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1. Introduction

Thermodynamics deals with the driving force of a system
moving from the initial state to the product state, whereas
kinetics is concerned with the energy barriers of the specific
pathways in this process.

Although thermodynamic and kinetic analyses are
common in the traditional fields of chemical science,[1] they
are rare in nanoscience to date. The key issue is to evaluate
the relative stability of the starting materials, intermediates,
and products. As will be discussed in the following, it is
actually possible to compare the various forms of nano-
structures by using simple standards, such as the surface to
volume (S/V) ratio and the strength of interactions. Such
analyses are beginning to provide insights for designing
synthetic pathways for sophisticated nanostructures.

1.1. Thermodynamics versus Kinetics in Chemical Science

For a typical chemical reaction, one often needs to
distinguish whether it is thermodynamically or kinetically
controlled,[1b, 2] in other words, whether the product forms
because it is the most stable state or because the pathway
leading to it has the lowest energy barrier (the energy cost at
the transition state). This problem is hereafter referred to as
the T-K problem. In the first case, the choice of the products is
compared independent of the reaction pathways, whereas the
latter is concerned with the choice of pathways resulting from
different reaction rates.

Understanding such a distinction is crucial for achieving
a fundamental understanding and for controlling the syn-
thesis. It would be preposterous, for example, if only
equations with thermodynamic factors were enlisted to fit
the data, when actually the reaction was kinetically con-
trolled. In a simple illustration, Figure 1 shows the potential
energy landscape of two competitive reactions, where C is the
thermodynamically favored product and D is the kinetically
favored one. The rate constant is exponentially dependent on
the activation energy Ea [Eq. (2)].[3] Thus, the reaction
corresponding to the red pathway is significantly faster and
leads to D as the main product. On the other hand, if an
equilibrium is established, the molecules will experience the

different product states multiple times and eventually accu-
mulate at the most stable state. The equilibrium constant is
exponentially dependent on the driving force DG8 [Eq. (1)],
thus making C the main product.[3]

When studying a kinetically controlled reaction, one
needs to identify the rate-limiting step and understand the
transition state therein. Creating new pathways (e.g. by using
catalysts) and manipulating the interactions at the intermedi-
ate states would be more important than devising methods to
stabilize the product. To increase the yield, one should lower
the temperature just enough for the reaction to proceed, and
isolate the product as soon as it is finished, so that the
competitive and the reverse reactions can be suppressed. In
contrast, when synthesizing the thermodynamically con-
trolled product, one should increase the reaction temperature
and allow sufficient time so that the reaction can approach
equilibrium. To increase the yield, conditions can be selected
to destabilize the starting materials and/or stabilize the
product.

One may discover a stone tool by chance but it takes more than luck
to make a car or cell phone. With the advance of nanoscience, the
synthesis of increasingly sophisticated nanostructures demands
a rational design and a systems approach. In this Review, we advocate
the distinction between thermodynamically and kinetically controlled
scenarios, that is, whether a product forms because it is the most stable
state or because the pathway leading to it has the lowest energy barrier.
Great endeavours have been made to describe the multiple concurrent
processes in typical nanosynthesis phenomena, so that the mechanistic
proposals in the literature are brought into a common framework for
easy contrast and comparison.
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Figure 1. Simple energy landscape illustrating the choice between the
thermodynamically and kinetically controlled products.
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The conventional methods of analysis, for example,
calorimetry,[1a, 3, 4] cannot be easily applied to the typical
problems in nanosynthesis. For example, the coalescence of
two Au nanospheres with d = 15.9 nm into a product sphere of
d = 20 nm results in the number of surface atoms decreasing
from about 22000 to 17 000 (Figure 2). Assuming that each
internal atom has 12 bonded neighbors (in a fcc lattice) and
each surface atom has 9 (on (111) facets), there is a gain of
7000 metallic bonds on coalescence. Given there is a total of
253 000 atoms in the system, the thermodynamic driving force

is about 0.026 Au�Au bonds per atom, which is much less
than the driving force of a typical chemical reaction. The
driving force would be even smaller if the coalescence was
incomplete, and if bonding interactions with the surface
ligands were considered.

Although the young field of nanoscience has yet to catch
up with the mature fields of physical chemistry, simple
geometric analysis and logical deduction can provide power-
ful predictions, which can then be subjected to experimental
verification.

1.2. Two Explanations for a Simple Phenomenon

What would be one�s reaction to the simple question:
“How come the cell phone dropped to the ground”? To
answer “because on the ground it has the lowest potential
energy” would be a funny, but true, answer. Although the
gravitational field of the Earth provides the driving force, it is
not an answer one would normally expect. More often than
not, we are interested in the kinetic barrier and the course of
action, that is, what prevents the cell phone from dropping in
the first place and what leads to its free fall.

Thus, there are at least two explanations to any phenom-
enon, namely, the nature of the thermodynamic driving force
and the nature of the kinetic barrier. Since any spontaneous
process must be thermodynamically favorable, it may seem
that the thermodynamic explanation is unnecessary. How-
ever, the goal of mechanistic study is to provide predictive
power (Figure 3), which would be partially lost if either of the
answers is missing. Having a tendency to drop to the ground
does not mean the cell phone will necessarily do so, and
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Figure 2. Difficulty in measuring the calorimetric changes on coales-
cence of two small Au nanospheres (d= 15.9 nm) into one larger
sphere (d = 20 nm). The enthalpy change per atom would be hard to
detect.
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removing the kinetic barrier does not necessarily mean it
would drop. Without a gravitational field it would float.

1.3. The T-K Problem

In a typical experiment, an interesting result is observed
(e.g. nanocrystals with a certain shape) and a key experimen-
tal parameter noted (e.g. ligand concentration). One may
explain that the ligands stabilize a particular set of facets, thus
leading to the shape of the nanocrystals. While this statement
may be correct, it is certainly not a complete explanation. In
the mechanistic proposal, it should be conveyed whether the
stabilized facets lead to the most stable final product or to the
most favorable pathway towards the product (for example,
the preferential growth at unstable facets, see Section 3.3.3).
Mixing these incompatible arguments would be very confus-
ing. Similar to chemical reactions, the thermodynamically and
kinetically controlled scenarios are drastically different, with
distinctive consequences and controlling methods.

We argue that making such a distinction is essential for
a mechanistic study. In experiments, recognizing the nature of
the thermodynamic driving force and of the kinetic barrier is
critical for circumventing problems and exploring innovative
approaches. When formulating a theory, producing equations
without resolving the T-K problem can easily confuse
a reader, if not the authors themselves.

1.4. Process Analysis

The T-K problem is only the first step in analyzing the
overall process. An initial hypothesis would at least remove
the ambiguity, so that one can interpret the various factors
affecting the observables under a specific scenario. The
deductions from the analysis, when feasible, can then be
tested by experiments.

While the thermodynamic analysis only needs to consider
the starting and ending states, the kinetic analysis is all about
the detailed process, that is, how the various factors interact
with each other, and how exactly these interactions lead to
what is observed. Given the complexity, it would be imprac-
tical to characterize all of the states along the different
pathways. There are often multiple concurrent processes in
a typical nanosynthesis phenomenon, unlike a typical chem-

ical reaction. To treat the overall process as a “black box” for
data interpretation is too coarse and often incorrect.

The typical approach in chemistry is to establish the
mechanistic hypothesis on the basis of a few key observables,
making sure it is also consistent with the control experiments
and the trapped intermediates. The critical step is to design
specific experiments to test the hypothesis against the
alternative explanations. In nanoscience, great attention has
traditionally been paid to the physical characterization of
nanocrystals. Notwithstanding the importance of the shape
and internal structure, a static state is often not a sufficient
basis for interpreting the overall process. We should emulate
the chemistry approach to check the hypothetical predictions
against the experimental observables. In this Review, we
endeavor to describe the distinct scenarios and to categorize
the possible explanations, so as to facilitate contrast and
comparison in mechanistic studies. As detailed in the follow-
ing, recognizing the different processes and logically combin-
ing their effects is essential for mechanistic analysis.

1.5. Scope of this Review

We use the term “nanosynthesis” to designate the overall
field of colloidal synthesis, which involves the growth, etching,
assembly, and shape transformation of nanostructures. In
contrast, the term “chemical synthesis” refers to the creation
of compounds by molecular reactions, and the term “nano-
fabrication” traditionally refers to the engineering of nano-
scale features on bulk substrate surface, often involving clean-
room techniques.[5]

We apply thermodynamic and kinetic analysis to typical
problems in nanosynthesis. The aim is to deconvolute the
problems and summarize the logical mechanistic proposals in
a common framework for easy contrast and comparison. As
such, the focus of this Review is not the synthetic details but
the underlying principles. To avoid overlap, existing reviews
will be cited but not discussed in detail.

2. Standards for Evaluation

As shown in Figure 1, the key process in thermodynamic
and kinetic analysis is to compare the relative stability of the
initial, intermediate, and product states. In a chemical reac-
tion, the stability of the molecules is usually evaluated on the
basis of bond energy and computational simulations, for
example.[6] However, the same standards cannot be easily
applied in nanosynthesis.

Typical nanostructures contain a huge number of atoms
and so a comparison of the bonding interactions has to be
carried out in a different manner. For metallic clusters with
less than 100 atoms, calorimetry and computer simulation are
still manageable. Indeed, their detailed thermodynamic and
kinetic analyses have been carried out and reviewed.[1a,7]

However, for nanoparticles with thousands of atoms (a
3.2 nm Au NP has about 1000 atoms), conventional methods
of simulation would be too costly in terms of computation
time. Thus, new methods are required.[8]

Figure 3. The goal of understanding thermodynamics and kinetics is to
provide rational predictions. Lacking one branch means there is
missing predictive power.
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Moreover, unlike molecules with identical composition,
a collection of NPs, regardless of how uniform, always has
a certain distribution in terms of size, shape, surface-ligand
density, and even chemical composition. Lastly, in typical
phenomena, such as growth, aggregation, and morphological
evolution, there are uncertainties at the molecular level. For
example, during aggregation, the contact area between the
NPs and the ligand density therein are of critical importance
to the stability of the resulting cluster, but such properties are
highly variable in the mixture and very difficult to character-
ize.

Even with these limitations, thermodynamic and kinetic
analysis is still possible by focusing on the dominant factors
and major trends. In this Review, we will discuss a few
possible means to evaluate the relative stability of nano-
structures. With advance of the field, more standards that are
suitable for the particular nature of the problems in nano-
synthesis will hopefully be developed.

2.1. Type and Strength of Interactions

For a NP suspended in a solution, there are cohesive
interactions within the NP as well as surface interactions with
the environment. Depending on the material, the cohesive
interactions include metallic, covalent, or ionic bonding, van
der Waals interactions, hydrogen bonding, etc. The surface
atoms may interact directly with the environment or through
ligands. Thus, the surface interactions include NP–solvent,
NP–ligand, ligand–ligand, and ligand–solvent interactions. In
experimental studies (as opposed to computational simula-
tions), it is often difficult to separate these interactions. In the
following, we consider the surface energy as a whole, includ-
ing the contributions from the ligands and interfacial defects.
The NP–NP interactions (e.g. charge and dipole interactions)
are also important for a collection of NPs.

Hydrophobic interactions often play important roles in
nanoscience.[9] Taking the aggregation of two carbon nano-
tubes (CNTs) in water as an example, the process is favorable
because it reduces the exposed surface area. The un-
aggregated CNTs are not stable because their inability to
form hydrogen bonds leads to disruption of the highly
dynamic hydrogen bonds between the water molecules. This
restricts their mobility and results in a structured “cage”
around the nonpolar surface (mostly of entropic nature
because of the reduced freedom of the water molecules).[10]

Although there are only van der Waals interactions between
the CNTs in the product state, part of the stability of the
aggregate originates from a reduction in the unfavorable
CNT–water interactions of the initial state. Given the
“invisible” contribution (there is no real hydrophobic force
between the aggregated CNTs), the term “hydrophobic
interaction” is typically used to designate the driving force
of the overall system. This interaction is well-established in
biological systems (e.g. in protein folding),[11] but not yet
broadly recognized in the field of nanoscience.

As will be discussed in the main sections, one can often
invoke the relative strength of interactions to compare the
stability of different states. Given the variety and large

number of interactions in nanostructures, it is important to
compare both the quality and quantity of interactions. For
example, the formation of defects in nanocrystals or the
lattice mismatch between the neighboring domains reduces
the number of bonding interactions therein (Section 4.1.1).
The introduction of ionic polymer in hydrophobic domains
leads to less-favorable polar–nonpolar interactions (Sec-
tion 6.1). In both examples, the reduction in the interactions
arising from the lower quality and/or quantity gives rise to
unstable states. On the other hand, a better packing of the
polymer chains in a domain leads to a larger number of
cohesive interactions per unit amount of material (e.g. van der
Waals interactions in polystyrene), but with an entropic
penalty. The same logic can be applied when comparing the
amorphous and crystalline states of the same material. In
general, ordered packing is energetically favorable due to the
dominant enthalpic contribution.

2.2. Surface Energy at the Nanoscale

In nanosynthesis, the surface energy is often the key
contributing factor, because the amount of materials and their
chemical composition do not typically change during aggre-
gation, coalescence, or morphological evolution. In this
context, when considering the possible states of NPs of
different sizes and shapes, the main difference is the number
of surface atoms/molecules, which have less favorable inter-
actions than do the internal ones. To illustrate this point, we
use a water droplet as a simple model (Figure 4).

A molecule on the surface of a water droplet has weak
interactions with the surrounding air, but strongly hydrogen
bonds with the neighboring molecules inside the droplet.
Thus, on average it experiences a net force perpendicular to
the water–air interface, namely, the surface tension. Balanc-
ing the surface tension around the droplet leads to a spherical
shape. From a chemist�s point of view, the surface molecules
experience weaker interactions than the interior ones do (and
an additional entropic term if they have less mobility). To
maximize the favorable interactions within the droplet, it
should minimize the number of surface molecules, that is,
minimize its S/V ratio by forming a sphere (Figure 4). On the
basis of this analysis, stronger cohesive interactions within
a material should lead to a larger driving force during the
minimization of its S/V ratio.

Figure 4. The essence of surface energy: Minimizing the energy of the
system requires minimizing the number of the surface atoms with
unfavorable interactions. This principle applies to all nanostructures,
although the facets are also important in crystals.
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Similarly, the spherical shape of nanometer-sized liquid
droplets can also be explained on the basis of their surface
energy. The higher percentage of surface molecules on
a smaller domain will mean that the surface energy would
play an even more significant role.[12] Mechanical analysis of
surface tension is difficult for a solid NP, but it is conceivable
that maximizing the cohesive interactions within the NP
(metallic bonds, ionic bonds, etc.) would drive the system
towards the minimized S/V ratio.

Considering the lower number of interactions on a surface,
the surface energy is defined as the unit energy required to
create a new surface.[13] As such, it is important to note that
this energy is defined relative to the bulk energy, thus making
it positive in value (unfavorable). In experiments, the surface
often interacts with a medium (gas or solvent) or another
solid; thus the surface energy is reduced (in quality and
quantity) when there are strong surface interactions. In the
following, we use the term “interfacial energy” instead of
“surface energy” when emphasizing the interactions between
the surface and its environment or the neighboring domain.
Typically, the interactions between the surface and the media
(solvent molecules) are weaker than the cohesive interactions
within the NP,[3] otherwise the system would seek to maximize
the solvent–NP interface, which means that the NPs would be
dissolved.

The interface between two juxtaposed domains of con-
densed phase is an important component of the total
interfacial energy. It basically depends on the strength of
the interactions at the interface, more specifically on the
quality of the bonding interactions between the domains, the
matching of the opposing lattices (which affects the number of
bonding interactions and/or bond distances), the interfacial
defects, as well as entropic contributions. Such chemical
analysis can provide an alternative perspective to the wetting
properties that are extensively discussed in physics. For
a liquid droplet on a solid surface, the liquid domain
would adopt a configuration with minimized total interfacial
energy or, equivalently, one with maximized total bonding
interactions. If there are only weak bonding interactions at
the solid–liquid interfaces, maximizing the cohesive interac-
tions within the droplet would become a better option. This
prevents the droplet from spreading out, thereby leading to
a poor wetting property. Detailed analysis will be discussed in
Section 4.

In short, while interfacial energies are difficult to measure
for nanostructures, we can deduce the major trends by
comparing them on the basis of bonding interactions. For
many structures, the S/V ratio is a convenient standard, which,
admittedly, is not as rigorous as the interfacial energy.
However, in contrast to the latter, it can be easily calculated
from the experimentally observed structures.

3. Growth of Single-Domain Nanoparticles

3.1. Effects of Ligands

Ligands play a pivotal role in the synthesis of NPs. The
process of a ligand binding to a NP surface has a thermody-

namic driving force and encounters kinetic barriers,[14] which
should not be confused with the thermodynamic and kinetic
factors of nanocrystal growth, which will be discussed in this
section.

The affinity of a ligand for a NP surface depends not only
on the chemical bonding at the anchoring point, but also on
the ligand–ligand packing interactions.[15] Basically, ligands
crowded in a patch have to break the interactions with their
neighbors, which makes it more difficult for them to
dissociate. Thus, the size and orderliness of the ligand patch
are of importance, because better packing leads to more
effective ligand–ligand interactions. A consequence of this
argument is that the size and shape of NPs become relevant
factors, because the size of the ligand patch depends on the
size of the underlying facet.

In a colloidal solution, ligands dynamically adsorb to and
detach from the NP surface.[16] In their presence, the growth of
the underlying facet is attenuated because the growth
materials cannot be directly deposited on top of the ligands
(a few exceptions involving the incorporation of defects in
nanocrystals should be noted).[17] The deposition of material
has to “wait” until ligand dissociation exposes the crystal
surface. Thus, the ligand affinity determines the “on”/“off”
ratio of the ligand,[18] which in turn governs the rate of facet
growth (the kinetics).

Interacting both with the solvent and with the crystal
surface, the ligand layer also modulates the thermodynamic
stability of the facets, thereby influencing the end states of the
nanocrystal growth.

3.2. Thermodynamic Analysis

The common explanation for the shape of a NP is that “it
is stable”. However, without comparison with its alternative
shapes, this statement carries little information, as anything
that forms must be energetically more favorable than the
starting materials (DG< 0). To evaluate the stability of NPs,
one needs to compare the different end states (e.g. cube/
cuboid), the choice of facets, and the sharpness or rounded-
ness of the edges and corners.

For simplicity, we first analyze the surface energy of one
nanocrystal with an invariant volume (no growth or aggrega-
tion). In comparison to liquid droplets and amorphous NPs,
the minimization of the surface energy in nanocrystals is more
complex because they have different types of facets. The
facets have different densities of surface atoms, charges, and
ligands, which leads to different stabilities.

If all of the facets of a nanocrystal are equally favored,
then a spherical shape would be preferred because it has the
lowest S/V ratio (Figure 5). At the other extreme, a poly-
hedron with sharp edges and corners will be preferred if only
one type of facet is favored, for example, octahedra with (111)
facets, cubes with (100) facets, etc. Most nanocrystals lie in
between these two extremes, with a range of surface energies
for the different types of facets. When the difference in the
stability of the facets is reduced, more than one type of facet
will appear and the resulting polyhedron should gradually
appear rounder, with truncated edges and corners.
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The system seeks to minimize the total surface energy,
that is, the sum of the facet area weighted by their respective
surface energy [Eq. (3)].

DG ¼ SgiAi ð3Þ

Here, g is the surface energy of a given facet and A is its area
(Figure 5). Thus, we arrive at the classic Wulff construction
(the Gibbs–Wulff Theorem).[19] In experiments, the observa-
tion of nanocrystals adopting rounder shapes is sometimes
associated with the removal of the ligand or a reduction of its
concentration. This reduces the difference in the stability
between the facets, thus leading to less sharp edges and
corners.

The Wulff construction considers the equilibrium shape of
nanocrystals and is, therefore, a thermodynamic concept and
should not be applied to kinetically controlled structures. It
should be noted that the relative stability of the facets of
nanocrystals is often interpreted on the sole basis of the
observed shapes, whereas in bulk crystals the surface energies
are measureable. Thus, directly reapplying facet stability to
explain the shape of nanocrystals can sometimes lead to
circular arguments.

Without considering ligand modification, the relative
stability of the facets can be evaluated on the basis of the
bonding interactions within the facets, which depends on the
surface packing efficiency. Basically, a facet is more stable
when, on average, an atom thereon has more and/or stronger
bonds. In fcc metal nanocrystals, for example, the (111) facets
are normally the most stable ones, because the atoms thereon
have the largest number of neighbors. On this basis, it is
generally agreed that g(111)< g(100)< g(110)< other higher index
facets.[20] For ionic crystals, charge balance is of great
importance. For example, NaCl crystals prefer the (100)
facets over (111) facets, because the former are charge neutral
whereas the latter are dominated by one type of charge. In
contrast to the idealized “clean” facets, the surface ligand is
an important factor, if not the dominant one, for most of the
colloidal nanocrystals. Indeed, a wide variety of ligands are
known in the literature to stabilize the specific facets of
nanocrystals.[21]

It is not always easy to determine if the formation of
a nanocrystal is thermodynamically or kinetically controlled.
A rule of thumb is that those with high aspect ratio are likely
not the most stable form, in particular, when there is
inequivalent growth of the equivalent facets. In single-
crystalline fcc nanocrystals, for example, there are always

multiple equivalent facets (eight (111) facets, six (100) facets,
etc.). Without invoking additional factors (Section 3.4), they
should remain equivalent. It would be implausible to invoke
enormously different surface energies to explain the large
difference in the respective facet areas (Wulff construction)
for some nanowires (NWs) and nanorods with high aspect
ratio. In other words, should a NW flow like a liquid, it would
withdraw into a near spherical polyhedron to reduce its S/V
ratio. A faceted grain with an equal area of the equivalent
facets should be more favorable than a wire with a high aspect
ratio (Figure 5).

On the other hand, determining the thermodynamically
favored shape of semiliquid (e.g. polymer NPs formed above
their glass transition temperature) or amorphous NPs is easy.
Without the influence of facets, the S/V ratio is a good
standard of evaluation.

3.2.1. Means To Achieve Thermodynamic Control

In chemical reactions, the thermodynamically controlled
product is obtained when the system is in equilibrium. In
contrast, there are several different scenarios whereby a NP
can reach its minimal energy shape (Figure 6): 1) the NP is

a liquid or has sufficient structural fluidity (e.g. malleability in
metallic structures), so that it can flow into the minimal
energy shape; 2) the material of the NPs is continuously
dissolving and re-depositing, thereby reaching an equilibri-
um; 3) the surface atoms are rapidly migrating, equilibrating
the external facets;[22] 4) during the growth of the NP, its shape
has the minimal energy in every step, so that the final shape is
also thermodynamically controlled. It should be noted that
there are differences in these equilibria. For example, the
internal defects are easily adjusted in scenario 1, but not in
scenarios 2, 3, and 4 (see Section 3.4). Moreover, the disso-
lution/re-deposition equilibrium will lead to the exchange of
materials among the NPs (Ostwald ripening), thus giving
a broad size distribution.

Figure 5. The lowest energy structure of a nanocrystal can vary,
depending on the relative stability of its facets.

Figure 6. Different scenarios to achieve minimal energy structures:
a) by the flowing of liquid; b) by the dynamic dissolving and re-
depositing of the growth material (brown arrows) or the rapid
migration of the surface atoms (green arrows); and c) when the
minimal energy form is achieved in every step.
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The shape transformation of nanostructures typically
involves the transfer of materials across great distances
(tens of nm or longer), such as during the fusion of NWs
into NPs or the conversion of tetrahedra into spheres. As
such, the structural transformation of the unit cell (diffusion-
less or martenstic transformation)[23] would be insufficient to
account for the changes at the longer distances.

The detailed steps in reaching the lowest energy shape can
be subjected to kinetic analysis. The lack of prominent
barriers in some cases could mean that the driving forces are
subtle and accumulative. For example, in the shape evolution
of an irregular droplet into a sphere (Figure 6a), the
interfacial tension pushes the droplet towards gradually
more favorable forms. If one analyzes at the molecular level
over a very short time interval, the dynamic process would
seem random. However, the thermodynamic control is like
“invisible hands” that provide the direction of progress, where
the exact pathway is hard to predict and often meaningless.
After the droplet has oscillated a few times, it would
eventually settle at the spherical shape. Similarly, despite
the dynamic and chaotic steps in forming the spherical NPs
atom by atom, the underlying thermodynamic control may
exert its effects in a subtle and consistent manner.

3.2.2. Defining the Right System

Proper definition is of great importance when discussing
“the minimum energy state of NPs”. The discussion in
Section 3.2 only considers a single NP and its ligands, because
they contribute to the facet stability.

If we consider all the NPs in the solution, the collection is
clearly not at the minimum energy state, regardless of the
shape of the NPs. The system would seek the minimum total
surface energy by reducing the number of particles. Ostwald
ripening is a possible means to exchange materials among the
NPs and reduce the energy of the system.[24] In this context,
the thermodynamically stable final state would be one giant
particle with a minimized surface.

The discussion on thermodynamics can be confusing if the
boundaries are ill-defined. For example, if the NPs can react
with the residual reactants, air, or water in the environment,
their chemical instability can further complicate the discus-
sion of shapes. In principle, the definition is critically
dependent on what is included in the system and the
applicable time frame.

In many cases, we are interested in the shape of the
colloidal NPs, not their chemical changes. In practice, the
product NPs can be isolated before they have enough time to
ripen or degrade. In this Review, when discussing the
minimum energy state of NPs, we only consider the
NPs individually, comparing them to their other potential
shapes.

3.3. Kinetic Analysis

In contrast to the thermodynamics, the kinetics of NP
growth is influenced by a variety of factors during the
different steps of the fundamental processes, for example, the

random encounter of the growth materials, the formation of
stable nuclei, and the isotropic diffusion of growth materials
towards the nuclei. In the following, the effects are discussed
separately.

Unlike an elementary chemical reaction, the above
processes are complex with numerous elementary steps, for
example the sequential addition of atoms during crystal
growth. The concept of an activation barrier can be directly
applied to the elementary addition of an atom, but there is
a deviation when describing the “activation” barrier of the
overall process. Our view is that the kinetic arguments can be
qualitatively applied to analyzing an overall process, just like
analyzing the rolling of a ball over a bump with a rough
surface, provided that the overall barrier is much greater than
those of the elementary steps. When the system is able to
cross the overall barrier, it is possible that near equilibrium
conditions are attained in the elementary steps.

During the growth of a nanocrystal, the atoms/molecules
are deposited onto a nucleus, but it is also possible that they
will re-dissolve in the solution or migrate on the surface.
These processes are akin in concept to reverse chemical
reactions. It is important to note that the reversibility is
critical to the formation of facets. In a homogeneous solution,
the diffusion of growth materials towards the nucleation
center is isotropic in nature (on average or upon accumu-
lation). For the facet stability to exert its influence, the growth
material must sample at multiple locations, thus making re-
dissolving a necessary condition. In other words, if the
deposition is a one-way process, uniform over-coating will
only lead to isotropic structures (spheres). Experimentally, at
the beginning of the growth, the initial fast reaction rate
typically leads to rapid deposition and negligible re-dissolu-
tion. Indeed, the intermediates trapped before the formation
of faceted NPs (such as cubes and octahedra) are often
smaller spheres.[25] In this context, the initial stage of nano-
sphere formation is kinetically controlled. At the later stage,
a slower reaction rate and the dissolving/deposition dynamic
would help establish the stable facets.

3.3.1. Nucleation and Growth

The typical growth of NPs shares a similar process,
regardless of the composition of the material. A chemical
reaction gives free atoms or molecules, which are then used in
the growth. The basic process of how these free atoms or
molecules join with each other has been described in the
classic theory of nucleation and growth (Figure 7a).[18, 21e, 26]

Basically, there is a main kinetic barrier to forming nuclei
in a homogeneous solution (the homogeneous nucleation).[27]

It arises because the nuclei, being extremely small and not
thoroughly solvated, are less stable than both the well-
solvated atoms/ions and the subsequently formed larger NPs.
The Gibbs free energy for forming a spherical nucleus can be
expressed as the sum of the volume energy and the surface
energy [Eq. (4)].[21e, 27, 28]

DG ¼ 4
3

pr3Gv þ 4 pr2s ð4Þ
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Here, Gv is the energy per unit volume (negative), s is the
surface energy per unit area of the nucleus (positive), and r is
the radius. Addition to the nucleus is energetically unfavor-
able until it reaches a critical radius. This inflection point can
be described by Equation (5).

r* ¼ � 2 s

Gv
ð5Þ

Thus, for the overall growth (note the many elementary steps
therein), the nucleation barrier is the amount of energy
required to form a nucleus with the critical radius r* [Eq. (6)].

DG* ¼ 16 ps3

3 Gvð Þ2
ð6Þ

This barrier forces the growth material to build up in the
solution, thereby making the solution oversaturated (the
accumulation stage, Figure 7a). Initially, the clusters formed
by the random collision of the monomer species are too small
to be stable. As a result, they dissolve in the solution and
regenerate the monomers. As the oversaturation increases,
a certain point is reached where the collision becomes so
intense that many clusters are able to grow beyond the critical
size, thereby giving stable nuclei (the nucleation stage) and
consuming the growth materials. This stage only lasts for
a short period until the oversaturation drops below the critical
level, thereby stopping the formation of new nuclei. The
deposition of the monomers on the stable nuclei (the

heterogeneous nucleation) is energetically favorable, and
the growth will last as long as the solution is oversaturated
(the growth stage).

In experiments, the kinetic pathways of NP growth and
control of the NP size distribution are mainly dependent on
how the nucleation barrier is crossed. In an extreme case, the
chemical reactions are instantaneously finished. The resulting
oversaturation of the growth materials leads to rapid homo-
geneous nucleation. If there is no kinetic barrier for the
nucleation, the aggregation of the monomer species would be
similar to the step-growth polymerization of organic mono-
mers,[29] thereby leading to polydispersed atomic clusters (see
also Section 5.2). However, the kinetic barrier causes the
initial clusters to re-dissolve, except those above the critical
size, making the latter emerge from the nucleation uniform in
size. A good example is the formation of noble metal NPs by
the rapid reduction of metal salts using NaBH4.

[30] The
nucleation consumes a significant portion of the monomer
species, thus preventing continual homogeneous nucleation.
Given the large number of nuclei and the diminished amount
of growth materials, it would be difficult to grow large NPs. To
this end, the use of more starting materials is usually not
a good strategy, because their higher concentration would
lead to faster initial reactions and thus a higher oversatura-
tion. Therefore, the extra materials would contribute to an
increased number of nuclei instead of additional growth on
the individual NPs.

If the chemical reactions are still ongoing after the initial
nucleation event, it is possible that they may build up enough
growth materials for continuous homogeneous nucleation.
Thus, the new nuclei that emerge later would have less time to
grow, thereby leading to polydispersed NPs (Figure 7c). To
achieve uniformly sized NPs, the rate of producing the growth
materials should be kept slower than that of its consumption
(heterogeneous nucleation on the existing nuclei). This
prevents the build-up of material and suppresses the homo-
geneous nucleation, thus allowing all the nuclei to emerge at
roughly the same time and to grow at the same rate
(Figure 7b).

Temperature is a convenient variable for controlling the
growth kinetics. Its main effect is on the reaction rates,
although it also affects the saturation level of the growth
material, reaction equilibrium, etc. The “hot-injection”
method used for the synthesis of quantum dots is a good
example.[31] The injection of a reactant at room temperature
causes a major drop in the temperature (e.g. from 3008 to 1808
within seconds).[31b] With the initial burst nucleation and the
rapid drop in reaction rates, the oversaturation is quickly
brought below the critical level. The subsequent growth is
dominated by the heterogeneous nucleation on the initial
nuclei. The burst nucleation and the separation of the
nucleation and growth processes, together with the “size-
distribution focusing” effects, lead to NPs with extremely
narrow size distributions.[18, 26b,32]

3.3.2. Seeding

Given a same amount of starting material, the size of the
resulting NPs is inversely proportional to the number of

Figure 7. a) Plot of monomer concentration against time, illustrating
the initial accumulation of the monomers, the nucleation stage, and
the subsequent growth of the nuclei (modified from Ref. [21e,26a] with
permission. Copyright 2009 Wiley-VCH, 1950 American Chemical
Society); b–d) kinetic analysis of crystal growth: b) all nuclei are
generated at roughly the same time and grow at the same rate; c) with
an over-supply of monomers, continual homogeneous nucleation
leads to polydispersed NPs; d) heterogeneous nucleation occurs only
on the pre-existing seeds.

.Angewandte
Reviews

H. Chen et al.

2030 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 2022 – 2051

http://www.angewandte.org


nuclei in the system. However, it is usually very difficult to
control the number of nuclei formed during the homogeneous
nucleation. To solve this problem, prefabricated NPs can be
used as seeds, so that the number of NPs in the solution can be
predetermined. If all of the seeds grow at the same rate and
there are no newly formed nuclei, the product NPs will have
a uniform size distribution (Figure 7d).

The amount of seeds is also important. If the seed
concentration is extremely low, there will be regions in the
solution where the produced growth material cannot reach
any seeds by diffusion.[33] It is also possible that severe
aggregation of the NPs may greatly reduce the number of
nucleation centers (in the form of clusters of NPs), which will
lead to a similar situation. The consequence is the local build-
up of the growth material, which causes homogeneous
nucleation. The resulting nuclei will then participate in the
subsequent growth, competing with the seeds, and resulting in
NPs of different sizes. Whether such a build-up can occur
depends on the seed concentration, the rate of mass transport
(diffusion, convection, etc.), and the production/consumption
dynamic of the growth material. Thus, stirring and the
viscosity of the solution are also factors.

With this background knowledge, one can appreciate why
nanoparticle syntheses are often less reproducible than
chemical reactions. The homogeneous nucleation is highly
sensitive to the experimental conditions, such as temperature,
stirring (which affects the solution homogeneity), impurities
(which lead to premature nucleation or aggregation of nuclei),
etc. Such sensitivity could be responsible for the variation
between different batches of syntheses.

3.3.3. Kinetic Control of Nanocrystal Shapes

The relative stability of the facets can be modulated by
selecting facet-specific ligands or surfactants. It has been
widely postulated that the preferential formation of stable
facets is a result of rapid growth at the unstable facets.[21e,34]

Basically, the atoms newly added to an unstable facet can
establish better bonding interactions than those added to
a stable facet can. The former process encounters a lower
barrier and is thus faster [Eq. (2)]. Flanked by the stable
facets, the filling of the unstable facets reduces and eventually
eliminates their area, thus leading to nanocrystals with only
stable facets. As proposed in the literature, polyvinylpyrro-
lidone (PVP) passivates Ag(100) facets and leads to Ag
nanocubes;[25a, 35] citrate ions passivate Ag(111) facets to yield
Ag octahedra;[36] high-index facets such as the Au(221) facets
can be generated in trisoctahedral nanocrystals by using
hexadecyltrimethylammonium chloride (CTAC) as the ligand
(Figure 8).[37]

In the thermodynamic arguments (Section 3.2), the emer-
gence of facets depends on their relative stability. In contrast,
the kinetic arguments here emphasize the relative rate of
growth.[38] These two trends may or may not coincide.
Considering the complex role of ligands, there is likely no
simple interdependency. A possible test is by Ostwald
ripening: If a system is merely kinetically controlled, incubat-
ing spherical NPs with the ligands would not give the desired
facets.

3.3.4. Inducing Anisotropy in Nanocrystals

In the literature, many nanocrystals are highly anisotropic,
with a rod, wire, or plate shape.[21e,34, 39] As discussed in
Section 3.2, such structures are likely thermodynamically
unfavorable. The key to understanding the kinetic process is
to identify the anisotropy factor that is responsible for the
inequivalent growth of the equivalent facets.

While most lattices are intrinsically symmetric with
multiple equivalent facets, the presence of defects can break
their symmetry. The preferred growth at the defect sites (or
unfavorable growth) thus induces anisotropy during the
crystal growth (Figure 9). Specifically, if there is a stacking
fault between the crystal planes ((111),[40] (100),[41] etc.), the
growth along the fault plane at the edges would be more
favorable than the deposition perpendicular to the plane, thus
leading to platelike nanocrystals (Figure 9a,b). On the other
hand, if a nucleus has a fivefold twinning defect, it can grow
into a NW because longitudinal growth is preferred (Fig-
ure 9c,d).[42] Basically, the inability of the twinned domains to
fill the space[43] leads to bond stretching and defects (i.e. the
induced strain), which restrict the lateral growth of the NWs.
Furthermore, the presence of a screw dislocation on a facet
would greatly favor deposition of the material thereon, thus
making its growth many times faster than the other seemingly
equivalent facets. Thus, the unidirectional growth leads to
highly anisotropic NWs or nanotubes (Figure 9e,f).[44]

The facet-specific binding of surface ligands may also
induce the anisotropic growth of nanocrystals.[21c] It has been
proposed that the effects are exerted by the selective

Figure 8. TEM images of a) 50 nm Ag nanocubes synthesized using
PVP as the ligand; b) Ag octahedra obtained with sodium citrate as
the ligand. The scale bar in the inset is 20 nm. c) SEM and d) HRTEM
image of trisoctahedral nanocrystals and the model of a (221) facet.
Reprinted from Refs. [25a,36a,37], respectively, with permission. Copy-
right 2010 Wiley-VCH, 2010 American Chemical Society, and 2008
Wiley-VCH.
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passivation of facets; for example, the binding of hexadecyl-
trimethylammonium bromide (CTAB) on the Au(100) sur-
face leads to the formation of nanorods.[45] Similarly, the
preferential adsorption of CO on Pd(111) facets was proposed
to confine the Pd deposition between the two stabilized
planes, thereby giving rise to ultrathin nanosheets.[46] On the
other hand, amphiphilic ligands are proposed to form
cylindrical micelles[47] that can template the formation of
rod- or wirelike nanocrystals (see also Section 4.3).[39c,48] The
cylindrical micelles break the symmetry among the equivalent
facets, which leads to anisotropic growth. Such reported
ligands include CTAB,[49] oleylamine,[50] and oleic acid.[51]

In the above two categories, defects and ligands are the
anisotropy factors only after they come into existence. That is,
the existing defects and ligand organization are already
anisotropic before they promote the anisotropic crystal
growth. To obtain a collection of uniform NPs, such factors
must be consistently present in all the individual NPs. Thus,
for many systems there is a gap in explaining the inequivalent
growth of the equivalent facets, that is, how exactly the
specific type of defects or specific ligand passivation are
consistently generated in/on the initial symmetrical nuclei. A
possible explanation is that those nanocrystals without the
anisotropic factor are outcompeted and may either re-
dissolve or remain in the sample as impurity nanocrystals.

In vapor-liquid-solid (VLS) or solution-liquid-solid (SLS)
growth,[39a,52] the growth material is dissolved in the molten
seed and the nucleation occurs specifically at the seed–
nanocrystal interface. The molten seed defines the cross-

sectional width of the emerging nanocrystal, thus making it
the anisotropy factor. It thus promotes the unidirectional
growth of the nanocrystals into NWs as opposed to plates or
spheres. Recently, our group reported a system with a similar
growth behavior but a fundamentally different mechanism.
Ultrathin Au NWs were directly grown from Au seeds
anchored on a substrate in an aqueous solution at room
temperature.[53] The seeds are far from molten and the size of
the emerging NWs is independent of the size of the seeds. The
strong ligand in the system prevents deposition of Au on the
seed except at the seed–substrate interface. Thus, selective
growth at this interface breaks the symmetry of the nano-
crystals, thereby leading to unidirectional growth of NWs. The
size of the NWs depends on how fast the new NW domain
emerges and how fast the ligands passivate its surface.

3.4. Complex T-K Problems

In the above cases, the mechanistic proposals can be
clearly assigned as either thermodynamically or kinetically
controlled scenarios. As shown in the examples below,
sometimes there are mixed effects of thermodynamic and
kinetic controls. Thus, the arguments can get entangled.
Careful and case-specific analysis is often necessary to
elucidate the overall process.

The formation of nanocrystals with thermodynamically
controlled facets should be independent of the growth
pathways. It is akin to the flowing of water on a tilted floor.
The local bumps can easily alter the pathway of flow, but
under the influence of the “invisible hands” of the thermody-
namics, water is always collected at the lowest basin (the
global minimum state). However, if several phenomena are
considered together (e.g. defects and facets in the following
example), the energy landscape becomes more complex, and
it is possible for the system to arrive at the local minimum
states (i.e. dents in the floor).

Twinning defects can occur in the nuclei at the early stage
of nanocrystal growth.[54] In the theoretic framework of
nucleation and growth (Figure 7a),[21e, 26a] once the nuclei
grow beyond the critical size, there is normally no pathway for
them to be completely dissolved (except extensive Ostwald
ripening). Thus, the internal defects will always remain. Even
when the external facets of the nanocrystals reach equilibrium
by dissolution/re-deposition, the overall shape is permanently
altered by the internal twinning defects.[55] In other words, the
specific pathway directs the system to a local minimum state.
Modified Wulff construction can be applied to analyze such
twinned nanocrystals.[56]

A contrasting example is the selective growth of single-
crystalline Ag NPs by introducing oxidative etching
(Figure 10).[57] In the presence of Cl� and O2, the nuclei
with twinning defects are more prone to etching than those
with a single-domain. The latter eventually emerges to give
single-crystalline NPs. In a sense, the oxidative etching makes
the system more reversible, thereby helping the individual
NPs to approach the global minimum state. Here, the
thermodynamics exerts its effect at the critical stage of
forming the nuclei. At the later stage of growth, the absence

Figure 9. Defect-induced anisotropic growth. a,b) Schemetic represen-
tations and TEM images of Ag nanoplates, where the growth is
promoted by the stacking fault between the (100) planes. c,d) The
growth of Ag NWs as a result of the fivefold twinning defect and the
favored (100) facets. e,f) The growth of ZnO “Christmas trees” driven
by the screw-dislocation defect. Reprinted from Refs. [41c,42,44a],
respectively, with permission. Copyright 2012 Wiley-VCH, 2005 Ameri-
can Chemical Society, and 2008 AAAS.
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of the pathway, although having no twinning defects is still
favorable, would mean that the thermodynamics has no
further control over the defects.

In nanocrystals with fivefold twinning defects (decahedra
or pentagonal NWs), the presence of defects is unfavorable
for the lattice energy, but its presence leads to the maximized
formation of (111) facets, which is favorable for the surface
energy.[1a, 58] It is conceivable that the surface energy would
dominate for very small NPs, because of the high percentage
of surface atoms. In the case of large nanocrystals, the defect-
induced strain becomes intolerable and so the lattice energy
would dominate.[7b] However, it is inappropriate to use
thermodynamic arguments for analyzing large nanocrystals,
because even if the thermodynamics is favorable, it will be too
late to induce or remove the defects. The thermodynamic
control, if it exists, must occur at a stage when the nano-
crystals can still sample over the various forms, more
specifically, when some of the nuclei can be re-dissolved
before reaching the critical size (Figure 10a), or if small
nanocrystals can somehow change their internal structure by
“flowing” (Section 3.2.1).

It should be noted that the static states (e.g. the shape of
the nanocrystals) are usually insufficient for distinguishing
whether thermodynamics or kinetics dominates. For example,
spherical NPs can form either because of the isotropic
diffusion kinetics (Section 3.3) or because their facets are
equally stable (Section 3.2 Figure 5); faceted grains can form
either because of the stable facets (Section 3.2) or because of
the rapid growth at the unstable facets (Section 3.3.3). Study
of the trapped intermediates and in situ investigation of other
observables are often necessary to help establish the pro-
cess.[59]

4. Growth of Hybrid Nanostructures

Over the past few decades, single-component nanostruc-
tures have been studied extensively. Recently, the research
focus of the field has started to shift towards multicomponent
or hybrid nanostructures, that is, structures with at least two
domains with different compositions.[60] The additional inter-
face between the domains must be considered for such
nanostructures.

4.1. Thermodynamic Analysis

The conformations of double-domain particles can be
analyzed as the “wetting” of one material by another. For
thermodynamic analysis, only the final state is of importance,
while the pathway of domain formation (by flowing or
growth) is of less importance.

The simplest case to consider is the merged states of two
immiscible liquid droplets (1 and 3, Figure 11). The interfacial
energies of such droplets in a third immiscible solvent (2)

have previously been investigated.[61] Basically, there are
three interfaces (with areas A12, A23, and A13) that have
different interfacial energies (s12, s23, and s13). The two-
component system seeks to minimize the overall interfacial
energy (A12s12 + A23s23 + A13s13,). The situation is akin to
a three-party tug-of-war, where the competition between the
three terms is complex, but the basic principle is straightfor-
ward. Whether one droplet can engulf the other can be
predicted on the basis of the spreading coefficients [Figure 11
and Eq. (7)].

Si ¼ sjk�ðsij þ sikÞ ð7Þ

Basically, if droplet 1 “hates” (has poor interactions with)
solvent 2 but droplet 3 “likes” both 1 and 2, then 3 will engulf
1. On the other hand, if droplet 1 “hates” 3, then they will
form separated domains and maximize their own internal
interactions (in the form of spherical domains). Partial
encapsulation will result for the intermediate cases.

This analysis can be extended to nanostructures because it
is based on geometric considerations. A requirement is that

Figure 10. The effects of oxidative etching. a) Schematic representa-
tions illustrating the growth process, where the twinned NPs are
selectively dissolved by oxidative etching. b) TEM images of the Ag
NPs obtained after 10 min (left), 2 h (middle), and 44.1 h (right).
Inset: photograph of the reaction mixture at 2 h; it is nearly colorless
because most of the Ag NPs are dissolved. Reprinted from Ref. [57]
with permission. Copyright 2004 American Chemical Society.

Figure 11. Equilibrium configurations for two immiscible liquid drop-
lets (1 and 3) in a third immiscible solvent (2). Reprinted from
Ref. [61] with permission. Copyright 2013 American Chemical Society.
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the interfaces should have uniform properties (ligand density,
charges, etc.), so that the interfacial energy is proportional to
the interfacial area. Unlike bulk droplets, the interfacial
energies of nanostructures cannot be readily measured.
However, one can often deduce their trends on the basis of
the bonding interactions at the interface, as will be discussed
in Sections 4.1.1 and 4.1.2.

Two juxtaposed liquid droplets can flow into the equilib-
rium configuration, where the total interfacial energy is
minimized. When a polymer domain grows on the surface of
a solid NP, the NP core cannot adopt different shapes. If the
polymer can flow,[62] it would be safe to assume that this
particular domain has adopted a lowest energy configuration
with respect to the solid domain. In contrast, two-component
NPs where both domains are solid can also reach the lowest
energy configuration. They are normally synthesized by
solution growth of an extra domain on top of an existing
solid particle (e.g. growth of silica on Au NPs). As discussed in
Section 3.2.1 and Figure 6, the new domain can approach the
lowest energy configuration if there is a dissolution/re-
deposition equilibrium and/or surface diffusion of the
growth material, or if the equilibrium structures are obtained
in every step during the growth of the new domain.

4.1.1. Core–Shell NPs

Encapsulating NPs in inorganic or polymer shells is
a popular method for stabilizing NPs in a colloidal solution.
The key issue is to establish strong bonding interactions
between the core and the shell, so that the interfacial energy
can be greatly reduced (Section 2.2).

If the two domains are of the same type (metal–metal,
oxide–oxide, etc.), there are often strong bonding interactions
between them, which leads to a small interfacial energy.
However, it is normally difficult to predict the trend of the
interfacial energy. When two nanocrystal domains have an
epitaxial relationship, the trend can be easily predicted on the
basis of their lattice mismatch. Basically, larger mismatch
leads to larger strain and sometimes more defects, which
reduce the quality and quantity of the interfacial interactions
and result in a higher interfacial energy. The dependence of
the growth modes on lattice mismatch has been studied
extensively and reviewed.[63] Encapsulation can be easily
achieved if the shell has a small lattice mismatch with the core,
for example, in Pd@Au,[64] Pd@Pt,[63b] and CdSe@CdS[65] core–
shell nanocrystals.

For dissimilar materials, surface modification is often
needed to improve the interfacial interactions. For example,
silica cannot readily form effective bonds with Au and prefers
homogeneous nucleation to yield pure silica NPs. This
problem can be solved by introducing ligands that can bond
to both materials, for example, one that contains a -SH group
for bonding with Au and -COOH or a -Si(OH)3 group for
interacting with silica.[66] Similarly, hydrophobic polymers
usually do not have strong interactions with NPs, but
encapsulation can easily be achieved with the right choice
of ligand.[61a] Such a ligand must have a group that can form
strong bonds with the core NP (-SH or -NH2 for Au,[67]

-COOH for Fe2O3,
[68] etc.) and a hydrophobic tail for

interacting with the polymer (through hydrophobic interac-
tions, Section 2.1).[69]

A special case of double modification has also been shown
to work, where the NPs were coated by a layer of hydrophobic
ligands, followed by a layer of amphiphilic PVP. These
treatments make the surface of several types of NPs amenable
for the growth of polar ZnO.[33] The strong interactions
between the NP–ligand, ligand–PVP, and PVP–ZnO layers
result in the apparent NP–ZnO interfacial energy, when
considered as a whole, being greatly reduced.

It should be noted that the discussion here focuses on the
core–shell interface. The external facets or outline of the shell
is governed by the thermodynamics and kinetics of the shell
growth, as has been discussed in Section 3.

4.1.2. Janus NPs

Janus (two-faced) NPs with two juxtaposed domains are
often obtained as the intermediate case between complete
wetting (full encapsulation) and complete nonwetting.[70] It is
normally difficult to deduce from their shape whether they
are thermodynamically or kinetically controlled (Section 4.2).
An analysis of the complex cases will be presented in
Section 4.4.

In one example, we reported the continuous tuning of the
Ag domain on spherical Au cores, thereby giving a series of
hybrid structures that were assigned as the near-equilibrium
configurations (Figure 12).[71] The interfacial energy between
any two nanocrystals (e.g. Au and Ag) is usually not
considered as tunable, because the nature of the interaction
and the lattice mismatch cannot be modified. In our system,
however, ligands were embedded in between the Au–Ag
layers and their amount can be tuned. A large number of the
ligand-induced defects lead to weaker interactions and thus,
a higher interfacial energy. Uniform hybrid NPs with core–
shell, eccentric, or Janus structures were obtained with high
purity.

It is very difficult to propose distinctive kinetic pathways
(Figure 13) with a clear underlying trend for these config-

Figure 12. a) Embedding of the ligand 2-mercaptobenzimidazole
(MBIA) during the growth of the Ag domain on Au NPs, where the
Au–Ag interfacial energy depends on the amount of embedded ligands.
b) TEM images of the different types of Au–Ag hybrid NPs: (i) concen-
tric, (ii) eccentric, (iii) acorn, and (iv) heterodimer structures. Polymer
encapsulation is used to protect the NPs after their formation. Scale
bars are 20 nm. Reprinted from Ref. [71] with permission. Copyright
2012 American Chemical Society.
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urations. In contrast, the continuous change in the “wetting”
of the Ag domain on the Au NPs can be easily explained in
the thermodynamically controlled scenario. It is possible that
the equilibrium structures are obtained in every step during
the growth of the new domain. Basically, the growth of the Ag
domain occurred in such a way that the Au–Ag interface was
optimized by the “invisible hands” of the thermodynamics.
Admittedly, more experiments are imperative to make
a clearer distinction between the thermodynamic and kinetic
effects.

4.2. Kinetic Analysis

In a thermodynamically controlled scenario, the config-
uration of the hybrid nanostructures (core–shell, eccentric, or
Janus) is independent of the growth pathways. Nevertheless, it
is still important to understand how the kinetically controlled
scenarios are avoided (by kinetic analysis), that is, what is the
course of action that allows the growth material to sample
over the various forms. For kinetically controlled systems, it is
crucially important to know the key process and the nature of
the activation barrier.

Here, we focus on the choice of the hybrid configuration,
not the general control of the growth process. The latter can
determine, for example, the extent of the homogeneous
nucleation and the amount of material in the shell, which are
the preconditions for the choice of the structural configura-
tion.

The fluidity of polymer domains or shells can be easily
adjusted to design pathways. The glass transition temperature
(Tg) of a polymer depends on its chemical composition and
the degree of polymerization, cross-linking, and swelling. To
render the polymer liquid-like, for example, one can raise the
temperature over the Tg or greatly reduce the Tg by swelling.
A uniform polymer shell can be created when it is highly

swollen by a good solvent, for example, N,N-dimethylforma-
mide (DMF) for polystyrene-block-poly(acrylic acid) (PS-b-
PAA).[61a] The fast addition of water can then extract the
DMF, which causes deswelling of the PS domains. As a result,
the PS becomes glassy with a low fluidity, trapping the core–
shell nanostructures in kinetically stable states.[72] Similarly,
chemical cross-linking can also be used to this end.[67b,73]

In typical core–shell NPs, the shells are not formed
instantaneously, but are sequentially built up by solution
deposition. Thus, there is a fundamental similarity between
different systems in how the free atoms/molecules join with
each other and with the cores (i.e. seeds). In contrast to
Section 3.3.1, the seeds here have a different chemical
composition from the growth material. Thus, the growth
must be described by a modified nucleation and growth model
as follows.

For example, the growth of the ZnO domain on the
ligand-modified Au NPs (Figure 13)[33] is only possible when
the interfacial energies are suitable. That is, the thermody-
namics must allow it. More specifically, the heterogeneous
nucleation of ZnO on the Au surface (path b) must be more
favorable than the homogeneous nucleation, otherwise the
latter process will dominate. On the other hand, path b is
always less favorable than the heterogeneous ZnO nucleation
on the ZnO surface (path a), because there is essentially no
interfacial energy between two domains of the same material.
From the kinetics perspective, these requirements constitute
the “activation” barriers for the formation of a newly added
domain, where the relative height of the barriers depends on
the interfacial energy between the new domain and the
underlying surface. Figure 13 c presents the basic concept that
the oversaturation of the growth material must reach certain
levels during the growth before these pathways become
allowed.

From these considerations, the build-up of ZnO in
solution would reach such a level that ZnO would first form
a small domain on the Au NP. Once this happens, the
subsequent deposition of ZnO would occur more favorably
on the existing ZnO domain than on a fresh location of the
same Au NP. This typically leads to a single ZnO domain per
each Au NP. On the other hand, if the ZnO–Au interfacial
energy can be greatly reduced by using appropriate ligands/
surfactants, the threshold for path b would then approach that
for path a (Figure 13 b). When this difference is small enough,
random fluctuation of the concentration or local build-up of
ZnO would be sufficient to give new nucleation sites on the
Au surface, thereby leading to multiple nucleation sites and
eventually a merged shell.[74]

In this model, the rate of deposition is conceivably the key
factor. At one extreme, if the rate is so slow that the choice
between paths a and b is always true, then the most favorable
configuration would be obtained in every step and the
thermodynamics would dominate. At the other extreme, if
the deposition is so rapid that paths a and b are equally
probable, a metastable core–shell structure might be obtained
even if the interfacial energy is unfavorable. A huge over-
saturation may allow both pathways and/or make the re-
dissolution process negligible, but it should also lead to
extensive homogeneous nucleation.

Figure 13. The effects of interfacial energy on the nucleation and
growth of ZnO on Au NPs. a,b) Schematic representation illustrating
the competitive nucleation pathways when the Au–ZnO interfacial
energy is either high (a) or low (b). c,d) Plots of ZnO solubility versus
time, highlighting the different growth behavior when the Au–ZnO
interfacial energy is high (c) or low (d). Reprinted from Ref. [33] with
permission. Copyright 2013 American Chemical Society.
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The growth conditions can be designed to achieve rational
pathways. For example, small Au NPs can be decorated on the
surface of silica[75] (or NaYF4)

[76] NPs. By using them as the
seeds, Au deposition would lead to a rough but complete
metal shell (Figure 14a). Without these initial seeds, a very

different result would be obtained (rarely any heterogeneous
nucleation), because a newly formed Au domain would have
a high silica–Au interfacial energy. The presence of the seeds
permits numerous nucleation sites on each silica NP, even-
tually giving a merged shell that is thermodynamically
unfavorable. If the Au shell could flow, it would contract
into a single domain to reduce the Au–silica interface.

Xia and co-workers demonstrated the versatile synthetic
control of bimetallic NPs by modulating the rate of the
chemical reaction that produces the growth materials.[77] As
shown in Figure 14 b, Ag was selectively grown on 1 to 6 faces
of the Pd cubes, whereby an increasing number of the faces
were coated with the increasing reaction rate. It was proposed
that the faster reaction caused more faces to become the
“active growth sites” (compare with Section 4.1.2), where the
initially coated Ag layer facilitated the subsequent deposition,
whereas the rest of the faces remained inactive because of the
lattice mismatch between Pd and Ag.[77c]

4.3. Templated Growth

In essence, the templated growth of nanocrystals can be
viewed as the growth of the crystalline domain on the surface
of the template, thus making it a two-component system.[78]

Should the template–nanocrystal interfacial energy be high,
the formation of the interface would be both kinetically and
thermodynamically unfavorable, thereby leading to the
homogeneous nucleation of free nanocrystals in the solution,
unaffected by the template. Thus, for all known cases of
templated growth, the interfacial energy must be low enough
to allow conformal coating or at least multiple nucleation sites
that can eventually lead to a merged domain. As discussed in
Section 4.1 and Figure 11, there are three interfaces (tem-
plate–solvent, template–nanocrystal, and nanocrystal–sol-
vent). Therefore, the shape of the nanocrystals depends not
only on the shape of the template but also on the interfacial
energies.

Templated growth has been widely postulated for many
anisotropic nanocrystals, particularly nanorods and
NWs.[39c,78b, 79] Unfortunately, the detailed processes are diffi-
cult to characterize and have so far remained elusive. There is
a battery of questions to be asked. First and foremost, the
template–nanocrystal interface is of pivotal importance, but it
is often poorly understood, for example, what the exact
interactions are between the CTAB head group and the Au
surface.[80] With more insight, one may hopefully be able to
tune the interface, expand the scope of the templates, and
improve the synthetic control. Second, the diffusion of the
growth materials is a major problem for the growth of
nanocrystals inside templates (e.g. cylindrical micelles; Fig-
ure 15b).[78b] Should nucleation occur near the opening of the

micelle, the newly generated nanocrystal domain will block
the supply of the growth material. Last, the complex interplay
between the template and the emerging nanocrystal has not
been fully established. For example, the assembly of the
CTAB micelles may occur simultaneously as a result of the
growth of the Au nanorods. The dynamic motion of the CTAB
molecules in the cylindrical micelles may generate porosity in
the micellar wall and, thus, allow the diffusion of the growth
materials across it.

Figure 14. a) Schematic representation and representative TEM images
illustrating the formation of the merged Au nanoshell on the silica
NPs by first decorating them with seeds. b) Schematic representations
and representative TEM images (viewing from different directions)
illustrating the kinetically controlled overgrowth of Ag on the Pd cubes.
Reprinted and modified from Ref. [75e,f,77c] with permission. Copy-
right 2007 American Chemical Society, 2004 Adenine Press, and 2012
American Chemical Society.

Figure 15. a,b) The templated growth of nanocrystals and c,d) the
templated assembly of NPs. The template–NP interfaces are high-
lighted in red. The diffusion of the growth material or NP is not
a limiting factor for (a) and (c); but the random nucleation or
adsorption of NPs inside a template can easily cause problems.
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The colloidal growth of ultrathin NWs,[39a, 50] often pro-
posed to be the result of templated growth, is very different
from the growth of most other nanocrystals. The scope of the
applicable templates is extremely narrow. The width of the
ultrathin NWs is unusually monodisperse and rarely tuna-
ble.[50, 81] What stops their lateral growth when a certain width
is reached? Growing long NWs from short NWs has not been
demonstrated. The NWs have not been shown to grow from
a bulk crystal surface. More insights into the templated
growth may help elucidate these mysteries and improve the
synthetic design.

4.4. Complex T-K Problems

When there are multiple components and multiple
processes in a system, it is conceivable that its energy
landscape is significantly more complex than that of the
single-component systems. In the deposition of shell materials
on core NPs, for example, one needs to consider the
coordination and dissociation of ligands on the cores, the
nucleation and growth of the shell materials, the core–shell
configuration, and the ligand coordination to the shells. Given
the different processes and their possible interplay, mixed T-K
arguments are rather common in such systems.

A good example is the growth of conformal silica shells on
Au nanorods.[82] When the shells are very thin, the overall
shape resembles that of the initial Au nanorods. When the
shells grow thick, however, the silica outline gradually
approaches a spherical shape, which suggests a diminishing
structural influence of the internal core (Figure 16 a–c). We
can analyze the T-K problem by comparing the transverse
growth (silica thickness of a) to the longitudinal growth (silica
thickness of b). At one extreme, when a = b, the uniform silica
shells would suggest indiscriminative deposition (likely
because the deposition is irreversible). Although the overall
shape does appear to be rounder, it is solely because the equal

increase in the length and width leads to a decreased aspect
ratio. Another evaluating characteristic is that the lateral
surface should remain parallel to the side surface of the Au
nanorods (as in straight cylinders), not curved like that of
ellipsoids. Such a growth can then be assigned as kinetically
controlled. At the other extreme, when the silica outline is
exactly a sphere (a> b), the growth is clearly thermodynami-
cally controlled (Section 3.2). Intermediate cases between the
two extremes are likely, as the increase in the shell thickness is
gradual and the reversible dissolution during the silica
deposition is usually not extensive.

This method of analysis may be applied to other core–
shell systems. Ideally, the shell should be amorphous or
without selective facets, for example, the coating of polymer
shells on Ag nanocubes[83] and Au nanorods,[84] and the
heteroepitaxial growth of Pd on Pt nanocubes (control
experiments without the seeds gave nonspecific NPs).[63b] In
a different case, the formation of cuboidal Ag shells on highly
anisotropic Au nanorods[85] requires unequal growth of the
Ag(100) facets, which suggests an underlying thermodynamic
influence (Figure 16 d–f).

Assigning the thermodynamically controlled configura-
tion to solid shells may seem difficult to comprehend.
Although the effects of the “invisible hands” of thermody-
namics can be recognized, the exact underlying pathways are
still unclear. A possible explanation is that the reversible
deposition and dissolution processes as well as a subtle
difference in the rates may help guide the overall shape
towards a form with the lowest surface energy, even though
each monomer species does not “know” the overall shape. In
this aspect, these cases are similar to the control of spherical
shape in Section 3.2.1 and the control of configuration of the
hybrid Ag–Au NPs in Section 4.1.2 (Figure 12).

In the analyses in Section 4, the surface properties of the
cores are considered as uniform, in particular the ligand layer.
The situation becomes more complex if there are multiple
ligands that form segregated patches on the core. The
competition between hydrophobic and hydrophilic ligands
has been employed to adjust the coating of PS-b-PAA on Au
NPs, where the polymer only attached to areas covered with
the hydrophobic ligands.[86] The ratio of polymer coverage per
NP can be tuned by adjusting the ratio of the two ligands. The
sequence of ligand introduction was shown to affect the final
polymer–Au configuration, thus suggesting that ligand kinet-
ics play a pivotal role. However, the details of ligand kinetics
have yet to be established because of the limits of the
characterization methods.

5. Aggregation of Nanoparticles

Here, “aggregation” is defined as the direct touching of
NPs or their surface ligands, whereas “coalescence” is defined
as the merging of the NP domains with extensive cohesive
interactions (similar to those within the NPs) at their junction.
In the former case, we are often interested in why the NPs
want to stay in contact with each other (the thermodynamic
driving force) and how the NPs find each other in a colloidal
solution (the kinetic pathways). In the case of coalescence, we

Figure 16. Schematic representation and TEM images illustrating the
formation of amorphous (a–c) and faceted shells (d–f) on anisotropic
seeds. The growth can be judged by the extent of growth at the
different directions when the shell is amorphous (a), or at the
eqivalent facets when the shell is faceted (d). b,c) TEM images of the
silica-coated Au nanorods, with thin and thick silica shells, respectively.
e,f) Side and vertical views of the Ag-coated Au nanorods, where the
Ag shells are faceted. Reprinted from Ref. [82,85] with permission.
Copyright 2011 American Chemical Society, 2012 Royal Society of
Chemistry.
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are interested in the energetic benefit of merging and the
pathways that allow the transfer of materials.[87]

5.1. Thermodynamic Analysis

The aggregation of NPs is a precondition for their
coalescence. In the following, the coalescence is treated as
a separate phenomenon in our analysis. If the two processes
are considered together, the most stable state of a collection
of colloidal NPs would be a single coalesced sphere, which
hardly ever happens. When considering the coalesced sphere
as the final state, all the NPs in any solution can be defined as
unstable. It is also important to note that being the later
process, partial coalescence can render a collision process
irreversible, but it exerts no control over the NPs until they
make contact.

With a few exceptions under special conditions,[87b,88] the
coalescence of nanostructures is not extensive.[89] The surface
ligands usually prevent direct contact and bonding between
two neighboring NPs. Without coalescence, the contact area
between the spherical NPs would be only a small percentage
of the overall NPs. Thus, the driving force for reducing the
NP–solvent interfacial energy would be far less than that of
the complete coalescence.

In a sense, the aggregation of NPs can be likened to the
aggregation of atoms or ions to form solids.[89a,c,90] When NaCl
crystals are formed in a solution, for example, the stabilization
energy of both the starting and the ending states should be
considered. That is, the entropy (the freedom of the ions as
opposed to their orderliness in a crystal lattice) and solvation
energy (the favorable interactions with the solvent molecules)
of the free ions compete with the lattice energy of the NaCl
crystal in governing the dissolution/crystallization processes.

Similarly, only considering the interactions among the
NPs in the aggregated state would be insufficient. For a free
NP in an aqueous solution, for example, more favorable
(negative) solvation energy is expected when the NP has more
surface charges, more groups with hydrogen-bonding capa-
bility, etc. Hence, it is the energetic difference between the
free colloidal form and the aggregated state that determines
the driving force.[28] To prevent aggregation of the NPs, one
can choose ligands that have a strong interaction with the
solvent and/or those that interact more weakly with each
other (when between two opposing NPs). Roughly speaking,
the NP–NP interactions should be stronger than the solvent–
NP interactions for aggregation to occur.

When more than two NPs aggregate, one needs to
compare the stability of the different potential forms, such
as the free colloidal form, the linear chains, the loose network
of globular clusters, and the densely packed globular clusters
(Figure 17). The number of junctions per NP increases in the
sequence given. The interactions between the neighboring
NPs at the junction can be likened to a chemical “bond”,
whose energy to a large extent depends on the ligand layer. If
the formation of one junction is favorable (that is, the NPs
want to aggregate), the formation of multiple junctions would
usually be more favorable. To maximize the number of
junctions, the most stable state would be a near-globular

cluster made of close-packed NPs (Section 5.4). Thus, the
shape of NP aggregates can be analyzed by the methods in
Section 3.2. In other words, all of the other forms, if existing,
should be merely metastable. These arguments are based on
the assumption that the charge or dipole interaction between
the NPs is not the dominant term. Otherwise, the situation
would be more complex (Section 5.5).

5.2. Kinetic Analysis

Having a driving force to aggregate does not mean that
the NPs can actually do so. The NPs need to find each other by
random collision, then overcome the barrier (e.g. charge
repulsion), before establishing effective “bonding” interac-
tions. The size distribution of the resulting clusters is critically
dependent on how the NPs find each other by random
collision. This process can be likened to the polymerization
modes of organic monomers (Figure 18a), namely the step-
growth and the chain-growth mode.[91] Basically, in the former
mode, all the monomers and oligomers have a similar
tendency (probability of effective collision) towards aggrega-
tion, whereas in the latter mode, a few species (e.g. radicals or
initiators) can undergo extensive polymerization but a signifi-

Figure 17. Possible states of NP aggregation: a) the unaggregated
state; b) the chain aggregate; c) the loose globular aggregate; and
d) the supercrystal. The average number of junctions per NP (N)
increases in this order.

Figure 18. Categories of aggregation. The shape of the aggregates may
be either chainlike (a,c) or globular (b,d) and the aggregation process
may follow either the chain growth mode (a,b), where only a few
species are “active” (marked in yellow); or the step-growth mode
(c,d), where the different-sized aggregates are equally active.
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cant amount of the monomers remain intact. On the other
hand, according to the shape of the aggregates, the aggrega-
tion can be categorized as globular or chain aggregation.
Thus, there are four categories, as illustrated in Figure 18.

At first sight, the aggregation of two monomeric NPs
should be no different from that of two NP clusters. Thus, the
overall process should be similar to the step-growth polymer-
ization of organic monomers[92] (see Section 5.4 for a con-
trasting example). The similarity also originates from the fact
that any cluster (oligomer) must be formed sequentially
through the two-party collision of monomers and smaller
clusters, because three-party collision would be statistically
improbable. When a collection of NPs start to aggregate, the
monomers are quickly consumed, thereby giving rise to
dimers and then trimers,[92b] which further aggregate with each
other to give larger clusters. The process is dominated in the
later stages by the aggregation of large clusters. Such a kinetic
pathway typically leads to clusters with a large size distribu-
tion. The exact process has been nicely demonstrated in the
end-to-end aggregation of Au nanorods,[92a] which were
selectively functionalized with polystyrene (PS) on both ends.

Considering the charge repulsion between NPs, however,
the aggregation of monomers (the effective collisions) would
be significantly more probable than that of the large clusters.
The potential energy of the repulsive interaction between two
charged spherical particles, Velec, can be expressed as Equa-
tion (8), where Le = k�1 is the Debye screening length,
calculated from the dielectric constant e of the medium, the
Boltzmann constant k, the temperature T, the elementary
charge e, and the ionic strength I of the electrolyte [Eq. (9)]. ai

is the respective particle radii, hm is the separation distance
between the colliding particles, and fi is the respective surface
potentials of the particles. Assuming the same surface charge
density (a result of the surface ligand density), the charge
repulsion is stronger when the NPs or clusters become
larger.[93]

Velec ¼ 4 pey1y2
a1a2

a1 þ a2
ln 1þ ehm=Le
� �

ð8Þ

Le ¼ k�1 ¼ ekT
2 el

� �1=2 ð9Þ

When Au nanorods with PS covering both ends are
used,[92a, 94] it is conceivable that the sizeable PS domains
(about 4 nm) would make the end-to-end charge repulsion
less influential. For ligand-functionalized Au NPs, in contrast,
charge repulsion is probably the reason for the deviation from
the step-growth kinetics.[92b]

Our group carried out a case study on the effects of charge
repulsion using the “cross-coupling” of different NPs as
a platform. An excess of the citrate-stabilized Au NPs (B-
NPs) was used to react with thiol-modified Au NPs (A-NPs)
(Figure 19).[95] Given the strong Au�S bonds between the
NPs, one would expect the excess B-NPs to form a close-
packed shell surrounding the A-NPs. This was not observed.
Instead, the result of the aggregation (AB, AB2, AB3, or AB4

clusters) was dependent on the salt concentration, which plays
an important role in shielding the charge repulsion between

the B-NPs [Eqs. (8) and (9)]. We showed that charge
repulsion is the dominant factor in the kinetic barrier of the
aggregation process (Figure 11). Thus, the long-range charge
repulsion determined the structure of the product (ABn)
before the NPs even make contact with each other. Once they
make contact, the short-range bonding interactions (Au�S
bonding, van der Waals interaction, etc.) dominate, thereby
preventing their separation. Although products with increas-
ing coordination numbers would be more energetically
favorable (AB4>AB3>AB2>AB), the kinetic barrier of
the system prevented the products from sampling over the
alternative forms. In other words, the processes were kineti-
cally controlled.

A distinctively different mode of aggregation was
observed when a special type of monomers was used,
namely the Au@PSPAA core–shell NPs, where the Au NPs
were fully encapsulated in PS-b-PAA shells. Treatment with
acid results in the formation of ultralong chains of the Au NPs.
The surprising observation was that a significant amount of
the monomers still remained when some monomers had
aggregated extensively into long chains. This result is
drastically different from the typical products of the step-
growth kinetics, but similar to that of the chain growth
polymerization. Pure PS-b-PAA spherical micelles (without
the embedded AuNP) are known to transform into cylindrical
micelles under acidic conditions.[96] Thus, the behavior of the
polymer played the dominant role in the aggregation,
favoring the formation of the very long NP chains and
confining their transverse width. The underlying reason for
the sustained chain propagation has not been established,
although we postulate that the disorganized PS-b-PAA

Figure 19. a) Syntheses of AB, AB2, AB3, and AB4 nanoclusters by
tuning the charge repulsion between the B-NPs. The type A Au NPs
are fully covered with thiol groups, and 16 equivalents of the type B Au
NPs are used for their coupling. b) At low ionic strength, the strong
repulsion between the type B NPs limits only one type B NP per each
type A NP. c) At a higher ionic strength, AB2 becomes allowed, but AB3

is still unfavorable. Polymer encapsulation is used to protect the
product clusters after their formation. All scale bars are 50 nm.
Reprinted from Ref. [95] with permission. Copyright 2010 Nature
Publishing Group.
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domains (Section 6.2) at the growing end may lead to an
“activated” site that promotes continual aggregation.

Brownian motion is an important kinetic factor. It
originates from the random collision of solvent molecules
with NPs. At any instant, the imbalance of the collision leads
to a net force. Larger NPs have smaller imbalances and, thus,
less energetic Brownian motion. This situation can be likened
to the rocking of small and large boats in the ocean. Higher
temperature leads to a larger kinetic energy of the solvent
molecules, and thus more energetic Brownian motion of the
NPs. As Brownian motion is random, it does not provide any
thermodynamic driving force, but it can help overcome the
barriers in both forming and dissociating the aggregates.

In summary, when NP aggregation is thermodynamically
controlled, the main competition is between the stabilization
energy of the free colloidal form (solvation energy, entropy,
charge repulsion, etc.) and that of the aggregated forms
(attractive interactions between the NPs, hydrophobic inter-
actions, etc.). When charge repulsion is the main kinetic
barrier that prevents the effective collision of certain NPs, the
main competition is between the kinetic energy of the NPs
and the height of such a barrier. A strong surface charge may
render the NPs either thermodynamically or kinetically stable
in the solution. In the former scenario, the NPs want to
dissociate even if they are aggregated, while in the latter, the
NPs want to aggregate but strong repulsion prevents effective
collision. The main competition during the dissociation of
NPs is between the kinetic energy of the NPs within the
cluster and the attractive interactions between them. In
experiments, NPs that are precipitated in one solvent can
sometimes be re-dissolved in another, because the improved
solvation energy of the surface ligands leads to a more
favorable thermodynamic driving force. Alternatively, soni-
cation can generate a strong sheer force in a solution, thereby
providing additional kinetic energy for dissociating the NPs in
a cluster.

5.3. Templated NP Assembly

There are quite a large number of reports on the orderly
assembly of NPs by adsorbing them on the surface of colloidal
templates such as DNA constructs,[97] soft micelles, other
types of nanostructures,[98] or bulk surfaces.[39c] These systems
have been reviewed extensively,[78a, 89d,99] and thus will not be
discussed in detail here. The situation is somewhat similar to
the templated growth in Section 4.3, except that NPs are
adsorbed instead of atoms (Figure 15). For the process to be
thermodynamically favorable, the template–NP interactions
should be stronger than the template–solvent and NP–solvent
interactions. Typically, the NPs do not adsorb on top of
existing NPs and prefer a fresh location of the template
(Figure 15 d), likely as a result of the charge repulsion
between them. Using a similar argument, the relatively
uniform separation between the NPs on a template surface
can also be explained. In these systems, the surface of the
template is of critical importance, including its surface
chemistry, charge density, and solvation energy. These proper-
ties are highly case-specific but difficult to characterize.

5.4. Supercrystals of NPs

Extensive aggregation of NPs can sometimes lead to
orderly 2D arrays or 3D supercrystals.[100] The general
principles and specific phenomena relating to the super-
crystals of NPs have been nicely reviewed recently.[28] In this
category, the main concern is the crystalline order, that is, the
choice between the loose network of globular clusters
(analogous to an amorphous state) and densely packed
globular clusters (a crystalline state). Considering the unlike-
lihood of forming perfect crystals by random collision during
the formation of the supercrystals, the individual NPs must
have sampled over various locations before settling at the
most stable position. Hence, the overall process (not the size/
facet, compare to Section 3.3) is generally considered as
thermodynamically controlled.

Several types of packing order in supercrystals of NPs
have been reported. Small clusters (< 20 NPs) have been
obtained with icosahedron-based structures, that is, they were
“building either en route to or on top of an icosahedron”
(Figure 20 a,b).[101] The structures are similar to the Lennard–
Jones series of atomic clusters.[1a, 102] In contrast, large clusters
usually have close-packed structures such as an fcc lattice
(Figure 20 c,d).[103] The basic units used for making super-
crystals are typically spherical NPs, but uniform nanorods

Figure 20. a,b) Schemetic representations and TEM images of icosahe-
dral superparticles made of Au NPs, showing the clusters from
different projection directions; c,d) TEM images and SAED patterns of
superparticles made of the Fe3O4 NPs that are capped with hydro-
phobic ligand, viewed along the [001] zone axis (c) and the [011] zone
axis (d). The scale bars are 20 nm. e) Schemetic representation and
TEM images of the double-domed cylinder supercrystals assembled
from CdSe–CdS nanorods; f,g) binary supercrystals assembled from
13.4 nm g-Fe2O3 and 5.0 nm Au NPs (f); 7.6 nm PbSe and 5.0 nm Au
NPs (g); 6.7 nm PbS and 3.0 nm Pd NPs (h); and 6.2 nm PbSe and
3.0 nm Pd NPs (i). Reprinted from Refs. [101a,103e,104b,105b],
respectively, with permission. Copyright 2012 AAAS, 2007, 2013
American Chemical Society, and 2006 Nature Publishing Group.
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have also been shown to work, with formation of multidomain
superstructures (Figure 20e).[104] Binary supercrystals have
been synthesized by using NPs with opposite charges (Fig-
ure 20 f–i).[105]

From the thermodynamic perspective, a supercrystal of
NPs has less favorable entropy and solvation energy but
a larger number of NP–NP junctions than an amorphous
cluster. Under the conditions that the NPs want to aggregate,
the driving force is to minimize the number of NPs sitting on
the surface and to maximize the number of NP–NP inter-
actions, a situation similar to that discussed in Section 2.2.
There are at least two scenarios to achieve NPs with a well-
ordered packing: 1) the NP aggregation is reversible, so that
the erroneous additions can be corrected by repetitive
association and dissociation; and/or 2) there is structural
fluidity in the cluster, where NPs can slide across each other
and adjust their positions without dissociating. Well-ordered
supercrystals are typically prepared from NPs that are coated
with either hydrophobic ligands[32c,103a,f, 104b] or DNA.[106] The
hydrophobic NPs dislike polar solvents and weakly interact
with each other. As such, the solvophobic interactions provide
a strong driving force for aggregation, but the NP–NP
interactions are weak enough to allow structural rearrange-
ment. The DNA-functionalized NPs are highly charged and
the attractive interactions between them can be readily
adjusted by tuning the number of base pairs in the comple-
mentary section. For the other types of NPs, the reversibility
and structural fluidity can be compromised if there is
a sufficient amount of strong interactions, for example,
when the NPs can be partially coalesced, when the ligands
can covalently bridge them, or when the opposing ligand
layers can strongly interact (e.g. through hydrogen bonding).

The concept of facets can be applied to supercrystals
(compare with Section 3.2, Figure 5), and the modified Wulff
construction can be used for analyzing the multidomain
supercrystals.[104b] Basically, the stability of a NP sitting in
a facet depends on the number of “bonds” (NP–NP junctions)
it has with its neighbors. Thus, the different facets would have
different NP densities, thereby giving rise to different “sur-
face energies”. It is important to note that the “surface
energy” here is defined as the lack of NP–NP “bonds” at the
surface of the supercrystal [the same definition applies to
Eqs. (4)–(6)]. Although the capping ligands on the NPs can
affect the NP–NP “bonds”, they are too small to directly
influence the facet stability of the supercrystal, unlike the case
of normal crystals where the ligands are larger than the atoms
(Section 3.1).

The kinetic pathway to the formation of supercrystals can
also be compared and contrasted to that of normal crystal
growth (Section 3.3.1). Similar to the latter, a larger cluster of
NPs has less “surface energy” and is thus more stable. More
specifically, for a newly added NP, it forms 3 NP–NP junctions
(“bonds”) when added to a tetrahedron, thereby giving
a trigonal bipyramid, but 5–8 “bonds” when added to the step
on a (111) facet. Thus, forming the trigonal bipyramid would
be more difficult, but dissolving it would be comparatively
easier [Eq. (2)]. On the other hand, for the nucleation barrier
to exist, the initial small clusters should be less stable than the
solubilized monomers.[28] In crystal growth, there is a drastic

change in the environment of an atom/ion in the solubilized
form on switching to an adsorbed state on the surface of
a nucleus, but such a change should be much smaller for
a colloidal NP, which is already a solid phase from the start.[28]

Hence, the energy barrier for nucleation during the assembly
of supercrystals should be much smaller. A consequence of
this argument is that the absence of the energy barrier for
nucleation would invalidate the concept of “critical size”
during the formation of NP clusters. A possible counter
argument of this proposal is that, although the energy barrier
for the nucleation of NPs is much smaller than that of atoms,
the kinetic energy of NPs (their Brownian motion) is also
much smaller.

Without the energy barrier for nucleation, the monomers
will become depleted because they are not being regenerated
by the dissociation of the initial clusters. With few monomers
remaining, the later stage of aggregation would be dominated
by cluster collision, as opposed to monomer addition. This
would be similar to the step-growth mode and lead to a broad
size distribution (Section 5.2). Hence, there is a challenge to
provide additional rationales in cases where supercrystals
with narrow size distributions are obtained. One proposal is
that the diffusion of NPs may be the limiting factor; the
bottleneck would be more severe for building larger clusters,
because a larger number of NPs are required (assuming
growth by monomer addition).[28] This situation is similar to
that of the “size-distribution-focusing” effects (Sec-
tion 3.3.1).[18, 107] Another hypothesis is that the charge repul-
sion between the clusters is responsible for the size-limiting
effect of the supercrystals.[108] As the clusters grow in size, the
stronger repulsion between them [Eq. (8)] eventually brings
the aggregation to a halt.

There is another difference in the growth kinetics. In
crystal growth, there is usually a steady supply of growth
material by chemical reactions. One can easily adjust the rate
of the chemical reaction so that the oversaturation of the
growth material can be maintained at a low level to suppress
homogeneous nucleation. In growing supercrystals, however,
all the growth materials (namely NPs) are typically present at
the beginning. Thus, controlling the nucleation and growth
would be significantly more challenging. Sequential addition
of NPs has so far not been fully exploited as a means to
control the growth kinetics.

Thus far, the discussion on the growth kinetics has focused
on how the NPs find each other through random collision,
which should not be confused with the structural rearrange-
ment. The aggregation of clusters (as opposed to NPs) is
rather common in the step-growth mode. Without the process
of coalescence, the voids/gaps in the product cluster and the
misalignment between the domains cannot be corrected,
thereby leading to amorphous clusters with irregular shapes.
Considering the basic step of coalescing two spherical clusters,
for example, the final shape of the aggregate may appear as
two juxtaposed spheres, a partially merged dumbbell, or
a completely coalesced sphere, depending on the degree of
coalescence. Unless the structural rearrangement is efficient,
further aggregation may lock the overall cluster, thereby
giving imperfections. With these considerations, the spherical
shape of the typical supercrystals in the literature is likely
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a result of growth by monomer addition with an association/
dissociation dynamic or structural fluidity of the supercrystals.

5.5. Spontaneous Aggregation of NPs into Chains

There are numerous reports on the assembly of NPs into
chains.[109] The formation of chains requires the selective
bonding at only two diametric directions, which is surprising
because most of NPs have more than two equivalent
directions or facets. Moreover, the assembly of chains with
only two junctions per NP is apparently less favorable than
the assembly of globules with multiple junctions (Figure 17).
To understand the choice between the assembly of chains and
globules one needs to identify the key factor favoring the
chain structure, more specifically, to determine whether it is
thermodynamically stable or kinetically favored.

Many mechanistic proposals have been put forward. The
most straightforward explanation is that the surface ligands
may arrange in such ways that only two diametric ends of the
NPs are different, thus predisposing the NPs for selective
aggregation. Such ligand arrangements are conceivable, for
example, CTAB molecules can remain on the side of Au
nanorods while those on the ends are exchanged,[110] and the
ordered coassembly of hydrophilic and hydrophobic ligands
on spherical NPs could give concentric rings of ligands, thus
exposing two diametric “whirlpools”.[111] As such, among the
many possible configurations of random collision, the assem-
bly of the NPs into chains could be the most favorable one.
However, studying the arrangement of ligands on NPs is not
trivial. Strong evidence has been obtained in only a few
systems. For example, PS domains have been observed on the
two diametric ends of Au nanorods,[92a] and ripples of ligands
were observed by scanning tunneling microscopy (STM).[111b]

It should be noted that the observation of chain assembly in
itself is not sufficient proof for the ligand organization (or any
particular mechanism), unless the alternative possibilities can
be ruled out. For example, charge repulsion between the Au
nanorods may lead to a higher activation barrier for their
side-to-side collision, thus favoring the end-to-end assembly
as the kinetically controlled product.

Another mechanism favoring chain assembly could be
through the interaction of dipoles. If it is the dominant factor,
the formation of a chain assembly would be both thermody-
namically and kinetically favored. A clear cut example is the
assembly of magnetic NPs in the presence of an external
magnetic field, where the NPs could form very long chains
with few errors.[112] On the other hand, electric dipoles can be
invoked to explain the assembly of nonmagnetic NPs into
chains,[109a, 113] although the origin and strength of such dipoles
have yet to be fully established. For a semiconductor NP, the
balance of the total charge within the NP requires one facet to
be cation-rich and the opposing one anion-rich, thereby
leading to a net dipole[114] (presumably in multiple equivalent
directions). Suppose that the assembly of a chain is thermo-
dynamically favorable as a result of dipole interactions, the
potential of the electric dipole should be strong enough to
compensate for the lack of NP–NP interactions. There are 2
NP-NP junctions per NP in the chain assembly versus 12

junctions in the globular assembly (Figure 17). On the other
hand, if the chain assembly is kinetically favored, it is of
interest to identify the nature of the kinetic barrier (charge or
dipole repulsion, etc.) so as to prevent erroneous addition that
would lead to the globular assembly.

Charge repulsion by itself can also lead to the aggregation
of NPs into chains. Wang and co-workers were the first to
point out that a NP approaching the end of an existing chain
(the end-on aggregation) would encounter less charge repul-
sion than one approaching from the side.[92b, 115] There are two
possible scenarios: 1) the electric repulsion potential may
destabilize the globular assembly sufficiently to cancel out the
excess of NP–NP “bonds” therein, thus making the chain
assembly the thermodynamically stable state (Figure 21);[115b]

2) the electric potential may merely facilitate the pathway of
chain assembly, but the globular assembly is still the most
stable state.[93a] It is important to note that the interactions
involved in the process have different effective distances. In
general, charge repulsion is long-ranged, whereas chemical
bonding and van der Waals interactions are short-ranged. For
scenario 1, all interactions should be included because all
potential energy terms are integrated as two NPs approach
and then make contact. For scenario 2, however, the tran-
sition state is of crucial importance. If the NPs are highly
separated at the transition state, the short-ranged interactions
cannot exert their influence.

To distinguish the two scenarios we studied the aggrega-
tion of the naphthalenethiol-stabilized Au NPs in a DMF/
water mixture by using polymer encapsulation as a means to
trap intermediates (Figure 22d).[93a] The addition of salt
resulted in the NPs aggregating, but the degree of aggrega-
tion, as judged by the shifting of the longitudinal plasmon
absorption, stopped progressing after 12–16 h. Although
more salt led to more extensive aggregation (Figure 22 a,b),
diluting an aggregated sample did not cause the NP chains to
dissociate (Figure 22 c).[93a] Clearly, the aggregates were not
dynamically dissociating and reaggregating, which is incon-
sistent with scenario 1. Moreover, globular aggregates formed

Figure 21. The role of charge repulsion in aggregation. The repulsion
experienced by an incoming NP towards a cluster is different from the
different directions, so is the van der Waals interaction. The boundary
conditions can be determined as illustrated. Reprinted from Ref. [115b]
with permission. Copyright 2008 Wiley-VCH.
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by rapid aggregation cannot be converted into chains. Along
with other evidence, we proposed that scenario 2 should be
applicable to our system.[93a] We believe that charge repulsion
is the dominant factor at the transition state.[95] In other
words, at the transition state, the NPs do not even touch each
other and the shorter-range interactions (bonding, van der
Waals, etc.) have no effect. Other key observables are also
consistent with the hypothesis. With the progress of aggrega-
tion, the clusters increase in size/length, which leads to
stronger cluster–cluster repulsion [Eq. (8)] and thus stopping
the aggregation (Figure 22a). With more salt in the system,
the aggregation can progress further before being stopped
(Figure 22 b). These observations cannot be explained by the
interactions between a point charge and an induced dipole,
which should become stronger as the cluster size increases.

6. Self-Assembly of Amphiphiles

Soft nanomaterials typically refer to those made of supra-
and macromolecules.[116] Their self-assembled nanostructures,
especially those made of amphiphilic block copolymers,
exhibit rich morphologies such as spheres, cylinders, and
vesicles, thus complementing the structural variety of inor-
ganic nanostructures.[117] This unique feature lies in the phase-
segregation of amphiphilic polymers, where the thickness of
the polymer domains is limited by the physical length of the
polymer chains. This leads to a different set of rules governing
the spontaneous formation of cylinders and vesicles.

To understand the evolution of micelles it is critical to
identify and distinguish the different types of processes
therein. As a collection of polymer micelles evolve from
spheres into cylinders and then vesicles, their growth in size is
usually achieved by the aggregation of the micelles, which is

a distinctively different process from the structural evolution
of the individual micelles. Without aggregation, a spherical
micelle simply does not have enough material to build
a cylinder or vesicle. Overly stretching a spherical micelle
would give ultrathin cylinders or vesicles, which have never
been observed experimentally. The process of structural
evolution can be further separated into two stages: the
coalescence of the aggregated micelles and the flowing of the
merged domain towards a preferred shape. As will be
discussed in Section 6.3, these processes likely involve differ-
ent kinds of barriers. In addition to the aggregation and
structural evolution, the joining of individual polymer mol-
ecules to the micelles (micellization) is also a distinct process,
which is particularly important when the critical micelle
concentration (CMC) is changing during the experiment, for
example, when water is added to a DMF solution.[118]

Furthermore, the growth of polymer chains, if occurring, is
another different process. In experiments, multiple processes
are often concurrent and entangled.

To enable thermodynamic and kinetic arguments to be
made, the different processes need be treated separately in
the context of the overall process. The aggregation and
coalescence of micelles almost never reaches the end point,
that is, a single polymer particle, but the shape evolution of
the individual polymer nanostructures often leads to the most
stable states.

6.1. Thermodynamic Analysis

Without phase segregation, the formation of polymer NPs
is almost the same as that of amorphous inorganic NPs. For
example, short-chain PS is soluble in DMF, but once it
becomes oversaturated (by the growth of PS chains or
addition of water into the solution, etc.), the polymer will
aggregate into NPs. Depending on the size of the polymer, it
can be treated either as a molecule (Section 3) or a NP
(Section 5). The driving force is the reduction in the PS–
solvent interfacial energy, and hence the minimization of the
S/V ratio leads to the formation of spherical NPs (Sec-
tion 2.2). The size of such NPs is only limited by the
aggregation kinetics, not by the polymer behavior (Fig-
ure 23a). For a collection of NPs, reducing the number of
particles and increasing their sizes is always thermodynami-
cally favorable, as it leads to a lower surface energy of the
whole system.

The situation for shape determination is actually very
similar for a more complex system where molecules and
polymers strongly interact with each other. As long as there is
no crystallinity and phase segregation, the mixture of
molecules behave the same as a single homogeneous phase,
for example, supramolecules with extensive host–guest inter-
actions or polymers decorated with supramolecules.[119] When
such mixtures are rendered insoluble in solution, the products
are typically spherical.

In contrast, the situation is drastically different for an
amphiphilic copolymer, for example, PS-b-PAA, in water
(Figure 23 b). The soluble PAA block and insoluble PS block
cause the polymer to self-assemble into micelles, with the PS

Figure 22. a,b) UV/Vis kinetics of the NP solution, where the [NaCl]
was kept constant at 0.55 and 0.88 mm, respectively. The spectra were
collected at t = 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, and 16 h; c) UV/Vis
kinetics of preaggregated Au chains after diluting the sample to reduce
the [NaCl]. d) TEM image of the linear chains preserved by polymer
encapsulation. Scale bar is 50 nm. Reprinted from Ref. [93a] with
permission. Copyright 2010 Royal Society of Chemistry.

Nanoparticle Synthesis
Angewandte

Chemie

2043Angew. Chem. Int. Ed. 2015, 54, 2022 – 2051 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


blocks squeezed in the core and the PAA blocks dissolved in
the solution, thereby forming a corona.[117a, 120] Such a phase-
segregated configuration is stable because it maximizes the
favorable interactions among the polymer chains and
between the polymer and the solvent. Importantly, the
thickness of the PS domain is limited by the length of the
PS chains, and stretched chains are entropically unfavora-
ble.[72, 121] In other words, a PS chain has numerous conforma-
tions, among which the straightened conformations are highly
improbable and thus encounter an entropic penalty. As
summarized in Figure 23 c, forming massive polymer aggre-
gates would demand 1) over-stretched PS blocks, 2) a void in
the PS domain, or 3) embedding of the PAA blocks in the PS
domain (partially compromised phase segregation). These
options are energetically unfavorable, but can be induced
under specific conditions, such as the swelling caused by the
addition of homo-PS,[72] the protonation of the PAA
blocks,[96c] etc.[122]

There are two main competing factors that determine the
size and shape of the micelles under the restriction of phase
segregation.[96a] On one hand, increasing the size of the PS
domain would reduce the PS–solvent interfacial energy per
unit volume (Section 2.2). Hence, the solvophobic interac-
tions are part of the driving force. It is important to note that,
for a given amount of PS, reducing the PS–solvent interface
necessitates an increase in the interactions within the PS
domain (van der Waals interactions, etc.), which is also part of
the driving force. On the other hand, the steric and charge
repulsion between the crowded PAA blocks on the micelle
surface would resist the over-growth of the micelle.

Hence, the size and morphology of polymer nanostruc-
tures are determined by three interacting factors: the
stretching of the PS block limits the thickness of the hydro-
phobic domain; the reduction in the interfacial energy favors
larger micelles; and the repulsion between the PAA blocks

favors higher curvature and thus smaller micelles (Figure 24).
Elongating a micelle into a cylinder would allow it to grow,
thereby reducing the surface energy (the S/V ratio) without
compromising the phase segregation. A further step in this
direction is to extend the cylinder into a lamella or vesicle.

The popular theory explaining the shape of micelles
invokes the “packing parameter” p, which is a geometric
indicator describing the hydrophobic section of an average
polymer molecule in the micelle [Eq. (10)].

p ¼ V=al ð10Þ

Here, V is the volume of the hydrophobic section, l is the
length of the hydrophobic chain normal to the interface (i.e.
half of the thickness of the hydrophobic domain), and a is the
contact area between the hydrophobic section and the
hydrophilic head.[47b, 117a,123] Although the size and shape of
an average polymer molecule are unknown and these
variables are not quantifiable, the packing parameter can be
used to explain the major trends in the shape evolution as
follows. Spherical micelles are preferred when the repulsion
between the PAA blocks is the dominant factor (that is, an
average molecule has a large hydrophilic section). Assuming
that the hydrophobic section of an average molecule is a cone
with a as the base area and l as the height, one can conclude
that p� 1/3. Cylindrical micelles are the most stable state
when the repulsion is weaker. The parameter can be assigned,
on the basis of an average sector in the cylinder, as 1/3� p� 1/
2. When the repulsion is a minor factor and lamellar or
vesicular micelles are favored, one can deduce from an
average segment in the layer that 1/2� p� 1. As such, the
packing parameter is determined from the observed shapes,
rather than a quantifiable indicator that predicates the shapes.

Although the argument of the packing parameter focuses
on the shape of an average molecule, the S/V ratio of the
overall micelle has a physical meaning. Basically, the ratio
gives a measure of the surface area per unit amount of
material, thus reflecting the relative strength of the surface
energy. Hence, a small ratio is energetically preferred. If the
small variation[121b] in the thickness of the hydrophobic
domain (defined as 2 l) is not considered, the S/V ratio
decreases in the following order: sphere (3/l)> cylinder (2/
l)> vesicle (1/l ; Figure 24). Comparing these values under the
boundary conditions, it is clear that this argument is
equivalent to that of the packing parameter, although it is
presented in a different form.

Figure 23. Thermodynamically favorable morphologies of a) homopoly-
mer; b) amphiphilic copolymers with increasing domain size while
maintaining phase segregation; c) the possible scenarios when form-
ing massive aggregates. The hydrophilic section is represented in blue
and the hydrophobic section in red.

Figure 24. The choice of shapes under the influence of two competing
trends, in the sequence of a sphere, a cylinder (the caps are not
shown), a circular ring, a lamella (the edges are not shown), and an
enclosed vesicle.
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In thermodynamic arguments, the minimum energy
structure should ideally be predicted on the basis of the free
energy terms. We can use the packing parameter or the S/V
ratio as the geometric indicators of the general trends, but
unless they are linked to the energy terms they do not help the
understanding. In the above discussion, we tried to link the S/
V ratio to the dominant surface energy term, the stretching of
the PS blocks to the dominant entropy term, in addition to the
repulsion potential of the PAA blocks. Thus, the general
trends can be deduced on the basis of energy arguments.
Another advantage of the S/V ratio is that it can be readily
quantified from the experimentally observed structures, not
only for the spheres, cylinders, and vesicles, but also for the
trapped intermediates between their transitions (Section 6.2).

With these basic principles, the common thermodynamic
factors affecting the shape of micelles can be under-
stood.[117a, 120] Longer PAA blocks or blocks with higher
charge densities (higher degree of deprotonation) would
lead to stronger repulsion, thus driving the transformation in
Figure 24 to the left. Neutralizing the surface charge[96a, 124] or
shielding the charge repulsion (by adding a salt[96b] or an
additive of opposite charge, such as polyamine molecules)[125]

drives the transformation to the right. Using a PS-b-PAA with
longer PS blocks would lead to less surface density on the
PAA blocks, thus favoring the right side.[126] Increasing the
PS–solvent interfacial energy (using more solvophobic poly-
mer blocks than PS, using a more polar solvent mixture, etc.)
leads to a larger driving force for reducing the S/V ratio, thus
favoring the right side, whereas decreasing the interfacial
energy (swelling the polymer domain using more solvophilic
additives, etc.) favors the left side. Stronger cohesive inter-
actions in the hydrophobic domain[123b] (better packing,
additional bonding interactions, etc.) means that the reduc-
tion in the S/V ratio would bring about a larger driving force
(Section 2.2), thus favoring the right side.

The stretching of the PS blocks in the hydrophobic
domain can also be tuned to affect the polymer morphology.
For example, homo-PS can be used as the filler or swelling
agent, so that it can accumulate at the center of the
hydrophobic domain (Figure 23c), thereby reducing the
stretching of the PS blocks in the PS-b-PAA, and thus
favoring the structures with higher curvature (the left side in
Figure 24).[72] In other words, the filler allows the micelles to
grow in size without compromising the phase segregation, so
there is less driving force for them to change to a different
shape.

For other types of amphiphilic polymers, such as non-ionic
diblock copolymers,[127] triblock copolymers,[128] graft copoly-
mers,[129] or dendritic polymers,[130] the nature and strength of
the interactions are different but the basic principles are
similar. The same is true for small-molecule surfactants such
as sodium dodecylsulfate (SDS) and CTAB. Of course, the
arguments here are based on complete phase segregation.
Without phase separation, the formation of massive aggre-
gates would be more favorable.

Blending different polymers or starting from different
micellar states (compare to Section 6.2.2) should not affect
the final product when it is under thermodynamic control. At
full equilibration, the system should always rest at the most

stable state. Eisenberg and co-workers showed that a mixture
of PS-b-PAA with PAA of different lengths (increased
polydispersity) gave smaller vesicles, where the short PAA
chains were segregated in the inner concave surface as a result
of their weaker repulsion.[131]

As is typical for thermodynamic analysis, the above
discussion compares the relative stability of the end states
of micellar morphologies. That is, the polymer nanostructures
are presumed to have fully equilibrated and the transforma-
tion pathways between the states are irrelevant. However,
having a driving force towards a certain shape does not
necessarily mean that the shape can be reached, and the
structures observed in the experiments are not necessarily
fully equilibrated. Kinetic analysis is of critical importance to
study these issues.

6.2. Kinetic Analysis

The key to discussing kinetics is to identify the main
barriers and relate them to the detailed shape evolution of the
micelles. Given the many concurrent processes, treating the
overall process as a “black box” for data analysis can easily
cause confusion. The discussion must address the specific
nature of each process. For convenience of discussion, here we
use the amphiphilic diblock copolymer PS-b-PAA as an
example.

First, let�s consider the aggregation of two micelles, which
is a fundamental step in the overall process. Usually the
barrier preventing their effective collision is the steric and/or
charge repulsion between the coronal blocks. After making
contact, the subsequent merging of the polymer domains
establishes strong “bonding” interactions, thereby deterring
their dissociation. At a molecular level, the reorganization of
the polymer blocks is a process that cannot be ignored.
Specifically, the hydrophilic blocks (PAA) need to move away
from the contact point for the hydrophobic domains to merge.
However, before making contact, “preparing” the micelles in
such a way would be statistically improbable. Upon aggrega-
tion, it is likely that some PAA chains will be embedded in the
partially merged PS domain at the contact point, when the
high density of the PAA blocks on the micelle surface is
considered.[47b] This creates an additional barrier that is often
overlooked. It may slow down or even prevent the merging of
micelles (Section 6.2.1).

The initial encounters of a collection of micelles through
random collision (before the merging of polymer domains)
should be similar to the aggregation of inorganic NPs
(Section 5.2).[91, 92b] However, in contrast to the case of
inorganic NPs, there is usually extensive coalescence of the
aggregated polymer domains, which makes the aggregation
process irreversible. With the simultaneous progress of the
aggregation and structural evolution, the outcome depends on
the relative rate of the two. There are a few possible
scenarios: 1) When the structural evolution is extremely
efficient, it will be hard to trap the micelles at the inter-
mediate shapes. With most of the micelles adopting the
preferred morphology, the outcome is usually nice and clean.
2) When the structural evolution is extremely slow, most of
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the products will be intermediates. Such messy results can be
easily overlooked. 3) For the intermediate cases, timing is
critical. The probability of collision should be second-order in
the concentration of the micelles, which diminishes with the
progress of aggregation. The average volume of micelles
typically increases by more than 10 times, thereby leading to
< 1/10 of the initial micelle concentration and < 1/100 of the
initial collision rate.

After merging, the polymer domain still needs to trans-
form and somehow find the most stable structure. Clearly, the
polymer does not “know” the direction and the overall
process is guided by the “invisible hands” of the thermody-
namics, just like the equilibration of a liquid droplet towards
a spherical shape (Section 3.2.1). Although the thermody-
namics are well-established, as discussed above, the pathways
of transformation remain elusive. What are the intermediate
states and what are the barriers? For example, it is difficult to
conceive the detailed steps of how a cylinder would evolve
into an enclosed vesicle. Indeed, the conversion from
a lamellar sheet to an enclosed vesicle is nontrivial, with
multiple steps of folding, stitching, and removal of the
overlapped regions. Unfortunately, topics such as these have
been rarely discussed in the literature.[89a,c,124,132]

6.2.1. Kinetic Pathway in the Transformation from Cylinder to
Vesicle

Several bowl-like structures have been reported as
intermediates during the cylinder-to-vesicle transformatio-
n.[121a, 132a,g] In our laboratory, we focused on PS154-b-PAA49

micelles, which evolve slowly (in hours) because of their long
PAA blocks. The conditions were selected such that the
vesicles are the thermodynamic end point and the polymer
micelles are made to slowly evolve towards it. This allowed us
to trap a series of intermediates under the same conditions
and led to a complete pathway being proposed (Figure 25). A
cylindrical micelle first flattens to give a lamellar section,
which depresses to give a bowl-like intermediate. The
continuous “flow” of polymer from the tethered cylinder

provides the material necessary for the transformation. As the
bowl deepens, it passes the stage of half-vesicle and then the
opening tightens. A vesicle is eventually generated with the
closing of the opening and the detachment of the tethered
cylinder. It is important to note that most of these steps are
achieved by the simple “flowing” of the polymer domains.

Calculation of the S/V ratio for the intermediates showed
no apparent energy barrier in the shape evolution (Fig-
ure 26 f). The pathway is monotonously downhill in terms of
the decreasing S/V ratio. This result is counterintuitive
because should there be no energy barrier, all structures
with sufficient materials would have evolved to vesicles, in
direct conflict with the experimental observations. To explain
the kinetically trapped intermediates, we propose that the
main energy barrier originates from the molecular reorgan-
ization within the micelles.

Simple geometric analysis of the micelles can illustrate the
importance of the molecular reorganization therein. Even
bending a bilayer membrane would induce compressive stain

Figure 25. a) Progress in structural transformation from a cylinder to
vesicle. b) A cross-sectional view of the process, where a section is
highlighted in purple to show the flow of the polymer domain.
c,d) Selected TEM images showing the typical intermediates during
the cylinder-to-vesicle transformation. Reprinted from Ref. [47a] with
permission. Copyright 2013 Wiley-VCH.

Figure 26. Analysis of kinetic barriers from the point of view of
molecular reorganization: a) parallel movement of amphiphiles within
a micelle; b) “flowing” of an entire domain back and forth; c) move-
ment of amphiphiles directly across a hydrophobic domain; d) merg-
ing of micellar fronts (the reverse process is the severing of the
micelle); e) elimination of the pinhole at the final stage of vesicle
formation. f) Calculated S/V ratio of a cylinder, lamella, and vesicle.
g) Calculated S/V ratio for the bowl-like intermediates during the
lamella to vesicle transition. Reprinted from Ref. [47a] with permission.
Copyright 2013 Wiley-VCH.
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in the inner layer and tensile strain in the outer layer. To
relieve the strains and achieve permanent bending, molecules
must move from the inner to the outer layer, thereby creating
an extra step which must be considered.

The relative easiness of the molecular reorganization can
be evaluated by analyzing the strength of the molecular
interactions. More specifically, the hydrophobic blocks are
stabilized by strong interactions (van der Waals, hydrophobic
interactions, etc.) and so are the hydrophilic blocks (solvation,
entropy, hydrogen bonding, etc.), but there are only weak
interactions between the nonpolar hydrophobic and polar
hydrophilic blocks. Thus, moving a molecule parallel within
a domain (Figure 26a) or a flowing of the domain (Fig-
ure 26b) would encounter small energy barriers because few
interactions are broken. On the other hand, the movement of
a molecule across a membrane (Figure 26 c), the merging and
severing of micelles (Figure 26d), and the closing of partial
vesicles (Figure 26e) would encounter a large energy barrier
as a result of the compromised molecular interactions. The
red regions in Figure 26 c–e illstrate the possible unfavorable
interactions. The fact that they cannot be avoided in the
transformation process suggests the presence of high-energy
intermediates. However, it should be noted that creating
voids in the PS domain (Figure 26 d,e) is only one possibility;
it is by no means the only pathway.

In the above discussion, we seek to go beyond the shape
analysis of the intermediates and try to establish the kinetic
pathway through energy-based arguments. The experimental
observations in our studies and in the literature were found to
be consistent with the mechanistic proposal. Lower energy
barriers are expected in the polymer transformation if shorter
or less charged hydrophilic blocks are used,[47b, 96b,125, 133] or if
the hydrophobic blocks have weaker interactions with each
other (so that they can easily flow across each other). The
relative ease of the polymer transformation can be evaluated
on the basis of the time, temperature, swelling conditions,
etc.[47a]

6.2.2. Kinetic Control in Complex Systems

A higher level of structural complexity can be achieved
with amphiphilic polymers through kinetic control. For
example, mixing different amphiphilic polymers was found
to give discoid morphologies such as triangles and squares.[134]

These polymers have different packing parameters and
presumably also different mobilities. The segregation of the
polymers led to hemispherical caps that partially locked the
structure during its shape transformation, eventually leading
to micelles with multiple geometries.

On the other hand, monovalent and divalent colloidal
building blocks made of amphiphilic block copolymers have
been used to create hierarchical structures.[135] These building
blocks were essentially phase-segregated micelles, where the
hydrophobic domains were kinetically locked during the
subsequent assembly. As such, the valency of the building
blocks could exert its effects in the assembly process, thereby
giving binary and ternary aggregates.

It is conceivable that the final product under kinetic
control would be highly dependent on the starting state and

the exact pathways. Resolving the pathway would clearly be
more challenging with multiply interacting polymers.

6.3. The T-K Problem

Considering the structural complexity of amphiphilic
polymers and the multiple processes involved in their shape
transformation, it is a challenge to determine if an observed
structure is thermodynamically or kinetically controlled.

In polymer systems, the experimental parameters can
often affect both the thermodynamic driving force and the
kinetic barrier. This is more likely than in other systems. Thus,
designing the experimental condition is critical for reducing
the ambiguity. Adding water to the DMF/water solution
causes the PS-b-PAA micelles to transform towards vesicles
(the right side in Figure 24), but it also causes the deswelling
of the polymer domains, thus making them evolve slow-
er.[47b, 136] The addition of acid[124] or polyamine[125] can
neutralize the negative charge of the PAA blocks, thereby
reducing charge repulsion. As a consequence, the micelles
would evolve towards vesicles (thermodynamics), but it also
facilitates molecular reorganization (kinetics). Increasing the
length of the hydrophobic blocks by polymerization would
alter both the thermodynamic end state and the mobility of
the polymer domain.[124]

Thermodynamic arguments have often been invoked to
explain the formation of polymer nanostructures, in particular
vesicles. However, the shape in itself is not sufficient
evidence. For example, the addition of acid can cause
PSPAA micelles to evolve to vesicles, but reversing the
condition (by neutralization with base) normally does not
convert the vesicles back into spherical micelles, likely
because of the large energy barrier for severing the polymer
domains (the reverse process of Figure 25 d). As such, the
vesicles would be thermodynamically unstable but kinetically
trapped. In contrast, we can conceive a hypothetic scenario
where the aggregation process is very slow but the structural
evolution is efficient. Thus, all the nanostructures would
evolve to the minimum energy shapes. If the process can be
trapped at an early stage when many of the nanostructures do
not have sufficient materials to form vesicles, such a condition
would be very interesting. The “intermediates” would be
thermodynamically stable with the given amount of materials,
but they are not stable if allowed to grow by aggregation. In
this special case, observing a bowl-like intermediate does not
necessarily mean that it is kinetically controlled (in terms of
its structural evolution).

7. Summary and Outlook

The microscopic processes in the formation of nano-
structures are random and dynamic. Among the chaos,
orderly nanostructures are known to emerge, including
regular shapes, uniform sizes, and extensive superstructures.
Such ordering is the basis of nanoscience and nanotechnology,
and understanding its origin is of pivotal importance. We must
start from the fundamental principles of growing and assem-
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bling the basic building blocks, before sophisticated nano-
structures can be made for advanced applications. Establish-
ing the mechanistic proposals on the basis of energy terms is
a first step towards a rational design and systems approach.

By using simple geometric analysis and logical deduction
we demonstrated that it is indeed possible to compare the
relative stabilities of nanostructures during their growth,
assembly, and shape evolution. The detailed processes therein
were described and carefully analyzed, so that the mecha-
nistic proposals were unambiguously presented. The key
theories and hypotheses in the literature have been incorpo-
rated in our discussion. By using specific examples we
illustrated how the various factors interacted with each
other, and how these interactions led to the observables. We
highlighted the fundamental differences between the ther-
modynamically and kinetically controlled scenarios and
advocated such a distinction be used in mechanistic proposals.

The principles of thermodynamics and kinetics are
universal. Applying these arguments in nanosynthesis is
necessary and urgent. The fact that the system is imperfect
at the moment is not a reason to avoid it, simply a reason for
more researchers to improve it.
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