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Abstract

The varied and exotic shapes of new nanoscale organic and inorganic building blocks provide new opportunities to engineer materials

possessing specific functionality and physical properties dictated by the unique packings of these particles. We briefly review some of the current

strategies for inducing the self-assembly of these building blocks focusing on one strategy in particular—the attachment of tethers to the building

blocks at precise locations to create tethered nanoparticle ‘‘shape amphiphiles’’. We use computer simulation to demonstrate that the resulting

anisotropy imparted to nanocrystals or nanocolloids by the tethers can be used to encode simple design rules into the building blocks that

ultimately result in a unique self-assembled structure. We present a general classification scheme for tethered nanoparticles wherein the anisotropy

of a shape amphiphile is described by a vector comprised of one or more axes each describing a measure of anisotropy.

D 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The science of colloids is enjoying an exciting revolution as

particle sizes reach down to nanometer scales. Over the past two

decades, advances in the synthesis of particles have resulted in

an impressive library of nanocrystalline particles and nanocol-

loids of various sizes, geometries, and compositions [1–5&,6–

10&&,11–13]. One of the current challenges in exploiting the

immense potential of these nanometer size building blocks is to

organize them into specific precursor structures for constructing

functional materials and devices. Historically, top down

approaches such as casting have been used to manufacture

materials, and photo-, X-ray and electron beam lithography have

been used to modify bulk materials on nanometer scales to

induce a specific functionality into the material. For example,

electron beam lithography is capable of etching patterns into a

material with feature sizes less than 100 nm [14]. The advent of

nanometer size building blocks opens the door to self-assembly,

a ‘‘bottom-up’’ approach that may provide unique opportunities

to arrange nanoscale building blocks (NBBs) into useful

structures by utilizing the interactions between the NBBs as
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the driving mechanism for the assembly process. The bottom-up

approach is motivated by self-assembly in natural systems

[15,16] as well as synthetic systems [17–20] such as liquid

crystals, surfactants and block copolymers. Self-assembly

provides several key advantages as compared to top-down

approaches: (1) large numbers of NBBs can be arranged

simultaneously, (2) self-assembled structures may be thermo-

dynamically stable and hence will tend toward the equilibrium

state if perturbed, thereby rendering these structures with self-

healing characteristics [21&&], and (3) highly complex structures

may be formed as a result of the structure being assembled on

nanometer length scales [21&&]. A prerequisite to exploiting these

NBBs as a viable means of engineering devices or materials is to

develop techniques that induce the NBBs to self-assemble into

target structures possessing the necessary properties or func-

tionalities. To date there have been several successful demon-

strations of techniques that induce self-assembly of NBBs, e.g.

magnetic fields [22], shear stress [23], solvent evaporation

[22,24], the use of soft-matter templates such as diblock

copolymers, or the use of soft-matter to coat nanoparticles with

synthetic polymers or oligonucleotides [10&&,12,25,26&,27–

32&&]. These demonstrations have resulted in structures resem-

bling chains [33] and wires, hexagonally arranged particles [22],

worm-like and labyrinth-like structures [22], precise clusters

[22,24], nanowires [34], and onion-like vesicles [23], as well as

aggregates with little or no order. In contrast to these techniques,
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natural self-assembly processes may utilize design rules encoded

into the building blocks themselves or provided to the building

blocks by other particles to guide their assembly [35] into highly

complex and functional structures. For example, viruses are well

known to assemble into a variety of uniquely shaped capsids

such as icosahedra, tubes, helices, and sheets [36–41] and

diatoms, small unicellular algae with cell walls that are

impregnated with silica, assemble into complicated hierarchical

structures[42,43]. However, the self-assembly of these natural

building blocks is far from understood, and their intricate and

precise structures are unmatched by modern science.

An emerging strategy to encode design rules into synthetic

NBBs is to introduce anisotropy to the building blocks by

functionalizing the nanoparticles with a small number of tethers

[44&&] attached at specific locations on the surface of the particle.

Before turning our discussion to tethered nanoparticles it is

useful to briefly discuss a fairly well understood self-assembling

system, block copolymers (BCPs). BCPs provide an elegant

example of how anisotropy can influence the self-assembled

structure. By simply changing the degree of polymerization of

one block relative to the other block, the structures formed by

the BCP can be manipulated in a predictable manner. In the case

of diblock copolymer melts, varying the relative block fraction

results in four types of possible ordered structures: body-

centered cubic micelles, hexagonally packed cylinders, a

bicontinuous gyroid morphology, and lamellae [45]. Changing

the degree of polymerization of both blocks simultaneously can

be used to control the length scale of the domains of each

morphology from several nanometers to greater than 100 nm.

These controllable features in BCPs may provide insight into

how tethered NBBs will self-assemble.

Many examples of ‘‘tethered’’ nanoparticles have recently

been reported in the literature. For example, Song et al. [31]

synthesized Buckyballs with poly(ethylene oxide) (PEO)

tethers attached. They studied the effect of miscibility and

C60 concentration on the aggregation behavior of the PEO-

tethered fullerenes. Alivisatos’ group demonstrated the ability

to attach one, two, three, or more tethers to the surface of

spherical Au nanoparticles [5&]. Stellaci’s group developed a

technique whereby spherical Au nanoparticles are coated with

surfactant molecules (octanethiol and mercaptopropionic acid)

that phase separate into rings on the particle surface [46&&].

Westenhoff and Kotov [47] created a network of CdTe quantum

dots tethered to a polyelectrolyte film via anionic polyethylene

glycol (PEG) tethers. They demonstrated that the distance

between the nanoparticles and the film can be controlled by the

solvent quality, resulting in a change in the luminescence of the

particles. Coughlin’s group attached a single polystyrene tether

to nanometer-sized cubic silsesquioxanes [48], and Mather’s

group synthesized amphiphilic telechelic cubic silsesquioxanes

where the cubes are linked together by a PEG tether [49].

Demonstrations of tethered rods include rod-like molecules

with tethers attached at one end of the rod [50], the middle of the

rod [51], and at both ends of the rod [52].

The above examples illustrate significant advances in the

ability to synthesize anisotropic nanometer size building blocks

with specific geometries and topologies and serve as proof-of-
concept for the synthesis of tethered nano building blocks in

particular. However, little is known about the self-assembled

structures formed by these building blocks. In general, no

theory exists that can predict the self-assembly behavior of

tethered NBBs and it is here where simulation of model NBBs

can play an important role in helping to identify the parameters

relevant to the self-assembly process and how they influence

the formation of target structures. By systematically varying

the type and degree of anisotropy in model NBBs, we can

extract information that is useful for developing a general

framework to aid in the design of NBBs that can self-assemble

into specific structures. Here we focus on self-assembly of

amphiphilic tethered NBBs and make direct comparisons with

self-assembling block copolymers, surfactants and liquid

crystals.

2. NBB anisotropy

A first and important step towards understanding the self-

assembly behavior of anisotropic, NBBs is to classify the degree

and type of the anisotropy and then to determine the effect of the

anisotropy on the final structure formed by the NBBs. We begin

by classifying tethered nanoparticles according to independent

measures of their anisotropy, using a classification scheme

developed by Solomon and Glotzer [53] whereby the anisotropy

of a given building block is described by a vector formed by

combining multiple axes. Fig. 1 demonstrates a few of the

possible ways in which the anisotropy of tethered particles can

be manipulated. For example, the A and B axes denote the

number and length of tethers, respectively, where these

parameters can be varied independently. Axis C refers to

nanoparticle anisometry arising from the number of vertices on

the nanoparticle [53]. The geometry of a nanoparticle may

strongly impact the local arrangement of particles and has been

shown to induce liquid crystalline ordering in various systems

[44&&,54]. The D axis denotes variation in the relative placement

of tethers where the ‘‘geometry’’ of the building block is altered

moving along the axis. The NBB geometry is expected to

critically affect the self-assembled structures possible. For

example, a particle with two diametrically opposed tethers

may self-assemble into vastly different structures compared to

particles with the tethers attached at a 10- angle of separation.
The degree of specificity of the tethers may also be altered (Fig.

1 axis E), with the limiting cases being that of a homopolymer

(low degree of specificity) and a DNA oligonucleotide (high

degree of specificity). Between these extremes exists varying

degrees of specificity, including diblock, triblock, and multi-

block copolymer tethers, polyelectrolyte tethers, etc. Fig. 1

illustrates only a few anisotropy dimensions that can be

manipulated in tethered nanoparticles. Understanding how each

of these anisotropies influences the types of structures these

NBBs self-assemble into is paramount in developing a

theoretical framework for predictably and rationally designing

future materials and devices, and this is the focus of the work

discussed in this review. Specifically, we concentrate here on

understanding the effect of anisotropies in shape, tethered NBB

topology and geometry, and solvent selectivity on the equilib-
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Fig. 1. Classification of tethered nanoparticle ‘‘shape amphiphile’’ anisotropy, following scheme developed by Glotzer and Solomon [53]. Various building blocks are

classified in homologous series according to particular measures of anisotropy: (a) Number of tethers, (b) Length of tether, (c) Number of nanoparticle vertices, (d)

Relative location of tethers, (e) Tether specificity. Many additional anisotropy dimensions are not shown. More complex anisotropies can be described as

combinations of these dimensions.

S.C. Glotzer et al. / Current Opinion in Colloid & Interface Science xx (2005) xxx–xxx 3
rium structures formed by amphiphilic tethered nanoparticles

that interact via weak nonspecific interactions.

3. Model and method

As discussed in the following sections, the complex

phase behavior exhibited by model amphiphilic tethered

nanoparticles arises from the coupling between the amphi-

philic nature of the model NBBs and the local packing of

the rigid nanoparticles. We developed a coarse-grained

particle-based model to study this coupling for a diverse

array of nanoparticle shapes and tethered NBB topologies.

The model NBBs are treated as a group of small spherical

subunits frozen into a specific geometry (Fig. 2), where the

subunits interact with empirical pair potentials, e.g., Len-

nard–Jones (LJ) or Weeks–Chandler–Andersen (WCA)

potentials (Fig. 3). For solvophilic species, the interactions

are treated with a purely repulsive WCA potential to prevent

aggregation of the species, incorporate excluded volume, and

induce swelling of the tethers. Interactions between solvo-

phobic species are treated with a LJ potential to account for

excluded volume effects and to induce aggregation at low

temperature. This model, while crude, allows for the study

of nanoparticles with a variety of different geometries

without the development of complicated force fields for

each of the specific geometries studied. Polymer tethers are

modeled as linear bead-spring chains where the connectivity

of the beads is modeled by a finitely extensible non-linear

elastic (FENE) spring [55]. To prevent unphysical chain

crossing, the dimensionless spring constant is taken to be 30
and the maximum extendable length of the FENE spring is

1.5r, where r is the diameter of a bead. An advantage of

this model is that the complex coupling between the

enthalpic and entropic interactions arises naturally.

The time evolution of the model NBBs is tracked using

Brownian dynamics (BD), a subset of Langevin dynamics,

wherein particle trajectories are governed by the Langevin

equation.

mi

dmi tð Þ
dt

¼ � cimi tð Þ þ Fi x tð Þf g þ Ri tð Þ ð1Þ

The left hand side of Eq. (1) is the force felt by particle

i at time t. The first term on the right hand side is the non-

conservative drag force, Fi is the deterministic force

obtained from differentiation of the conservative potential

field, and Ri is the stochastic force, which satisfies the

fluctuation dissipation theorem. ci is the friction coefficient

and is related to particle diffusion by the Einstein

relationship,

ci ¼ kBT=D; ð2Þ

where kB is Boltzmann’s constant, T is the temperature, and

D is the diffusion coefficient. In BD, solvent molecules are

treated implicitly in a statistical manner, significantly

reducing the number of force calculations required. When

solvent molecules are considerably smaller than the NBBs,

implicit treatment of the solvent also avoids resolving the

time scale necessary to consider their fast degrees of

freedom. Additionally, the dissipative forces in the BD
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Fig. 2. Model building blocks. Blue spheres represent soft matter and collections of red spheres represent rigid nanoparticles. (a) Representative model of mono-

tethered sphere illustrated in Fig. 4(a). (b) Representative model of tri-tethered triangle plate illustrated in Fig. 4(i). (c) Representative model of end-tethered rod

particle illustrated in Fig. 4(c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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method increase the size of the allowable time steps for

integrating the equations of motion.

4. Self-assembly of tethered nanoparticles

Using this model and method we have investigated several

important geometries and topologies (see Fig. 4) relevant to

amphiphilic tethered NBBs and their subsequent roles in the

self-assembly process. Specifically, we discuss mono- and di-

tethered spheres, mono- and tetra-tethered cubes, several plate-

like geometries, and mono-tethered rods.

4.1. Mono- and di-tethered spheres

We begin by discussing the impact of nanoparticle diameter

on the overall phase behavior of mono-tethered spheres (Fig.

4(a)), where the nanoparticles are solvophilic and the tethers

are solvophobic. We conducted a series of simulations for

several different nanoparticle diameters and a fixed tether

length [56]. Simulations were performed for a tether length of

8r and nanoparticle diameters of d =1.5r, 2.0r, 2.5r, and
3.0r. We predicted the existence of three distinct regimes in

the phase behavior of tethered nanospheres (TNS) depending

on the ratio Fv [56] of the nanoparticle volume to tether

volume.

The first regime studied is where the head group volume is

small compared to the tether volume, and predominantly
Fig. 4. Cartoon schematics of models studied: (a) mono-tethered sphere, (b) di-

tethered sphere, (c) end-tethered rod, (d) side-tethered rod, (e) mono-tethered

cube, (f) tetra-tethered cube, (g) edge-tethered hexagonal plate, (h) face tethered

Fig. 3. Diagram of the range and shape of the Weeks–Chandler–Andersen

(WCA) potential and the Lennard–Jones (LJ) potential used to model the

amphiphilic and packing interactions between the nanoscale building blocks

such as those illustrated in Figs. 2 and 4.
,

lamellar phases result. For a nanoparticle diameter d =1.5r and a

fully extended tether length of 8r we predicted the formation of

a lamellar (L) phase and a perforated lamellar phase (PLH) [56].

In the perforated lamellar phase the perforations exist in the

layers formed by the head groups, which contrasts with what is

typically observed for surfactants [57,58] where the perforations

are restricted to the layers formed by the tail group ‘‘tethers’’

(PLT).

The second regime investigated is where head group and

tether volumes are similar, and this set of parameters results in a

rich combination of phases. For a nanoparticle with diameter

d =2.0r connected to a tether with a fully extended length of 8r,
we predicted the formation of hexagonally packed cylinders (H),

lamellae (L), and perforated lamellae (PLT) where the perfora-

tions are through the tether layers (Fig. 5(a)). These results are

similar to those observed by Larson [59,60] in lattice Monte

Carlo simulations of surfactants modeled as two flexible chains

(head and tail chains) bound together.

The third regime probed is where the head group volume is

larger than the tether volume and predominantly phases with

curved interfaces result. For a nanoparticle with diameter

d =2.5r connected to a tether with a fully extended length of

8r, we predicted the formation of cubic ordered micelles (C),

hexagonally packed cylinders (H) (Fig. 5(b)), lamellae (L), and

perforated lamellae (PLT) where the perforations are through

the tether layers [56]. For a nanoparticle with diameter d =3.0r,
hexagonal plate, (i) tri-tethered triangle plate.
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Fig. 5. (a) Perforated lamellae through the tethers (PLT) for d =2.5r, / =0.525, T*=1.5. Inset: a single perforated sheet. (b) Hexagonally packed cylinders (H) for

d =2.0r, / =0.3, T*=1.0. Inset: a single cylinder. (c) Cubic ordered micelles for d =3.0r, / =0.3, T*=0.25. Inset: a single micelle. (d) Lamellar bilayers (L) for

d =3.0r, / =0.3, T*=0.25. Inset: hexagonal order within each bilayer. (a) and (b) are re-rendered using data from Ref. [56], and (c) and (d) are re-rendered using

data from Ref. [44].

S.C. Glotzer et al. / Current Opinion in Colloid & Interface Science xx (2005) xxx–xxx 5
we also observed the formation of micelles for intermediate

volume fractions (/ =0.3) of the mono-tethered sphere (Fig.

5(c)). However, if the solvent conditions are changed such that

the nanoparticles are solvophobic and the tethers are solvo-

philic we observed the formation of bilayer sheets instead of

cubic ordered micelles (Fig. 5(d)) at the same value of /.

In all cases of nanoparticle size, we observed an increase in

the ordering of the nanoparticles with an increase in concen-

tration of the system. Furthermore, as the volume of the

nanoparticle is increased for a fixed tether length, the dominant

structures shift from sheet-like structures for small Fv to curved

structures for large Fv.

In the study of di-tethered spheres with diametrically

opposing tethers (Fig. 4(b)), one tether and the nanoparticle

are chosen to be solvophobic and the other tether is solvophilic.

The diameter of the nanoparticle is d =2.0r and the tethers each

have length 5r. For this system, the nanoparticles self-

assembled into core-shell cylinders and spherical micelles and

mono-layered sheets depending on the NBB concentration and

system temperature (Fig. 6). These di-tethered spheres are to

some extent analogous to short linear triblock copolymers,

where the middle ‘‘block’’ is a nanoparticle. Triblock copoly-

mers have been demonstrated to self-assemble into structures

considerably more complicated than those observed for diblock

copolymers [61–64], e.g. interpenetrating tetragonally arranged

cylinders, lamellae with spherical micelles inside, etc. have been

observed. To date, the bulk phases we predicted for the di-
tethered spheres are similar—on the mesoscale—to those

observed for simple mono-tethered spheres; however, the local

ordering is different. A comparison between the cylindrical

phases formed by the mono-tethered spheres and those formed

by the di-tethered spheres reveals that the latter assembles into

core-shell cylinders that are separated by a polymer matrix (Fig.

6(b)). We also found that the lamellar structures formed by di-

tethered spherical NBBs are mono-layered sheets comprised of

nanoparticles while bilayer sheets formed in the mono-tethered

sphere systems (Fig. 6(a)).

4.2. Mono- and tetra-tethered cubes

To investigate the role of nanoparticle shape (e.g. moving

along the C-axis in Fig. 1) we studied systems of mono- and

tetra-tethered nanocubes (Fig. 4(e)). In this study, the tethers are

attached at the corners of the cubes akin to the functionalization

of polyhedral oligomeric silsesquioxane cubes [65,66]. In one

case, the cubes are solvophobic and the tethers are solvophilic.

The length of one side of the cube is d =2r. For the systems

composed of mono-tethered cubes at low volume fractions /
¨0.3, we predicted the formation of bilayer sheets (Fig. 7(a))

[67]. Furthermore, we investigated the role of relative volume

fraction fA of the tether and predicted that for fA=0.3–0.6 the

stable structure is bilayer sheets, rather than cylindrical or

spherical micelles as would be expected for self-assembling

asymmetric BCPs or surfactants.
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Fig. 6. (a) Monolayer sheets formed from di-tethered spheres for d =3.0r, / =0.57, T*=1.0. Inset: hexagonal ordering within a nanoparticle layer. (b) Hexagonally

arranged cylindrical shells formed from di-tethered spheres for d =3.0r, / =0.25, T*=2.0. Inset: a single cylinder. Re-rendered using data from Ref. [44&&].
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For the tetra-tethered cubes (Fig. 4(f)), the tethers are attached

at the corners on the same side of the cube. Relative volume

fractions of fA=0.5 and fA=0.67 were studied. In contrast to the

mono-tethered cubes with fA=0.5, we predicted that only

structures with curved interfaces are formed [68]. Specifically,

we predicted the formation of disordered spherical micelles,

FCCmicelles, and hexagonally packed cylinders (Fig. 7(b)). For

an overall volume fraction of / =0.3, cylinders or FCC micelles

were formed for fA=0.5 and fA=0.67, respectively. Thus,

attaching multiple tethers to the same face of the cube results

in the stabilization of ‘‘curved’’ structures instead of sheet-like

structures. In all cases, the cubic nature of the building block

induces the formation of structures with distinctly ‘‘square’’

cross-sections.

4.3. Multi-tethered planar geometries

Planar nanoparticle geometries were also investigated. We

studied circular and hexagonal disks with tethers attached

either on the edges or on the faces, and triangular plates with

tethers attached at the vertices (Fig. 4(g)–(i)) [44&&].
Fig. 7. (a) Lamellae formed from mono-tethered cubes for / =0.3, and fA=0.6 (c

Cylinders formed from tetra-tethered cubes for / =0.3, and fA=0.5 (tethers removed

cubes. Re-rendered using data from Ref. [68]. (For interpretation of the references

article.)
In the study of tethered disks, we observed that for certain

temperature ranges the disks form hexagonally packed colum-

nar structures when the tethers are bonded equatorially to the

disks (Fig. 8(a)), and form sheets within which the disks pack

hexagonally when the tethers are attached on opposite faces of

the disk (Fig. 8(b)) for overall volume fractions of / =0.42 and

/ =0.31, respectively. This is in contrast to BCPs where we

expect sheet-like structures for / =0.42 and column-like

structures for / =0.3. For the triangular plates, we found that

at an overall volume fraction / =0.31 hexagonally arranged

columnar structures formed (Fig. 8(c)). In the case of the

triangular plate, where / =0.31 and fA=0.36, analogies with

surfactants and BCPs would predict the formation of sheet-like

structures. For these systems, the placement of the tethers

ultimately determines the structures that form.

4.4. Mono-tethered rods

Amphiphilic tethered nanorods can be regarded as geomet-

rically similar to short, amphiphilic, rod-coil block copolymers.

In contrast to amphiphiles consisting of two flexible chains,
ubes are blue and tethers are red). Re-rendered using data from Ref. [67]. (b)

for clarity). Note the cubic cross-section induced by the face-to-face packing of

to colour in this figure legend, the reader is referred to the web version of this
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Fig. 8. (a) Hexagonal columnar (cylinder) phase formed from edge-tethered disks (see Fig. 4(g)) for / =0.42, fA=0.28, and T*=1.0. The disks are tilted with respect

to the interfacial normal. (b) Lamellar phase formed from face-tethered hexagonal disks (see Fig. 4(h)) for / =0.31, fA=0.5, and T*=1.0. The disks pack

hexagonally within the sheet. (c) Hexagonal columnar phase formed where tethers are attached to the three vertices of a triangular plate (see Fig. 4(i)) for / =0.31,

fA=0.35, and T*=0.83. The triangles form a twist about the cylindrical axis. Re-rendered using data from Ref. [44&&].
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theories for amphiphiles with a rod-like block are less

developed. Although the principles governing self-assembly

into microphases are similar, the entropic interactions for

tethered rods are more complicated due to the asymmetry

between the rod and the tether and the tendency of the rigid

block to orient itself with respect to other rigid blocks (i.e.

exhibit liquid crystalline ordering). This asymmetry leads to the

formation of self-assembled mesoscale structures that are

locally more ordered than those observed for amphiphiles

consisting of two flexible blocks. We briefly review our

findings for two different classes of tethered nanorods (Fig.

4(c,d)). For both classes, the nanorod is solvophobic and the

tether is solvophilic. We first discuss end-tethered nanorods

with a rod aspect ratio of 5 :1 and equal relative volume

fractions of rod and tether (R5ET5).

We observed that at low volume fractions / =0.3 and at

relative block fractions of fA=0.5 the end-tethered rods self-

assembled into a hexagonally packed cylindrical arrangement

[54]. For the systems of end-tethered rods, we predicted that at

fA=0.5 lamellar structures, e.g. a smectic C phase (Fig. 9(a)),

will only form at higher overall volume fractions of / >0.35.

Additional liquid crystalline phases observed include tetrago-

nally perforated lamellae, honeycomb, hexagonal chiral cylin-

ders, and cubic micelles [54].

For side-tethered rods with a rod aspect ratio of 5 :1, equal

relative block fractions fA=0.5 of rod and tether (R5ST5),

and overall volume fraction / =0.3, we predicted the

formation of a lamellar structure (Fig. 9(b)) at the same

values of fA and / as those discussed for the end-tethered

rods. This morphology contrasts with that observed for the

end-tethered rods where a cylindrical or curved structure is

the stable structure [69].

5. Conclusions

In this paper, we have attempted to provide a brief

background of the types of structures relatively simple
tethered nanoparticle shape amphiphiles will form due to

self-assembly. In particular, we discussed how the placement

of tethers at specific locations on the nanoparticles can

introduce further building block anisotropy to the particle.

We provided a rudimentary classification scheme of the

types of anisotropy that can potentially be imparted to

nanoparticles through the use of tethers. Furthermore, we

demonstrated through simulation how a specific tethered

NBB anisotropy results in their self-assembly into a specific

structure. For example, by attaching tethers to the four

corners on the same side of a cubic particle at relatively high

volume fractions, cubes can be induced to self-assemble into

hexagonally ordered cylindrical structures with square cross-

sections. Thus, the four tethers— when combined with the

correct conditions—provide a set of rules that dictate the

type of structure formed by the NBB. In addition to

demonstrating how anisotropy can be used we observed

three other salient features of amphiphilic, tethered nanopar-

ticles: (1) for the model NBBs discussed here the meso-

phases formed are largely limited to those commonly

observed in BCP, surfactant, or liquid crystal systems, but

with shifts in phase boundaries and significant modifications

to local packing; (2) the local ordering of the nanoparticles

within the mesophases is a strong function of the geometry

of the nanoparticle, and (3) BCPs, surfactants and liquid

crystals can be used as a rough guide to understanding the

structures formed by the NBBs.

The future of self-assembled materials lies in the

purposeful engineering of building blocks to achieve a given

target structure. As our ability to pattern and functionalize

particles with nanometer scale precision grows, so too will

our ability to fabricate self-assembled materials and struc-

tures with great complexity and sophistication, eventually

rivaling the intricate structures of the biological world.

Systematic investigation of the various anisotropy dimen-

sions available to nanocolloidal building blocks such as

those shown in Fig. 1 will provide critical insight into the
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Fig. 9. (a) Smectic C phase formed from end-tethered nanorods (see Fig. 4(c)) for / =0.35, fA=0.5, and T*=4.0. Re-rendered using data from Ref. [54]. (b) Lamellar

phase formed from side-tethered nanorods (see Fig. 4(d)) for / =0.4, fA=0.5, and T*=1.3. Re-rendered using data from Ref. [69].
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design rules that will make such engineered structures

feasible.
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