demonstrated that,

discrete lipid particles, including reconstituted high density lipoprotein (HDL), can form ordered

complexes with proteins to form nanodiscs (Figure 20 (B)[378]), which have been characterized by

multiple biophysical techniques [379, 380]. The Nanodisc is a robust membrane bilayer vehicle for the

stoichiometrically controlled incorporation and study ofmembrane proteins such as cytochrome P450

[381, 382], bacteriorhodopsin (bR) [383, 384], and G-protein-coupled receptors [385, 386]. In the recent

past, lipid-based, monodisperse, self-assembled nanostructures termed nanodiscs, that are 10 nm in

diameter have been developed and studied, often to understand structure and dynamics of membrane

protein function. Nanodiscs typically consist of two molecules of a protein such as membrane scaffold

protein 1 (MSP1) wrapped around the outside edge of a discoidal bilayer fragment consisting of ~160
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saturated lipids. These nanobiomolecular assemblies can be generated using a broad range of amphipathic

molecular constituents from synthetic or natural sources by harnessing the lipid-based self assembly

processes. Such simple, self-assembled structures could theoretically stabilise amphipathic and

hydrophobic elements capable of interacting with targets at biological or inorganic surfaces and may have

use as biosensors.Nanodiscs are also of great value to the incorporation of larger molecular

complexes, such as the enzymes involved in cellular energy metabolism, oligomers of integral

membrane receptors, ion channels and transporter proteins[387] which may find applications in

both diagnostic or therapeutic fields. The phospholipid membrane thus represents an ideal

scaffold for a host of nanotechnology applications {Tanner, 2011 #460).

6. Integrating Top-Down Lithography and Bottom-Up Self-Assembly Methods

This section will begin with a brief discussion on the advantages and the limitations of both top-

down lithography and self-assembly to emphasize the need for combining the top-down and bottom-up

approaches to form hierarchically assembled functional structures on multiple length scales. We will then

highlight some of the recent achievements to illustrate theimportance of employing such an integrated

approach.

6.1 Need for integrating top-down and bottom-up methods

Top-down fabrication methods are being used widely by semiconductor manufacturing industries,

wherein patterned structures are accomplished by suitablephotolithographic and ion-implantation

techniques.[28, 388, 389] These methods are well-established in the production of silicon-based

integrated chips. The major advantages of top-down methodsinclude a high level of precision,

reproducibility, and high-throughput capabilities. However, the physical limits of device dimensions

realizable by ultraviolet, electron/ion beam, and soft X-ray lithographic techniques will be reached in the

near future. Furthermore, relatively new nanostructured materials such as carbon nanotubes, graphene,

and organic semiconductors may require bottom-up processing as they may not be able to withstand the

harsh processing conditions of typical top-down approaches. The main disadvantages of the currently

available top-down techniques are the high costs of equipment, limited access to fabrication facilities,

restricted capacity to achieve three-dimensionality, andpoor resolution below 20 nm. There are also some

issues with the implementation of top-down approach concerning the biocompatibility of the materials

that can be produced.[29]
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On the other hand, bottom-up methods are versatile in many ways such as enabling generation of

self-assembling building-blocks, assembling pathways, ordered structures, and functionalities. Molecular

self-assembly techniques have been touted to be the most promising approaches towards cost-effective

and practically realizable methods for large area nanolithography. In recent years, extensive research has

been done in this regard both theoretically and experimentally, wherein custom molecular species have

been devised and studied for their self-assembling characteristics. A wide variety of structures including

tapes, belts, fibrils, tubes, vesicles, and bilayer membranes have been achieved by peptide and protein

self-assembly.[390-393] Thus, the potential of peptide and protein-based self-assembly to create materials

with unique nanoarchitectures is indeed enormous. The bottom-up method based on self-assembly is

expected to enable miniaturization below the current limits possible using lithography techniques. Yet,

this bottom-up self-assembly method has some disadvantages, which include inability to produce

industrial-scale quantities of materials at reduced costs, and in some instances, purification and

polydispersity limitations. Owing to these limitations, self-assembly alone cannot produce more complex

structures. A promising alternative is the use of strategies that combine top-down methods with molecular

self-assembly, exploiting their benefits and, at the same time, overcoming their limitations. This

integrative approach employing peptides and proteins is particularly powerful because of the possibility

of precision production at the molecular level, versatility, and functionality. Attempts to realize a high

degree of control in directing the self-assembly with top-down methods using these molecular structures

as building blocks are opening up unprecedented opportunities.

6.2 Illustrative Examples of Combined Assembly Methods

6.2.1. Biological Applications

In order to produce ordered hierarchical structures beyondthe molecular or nanoscale,

recent efforts have focused on the synergistic combinationof the functionality, molecular resolution, and

biocompatibility of peptides or proteins with top-down lithography-based techniques exhibiting a high

level of precision and reproducibility. Three different ways to integrate the two approaches have been

reported in literature: (i) implementing top-down processes before self-assembly, (ii) implementing self-

assembly before top-down processes, and (iii) simultaneous implementation of top-down and self-

assembly processes. In the first method, the patterns produced by photolithographic means define the

areas or volumes where the subsequent self-assembly processes can take place.[394] Meanwhile,

employing top-down methods after self-assembly helps withpositioning or removing nanostructures from

specific locations.[31] There are also a few published works that demonstrate the simultaneous or

alternating application of top-down and self-assembly approaches, influencing both the assembly as well
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the final structural properties.[395, 396] In order to appreciate this integrated approach to fabrication of

functional structures, we limit our discussion to the development of two systems wherein thiolated and

aromatic peptides have been used as self-assembling building blocks in conjunction with top-down

lithography. For other systems using different building blocks such as polypeptides or amphiphilic

peptides, the interested readers are referred to several published works.[397-401]

As we discussed earlier, the spontaneous assembly of thiol-terminated molecules onto gold

surfaces is a mature field. The thiol group forms a strong bond with the gold whilst the rest of the

molecule aligns with its neighbors. Zhanget al have developed a family of peptides capable of self-

assembling on gold surfaces [393]. Microcontact printing was then employed wherein the inked PDMS

stamp was placed on a gold substrate for approximately 1 minute and then peeled off carefully to transfer

and engineer the surface patterns. While the bottom-up self-assembly ensured nanoscale organization and

precise ligand display, the top-down microcontact printing defined the organization of the developed

SAM at micro- and macro-length scales.Figure 21 shows the thiol-terminated peptides and an example

of a patterned surface using self-assembly and microcontact printing.[393] Subsequently, several similar

works employing a combination of thiol-terminated peptides and top-down lithography methods to

engineer patterned biological surfaces have been reportedin the literature.[402-404] These works

establish the potential of integrated approaches to produce tailored surfaces composed of precise patterns

of bioactive molecules/ligands. Such patterned substrates could be useful for high-throughput analysis in

biological applications.[405] Though the use of thiol-terminated peptides facilitates generation of high

resolution surface patterns with functionality, these patterns lack assembly on a macroscale. On the other

hand, the aromatic peptides offer a different route to self-assembly enabling localization of self-assembled

peptide structures. For example, Gazitet al reported the synthesis of aromatic dipeptide nanotubes

(ADNTs) with diameters of 50–300 nm and lengths up to micronsusing diphenylalanine.[43] The

observed self-assembly is attributed to theπ-stacking of the aromatic rings. In another work reported by

Gazit et al an ink jet printer was employed to manipulate and position the ADNTs to produce surface

patterns.[31] The same research group reported the self-assembly of diphenylalanine molecules into

vertically aligned ADNTs employing evaporation-initiated growth from a surface. Here, top-down

(evaporation) and self-assembly occurs simultaneously and enables macroscopic ordering and assembly

of the nanotubes.[34] In yet another pioneering contribution by Gazitet alself-assembly of large arrays of

aromatic peptide nanotubes using top-down vapor deposition method was observed (Figure 22 (a-c)).[30]

The integrated approach based on simultaneous molecular self-assembly of peptide and top-down vapor

deposition is shown to dictate the length and the density of nanotubes. In this study, a vapor deposition

system supplied the diphenylalanine peptides from a gas phase, which initiated the growth of vertically
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aligned ADNTs. Furthermore, this work revealed the potential of ADNTs in a variety of applications

including high-surface-area electrodes for energy storage applications, highly hydrophobic self-cleaning

surfaces, and microfluidic chips.[30] The electrical double-layer capacitance density (CDL) estimated from

Figure 22(d) and comparison of the values confirms that ADNT modified carbon electrodes exhibits

much higher values forCDL (480 µF/cm2) with respect to unmodified carbon electrodes (16 µF/cm2) and

carbon nanotube-modified carbon electrodes (120 µF/cm2).[30]

6.2.2 Integrated Approach for Hierarchically Ordered Energy Storage Devices

Small-scale power applications such as portable medical devices and implants, sensor networks,

and contemporary commercial electronic gadgets demand theimplementation of miniaturized batteries

with increased energy and power densities. Development of battery architectures that combine a small

footprint with enhanced performance is, therefore, highlydesirable. Previously, two independent

approaches based on MEMS and nanomaterials have been explored with the objective of realizing 3D

microbattery electrodes with enhanced energy and power densities. MEMS-based approaches involving

micron-size particles have been shown to improve energy density significantly.[406-409] However, there

are some problems inherent with this technology owing to thenon-uniform current density and the

limitation in increasing the thickness beyond a certain limit as the diffusion pathway is still in the micron

scale and full lithiation of the active material may not be achieved, resulting in reduced power density. On

the other hand, the advantages of implementing nanomaterials for the development of microbattery

electrodes include larger electrode/electrolyte contactarea, improved mechanical stability, and reduced

diffusion distances for electron transport and ion diffusion.[410-413] These attributes combined can

enhance the power density and cyclic stability of the electrodes and address the shortcomings of thicker

electrodes. Limitations related to nanostructured materials include the difficulty in synthesis and

integration as well as performance concerns such as undesired reactions with the electrolyte. However,

the main critical bottleneck in their practical use in micropower sources is the limited energy density.

Thus, there is a need for the development of a novel approach for the fabrication of hierarchical electrodes

that combine benefits of both length scales (nano- and micron-scales).

Gerasopouloset al recently demonstrated the advantage of combining bottom-up self-assembly

approach with top-down micromachining to fabricate 3D microbattery electrodes, which are composed of

self-assembled, virus-templated nanostructures conformally coating 3D microfabricated gold pillars

(Figure 23).[33] Self-assembly behavior of TMV virus (which has been discussed in the previous section

on biological self-assembly) has been exploited in this work. Active battery material (V2O5) was

deposited conformally using atomic layer deposition across the entire available surface. Electrochemical

characterization of these electrodes indicated a three-fold increase in energy density compared to
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nanostructures alone, while maintaining the high power characteristics of the nanomaterials. From the

literature, the reported capacities of RF-sputtered 2D electrodes with thicknesses of 1.2 µm and 1.8 µm

were 38 and 60µAh-cm-2, respectively.[414] Patrissiet al reported synthesis of V2O5 nanofibers (8µm

length, 600 nm diameter) in modified polycarbonate membranes that exhibit a capacity of 86µAh-cm-

2.[415] In comparison, another work achieved a similar range ofcapacity values with 30-40 times thinner

electrodes (30-60 nm).[33] This was achieved using the combination of high surface area nanostructures

with 3D micropillars. In summary, these works highlight theimportance of an integrated top-down and

bottom-up approach in controlling both energy and power density with structural hierarchy. Additional

merits of the work reported by Gerasopouloset al include the potential to achieve even greater energy

densities by increasing the aspect ratio of the micropillars and the facile possibility of extending this

integrated approach to other active battery materials.[33]

Following the observation of spontaneous self-rolling of strained metal layers reported in 1909

[416], Mei et al recently demonstrated the ability to create ordered micro-and nano-structured building

blocks of a wide variety of material combinations on a singlechip through self-rolling of patterned thin

layers.[417] Applying this technique further, Bof Bufonet al reported the fabrication of 3D ultracompact

capacitors (UCCaps) based on rolled-up nanomembranes.[32] Capacitors that are self-wound and

manufactured in parallel using semiconductor planar processing technologies are almost 2 orders of

magnitude smaller than their planar counterparts and exhibit capacitances per footprint area of around 200

µF/cm2. Furthermore, the UCCaps exhibit high power density (∼2000 W/kg), which is characteristic of

electrostatic capacitors, while reaching a specific energy of ∼0.55 Wh/kg in the range of

supercapacitors.[32] Briefly, the process steps to fabricate the self-wound ultracompact capacitor shown

in Figure 24 include: (i) fabrication of a planar strained multilayer nanomembrane by the sequential

deposition of metal and dielectric thin films on top of a sacrificial layer and (ii) removal of the sacrificial

layer leading to formation of the ultracompact3D capacitor by stress-induced self-winding. The most

important process consideration is the design of the bottommetallic layer to provide the necessary strain

to force the roll-up of the nanomembrane. The SEM image inFigure 24 (e)shows an array of self-wound

capacitors obtained in a controlled and reproducible fashion. The highlights of the integrated top-down

and bottom-up self-assembly approach presented in this work include (i) compatibility of the process with

organic materials, (ii) possibility to generate additional devices in the empty 2D area after sacrificial layer

release, (iii) significant reduction in the footprint arealeading to compact devices, and (iv) increase in the

active capacitor area as a result of the rolling of the nanomembrane. The extension of the technology

presented in this work to high dielectric constant materials such as HfO2 and TiO2 is expected to increase

the performance several-fold. Owing to the compatibility of this process to organic materials,
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incorporation of organic materials such as self-assembledmonolayers into the multilayer structure

(Figure 24) has enabled achievement of an increase in breakdown electric field. Furthermore, the SAM

grown on top of the Al2O3 layer is shown to control leakage currents as a result of an additional high-gap

barrier. In short, the UCCaps fabricated through top-down and bottom-up approach exhibit capacitances

per footprint area higher than their state-of-the-art planar counterparts and specific energy comparable

with supercapacitors.[32]

6.2.3 Nanopatterning

The ability to create well-defined nanoscale patterns is pertinent to continued device

miniaturization to attain the resultant improvements to chip performance. Conventional top-down

lithographic methods are well-established for fabrication of microdevices and they offer arbitrary

geometrical designs and superior placement precision and accuracy. However, as the demand for

improved resolution in lithographic processes increases,a point will come where conventional

lithographic processes simply fail to keep up with demand. Although alternate techniques for

nanopatterning are available, the cost and/or low associated throughput make them impractical choices for

commercial-scale implementation, especially when sub-10nm feature sizes are desired. On the other

hand, BCPs are a well-known class of self-assembled materials, which form well-defined periodic

domains from microphase separation. BCP thin films can generate line patterns as well as 2D periodic

arrays of holes with periodicity from 10 to 100 nm. Both lateral and vertical ordering of the microdomains

over large area has also been demonstrated. [418-421]

Self-assembly of BCPs is an inherently thermodynamic process that originates from the

microphase separation of the chemically distinct blocks owing to their immiscibility in one another; the

driving force coming from the need to minimize the enthalpy of contact between the individual co-

blocks.[422-424] Meanwhile, macrophase separation is prevented as the two blocks are linked together

chemically. The force balance between the repulsive intermolecular forces between blocks and the

attractive restoring force is the key to the formation of regular periodic structures of microphase-separated

domains. Tailoring the interactions between the surfaces and the polymer blocks is the key to achieving

the desired orientation and alignment. Microphase separation in BCP systems has been investigated

thoroughly for a long time from the viewpoint of fundamentaland applied research [425-430] and,

therefore, the scope of this sub-section is restricted to the salient features of BCP self-assembly in

relevance to the physics of the nanopatterning process. We refer the interested reader to some excellent

books and deep review articles for a comprehensive coverageon all aspects of BCP systems.[127, 426,

431-437]
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The thermodynamics of microphase separation can be expressed as,Gmix – GPS = ∆GSA = ∆HSA –

T∆SSA, where Gmix and GPS represent the free energy of the mixed and phase-separated systems,

respectively.∆HSA and ∆SSA represent the enthalpy/entropy changes between the mixed and phase-

separated states, respectively. The entropy change associated with mixing is usually quite small because

of the random coil confirmation adopted by the polymer blocks. The intermolecular forces driving the

microphase separation are normally of the hydrophobic type, where the attraction of more polar

components forces the non-polar components to aggregate. This segregation of the blocks reduces the

number of interactions between dissimilar blocks, therebylowering the number of repulsive interactions

between chains.

For a diblock polymer, the value of the interaction parameter (Flory-Huggins) resulting from the

interactions between block A and block B is given byχAB = (Z/kBT) ((εAB – (εA+εB)/2), whereεAB is the

interaction energy per monomer units between A and B monomers, andZ is the number of nearest

neighboring monomers to a copolymer configuration cell.[433, 435] The determination of whether a

given BCP system will phase separate into ordered domains ora disordered state may be made based on

the productχABN, whereN is the degree of polymerization of each individual block. The segregation

quantityχN determines the degree of microphase separation. DependingonχN, three different regimes are

established: (i) the weak segregation limit (WSL) forχN ≤ 10, (ii) the intermediate segregation region for

10 < χN ≤ 50, and (iii) the strong segregation limit (SSL) forχN > 100.[435] Further, the morphologies

and the sizes of the individual ordered domains may be predicted based on (i) the degree of chemical

disparity between the blocks, (ii) the degree of polymerization, and (iii) the relative volume fractions of

the individual blocks. Temperature also plays an importantfactor in the assembly process due to the

temperature dependence ofχ. The phase diagram for a BCP system may be plotted by describing the

various possible structures formed as a function of the product χN and the BCP composition. The phase

diagram is separated into several regions, characterized by the relative stability of the structures formed

and the dependency of the feature size on the degree of polymerization.[438] It is important to avoid the

WSL regime for nanopatterning. Although WSL gives the smallest feature sizes, the thermodynamic

driving forces for microphase separation are small, thereby giving rise to regions of disordered assemblies

due to the dominance of thermal effects. Working in SSL regime may also pose problems because

achieving thermal equilibrium for disorder reduction may require extended annealing as the driving force

could be too strong.[425]

In the case of diblock copolymer, various structures may be formed depending on the

composition of individual blocks. The phase diagram described by Matsen and Bates is symmetrical

around the composition ofƒA = ƒB = 0.5, whereƒA andƒB are the volume fractions of the two blocks.
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[439] A lamellar structure is observed in this composition region. Upon increasingƒA to between 0.6 and

0.7, a bicontinuous gyroid phase of cubic symmetry consisting of interpenetrating tubules of the B block

in the A block is formed. This phase has a relatively narrow stable composition range, particularly in the

intermediate and strong segregation limits. At higherƒA values, hexagonal arrangements of block B

cylinders in a matrix of A may be observed. Due to its structural complexity and a narrow stability range,

the gyroid structure has only limited applicability. Amongthese various structures, the lamellar and

hexagonal structures are most important in terms of patterning applications. In reality, more complex

structures are possible because of the complexity of the intermolecular interactions in polymers. One such

structure is the hexagonal-perforated lamellar structure, observed at the phase boundary between the

lamellar and cylinder arrangements.[440] This perforatedphase has become more important in thin film

structures because it can be stabilized by surface reconstruction due to preferential interactions of one

block with gas, liquid, or substrate interfaces.[441] Exploiting the microphase separation of BCP, many

applications have been developed over the past few years.[119, 187, 435, 442-445] Among these,

nanopatterning using BCP self-assembly continues to receive tremendous attention.

Patterning using BCP assemblies may occur in one of the following ways: (i) using BCP

assemblies as sacrificial masks, (ii) using the assembliesthemselves as functional elements of the final

design, or (iii) using BCP thin films as sacrificial templates to order the assembly of nanoparticles on

substrates. In the first method, imparting good etch selectivity between the co-blocks becomes necessary

such that their degradation occurs at different rates when exposed to the etch environment. The final un-

etched block may then be used as a sacrificial etch mask to pattern the underlying substrate. Several

works on nanopatterning with BCP have focused on the study ofthe polystyrene-b-poly(methyl

methacrylate) (PS-b-PMMA) system.[423, 431, 446] The typical patterning principle involves deep UV

degradation and removal of PMMA domains along with cross-linking of the PS block. Typically, etch

techniques that are already compatible with conventional microelectronic fabrication are used for this

purpose, such as reactive ion etching (RIE)[447], UV-Ozoneexposure[448, 449], wet-chemical

etching[422], and others, thereby making this a readily adaptable technique without a significant

infrastructure change. Thus, technologically relevant applications such as fabrication of nanoscale air gap

interconnects [450], field-effect transistors [451], flash memory devices [452], sensors [453, 454],

plasmonic structures [454, 455], and ultra-high density magnetic dot arrays [456] have all been

demonstrated using BCP lithography, underscoring the substantial advancements made in this field.

In the second technique, employing the assemblies themselves as functional elements in the final

design necessitates that the final formed assemblies are stable and robust akin to oxide structures, in

addition to exhibiting good etch selectivity between the blocks. This has been accomplished through the
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introduction of inorganic segments as one of the blocks of the BCPs. In addition to possessing higherχ

values (thereby favoring ordered assemblies) and greater etch selectivity (due to the intrinsic chemical

disparity between the inorganic and organic blocks of the co-polymer), incorporation of inorganic blocks

facilitate formation of robust oxides upon oxygen plasma treatment or under high temperature annealing.

A comprehensive handling of this topic has been done in a recent review article to which the readers are

directed.[423]

Despite the promise of BCPs for nanolithography, spontaneously self-assembled, phase-separated

domains typically are “polycrystalline” in their order, interspersed with a high density of defect sites.[419,

423] Also, achieving a high degree of control on the precise location of nanopatterns as well as forming a

wide variety of lithographically defined patterns is essential for the fabrication of integrated circuits,

patterned media, and other microdevices. Thus, a significant amount of research is dedicated to improving

the long-range order and orientational control within BCP systems through directed self-assembly

techniques integrating top-down and bottom up self-assembly techniques. While there are a number of

reported techniques such as the use of electric fields [457], shear flow [458], chemical (epitaxial self-

assembly)[419, 423, 459], and topological (graphoepitaxy) [422, 460, 461] approaches, patterned

substrates to direct the ordering of the BCP assemblies, epitaxial, and grapho-epitaxial methods have

proven to be the most promising in terms of registering long-range order among the phase-separated

domains.

In epitaxial self-assembly, chemically pre-patterned substrates with pattern dimensions

commensurate with the phase-separated domains of the BCPs are utilized to direct their ordering over

large areas. Typically, chemical contrast is introduced tothe patterns such that one block of the

copolymer wets one of the regions of the pattern preferentially. The effectiveness of this technique was

demonstrated by Stoykovichet al [175], wherein BCP assemblies were directed into non-regulardevice

architectures. A particular shortcoming of this techniquelies in the requirement for the additional

lithographic step defining the chemical patterns [461]. Asthe chemical patterns are constrained to be of

the same order of dimensions as the nanoscale domains of the BCPs, the pre-patterning step still needs to

be performed using the low-throughput top-down lithographic approaches. Further research is underway

to circumvent this issue whereby feature density multiplication and reduction in feature sizes may be

achieved compared to current typical chemical pre-patterning routines [419].

In the graphoepitaxial method of DSA, topographically defined surfaces are utilized to control the

lateral ordering of the BCP domains. This technique is simple and particularly advantageous over the

epitaxial DSA method as the topographic features need not beof the same order as the domain

dimensions of the BCPs, permitting one to use conventional photolithographic approaches to define the
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surface topographies[422, 460]. Surface topographies as large as a few microns have been reported to

yield well defined, ordered assemblies of the BCP blocks over arbitrarily large areas. For example,

Sundraniet al demonstrated fabrication of parallel arrays of nanoscale domains aligned over macroscopic

length scales by using a silicon nitride grating to guide theassembly of asymmetric polystyrene-block-

poly(ethylene-alt-propylene) diblock copolymer cylinders.[462] In this work, silicon nitride grating was

fabricated using electron beam lithography and reactive ion etching (top-down processes). Imaging by

AFM showed that alignment was initiated on the vertical sidewalls of the lithographic patterns and

extended throughout, even beyond, the confined volume. Cylinders exhibited significant conformity that

enabled them to accommodate lithographic imperfections without introducing structural defects.

The convergence of top-down and bottom-up fabrication in the same BCP architecture has been

demonstrated by several research groups. Russell and co-workers created cylindrical nanochannels at

defined locations from PS-b-PMMA on the substrate, and thereby demonstrated its potential to generate

integrated magnetoelectronic devices.[463] Ober and co-workers have successfully developed a novel

BCP, poly(α-methylstyrene-b-4-hydroxystyrene) (PMS-b-PHOST), to achieve spatial control through

high-resolution deep UV and e-beam lithographic processes, taking advantage of chemically amplified

negative-tone resist materials (PHOST).[464-466] Maedaet al demonstrated the synthesis of patternable

BCP, which is composed of both negative-tone and positive-tone resist blocks.[467, 468] The fluorine-

containing BCP of poly(styrene-block-2,2,2-trifluoroethyl methacrylate) (PS-b-PTFEMA) and poly(4-

hydroxystyrene-block-2,2,2-trifluoroethyl methacrylate) (PHOST-b-PTFEMA), which are capable of both

top-down and bottom-up lithography, were developed in their work. Both PS and PHOST (negative-tone

resist) are cross-linkable under deep-UV or e-beam radiation. PTFEMA (positive-tone) was selected to

be a degradable segment under the same exposure conditions.Both these two systems were found to

exhibit well-defined microphase separation in both the bulk and thin film forms. Through a combination

of BCP self-assembly techniques and conventional top-downlithography, such integrated structures

composed of “dots in lines” were successfully obtained fromthese BCP photoresists. It is clear that the

integrated nanoscale patterns with a high degree of ordering cannot be obtained by conventional

lithography or BCP lithography alone. Furthermore, the nanopatterns can also serve as patterned

templates or scaffolds for the fabrication of various typesof multifunctional nanomaterials.

Krishnamoorthyet al exploited the integration of nanostencil lithography, a high-throughput top-

down tool, with micelle bottom-up self-assembly to producecomplementary micro- and nano-patterning

of surfaces.[469] The patterned nanostructures in this work were silicon nanopillars with smallest

diameters of nearly 20 nm and heights up to 140 nm, resulting in an aspect ratio of up to 7. Nanostencils

consist of a thin free standing Si3N4 membrane with 100–200 nm thickness, containing apertures defined
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by photolithography and etching, or focused ion beam (FIB) milling. The versatility of this integrated

approach includes the capability to pattern surfaces without using photoresist, the reusability of the

nanostencil, and the feasibility of parallel processing, which reduces fabrication costs tremendously. The

high production cost and low throughput of the conventionaltop-down lithography are major concerns.

Previously, e-beam lithography has been used to create periodic patterns in combination with polystyrene-

block-poly(2-vinylpyridine) (PS-b-P2VP) copolymer micelles.[432, 470] This work makes excellent use

of nanostencils not only as a shadow mask for metal evaporation, but also as a mask for dry etching.

Depending on the chosen process parameters (i.e. metal deposition or fluorine or oxygen plasma exposure

of PS-b-P2VP-coated Si surfaces) in the presence of a shadow mask stencil and/or dry etch mask, an array

of silicon nanopillers appear in either the masked or unmasked regions. A blurring of the boundaries and

an increase in the polydispersity in the pillar dimensions is one problem that has been identified by the

authors because of diffusion of the oxygen plasma beneath the stencils. Through optimization of the

anisotropy of the plasma and the exposure duration, it may bepossible to reduce the plasma diffusion

below the stencils. This technique offers the possibility to create a nanopillar pattern that corresponds to

either the positive or the negative image of the stencil mask. The positive image results from using

fluorine plasma exposure through the stencil, the negativeimage from metal evaporation or oxygen

plasma exposure through the stencil. The drawback to this technique however is the loss of surface area

due to the pre-patterned, macro-scale topographies thereby reducing the over-all density of the BCP

ordered domains.

The third technique combines the natural tendency of BCPs toform ordered assemblies over

macroscopic length scales and the ability to control the segregation of functionalized nanoparticles or

nanoparticle precursors to appropriate block of the copolymer. Long-range ordered arrangements of

nanoparticles on substrates may thus be accomplished by utilizing the BCP assemblies as sacrificial

scaffolds. Lopeset al reports on such a two-step assembly process to obtain striped patterns of isolated

metal nanoparticles or interconnected metal chains on substrates by using pre-assembled thin films of

polystyrene-block-poly(methylmethacrylate) (PS-b-PMMA) diblock copolymer as scaffolds.[437]

Evaporation of ultra-thin metal films on these structures led to the selective deposition of the diffusing

metal atoms along the stripe pattern. Here the authors note that, despite the large surface energies of

metals, such a directional aggregation may be accomplishedunder non-equilibrium conditions;

equilibrium conditions invariably driving the nanoparticles to coalesce into large spherical particles (in

contrast to filling up the stripe patterns defined by the BCPdomains (Figure 25)). Although contiguous

stripe patterns were not obtained for metals such as Au, In, Pb, Sn and Bi under any deposition conditions

on PS-b-PMMA, striped patterns were demonstrated in the case of Ag under non-equilibrium conditions.



54 

 

This has been attributed to the remarkably high mobility of Ag on PMMA. As with other metals, driving

the system to equilibrium disintegrates the wires into spherical, separated particles. The authors work is a

classical example of a bottom up self assembly approach being integrated with conventional fabrication

schemes to produce structures at the nanoscale.

Roman et al reported the ordered placement of Au nanoparticles using a similar technique

exploiting the self-assembly of polystyrene-b-poly-[2-vinylpyridine (HAuCl4)] on solid substrates

(Figure 26).[424] The precursor-laden diblock copolymer self-assembles into uniform monomicellar

films on substrates when deposited, following which chemical reduction of the Au precursor leads to the

formation of metallic Au nanodots localized at the center ofthe diblock copolymer micelle. Subsequent

removal of the diblock copolymer film from the substrate leaves behind ordered Au nanodot patterns

across the substrates. The authors demonstrated a fine control on the size and placement of Au nanodots

on the substrates through a combination of several techniques: nanodot sizes were controlled by the

amount of HAuCl4 precursor loaded into the micelles, inter-dot distances were controlled through tuning

the molecular weight of the diblock copolymer, and directedassemblies of the nanodots into aperiodic

structures were demonstrated though the use of top-down lithographically defined structures, exploiting

the capillary forces of the retracting liquid solvent to force the micelles to the edge of the topographic

structure. Continuous, electrically conducting lines of Au were subsequently patterned through the use of

cylindrical micelle forming BCPs, thereby signifying the versatility of this approach.

Further developments in the synthesis of new BCP systems fornanopatterning using an integrated

approach must take into account the stringent requirementsdemanded by modern semiconductor

fabrication processing. It is evident that the bottom-up self-assembly complements a number of top-down

fabrication techniques to enable production of hierarchically ordered functional materials with impressive

characteristics. Moreover, successful integration of top-down and bottom-up approaches will open up

exciting prospects in the areas of molecular electronics, bioelectronics, nanoelectromechanical systems

and nanotechnology. It is evident that the application of integrated approaches is rapidly gaining

prominence and is being explored at a hectic pace to elucidate further innovative technologies.

7. In Situ Characterization of Self-Assembly Processes

Harnessing self-assembly for furthering science and technology requires developing a

comprehensive understanding of the associated phenomena at a fundamental level both qualitatively and

quantitatively. Of specific interest is the quest for controlling the self-assembly of colloidal nanoparticle

suspensions to enable formation of superlattices with desirable structural, optical, electronic, and

magnetic properties. Employingin situcharacterization methods allow data acquisition in real time during



55 

 

the self-assembly, enabling one to determine the self-assembly formation mechanism and kinetics.

Subsequently, this level of understanding will permit manipulation and tailoring of the physical processes

and parameters associated with self-assembly. It is almostself-evident that employingin situ

characterization tools is nontrivial as there are several challenges that arise from the ultra-fast kinetics of

self-assembly, especially the stringent requirements foralignment and positioning of the samples with

respect to the probe and inherent limitations of instrumentresolution that can be observed/measured with

a single technique compared to the assembly length and time scales. In this area, researchers have made

substantial advancements toward developing suitable modifications to various sample cells and whole

system designs to permit observation of the self-assembly processin situ either with a single probe or

combination of probes. In this section, we summarize key developments and highlight the importance of

usingin situmeasurements in the study of self-assembly with examples from recently reported literature.

With the advancement of second- and third-generation synchrotrons, X-ray probes are attractive

for performing in situ reflectivity measurements to elucidate the growth of SAMs.The advantages of

employing X-rays from a synchrotron source include: (i) availability of high beam energy with a small

spot size for incidence at small angles, (ii) variable source energy permitting penetration to internal

interfaces, and (iii) non-destructive nature of the methodology allowingin situ study without affecting the

self-assembly process.[471] In this respect, Dutta and co-workers carried out anin situ X-ray reflectivity

study to monitor and understand the growth of octadecyltrichlorosilane (OTS) SAM on oxidized Si(111)

from solutions in heptane.[472] Prior to this study, several authors had conducted interrupted growth

studies throughex situmeasurements and concluded that OTS SAM grows in the form of islands [473,

474] while others had reported a uniform growth model.[475,476] It is therefore evident thatex situ

techniques were insufficient to reveal the actual mechanism. The important findings from thein situstudy

by Duttaet al were: (i) the thickness of the film remained constant at the expected thickness of a complete

monolayer and (ii) the monolayer electron density increased continuously until it leveled off after nearly

20 h. Therefore, it was concluded that this system undergoesisland-type growth with unique domains of

the same thickness. This is different from the uniform growth model, in which the density of the

incomplete film is close to that of the complete film while the thickness increases with deposition time.

Dutta et al also performedex situ measurements to determine the role of rinsing on the reported

differences in the observations of the SAM formation.[472]Based on their findings, rinsing an

incomplete film is said to remove the physisorbed molecules, which are only held in place by hydrogen

bonding to neighboring molecules, allowing the reorganization of remaining molecules into tilted phases,

which could explain the different observations reported bythe other groups.[472] Besides disruption by

ex situcharacterization, several experimental parameters such as the surface energy and functionality of
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the substrate, solution level, temperature, and clean roomenvironmental conditions influence the film

morphology, thereby leading to different interpretationson the mode of growth. In general,in situ

monitoring of the growth kinetics of SAM is not easy with X-ray-based measurements. It requires careful

choice of experimental parameters such as using extremely low concentrations of OTS to slow down the

growth rate and permit meaningful measurements, using lower density solvents to reduce background,

and specially constructed sample cells to prevent evaporation or leaking.

A quick review of recently published works tells us the importance of carrying outin situ

characterization in the study of inter-particle interactions that may drive self-assembly of colloidal

suspensions of nanoparticles into orderly structures suchas superlattices.[477-481] It also drives home the

point that understanding the fundamental interactions between particles and macroscopic (i.e. liquid–

liquid or liquid–air) interfaces is critical, as these effects are particularly prominent in the self-assembly of

thin films from colloidal suspensions. In general, the nature of the interactions between the particles and

the interface is fundamentally different from the interactions among particles in the bulk. Presently,in situ

studies are becoming increasingly important to understanding self-assembly mechanisms in these

colloidal systems. In this respect, X-ray scattering measurements are versatile and gaining prominence.

Specifically, synchrotron X-ray characterization techniques are very useful, as revealed by numerous

recent works. [477-481] Suchin situ studies are challenging and require suitable modificationto the

system design to incorporate desirable features. Development of an experimental chamber allowingin situ

studies of solvent-mediated NP self-assembly has been reported in great detail recently.[471] The most

significant feature is their injection system to deposit NPsolutions on substrates without breaking the

chamber’s hermetic sealing. Such a sophisticated system with built-in capabilities for allowingin situ

XRR and grazing-incidence small-angle X-ray scattering (GISAXS) is also shown to allow controlled

evaporation rates of the solvent and thereby facilitate probing different stages of self-assembly, including

macroscopic solution evaporation, thin film formation, and subsequent structural transformation. The

value of this device was exemplified in a study of adsorptionand desorption of a toluene film on a flat

substrate, and study of the self-assembly process of gold nanoparticles on solid substrates.[471]

Furthermore, this sample cell is shown to enable investigation of nanoparticle self-assembly kinetics both

near-to and far-from thermodynamic equilibrium.

Recently, researchers at Cornell University have carried out an in situ synchrotron-based X-ray

scattering study on the self-assembly of cubic PbSe nanocrystals (average edge length ~13.3 nm and

relative polydispersity of ~8.2%) from colloidal suspensions stabilized by oleic acid.[482] Here they

performed simultaneousin situ measurements of grazing incidence wide angle X-ray scattering

(GIWAXS) and GISAXS for complete structural characterization of the nanocrystal superlattices. While
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GISAXS reveals the translational ordering of the particles, GIWAXS provides information about the

orientational ordering of nanocrystals in their superlattice sites. Analysis and indexing of such scattering

patterns provides detailed information on the inter-particle spacing, possible lattice distortions, and

average grain size. Furthermore, they found that these cubic PbSe nanocrystals assembled in a face-up

(i.e. ⟨100⟩ normal to the interface) configuration at the liquid–substrate interface whereas nanocrystals at

the liquid–air interface assume a corner-up (i.e.⟨111⟩ normal to the interface) configuration (Figure 27).

The authors explained the different orientations on the basis of thermodynamic considerations of particle

orientations and the molecular configuration of the ligandnear the interface.[482] This study also

underscored the importance of kinetic aspects by monitoring the orientation as a function of drying rates.

In the case of rapidly formed thin films, the hexagonal seed layer could not form at the gas–liquid

interface and the emerging structure was dominated by⟨100⟩ nanocrystal alignment induced by the

interactions between the particles and the substrate. In slow drying times, the two orientations (⟨111⟩ and

⟨100⟩) coexisted. Meanwhile, in intermediate drying times, the⟨111⟩ orientation was preferred over the

⟨100⟩ orientation as per the kinetic effects. These results suggest the importance of parameter

manipulation to induce kinetic pathways favoring one orientation over another, enabling homogeneous

superlattice structures. In short,in situ studies with X-ray scattering techniques can clearly bringout the

role of interfacial effects as well the emphasis on the fundamental thermodynamic and kinetic factors

governing the self-assembly of superstructures.

Recently, Wagneret al demonstrated the use of small angle neutron scattering (SANS) in probing

the DSA of charge-stabilized colloidal dispersions by dielectrophoresis (DEP).[483] The importance of

DSA and the various experimental routes used to realize DSA have been discussed in detail in preceding

sections. Through the design and fabrication of a new suitable sample cell environment at the National

Center for Neutron Research (National Institute of Standards and Technology in Gaithersburg, Maryland),

in situ observation of electric field-driven crystallization of sub-micron particles has been enabled using

SANS (Figure 28). In this work, two different aqueous suspensions of polystyrene particles stabilized

with negatively charged sulfate groups (nominal diametersof 195.1 ± 9.6 nm and 539.9 ± 26.5 nm,

respectively) were used forin situDEP-SANS investigation. Thein situ observations with SANS confirm

a high degree of ordering of sub-micron colloidal particleswith length scales on the order of millimeters.

The importance of this work is underlined by the fact that most of the previous works were concerned

with the creation of crystalline structures by DSA-DEP of micron-sized particles and the crystalline

structure could be studied using optical microscopy and light scattering techniques.[207, 484]

Furthermore, there is a fundamental challenge of assembling the nanoparticles as a result of the increasing

importance of Brownian motion in conjunction with the DEP forces that order particles into periodic
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structures under the influence of electric fields.[483] Therefore, significantly higher fields are therefore

required to self-assemble nanoparticles, which is likely to cause problems such as electro-osmotic flow

and electrode polarization effects that can interfere withDSA.[483] Hence, this study on thein situ SANS

measurementsof DSA by DEP is illuminating. The DEP-SANS cell fabricated in this work was shown to

generate the high field strengths required to form large crystal sizes over millimeter length scales for

permittingin situ studies. In conclusion, this work illustrates that performing in situ SANS measurements

to study electric field-induced alignment and ordering of colloidal nanoparticles with varying particle

size, chemical composition, and surface charge is advantageous to understand the fundamental science

behind self-assembly.

Though X-ray and neutron scattering techniques are versatile for in situ studies to unravel

mechanisms and kinetics of self-assembly, synchrotron andneutron beam facilities are available only at

select locations and are far more sophisticated and requirestringent alignment procedures compared to

more prevalent instruments. On the other hand, simple techniques like real-time video recording of self-

assembly events could be interesting and can be produced by custom-made equipment in a laboratory as

demonstrated in a recent study on the evaporation-induced colloidal self-assembly (EISA) of polystyrene

latex particles (average particle size of 1.09µm).[485] The interesting aspect of thisin situ study is the

use of a custom-built setup composed of temperature (tolerance ± 0.1 °C) and pressure (tolerance ± 0.1

kPa) controller units connected directly to the sample cuvette. An optical microscope fitted to a CCD

camera was then used to monitor the growth processin situ under different conditions of temperature and

pressure. Interestingly, the authors employed two types ofsample cuvettes with different slit sizes to

determine the effect of evaporation rates on the growth process. The growth processes of colloidal

crystals in different cuvettes recorded by direct video observations revealed that solvent flow around the

pore space of the crystal played a key role in formation mechanics. By changing the environmental

conditions of the self-assembly system and fluid properties (i.e. viscosity), different evaporation rates of

solvent and growth rate of colloidal crystals were measureddirectly in situ. Previous studies used a sessile

drop or the solvent exposed to the external environment [486-488] and, therefore, these works may not

help to understand EISA as a result of uncontrolled evaporation rates. Hence, this work with real-time

recording by a CCD camera reported by Yanget al is fascinating, not only from the perspective of

providing a better understanding to EISA, but also from the viewpoint of using a simple, easily-built

characterization tool [485]. Furthermore, this study confirms that both evaporation rate and growth rate

are functions of temperature and pressure that fit Stefan’slaw well. The knowledge gained through thisin

situ study with a relatively simple experimental setup that allowed high degree of control in the

evaporation rates could be very useful to fabricate colloidal photonic crystals with near-perfect order.
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In recent years, there have been some efforts towards understanding self-assembly processes in

biological systems usingin situ probes.[489-491] Among these efforts, the recent work reported by Pfohl

et al on the behavior of DNA/linker histone H1 assemblies under shear and elongational stress is very

interesting.[491] Their work brings out the advantages of employing microfluidics in conjunction with

synchrotron x-ray scattering and diffraction and micro-Raman spectroscopy. Employing microfluidics is

advantageous because it permits the use only small sample volumes besides enabling shorter reaction and

analysis times. Moreover, the challenge in the study of biological molecules with conventional X-ray

scattering tool lies in their high sensitivity to damage caused by prolonged radiation exposure. In this

respect, the tool based on a combination of microfluidics with x-ray scattering is a good proposition to

reduce the radiation-related damage as the beam position isfixed and the macromolecules move with the

flow. Micro-Raman spectroscopy together with microfluidics is another attractive method owing to its

potential for chemical imaging without the need for additional marker molecules. Furthermore, this study

illustrates the usefulness of combining structural and chemical mapping tools to probe dynamic formation

of polycations/DNA assemblies.[491] The simultaneous orientation of macromolecules, during self-

assembly in x-ray compatible hydrodynamic focusing microdevices, facilitates the exploration of reaction

intermediates of DNA and proteins assemblies under physiological conditions in real time as shown in

this work. Other techniques that have been employed for in situ investigation of self-assembly of colloidal

nanoparticles and biological macromolecules include AFM[492], STM[493, 494], ellipsometer [495,

496],X-ray microscopy[497] and FTIR[498] and we refer the interested readers to these publications.

8. Conclusion

Self-assembly offers a comprehensive roadmap towards the next-generation of functional

materials and devices formed from the hierarchical ordering of nanoscale objects. The overarching goal of

this article has been to introduce the readers to the entire gamut of interaction forces, both internal to the

system as well as externally applied, to drive the self-assembly of molecular or nanoscale objects within

synthetic and biological systems. While self-assembly within biological systems is well established;

nature having a clear advantage of time to perfect the evolutionary process, progress realized over the last

decade in understanding and demonstrating self-assembly within synthetic systems, although in its

nascent stage, is praiseworthy. Biomimetic approaches arecertainly a key to help fast track our

understanding and advancement of the science of self-assembly. Thus, this article has attempted to

provide an unbiased glimpse into the progress made in the synthetic as well as in the biological domain.

By biological domain, we imply biomimetic approaches towards synthetic materials. A logical

progression is thus made to first provide a comprehensive discussion on the physics of self-assembly; the
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various interaction forces that occur within systems of molecular/nanoscale constituents. Key illustrative

examples have been provided from recent literature that exploits these interaction forces to derive self-

assembly. On a broad level, this essentially entails engineering the interaction forces thereby exerting a

level of control on the assembly process. Examples of such engineered approaches include: (i) assembly

of colloidal systems through shape and surface engineeringof colloids, (ii) exploitation of thermodynamic

interplay between nanoparticle – polymer systems to drive controlled segregation of nanoparticles, and

(iii) utilization of engineered macromolecular systems, in particular, BCP to guide self-assembly of

nanoscale objects and in nanoscale lithography etc, all of which are presented in this article.

Directed self-assembly (DSA) through the use of pre-formedtemplates and/or external fields

provide additional degrees of freedom to manipulate the assembly and thus form an important subject of

discussion in this article. Several excellent reviews on DSA using templates have been previously

published and hence this topic is not the focus of this article. On the other hand, DSA through application

of external fields has gained more attention in recent years. This is attributed to the ability to apply and

control the external fields to a high degree of precision andstability, thereby enabling scalable production

of hierarchically assembled functional materials from nanoscale building blocks. The published works

clearly demonstrate the usefulness of applying external fields such as electric, magnetic or flow fields as

well as their combinations in guiding the assembly of nanobuilding blocks at all length scales (from nano-

to micro- to macroscale). Interfacial self-assembly of nanoparticles is another promising technique

underscored in this article due to the relative simplicity of the technique that can enable fabrication of 2-D

monolayer ordered arrangement of nanoparticles (isotropic or anisotropic nanoparticles) over sufficiently

large areas. This can have a broad technological implication, enabling the fabrication of free standing,

ultra-thin membranes to2-D electronic and photonics structures. It should be noted that, while the

external forces are applied to direct the self-assembly, internal interaction forces still play an important

role in dictating the overall dispersion stability of the individual constituents. Thus, appropriate surface

engineering and other thermodynamic constraints imposed within the system have to be kept in mind for

the design and engineering of the structures.

The advancement of the science of self-assembly criticallydepends on the development of

suitable characterization tools that permit to investigate the various assembly steps in real time. In this

respect,in situcharacterization techniques play an important role in comprehending and substantiating the

principle of self-assembly through a first-hand observation of the events as they unfold during self

assembly. While the operating principle of the tools is the same as inex situmeasurements, the suitability

of a specific characterization method forin situ measurements is dependent on achieving the desired

spatial and temporal resolutions required to probe the assembling behavior. The real challenge lies in
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modifying the tool appropriately to facilitatein situ study on self assembly mechanism. Recent

publications demonstrate that significant advancement has been realized for employing X-ray scattering

tool owing to the availability of synchrotron radiation. Inparticular, the simultaneous use of GISAXS and

GIWAXS in situ during the assembly of colloidal nanocrystals is impressive to study the ordering at

different length scales. In another study, SANS has been used in situ to probe the DSA of colloidal

particles under the influence of AC field that enabled to carry out a fundamental study on the assembling

behavior as a function of frequency and field. Other characterization tools explored forin situ study of the

self assembly process include ellipsometer, AFM and STM. A detailed review on this topic with classic

illustrations from recent works is discussed in this review. In short, there is a lot of scope for advancement

in this field that will ultimately enable the scientists to engineer hierarchically assembled devices with

desired functionality.

Mimicking the self-assembly processes observed in nature can lead to synthetic materials with

biological functionality. As most of the biological self-assemblies occur under mild, non-toxic conditions,

it poses additional constraints on the choice of the nanomaterials and their stability under physiological

conditions. However, facile functionalization with various biological entities such as antibodies, peptides,

enzymes, DNA molecules, and others will impart remarkable functionality and flexibility to these

materials. Thus, a wide range of biocompatible chemical reactions have been used with a variety of

analytical techniques for the analysis of chemical and biological molecules through self-assembly

techniques. There are many different challenges involved for implementing these self-assembled

nanostructures in real-world. Several problems based on size, shape, conductivity, and stability under

varying experimental conditions have been reviewed. Despite these disadvantages or limitations, self-

assembled materials have been performing a key role in various biological applications such as

biosensing, optical imaging, and drug delivery. Detailed study of their unique properties will provide new

opportunities to understand complex biological phenomenathat are impossible with non-biological

systems. Self-assembly is therefore an important tool in current technology and needs more attention to

understand the relevant features such as stability and toxicity of the material in question for specific

application in biomedical field.

The article also stresses the importance of employing integrated approaches towards hierarchical

organization of nanoscale components on a large scale for fabrication of next generation of optical and

electronic devices. The high degree of precision engineering and reliability required of patterned

structures over macroscopic length scales demands a synergistic combination of top-down and bottom-up

fabrication approaches. In this regard, the article placesspecial emphasis on the various forms of BCP

lithography towards obtaining large scale patterning of ordered structures, wherein BCPs are utilized as
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lithographic masks, as integral structures of the final device or as scaffolds to direct the assembly of metal

structures. Integration of bottom-up self-assembly and top-down approaches will surely open up exciting

prospects in the next few years in the areas of molecular electronics, bioelectronics and biosensors,

NEMS and lab-on-a-chip technologies, and nanotechnology, in general.
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Figure Captions

Figure 1. Variation of a typical colloidal potential, ULJ(r), as a function of interparticle separation. Plots
are presented in dimensionless form whereby energy is measured in units of 2εa/σ and distance in units
of particle diameter, 2a. Here, r represents the distance between centers of two particles,ε is the depth of
the potential well, ‘a’ is the particle radius andσ is the characteristic atomic diameter at which ULJ(σ) =
0. Reprinted with permission from reference [36]. Copyright 2009, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Figure 2. (a) Plot of Hamaker coefficient, A(L), as a function of surface separation L, calculated using
the DLP theory for two semi-infinite gold surfaces interacting across water. Reprinted with permission
from reference [36]. Copyright 2009, Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim.(b) vdW force
driven self-assembly of gold spherical nanoparticles separated from short nanorods (assembled at the
outer layer). Reprinted with permission from reference [63]. Copyright 2005, American Chemical
Society.(c) Formation of ribbon-like structure driven by favoring side-by-side arrangement of gold
nanorods. Reprinted with permission from reference [63]. Copyright 2005, American Chemical Society.

Figure 3 (a) Schematic representation of gold and silver coated with self-assembled mono-layers (SAM)
of alkane thiols, HS(CH2)10COOH (MUA) and HS(CH2)11NMe3

+Cl- (TMA) respectively. While the
AuMUAs are negatively charged, the AgTMAs are positively charged. Reprinted with permission from
reference [71]. Copyright 2006 The American Association for the Advancement of Science.(b)
Electrostatic force driven self-assembly of nanoparticles to form diamond-like ZnS crystallites with
octahedron morphology. This work also demonstrates the formation of other morphologies. Reprinted
with permission from reference [71]. Copyright 2006 The American Association for the Advancement of
Science.

Figure 4. Top panels: schematic representation of tube architectures formed with 5 and 10 nm Au
nanoparticles placed on the surfaces of the DNA tile array. Bottom panels: the corresponding electron
tomographic images are shown. Precise placement of Au nanoparticles on the DNA structures enables
one to image true 3D conformations of DNA tubes, and overcomethe limitations of electronic
microscopic imaging techniques to study the same. Reprinted with permission from reference [92].
Copyright 2009 The American Association for the Advancement of Science.

Figure 5. Entropy-enthalpy interplay led to self-assembly within nanoparticle-polymer systems(a)
Multilayer formation of assembled nanoparticles. Reprinted with permission from reference [164]
Copyright 2007 Nature Publishing Group and(b & c) Application to the development of self-healing
coating scale bar -50 µm. Reprinted with permission from reference [165]. Copyright 2006 Nature
Publishing Group.

Figure 6. Cross-sectional TEM images showing the assembly of gold particles within PS-PVP block
copolymer, assembly of gold nanoparticles surface functionalized with (a) 100% PS groups and(b) 20%
PVP and 80% PS group. Reprinted with permission from reference [166] . Copyright 2005 American
Chemical Society.(c) SEM image illustrating the cooperative self assembly between TOPO surface
functionalized CdSe nanoparticles within PVP cylinders and (d) schematic of the assembly process.
Reprinted with permission from reference [127]. Copyright2005 Nature Publishing Group.

Figure 7 (a) Nanoparticle-polymer systems at high temperatures for spontaneous formation of high
surface area organosilicate films. Reprinted with permission from reference [184]. Copyright 2009 IOP
Publishing Ltd and(b) Fluorescent micrograph image of a fluorescent protein bound surface energy
gated spontaneously patterned nanoporous thin films. Reprinted with permission from reference [185].
Copyright 2011 Elsevier Inc.
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Figure 8 (a) Schematic of the experimental setup,(b) random distribution of 1.4µm latex particles before
the application of the AC electric field (Scale 1 cm = 7 µm),(c) formation of 1D chains oriented in
parallel to the field direction applied for 2 seconds Scale (1 cm = 7 µm) and(d) formation of hexagonally
close packed arrays with the field applied for 15 seconds (1 cm = 3.5 microns). Reprinted with
permission from reference [207]. Copyright 2004 American Chemical Society.

Figure 9. AFM images of(a) Ni nanoparticles cast on Si substrate,(b) Ni nanochains formed by self-
organized nanoparticles in the presence of magnetic field (the inset shows higher magnification of a
single nanochain, scale bar of 200 nm). Reprinted with permission from reference [225]. Copyright 2009
IOP Publishing Ltd.

Figure 10. Schematic illustration of the magnetic-field-dependent preparation of noble-metal hollow
nanoparticle strucutures. Process (1) and (2) correspond to the presence and absence of the magnetic
field, respectively. Mx+ denotes Au3+, Pt4+, or Pd2+. The SPR peak position of Au hollow nanoparticulate
chain is seen to depend on external magnetic field. Reprinted with permission from reference [226].
Copyright 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 11. Optical microscopy pictures of ellipsoidal particles trapped at the water-oil interface.(a)
polystyrene (PS) ellipsoids coated with silica shell aggregate side to side (scale bar: 21 µm) and(b) PS
ellipsoids without silica shell bind in a tip-to-tip manner(scale bar: 33 µm). Inset: polygon-like structure
formed by PS ellipsoids (scale bar: 13.6 µm). Reprinted withpermission from reference [259]. Copyright
2005 The American Physical Society.

Figure 12 (A) Schematic representation of the self-assembly during the early stages of drying (not to
scale). (B) A TEM micrograph of a typical monolayer produced by drop-casting a solution of
dodecanethiol-ligated 6-nm gold nanocrystals. Reprintedwith permission from reference [268].
Copyright 2006 Publishing Group.(C) TEM image of a monolayer sheet self-assembled from 26.0 nm
PS-Au nanoparticles and(D) Higher-magnification TEM image of the selected region from(C) showing
that nanoparticles are hexagonally packed yet well spaced.Reprinted with permission from reference
[269]. Copyright 2011 American Chemical Society.

Figure 13.Self-assembly of anisotropic TiO2 particles as a consequence of electric field and flow induced
effects. Reprinted with permission from reference [273]. Copyright 2009 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Figure 14. Fabrication of 3D photonic crystals by self-assembly mediated by convective flow in a
magnetic field. Reprinted with permission from reference [274]. Copyright 2009 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Figure 15. Few examples of biological self-assembly towards orderednanostructures.(A) Bone
formation from collagen molecules incorporating hydroxyapatite crystals. Individual fibrils associate in a
hierarchial pattern to generate the final bone structure. Reprinted with permission from reference [288]
Copyright 1993 Nature Publishing Group.(B) Deep etch electron micrograph of cytoskeleton with
origami inset (upper left) demonstrates the intricate patterns formed by cytoskeletal proteins that grants
shape, support and flexibility to cells. Reprinted with permission from reference [286] Copyright 2006
The Rockefeller University Press. The inset in(B) is reprinted with permission from reference [116]. 
Copyright 2006 Nature Publishing Group(C) Highly ordered structure of muscle cell.
Immunofluorescence image of myocytes labelled with antibodies against Actin (Blue) Actinin and Nebulin
(merged orange) and fluorescent labelled phalloidin. Reprinted with permission from reference [287].
Copyright 2010 The Rockefeller University Press.(D) Immunofluorescence image of honeycomb like
structure of lens fiber cells revealed by anti-Aquaporin-0staining. (Source:
http://www.mc.vanderbilt.edu/root/vumc.php?site=msrcscheylab&doc=31159)
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Figure 16. Self assembled protein nanostructures.(A) Hexagonal hierarchical microtubular structures
are produced by diphenylalanine self-assembly. Reprintedwith permission from reference [337].
Copyright 2011 American Chemical Society)(B) The hexagonal tubular structures visualized by optical
microscopy. Reprinted with permission from reference [335] Copyright 2011 Elsevier Ltd.(C) 
intermediate structures in the self-assembly of the peptide KFE8 (FKFEFKFE), designed with alternating
polar and non-polar amino acids.(D) Atomic force microscopy (AFM) demonstrating ordered self-
assembled KFE8 peptide and schematic top view. Images (C-D) reprinted with permission from reference
[339]. Copyright 2002 American Chemical Society.

Figure 17. (i-iii) Patterned deposition of Au film on silicon (Si) substrate and (iv-vi) layer-by-layer
assembly of gold nanoparticles on Au patterns.(a-d) Scanning electron micrographs of two layers of gold
nanoparticles assembled onto lithographically defined gold patterns, taken at different magnifications,
with the surrounding silicon being passivated with PEG silane. The first layer consists of 15 nm diameter
particles and the second layer of 10 nm size particles. The oligonucleotides have been employed to
perform nanoparticle assembly on lithographic patterns demonstrates the specificity and versatility of the
multilayer process. Reprinted with permission from reference [343] Copyright 2004 American Chemical
Society.

Figure 18. (A) Schematic presentation of DNA assisted assembly of nanowires. After DNA
functionalization, the nanowires are assembled on the surface of the gold electrodes.(B) SEM image of
an assembled Au/Pd/Au nanowire between electrodes. Reprinted with permission from reference [345]
Copyright 2007 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim.

Figure 19. Self assembled RNA nanostructures. (A-B) Electron micrographs (EM) and schematics of 6 –
stranded(A) and 10 - stranded(B) RNA cubes. Top left panels: EM of the RNA particles. Right panels:
Average shapes of different classes Lower panel: Schematicprojections of RNA nanostructures observed.
Images(A) & (B) reprinted with permission from reference [354] Copyright 2010 Macmillan Publishers
Limited. (C) Electron density map demonstrating the minor groove formedby the helical regions of the
RNA nanosquare;(D) major groove view. Images(C) & (D) reprinted with permission from reference
[353] Copyright 2012 by the National Academy of Sciences.

Figure 20. Self assembled lipid based bionanoparticles.(A) Liposomes fusing to particle surface after
being mixed with hydrophilic particles. An anionic fluorescent dye (calcein) was incorporated by the
fusion of a cationic lipid with an anionic silica particle. Fluorescence image demonstrating uptake of the
calcein containing lipid nanoparticles. Image(A) reprinted with permission from reference [365]
Copyright 2009 American Chemical Society.(B) Structure of Nanodiscs, modeled with POPC as lipid.
Two amphipathic helices of MSP (gray ribbon) sarround the lipid bilayer (white space filling). The
graphic was generated using the PyMOL Molecular Graphics system. Image(B) reprinted with
permission from reference [378]. Copyright 2009 Elsevier Inc.

Figure 21. (a) Molecular model of the oligopeptide RADSC-14 with the sequence RADSRADSAAAAAC
and of ethylene glycol thiolate (EG6SH) and(b) an example of patterned surface using self-assembly and
microcontact printing (top-down fabrication). Reprintedwith permission from reference [393]. Copyright
1999 Elsevier Science Ltd.

Figure 22. (a-c)Schematic of the assembly mechanism for the formation of vertically aligned ADNTs.
Using an inttegrated approach of top-down fabrication and bottom-up self-assembly. During
evaporation, the diphenylalanine peptide, which is heatedto 220oC, attained a cyclic structure and then
assembled on a substrate to form an ordered array of vertically aligned nanotubes. The aromaticπ-
stacking stabilizes the aligned nanotube architecture.(d) Cyclic voltammetry measurements of ADNT-
coated (red line), carbon-nanotube-coated (black line) and uncoated (blue line) carbon electrodes and(e)
Cross-sectional SEM image of vertically aligned ADNTs demonstrating the elongated micrometre tubes,



66 

 

with a thickness of 40 µm. Reprinted with permission from reference [30]. Copyright 2009 Macmillan
Publishers Limited.

Figure 23. Schematic representation of the hierarchical electrode fabrication using integrated top-down
lithography and bottom-up self-assembly approach.(a - c) Patterning of gold pillars on silicon wafer
using traditional photoresist process (top-down)(d) Tobacco mosaic virus (TMV) was self-assembled on
the chip surface and metallized on the micropillars with Ni using an electroless plating and the active
battery material, V2O5, was deposited using ALD.(e-g) – SEM images of the hierarchical electrodes
recorded at different magnifications.(f) and (g) depict the side- and the top-views of one such pillar.
Reprinted with permission from reference [33]. Copyright 2012 American Chemical Society.

Figure 24 (a) Schematic of the multi-layer structure used to create the nanomembrane based ultra-
compact capacitors (UCCap) using a combined top-down and bottom-up strategy. (b) The multilayer
nanomembrane exhibit self-rolling behavior due to strains. (c) The layer sequence for inorganic (Case I)
and hybrid organic/inorganic (Case II) capacitors incorporating self-assembled monolayers is shown.(d-
e) Typical SEM images of UCCaps demonstrating the reproducibility of the process to produce several
such structures on a large area.(f) Cross-sectional SEM view of an UCCap comprising nearly 13
windings and rolled from a 600µm long planar capacitor. Reprinted with permission from reference
[32]. Copyright 2010 American Chemical Society.

Figure 25. Formation of metal nanochains and nanowires on PS-b-PMMA at different stages.(a)
Aggregation of Au metal, vapor-deposited onto BCP film (3 nmnominal metal film thickness), into
nanometer-sized islands.(b) Annealing at 180oC for 1 min in an Ar ambient produces highly selective Au
decoration of the PS domains forming metal nanochains.(c) Repeated deposition and short-time
annealing at 180oC leads to densely packed nanochains.(d) Large-scale TEM micrograph and(e)
Magnified view of self-assembled Ag nanowires. Depositionwith higher thickness of Ag film (12 nm)
leads to nanowires while that of lower thickness (3 nm) self-assembles into nanochains. The varying grey
levels in the image due to Bragg scattering is attributed to the different orientations of the
nanocrystallites. All metal depositions were performed atbase pressures of (1-2)× 10-6 Torr and rates of
0.005 ±0.1 nm s-1. Scale bars: 200 nm in (a-c) and 100 nm in(d) and (e). Reprinted with permission from
reference [437]. Copyright 2001 Macmillan Magazines Ltd.

Figure 26.SEM images of(a) PS(990)-b-P[2VP(HAuCl4)0.5] BCP micellar monolayer on a Si substrate
after lifting-off the non-irradiated micelles (i.e. areaswithout electron beam exposures) and(b) after the
hydrogen plasma treatment, which deposited 7 nm large Au-nanoparticles in a star pattern. Reprinted
with permission from reference [424].  Copyright 2003 IOP Publishing Ltd.

Figure 27. (A) Schematic of the temporal and spatial evolution of self-assembled superstructures studied
using in-situ X-ray scattering techniques. Slices at intermediate drying times reveal the process of
ordering in different regions including at the interfaces.A low and high magnification TEM image of
PbSe cubic nanocrystals (cNC) are also shown along with a SEMimage of a monolayer of nanocrystals.
(B) In-situ GISAXS reveals the evolution of the rhombohedral superlattice constant, a, and angle,α, as a
function of hexane vapor concentration from wet (nearly saturated) to dry (pure He gas environment).
GIWAXS(C−E) show the evolution of the orientational ordering from the wet film to the dry superlattice.
Radially integrated intensity of the {111}NC reflection illustrates the preferential cNC orientation in the
wet and dry films(C−E) as well as assemblies formed by slow (i) and fast (ii) evaporation. The
monolayer film (iii) also illustrates preferential “face-up” alignment of the cNC. Reprinted with
permission from reference [482]. Copyright 2012 American Chemical Society.

Figure 28 (A) Schematic of dielectrophoretic (DEP) sample cell (not to scale) integrated with small
angle neutron scattering (SANs) probe to monitor the electric field directed self-assembly of polystyrene
colloidal nanoparticles in-situ.(B) Scattering patterns in 2D and 3D for d = 195nm particles obtained at
E = 1414V/cm 50 kHz shows six strong spot Bragg ordering confirming formation of crystal structures at
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very high field and low frequencies. Reprinted with permission from reference [483]. Copyright 2010 The
Royal Society of Chemistry.
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Figure 11 of 28. Shubhra Gangopadhyay et al
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Figure 12 of 28. Shubhra Gangopadhyay et al
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Figure 13 of 28. Shubhra Gangopadhyay et al

Random orientation of 

TiO2 particles before 

application of field. 

SEM images of films assembled with 

application of field as a function of 

intensity and frequency (below) and 

highly anisotropic cracking of the 

films along the direction of the field 

(above). 
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Figure 14 of 28. Shubhra Gangopadhyay et al
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Figure 15 of 28. Shubhra Gangopadhyay et al



Figure 16 of 28. Shubhra Gang
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Figure 17 of 28. Shubhra Gangopadhyay et al



18 

 

Figure 18 of 28. Shubhra Gangopadhyay et al
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Figure 19 of 28.  Shubhra Gangopadhyay et al



20 

 

Figure 20 of 28. Shubhra Gangopadhyay et al
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Figure 21 of 28. Shubhra Gangopadhyay et al
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Figure 22 of 28. Shubhra Gangopadhyay et al



Figure 23 of 28. Shubhra Gang
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Figure 24 of 28. Shubhra Gangopadhyay et al
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Figure 25 of 28. Shubhra Gangopadhyay et al
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Figure 26 of 28. Shubhra Gangopadhyay et al
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Figure 27 of 28 Shubhra Gangopadhyay et al
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Figure 28 of 28 Shubhra Gangopadhyay et al
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