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Abstract

Nanotechnology is touted as the next logical sequence imt#ogical evolution. This has led to
a substantial surge in research activities pertainingeatwvelopment and fundamental understanding of
processes and assembly at the nanoscale. Both top-downottiodhkup fabrication approaches may be
used to realize a range of well-defined nanostructured maitewith desirable physical and chemical
attributes. Among these, bottom-up self-assembly prooffess the most realistic solution towards the
fabrication of next-generation functional materials aedides. Here, we present a comprehensive review
on the physical basis behind self-assembly and the prazesported in recent years to direct the
assembly of nanoscale functional blocks into hierarchicaldered structures. This article emphasizes
assembly in the synthetic domain as well in the biologicaindim, underscoring the importance of
biomimetic approaches towards novel materials. In pddicuwo important classes of directed self-
assembly, namely, (i) self assembly among nanopartidgpr systems and (ii) external field-guided
assembly are highlighted. The spontaneous self-assegnbhavior observed in nature that leads to
complex, multifunctional, hierarchical structures withbiological systems is also discussed in this
review. Recent research undertaken to synthesize hiéralighassembled functional materials have
underscored the need as well as the benefits harvestedeéngsstically 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 thetpastiecades owing to its potential
in the creation of novel materials and device structuret veiktraordinary physical and chemical
propertieg1-11] Considerable resources have been invested in the cbsaad development of these
materials to realize drastic improvements in the devic&rie performance. However, challenges
persist, preventing application of these technologieg&b-world problems. While a general wish list for
the desired material/device properties has been idatificough simulations of specific nanoscale
architectures, translating these findings to reprodecflbrication of functional macroscopic structures
on a scale feasible for industrial production is far fromigidt undertaking. Self-assembly stands out as
the most attractive, technologically feasible, and cdfgtetive strategy to address these challenges. Self-
assembly is essentially a bottom-up process, wherein atookecules, or particles associate into well-
defined and functional geometries under specific, colatoté thermodynamic conditions. Nature has
devised clever means to circumvent a number of challengesigh application of self-assembly and
examples of the effectiveness of this concept are ubigsitbhe scientific community has long attempted
to replicate this idea, with early examples including cidléd assembly of large objects reported as early
as the 1940s.[12] Others have followed suit as the abilifgrabe into the nanoscale has improved, and
now, self-assembly of metal and semiconductor nanopestifd3-17], polymers [18-22and biological
systems [23-26] is well-documented and the subject of B#ern-going research. It is also known that
nature prefers the bottom-up approach exclusively, to méaeself-assembled hierarchical systems
exquisitely by manipulating the local conditions using ayvimited repertoire of available molecules.
Such self assembly occurs typically in the liquid phase umidemal temperature, pressure and pH to
generate a variety of materials with wide ranges of strergl#tsticity and function. Thus the basic tenets
of biological assembly are being investigated vigorouslyapply them to modern manufacturing
processes for higher efficiency as well as development eéhdunctionalized nanomaterials.

The key to self-assembly in a variety of systems such asidallsuspensions, micro- and nano-
emulsions, and biological systems lies in achieving forlafce between various attractive and repulsive
interactions.[27] It is imperative to gain a thorough ursianding of the nature and complexity behind
these processes to manipulate the arrangement of nambgmiti a desired manner. Depending on the
nature and cumulative effect of these interactions, theasebciation between objects may be either
isotropic or anisotropic. While most of the aggregationsestied in non-biological systems are isotropic
in nature and result in the formation of non-hierarchicalcures, the aggregation behavior observed in

many biological (DNA, RNA, and proteins) and bio-mimetigiighetic amino acids, carboxylic acids,



and dendric polymers) systems can be highly anisotropiatare, leading to well-defined, directional,
and ultimately functional assemblies.

The main objective of this review is to present a detailedraesv of various aspects of self-
assembly from the perspectives of fundamental science eswting applications. This review begins
with an introduction to self-assembly and its scientificlaechnological implications. This is followed by
a detailed discussion on the physics of self-assembly.ifigly, the forces and force balance conditions
responsible for the self-assembly of nanoscale elemergparticular manner are presented. Readers are
referred to standard references for detailed mathematiieatment of the interaction forces in their
appropriate sub-sections. In the last decade, there hasabiéeod of scientific developments in the field
of directed self-assembly (DSA), where nanoscale buildbtgcks are guided to assemble in a
predetermined fashion under the influence of externadl$i@r templates, which has enabled realization
of hierarchical macroscopic structures with novel strradtwptical, electronic, and magnetic properties.
Another attractive means towards self-assembly is to é@xpile thermodynamic interactions (entropic-
enthalpic interplays) within nanoparticle and polymertegss. Recent literature has shown that such
interactions may be utilized to govern the spatial orgaimaof the nanopatrticles within the system.
Therefore, an attempt is made to provide a comprehensivewaf DSA in both synthetic and biological
systems with illustrations from pioneering works reportedently. Particular emphasis has also been
placed on approaches that combine -tlovn lithography and bottom-up self-assembly towards
fabrication of hierarchically ordered structures. Sucmbimations often overcome the distinct limitations
of each and highlight the potential complementary naturtheftwo approachd28, 29]. Recent efforts
have further demonstrated the tremendous potential ofiated approaches in the generation of self-
assembled structures at all length scales (from nano- taaysmales[30-35]. The final section is
devoted to description of various situ characterization techniques developed in the past deoaglasp
the science of DSA. Catching glimpses of the self-assemialggsses as it occurs is expected to provide
new insights and advance our fundamental understandingecdidsembly process. Through this review,
we hope to stress the importance of understanding the ctmoégelf-assembly for future work at the
nanoscale and help the reader gain a fascination for tra diedl its progress from the viewpoint of both
fundamental science and technological development.

2. SeltAssembly: Origins and Importance

Self-assembly is a process by which discrete componentdrasen to organize spontaneously
into well-defined geometries by specific interactionse$é interactions may arise due to the intrinsic
properties of the individual elements composing the systerander the influence of applied external

fields.[36, 37] Self-assembly is originally believed to d&ssociated with thermodynamic equilibrium; the
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organized structures being characterized by minima in ylstem’s free energy.[38] However, deeper
inspection suggests this definition is broad and not alwagysropriate given the recent emergence of
concepts such as DSA, where the building units are drivesgerable through the application of external
forces such as electric, magnetic, or flow fields as wellaslzinations of these fields.[39]

Self-assembly, especially at the molecular level, is omasignt in nature. Complex biological
structures such as lipid membranes, higher-order stregtmroteins and nucleic acids, and multi-
component protein aggregates present in living cells aradd almost exclusively through self-assembly
and are central to the very existence of life.[24, 26, 38, @ithesis of man-made materials using the
concepts of molecular self-assembly was first adopted hthgfic chemists in the 1980s.[41] Subsequent
emergence of interdisciplinary sciences involving the cemts of physics, chemistry, biology and
materials science led to the development of producing naddeat the nanoscale with tunable dimensions,
morphology, and functionalitf26] Examples of these forms include nanospheres, nanonadsywires,
nanodiscs, core-shell nanostructures, and nanod@g2s, 42] In addition to the synthesis of nanoscale
objects, the concept of self-assembly has been furthepigggito arrange and assemble these objects in
an orderly manner at pre-determined locatif8®-35, 37, 43] A number of interactions, namely,
electrostatic, van der Waals (vdW), steric, and hydrophdbices, may be used to organize colloidal
nanomaterials on different surfaces. We discuss theseaatiens in detail with suitable illustrations in

the following section.

3. Physics of Self-assembly: Interaction Forces

The assembly of hanoscale components into macroscopiartigcal structures depends on the
manipulation of inter-particle interactions governed kgrigus forces as will be described shortly.
Specifically, the free energy of the system is a quintesaigmarameter governing self-assembly within a
colloidal suspension. Free energy is a net contributiomfbmth enthalpic and entropic terms. The nature
of the dominant force driving the assembly depends on a nupfi@rameters, including, but not limited
to the relative and total concentrations of the constitaenmposing the system, the separation distances
between them, their relative and actual size, solvent caitipn, temperature, and other environmental
conditions.

What drives such a system toward an ordered or disorder¢g?sténfortunately, there is no
simple, all-encompassing answer to this question. Thettescple of different interaction potentials, the
relative magnitudes of short-range and long-range intieras; and the nature of interactions involved are
just a few of the many factors involved in the formation of enell assemblies. It is often thought that
careful tailoring of the interactions between nanomaler@n lead to the formation of equilibrium

structures corresponding to the minimum free energy statbsequently leading to ordered self-
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assembly.[38] In reality, processes more often occur umaer-equilibrium conditions. Prominent
examples of self-assembly dominated by non-equilibriumdé@ons include glass and gel formation as
well as protein folding.[44-46] In general, non-equililom events compete with relaxation processes that
may lead to amorphous states.[36, 46] It may therefore bessecy to exploit long-range interactions
relative to the size of the assembling components to be ablerin ordered self-assembled structures.
Unfortunately, many common attractive interactions aqtrapiably over only the scale of molecular
dimensions. Larger, colloidal particles interacting thigb such short-range attractive forces would likely
aggregate to form a disordered phase. However, nearly athpbes of colloidal crystallization overcome
this limitation by using long-range interactions (elestadic and depletion) or through entropic processes
at high volume fractions.[36] The objective of this sectisrio introduce the basic concepts clearly and
restrict the discussion to qualitative highlights withtabie illustrations for each type of interaction. We
attempt to provide the readers some details on the magrétudehe length scale of these interactions as

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

3.1 Van der Waals Forces

Van der Waals (vdW) force arises due to the interactions éetwwo or more permanent and/or
induced dipoles. The vdW force encompass three possiblgooations: (i) Keesom interactions that
describe interactions between two permanent dipoleDé&Bye interactions between a permanent dipole
and an induced dipole, and (iii) London forces between twanare induced dipoles of polarizable

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

expression, U(r)paw = —C”dW/TG, where r is the distance between dipoles ar@yy is the

proportionality constant.[47] The constant takes intooact the three different types of interactions
mentioned above. Originally, the potential was derivedfiiter-atomic or inter-molecular interactions. In
the case of colloidal particles where the inter-particlpasation is less than 10 nm, vdW forces play a
significant role in inter-particle interactions. Howey#re inverse sixth-power dependence indicates that
vdW forces between dipoles decay rapidly as the distanceeeet particles increases. Hence, it is
considered a short-range force only.

A repulsive aspect to dipole interactions also exists, twhias an inverse twelfth-power
dependence on dipole separation. The combined expressidhef attractive and repulsive forces forms
an analog to the Lennard—Jones (LJ) potential, which deserihe interactions between two spherical
atoms. The LJ potential accounts for both attractive andlsgge interactions between atoms arising from
the overlap of their electron orbitals.[47] In the case obteyns composed of many atoms (i.e.

nanoparticles), an analogous potential can be obtainedryning the LJ potential across all atom-atom
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pairs.[48] Hendersont al [48] estimated the potential for two interacting partioldth sizes from atomic
(few A) to nanoscopic (few tens of nm) dimensiof&égure 1). Despite variations in particle size, the
potential reaches a minimum corresponding to an equilibrtate when the particles are separated by
only a few A, confirming that the length scale of the interaatis always of the order of atomic
dimensions.[36] The relationships governing the calemfabf the LJ potential can also be applied to
other types of interaction potentials where the lengthesadl interaction is much smaller than the
dimensions of particles. Similar principles may furtherapplied for non-spherical bodies.[49, 50] Here
also, the magnitude of the interaction increases lineaitly the size of the particles and the length scale
of the interaction is independent of particle size. Dethieathematical treatment of these calculations
with derivations and interpretations are given in thesdiphbd works.[36, 47-50]

The three main theoretical approaches to describe the vddkairtions are (a) Hamaker integral
approximation [51], (b) Dzyaloshinskii-Lifshitz—Piteski (DLP) theory [52], and (c) Coupled dipole
method (CDM) [53, 54]. The Hamaker integral approximatisrttie simplest method to determine the
magnitude of vdW interactions between objects composeé\wdral constituents. It is in essence a pair-
wise summation (or integration) of the molecular intem@asi throughout the volumes of the two bodies,
which is very similar to the one described earlier for the bfeptial. The values of, 4w estimated using
the Hamaker coefficient for various material systems assecto those calculated using more meticulous
methods such as the DLP theory and the CDM.[47] The nearhtichd values ofC, 4 between the three
methods suggest that the Hamaker method is a good first-apgeoximation of both the magnitude and
distance dependence of the vdW interaction potential acrasuum.

The expression for the interaction potential clearly iatks that the Hamaker coefficient should
be positive for the interactions to remain attractive inunat Indeed, it is always positive for identical
colloidal particles interacting through a solvent, comiing the attractive nature of these forces.[27]
When non-identical colloidal particles are interactingptigh solvent, the sign of the Hamaker coefficient
is dictated by the relative dielectric properties of theveat and two interacting particles and can be
either positive or negative under certain circumstan2g&s$5, 56] In particular, the Hamaker coefficient
becomes negative when the dielectric property of the sbles in between the dielectric properties of
the two interacting non-identical particles, in turn imply that the vdW interactions can move from
attractive to repulsive by changing one of these propef#iés 36] For example, repulsive vdwW
interactions are experienced by systems such as thin ligyidocarbon films on alumina flakes and
different types of polymers dissolved in organic solvefig, 58]

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

the influence of neighboring molecules, thus failing toetdhto account many-body effects between



atoms/molecules composing the two objects. A moleculedrsistem with a permanent dipole or charge
may influence the effective polarizability of neighborimgolecules, which may, in turn, introduce
orientational effects that will cause notable error in teéreation of the coefficient and potential. These
effects are significant at the nanoscale, where the shaghsiae of a particle and the arrangement of its
constituent atoms can influence the vdW interaction at tentlpe separations [53] and near contact.[54]
Two approaches have been developed to address this issnelynaontinuum DLP theory [52] and the
discrete CDM.[53, 54] The continuum DLP approach accouatgrfany-body effects by including the
bulk dielectric response of the interacting materials dreldurrounding medium. Meanwhile, the CDM
follows a discrete approach akin to the Hamaker pairwisensation, but accounting for all possible
many-body effects.[53, 54]

The significance of DLP theory in relation to the Hamakeregral approximation can be
understood from the plot of the Hamaker coefficient as atfancof surface separation,, calculated
using the DLP theory for two semi-infinite gold surfaces amped byL and interacting across water
(Figure 2(a)).[59] The interaction energy per unit area determined qusine Hamaker integral
approximation is given ad/y.m, (L) = —A/12nL?, where the Hamaker coefficieny, is a constant.
According to the DLP theoryA is not constant, but a function of the separation distant¢edsn the
surfaces. The interaction energy is therefore expresstg as(L) = —A(L)/12rnL?. ForL > 10 nm, the
vdW interactions become much weaker than those estimatatiebyfamaker integral approximation,
suggesting that vdW forces would not play a significant inleaanoscale self-assembly when the surface
separation exceeds 10 nm.[36] For smaller separationg\Vewthe DLP-calculated Hamaker coefficient
is nearly constant. Meanwhile, the discrete CDM method iples/a more appropriate calculation since it
combines the discrete Hamaker pairwise summation with aamgorous mathetmatical treatment of
many-body effects.[53] This method could be useful for extely small nanoparticles for which the
dielectric response is significantly different from thdkou

In general, it is difficult to isolate the contribution of Wi forces to the self-assembly of
nanoparticles from other types of interactions that areukaneously present. However, there are still
examples in the literature where vdW forces have been natéteadominant effect in triggering the self-
assembly of both spherical and non-spherical nanopasij2le 36, 60-63] For spherical nanopatrticles,
the self-assembly has resulted in close-packed structuwretsvo and three dimensions [60, 61].
Interestingly, the self-assembly of nanoparticles drilkgrvdW forces is often also accompanied by size
and shape selectivity, as seerFigure 2(b).[63] In particular, the potential energy is minimal when the
largest particles are at the center of the assembled steuatul the smallest particles are at the periphery.
[62] In the case of anisotropic nanoparticles such as nalsordirectional interactions are observed
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favoring assembly in a side-by-side configuration as opdds end-to-end configuratiorfrigure 2(c))
owing to larger vdW forces in the seby-side orientation [63]. Thus, the aspect ratios of thdiglaes in
guestion become an important parameter in dictating thel foonfiguration of the assembly of
anisotropic nanoparticles.

3.2 Electrostatic Forces

Electrostatic forces play a significant role in many seié@mbly processes. Unlike vdW forces,
which are mostly attractive except under certain cond#tias discussed in the preceding sub-section,
electrostatic forces can be either attractive or repuldegending on the charge of the interacting species.
For colloidal systems, the chemical nature (i.e. dielegirbperty) of the solvent and the concentration of
any counter-ions dictate the magnitude and length scalgesktinteractions.

The Coulomb force describes the electrostatic interadiigtaveen atoms, ions, or molecules in
vacuum or medium. This interaction is a long-range forcet@up0 nm) and very strong (typically 500 —
1000 kJ/mol) when compared to vdW interactions (~1 kJ/nkBctrostatic forces are especially relevant
to polar systems. For example, a surface in contact with ar@gp solution can become charged through
either physisorption or chemisorption of ions. In the cata megatively charged surface, the area in
proximity to this surface will attract positively chargeshis from solution. At relatively greater distances
from this surface, the negatively charged ions will diffirst® the region, providing an effective reduction
in the number of positively charged ions per unit volume. Apuigalent picture can be drawn for a
positively charged surface. The models developed to axpihas situation hypothesize formation of two
layers namely, (i) the Stern layer [64] and (ii) the Gouy-@man diffuse layer.[65, 66] The net charge of
the medium outside these layers can be assumed to be neutrdbdhe gradual move to equivalent
concentrations of the two oppositely charged ions. The olalyer represents the two parallel layers of
charge surrounding the surface.

The Debye-Hickel and Gouy-Chapman theoretical modelseptethe same qualitative
representation of the electric double-layer potentialgémeral, this potential is defined by the Debye-
Huckel equatior/ = Uye™*, whereU is the potential at a distance nfandU, is the potential as that
distance approaches zero. As seen, the potditaddcreases exponentially with increasing distance from
the surface. The symbai® represents the screening length (Debye length) or therthiskof the double
layer. For mono-, bi-, or tri-valent electrolyte systemshagoncentrations less than 0.1 M, this value can
be up to 10 nm. When two surfaces with the same type of chang@agh each other, the diffuse layers
(the potentials) from each surface overlap, generatingpalsere force often referred to as electric

double-layer repulsion.[12] The potential in the diffussgdr and, therefore, the double-layer repulsive



force is affected by the surface geometry (spherical or sahrerical), the electrolyte concentration, and
the type of electrolyte. Duvadt al discusses the effect of non-uniform surface charge deasitysurface
roughness on the electrostatic interaction between aleliuble-layers.[67]

More often than not, interactions between curved surfageseacountered in colloidal or
biological systems. For spherical particles separateddigtance larger thaki*, the interaction potential
is well-approximated by the DLVO (Derjaguin, Landau, Veywand Overbeek) potential for screened
electrostatic interactions.[12, 68] However, when theasafion distance between the interacting charged
particles is smaller thar™, this theory fails to describe the interactions adequatéya consequence,
there will be qualitative deviations between the experitaiyobserved self-assembled structures and the
theoretically predicted ones. However, it is possible ttawmba reasonable solution for the interaction
potential under certain boundary conditions. The Derjagypproximation is one such approach, which
relates the force between two curved surfaces to the intenafree energy per unit area between two
planar surfacept9] This makes the Derjaguin approximation a very useful, ®iace it is usually easier
to derive the interaction energy for two planar surfacehamtthan for curved surfaces. This
approximation is valid so long as the range of the interaciod the separation distance are much smaller
than the radii of the curvatures of the interacting surfadesthe case of colloidal solutions, it is
applicable when the thickness of the electric double-l&s/eruch less than the radii of the curvatures (i.e.
micron-scale particles). However, the approximation Ibee® invalid for nanoscale self-assembly
systems and biomolecules in biological systems as the Dé&mgth (100 nm for 10 uM aqueous
electrolytes) is on the same order or larger than the sizéefhanoscale colloids (typically 0.5 to 50
nm).[69] Thus, a more reliable numerical approach must besldped in order to establish a deeper
understanding of the electrostatic interaction potesitifalr the self-assembly of nanoscale objects.
Bhattacharjeet al began that work by reporting a novel approach to describéntieeaction between a
particle and a flat surface, where the value obtained foptitential is far more reasonable than the one
predicted by the Derjaguin approximation.[70] There is Engmportunity for further improvement in the
area of mathematical modeling and simulations to enabletigative determination of the self-assembly
processes driven by electrostatic forces, especially &oparticles with different sizes and shapes
(morphologies) with screening length comparable to the gfzhe nanoparticles.

In reality, both the electric double layer force and the vaMtés act together in driving the self-
assembly of colloidal nanoparticles. In fact, it is quitespible that a number of other forces (steric,
hydrophobic, and hydrogen bonding) may be acting on the peticles as will be explained in
subsequent sub-sections. However, the following exampdenomistrates self-assembly through

predominantly electrostatic interactions. Grzybowskal reported the self-assembly of charged, nearly



equally sized, gold and silver nanoparticles (8.36 to 8.6 tmform large, diamond-like crystals with a
variety of morphologies, in which each nanoparticle has tmpositely charged neighbors.[7Rigure 3
shows one such morphology of an octahedron and the inses thleo{111} and {100} faces. The as-
synthesized gold and silver nanoparticles were coated wih-assembled monolayers of 11-
mercaptoundecanoic acid (MUA) and N,N,N-trimethyl(11roaptoundecyl)ammonium chloride (TMA),
respectively. The resultant self-assembled crystallinectire (diamond-like ZnS or NacCl) is reported to

depend on the separation distance between the chargedgmvisa-vis the screening length.

3.3 Steric and Depletion Forces — Role of Entropy

Ordered assemblies need not always form when only strongctitte forces of interaction are
present. For well-controlled assembly, it may be necessahave some form of repulsive interactions
between the constituents of the system to prevent prematystem collapse into an undesirable
disordered state. This concept is most commonly encouhiaréhe folding of polypeptide chains into
higher order structures. For colloidal systems, the alesefi@ny repulsive interactions manifests in an
undesirable precipitation or flocculation among the dispd components. Entropic interactions through
steric and depletion forces could be helpful, even esdentihis context[27]

Steric forces are long-range attractive or repulsive ®induced by the adsorption or grafting of
polymers, polyelectrolytes, and biomacromolecules orstiréace of the interacting objects. In solutions,
a number of interactions such as polymer-polymer, polyssdvent, and polymer-colloid coexist and
contribute to the magnitude of this forcBesides, the nature of the solvent (good or poor for the
polymer), temperature, and nature of the polyelectrolftiesed, could also affect the force [27]. It must
be kept in mind that polymer induced forces can be attractivaepulsive depending on various
experimental factors.

When the colloidal particle surfaces are saturated witlodisl polymers in a good solvent, the
particle interactions are effectively repulsive as a tesubverlapping of the polymer layers. Specifically,
when the solvent used in the colloidal system is a good sbli@nthe polymer, the solvent-polymer
interaction dominate#s two or more colloidal particles coated with the polymeaicis come in contact
with each other, the solvent molecules are constrainedthegolymer chains as a result of their affinity
for the polymer. There could be loss of entropy due to rdstricon the molecular motion or orientational
freedom of the polymer, provided the number density of tHgrper chains per unit area of the surface of
the colloidal particles is high. This entropically drivespulsive interaction is induced by contact [72].

There is also another instance of repulsive interactionnthe colloidal particles coated with polymer
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approach each other. The elasticity of polymer coils catieesonformational entropy change in this case
[27, 73, 74].

Repulsive steric forces have been produced upon compressioneighboring polymer
“brushes” in many applications. One of the major applioas of polymer brushes is the enhanced
stability in colloidal dispersions realized through tethg long-chain molecules onto the surface of
colloidal particles. Other applications include artificjoints, transplants, drug delivery by biodegradable
micelles, and diagnostics of mutations through attachnoémiolymers to DNA microarrays [75-78].
Detailed discussion on theoretical approaches to polymeshies and its applications is beyond the scope
of this review. However, interested readers in this fielel mferred to several approaches such as scaling
theory [79, 80], self-consistent field theory [81, 82], aidnte Carlo simulations [81-85] that have been
put forward to explain the concepts of “polymer brushes”.

When the colloidal system is composed of colloidal partickdth polymer chains in a poor
solvent, polymer-polymer interaction is preferred to pody-solvent interaction, as a result, the colloidal
particles coated/adsorbed with polymer on their surfag@gmence a net attractive force. This is often
referred to asbridging attraction’ [86]. Temperature is a significant factor besides the numbesitieof
polymer chains in this case. On the other hand, if a non-adsppolymer is present in the colloidal
system, attractive depletion interactions could occureWthe distance between the interacting colloidal
particles is large, an even distribution of polymer chaingcélles in solutions) is expected. If this
distance becomes small (< gRas the colloidal particles come into contact with eaclentthere is a
region in the vicinity of this contact volume where the amoahpolymeric chains are depleted. The
osmotic pressure force exerted by the solvent moleculept®n the outside of this depletion volume is
higher. This will induce a net attractive force between thboidal particles. This kind of interaction is
known as depletion attraction [87]. The strength of thigaative interaction is dependent on the
concentration and molecular weight of the polymers, butesegally weaker than vdW or electrostatic
forces of attraction. Interestingly, depletion attractiforces are independent of the size and the
morphology (shape) of the interacting colloidal particlEsr example, the depletion attraction from a
sphere-rod interaction has been studied in detail in regesnts, where a strong attractive depletion force
is experienced owing to both translational and rotatioregrdes of freedom [§8The question arises -
what happens when the colloidal particles and/or the palyeme charged? In this case, electric double-
layer repulsion and depletion attraction oppose each ¢8%®1]. The net force is dependent on the size
of the polymer (molecular weight) and the concentrationadioidal particles (distance between them).

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

few examples of self-assembling nanoparticles using tfeses. Yan and co-workers demonstrated the
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synthesis of complex tubular architectures of gold (Au)opatticles using DNA-mediated assembly with
various conformations and chiralities by exploiting therit and the electrostatic repulsion effects that
the Au nanoparticles lined up on the DNA array experiencé. [B2portantly, precise placement of Au
nanoparticles on the DNA structures enables one to imageoBEomations of DNA tubes and overcome
the limitations of electronic microscopic imaging techmeg EFigure 4). Also, self-assembly of Au
nanoparticles into tubular structures using DNA tiles dodéad to interesting properties for
nanoelectronics and photonics applications.[92] Deptetiattraction forces between CdSe/CdS
hydrophobic colloidal nanorods of semiconductors disgetlis an organic solvent in the presence of an
additive have been tailored to form 2D monolayers of clogekpd hexagonally ordered arrays directly in
solution [93]. Depletion attraction forces were also fowndbe effective in the shape-selective separation
of nanorods from binary mixtures of rods and sph4®&} The experimental procedures employed in this

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

3.4 Hydrophobic Effect

Studies on hydrophobic interactions continue to attracstant attention as they play a pivotal
role in understanding molecular self-assembly. The hylabbjr effect is central to our understanding of
many biological processes, including protein folding [¥éfmation of lipid bilayers [95], and insertion
of membrane proteins into the nonpolar lipid environme®].[& is believed to result from the tendency
of nonpolar substances to aggregate in aqueous solutioearade water molecules. Both entropy and
enthalpy contribute to this effect. When a nonpolar sulzstawith limited aqueous solubility (e.qg.
hydrocarbons or long-chain poly-amines) comes in contaitt water, the tetrahedral bonding sites of
water molecules are disrupted around the solute-waterféice or at the surface of the solute. In other
words, the dynamic hydrogen bonds between water molectgedistupted by the presence of nonpolar
substances. According to the theory of iceberg formaticatewmolecules form a network like structure
around the solute molecules [97-99]. The degree of trdogkt and orientational motions of water
molecules is restricted, leading to a loss of entropy thatesdhe process unfavorable in terms of free
energy of the system, given A& = AH — TAS, whereAH is the change in enthalpy, T is the temperature,
and AS is the change in entropy. At the same time, nonpolar madecté@nd to come together to form
aggregates, in turn breaking the network structure andidgath an increased motion of the water
molecules. One may also consider the fact that by aggregtdigether, nonpolar molecules reduce the
surface area exposed to water and minimize their disrupfifeet. So, although there is a loss of entropy
due to the confinement of nonpolar molecules, the overal disstem gains a significant amount of

entropy as a result of the motion of water molecules. In sumpnfeydrophobic interaction is understood
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as an entropic effect originating from the disruption of Hiig dynamic hydrogen bonds between
molecules of liquid water by the nonpolar solute.

The theory of iceberg formation to explain the genesis of higdrophobic effect has been
guestioned by many scientists all over the world. For thee satkproviding a complete picture to the
readers, we summarize here the results from critical wolkkee fundamental goal of all these works is to
unravel the mystery of long-range interactions of hydrdpbdorces that extend up to 100 nm from the
nonpolar surface. Yamaguchi andworkers provided evidence for iceberg-like structure ad feelthe
decreased mobility of water molecules.[98] At the same titheir study did not reveal any exact
correlation of the decreased mobility of water moleculeth e formation of the iceberg-like structure.
There have also been many experimental observations assveiinulation studies for this purpose. One
of the critical experimental observations is the appeaafinanobubbles on the surfaces of hydrophobic
molecules. Attardet al have argued that the growth of these nanobubbles followethéy bridging
through capillary action could explain the origin of theder The bridging meniscus would then pull the
surfaces together to form aggregates [100]. Their AFM olzg&Em of the formation of pancake-shaped
nanobubbles lends credibility to their arguments [101]rdiecent experimental works with neutron and
X-ray reflectivity studies show depletion of water densityra interface. A surface layer 2-5 nm thick
with a density about 6—12% lower than that of bul@™was observed by Steigt al[102]. The authors
noted that the use of AFM in previous works might have nuelgdhe bubbles so they used neutron
reflectivity to look at the interface. Neutrons are strogngtattered by deuterium (D) and, therefore, they
employed RO, in contact with deuterated polystyrene, a hydrophoblgmer. In another work reported
by Jenseret al X-ray reflectivity measurements of the interface of a hedig+ae monolayer floating on
the surface of water also reveals a similar depletion zonk®ihm thickness with a density of around
10% of the bulk water densify.03]. Thus, it is suggested that lower fluid density at theiifsce could

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

3.5 Hydrogen Bonding

The unusual physical properties of water, especially s haolecular weight, high boiling point,
maximum density at 4 °C, and increasing dielectric constgan freezing of water into ice, are
understood to originate from its hydrogen bonding struefdi7]. Hydrogen bonds are also present in
other molecules apart from water. These bonds are formeebathydrogen and highly electronegative
atoms such as oxygen, nitrogen, fluorine, chlorine, andrsttThe electron cloud of the hydrogen atom is
attracted by these atoms, making the hydrogen atom pdsitpelarized. The positively charged

hydrogen atom can, in turn, interact with the electronegaditoms in its vicinity. In a sense, hydrogen
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bonds are believed to be electrostatic in nature, wherelyp®m mediates the attraction of two larger
atoms with partial negative charges. Magnitudes of indialdhydrogen bonds range from 10 to 40 kJ per
mol and, therefore, it is weaker than a covalent bond (~ 50®&), but stronger than vdW interactions
(around 1kJ/mol). Hydrogen bonds are directional in natlweother words, the molecules capable of
forming a hydrogen bond interact only through specific bogdsites. Hydrogen bonding can occur
within the same molecule (intramolecular) as well as betwe®lecules (intermolecular). Both the
strength and the directionality of the hydrogen bond arpamsible for the formation and stability of the
DNA double helical structure, integrity and function of lhgical membranes, and cell functions such as
cellular transport.

Beyond supramolecular systems, hydrogen bond interactimve been extended to the self-
assembly of nanoscale materials [105-107]. Metal nanigfestfunctionalized with thiol molecules (HS—
C¢H,—X where X = OH, COOH, NH) are reported to self-assemble through hydrogen bond towma
and the extent of assembly is dependent on the strength od¢psd bonds formed [1(6End-to-end self-
assembly of anisotropic nanostructures has been realiredgh the attachment of hydrogen bonding
functionalities to the ends of the Au nanorods [105, 107]. ewlthe functional groups are acidic, strong
hydrogen bond interactions were observed at low pH and sefulelectrostatic interactions were
experienced at higher pH [1pMeanwhile, when the pH values are intermediate, vdW intenas could

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

4. Bottom-up Approaches

Having summarized the various fundamental interactiome®rresponsible for self-assembly
among discrete nanoscale elements, we will now focus onahieus approaches towards the fabrication
of nanoscale organized structures. In contrast to the usexpénsive equipment and cumbersome
processing methodologies often employed for top-downidakion, bottom-up approaches rely on
imparting specific interactions between molecules or particles often using simple chemistry to drive
an autonomous self-assembly process once the precursersniaed together under appropriate
conditions. The sheer number of choices available to fime tine interactions between the nanoscale
elements (interaction forces, molecular structure, nariabe shape, size, and surface characteristics)
makes this especially promising for nanofabrication. Bareple, tunable nanostructures can be created
by simply controlling the process parameters such as teatyrer humidity, pH, and chemistry of
sacrificial templates. We refer the interested readergversl detailed reviews written in this area.[108-
119] The scope of this article is limited to highlighting theund breaking achievements in directed self-

assembly (DSA) with suitable examples from recently phigidsworks.
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4.1 Directed SelfAssembly

Spontaneously self-assembled structures formed throghmbdynamic interactions between
individual components is a rapidly growing area of reseah offers facile means to fabricate uniquely
tailored nanostructures. Approaches involving the useaobparticles as individual building blocks for
realization of such systems are especially relevant.fiZ8} Such bottom-up fabrication methodologies
offer unprecedented control on fine tuning the optical, naical and electrical properties of the
resultant material. Evaporation-induced self-assenbIgA) [132, 134-139] is one such example for this
type and when combined with templating, it may be used toywedvell-controlled nanostructures with
long-range order. In order to successfully exploit nantiglarself-assembly in technological applications
and to ensure efficient scale-up, a high level of directind eontrol is required. The methods concerning
DSA can again be classified into three broad categorieseitiplate-guided self-assembly (ii) entropic —
enthalpic interplay driven self-assembly within nanojgéatpolymer systems, and (iii) field-guided self-

assembly with subsets within these categories.

4.1.1 TemplateGuided SelfAssembly

A template may be defined as a scaffold onto which moleculggdicles can be arranged into a
structure with a morphology that is complementary to thateftemplate. A variety of elements, such as
single molecules [140], nanostructuresy, carbon nanotubes[141, 142] and mesoporous silica]),1d8
block copolymers (BCP) [132, 139, 144, 145], can serve as aud hard templates. Hard templates
include mesoporous materials [139], porous alumina [1@&]teins[147], carbon nanotubes [141, 142],
and porous polymer films [148 Soft templates are generally micelles, reverse micelles \asicles
formed by the aggregation of surfactant molecules. Theee®CPs and biomolecules can serve as a soft
template. The soft template provides cavities in dynamigliéggium, and substances can diffuse into the
cavity through the cavity wall, while the hard template pd®g static pore channels, and substances can
only enter the pore channel from its opening. Soft templatesreported to provide a uniform spatial
distribution of active reactive sites to allow controlledripdicity in the placement of nanoparticles and
hierarchical structures. Hard templates with chemicallpdified surfaces allow assembly of
nanoparticles and the template-directed growth of namostres, such as nanowires, nanorods,
nanotubes, and others. As this field has matured rapidipesoutstanding reviews on this topic have
been already written and interested readers are refertbése publications.[39, 149-151]

4.1.2 Directed Self-Assembly through Interplay of EntropyEnthalpy in Polymer-Nanoparticle

Systems
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4.1.2.1 Nanopatrticle - Polymer Systems

One of the evolving fields of research in directed ssfembly has been that of assembly in
nanoparticle—polymer systems. In such systems, nanojgardistribution within the polymer is
determined primarily by the interplay between entropic amthalpic effects between the dispersed
nanoparticles and the polymer chains. A great deal of resehas been accomplished on using
nanoscopic filler elements in various composites to enbaihe electrical, mechanical and optical
properties of materials [152-159]. Segregation of the paniles is often undesired under these
circumstances and achieving and maintaining a unifornriligton of the nanoparticles within these
composites through appropriate surface modification s extremely important to preserve the
structural integrity of the composite materials. Howesagregation, when finely directed, could lead to
exotic structures opening up new avenues to use nanogaréislnanoscale building blocks for bottom-up
assembled structures at multiple length scales. For examel have recently reported a novel process of
synthesizing dye-doped nanoparticles and facilitatingjrtisontrolled segregation to form fluorescent
supra-nanoparticle clusters (~22 nm), with each suprajperticle cluster made up of ~200 unit
nanoparticles and each unit nanoparticle (~3 nm) in turnapsuating on average a single dye
molecule.[160, 18] Beyond the demonstration of the assembly process, thereliigtonal advantage to
this architecture, which lends itself a unique solution le tong-standing problem of self-quenching
among dye molecules when encapsulating them in high numitkeinwmanoscale volumes (e.g. within a
single nanoparticle).

Controlled segregation of nanoparticles may also lead terésting macroscale architectures.
Nanoparticle distribution and dispersion stability witta polymer matrix are governed primarily by the
enthalpic factors between the nanoparticles and the polyains [162]. For maintaining a uniform
distribution of the nanopatrticles, it becomes criticalmpiortant to minimize the enthalpic contact
energies between the nanoparticles and the polymer chdi®3].[ This is easily attained when
nanoparticle is of the same chemical make-up as the polgmmestrix in which it is dispersed.
Alternatively, the nanoparticle surfaces may be graftetth @ppropriate surface ligands that are miscible
with the polymer matrix [120, 164]. The latter approach isrenattractive as it lends greater flexibility in
incorporating nanoparticles that are fundamentally défif¢ in their chemical, electronic, optical, and/or
mechanical properties than the polymers in which they apeaised, thereby substantially influencing the
properties of the final composite material.

Towards self-assembled systems using nanoparticles asdunal building blocks, the nature of
the surface ligands on the nanoparticles plays an importdet It is well known that in multicomponent

polymeric systems, the component with the lowest surfaeeggrtends to segregate to the air interface to
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minimize the surface energy of the system [164]. Thus, narigtes that are surface grafted with low
surface energy ligands may be selectively driven to thera@rface. This aspect enables fabrication of
smart coatings wherein the surface functionality of thetioga is predominantly determined by the
nature of the ligands on the nanoparticles and those of thepaaticles themselves.

In addition to enthalpic factors, entropy also plays an irtgett role in determining the
nanoparticle distribution within the polymer matrix. M&ming a uniform distribution of the
nanoparticles within a polymer matrix imposes an entrogieabty on the polymer chains as the polymer
chains have to extend and stretch across the nanopartitR® [L64-166]. Thus, the larger the
nanopatrticle, the greater the entropic penalty levied erpthlymer chains [165]. A careful control of the
enthalpic and entropic factors therefore allows one toctliself-assembly within polymer-nanoparticle
composites. For this, the nanoparticle size, the surfaoepgr on the nanoparticles, and the polymer
matrices used are all parameters that may be fine-tuned teoinotlesired structures. To initiate self-
assembly, the nanoparticle-containing polymer films dtenosubjected to an annealing step at the glass
transition temperature of the polymer. This makes the peltyainains mobile while imparting energy to
the nanoparticles for their thermodynamically-directegregation.

An exquisite example of self-assembly within nanopartjmbdymer systems has been reported by
Krishnanet al [167]. Here they have demonstrated various instances wthereanoparticle localization
may be predicted accurately and controlled experimentaitihin multi-layer polymeric thin films
(Figure 5(a)).[164]. By choosing polystyrene nanoparticles dispersethiwilinear polystyrene, the
authors have effectively minimized the enthalpic contiiftuto the self-assembly process. Segregation of
the nanoparticles to the substrate interface was obsemddr ithese conditions primarily due to the
entropic effects. By expelling the nanoparticles to thestnatbe interface, the linear polystyrene chains
gained conformational entropy at the cost of loss of trdiwsial entropy of the nanoparticles. Segregation
to the air interface was demonstrated with the use of CdSepaaticles surface-grafted with oleic acid
molecules. Here, in contrast to the behavior exhibited leypblystyrene nanoparticles, enthalpic terms
dominated. The low surface energy of the oleic acid brushiemgted the segregation of the CdSe
nanoparticles to the air interface to minimize the total rgpeof the system. Regardless of the
contributing term to the segregation of the nanopartictesitilayer formation of the self-assembled
systems was demonstrated.

A relevant immediate application of this behavior, as reguobrin [168], is to be able to limit
dewetting of ultra-thin polymer films on low surface enermgybstrates. Irrespective of the manner in
which the nanopatrticles segregated (either to the subshi@rface or air interface) the segregation of the

nanoparticles promoted stabilization of thin polymer 8lon low surface energy substrates. This is a
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significant development as dewetting in ultra-thin polyrfiems is a consistent problem, which usually
requires surface energy matching of the substrate or neatiifn of the polymer functionality itself to
limit dewetting.

Recently, there has been a surge of interest in fabricafitmimofilms/coatings that can sense and
self-heal in response to damage [154, 156, 165, 169]. Tawé#nis, the concepts of self-directed
nanoparticle assemblies become especially relevant.r@iea localization and on-demand release of
nanoparticles within polymer systems can lead to the nemeiggion self-healing coating technologies.
An example of such a self-healing thin film was reported by Balazs groupHigure 5(b) and 5(c)
[165]. It was predicted theoretically and experimentally that inmaltilayered composite system
consisting of a nanoparticle-filled polymer layer toppeithva brittle inorganic film, nanoparticles may
be entropically driven to fill up cracks developed withiretbverlying brittle film, thereby effectively
repairing the damage [156]. Practical demonstration o thiermodynamically driven self-assembly
process was done using CdSe nanoparticles surface-graiftegolyethylene oxide (PEO) brushes and
blended within PMMA thin films. The good miscibility of PECnd PMMA ensures that the enthalpic
contributing terms are minimal and that any assembly of teoparticles within this system is driven
predominantly by system entropy. The authors demonstatedessful segregation of the nanopatrticles
to the exposed PMMA surface in cracks initiated in a brittl®,Jayer upon annealing this system to
above the glass transition temperature of PMMA. Further ektent of this segregation was shown to be
dependent on nanoparticle size as larger nanoparticles adarger entropic penalty on the polymer

chains, which translates to a greater propensity of thempefychains to expel the nanopatrticles.

4.1.2.2 Block CopolymerNanoparticle Systems

BCPs are a classic example of synthetic systems capable ddrgming spontaneous self-
assembly to give rise to a myriad of different, ordered naootures with well-defined geometries. The
exceptional self-assembling propensity of these molacmiay be attributed to their uniqgue molecular
make-up. These are often amphiphilic molecules and are asedpof multiple covalently linked blocks
of chemically distinct polymer segments. The amphiphilature owing to the differential wetting
characteristics of the individual blocks of the copolymends itself to spontaneous self-assembly into
ordered domains (i.e. spheres, cylinders, lamellar strast etc.) similar to self-assembly among
surfactant systems [170, 171]. The use of these assemBliesglates for the fabrication of ordered
mesoporous inorganic materials is widely documented [138, 172-174]. A particular advantage of
BCPs lies in the enormous degree of flexibility it offers hetchoice of the different blocks and their

individual molecular weights that are often the key factgoserning self-assembly among these systems
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[175]. Casting these molecules as thin films, the ensuingr@d assemblies may be further utilized as
patterning templates; this technique also referred to askiatopolymer lithography [144, 171, 175]. A
brief overview of BCP nanolithography is described in sati.3.

We have discussed previously that the nanoparticle asgemithlin polymer systems is governed
primarily by their entropic-enthalpic interplay; the ng@eticle surface ligands playing an integral role in
the assembly process. By controlling the wettability of thanoparticle surfaces such that the
nanoparticles are dispersible within only one block of thePB researchers have demonstrated their
controlled localization within specific domains of the BCIB6, 176-178]. This is achieved by tailoring
the ligands to have favorable enthalpic interactions (iamic, hydrogen bonding, dipole-dipole,
hydrophobic interactions, etc.) with the particular BCBdil [132].

In this regard, Chilet al demonstrated a simple and robust procedure for the exguaigittrol of
the nanoparticle location within a diblock copolymer [16B)y taking poly(styrer-b-2 vinylpyridine)
(PS-PVP) diblock copolymer as a model system, they have dstrated differential segregation
behavior of gold nanoparticles surface modified with PSPP®r a combination of both within the BCP
domains. While nanoparticles coated with the single horyoper (PS/PVP) segregated to the central
portion of the respective domains, co-localization of P8 BWP molecules on the nanoparticles led to
their segregation to the PS-PVP interface within the BER)(re 6(a) and 6(b).[166] As in the
nanoparticle-polymer systems discussed previously, duggegation of the nanoparticles coated with
single homopolymer to the respective domains is driven griignby the need to minimize their enthalpic
contact with the alternate domains of the BCP. Followingirie With our previous discussion, although
localization of the nanoparticles at the central regionghaf corresponding blocks result in loss of
translational entropy for the nanopatrticles, this lossffisad by the gain in the conformational entropy of
the corresponding domains. The segregation of the narncdparthat are surface modified with both PVP
and PS to the PS-PVP interface within the BCP, althoughmaliped by taking into consideration the
interfacial effects, still remains a subject of furtheréstigation [166].

Extending the nanoparticle-BCP assembly to the fabrinatad 3-dimensionally ordered
mesoporous materials was demonstrated by Waetead [132]. Although BCPs assemblies have been
reported extensively as sacrificial templates for the iGathion of ordered mesoporous metal organic
frameworks, fabrication of these structures that are puredtallic remains a significant challenge. High
surface energies associated with pure metals make it meoeafale for them to assume shapes of low
surface areas [132]. By utilizing Pt nanoparticles surfammlified with ionic liquid ligands, ultra-high
loading of the nanoparticles (~79% by volume) within the topdilic domains of the copolymer was

demonstrated. Cooperative assembly between functi@shtianoparticles and BCPs can further lead to
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hierarchically ordered thin film structures. Such an adsgwas elucidated by Lirt al where they have
demonstrated that incorporation of low surface energyp-tictylphosphine oxide-(TOPO)-covered CdSe
nanoparticles within a PS-PVP diblock copolymer leads te tbrmation of hexagonally ordered,
vertically oriented (normal to the substrate) PVP domaiith the nanoparticles segregated within these
domains and concentrated at the film-air interfa€gyre 6(c) and 6(d).[127] This is despite the fact
that PVP domains had preferential wetting to the substfBite. control samples showed contrasting
architectures wherein cylindrical microdomains assethpkrallel to the substrate substantiating the role
the nanoparticles played in the self-assembly process.

More recently, the cooperative self-assembly process dstwunctionalized nanoparticles and
BCPs to yeld 3D multi-layered, in-plane hexagonally ordered nantiplar sheets was demonstrated by
Kao et al[179]. In this work, it was demonstrated that the self-adsethstructures observed in the bulk
nanoparticle-BCP systems may be translated to thin filnfigorations with high fidelity. For example,
by optimizing the solvent annealing conditions to oriemhédlae parallel to the substrate, low surface
energy nanoparticles assembled within the interiors oBi®s were effectively kinetically trapped from
segregating to the air interface. Extending such cooperaglf-assembly to anisotropic nanoparticles can
have many technological implications. One-dimensionaloséructures such as nanorods and nanowires
are increasingly being considered for use as novel fillements within polymer composites. The
ensemble arrangement of the nanowires/nanorods and thetiialsdistribution within the polymeric
system can have a significant impact on the overall progedf the composite. Further, using polymeric
templates to direct their self-assembly wherein the spatider, orientation on the substrate and rod-
rod/wire-wire spacing may be controlled accurately is i@dse for applications spanning photovoltaics,
plasmonics, sensing, and others [180-182]. In the caseisdt@opic shapes such as nanorods, the rod-rod
energetic interactions gain prominence and are on the seiee @s the other thermodynamic interactions
(entropic and enthalpic) present within typical nanogsetpolymer systems[145]. Thorkelssen al
reported on these aspects and how previously describedetiteinteractions—depletion interaction and
dipole-dipole interactions—may be coupled synergidiioaith those occurring between the nanorods and
the BCPs to control the nanorod organization [145]. The tadil parameter—aspect ratio of the
nanorods—among other things played a vital role in the fiBHflassembly process.

BCP self-assembly on chemically and/or structurally patd surfaces presents yet another route
towards directed organization of nanoparticles on sutestrfl 75, 183]. The underlying basis of this
organization stems from the fact that, on a chemically pa¢ié substrate with contrasting surface
energies, preferential interfacial interactions of thaividual blocks with the chemical patterns leads to

well-defined organization provided commensurabilityvietn the surface patterns and the BCP lamellae

20



period is satisfied. This principle was further extendethtdude assembly on irregularly shaped patterns
by using a ternary blend of diblock copolymers and homopelgrby Stoykovictet al demonstrating
that this was a viable technique towards achieving largée stavice oriented patterns [175]. In the
follow-up to this work, Kanget al adapted the cooperative self-assembly between nandparticd BCPs
upon chemically patterned substrates and demonstratbdhmstretically and experimentally, fabrication
of ultra-low defect arrays of nanopatrticles at sub-40 nngtlerscales with exceptional control on the local
distribution (at the length scale of few hanometers) of theaparticles within individual arrays [183]. It
was further demonstrated that a fine control on the locafildigion of the nanoparticle within each array
may be made by controlling the period of the striped chempedterns and/or the composition of the
ternary BCP blend. When the periods were commensuratdedings of nanoparticles were obtained,
consistent with the segregation behavior observed withérbulk state. However, when the period of the
striped pattern exceeded that of the BCP lamellae, aggreégetnoparticles were obtained within the PS
domains. This was attributed to the extension in the chanfigoration brought about by interfacial
surface effects. This fine level of control demonstratedh®y authors is significant as this can lead to

well-controlled nanoparticle assemblies over large am@trollably and inexpensively.

4.1.2.3 Nanoparticle—Polymer Systems at High Temperatures

A particularly interesting scenario occurs when the nanage-polymer systems are examined at
high annealing temperatures (i.e. temperatures beyonddbemposition temperature of the polymer).
When nanoparticles possessing high temperature stahbiktyitilized, this leads to the condition where
the nanoparticles, initially confined within the polymdrains, experience a sudden increase in entropy
due to the decomposition of the polymer matrix. The thermalit provided to the system further imparts
energy to the nanoparticles that are in continuous randoawan motion. Our group previously
reported that a rapid thermal annealing step at high terhperain systems using
poly(methylsilsesgioxane) nanoparticles dispersediwipoly(propylene) glycol (PPG) polymer leads to
the formation of highly porous nanoparticulate films [18Hiterestingly, the properties of these films,
even for set nanoparticle weight fractions, were highlypgerature dependent. Contrary to conventional
logic, these films exhibited increasing pore volume frawéi and decreasing thicknesses at higher
temperatures, suggesting that these were not constant Bystsms. A significant fraction of
nanoparticles, namely, those that were not cross-linkieaplg escape (i.e. fly-off) from the composite
film upon annealing at high temperature due to their in@dasssociated kinetic energi¢ddqure 7(a)).
Using this novel approach, reproducible synthesis of narmygs, 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 processegadinte-polymer composite films
on chemically patterned substrates presents anotheegtitey scenario. Substrate surface energy plays a
dominant role in this case since, unlike low temperaturegseed systems where the substrate effects are
effectively shielded from the bulk film through the fornati of a segregated monolayer of the wetting
phase at the interface, decomposition-led depletion okduFegated labile phase results in the domino
effect for high temperature processed systems. This leapiofound morphological changes in the bulk
film. Here, surface energy was used to gate the formationasbys and collapsed pore films. By
chemically patterning the surfaces to contain low and higfiese energy patterns, we had demonstrated
spontaneous patterning of nanoporous films. Preferemétting of the PPG phase on high surface energy
patterns led to collapse of pores in the bulk film. Films préson the low surface energy regions on the
other hand retained the high porosiBiqure 7(b)) [185].

4.1.2.4 Anisotropic Self-Assembly of Nanopatrticles

Recent literature is inundated with reports on the synthesid fabrication of various
anisotropically-shaped nanoparticles and bottom-upnaisieel nanostructures.[115, 117, 118, 186-189]
In most of these instances, anisotropic growth of nanagarSuperstructures is brought about by the
directional interactions among anisotropically shapedoparticles,[190-194] the anisotropic properties
of the nanoparticles themselves and/or under the influefcexternal manipulation (Electric field,
magnetic field etc)[195]. Directional interactions beemecommon, isotropic nanoparticles, however,
present a unique challenge, which was addressed recent§utmar and co-worketrfl96, 197] This
work, which may be considered an extension of the previodggussed literature on nanoparticle-
polymer systems, examined the directional assembly of peioles grafted with macromolecules and
dispersed within their corresponding homopolymer masri&y taking polystyrene chain-grafted silica
nanoparticlepolystyrene polymer composites as the model system, it wasodstrated that silica
nanoparticles self-assembled into a myriad of differensaropic assemblies; the final self-assembled
morphology critically dependent on the grafting densityttod polymer chains on the nanoparticles, its
molecular weight, and the molecular weight of the homopeaymatrix. Self-assembled morphologies
ranged from spherical aggregates (under the limiting cdskace nanoparticle dispersed within the
polymer matrix) to thick sheets, thin sheets, strings, amdl-dispersed nanopatrticles as the grafting
density and/or the molecular mass of the grafted polymereased progressively. The authors showed
both experimentally[196] and computationallyf]@hat such a behavior was indeed expected for these
systems and was rationalized by considering the entropibatpic interplay between the grafted

nanoparticles; the short-range inter-particle attractiorces and entropic penalty of distorting the
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polymer brush chains due to the approaching nanoparti€lesinterplay among these forces essentially
leading to the final aggregated morphology of the lowes &rergy. Similar anisotropic self-assembly of
isotropic nanopatrticles was recently demonstrated by Matng[198]. Here, it was demonstrated that

spherical gold nanopatrticles, surface-grafted with mirszholayers of mesogenic molecules and alkyl
thiols led to anisotropic self-assembly of the nanopasticthe volume fractions of the surface-grafted

molecules determining the extent of anisotropy in the fasdembly.

4.1.3 FieldDirected SelfAssembly

The use of external influences and fields to control paatistispensions is well-known for
tailoring the mechanical, optical, and electronic projesrof materials in several applications. External
fields have been applied to direct the assembly of colloaa nanoparticle systems. Electric and/or
magnetic fields are suitable choices for field-directeseasbly. Also, assembly in fluid flows and even
electromagnetic fields in the form of spatially-pattermgdical traps have shown tremendous promise to
direct assembly. Macroscopic viscous flows have been detraiad to produce ordered assembly of
nanoparticles from a solution containing a disordered ensipn of nanoparticles. However, shear rate
and shear strain, particle volume fraction, particle imtd§on potentials, and polydispersity are factors
that affect flow-induced ordering and these need to be otbett and tuned appropriately and accurately.
A number of methods employing external fields used to predsituctures from a solution phase of
precursor particles will be reviewed in this section. Fdlcected assembly promises to be a key tool in
the bottom-up fabrication of novel functional nanostruetu that will enable new materials and
devices.[39]

4.1.3.1 Electric Field Induced Self-Assembly
Electric field-induced self-assembly can be accomplisiigidg either DC or AC fields. Most

of the works reported in literature, however, employ ACd&In order to overcome electro-osmotic and
electrochemical effects associated with DC fields. Ss#feanbly induced by electric fields in colloidal
and nanoparticle systems have been studied in detail oeepaist three decades.[199-205] Particle
polarization is the key phenomenon behind this type of fiattliced assembly owing to the differences in
the dielectric properties of the particles and the surrmgchedium (i.e. solvent). The charges present in
the electrostatic double-layer also contribute to the nimdtion in response to the external field.[199] In
this respect, the behavior of electrorheological (ER)duunder the influence of an external field has
been studied in detail to understand the interactions amdetbulting structural evolution as a function of

applied field and particle concentration [201, POER fluids are defined as colloidal suspensions of
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highly polarizable particles in a nonpolarizable solve2@d. The induced field formed results in strong
dipole-dipole interactions, forming first dipolar chaiasd then leading to the gradual formation of
minimum energy structures at longer times such as a bodgiahtetragonal (bct), hexagonally close-
packed (hcp), or face-centered cubic (fcc) lattices, deipgnupon the particle, concentration, and field.
If the interaction energies were high, kinetically jamméates of percolated chains were observed [39].

In a recent work reported by Lumsdai al self-assembly of micrometer-sized polymer latex
particles and silica particles was directed by applicatiban AC electric field using coplanar electrodes
(field parallel to the interface), resulting in the fornmatiof two-dimensional hexagonal crystalline arrays
(Figure 8(a-d)) [207]. The directed self-assembly was enabled due to the ptayed by two
complementary forces, namely, (i) induced dipole—apfiield and (ii) dipole—dipole interactions. While
the former caused the movement of the particles towardsuttiece of the electrode, the latter caused the
aggregation and 2D crystallization into hexagonal phasSietds of intensities in the range of 40-100 V
with coplanar electrodes separated at 1 mm apart at a freguer200-20,000 Hz (typically 500 Hz)
were used to assemble the crystals. The remarkable aspibis 6€ld-induced assembly is the reversible
switching between ordered and disordered states [39, 207].

Apart from the dipole-dipole interactions, localized étebydrodynamic (EHD) flows generated
by AC electric fields can also enable formation of 2D supg#des and, in some cases, complex
assembled structures. Ristenpaitt al reported that the frequency of AC field and the particle
concentration dictate the type of 2D planar superlattioesiéd (triangular or square) in case of a binary
colloidal suspension composed of silica and polystyremdghes.[204] Interestingly, the aggregation at
low frequency (< 3 kHz) is dominated by attraction resultirmm EHD flow while that at high frequency
(20-200 kHz) the EHD flow is negligible and the aggregat®imstead driven by attractive dipole-dipole
interactions.[204] Absence of superlattice formation rdelimediate frequencies (3—-20 kHz) has been
attributed to domination of repulsive interactions (cagdateral displacements) transverse to the applied
field. While there is no dependency on the field strengthoat frequencies (< 3 kHz), the aggregation
behavior at high frequency is strongly dependent on figlehsjth. The reported absence of field strength
dependence at low frequencies is attributed to the iddngicaling of the repulsive and attractive
interaction forces scale with field strength. The authamshier reported that monodisperse suspensions
exhibit similar trend at lower frequencies and hence theseaf aggregation is not intrinsically linked to
a binary character. This work is an excellent contributionthie study of electric field-directed self-
assembly of colloidal particles. The extent of resultattagsembled complex structures depends upon
the orientation of the applied field (parallel or perpemthic to the assembly plane) and the proximity of

the colloidal particles with respect to the electrodes8]ZDhe degree of confinement (through varying
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spacing between the electrodes) of colloidal suspensoaso reported to dictate the assembly.[209] It
must be noted that diverse self-assembled structures asibp@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 charactesssuch as size, shape, magnetic
properties, and composition have been synthesized for-widging applications such as data storage
media [210], catalysis [211], and biomedicine [212]. From applications point of view, MNPs are
generally dispersed within a polymer with random distridmg and orientations. It is expected that
achieving precise control over the spatial organizatiollbfPs within the polymer matrix will enable the
production of smart, switchable materials or magnetic ckeviwith enhanced performance parameters.
Formation of 1D, 2D and 3D assembled structures of MNPs tiroself-assembly requires an
understanding of the inter-particle and intermoleculacds that are present. It is evident that the extent
or the length scale of the self-assembly of MNPs will be ieficed by the nature of magnetic properties
(paramagnetic or ferromagnetic) associated with theglasti MNPs are generally coated with an organic
functional layer to prevent them from aggregation and toaiensoluble in solvents. Therefore, spatial
organization of these MNPs with surface functionalizedugowithin a polymer matrix require favorable
intermolecular interactions such as hydrogen bondingstrelstatic attraction, hydrophobic interactions,
and vdW forces.[213] Alternatively speaking, surface fimtality of MNPs needs to be tailored suitably
to allow favorable interactions with the polymer for sefisambly.

In general, materials respond to magnetic fields, but trection and magnitude of their response
is what defines the various types of magnetic materialsmgnetic materials are weakly repulsive to an
external field with a negative susceptibility on the ordeob10® to 10°. Paramagnetic materials, on the
other hand, are weakly attractive to the field with a positsusceptibility in the range of £0to 10°.
Ferromagnetic and antiferromagnetic materials are magegen in the absence of external magnetic
fields. The molecular composition and nature of the cogpiimeractions between the electrons within
the materials distinguishes these three classes of matdrigical MNP compositions include Fe and Co
metal particles, iron oxides (E®,), spinel ferrimagnets such as Cgbg or MnFe0,, and intermetallic
alloys such as CoPbr FePt. Since the scope of this article is limited to sefemsbly, interested readers
are referred to some excellent review articles and theeréess therein for information on the synthesis,
characterization, and applications of MNPs.[214-217]

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

driving force for self-assembly of MNPs is attributed to matpstatic dipole—dipole interactions. These
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interactions could be attractive or repulsive dependingnuwhether the dipoles are aligned in parallel or
antiparallel directions, respectively. It has been regmbrthat application of external magnetic fields
facilitate self-assembly of nanoparticles into array cintes even for ultrafine particles, which do not
aggregate easily in the absence of field.[218] This kindieldfassisted self-assembly process may be
reversible, dependent on the interaction energy of the peatioles. In addition to magnetic interactions,
attractive vdW forces are also likely to play a significamtler in the self-assembly of ultrafine
nanoparticles. The energy of vdW interactions scales fipedth particle radius while that of magnetic
dipole interactions is proportional to the particle’s vole. Therefore, vdW interactions dominate for
sufficiently small particles and small inter-particle tdisces, while the long-range magnetic interactions
play a crucial role in the presence of an external magnetld fis exemplified in the self-assemblyyef
Fe0; nanoparticles with 10 nm average diameter.[218] Thus, thgmetic interactions drive the self-
assembly of these nanoparticles in the presence of a stxbeignal field £0.6 T).

Magnetic dipole—dipole interactions are directional intune. A variety of structural
morphologies such as linear chains, ring structures, amer®tare possible from colloidal self-assembly
of nanomagnets.[219-223] The final morphologies of seffeanbled structures are dictated by the
interplay of magnetic dipolar interactions with thermaldiuations. In the presence of an external
magnetic field, well-ordered superlattice structureshwibdy-centered tetragonal symmetry have been
achieved by the self-assembly of nanoparticles driven tonger dipolar interactions.[224] Bliznyut
al reported the observation of spontaneous self-assemblyi afaNoparticles into an interconnected
network of nanochain structures on a Si surface in the poesehf a magnetic fiel{25] The AFM
images shown irFigure 9 (a & b) reveal the formation of such assembled structures with rieti
showing the arrangement of individual nanopatrticles inthain.[225] Likewise, Zengt al reported the
formation of necklace-like chains of Co nanostructuresmwhg external magnetic field was appliad
situ during the chemical synthesis.[226] Furthermore, by ushmeg pre-assembled 1D structure of Co
nanoparticulate chains as a sacrificial template, theyodestnated the synthesis of hollow nanoparticle
chains of gold, platinum, and palladium (i.e. noble metalgh tunable optical properties-{gure 10 (a-
¢)). The length of the chains was shown to determine the positbssirface plasmon resonance (SPR)
absorbance/coupling peaks. The remarkable feature ofabik is the observed tunability of the SPR
peak from 577 nm to nearly 850 nm by merely varying the exidiala strength during the synthesis of
the sacrificial Co nanostructures. The SPR behavior ofololAu nanoparticles was shown to differ
significantly from that of Au nanotubes and Au nanorodsjdating the utility of magnetic field-directed
self-assembly to obtain previously unattainable strgstuyy more traditional meai226] By extension,
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a number of works in the last decade have been reported onrtigesis of periodic arrays of 1D and 2D
patterns of magnetic nanoparticles and other relatedtates:[227-229]

We will conclude this sub-section with a few remarks on thefulsess of self-assembled MNPs
in relation to real-world applications and future direaso Self-assembly can facilitate synthesis of
hierarchically-ordered nanoparticle structures with rextely narrow distributions of size and
electromagnetic properties. MNPs are also used extegsivddiomedical applications such as targeted
drug delivery and as contrast agents in a number of MRI agidias. For these applications, a high
degree of control in the synthesis of MNPs is required to eahiwell-defined homogeneous magnetic
properties. Lastly, this kind of DSA could be useful in theas of smart, switchable materials and for
making materials with highly asymmetric mechanical andiagpt properties. Since the magnetic
properties are also dependent on the shape of the nantggrfidure focus should be directed towards
developing self-assembly-based methods leading to stameslled synthesis with tailored and desired

magnetic properties.

4.1.3.3 Flow-Induced Self-Assembly

Colloidal dispersions are used extensively in a number diustries ranging from paints,
cosmetics, and inks to food and pharmaceuticals. The mampas properties of these dispersions are
strongly dependent on the micro- and nano-structures #watltr from the spatial organization of the
colloidal particles under the influence of various intéi@ts. In general, colloidal particles are subjected
constantly to inter-particle interactions, Brownian mati and hydrodynamic forces. The inter-particle
forces can be attractive as well as repulsive.[230] Browni@tion represents the random motion of
colloids in a fluid due to thermal effects. Hydrodynamiceirstctions result from the force experienced by
the colloid in a flow field induced by the motion of a given fiele. Thus, the resultant structure is
determined by a delicate balance achieved through theplaieof all these forces. In this sub-section, we
will limit the discussion to key developments reported amwfinduced self-assembly.

Considerable efforts have been invested in the study of Woéutton of microstructures as a
function of shear rate in colloidal suspensions of polyestgr spheres (with size from about 100 nm to a
few microns) using a variety of analytical techniques sustXaay scattering, neutron scattering, and
optical microscopy.[230-242] The key result is the obskova of disorder to order transitions by
modulating the shear flow appropriately and the observextasiructural changes show correlation with
rheological behavior of these colloidal suspensions asetifon of shear rate.[231, 236-238, 243] Studies
carried out on diblock copolymer micelle systems confirm ttansition from a polycrystalline state to a

(111) slipping layer under the influence of steady sj&ab, 237] These works are significant from the
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perspective of forming flow-induced self-assemblies afigpzarticles. In general, it is concluded that a
variety of parameters such as shear rate, shear straiigi@adlume fraction, and the particle interaction
potentials affect flow-induced ordering.[241, 242, 24A4]these examples, the colloidal particles were
suspended either in water or decane, which exhibit Newtofiiigid behavior. In these Newtonian
systems, alignment of particles has not been reported atmelfractions below 0.54 for hard spheres.
Moreover, high shear flow strengths are required to assendtoparticles.[242]

Let us now discuss the situation in which the particles aspatised in a polymeric matrix or in
highly concentrated surfactant solutions. Typically, oyaarticles are employed as fillers in these systems
and, therefore, this type of system is essentially a dilystesn. Such material systems exhibit complex
rheological characteristics. Several studies have bgmortexl in the literature to investigate the effect of
shear flow visa-wis self-assembly of nanoparticles in the matrix. Vermamd ao-workers reported the
formation of 1D string-like structures along the flow ditiea from a dilute suspension of polystyrene
spheres (volume fraction of 0.008) when subjected to shear[245] The same group reported the self-
assembly of particles into 2D crystalline patches aligmethe flow direction.[246] The self-assembly of
particles into ordered structures in viscoelastic fluiglaitributed to two possible reasons: (i) layers of
fluid sheared at different rates may form through the gagktieéss between the parallel plates leading to
preferential particle migration toward layers with lowéesar rates and (ii) the observed differences in the
normal stress in the sheared suspending medium. In the €ammepherical nanoparticles, anisotropic
stresses come into play. Study on the flow-induced aligineénanisotropic particles revealed the
observation of complex orientational transitions, which highly sensitive to aspect ratio and medium
rheological properties.[235] The system of carbon naregufCNTs) is a typical example of an
anisotropic constituent where the study of flow-inducedyrahent of the CNTs dispersed either in
polymer matrix or surfactant solutions presents some éstarg behaviof247, 248] The behavior of
CNTs under shear flow is reportedly very interesting andceohhical importance. Below a certain critical
shear rate, the dispersed state of CNTs becomes unstatliegea aggregation among CNTs. [249-253]
There is plenty of room for exploiting the flow-induced asdies of nanoparticles in complex fluids
especially from the viewpoint of applications. This subjecrelevant in large scale applications, where
complex flows are routinely observed. For example, the $l@mcountered in coating technology direct
self-assembly of nanoparticles from dilute suspensionsreMietails about flow-directed self-assembly

with recent developments can be found in these publicafi@®s254]
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4.1.3.4 Capillary Force-Directed Interfacial Self-Asserhly of Nanoparticles

Capillary interaction forces are either attractive or tejwe forces that arise whenever colloidal
particles make contact with liquid-based interfaces swgch lquid-liquid interface, wetting liquid film, or
foam film. They can also exist between the colloidal pagscthemselves and between the colloidal
particles and a solid surface. The extent and direction®fdhces are dictated by the surface properties
of the colloidal particles such as their wetting behaviarface roughness, and the resulting interface.
The direction of the capillary force can be lateral or normih respect to the particle-liquid contact line
(wetting line). Kralchevskyet al have written excellent reviews on these aspects of interacinduced
by capillary forces [255]. The three major types of capjllorces are{(i) immersion, (ii) flotation, and
(i) bridge. For the benefit of non-specialists in this aref research, we define briefly these different
types of capillary forces.

Immersion capillary forces arise when the particles aréarimmersed in the liquid film. This
liquid film can be a wetting film on a solid substrate or a fisganding film. Wetting of a solid substrate
causes the formation of menisci around the particles. Treetitbn and scale of the forces exerted on the
particles by the menisci are dependent on the wettabilithefliquid to the substrate. When the menisci
from the neighboring particles interfere in such a way thatdeformation on the menisci induced by the
wetting is minimized, an attractive capillary force aridgetween the particles. On the other hand, if the
deformation is maximized, the force is repulsive. In theectt®ere is no deformation induced by the
particles on the liquid interface, no immersion force iatgion would exist to direct assembly.

Flotation capillary forces arise between colloidal pdgscwhen they are afloat on the surface of
liquid. Besides the interaction force exerted on the pagiby the menisci, gravity and buoyant forces
acting on the particles also come into play. When the baléeteeen these forces is achieved through
reduced inter-particle distance, it means, an attractiveefis generated. On the other hand, if the inter-
particle distance increases, it means the net force issulThe size and the density of the particles are
important parameters.

Bridged capillary is induced when a liquid or gas phase cotsner bridges the particle—particle
or particle—substrate. Surface properties are extremgbpitant in this case. For example, when the solid
surface is hydrophobic, the bridge phase must be a gas dnaibntrast, if the surface is hydrophilic,
then the bridged phase should be water or an aqueous phasge.dafbillary condensation occurs when
the bridged phase is water, capillary cavitation occursnithe bridged phase is gas. The bridged phases
between solid particles form curvatures, pointing towattiks bridged phases as a result of which a
pressure difference is generated across it. This pressfifieeedce induces the interaction between the

particles causing them to move towards each other. Furtirerrthe surface tension also acts in the same
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direction. Therefore, the bridged capillary force is alwaattractive. The capillary forces are orders of
magnitude stronger than vdW and electrostatic forces, amdtherefore be exploited to direct self-
assembly, overcoming the presence of any repulsive irtterasd27, 255, 256]

In this respect, we briefly outline the developments in theaeof capillary force-mediated self-
assembly at liquid interfaces. The driving force behind gsbH-assembly of particles at the interface is
attributed to the reduction in interfacial energy. The atance of literature in directing the self-assembly
through exploitation of capillary forces is remarkablethwépecial emphasis in recent years on assembly
of anisotropic particles such as rods and ellipsoids.[260} The orientation of anisotropic particles and
the extent of packing into assembled structures at thefawes are dependent on a number of factors
such as solvent evaporation rates, particle concentradiwth characteristics such as the aspect ratio and
surface properties of the particles.[261] Particle shapealso important as the undulation of the
contact/wetting line may lead to shape-dependent capiltaces.[257, 259] Such interactions can direct
assembly of particles in preferred orientations.[258] d&iuet al recently reported a beautiful work
wherein capillary forces were exploited to direct the adslgrof anisotropic polystyrene (PS) particles
(ellipsoids) with and without silica shell at an oil-watertérface.[259] It was observed that the silica-
coated PS particles interact with each other forming agdesgside-by-side and the PS ellipsoids interact
erd-to-end forming open structures or chains through strongg-tange capillary attractions that
exceededsT, wherekg is the Boltzmann constant. The morphology of the aggregatedtures was
found to depend on particle surface chemistig(re 11 (a & b)). The motion of interacting pairs of
ellipsoids far from other particles was monitored and rdedin situ using optical microscopy. A plot of
the center-to-center separation between two ellipsoidsggime was best fitted by a power law, holding
good for both end-to-end and side-by-side interactiongerdstingly, spheres with the same surface
chemistry behave differently, highlighting the importancf particle shape in capillary interactions.
Though the interaction energies seemed to be comparakid tthe motion trajectories were chaotic and
the spheres could approach one another very closely withaniacting and then separate again. The
authors attribute the difference in behavior to the shajgoapy of the ellipsoids, which may produce
more complex interfacial distortions, leading to strongapillary interactions. These observations could
not be explained by attractive vdW interactions since theymauch smaller thaksT at distances larger
than 1um.[47] As per theoretical predictions, even verylsingerfacial undulations of a few tens of
nanometers are enough to cause long-range capillary atitema greater than 1084 [256, 262]

The assembly of spherical nanoparticles at interfaces agotential to provide rapid self-
assembled systems due to the highly dynamic nature of themdébg process enabling rapid error
corrections[263]. Such an assembly is essentially an pol@éion of the “Pickering emulsion effect” that
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has been known for well over 100 years. Pickering emulsioasemulsions between two immiscible
phases (e.g. oil and water) that are stabilized by the satiomgof micron-sized particles to the liquid—
liquid interfaces driven by the need to minimize the higterfdacial energy [263, 264]. The nature of
assembly of the nanoparticles is dictated by the mininoratf the Helmholtz free energyAE)

accompanying placement of a single nanoparticle at thefawe. Taking the example of an oil-water
2
system, the expression f&E is given by: AE = —:L[yo/w— (yp/w_yp/o)]z, where R is the
o/w

effective particle radiusyo,w is the interfacial energy of the oil-water interfagg,/y, the energy of the
particle-water interface, angp /o the energy of the particle—oil interface [264]. The segtiegaof the
particles to the interface, resulting in their loss of eptromust therefore be compensated by yielding a
negative change iME in order to reduce the total free energy of the system; atanggative value of
AE vyielding a more stable assembly at the interface. Thistemuaas several implications regarding the
interfacial assembly process. TReédependence &iE implies that larger nanoparticles favor more stable
assemblies, yielding larger negative valuesA@t As the size of the nanoparticle shrinks, the smaller
associatedE becomes comparable to the thermal fluctuations of the pemtioles, leading to
progressively less stable assemblies. Consequentlyerlargnoparticles tend to selectively displace
smaller nanoparticles at the interface in dispersionsaioimy a heterogeneous mixture of particle sizes
[264].

Experimental verification of the above equation was regmbity Russeét al through the use of
fluorescent quantum dots (CdSe nanoparticles) surfaaified with tri-n-octylphosphine oxide (TOPO)
ligands and dispersed in toluene [264]. Introducing wateopkbts to this mixture, the authors
demonstrated assembly of the nanoparticles at the waterfdnes, stabilizing the water droplets.
Furthermore, when two different sized quantum dots (2.8 nth4&a6 nm CdSe nanopatrticles) with size-
dependent fluorescence emission were utilized, the lang@oparticles categorically displaced the
smaller nanopatrticles at the interface, as evidenced bysti in fluorescence emission to that
corresponding to the larger quantum dots at the water aderfThe use of this fluorescence probing
technique further allowed the authors to determine the tiorestant for the displacement process simply
by measuring the rate of shift in fluorescence emission. dithors also demonstrated photo-induced
reaction of the hydrophobic TOPO ligands on the nanopasgiek the interface, thereby transferring the
nanoparticles from the toluene phase to the water phase.

The nature of ligands attached to the nanoparticles alsotafthe assembly process as these have
a primary effect on the interfacial energigs i andyp,o. For instance, the degree of hydrophobicity or

hydrophilicity of the surface-attached ligands determitige spatial localization of the nanoparticles at
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the interface; more hydrophobic ligand-modified nandpkes preferring the oil phase over the water-
phase and vice versa [263, 265]. Interfacial reactions rhayefore be carried out conveniently by
exploiting this phenomenon for the surface modificatiod gmnsfer of the nanoparticles from one phase
to the other. This interfacial assembly also paves way fersynthesis of heterodimeric nanoparticles or
Janus nanoparticles consisting of two or more distinct rateces. The assembly of the nanoparticles at
the liquid—liquid interface described above may also bemded to the cost-efficient formation of free-
standing, closely packed nanoparticle membranes throoginatled evaporation of the solvents. Further,
‘nanoalloys’, membranes consisting of a mixture of différeanoparticles, may also be fabricated easily.
Reports include membranes consisting of close-packedganaents of Au, Ag, angFe,0; nanopatrticles
[265] as well as membranes made up of self-assembled biallo@irus) particles [266].

The interfacial self-assembly process need not be confiodijuid—liquid interfaces. Liquid—
solid [267] and liquid—air [268-270] interfaces have alsseb exploited for obtaining self-assembled
systems of nanoparticles through carefully chosen boyndanditions. While droplets of colloidal
solutions leave behind the commonly observed coffee rintepe upon drying due to the highly non-
equilibrium fluid flow and solvent evaporation processBgjioni et al demonstrated that exceptional
long-range ordering of nanoparticles over macroscopigtlterscales was still possible under these
conditions[268]. The authors observed that the key factegeiired for such an assembly were rapid
evaporation of the solvent and promoting attractive intéoas between the particles and the liquid—air
interface. This leads to segregation of the nanopartiddse interface from which 2D nucleation and
growth of the particle islands take place, eventually ciodethe entire surface with monolayer close-
packed assembly of nanoparticlésgure 12(A)). Dodecanethiol-modified gold nanoparticles dispersed
in toluene were shown to assemble with monolayer perfecti@n areas as large as 3 mm x 4 mm upon
drop-casting followed by rapid dryingFigure 12(B)). Interestingly, the assembly process was also
critically dependent on the presence of excess, unligatedeéahne molecules in the solution, the absence
of which led to nanoparticles concentrating and depostiitpe substrate edge. The ease of formation of
these monolayered structures with exquisite long-rangeroprovides an attractive means to produce
self-standing 2D nanopatrticle lattice sheets [267, 269].27urther, the inter-particle separation within
the assemblies may be controlled easily by changing théHeasfghe surface ligand groups. Beyond alkyl
molecular ligands, DNA molecules [271, 272] and polymergahds [269, 270] were also utilized to
control the inter-particle spacing, critical for applicais where tailored optical/electrical properties of the
sheets are desired.

Extending these concepts to anisotropic nanoparticlegeKbhawet al recently reported the

fabrication of free-standing, monolayered gold nanorodNRp superlattice sheetdigure 12(C &
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D)).[269, 270] The anisotropy of the GNRs caused the resultagtdsies to assume different structural
morphologies (e.g. disordered assemblies, horizongdigyred packing and vertically-aligned packing) as
a function of temperature, aging time (in solvent-rich eonment), and the length of the polymeric
ligands attached to the nanorod surfaces. Increasing tatope or annealing time under the saturated
solvent environment favored the formation of verticalligaed packing in contrast to horizontal packing
at lower temperatures or shorter annealing times for theesaMR dispersions. This was rationalized by
taking into account the Tirodo model relating the diffusioonstants of cylindrical particles to
temperature and shear viscosity, giving the GNRs more tionassume the most thermodynamically
stable vertical alignment of the GNRs.

4.1.35 Self-Assembly Under the Application of Combinations of Fiéls

In order to realize hierarchically ordered structures, aynbe necessary to develop novel
procedures wherein a variety of external fields are contbtogether to direct nanoparticle self-assembly.
Such a method would allow achievement of a high degree ofraboréquired for realizing desired
structures assembled at multiple length scales. This@uib-tvithin the family of self-assembly is still a
nascent area of research. However, some efforts have bperte in the literature, which suggest an
enormous potential for this method. We will highlight theykessults here. For example, electric or
magnetic fields have been applied during deposition of dilta manipulate the orientation of the
nanoparticles within the films and the resulting tunableperties.

Mittal et al employed AC electric fieldin situ to assemble and control the orientation of
anisotropic (ellipsoid) Ti@ nanoparticles during film formation by convective flow dfet colloidal
suspension confined in a suitable experimental cell.[Bt8fly, as the solvent evaporates, the particles
are transported towards the drying frofiqure 13). Simultaneous application of the AC field induces
the orientation of the nanopatrticles either parallel oppadicular to the field direction depending on the
magnitude and frequency of the field. The films exhibit ahhitegree of birefringenceA = 0.15) and
high packing fraction of 0.75 + 0.08 on AC field orientatiofi the nanoparticles while the packing
fraction in the absence of electric field was only 0.44 + 0.€@nfirming that orientation yields denser
films. Interestingly, cracks in the film propagate along ttirection of the electric field, leading to
anisotropic mechanical properties. Thus, a remarkableoapp to tailor the properties of nanostructured
films in situ during the deposition process has been demonstfa#d] In another work by Dinggt al
fabrication of 3D photonic crystals by convective selfeambly of magneticy-F&04/SiO, core-shell
ellipsoids in the presence of magnetic field was repor®¥d] Application of a static magnetic fielic
situ during the convective flow of ellipsoids towards the glalsbgesulted in long-range positional and

orientational ordering as shown in the SEM imadeigre 14). While the convective flow-induced self-
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assembly was responsible for the close packing, the preseh@ magnetic field ensured that the
ellipsoids were not oriented in random directions. Thergireselective reflectance observed at certain
wavelengths is attributed to the periodicity of the samphtiuced by synergetic effects of the convective
flow and magnetic fields. A similar method based on a contimnaof flow-assisted assembly and
electric fields has been extended to organic nanocrystamsploying electric field-assisted shear
assembly, orientation and degree of alignment of rod-ldéutose nanocrystals can be controlled by the
magnitude and frequency of the electric field applied to sibstrate.[275] In another recent work,
electric field-induced alignment of more complex struetwomposed of organic-inorganic composite
dumbbells, specifically, a titania/silica core coatedhwRMMA and a polystyrene lobes, has been
demonstrated.[195] The direction of the alignment of thaséotropic particles either parallel or
perpendicular to the direction of field depends on the pitar between the forces due to inter-particle
interaction and the torque that the inducepatks experience in the external electric field.[195] Togeth
these works show the tremendous potential of employing ebamation of external fields in controlling
the placement, orientation, and alignment of nanopastiitiea desired manner. As we have seen in the
examples above, the orderly arrangement of nanopartiele$hie potential to provide tunable optical and
mechanical characteristics. There is a wide scope for durtesearch in this area of directed self-
assembly. For instance, the ability to modify inter-paetimteractions rapidly with the application of
pulsed fields is yet to be demonstrated.

The kinetics of DSA (structural evolution as a function of¢l) needs to be exploreasitu with
advancedstate-of-the-arttools. Unfortunately, there are experimental limitatiansusing tools like
electron microscopy for this purpose. Especially, whenlidgawith the study of self-assembly of
nanoparticles with size below 10 nm to form hierarchicalires at multiple length scales, it is
necessary to develop appropriate instrumentation thatfaeifitate in-situ monitoring to study the
kinetics of self-assembly. Some important advancement been made using X-ray and neutron
scattering methods over the past decade. We thereforenpiesketailed review on the application iof

situ characterization methods to probe DSA of colloidal nantigias in section 7.

5. Self assembly in Biological Systems

Self assembly processes in living structures remain a aphstource of stimuli for the
development of nanomaterials. Biological systems prowdéch variety of ordered structures. Some
common examples are self-assembly of lipids to bilayersftirans the boundary of all living cells and
intracellular organelles, four heme subunits forming tioral hemoglobin, ribosomal RNA and proteins

interacting to form a functional ribosome or the honeycoiké structure formed by fibers that form the
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lens of the eyeRigure 15 (D)). Proteins, in particular vary in structural propertiesl @novide a scaffold
that can generate a massive array of materials with unigapepties such as keratin, collagen, shell,
pearl, coral, microlenses and optical waveguides .Motg;uhcluding proteins, nucleic acids and lipids
can self-assemble into supra-molecular architecturds asignotors [276-280], arrays [281-283], pumps,
membranes, valves [284, 285] cytoskeletal filameiftigure 15 (B & C))[116, 286, 287, lipid raft
signaling complexes and light harvesting and electrorsfyart 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 melgs-soaonstitute such complexes.
Molecular self assembly occurs ubiquitously by spontasemssociation of individual biomolecules or
“monomers” under physiological conditions into structiyrawell-defined, complex and functional
aggregates via non-covalent interactions such as hydrbgeding, hydrophobic forces, vdW forces
and/or electrostatic interactionshd physics of these interaction forces are described ifogett3. Since
self assembly constitutes an increase of order in a systemptocess is unfavorable from an entropic
point of view. However, as they are formed from the reveesdsdsociation of various molecules using the
aforementioned weak interactions, the balance betwedrakpytand entropy plays an important role in
their formation. [26]Nicholas and Prigogine showed that non-linearity combinéti non-equilibrium
constraints can generate multiple solutions through &iftion and thus allow for more complex behavior
in an open system.[289] The biosphere absorbs energy frerauth’s radiation, exchanging energy and
materials with the earth, thereby constituting an openesystThus, nanoscale self assembly processes
utilize the principles of irreversible thermodynamics tonstruct ordered, hierarchical structures.
Research efforts for understanding these processes hiavéhéa foundation for the first biologically
inspired self assembly processes that have consideratiiadi®gical potential as exemplified by self-
assembled monolayers (SAMs) [290] and GEPIs.[291] . Mogtoirantly, the complementarity of the
shapes and chemical natures of the interacting molecutéacas drive the energetic stabilization of the
resulting nanostructures. Although the basic polymerd dbastitute biological systems are quite weak,
they often display mechanical properties beyond thoseesetli thus far by synthetic materials.[292]
Furthermore, despite the limitations of the self assembindp forced to occur at ambient temperature,
agueous environment, processing and limited availabilitglements (primarily C, N, Ca, H, O, Si, P),
living systems produce complex structures from compogftas are organized in terms of composition
and structure, containing both inorganic and organic carepts. Additionally, biological nanoscale
structures have built-in capacity to self-heal as well as\avover time. That may be a direct result of the
bottom up self-assembly process, since the structuraltrismot directed by any overarching design but

occurs locally due to individual molecules sensing and eedmg to its immediate environmental
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effectors. Hence these nanoscale structures can undeugtusal and functional adjustments according
to cellular requirements.

Living systems thus accomplish a myriad of functions by hgva broad range of mechanical
properties from limited resources and locally directeddrotup self assembly. The mechanical strength
of mineralized biological materials is connected to its g&tructure and to the scale, which limits the
sizes of existing flaws to the level close to the theoretataéngth of the mineral. This was recently
demonstrated by Gaet al.[293] However, this is only part of the story, and hierarchaspects play a
key role. In bone, crack bridging, which occurs via local@&pon and restructuring to maintain strength,
is utmost importance in determining the toughness, andceseptative of a unique property of biological
nanostructures —‘self-healing294] These mechanical properties of the self-assembletbdival
structures are explained through Ashby maps. These mapstedstrength and Young's moduli as
functions of density, thereby revealing certain definiegtfires such as having five orders of magnitude
for the range of Young’s moduli and strength despite the ayemdensity(<3) being lesser than that of
synthetic materials. Thus understanding the physics Hehinh properties of bio-nanostructures might be
useful in process development of synthetic mechanicalemtignic devices.

5.1 Biological self assembly — Its application in the devefament of nanomaterials

A model to explain the specific and unique properties ofdmatal systems has been proposed by Arzt
[295] that has five components: self assembly, ambient ésatpre and pressure processing,
functionality, hierarchy of structure and evolution/evimental effects. These features have been
studied to develop variety of systems such as (i) bioingpfoe biomimicked) materials: approaches to
synthesizing materials inspired on biological systenisb{omaterials: these are materials (e.g., implants)
specifically designed for optimum compatibility with boglical systems and (iii) functional biomaterials
and devices.

A large body of literature has demonstrated that biomoksxwnd polymers in general, are
capable of self-assembling into a wide diversity of streesuwith distinct nanoscale architectures [296,
297]. Clearly, deeper understanding of such processesollorg diverse biological self assembly can
provide important clues that may help shape powerful bioaticntechnology with higher levels of
functionality and specificity and also be cost effectiver Example, Morse and co-workers [298] derived
inspiration from spicule formation to develop a manufaictyrprocess for semiconductor thin films.
Enzymes onto gold surfaces are used as templates on whicicoseluctor films could grow.
Throughout this section we have provided examples of mamyiasi instances, where the biological
nanoscale assembly processes have taught us about thegbimgdure of various materials and structures

that will have a profound effect on everyday applicationd anocess design. The ingenious design of
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nanomachines in nature has helped to inspire and accethmpace of development of biomimetics for
nanodevices.[299-301]. Therefore, current researchteffre focused on making these machines as
viable and effective as possible outside of their nativeiremment.[302, 303]. It should be noted that
while the synthesis of nanomaterials is typically accost@id under equilibrium conditions, within the
biological systems, such synthesis is far from equilibriand is driven by various biomolecular stimuli
as discussed previously.

A significant progress has been made in the application albbical materials for generating
nanodevice systems for applications in the driving of mali@csorters, building of intricate arrays and
chips for diagnostics, molecular sensors [304, 305], naetliators[306-308] , delivery of drugs [302]
and therapeutic macromolecules [309], in nanoelectroamchl systems (NEMS) [310, 311], and in
new electronic and optical devices. Hierarchical strieguand compartmental organizations are integral
to biological functions and are conserved across bioldgisgstems. At a simplistic level,
compartmentalization accounts for spatial separationcamfinement of ions and molecules within and
throughout biological systems. Selective and dynamiaztignging permeability of these compartments
enables control over the flow of energy, information, andeunolar raw materials in support of complex
biochemical processes. Conversely, the study of such rblécal processes can be harnessed for
generating complex nanodevices [312, 313] and may providgaices of “top-down” approaches in
nature. The combination of biological molecules and nowiamaterials is of great importance in the
process of developing new nanoscale devices for futureogicdl, medical, and bioelectronic
applicationd.7, 314]The chemical modification of enzymes with redox-yelgroups [315], the
immobilization of enzymes in redox polymers [316] and thenjugation of biomolecules to metal
nanoparticles (NPs) [317] and carbon-based nanomatg8a& were reported as means to establish
electrical communication between redox proteins and eldes.

5.2 Protein- and peptide-based bio-nanomaterials

Proteins are especially attractive candidates due to wWadlrdefined structure and the feasibility
of structural modification by genetic engineering [319].nzZEme-NP complexes based on a protein
molecular scaffold displaying hundreds of enzymes in ontalytic unit [320] have potential applications
in the food industry as well as for drug delivery. Fabricatmf such structures typically require highly
stable proteins such as SP1,[321] that acts as a molecudffolsicto tether NPs [322] and protein
domains, while selectively and controllably binds to scefa The ability of such protein scaffolds to self-
assemble into three-dimensional nanostructures, combivith the precision to connect to NPs and
enzymes, provides a promising approach for the self-orgdioh of composite nanostructures. Other

enzyme hybrid structures, such as the conjugation of enzymtd metal-NPs or carbon nanotubes, have
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also been reported. The system is based on laterally nantgtd arrays with high local concentration of
enzyme on the electrode surface. However, the immobitimatf biological molecules on carbon
nanoscaffolds, such as carbon nanotubes, is limited byatttetiat their closed shell does not allow for a
high degree of functionalization, since adsorption or tewaimmobilization can be achieved only at the
functionalized end of the opened tubes.

In cyanobacteria and plants, sequential energy transterelea the different complexes of the
photosynthetic machinery is essential to trigger electransfer that drives photosynthesis [323, 324] and
generate molecules containing high energy bonds. Sopdiistl self-organization of the natural
photosystems serves as a model for artificial photosyitttssistems that require efficient energy and
electron transfers. Accordingly, the synthesis and suplacnlar self-assembly of a variety of pigments
have been widely explored with the aim of constructing pbbémical and photoelectronic devices,
including photovoltaics, nonlinear optical materialsdghotoswitching conductors. To mimic bacterial
light harvesting systems, dendritic systems have beenyatiedied for multi-pigment arrays; although it
may be currently challenging and time-consuming to prodsgeh complex molecules with high
yield.[325-327] Similarly, biological materials such a@sus coat protein structure can serve as templates
guiding nanoscale organization of pigments via chemicédage or electrostatic interactions. [328he
highly ordered coats of viruses represent one of the mostsivalied and exploited examples of directed
biological self assembly of proteins. The first to be stddie extensive detail was the Tobacco Mosaic
Virus (TMV). The 300nm by 18nm TMV virus particle is composefiexactly 2130 identical protein
units arranged in a spiral shaped hollow shell enclosingRNA genome.[329, 330] The assembly
process utilizes a very limited set of reversible, non-ten binding interactions between the proteins
and the individual disc sub-assemblies that generate ttie esiral particle, allowing it to self-edit or
correct any errors. Later, we will show in section # 6.2.2vhbe self-assembly behavior of TMV has
been exploited to achieve hierarchical 3D nanostructuneth€ fabrication of functional materials.

The study of the self-organization properties of peptides émerged in recent years as an active
and diverse field of research, ranging from biomedicine &iatechnology to material science and
nanotechnology. Although self-assembly of polypeptides aggregates such as amyloid fibrils is often
associated with human medical disorders such as Alzheintisease, type Il diabetes and Crutzfeld-
Jakob disease [331, 332] and microbial physiological pses [182, 333], such peptide nanofibers are
very well ordered displaying helical periodicity and passeg regularity. These self-organization
properties of peptides have been exploited for the formatb bio-inspired assembled structures,
including nanotubes, nanospheres, nanofibers, nanotapefydrogelsKigure 16 (A & B)).[23, 334-

338] Structural elements as short as dipeptides can formondéred assemblies at the nanoscale [43].
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lonic self-complementary peptides can foprsheets an@ strand structures with regular repeat pattern of
alternating hydrophilic and hydrophobic groups. The hpthabic residues shield themselves from water,
with the hydrophilic groups exposed to surface therebyingithe self-assembly. The complementary
ionic sides of these polypeptide nanostructures have Hassified to several moduli on the basis of the
number of alternating positive and negatively charged anaicids on their hydrophilic faces. Another
important physical property driving ordered self assengislycesses is the chirality of the peptides. For
example, in the 8-residue peptide FKFEFKFE [339] the inmaglet handed twist of the beta stranded
peptide in the beta-sheet conformation leads to the foomati 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)lsize, relative stability and chemical and
biological modifiability. Understanding the physicocheal determinants that trigger peptide self-
assembly is a fundamental step, for the rational design wfmano building blocks for biotechnological
applications or new drugs.
5.3 DNA assisted self-assembly of nanoparticles

Efficiently controlled assembly of nanostructures is bty increasingly important as building
blocks in nanodevices, because of their unique opticattreric, and mechanical properties.[340, 341]
Several approaches such as optical, electron beam, oredipithography are reported for assembling the
nanostructures into higher-level devices, and systemstifdefined shapes, sizes, and functionality. All
of these techniques have little or no control of assemblampstructures into the functional nanosystems
or devices. Biologically driven programmed assembly is dtractive alternative to assemble
nanostructures because of highly specific nature of intemas among biomolecules. In this regard,
deoxyribonucleic acid (DNA) based assembly is especiaiynising. [340-344]. This is because of the
unique chemical make-up of these molecules enabling higitly specific controlled assembly of
nanostructures. Moreover, DNA can easily be synthesizeith wifferent lengths, sequences, and
functional groups. These unique properties in combinatiith the site-specific DNA adsorption on solid
surface have been exploited by many research groups toagefegictional devices poised with nanoscale
materials in a high-throughput manner.[342-345] For eXamdirkin group has explained DNA based
three-dimensional programmed assembly of gold nanopestior highly selective colorimetric detection
of polynucleotide detection in solution.[342] In their gty the specific sequence of DNA molecules
conjugated to the gold nanoparticle provided the requiredgnramming needed for the assembly process.
Majumdar group has demonstrated DNA-mediated assemblgvelap the array of gold nanopatrticles
functionalized with thiolated single-stranded DNA on aidoburface i.e. on a pre-patterned gold

surface.[343] They have shown successfully the programesedmbly of nanoparticles with the help of
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standard lithography, specific DNA strands and chemidakyt PEG molecules directing nanostructures
to develop in a specific region on a chiBigure 17). The extraordinary specificity and selectivity make
the fabrication process ideal for assembling gold nanageston a defined gold pattern by masking the
rest of the surface with polyethylene glycol molecules. Mywroup approached highly specific and
selective assembly of functional multisegmented naneaifegold/palladium/gold on prepatterned gold
electrodes using DNA hybridization.[34%]igure 18 schematically explains the hybridization of two
complementary DNA strands for the immobilization of metatianowires across the gold electrode. Two
complementary single-stranded DNAs (DNAnd DNA;) modified with thiol moiety adsorb on gold
electrode and gold segments of nanowires, and enable ttmvitas to selectively assemble across the
electrode. From these discussions, it is clearly undedstbat programmed assembly of nanoparticles
using DNA molecules is one of the best possible bottom-umfamication approaches and can emerge
as a powerful platform to assemble nanomaterials into @&tyaoif complex structures.
5.4 RNA based bio-nanomaterials

RNA has a multitude of biological functions despite beingrenohemically labile than DNA,
such as various forms of mMRNAs, t-RNAs, small interferingl anicro RNAs (siRNAs and miRNAS)
[346] which are now being harnessed for medicine. Additign&NA also constitutes biologically active
molecular machines such as ribozymes [347], regulatornanapts [348] and nano-motors [348].
Therefore, RNA molecules can be designed and manipulatddanlievel of simplicity characteristic of
DNA while possessing versatility in structure and functisimilar to that of proteins.This natural
versatility of RNA might make it more attractive as buildifdocks and functional components of
multifunctional therapeutic nano-scaffolds for nano-migt [349] that have no counterparts in the
present day DNA world for building. Elegant experiments énaemonstrated that modular RNA units
can form small multimeric particles of various sizes as wasllprogrammable filaments and 2D and 3D
nano-arrays and nanogrids consisting of RNA squdtigite 19 (A-C)).[350-352]

RNA molecules are polymers made up of millions of nucleatifftem four groups: adenosine
(A), cystidine (C), guanosine (G), and uridine (U) (see B&cB). A 100-nucleotide RNA polymer may
have as many as'® (=1.6x10° different RNA molecules. Since the size of RNA ranges frdm t
angstrom to the nanometer scale, bottom-up approachesefegrpd for use with RNA in applications
[353-355]. RNA self-assembly involves cooperative intdicn of individual RNA molecules that
spontaneously assemble in a predefined manner to form arléng- or three-dimensional structure
(Figure 19 (A & B)). Tertiary RNA structures or RNA folding is determined bgpetitive structural
features [356], commonly the double helix which is constitl by consecutively stacked pairs of

complementary nucleotides which interact through hydnogends. Structural motifs in RNA do not
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necessarily require any long-range tertiary interacti®§] and a synthetic combination of such motifs
can then be used to design novel nanostructures [358],dimgjiartificial ribosensors and RNA “Lego”
(Figure 19 (C-D)). [359] Artificial RNA architectures also depend on the #4m-Crick pairing of RNA
strands (hybridization of complementary base sequenc&s3y, [360]. RNA of diverse sequence
complexity have been used to build complex RNA Lego as wels@sare- and cube-shaped self-
assembled objects [350, 354] and their crystal structuralysed. Such sequence-dependent programmed
self-assembly [353, 354] may serve as a nhanoscale tempatéhé directed combination of RNA
scaffolds for biomimetic applications. Recently, RNA ha&eb used in a variety of techniques including
replication, molding, embossing, etc.,that allow theization of a variety of materials to enhance
diversity and resolution of nanomaterials. It should eualy be possible to adapt RNA to facilitate
construction of ordered, patterned, or pre-programmedysasrconstruction of sensors, programmable
packaging and cargo delivery systems for biomedical agfitins [347, 350, 352, 361]. Given the
potential for 3D fabrication, the ability of self-repairdiing and replication, RNA self-assembly might
play an increasingly significant role in integrated bidtzd nanofabrication.
5.5 Lipid based bio-nanomaterials

The phospholipid bilayer membranes are one of the most itbiggi forms of nanoscale
biological self-assembly, conserved from bacteria to msvand are functionally required for all forms of
life. These bhilayers organize living matter into compantisgoroviding physical barriers that partition the
aqueous phase into several compartments that are spatia#iynically, and functionally distinct [362,
363]. Lipid molecules in bilayer membranes associate wilious proteins to form functionalized
complexes involved in maintaining compartment chemicahjgosition, critical aspects of biosynthesis,
energy transduction, information storage, and cellulapgaition and signaling. [364]. Hence, whether
engineering biomimetic technologies or designing thespb interface with the cell, this adaptable
membrane can provide the necessary molecular-level domfomembrane-anchored proteins,
glycopeptides, and glycolipids.

In the last few years, lipid bilayer vesicles with an intdragqueous core, called liposomes have
been widely used for systemic (i.e intravenous) deliverydafgs and diagnostic reagentsigure 20
(A)).[365, 366] They were discovered by Bangham [367] which weoaight of as models for plasma
membranes. Within a liposomes’outer hydrophobic shepidlibilayer) is contained the internal
hydrophilic cavity enabling hydrophilic drugs or macromaliles to be encapsulated in the central
aqueous compartment, while the hydrophobic molecules canemmbedded in the membrane.
Additionally, using chemical modifications, the liposos&rface can be functionalized such that they can

adsorb and carry specialized molecules or drugs. Typicdilyosomes have properties like
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biocompatibility, biodegradability, low toxicity and dity for surface and size modification that make
them desirable carriers in biomedicine and made them deitdnanoscale reaction vessels [368] as
well.. However, they have steric instability, poor contodldrug release and short half-life in circulation.
Certain liposomes have been clinically approved for theévegt of Doxorubicin (Doxil) for cancer
treatment [369]. The liposomes encapsulating Doxil wasatently modified with PEG to improve its
circulation time and referred to as “stealth liposomes”ud various tenets of materials science, cell
biology and pharmacology have been put together to achigyehdrug retention and sustained release
by external stimuli such as pH, magnetism, temperature daectremagnetic radiation at different
radiofrequencies to control the triggering of drug relea&a example is Thermodox, a thermally
sensitive liposome encapsulating Doxorubicin to treatiment chest wall breast cancer and primary liver
cancer(http://celsion.com/docs/technology thermgd®&uch clinical success has led to the generation of

hybrid nanoparticle-liposomes with multiple functionig$ in therapeutics and diagnostics. For example,
TOPO-capped QDs (quantum dots) were incorporated in lipaydrs, and drugs loaded in the internal
cavity were loaded efficiently to create a theranostic @ef370]

Recently, cubosomes (cubosome dispersions) have raisg@shas a drug nanocarrier due to
their great potential as alternative drug delivery systempared to liposome. Specifically, cubosomes
consisting of binary monoolein—water systems have beenelwidstudied.[371] They are
thermodynamically stable, aqueous surfactant systemshvealf-assemble into bicontinuous cubic liquid
crystalline phases. Cubosomes that have a large interrfatsuarea£400 nf/g) are viscous, isotropic
and can load lipophilic, hydrophilic or amphiphilic drugg¥2, 373] Furthermore, their large interfacial
area may provide for complex diffusion for sustained redeafsdrug cargo.[374, 375] Some examples of
cubosome mediated delivery are with somatostatin[37&ulin[377], indomethacin, and rifampicin.
Furthermore, lipid vesicles that can be induced to releas@gped materials in response to an applied
stimulus have also been developed. Elegant works fromrdiffegroups have recently demonstrated that,
discrete lipid particles, including reconstituted highnsiéy lipoprotein (HDL), can form ordered
complexes with proteins to form nanodisdsigure 20 (B)[379), which have been characterized by
multiple biophysical techniques [379, 380]. The Nanodsa irobust membrane bilayer vehicle for the
stoichiometrically controlled incorporation and study mémbrane proteins such as cytochrome P450
[381, 382], bacteriorhodopsin (bR) [383, 384], and G-pretmupled receptors [385, 386]. In the recent
past, lipid-based, monodisperse, self-assembled nactistes termed nanodiscs, that are 10 nm in
diameter have been developed and studied, often to unddrsteucture and dynamics of membrane
protein function. Nanodiscs typically consist of two malkgs of a protein such as membrane scaffold

protein 1 (MSP1) wrapped around the outside edge of a diatbithyer fragment consisting of ~160
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saturated lipids. These nanobiomolecular assembliesegeiterated using a broad range of amphipathic
molecular constituents from synthetic or natural sourceshérnessing the lipid-based self assembly
processes. Such simple, self-assembled structures cdwddretically stabilise amphipathic and
hydrophobic elements capable of interacting with targelsaogical or inorganic surfaces and may have
use as biosensordlanodiscs are also of great value to the incorporation afelamolecular
complexes, such as the enzymes involved in cellular enemalolism, oligomers of integral
membrane receptors, ion channels and transporter pr¢83i$ which may find applications in
both diagnostic or therapeutic fields. The phospholipidntbene thus represents an ideal
scaffold for a host of nanotechnology applications {Tan2d1 #460).

6. Integrating Top-Down Lithography and Bottom-Up Self-Assenbly Methods

This section will begin with a brief discussion on the adegets and the limitations of both top-
down lithography and self-assembly to emphasize the needofmbining the top-down and bottom-up
approaches to form hierarchically assembled functiomatsires on multiple length scales. We will then
highlight some of the recent achievements to illustrateitiqgortance 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 sendactor manufacturing industries,
wherein patterned structures are accomplished by suitphtEolithographic and ion-implantation
techniques.[28, 388, 389] These methods are well-estalisn the production of silicon-based
integrated chips. The major advantages of top-down methindside a high level of precision,
reproducibility, and high-throughput capabilities. Hoxee, the physical limits of device dimensions
realizable by ultraviolet, electron/ion beam, and softay-lithographic techniques will be reached in the
near future. Furthermore, relatively new nanostructuredenals such as carbon nanotubes, graphene,
and organic semiconductors may require bottom-up pratgss they may not be able to withstand the
harsh processing conditions of typical top-down approscfibe main disadvantages of the currently
available top-down techniques are the high costs of equipnlienited access to fabrication facilities,
restricted capacity to achieve three-dimensionality, poat resolution below 20 nm. There are also some
issues with the implementation of top-down approach camegrthe biocompatibility of the materials
that can be produced.[29]
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On the other hand, bottom-up methods are versatile in mag sach as enabling generation of
self-assembling building-blocks, assembling pathwayder®d structures, and functionalities. Molecular
self-assembly techniques have been touted to be the masiging approaches towards cost-effective
and practically realizable methods for large area naraditaphy. In recent years, extensive research has
been done in this regard both theoretically and experinigntaherein custom molecular species have
been devised and studied for their self-assembling cheriatits. A wide variety of structures including
tapes, belts, fibrils, tubes, vesicles, and bilayer memdwaehave been achieved by peptide and protein
self-assembly.[390-393] Thus, the potential of peptide protein-based self-assembly to create materials
with unique nanoarchitectures is indeed enormous. Thefetip method based on self-assembly is
expected to enable miniaturization below the current Bnpibssible using lithography techniques. Yet,
this bottom-up self-assembly method has some disadvamtagleich include inability to produce
industrial-scale quantities of materials at reduced c¢oatsl in some instances, purification and
polydispersity limitations. Owing to these limitationglfsassembly alone cannot produce more complex
structures. A promising alternative is the use of stratetfiat combine top-down methods with molecular
self-assembly, exploiting their benefits and, at the saimee,t overcoming their limitations. This
integrative approach employing peptides and proteins riscpéarly powerful because of the possibility
of precision production at the molecular level, versatiland functionality. Attempts to realize a high
degree of control in directing the self-assembly with tawvd methods using these molecular structures

as building blocks are opening up unprecedented oppaanit

6.2 Illustrative Examples of Combined Assembly Methods
6.2.1. Biological Applications

In order to produce ordered hierarchical structures beybedmolecular or nanoscale,
recent efforts have focused on the synergistic combinatfahe functionality, molecular resolution, and
biocompatibility of peptides or proteins with top-downhlitgraply-based techniques exhibiting a high
level of precision and reproducibility. Three different ygato integrate the two approaches have been
reported in literature: (i) implementing top-down proasbefore self-assembly, (i) implementing self-
assembly before top-down processes, and (iii) simultamdmplementation of top-down and self-
assembly processes. In the first method, the patterns geddiy photolithographic means define the
areas or volumes where the subsequent self-assembly pescesin take place.[394] Meanwhile,
employing top-down methods after self-assembly helps patsitioning or removing nanostructures from
specific locations.[31] There are also a few published wotthat demonstrate the simultaneous or

alternating application of top-down and self-assemblyraaghes, influencing both the assembly as well
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the final structural properties.[395, 396] In order to amiate this integrated approach to fabrication of
functional structures, we limit our discussion to the depetent of two systems wherein thiolated and
aromatic peptides have been used as self-assembling rdguildocks in conjunction with top-down
lithography. For other systems using different buildingdis such as polypeptides or amphiphilic
peptides, the interested readers are referred to sevenidiped works.[397-401]

As we discussed earlier, the spontaneous assembly of térininated molecules onto gold
surfaces is a mature field. The thiol group forms a strongdbwith the gold whilst the rest of the
molecule aligns with its neighbors. Zharg al have developed a family of peptides capable of self-
assembling on gold surfaces [393]. Microcontact printirggwhen employed wherein the inked PDMS
stamp was placed on a gold substrate for approximately 1tssmd then peeled off carefully to transfer
and engineer the surface patterns. While the bottom-ugaseémbly ensured nanoscale organization and
precise ligand display, the top-down microcontact priptaefined the organization of the developed
SAM at micro- and macro-length scaldsgure 21 shows the thiol-terminated peptides and an example
of a patterned surface using self-assembly and microcoptatting.[393] Subsequently, several similar
works employing a combination of thiol-terminated pepsidend top-down lithography methods to
engineer patterned biological surfaces have been repantetthe literature.[4@-404] These works
establish the potential of integrated approaches to pmthilored surfaces composed of precise patterns
of bioactive molecules/ligands. Such patterned substiatald be useful for high-throughput analysis in
biological applications.[405] Though the use of thiolrémated peptides facilitates generation of high
resolution surface patterns with functionality, thesderat lack assembly on a macroscale. On the other
hand, the aromatic peptides offer a different route to asffembly enabling localization of self-assembled
peptide structures. For example, Gaeit al reported the synthesis of aromatic dipeptide nanotubes
(ADNTSs) with diameters of 50-300 nm and lengths up to microsig diphenylalanine.[43] The
observed self-assembly is attributed to thstacking of the aromatic rings. In another work reported by
Gazitet al an ink jet printer was employed to manipulate and positian ADNTSs to produce surface
patterns.[31] The same research group reported the safrddy of diphenylalanine molecules into
vertically aligned ADNTs employing evaporation-initidtegrowth from a surface. Here, top-down
(evaporation) and self-assembly occurs simultaneoudlyesrables macroscopic ordering and assembly
of the nanotubes.[34] In yet another pioneering contrdubly Gazitet al self-assembly of large arrays of
aromatic peptide nanotubes using top-down vapor depositiethod was observeéigure 22 (a-c).[30]

The integrated approach based on simultaneous moleclfi@ssembly of peptide and top-down vapor
deposition is shown to dictate the length and the densityaobtubes. In this study, a vapor deposition
system supplied the diphenylalanine peptides from a gasephehich initiated the growth of vertically
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aligned ADNTSs. Furthermore, this work revealed the potdrdf ADNTs in a variety of applications
including high-surface-area electrodes for energy stwegplications, highly hydrophobic self-cleaning
surfaces, and microfluidic chips.[30] The electrical dedlayer capacitance densitg4 ) estimated from
Figure 22(d) and comparison of the values confirms that ADNT modifiedboar electrodes exhibits
much higher values fo€p, (480 pF/cm) with respect to unmodified carbon electrodes (16 pBYand
carbon nanotube-modified carbon electrodes (120 piy/436]

6.2.2 Integrated Approach for Hierarchically Ordered Energy Storage Devices

Small-scale power applications such as portable medicatete and implants, sensor networks,
and contemporary commercial electronic gadgets demandrplementation of miniaturized batteries
with increased energy and power densities. Developmenatiéty architectures that combine a small
footprint with enhanced performance is, therefore, highgsirable. Previously, two independent
approaches based on MEMS and nanomaterials have beeneskmlih the objective of realizing 3D
microbattery electrodes with enhanced energy and powssittksn MEMS-based approaches involving
micron-size particles have been shown to improve energgityesignificantly[406-409] However, there
are some problems inherent with this technology owing to rtba-uniform current density and the
limitation in increasing the thickness beyond a certairitlms the diffusion pathway is still in the micron
scale and full lithiation of the active material may not baiaged, resulting in reduced power density. On
the other hand, the advantages of implementing nanomiatdda the development of microbattery
electrodes include larger electrode/electrolyte consaet,, improved mechanical stability, and reduced
diffusion distances for electron transport and ion diffusj410-413] These attributes combined can
enhance the power density and cyclic stability of the ebelets and address the shortcomings of thicker
electrodes. Limitations related to nanostructured maerinclude the difficulty in synthesis and
integration as well as performance concerns such as uedesactions with the electrolyte. However,
the main critical bottleneck in their practical use in mpowver sources is the limited energy density.
Thus, there is a need for the development of a novel appraachd fabrication of hierarchical electrodes
that combine benefits of both length scales (hano- and miscales).

Gerasopoulo®t al recently demonstrated the advantage of combining bottoreelf-assembly
approach with top-down micromachining to fabricate 3D mibattery electrodes, which are composed of
self-assembled, virus-templated nanostructures comdibyntoating 3D microfabricated gold pillars
(Figure 23).[33] Self-assembly behavior of TMV virus (which has been ased in the previous section
on biological self-assembly) has been exploited in this kwdkctive battery material (%Os) was
deposited conformally using atomic layer deposition extbe entire available surface. Electrochemical

characterization of these electrodes indicated a threeifcrease in energy density compared to
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nanostructures alone, while maintaining the high powerattaristics of the nanomaterials. From the
literature, the reported capacities of RF-sputtered 2bteddes with thicknesses of 1.2 um and 1.8 pm
were 38 and 6QiAh-cmi?, respectivelyj414] Patrissiet al reported synthesis of XDs nanofibers (8um
length, 600 nm diameter) in modified polycarbonate memésahat exhibit a capacity of §6Ah-cm’
2[415] In comparison, another work achieved a similar rangeapfcity values with 30-40 times thinner
electrodes (30-60 nm).[33] This was achieved using the @waibn of high surface area nanostructures
with 3D micropillars. In summary, these works highlight tingportance of an integrated top-down and
bottom-up approach in controlling both energy and poweisitgnvith structural hierarchy. Additional
merits of the work reported by Gerasopouktsal include the potential to achieve even greater energy
densities by increasing the aspect ratio of the microgilland the facile possibility of extending this
integrated approach to other active battery materials.[33

Following the observation of spontaneous self-rolling whimed metal layers reported in 1909
[416], Mei et al recently demonstrated the ability to create ordered miarma nano-structured building
blocks of a wide variety of material combinations on a singig through self-rolling of patterned thin
layers.[417] Applying this technique further, Bof Bufehal reported the fabrication of 3D ultracompact
capacitors (UCCaps) based on rolled-up nanomembrangsjapacitors that are self-wound and
manufactured in parallel using semiconductor planar msiog technologies are almost 2 orders of
magnitude smaller than their planar counterparts and &xdapacitances per footprint area of around 200
uFlent. Furthermore, the UCCaps exhibit high power densit@@00 W/kg), which is characteristic of
electrostatic capacitors, while reaching a specific epea ~0.55 Wh/kg in the range of
supercapacitors.[32] Briefly, the process steps to fakbeithe self-wound ultracompact capacitor shown
in Figure 24 include: (i) fabrication of a planar strained multilayernomnembrane by the sequential
deposition of metal and dielectric thin films on top of a $éaial layer and (ii) removal of the sacrificial
layer leading to formation of the ultracompa®d capacitor by stress-induced self-winding. The most
important process consideration is the design of the bottatallic layer to provide the necessary strain
to force the roll-up of the nanomembrane. The SEM imadeiguire 24 (e)shows an array of self-wound
capacitors obtained in a controlled and reproducible &@shTrhe highlights of the integrated top-down
and bottom-up self-assembly approach presented in thik iwolude (i) compatibility of the process with
organic materials, (i) possibility to generate additibthavices in the empty 2D area after sacrificial layer
release, (iii) significant reduction in the footprint aleading to compact devices, and (iv) increase in the
active capacitor area as a result of the rolling of the namobnane. The extension of the technology
presented in this work to high dielectric constant matersaich as Hf@and TiG, is expected to increase
the performance several-fold. Owing to the compatibilitfy this process to organic materials,
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incorporation of organic materials such as self-assembtetolayers into the multilayer structure
(Figure 24) has enabled achievement of an increase in breakdownieléetd. Furthermore, the SAM
grown on top of the AlO; layer is shown to control leakage currents as a result of ditiadal high-gap
barrier. In short, the UCCaps fabricated through top-donah laottom-up approach exhibit capacitances
per footprint area higher than their state-of-the-art @tatounterparts and specific energy comparable

with supercapacitors.[32]

6.2.3 Nanopatterning

The ability to create well-defined nanoscale patterns istipent to continued device
miniaturization to attain the resultant improvements tdpcherformance. Conventional top-down
lithographic methods are well-established for fabricatiof microdevices and they offer arbitrary
geometrical designs and superior placement precision a@ocdracy. However, as the demand for
improved resolution in lithographic processes increasespoint will come where conventional
lithographic processes simply fail to keep up with demandthdugh alternate techniques for
nanopatterning are available, the cost and/or low assatthtoughput make them impractical choices for
commercial-scale implementation, especially when subwiDfeature sizes are desired. On the other
hand, BCPs are a well-known class of self-assembled mestemdnich form well-defined periodic
domains from microphase separation. BCP thin films can dedine patterns as well as 2D periodic
arrays of holes with periodicity from 10 to 100 nm. Both ladeand vertical ordering of the microdomains
over large area has also been demonstrated. [418-421]

Self-assembly of BCPs is an inherently thermodynamic pg®cthat originates from the
microphase separation of the chemically distinct blockéngwo their immiscibility in one another; the
driving force coming from the need to minimize the enthalgycontact between the individual co-
blocks.[422-424] Meanwhile, macrophase separation iggmted as the two blocks are linked together
chemically. The force balance between the repulsive imroular forces between blocks and the
attractive restoring force is the key to the formation ofuleg periodic structures of microphase-separated
domains. Tailoring the interactions between the surfacestlae polymer blocks is the key to achieving
the desired orientation and alignment. Microphase seipardh BCP systems has been investigated
thoroughly for a long time from the viewpoint of fundamentaid applied research [425-430] and,
therefore, the scope of this sub-section is restricted & ddlient features of BCP self-assembly in
relevance to the physics of the nanopatterning process.efée the interested reader to some excellent
books and deep review articles for a comprehensive covaragsl aspects of BCP systems.[127, 426,
431-437]
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The thermodynamics of microphase separation can be eqor@s$Gix — Gps = 4Gsa= AHsa—
T4Ss, where Gy and Gps represent the free energy of the mixed and phase-separgsteins,
respectively.AHsa and 4, represent the enthalpy/entropy changes between the mixedphase-
separated states, respectively. The entropy change assbeiith mixing is usually quite small because
of the random coil confirmation adopted by the polymer bkckhe intermolecular forces driving the
microphase separation are normally of the hydrophobic,typleere the attraction of more polar
components forces the non-polar components to aggreghite.s€gregation of the blocks reduces the
number of interactions between dissimilar blocks, therelering the number of repulsive interactions
between chains.

For a diblock polymer, the value of the interaction param@tory-Huggins) resulting from the
interactions between block A and block B is given g = (Z/ksT) ((€as — (&at &)/2), Where gy is the
interaction energy per monomer units between A and B momgnardZ is the number of nearest
neighboring monomers to a copolymer configuration ce83[4435] The determination of whether a
given BCP system will phase separate into ordered domaiasd@ordered state may be made based on
the productyasN, whereN is the degree of polymerization of each individual blockeTdegregation
quantityyN determines the degree of microphase separation. Depeodjiy three different regimes are
established: (i) the weak segregation limit (WSL) #& < 10, (ii) the intermediate segregation region for
10< yN <50, and (iii) the strong segregation limit (SSL) fgd > 100[435] Further, the morphologies
and the sizes of the individual ordered domains may be pestlicased on (i) the degree of chemical
disparity between the blocks, (ii) the degree of polymdiira and (iii) the relative volume fractions of
the individual blocks. Temperature also plays an imporfantor in the assembly process due to the
temperature dependence pfThe phase diagram for a BCP system may be plotted by desgribin
various possible structures formed as a function of theumpeN and the BCP composition. The phase
diagram is separated into several regions, characterigedebrelative stability of the structures formed
and the dependency of the feature size on the degree of pahatien[438] It is important to avoid the
WSL regime for nanopatterning. Although WSL gives the sesdlifeature sizes, the thermodynamic
driving forces for microphase separation are small, thegdling rise to regions of disordered assemblies
due to the dominance of thermal effects. Working in SSL regimay also pose problems because
achieving thermal equilibrium for disorder reduction maguire extended annealing as the driving force
could be too strong.[425]

In the case of diblock copolymer, various structures may benéd depending on the
composition of individual blocks. The phase diagram désciby Matsen and Bates is symmetrical
around the composition gfa = fg = 0.5, wheref, and fg are the volume fractions of the two blocks.
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[439] A lamellar structure is observed in this compositiegion. Upon increasing, to between 0.6 and
0.7, a bicontinuous gyroid phase of cubic symmetry comgjsbif interpenetrating tubules of the B block
in the A block is formed. This phase has a relatively narraablet composition range, particularly in the
intermediate and strong segregation limits. At higlfgrvalues, hexagonal arrangements of block B
cylinders in a matrix of A may be observed. Due to its struedtaomplexity and a narrow stability range,
the gyroid structure has only limited applicability. Amotigese various structures, the lamellar and
hexagonal structures are most important in terms of patigrapplications. In reality, more complex
structures are possible because of the complexity of tieermdlecular interactions in polymers. One such
structure is the hexagonal-perforated lamellar structabserved at the phase boundary between the
lamellar and cylinder arrangements.[440] This perforgtkdse has become more important in thin film
structures because it can be stabilized by surface recmtistn due to preferential interactions of one
block with gas, liquid, or substrate interfaces.[441] ©xhg the microphase separation of BCP, many
applications have been developed over the past few yeaes 187, 435, 442-445] Among these,
nanopatterning using BCP self-assembly continues toved¢emendous attention.

Patterning using BCP assemblies may occur in one of thewoilp ways: (i) using BCP
assemblies as sacrificial masks, (i) using the assemtiim®iselves as functional elements of the final
design, or (iii) using BCP thin films as sacrificial temmatto order the assembly of nanoparticles on
substrates. In the first method, imparting good etch sgigcbetween the co-blocks becomes necessary
such that their degradation occurs at different rates wixpnsed to the etch environment. The final un-
etched block may then be used as a sacrificial etch mask terpahe underlying substrate. Several
works on nanopatterning with BCP have focused on the studyhef polystyrend-poly(methyl
methacrylate) (P®-PMMA) system.[423, 431, 446] The typical patterning prpieiinvolves deep UV
degradation and removal of PMMA domains along with croskitig of the PS block. Typically, etch
technigues that are already compatible with conventionataulectronic fabrication are used for this
purpose, such as reactive ion etching (RIE)[447], UV-Ozaposure[448, 449], wet-chemical
etching[422], and others, thereby making this a readilyptatdle technique without a significant
infrastructure change. Thus, technologically relevamliaptions such as fabrication of nanoscale air gap
interconnects [450], field-effect transistors [451], stiememory devices [452], sensors [453, 454],
plasmonic structures [454, 4h5and ultra-high density magnetic dot arrays [456] have akknbe
demonstrated using BCP lithography, underscoring thetantial advancements made in this field.

In the second technique, employing the assemblies theassabl/functional elements in the final
design necessitates that the final formed assemblies abdesind robust akin to oxide structures, in

addition to exhibiting good etch selectivity between theckk. This has been accomplished through the
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introduction of inorganic segments as one of the blocks efBEPs. In addition to possessing higher
values (thereby favoring ordered assemblies) and grettbrselectivity (due to the intrinsic chemical
disparity between the inorganic and organic blocks of th@agmer), incorporation of inorganic blocks
facilitate formation of robust oxides upon oxygen plasneatiment or under high temperature annealing.
A comprehensive handling of this topic has been done in antgegiew article to which the readers are
directed.[423]

Despite the promise of BCPs for nanolithography, spontasigself-assembled, phase-separated
domains typically are “polycrystalline” in their order térspersed with a high density of defect siié%9,
423] Also, achieving a high degree of control on the preasation of nanopatterns as well as forming a
wide variety of lithographically defined patterns is ed&@nfor the fabrication of integrated circuits,
patterned media, and other microdevices. Thus, a signifemamount of research is dedicated to improving
the long-range order and orientational control within BOBtams through directed self-assembly
techniques integrating top-down and bottom up self-asietabhniques. While there are a number of
reported techniques such as the use of electric fields [48¥ar flow [458], chemical (epitaxial self-
assembl)f419, 423, 459 and topological (graphoepitaxy) [422, 460, 461] approachgatterned
substrates to direct the ordering of the BCP assemblietaxégl, and grapho-epitaxial methods have
proven to be the most promising in terms of registering loamyge order among the phase-separated
domains.

In epitaxial self-assembly, chemically pre-patterned stalbes with pattern dimensions
commensurate with the phase-separated domains of the B€Rgilazed to direct their ordering over
large areas. Typically, chemical contrast is introducedthte patterns such that one block of the
copolymer wets one of the regions of the pattern prefergntidhe effectiveness of this technique was
demonstrated by Stoykoviatt al [175], wherein BCP assemblies were directed into non-regidaice
architectures. A particular shortcoming of this technidigs in the requirement for the additional
lithographic step defining the chemical patterns [461].the chemical patterns are constrained to be of
the same order of dimensions as the nanoscale domains oftRs,Bhe pre-patterning step still needs to
be performed using the low-throughput top-down lithogia@pproaches. Further research is underway
to circumvent this issue whereby feature density multgilan and reduction in feature sizes may be
achieved compared to current typical chemical pre-pattgnoutines [419].

In the graphoepitaxial method of DSA, topographically defl surfaces are utilized to control the
lateral ordering of the BCP domains. This technique is simgold particularly advantageous over the
epitaxial DSA method as the topographic features need nobfbthe same order as the domain

dimensions of the BCPs, permitting one to use conventiohatglithographic approaches to define the
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surface topographies[422, 460]. Surface topographiesrae las a few microns have been reported to
yield well defined, ordered assemblies of the BCP blocksr @rbitrarily large areas. For example,
Sundraniet al demonstrated fabrication of parallel arrays of nanoscateains aligned over macroscopic
length scales by using a silicon nitride grating to guide desembly of asymmetric polystyrebck
poly(ethylenealt-propylene) diblock copolymer cylinders.[462] In this Wosilicon nitride grating was
fabricated using electron beam lithography and reactiveeizhing (top-down processes). Imaging by
AFM showed that alignment was initiated on the vertical widks of the lithographic patterns and
extended throughout, even beyond, the confined voluman@ais exhibited significant conformity that
enabled them to accommodate lithographic imperfectiotisout introducing structural defects.

The convergence of top-down and bottom-up fabrication @mséme BCP architecture has been
demonstrated by several research groups. Russell and i@nsacreated cylindrical nanochannels at
defined locations from RB-PMMA on the substrate, and thereby demonstrated its patentigenerate
integrated magnetoelectronic devices.[463] Ober and adwevs have successfully developed a novel
BCP, poly@-methylstyreneb-4-hydroxystyrene) (PM$B-PHOST), to achieve spatial control through
high-resolution deep UV and e-beam lithographic processésng advantage of chemically amplified
negative-tone resist materials (PHO3464-466] Maedat al demonstrated the synthesis of patternable
BCP, which is composed of both negative-tone and positime-resist blocks.[467, 468] The fluorine-
containing BCP of poly(styrene-block-2,2,2-trifluorbgk methacrylate) (P®-PTFEMA) and poly(4-
hydroxystyrene-block-2,2,2-trifluoroethyl methact@dp(PHOSTh-PTFEMA), which are capable of both
top-down and bottom-up lithography, were developed inrthweirk. Both PS and PHOST (negative-tone
resist) are cross-linkable under deep-UV or e-beam radiatPTFEMA (positive-tone) was selected to
be a degradable segment under the same exposure condBiathsthese two systems were found to
exhibit well-defined microphase separation in both thektarld thin film forms. Through a combination
of BCP self-assembly techniques and conventional top-dttiography, such integrated structures
composed of “dots in lines” were successfully obtained fthese BCP photoresists. It is clear that the
integrated nanoscale patterns with a high degree of omglezannot be obtained by conventional
lithography or BCP lithography alone. Furthermore, the apatterns can also serve as patterned
templates or scaffolds for the fabrication of various typesultifunctional nanomaterials.

Krishnamoorthyet al exploited the integration of nanostencil lithography, ghathroughput top-
down tool, with micelle bottom-up self-assembly to prodeoenplementary micro- and nano-patterning
of surfaceg469] The patterned nanostructures in this work were silicamopillars with smallest
diameters of nearly 20 nm and heights up to 140 nm, resultiramiaspect ratio of up to 7. Nanostencils

consist of a thin free standings8i, membrane with 100-200 nm thickness, containing apertugtset!
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by photolithography and etching, or focused ion beam (FIR)img. The versatility of this integrated
approach includes the capability to pattern surfaces withmsing photoresist, the reusability of the
nanostencil, and the feasibility of parallel processinbicl reduces fabrication costs tremendously. The
high production cost and low throughput of the conventidoptdown lithography are major concerns.
Previously, e-beam lithography has been used to creatediepatterns in combination with polystyrene-
block-poly(2-vinylpyridine) (P$-P2VP) copolymer micellegt32, 470] This work makes excellent use
of nanostencils not only as a shadow mask for metal evaporabiut also as a mask for dry etching.
Depending on the chosen process parameters (i.e. metditiepor fluorine or oxygen plasma exposure
of PSh-P2VP-coated Si surfaces) in the presence of a shadow maws sted/or dry etch mask, an array
of silicon nanopillers appear in either the masked or une@skgions. A blurring of the boundaries and
an increase in the polydispersity in the pillar dimensiansrie problem that has been identified by the
authors because of diffusion of the oxygen plasma beneattstdmcils. Through optimization of the
anisotropy of the plasma and the exposure duration, it magdssible to reduce the plasma diffusion
below the stencils. This technique offers the possibilitcteate a nanopillar pattern that corresponds to
either the positive or the negative image of the stencil masie positive image results from using
fluorine plasma exposure through the stencil, the negdtivge from metal evaporation or oxygen
plasma exposure through the stencil. The drawback to tbimtqeue however is the loss of surface area
due to the pre-patterned, macro-scale topographies theeshucing the over-all density of the BCP
ordered domains.

The third technique combines the natural tendency of BCPerto ordered assemblies over
macroscopic length scales and the ability to control theeggdion of functionalized nanopatrticles or
nanoparticle precursors to appropriate block of the capely Long-range ordered arrangements of
nanoparticles on substrates may thus be accomplished lgingtithe BCP assemblies as sacrificial
scaffolds. Lope%t al reports on such a two-step assembly process to obtaindipigiberns of isolated
metal nanoparticles or interconnected metal chains ontrsibs by using pre-assembled thin films of
polystyrene-block-poly(methylmethacrylate) B$MMA) diblock copolymer as scaffold4.37]
Evaporation of ultra-thin metal films on these structures fo the selective deposition of the diffusing
metal atoms along the stripe pattern. Here the authors hate despite the large surface energies of
metals, such a directional aggregation may be accompligheder non-equilibrium conditions;
equilibrium conditions invariably driving the nanopaltis to coalesce into large spherical particles (in
contrast to filling up the stripe patterns defined by the Befhains Figure 25)). Although contiguous
stripe patterns were not obtained for metals such as AudnSR and Bi under any deposition conditions

on PSb-PMMA, striped patterns were demonstrated in the case of Algiunon-equilibrium conditions.
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This has been attributed to the remarkably high mobility gfén PMMA. As with other metals, driving
the system to equilibrium disintegrates the wires into sight separated particles. The authors work is a
classical example of a bottom up self assembly approachyhieiagrated with conventional fabrication
schemes to produce structures at the nanoscale.

Romanet al reported the ordered placement of Au nanoparticles usingnéas technique
exploiting the self-assembly of polystyrebepoly-[2-vinylpyridine (HAuCl)] on solid substrates
(Figure 26).[424] The precursor-laden diblock copolymer self-assemlii¢o uniform monomicellar
films on substrates when deposited, following which chenieduction of the Au precursor leads to the
formation of metallic Au nanodots localized at the centethaf diblock copolymer micelle. Subsequent
removal of the diblock copolymer film from the substratevies behind ordered Au nanodot patterns
across the substrates. The authors demonstrated a fimeloomtthe size and placement of Au nanodots
on the substrates through a combination of several techsigquanodot sizes were controlled by the
amount of HAUC] precursor loaded into the micelles, inter-dot distancewentrolled through tuning
the molecular weight of the diblock copolymer, and direcésdemblies of the nanodots into aperiodic
structures were demonstrated though the use of top-dohagliaphically defined structures, exploiting
the capillary forces of the retracting liquid solvent toderthe micelles to the edge of the topographic
structure. Continuous, electrically conducting lines af vkere subsequently patterned through the use of
cylindrical micelle forming BCB, thereby signifying the versatility of this approach.

Further developments in the synthesis of new BCP systenmmafwpatterning using an integrated
approach must take into account the stringent requiremdateanded by modern semiconductor
fabrication processing. It is evident that the bottom-upassembly complements a number of top-down
fabrication techniques to enable production of hieramhjcordered functional materials with impressive
characteristics. Moreover, successful integration ofdown and bottom-up approaches will open up
exciting prospects in the areas of molecular electronia®léctronics, nanoelectromechanical systems
and nanotechnology. It is evident that the application dégrated approaches is rapidly gaining

prominence and is being explored at a hectic pace to elgcfdether innovative technologies.

7.In Situ Characterization of Self-Assembly Processes

Harnessing self-assembly for furthering science and tolgy requires developing a
comprehensive understanding of the associated phenormerfarrdamental level both qualitatively and
quantitatively. Of specific interest is the quest for coliting the self-assembly of colloidal nanoparticle
suspensions to enable formation of superlattices withralele structural, optical, electronic, and

magnetic properties. Employing situ characterization methods allow data acquisition in reaétduring
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the self-assembly, enabling one to determine the selfsddyeformation mechanism and kinetics.
Subsequently, this level of understanding will permit npateition and tailoring of the physical processes
and parameters associated with self-assembly. It is almsefftevident that employingn situ
characterization tools is nontrivial as there are sevdrallenges that arise from the ultra-fast kinetics of
self-assembly, especially the stringent requirementsafignment and positioning of the samples with
respect to the probe and inherent limitations of instrummesslution that can be observed/measured with
a single technique compared to the assembly length and tialess In this area, researchers have made
substantial advancements toward developing suitable fioations to various sample cells and whole
system designs to permit observation of the self-assemolgegsin situ either with a single probe or
combination of probes. In this section, we summarize keyeligaments and highlight the importance of
usingin situ measurements in the study of self-assembly with exampdes fecently reported literature.
With the advancement of second- and third-generation sgircins, X-ray probes are attractive
for performingin situ reflectivity measurements to elucidate the growth of SANIBe advantages of
employing X-rays from a synchrotron source include: (i) iality of high beam energy with a small
spot size for incidence at small angles, (ii) variable seuenergy permitting penetration to internal
interfaces, and (iii) non-destructive nature of the metiogly allowingin situ study without affecting the
self-assembly process.[471] In this respect, Dutta andiadxers carried out am situ X-ray reflectivity
study to monitor and understand the growth of octadechlisiosilane (OTS) SAM on oxidized Si(111)
from solutions in heptane.[472] Prior to this study, selvergthors had conducted interrupted growth
studies throughex situmeasurements and concluded that OTS SAM grows in the formlafids [473,
474] while others had reported a uniform growth model.[44B6] It is therefore evident thatx situ
techniques were insufficient to reveal the actual mechmanise important findings from thia situ study
by Duttaet alwere: (i) the thickness of the film remained constant at ttpeeted thickness of a complete
monolayer and (ii) the monolayer electron density incréasmtinuously until it leveled off after nearly
20 h. Therefore, it was concluded that this system underigteasd-type growth with unique domains of
the same thickness. This is different from the uniform glowrtodel, in which the density of the
incomplete film is close to that of the complete film whileetthickness increases with deposition time.
Dutta et al also performedex situ measurements to determine the role of rinsing on the regporte
differences in the observations of the SAM formation.[4®dsed on their findings, rinsing an
incomplete film is said to remove the physisorbed moleculdsch are only held in place by hydrogen
bonding to neighboring molecules, allowing the reorgativraof remaining molecules into tilted phases,
which could explain the different observations reportedhsy other groups.[472] Besides disruption by

ex situcharacterization, several experimental parameters sitheasurface energy and functionality of
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the substrate, solution level, temperature, and clean reevironmental conditions influence the film
morphology, thereby leading to different interpretatiams the mode of growth. In generah situ
monitoring of the growth kinetics of SAM is not easy with Xyrhased measurements. It requires careful
choice of experimental parameters such as using extremelgdncentrations of OTS to slow down the
growth rate and permit meaningful measurements, usingrlaeasity solvents to reduce background,
and specially constructed sample cells to prevent evaparat leaking.

A quick review of recently published works tells us the infpoce of carrying ouin situ
characterization in the study of inter-particle interant that may drive self-assembly of colloidal
suspensions of nanopatrticles into orderly structures ascuperlattices.[477-481] It also drives home the
point that understanding the fundamental interactionsvéen particles and macroscopic (i.e. liquid
liquid or liquid—air) interfaces is critical, as these effects are partityf@ominent in the self-assembly of
thin films from colloidal suspensions. In general, the natof the interactions between the particles and
the interface is fundamentally different from the intei@es among particles in the bulk. Presenttysitu
studies are becoming increasingly important to undergtgndelf-assembly mechanisms in these
colloidal systems. In this respect, X-ray scattering mearsents are versatile and gaining prominence.
Specifically, synchrotron X-ray characterization teciugs are very useful, as revealed by numerous
recent works. [477-481] Sucim situ studies are challenging and require suitable modificatmmhe
system design to incorporate desirable features. Devedopof an experimental chamber allowiimgsitu
studies of solvent-mediated NP self-assembly has beemtegbim great detail recently.[471] The most
significant feature is their injection system to deposit Btutions on substrates without breaking the
chamber’s hermetic sealing. Such a sophisticated systeimbuwilt-in capabilities for allowingn situ
XRR and grazing-incidence small-angle X-ray scatteringSEXS) is also shown to allow controlled
evaporation rates of the solvent and thereby facilitatbipgdifferent stages of self-assembly, including
macroscopic solution evaporation, thin film formationdasubsequent structural transformation. The
value of this device was exemplified in a study of adsorpaod desorption of a toluene film on a flat
substrate, and study of the self-assembly process of gofbpaaticles on solid substrates.[471]
Furthermore, this sample cell is shown to enable investigatf nanoparticle self-assembly kinetics both
near-to and far-from thermodynamic equilibrium.

Recently, researchers at Cornell University have carrigdaain situ synchrotron-based X-ray
scattering study on the self-assembly of cubic PbSe nastatsy(average edge length ~13.3 nm and
relative polydispersity of ~8.2%) from colloidal suspens stabilized by oleic acid.[482] Here they
performed simultaneousn situ measurements of grazing incidence wide angle X-ray saagter

(GIWAXS) and GISAXS for complete structural characteri@atof the nanocrystal superlattices. While
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GISAXS reveals the translational ordering of the partic@$WAXS provides information about the
orientational ordering of nanocrystals in their supeidatsites. Analysis and indexing of such scattering
patterns provides detailed information on the inter-ghatispacing, possible lattice distortions, and
average grain size. Furthermore, they found that thesec deibSe nanocrystals assembled in a face-up
(i.e. (100) normal to the interface) configuration at the liqusdibstrate interface whereas nanocrystals at
the liquid-air interface assume a corner-up (k&11) normal to the interface) configuratiofigure 27).

The authors explained the different orientations on théshafshermodynamic considerations of particle
orientations and the molecular configuration of the ligamehr the interface.[482] This study also
underscored the importance of kinetic aspects by mongdhie orientation as a function of drying rates.
In the case of rapidly formed thin films, the hexagonal sesyged could not form at the galquid
interface and the emerging structure was dominated ) nanocrystal alignment induced by the
interactions between the particles and the substrateown dtying times, the two orientationgl(11) and
(100)) coexisted. Meanwhile, in intermediate drying times, {h&1) orientation was preferred over the
(100 orientation as per the kinetic effects. These results sigffee importance of parameter
manipulation to induce kinetic pathways favoring one drdéon over another, enabling homogeneous
superlattice structures. In shoim, situ studies with X-ray scattering technigues can clearly bongthe
role of interfacial effects as well the emphasis on the funelatal thermodynamic and kinetic factors
governing the self-assembly of superstructures.

Recently, Wagneet al demonstrated the use of small angle neutron scattering §AiNprobing
the DSA of charge-stabilized colloidal dispersions by elitlophoresis (DEP).[483] The importance of
DSA and the various experimental routes used to realize D&#& been discussed in detail in preceding
sections. Through the design and fabrication of a new deitséample cell environment at the National
Center for Neutron Research (National Institute of Stadsland Technology in Gaithersburg, Maryland),
in situ observation of electric field-driven crystallization aftsmicron particles has been enabled using
SANS (Figure 28). In this work, two different aqueous suspensions of pglgste particles stabilized
with negatively charged sulfate groups (nominal diametérg95.1 + 9.6 nm and 539.9 + 26.5 nm,
respectively) were used fam situ DEP-SANS investigation. Thia situ observations with SANS confirm
a high degree of ordering of sub-micron colloidal partickéth length scales on the order of millimeters.
The importance of this work is underlined by the fact that trafsthe previous works were concerned
with the creation of crystalline structures by DSA-DEP ofcron-sized particles and the crystalline
structure could be studied using optical microscopy andtligcattering techniques.[207, 484]
Furthermore, there is a fundamental challenge of assegitilananoparticles as a result of the increasing

importance of Brownian motion in conjunction with the DERdes that order particles into periodic
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structures under the influence of electric fi[d83] Therefore, significantly higher fields are therefore
required to self-assemble nanoparticles, which is likelgause problems such as electro-osmotic flow
and electrode polarization effects that can interfere WifA.[483] Hence, this study on the situ SANS
measurementsf DSA by DEP is illuminating. The DEP-SANS cell fabricated st work was shown to
generate the high field strengths required to form largetafysizes over millimeter length scales for
permittingin situ studies. In conclusion, this work illustrates that perfimgrin situ SANS measurements
to study electric field-induced alignment and ordering ofl@idal nanoparticles with varying particle
size, chemical composition, and surface charge is advaotegto understand the fundamental science
behind self-assembly.

Though X-ray and neutron scattering techniques are versfi in situ studies to unravel
mechanisms and kinetics of self-assembly, synchrotronnadion beam facilities are available only at
select locations and are far more sophisticated and regtrirggent alignment procedures compared to
more prevalent instruments. On the other hand, simple tqubs like real-time video recording of self-
assembly events could be interesting and can be producedsbynes-made equipment in a laboratory as
demonstrated in a recent study on the evaporation-indugaidal self-assembly (EISA) of polystyrene
latex particles (average particle size of 1408).[485] The interesting aspect of this situ study is the
use of a custom-built setup composed of temperature (tadera 0.1 °C) and pressure (tolerance + 0.1
kPa) controller units connected directly to the sample ttevéAn optical microscope fitted to a CCD
camera was then used to monitor the growth progesgu under different conditions of temperature and
pressure. Interestingly, the authors employed two typesaaiple cuvettes with different slit sizes to
determine the effect of evaporation rates on the growth ggmcThe growth processes of colloidal
crystals in different cuvettes recorded by direct videoepbations revealed that solvent flow around the
pore space of the crystal played a key role in formation meicka By changing the environmental
conditions of the self-assembly system and fluid propsitie. viscosity), different evaporation rates of
solvent and growth rate of colloidal crystals were measdiegttlyin situ. Previous studies used a sessile
drop or the solvent exposed to the external environment-f8#j and, therefore, these works may not
help to understand EISA as a result of uncontrolled evaoratites. Hence, this work with real-time
recording by a CCD camera reported by Yagigal is fascinating, not only from the perspective of
providing a better understanding to EISA, but also from ti@vpoint of using a simple, easily-built
characterization tool [485]. Furthermore, this study dom$ that both evaporation rate and growth rate
are functions of temperature and pressure that fit Stefawswvell. The knowledge gained through tliris
situ study with a relatively simple experimental setup that wa#d high degree of control in the

evaporation rates could be very useful to fabricate cdligidhotonic crystals with near-perfect order.

58



In recent years, there have been some efforts towards daddinsg self-assembly processes in
biological systems usinigp situ probes.[489-491] Among these efforts, the recent workntepidby Pfohl
et al on the behavior of DNA/linker histone H1 assemblies undeasland elongational stress is very
interesting[491] Their work brings out the advantages of employing nflaidics in conjunction with
synchrotron x-ray scattering and diffraction and micra¥Ra spectroscopy. Employing microfluidics is
advantageous because it permits the use only small samipiees besides enabling shorter reaction and
analysis times. Moreover, the challenge in the study ofdgiglal molecules with conventional X-ray
scattering tool lies in their high sensitivity to damage s&ul by prolonged radiation exposure. In this
respect, the tool based on a combination of microfluidicwiray scattering is a good proposition to
reduce the radiation-related damage as the beam positfixeisand the macromolecules move with the
flow. Micro-Raman spectroscopy together with microflgiglis another attractive method owing to its
potential for chemical imaging without the need for additibmarker molecules. Furthermore, this study
illustrates the usefulness of combining structural ananibal mapping tools to probe dynamic formation
of polycations/DNA assemblies.[491] The simultaneousmation of macromolecules, during self-
assembly in x-ray compatible hydrodynamic focusing mieraces, facilitates the exploration of reaction
intermediates of DNA and proteins assemblies under phygicdl conditions in real time as shown in
this work. Other techniques that have been employed fotinisvestigation of self-assembly of colloidal
nanoparticles and biological macromolecules include AFD2], STM[493, 494], ellipsometer [495,

496], X-ray microscopy[497] and FTIR[498] and we refer the intezdstaders to these publications.

8. Conclusion

Self-assembly offers a comprehensive roadmap towards éx¢-generation of functional
materials and devices formed from the hierarchical ordesfimanoscale objects. The overarching goal of
this article has been to introduce the readers to the erdimaugof interaction forces, both internal to the
system as well as externally applied, to drive the selffabbe of molecular or nanoscale objects within
synthetic and biological systems. While self-assemblyhiwitbiological systems is well established;
nature having a clear advantage of time to perfect the doolaty process, progress realized over the last
decade in understanding and demonstrating self-assemitijnwsynthetic systems, although in its
nascent stage, is praiseworthy. Biomimetic approachescarminly a key to help fast track our
understanding and advancement of the science of self-afgeirhus, this article has attempted to
provide an unbiased glimpse into the progress made in thihestym as well as in the biological domain.
By biological domain, we imply biomimetic approaches tosgmrsynthetic materials. A logical

progression is thus made to first provide a comprehenss@udsion on the physics of self-assembly; the
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various interaction forces that occur within systems ofenalar/nanoscale constituents. Key illustrative
examples have been provided from recent literature thabihese interaction forces to derive self-
assembly. On a broad level, this essentially entails eeging the interaction forces thereby exerting a
level of control on the assembly process. Examples of sugmeered approaches include: (i) assembly
of colloidal systems through shape and surface engineefioglloids, (ii) exploitation of thermodynamic
interplay between nanoparticle — polymer systems to drovgrolled segregation of nanoparticles, and
(iii) utilization of engineered macromolecular systems,particular, BCP to guide self-assembly of
nanoscale objects and in nanoscale lithography etc, alhaftware presented in this article.

Directed self-assembly (DSA) through the use of pre-forrtesdplates and/or external fields
provide additional degrees of freedom to manipulate theraby and thus form an important subject of
discussion in this article. Several excellent reviews onrAD&ing templates have been previously
published and hence this topic is not the focus of this &ti©in the other hand, DSA through application
of external fields has gained more attention in recent yes is attributed to the ability to apply and
control the external fields to a high degree of precision stadility, thereby enabling scalable production
of hierarchically assembled functional materials from asrale building blocks. The published works
clearly demonstrate the usefulness of applying extere&disuch as electric, magnetic or flow fields as
well as their combinations in guiding the assembly of nafildmg blocks at all length scales (from nano-
to micro- to macroscale). Interfacial self-assembly of aparticles is another promising technique
underscored in this article due to the relative simplicityh@ technique that can enable fabrication of 2-D
monolayer ordered arrangement of nanoparticles (isatrapanisotropic nanoparticles) over sufficiently
large areas. This can have a broad technological implicagoabling the fabrication of free standing,
ultra-thin membranes t@-D electronic and photonics structures. It should be noted, tivhile the
external forces are applied to direct the self-assembtgyriial interaction forces still play an important
role in dictating the overall dispersion stability of thedividual constituents. Thus, appropriate surface
engineering and other thermodynamic constraints imposttdnthe system have to be kept in mind for
the design and engineering of the structures.

The advancement of the science of self-assembly criticddipends on the development of
suitable characterization tools that permit to invesdgdie various assembly steps in real time. In this
respectjn situ characterization techniques play an important role in aetmgnding and substantiating the
principle of self-assembly through a first-hand obseoratof the events as they unfold during self
assembly. While the operating principle of the tools is thme as irex situmeasurements, the suitability
of a specific characterization method for situ measurements is dependent on achieving the desired

spatial and temporal resolutions required to probe thenaslgey behavior. The real challenge lies in
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modifying the tool appropriately to facilitatén situ study on self assembly mechanism. Recent
publications demonstrate that significant advancemesthie®n realized for employing X-ray scattering
tool owing to the availability of synchrotron radiation. particular, the simultaneous use of GISAXS and
GIWAXS in situ during the assembly of colloidal nanocrystals is impresdiv study the ordering at
different length scales. In another study, SANS has beed imssitu to probe the DSA of colloidal
particles under the influence of AC field that enabled tacaut a fundamental study on the assembling
behavior as a function of frequency and field. Other charadtion tools explored fan situ study of the
self assembly process include ellipsometer, AFM and STMefaited review on this topic with classic
illustrations from recent works is discussed in this reviewshort, there is a lot of scope for advancement
in this field that will ultimately enable the scientists tagineer hierarchically assembled devices with
desired functionality.

Mimicking the self-assembly processes observed in natanelead to synthetic materials with
biological functionality. As most of the biological selésemblies occur under mild, non-toxic conditions,
it poses additional constraints on the choice of the naneradd and their stability under physiological
conditions. However, facile functionalization with vau®biological entities such as antibodies, peptides,
enzymes, DNA molecules, and others will impart remarkahiecfionality and flexibility to these
materials. Thus, a wide range of biocompatible chemicattimas have been used with a variety of
analytical techniques for the analysis of chemical anddgiall molecules through self-assembly
technigues. There are many different challenges involved ifplementing these self-assembled
nanostructures in real-world. Several problems based z# shape, conductivity, and stability under
varying experimental conditions have been reviewed. Dedpiese disadvantages or limitations, self-
assembled materials have been performing a key role in warlmological applications such as
biosensing, optical imaging, and drug delivery. Detailtediy of their unique properties will provide new
opportunities to understand complex biological phenomtre are impossible with non-biological
systems. Self-assembly is therefore an important tool imeati technology and needs more attention to
understand the relevant features such as stability andity)df the material in question for specific
application in biomedical field.

The article also stresses the importance of employing iated approaches towards hierarchical
organization of nanoscale components on a large scale lioic&ion of next generation of optical and
electronic devices. The high degree of precision engingeend reliability required of patterned
structures over macroscopic length scales demands a sstieopmbination of top-down and bottom-up
fabrication approaches. In this regard, the article plapesial emphasis on the various forms of BCP

lithography towards obtaining large scale patterning afeoed structures, wherein BCPs are utilized as
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lithographic masks, as integral structures of the finalickeer as scaffolds to direct the assembly of metal
structures. Integration of bottom-up self-assembly apddown approaches will surely open up exciting
prospects in the next few years in the areas of moleculatret@cs, bioelectronics and biosensors,
NEMS and lab-ora-chip technologies, and nanotechnology, in general.
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Figure Captions

Figure 1. Variation of a typical colloidal potential, lJ(r), as a function of interparticle separation. Plots
are presented in dimensionless form whereby energy is meh#u units of 2a/o and distance in units
of particle diameter, 2a. Here, r represents the distandgvben centers of two particlesjs the depth of
the potential well, ‘a’ is the particle radius andis the characteristic atomic diameter at which;(b) =

0. Reprinted with permission from reference [36]. Copyti@009, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Figure 2. (a) Plot of Hamaker coefficient, A(L), as a function of surfaeparation L, calculated using
the DLP theory for two semi-infinite gold surfaces interagtacross water. Reprinted with permission
from reference [36]. Copyright 2009, Wiley-VCH Verlag GmBHCo. KGaA, Weinheim(b) vdW force
driven self-assembly of gold spherical nanoparticles saea from short nanorods (assembled at the
outer layer). Reprinted with permission from reference][6B8opyright 2005, American Chemical
Society.(c) Formation of ribbon-like structure driven by favoring sillg-side arrangement of gold
nanorods. Reprinted with permission from reference [63]p@ight 2005, American Chemical Society.

Figure 3 (a) Schematic representation of gold and silver coated withasdembled mono-layers (SAM)
of alkane thiols, HS(CH2)COOH (MUA) and HS(CH2)NMe;"CI" (TMA) respectively. While the
AuMUAs are negatively charged, the AgTMAs are positivebrgdd. Reprinted with permission from
reference [71]. Copyright 2006 The American Association foe Advancement of Sciencéb)
Electrostatic force driven self-assembly of nanoparticte form diamond-like ZnS crystallites with
octahedron morphology. This work also demonstrates thedition of other morphologies. Reprinted
with permission from reference [71]. Copyright 2006 The Aioan Association for the Advancement of
Science.

Figure 4. Top panels: schematic representation of tube architestuiormed with 5 and 10 nm Au
nanoparticles placed on the surfaces of the DNA tile arragtt@®n panels: the corresponding electron
tomographic images are shown. Precise placement of Au raaticles on the DNA structures enables
one to image true 3D conformations of DNA tubes, and overcdtimee limitations of electronic
microscopic imaging techniques to study the same. Reprintieh permission from reference [92].
Copyright 2009 The American Association for the AdvanceimfeBcience.

Figure 5. Entropy-enthalpy interplay led to self-assembly withinnoarticle-polymer system@&)
Multilayer formation of assembled nanoparticles. Repihtwith permission from reference [164]
Copyright 2007 Nature Publishing Group arfi & c) Application to the development of self-healing
coating scale bar -50 um. Reprinted with permission fronenerice [165]. Copyright 2006 Nature
Publishing Group.

Figure 6. Cross-sectional TEM images showing the assembly of gaficles within PS-PVP block
copolymer, assembly of gold nanoparticles surface funetized with (a) 100% PS groups anfb) 20%
PVP and 80% PS group. Reprinted with permission from ref@da66] . Copyright 2005 American
Chemical Society(c) SEM image illustrating the cooperative self assembly betw&OPO surface
functionalized CdSe nanoparticles within PVP cylindersl 4d) schematic of the assembly process.
Reprinted with permission from reference [127]. Copyrig@05 Nature Publishing Group.

Figure 7 (a) Nanoparticle-polymer systems at high temperatures foms®ous formation of high
surface area organosilicate films. Reprinted with pernoisdrom reference [184]. Copyright 2009 IOP
Publishing Ltd and(b) Fluorescent micrograph image of a fluorescent protein bsarface energy
gated spontaneously patterned nanoporous thin films. iRiegh with permission from reference [185].
Copyright 2011 Elsevier Inc.
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Figure 8 (a) Schematic of the experimental set(lp,random distribution of 1.4um latex particles before
the application of the AC electric field (Scale 1 cm = 7 pift), formation of 1D chains oriented in
parallel to the field direction applied for 2 seconds Scde( = 7 um) andd) formation of hexagonally
close packed arrays with the field applied for 15 seconds ifl = 3.5 microns). Reprinted with
permission from reference [207]. Copyright 2004 Americdre@ical Society.

Figure 9. AFM images of(a) Ni nanoparticles cast on Si substrai{@®) Ni nanochains formed by self-
organized nanoparticles in the presence of magnetic fithe (nset shows higher magnification of a
single nanochain, scale bar of 200 nm). Reprinted with pgsian from reference [225]. Copyright 2009
IOP Publishing Ltd.

Figure 10. Schematic illustration of the magnetic-field-dependergpgaration of noble-metal hollow
nanoparticle strucutures. Process (1) and (2) correspamdhe presence and absence of the magnetic
field, respectively. K denotes A, Pt**, or Pd*. The SPR peak position of Au hollow nanoparticulate
chain is seen to depend on external magnetic field. Regrintith permission from reference [226].
Copyright 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 11. Optical microscopy pictures of ellipsoidal particles tragd at the water-oil interfacga)
polystyrene (PS) ellipsoids coated with silica shell aggte side to side (scale bar: 21 um) atw) PS
ellipsoids without silica shell bind in a tip-to-tip manngscale bar: 33 um). Inset: polygon-like structure
formed by PS ellipsoids (scale bar: 13.6 um). Reprinted pétmission from reference [259]. Copyright
2005 The American Physical Society.

Figure 12 (A) Schematic representation of the self-assembly during &nly etages of drying (not to
scale). (B) A TEM micrograph of a typical monolayer produced by droptices a solution of
dodecanethiol-ligated 6-nm gold nanocrystals. Reprinteith permission from reference [268].
Copyright 2006 Publishing GrougC) TEM image of a monolayer sheet self-assembled from 26.0 nm
PS-Au nanoparticles an(D) Higher-magnification TEM image of the selected region fr@h showing

that nanoparticles are hexagonally packed yet well spa&ahrinted with permission from reference
[269]. Copyright 2011 American Chemical Society.

Figure 13. Self-assembly of anisotropic TiQarticles as a consequence of electric field and flow induce
effects. Reprinted with permission from reference [273]p@ight 2009 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Figure 14. Fabrication of 3D photonic crystals by self-assembly misdiaby convective flow in a
magnetic field. Reprinted with permission from referen2é4]. Copyright 2009 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Figure 15 Few examples of biological self-assembly towards ordemedostructures.(A) Bone
formation from collagen molecules incorporating hydropgtite crystals. Individual fibrils associate in a
hierarchial pattern to generate the final bone structurepRnted with permission from reference [288]
Copyright 1993 Nature Publishing GrougB) Deep etch electron micrograph of cytoskeleton with
origami inset (upper left) demonstrates the intricate eats formed by cytoskeletal proteins that grants
shape, support and flexibility to cells. Reprinted withmpéssion from reference [286] Copyright 2006
The Rockefeller University Press. The inset(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 agitiscagainst Actin (Blue) Actinin and Nebulin
(merged orange) and fluorescent labelled phalloidin. Reed with permission from reference [287].
Copyright 2010 The Rockefeller University Pref®) Immunofluorescence image of honeycomb like
structure of lens fiber cells revealed by anti-Aquaporin-Ostaining.  (Source:
http://www.mc.vanderbilt.edu/root/vumc.php?site=cssheylab&doc=31159
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Figure 16. Self assembled protein nanostructurés) Hexagonal hierarchical microtubular structures
are produced by diphenylalanine self-assembly. Reprintéth permission from reference [337].
Copyright 2011 American Chemical Socief) The hexagonal tubular structures visualized by optical
microscopy. Reprinted with permission from reference [38ppyright 2011 Elsevier Ltd.(C)
intermediate structures in the self-assembly of the pe{ieE8 (FKFEFKFE), designed with alternating
polar and non-polar amino acidgD) Atomic force microscopy (AFM) demonstrating ordered-self
assembled KFES8 peptide and schematic top view. Imagd3) feprinted with permission from reference
[339]. Copyright 2002 American Chemical Society.

Figure 17. (i-iii) Patterned deposition of Au film on silicon (Si) substratel &iv-vi) layer-by-layer
assembly of gold nanopatrticles on Au pattetfasd) Scanning electron micrographs of two layers of gold
nanoparticles assembled onto lithographically defineddguatterns, taken at different magnifications,
with the surrounding silicon being passivated with PEGrs#laThe first layer consists of 15 nm diameter
particles and the second layer of 10 nm size particles. Thgowlicleotides have been employed to
perform nanoparticle assembly on lithographic patternmdastrates the specificity and versatility of the
multilayer process. Reprinted with permission from refiee2[343] Copyright 2004 American Chemical
Society.

Figure 18 (A) Schematic presentation of DNA assisted assembly of nagmwiAfter DNA
functionalization, the nanowires are assembled on theaserbf the gold electrodeé) SEM image of
an assembled Au/Pd/Au nanowire between electrodes. Regbrivith permission from reference [345]
Copyright 2007 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim.

Figure 19. Self assembled RNA nanostructurédsB) Electron micrographs (EM) and schematics of 6 —
stranded(A) and 10 - strandedB) RNA cubes. Top left panels: EM of the RNA patrticles. Righelsan
Average shapes of different classes Lower panel: Schepraiiections of RNA nanostructures observed.
Images(A) & (B) reprinted with permission from reference [354] Copyrigltl® Macmillan Publishers
Limited (C) Electron density map demonstrating the minor groove forimethe helical regions of the
RNA nanosquare(D) major groove view. ImagefC) & (D) reprinted with permission from reference
[353] Copyright 2012 by the National Academy of Sciences.

Figure 20. Self assembled lipid based bionanoparticl@s) Liposomes fusing to particle surface after
being mixed with hydrophilic particles. An anionic fluocest dye (calcein) was incorporated by the
fusion of a cationic lipid with an anionic silica particle.lforescence image demonstrating uptake of the
calcein containing lipid nanoparticles. Imag@\) reprinted with permission from reference [365]
Copyright 2009 American Chemical Sociei) Structure of Nanodiscs, modeled with POPC as lipid.
Two amphipathic helices of MSP (gray ribbon) sarround thedlibilayer (white space filling). The
graphic was generated using the PyMOL Molecular Graphicsteay. Image(B) reprinted with
permission from reference [378]. Copyright 2009 Elseviar.|

Figure 21. (a) Molecular model of the oligopeptide RADSC-14 with the sageeRADSRADSAAAAAC
and of ethylene glycol thiolate (ESH) and(b) an example of patterned surface using self-assembly and
microcontact printing (top-down fabrication). Reprintedth permission from reference [393]. Copyright
1999 Elsevier Science Ltd.

Figure 22. (a-c) Schematic of the assembly mechanism for the formation ttaky aligned ADNTSs.
Using an inttegrated approach of top-down fabrication andttom-up self-assembly. During
evaporation, the diphenylalanine peptide, which is heate®20C, attained a cyclic structure and then
assembled on a substrate to form an ordered array of veljicaligned nanotubes. The aromatie
stacking stabilizes the aligned nanotube architectid®.Cyclic voltammetry measurements of ADNT-
coated (red line), carbon-nanotube-coated (black linej ancoated (blue line) carbon electrodes gejl
Cross-sectional SEM image of vertically aligned ADNTSs dastrating the elongated micrometre tubes,
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with a thickness of 40 um. Reprinted with permission froreregfce [30]. Copyright 2009 Macmillan
Publishers Limited.

Figure 23. Schematic representation of the hierarchical electrodeitation using integrated top-down
lithography and bottom-up self-assembly approaeh- c) Patterning of gold pillars on silicon wafer
using traditional photoresist process (top-dowd) Tobacco mosaic virus (TMV) was self-assembled on
the chip surface and metallized on the micropillars with Ning an electroless plating and the active
battery material, YOs, was deposited using ALOe-g) — SEM images of the hierarchical electrodes
recorded at different magnification¢f) and (g) depict the side- and the top-views of one such pillar.
Reprinted with permission from reference [33]. CopyrigBfi2 American Chemical Society.

Figure 24 (a) Schematic of the multi-layer structure used to create theoneembrane based ultra-
compact capacitors (UCCap) using a combined top-down antblmeup strategy. (b) The multilayer
nanomembrane exhibit self-rolling behavior due to stra{e} The layer sequence for inorganic (Case 1)
and hybrid organic/inorganic (Case Il) capacitors incorating self-assembled monolayers is sho(da.

e) Typical SEM images of UCCaps demonstrating the reprodiityilaif the process to produce several
such structures on a large ared#f) Cross-sectional SEM view of an UCCap comprising nearly 13
windings and rolled from a 60@m long planar capacitor. Reprinted with permission fromerehce
[32]. Copyright 2010 American Chemical Society.

Figure 25. Formation of metal nanochains and nanowires on-lPBMMA at different stages(a)
Aggregation of Au metal, vapor-deposited onto BCP film (3 mominal metal film thickness), into
nanometer-sized islandé) Annealing at 188C for 1 min in an Ar ambient produces highly selective Au
decoration of the PS domains forming metal nanochaiic}. Repeated deposition and short-time
annealing at 188C leads to densely packed nanochaif@) Large-scale TEM micrograph an¢e)
Magnified view of self-assembled Ag nanowires. Depositith higher thickness of Ag film (12 nm)
leads to nanowires while that of lower thickness (3 nm) asfiembles into nanochains. The varying grey
levels in the image due to Bragg scattering is attributed be tdifferent orientations of the
nanocrystallites. All metal depositions were performethage pressures of (1-2)x f0rorr and rates of
0.005 +0.1 nm <. Scale bars: 200 nm iratc) and 100 nm ir(d) and ). Reprinted with permission from
reference [437]. Copyright 2001 Macmillan Magazines Ltd.

Figure 26. SEM images ofa) PS(990-b-P[2VP(HAuUCI40.5] BCP micellar monolayer on a Si substrate
after lifting-off the non-irradiated micelles (i.e. areasthout electron beam exposures) afij after the
hydrogen plasma treatment, which deposited 7 nm large Awopearticles in a star pattern. Reprinted
with permission from reference [4R4Copyright 2003 IOP Publishing Ltd.

Figure 27. (A) Schematic of the temporal and spatial evolution of seleadsed superstructures studied
using in-situ X-ray scattering techniques. Slices at imtediate drying times reveal the process of
ordering in different regions including at the interfaces.low and high magnification TEM image of
PbSe cubic nanocrystals (cNC) are also shown along with a BEde of a monolayer of nanocrystals.
(B) In-situ GISAXS reveals the evolution of the rhombohedrnakdattice constant, a, and angle, as a
function of hexane vapor concentration from wet (nearlyusgted) to dry (pure He gas environment).
GIWAXS(C-E) show the evolution of the orientational ordering from thd filen to the dry superlattice.
Radially integrated intensity of the {111}NC reflectiofusitrates the preferential cNC orientation in the
wet and dry films(C-E) as well as assemblies formed by slow (i) and fast (ii) evatmma The
monolayer film (iii) also illustrates preferential “facap” alignment of the cNC. Reprinted with
permission from reference [482]. Copyright 2012 Americdre@ical Society.

Figure 28 (A) Schematic of dielectrophoretic (DEP) sample cell (not talescintegrated with small
angle neutron scattering (SANs) probe to monitor the eiledield directed self-assembly of polystyrene
colloidal nanoparticles in-situ(B) Scattering patterns in 2D and 3D for d = 195nm particles obtal at

E = 1414V/cm 50 kHz shows six strong spot Bragg ordering owiirfig formation of crystal structures at
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very high field and low frequencies. Reprinted with perinisérom reference [483]. Copyright 2010 The
Royal Society of Chemistry.
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