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Colloidal nanocrystals are nanometer-sized, solution-grown inorganic particles 

stabilized by a layer of surfactants attached to their surface. The inorganic cores 

exhibit useful properties controlled by composition as well as size and shape, while 

the surfactant coating ensures that these structures are easy to fabricate and 

process. It is this combination of features that makes colloidal nanocrystals 

attractive and promising building blocks for advanced materials and devices. But 

their full potential can only be exploited if we achieve exquisite control over their 

composition, size, shape, crystal structure and surface properties. Here we review 

what is known about nanocrystal growth and outline strategies for controlling it.  

 

 

 

 Colloidal nanocrystals are sometimes referred to as ‘artificial atoms’ because the 

density of their electronic states—which controls many physical properties—can be 

widely and easily tuned by adjusting composition, size and shape.  The combination of 

strongly size- and shape-dependent physical properties and ease of fabrication and 

processing makes nanocrystals promising building blocks for materials with designed 

functions1,2. But the ability to control the uniformity of the size, shape, composition, 

crystal structure and surface properties of the nanocrystals is not only of technological 

interest: having access to defined nanoscale structures is essential to uncovering their 

intrinsic properties unaffected by sample inhomogeneity. Rigorous understanding of the 

properties of individual nanocrystals enables exploitation of collective properties of 



nanocrystal ensembles, making it possible to design and fabricate novel electronic, 

magnetic and photonic devices and other functional materials based on these 

nanostructures.  

 

 Colloidal nanocrystals with a semiconductor as the inorganic material—so-called 

quantum dots—exhibit size tunable band gaps and luminescence energies due to the 

quantum size effect3. This has led to their use as fluorescent biological labels4-6, with 

colloidal quantum dots now widely employed as targeted fluorescent labels in biomedical 

research applications. Compared to the organic fluorophores that have been used as 

biological labels previously, quantum dots are extremely bright and do not photo-bleach, 

and they provide a readily accessible range of colors. Other applications that could 

benefit from the combination of low-cost processing with solid-state performance include 

the use of colloidal quantum dots and rods as possible alternatives to semiconductor 

polymers in light emitting diodes7, lasers8, and solar cells9. The scope for these 

applications has prompted intensive study of the synthesis of these materials to optimize 

colloidal semiconductor nanocrystal fabrication. As a result, many new concepts for 

controlling the size, shape, and connectivity or coupling of colloidal nanocrystals have 

been developed first for these materials, but a unified set of synthesis control concepts is 

now also applied to other classes of materials such as metals and metal oxides. These 

materials will extend the range of potential applications for colloidal nanocrystals to 

many other areas, including catalysis.  

 

 Over the last decade chemists have come to appreciate that from the point of view 

of synthesis, colloidal inorganic nanocrystals can be viewed as a class of macromolecule, 

with preparative strategies that are similar in many ways to those employed with artificial 

organic polymers. For nanocrystals of one to one hundred nanometers diameter, it is 

possible to define the average and the dispersion of the diameter, as well as the aspect 

ratio; the degree of precision with which the desired structure is realized is similar to 

what is achieved with synthetic polymers, where the preparative means at our disposal 

allows us to define the mean number of monomer units in a polymer and the variance of 

this number, and to build complex topologies through joining or branching of simpler 



macromolecules. As with artificial polymers, some principles have now emerged, which 

give us the ability to control the size and shape of colloidal nanocrystals. After more than 

two decades, impressive progress has been made toward the tailored synthesis of 

colloidal nanocrystals that have well-defined structures. A large variety of colloidal 

nanocrystals can now be successfully produced using a number of methods, such as co-

precipitation in aqueous phase, templating with reverse micelles, 

hydrothermal/solvothermal synthesis, and surfactant-controlled growth in a hot organic 

solvent10,11. Although there is still lack of a general approach for fabricating colloidal 

nanocrystals in a precisely controlled manner, it is widely accepted that the organic 

surfactants plays a key role in determining not only the size, but also the shape of the 

products. 

 

 Here, we describe a consistent set of concepts for controlling the growth of 

colloidal inorganic nanocrystals in a hot organic surfactant (Fig. 1). Because successful 

control depends extensively on using organic surfactants to judiciously manipulate the 

nanocrystal surfaces, we start with a discussion of the organic-inorganic interface and the 

possibilities offered by dynamic surface solvation with surfactant molecules. We next 

introduce the concepts underpinning kinetic control, which are widely employed to 

achieve narrow nanocrystal size distributions and provide some control over particle 

shape. We then discuss how kinetic control in conjunction with selective adhesion can 

provide even finer control over nanocrystal growth, as required for producing more 

complex shapes. Finally we close the paper by returning to a comparison to organic 

polymer synthesis, in order to point important issues that still need to be addressed as 

well as some exciting opportunities that remain open in the area of colloidal nanocrystal 

synthesis. 

 
General synthesis scheme 
  

 A typical synthesis system for colloidal nanocrystals consists of three 

components: precursors, organic surfactants, and solvents. In some cases, surfactants also 

serve as solvents. Upon heating a reaction medium to a sufficiently high temperature, the 



precursors chemically transform into active atomic or molecular species (monomers); 

these then form nanocrystals whose subsequent growth is greatly affected by the presence 

of surfactant molecules. The formation of the nanocrystals involves two steps: nucleation 

of an initial ‘seed’, and subsequent growth. In the nucleation step, precursors decompose 

or react at a relatively high temperature to form a supersaturation of monomers followed 

by a burst of nucleation of nanocrystals. These nuclei then grow further by consuming 

additional monomers.   

 

 This thermolysis approach will generate nanoparticles; but these particles are 

crystalline solids only if the atoms can rearrange and anneal during growth, which 

requires overcoming thermal barriers. The cohesive energy per atom, correlating with the 

melting temperature of the solid, is therefore a decisive factor in determining optimal 

conditions for nanocrystal growth. The first step then in colloidal nanocrystal synthesis is 

to choose a temperature for growth that is hot enough to allow rearrangement of atoms 

and annealing within a growing nanocrystal over the course of the synthesis. A great 

benefit in this regard is the reduction in melting temperatures for crystals of smaller size. 

This effect is the subject of one of the most famous and well-documented scaling laws for 

the properties of solids in the nanometer regime12, and is driven by the fact that in the 

nanoscale regime, the liquid phase has lower surface energy than a solid with facets, 

edges, and corners. The effect can be quite significant, leading to a halving of the melting 

temperature for a solid particle of 2 to 3 nm diameter, relative to that of the 

corresponding bulk solid. 

 

 The large reduction in melting temperature greatly increases the range of 

inorganic colloidal nanocrystals that can be grown at temperatures where common 

organic molecules are stable, which is in the range of 200-400°C. In fact, the desire to 

extend colloidal nanocrystals synthesis to the widest possible range of materials has 

focused much interest on growth at these highest possible temperatures. Organic 

surfactant molecules in the growth medium are chosen for their propensity to adhere to a 

growing crystal. Since up to half the atoms making up a nanocrystal may be on its 

surface, this completely alters the growth strategy to the point where the organic-



inorganic interface becomes pivotal. In this respect, colloidal nanocrystal growth is 

strongly related to the field of bio-mineralization, where complex patterns of biologically 

organized organic functionalities have the effect of controlling the size, shape, and spatial 

arrangement of some inorganic solids13,14. However, the common bio-minerals produced 

in this way are strongly ionic solids, with cohesive energies that allow growth at room 

temperature and in water. 

 

 As recognized by Steigerwald15,16, an important step to the generation of colloidal 

inorganic nanocrystals is identifying suitable precursor molecules such as organometallic 

compounds: they need to rapidly decompose or react at the required growth temperature 

to yield reactive atomic or molecular species (the monomers) that can then contribute to 

nanocrystal nucleation and growth. The most famous example is the use of dimethyl 

cadmium and trialkyl phosphine selenide to yield CdSe. Injection of these precursors into 

a hot solution can yield supersaturation, nucleation, and subsequent growth. The most 

successfully employed precursors have been relatively simple molecules with “leaving 

groups” that readily depart to leave behind the desired reactive species. This is somewhat 

distinct from the precursors employed in Chemical Vapor Deposition (CVD) processes in 

high vacuum, where the growth temperature may be much higher. Still, the two 

approaches share many features such as the similar chemical reactions, and a literature 

review of CVD precursors is often a good starting place for finding a new pathway to 

making a colloidal nanocrystal. In colloidal solution the true microscopic mechanism of 

monomer addition is often still not well understood, owing to the complexity of the 

growth medium. However, the crystal growth kinetics can be qualitatively understood 

using crystal growth concepts and assuming of a population of nanocrystals in the 

presence of a solution of active monomers. 

 

 

Organic-inorganic interface and dynamic solvation 
 

 Surfactant coated nanocrystals in which an inorganic core is surrounded by a 

“monolayer” of organic molecules hold the potential for the creation of new 



materials17,18. The possibility of combining the physical properties of inorganic solids 

with the low-cost high-volume processing of plastics provides a major impetus for this 

research19. Because the organic-inorganic interface present in these systems holds the key 

to the synthesis of far more advanced materials, the interface itself is also attracting 

growing interest. 

 

 The energy with which surfactant molecules present in the growth medium adhere 

to the surfaces of growing nanocrystals is one of the most important parameters 

influencing crystal growth. The adhesion energy needs to be such that it allows dynamic 

solvation at the growth temperature: the organic molecule acting as a surfactant needs to 

be able to exchange on and off the growing crystals, such that regions of the nanocrystal 

surface are transiently accessible for growth, yet entire crystals are on average monolayer 

protected to block aggregation. The classic paper of Murray, Norris, and Bawendi20 

introduced and demonstrated this concept for the growth of CdSe nanocrystals in 

trioctylphosphine oxide.  

 

 Examples of organic surfactants that dynamically solvate nanocrystals include 

alkyl phosphine oxides, alkyl phosphonic acids, alkyl phosphines, fatty acids and amines, 

and some nitrogen-containing aromatics. These molecules all contain metal coordinating 

groups as well as solvophilic groups. The metal coordinating groups are typically 

electron-donating to allow coordination to electron-poor metal atoms at the nanocrystal 

surface, thus preventing further growth and aggregation. The other end of the surfactant 

molecule extends to the solvent and therefore determines the solubility of the 

nanocrystals; in most cases, it provides the particles with a hydrophobic surface. As of 

this writing, there is no generally accepted experimental or theoretical method for 

determining the adhesion energy of an organic surfactant on a nanocrystal surface, so the 

choice of surfactant remains empirical. This makes screening techniques borrowed from 

biochemistry promising tools for discovery of appropriate surfactant systems21. In all 

cases, great care must be taken to carefully examine the purity of the organic surfactants 

and their thermal stability: in numerous instances small percentages of organic impurities 

were found to play a key role in the growth kinetics. For example, phosphonic acids were 



only recognized as essential ingredients for shape control of CdSe and other II-VI 

nanocrystals22 after their presence in trioctylphosphine oxide was finally controlled. 

 

 As temperature decreases, surfactant molecules are less likely to leave the 

nanocrystal surface. But dynamic solvation can also be achieved at room temperature. 

For instance, if CdSe nanocrystals coated with TOPO are refluxed in pyridine, the more 

weakly adherent but more abundant pyridine displaces the TOPO by mass action. Owing 

to its inherently weaker adhesion energy, pyridine dynamically solvates CdSe even at 

room temperature so that nanocrystals deposited from pyridine and placed in vacuum 

display UHV clean surfaces23. Surfactants exchange to introduce other competing ligands 

also allows further derivatization of the nanocrystal surface to introduce a wide range of 

possible chemical functionalities. This strategy provides an additional means for 

chemical manipulation of the physical nanocrystal properties, which tend to be sensitive 

to the nature of the surface coating23. It also provides various means to link the 

nanocrystals to other surfaces and biomolecules24, 25.   

 

 The surfactant molecules not only bind to the growing nanocrystal surface, but 

also complex the reactive monomer species produced upon heating. The stability and 

diffusion rate of these complexes, as well as the binding strength of the surfactant 

molecules to the growing nanocrystal surface are all strongly temperature dependent. 

Increasing the temperature greatly decreases the stability of the intermediate complexes 

formed in solution and the binding strength of the surfactants to the nanocrystal surface, 

while at the same time increasing the diffusion rates of the complexes; this favours the 

nucleation and growth of the nanocrystals. However, too high a temperature may also 

lead to uncontrolled growth so that it is impossible to exploit subtle kinetic or energetic 

effects to achieve precise control over the size and size distribution of the nanocrystals. 

Choosing an appropriate temperature range is therefore one of the key steps in obtaining 

control over nanocrystal growth.  

 

Kinetic size control 
 



 The preparation of nanocrystals with relatively narrow size distribution is also a 

key feature of many modern preparation methods27. To understand the concepts at work 

here, consider a simple model of growth rate versus nanocrystal radius as shown in Fig. 

2.  The dependence of the surface energy on size explains the left hand side of the curve: 

very small crystals are unstable due to their large fraction of active surface atoms, as 

indicated by the negative growth rate. The right hand side of the curve illustrates that 

larger crystals with smaller surface to volume ratio are stable and grow. The zero-

crossing point occurs at the critical size, where nanocrystals neither grow nor shrink. The 

critical size depends on the monomer concentration, with low monomer concentration 

favoring a larger critical size. The peak in growth rate versus radius on the right hand side 

arises due to a geometric factor: compared to a relatively small crystal, many more atoms 

need to be incorporated to increase the radius of crystals as they become larger.   

 

 These considerations explain why a slow growth rate, which produces 

equilibrated and nearly round crystals, also yields very broad size distributions. Slow 

growth rates imply low monomer concentration and a high likelihood that the critical size 

will lie within the distribution of nanocrystal sizes present (Fig. 2).  The resultant 

Ostwald ripening—small crystals will shrink while large ones will grow—then leads to a 

broad, skewed size distribution.  It is still possible to recover a monodisperse sample by 

separating out fractions of particles with a narrow distribution from the original broadly 

distributed sample, using one of several separation techniques. Of these, “size selective 

precipitation” is the most generally applicable method20,28. It involves step-wise addition 

of a poor solvent to a stable solution of nanocrystals to gradually reduce the solvating 

power, so that larger nanocrystals, with greater attractive van der Waals or dipolar forces 

between them, precipitate out first. This approach produces nanocrystal fractions with 

narrow size distributions, but can be time-consuming, tedious, and yields small quantities 

of the desired material. Further, it only works well with round crystals since the attractive 

forces between anisotropic nanocrystals depend on multiple parameters29.  

 

A more robust approach to obtaining narrow distributions uses the concept of “size 

distribution focusing” (Fig. 2), based on the prediction of Howard Reiss of more than 50 



years ago that small crystals will grow more rapidly than larger ones if monomer 

concentrations are sufficiently high 30. Consider the slow growth conditions described 

above, and imagine that the monomer concentration is abruptly increased by a secondary 

injection of precursor. Immediately after injection, the distribution of nanocrystal sizes 

present has not yet changed; but the critical size, which depends on monomer 

concentration, shifts to a smaller value.  If this shift is large enough, the entire 

distribution of sizes will now lie on the falling side of the growth vs. radius curve (i.e., all 

nanocrystals are larger than the size for which the growth rate peaks), and the distribution 

will spontaneously narrow or “focus.” The concept of size distribution focusing has now 

been clearly demonstrated experimentally31. Results are optimized if the monomer 

concentration is kept such that the average nanocrystal size present is always slightly 

larger than the critical size. When the monomer concentration is depleted due to growth, 

the critical size becomes larger than the average size present, and the distribution 

broadens as the result of Ostwald ripening. Judicious replenishment of monomer can thus 

be an important feature of the synthesis strategy. Focusing has the advantage that it can 

produce large quantities of crystals with a narrow size distribution, providing the reaction 

can be arrested in the appropriate regime (Fig. 3). It is a key first step in kinetic control 

over nanocrystal synthesis, and we have found that when focusing can be achieved, it 

opens the door to realize kinetic shape control. 

 

In general, it is desirable for the nucleation event to be separated in time from the 

growth step in order to obtain relatively monodisperse samples. This means that 

nucleation must occur on a short time scale. This may be achieved by rapidly injecting 

suitable precursors into the solvent at high temperature, so as to generate transient 

supersaturation in monomers and hence induce a nucleation burst. A rapid and intense 

nucleation burst will lower the monomer concentration below the nucleation threshold, so 

monomers remaining in solution will only add to the existing nuclei. In many cases, there 

is some overlap between the nucleation and growth time sales, so the resultant dispersion 

in nanocrystal sizes needs to be compensated for with focusing. But in optimal cases, it is 

possible to remain in the fast growth focusing regime while remaining below the 

nucleation limit. 



 

 Interestingly, rapid injection of precursor does not always lead to quick 

nucleation. For example, during the synthesis of iron oxide nanocrystals, the injection of 

the precursor of iron pentacarbonyl is followed by a long incubation time before a sudden 

burst of nucleation takes place (M. F. Casula et al., unpublished data). This “delayed 

nucleation” is due to the gradual transformation of iron pentacarbonyl into intermediate 

species (such as higher nuclearity clusters of carbonyls or metal-surfactant complexes), 

which then serve as the active “monomer” species during crystal growth. Since 

nucleation depends exponentially on the monomer concentration, when the nucleation 

threshold is surpassed, a brief spurt of nucleation occurs.  The nucleation event depletes 

the monomer, and growth follows with no further nucleation.  Delayed nucleation is 

extremely useful because it removes the need for a rapid (and in many cases 

irreproducible) initial injection of precursor.  

 
Kinetic shape control 
 

 Compared to equilibrium nanocrystals with nearly “round” shapes, nanocrystals 

with highly anisotropic shapes have larger surface areas that render them metastable, 

high-energy forms. Formation of the metastable nanocrystals thus requires a kinetic 

growth regime, whereas equilibrium nanocrystals with low aspect ratios are obtained in 

the slow growth limit under thermodynamic control. At low growth rate, nearly round 

nanocrystals are formed, with broad size distribution. At higher growth rate, focusing is 

observed. When the growth rate is increased just beyond the focusing regime, an 

astonishing variety of highly anisotropic shapes are obtained, starting with simple rods 

and disks, but ultimately including shapes like arrows and tetrapods.  

 

The equilibrium shape of inorganic nanocrystals, although faceted, has a low 

aspect ratio both because this minimizes surface area, and because the low-energy facets 

of the crystal are relatively close to each other in energy. However, the growth rate of a 

crystal facet depends exponentially on the surface energy, so that at high growth rates, in 

a kinetically controlled growth regime, high-energy facets will grow more quickly than 



low-energy facets (Fig. 1a). The progression from Ostwald ripening to focusing to kinetic 

shape control was first seen in colloidal CdSe nanocrystals32, but subsequently has been 

observed in a variety of other systems, such as cobalt33,34
 and titanium dioxide35.  

 

 The onset of kinetic shape control can be widely adjusted using the method of 

selective adhesion (Fig. 1b). According to the concept of dynamic solvation, organic 

surfactants are exchanging on the nanocrystals surface during growth. In a faceted 

crystal, however, the exchange rate on the different facets need not be the same. The 

introduction of an organic molecule that selectively adheres to a particular crystal facet 

can be used to effectively lower the energy and hence slow the growth rate of that facet 

relative to others (Fig. 4). It is more practical to adjust the relative growth rates than it is 

to increase the absolute rates to the point where the variations are significant. Selective 

adhesion effects have not been observed directly during nanocrystal growth, but 

theoretical studies lend credence to the concept36,37. However, Peng has suggested an 

alternative mechanism that involves complexation of the reactive monomer species in 

solution by organic molecules; this leads to an environment with high chemical potential 

and can be used to adjust relative growth rates38.  

 

 In the kinetic growth regime, it is possible to create sequences of events that 

produce more intricate shapes. A first example is the remarkable phenomenon of 

sequential elimination of a high-energy facet22
 (Fig. 1c). It is well known that fast 

growing facets will eventually disappear during growth, resulting in a crystal terminated 

by slower growing facets. Consider the possibility that the relative growth rates of two 

different low index facets differ greatly. In that case, the higher energy facet will grow so 

quickly that a second or even third layer of atoms can start to form before a first layer is 

complete. The possibility exists that there is another facet, intermediate in energy 

between the low and high energy ones present initially. Such a facet may form transiently 

during the growth of the high-energy facet. Once such a facet forms, it will persist, 

replacing the initial high-energy facet. This new intermediate energy facet will still grow 

more quickly than the initial slow growing one, so that the shape will evolve in a 



complex pattern during growth. This has been used to form arrow shaped nanocrystals of 

CdSe22
 and zigzag shaped crystals of TiO2

35
 (Fig. 5). 

 

 A different but related approach to the creation of nanocrystals with complex 

shapes and connectivity is “oriented attachment”39. This remarkable process, first 

described for TiO2 by Penn and Banfield, involves the coalescence of faceted 

nanocrystals in such a way as to eliminate two high energy facets40-42. The detailed 

mechanism of oriented attachment remains unclear, but the process seems to occur for 

many materials systems. The most frequent products of oriented attachment are rods and 

wires. The signature of this mechanism is the observation of primary particles with the 

same diameter as the final one-dimensional product, as well as the growth of rods by 

“quantum units” of the size of a primary nanocrystal. The degree and nature of the 

attachment process can be manipulated by surfactant control. Indeed, specific chemical 

transformation of the surfactant on high-energy facets may already play a role in some 

documented cases43-44. Banfield has shown that many defects in natural minerals may 

have arisen through the oriented attachment process45.    

 

 Another sequence of events results in controlled branching of colloidal 

nanocrystals46
 (Fig. 1d). Branched crystals of zinc oxide were originally discovered in 

smokes from zinc smelting plants and have been prepared and studied in CVD systems 

for several decades47
 . In colloidal systems, it is now possible to prepare ensembles of 

centrally branched tetrapod nanocrystals with a high degree of control over the branch 

length and diameter48,49. Polytypism50, or the existence of two or more crystal structures 

in different regions of the same crystal, coupled with the manipulation of surface energy 

at the nanoscale, is exploited to controllably produce the branched inorganic 

nanostructures. In the case of the II-VI semiconductors such as CdSe, the cubic 

zincblende ABC stacking of planes is slightly higher in energy but kinetically favored 

over the hexagonal wurtzite ABAB stacking. Upon injection of precursors, the high 

concentration of monomer favors nucleation of a pyramidal seed with a zincblende 

structure; this seed shares a common crystal facet—the (111) facet— with rod-shaped 

CdSe with a hexagonal, wurtzite structure. As the monomer concentration drops, the 



(111) facets of the zincblende core switch to ABAB growth in the [1000] direction of the 

hexagonal phase; this yields a crystalline inorganic structure of four rods at the 

tetrahedral angle, a so-called tetrapod (Figs. 6a,b). The presence of a selective adhesion 

agent that stabilizes the side-walls of the hexagonal rods relative to the (111) facet of the 

zincblende phase is a likely reason for the ability to produce these structures with 

uniformity and control. Most recently, a wide variety of such inorganic dendrimers with 

branch points at defined locations on rods and tetrapods have been prepared as well51
 

(Figs. 6c,d). The subsequent branch points can be created by kinetically driving the 

reaction again, or by nucleation of a second material, such as CdSe on CdTe. These 

dendritic heterostructures are the most complex structures produced to date in colloidal 

nanocrystal synthesis. 

 

The outlook 
 The close topological similarity between inorganic dendrimers and organic 

dendrimers helps to emphasize the close similarity between organic polymers and 

inorganic nanocrystals in general from the point of view of chemistry. Will it ever be 

possible to create inorganic nanocrystals with the varied and rich compositional and 

spatial complexity of organic systems? Inorganic nanocrystals can already be created 

with far more complex shapes and with far greater control over size and shape than had 

long been thought possible.  Colloidal nanocrystals are about the same size as an organic 

macromolecule, and with organic surfactants on the inorganic nanocrystal surface, they 

can be manipulated in much the same way as organic polymers52. The fact that solid-state 

materials can be manipulated chemically in such similar ways to polymers has led to a 

near explosion of work in organic-inorganic colloidal nanocrystals. 

 

 At the same time, as of this writing, we are still far from a quantitative description 

of how organic molecules bind and pack on nanocrystal surfaces. We have the qualitative 

phenomenology and general framework for kinetic shape control described here. 

However, the next stage requires specific knowledge of selective surface adhesion 

energies on nanocrystals, including the dependence of adhesion energy on coverage and 

co-adhesion. At a minimum, this will require combinations of surface science model 



experiments, quantum theoretical calculations, and the development of new synchrotron 

based surface structural analysis on colloidal nanocrystals. Improved experimental 

studies of nanocrystal growth kinetics, including spectroscopic identification of 

“monomers,” and real time monitoring of average size and shape are very much needed. 

There is much hope that microfluidics will help in this regard, enabling rapid temperature 

jump, and control of concentration versus time, as well as on-chip monitoring and 

analysis53. The long-term goal is the preparation of inorganic crystals with even greater 

degrees of shape and compositional complexity. In the condensed matter physics 

community, it is common to speak of nanocrystals as “artificial atoms”, with controlled 

density of states and designed properties54. Extending this analogy, we can imagine the 

possibility of creating “artificial molecules” consisting of groups of interconnected 

inorganic nanocrystals of controlled size, shape, and three-dimensional orientation27,55-62. 

Such systems would have analogous complexity to organic molecules, and may therefore 

exhibit a remarkable range of new functionalities. Success in this endeavor will require 

better understanding and control of the organic-inorganic interface. 
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Figure Captions 

 

Figure 1 Concepts of shape control of colloidal nanocrystals.  a, Kinetic shape control at 

high growth rate.  The high energy facets grow more quickly than low energy facets in a 

kinetic regime. b, Kinetic shape control by using the method of selective adhesion.  The 

introduction of an organic molecule that selectively adheres to a particular crystal facet 

can be used to slow the growth of that facet relative to others, leading to the formation of 

rod or disk shaped nanocrystals. c, More intricate shapes as a result of sequential 

elimination of a high energy facet.  The persistent growth of an intermediate energy facet 

eventually eliminates the initial high energy facet, forming complex structures such as 

arrow or zigzag shaped nanocrystals. d, Controlled branching of nanocrystals.  The 

existence of two or more crystal structures in different domains of the same crystal, 

coupled with the manipulation of surface energy at the nanoscale, can be exploited to 

produce branched inorganic nanostructures such as tetrapods.  Inorganic dendrimers can 

be further prepared by creating subsequent branch points at the defined locations on the 

existing nanostructures. 

 

Figure 2 Concept of size distribution focusing.  The growth process of nanocrystals 

could occur in two different modes, depending upon the concentration of the monomer 

present: ``focusing'' and ``defocusing'' of the size distribution.  A critical size exists at any 

given monomer concentration.  At a high monomer concentration, the critical size is 

small so that all the particles grow.  In this situation, smaller particles grow faster than the 

larger ones, and as a result, the size distribution can be focused down to one that is nearly 

monodisperse. If the monomer concentration is below a critical threshold, small 

nanocrystals are depleted as larger ones grow and the size distribution broadens, or 

defocuses. The preparation of nearly monodisperse spherical particles can be achieved by 

arresting the reaction while it is still in the focusing regime, with a large concentration of 

monomer still present. 

 

Figure 3 Monodisperse colloidal nanocrystals synthesized under kinetic size control. a, 

Transmission electron microscopy (TEM) image of CdSe nanocrystals.  b, TEM image of 



Co nanocrystals. c, TEM micrograph of an AB13 superlattice of γ-Fe2O3 and PbSe 

nanocrystals.  The precise control on the size distributions of both nanocrystals allows 

their self-assembly into ordered three-dimensional superlattices. (Reprinted by 

permission of from Nature Publishing Group from ref.27) The scale bars are 50 nm. 

 

Figure 4 Anisotropic growth of nanocrystals by kinetic shape control and selective 

adhesion: a, CdSe nanorods (scale bar is 50 nm) and b, Co nanodisks (scale bar is 100 

nm).  The organic surfactant molecules selectively adhere to one facet of the nanocrystal, 

allowing the crystal to grow anisotropically to form a rod or disk shape.  (a, Reprinted by 

permission of American Chemical Society from ref.52)  

 

Figure 5 Nanocrystals with complex shapes prepared by sequential elimination of a high 

energy facet. a, Two dimensional representation and a HRTEM image of an arrow 

shaped nanocrystal of CdSe. HRTEM characterization shows that each shape of 

nanocrystal is predominately wurtzite and that the angled facets of the arrows are the 

(101) faces. The scale bar is 5 nm.  Red and blue dots represent Se and Cd atoms, 

respectively. (Reprinted by permission of American Chemical Society from ref.22) b, 

Simulated three-dimensional shape and HRTEM analysis of a TiO2 rod. The long axes of 

the nanocrystals are parallel to the c-axis of the anatase structure, while the nanocrystals 

are faceted with {101} faces along the short axes.  Hexagon shapes (the [010] projection 

of a truncated octagonal bipyramid) truncated with two {001} and four {101} faces are 

observed either at the one end or at the center of the nanocrystals. The branched shape is 

a result of the growth along [101] directions starting from the hexagon shape. The scale 

bar is 3 nm. (Reprinted by permission of American Chemical Society from ref.35)  

 

Figure 6 Controlled branching of colloidal nanocrystals. a, HRTEM image of a typical 

tetrapod-shaped CdSe nanocrystal, looking down the [001] direction of one arm. The 

nuclei is the zincblende structure, with wurtzite arms growing out of each of the four 

(111) equivalent faces. b, Low magnification TEM image of CdTe tetrapods. The scale 

bar is 100 nm. c, HRTEM image of a tetrapod that has branches growing out of each arm. 

There are zincblende layers near the ends of the original arms, and the branches are 



wurtzite with some stacking faults. d, TEM image of branched tetrapods result from 

nucleation of CdTe zincblende branch points on the end of each arm. The scale bar is 100 

nm. (a, c, Reprinted by permission of American Chemical Society from ref.22; b, 

Reprinted by permission of from Nature Publishing Group from ref.48; d, Reprinted by 

permission of from Nature Publishing Group from ref.51 ) 
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