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Abstract

Crystals form via nucleation followed by growth. Often nucleation data is interpreted using
the classical theory of nucleation, which is essentially aimple theory for the nucleation of a uid
phase. | characterise this classical theory as making six agmptions; | discuss each assumption
in turn. | then review experiments and simulations that nd n ucleation behaviour that cannot
be described by the classical theory. The experiments are othe crystallisation from solution of
molecules such as drugs and related molecules, ice and calti carbonate. The review also covers
work on non-classical nucleation in solutions of the protai lysozyme, and work on the fascinating
phenomenon of nucleation induced by laser pulses. | hope thireview will be of interest to
those studying the crystallisation of both molecules and ims from solution. The review aims to
advance our understanding of the crucial rst step in crystalisation, and to enable researchers
studying crystallisation in one system to learn from what others have done in studying analogous
phenomena in di erent systems.

Introduction

This review is concerned with the initial stage of the formation of a crystal phase. This is the
process called nucleation. It will not review crystal growth, although of course growth is also needed
to obtain crystals and in practice in experiment it is often hard to separate nucleation from growth.
Variations in nucleation rates can have important and beauiful e ects, see Fig. 1. The review starts
with the idea that there is a simple, widely used, theory for the nucleation of a new phase: classical
nucleation theory. Then it reviews the literature on a number of molecular crystals, ice and calcium
carbonate, where the nucleation behaviour appears to be mercomplex than the classical theory
predicts. Here by molecular crystals we mean crystals of mektules such as aspirin, glycine, water
etc, where van der Waals forces are important, although chages, hydrogen bonding etc may also
be present. The review does not systematically cover ionicrgstals, i.e., crystals where electrostatic
interactions are dominant; it only covers in depth the crystallisation of calcium carbonate. Many
other ionic crystals may have similarly complex behaviour lut without more studies of nucleation in
these systems, it is premature to review them. | will brie y mention protein solutions and colloidal
suspensions but | will not systematically review them. An ealier review by the author covered these
topics®. This review will not consider metals or semiconductors. Tlkere is extensive coverage of
both in Kelton and Greer's excellent book of 2018. | hope that having read this review, the reader
will have a better understanding of nucleation in across a wde range of systems. Although we have
much still to learn about nucleation, a great deal of interesing and revealing work has been done,
across a wide range of experimental systems. | believe theiis a lot of scope for applying ideas
and experimental techniques used in one complex crystallisg system to other systems where the
behaviour may be analogous. In particular, the formation ofice has been studied extensively over
decades and so other elds can learn from what atmospheric gntists have discovered in studies of
ice.



Figure 1: Ice crystals found by the Afon Ystwyth (Wales, United Kingdom). They are single crystals,
meaning that each of them has a uniform crystal structure andorientation throughout, rather than
consisting of many independently crystallised domains: A vater molecule at one end of one of these
about 8 mm long rods has the same orientation as one at the otlmeend, with about 40 million
identically aligned other water molecules in between. Suclsingle crystal growth is rare as it occurs
only if there is a shortage of crystal nuclei and it takes a loig time | clean air and a cold spell of
several days. The fact that the crystals are all about the same size suggests that nucleation occurred
at the same time for all of them | the temperature must have dro pped well below freezing rather
quickly at the beginning of the cold spell. Copyright Rudi Winter and licensed for reuse under a
Creative Commons Licence.

Below | will brie y review some of the assumptions of classial nucleation theory that may fail for
some crystallising systems. See for example, Debenedestibook® for an introduction to this theory.
Although this theory was developed for the nucleation of a n&v uid phase, it is widely applied to
crystallisation and may capture much of the physics in many gstems. However, many molecular
and ionic crystals nucleate in ways that are far from the simpe classical picture. Indeed, as more
systems are quantitatively studied we may nd that a majorit y of systems cannot be described by
the classical theory. This review will look at both experimental and computational work where there
is evidence that nucleation is more complex than classicalucleation theory suggests.

Although there is a large literature on crystallisation there is still much to learn. There is also
a gap between much of the simulation work, and experiment. Wehave learnt most of what we
know about the microscopic dynamics of nucleation from simiation, but most of the simulation
results we have are on homogeneous nucleation in models ofryesimple systems, e.g., noble gases.
Experiments are done on more complex systems, such as drug feoules, and there nucleation is
almost always heterogeneous. Also, our ability to understad our experimental results is greatly
hindered by the fact that it is impossible to observe the nuckus in molecular and ionic systems.
So here | will review experiments on heterogeneous nucleati, and simulation results mostly on
homogeneous nucleation, but | hope that this review will enourage work to close the gap between



experiment and simulation.

In this review | use heterogeneous nucleation to mean all ndeation that occurs with the nu-
cleus interacting with any impurity, and all nucleation tha t occurs at any interface. This includes
nucleation where the nucleus is in contact with a solid surfae, and also where the nucleus includes,
or has at its surface, impurity molecules or ions. It also intudes nucleation far from any impurity
but at a interface between two coexisting phases, e.g, nudion of the crystal at a liquid/vapour
interface. With this de nition, nucleation is only homogen eous not heterogeneous when the nucleus
is forming in the bulk far from any interface, and does not comain or interact with any impurity
molecules or ions. See Fig. 2 for the e ect of impurities of dter amino acids on the crystallisation
of glycine. Note that adding impurities can alter the polymorph that forms. However, it should
be borne in mind that here, as is often the case with crystalsijt is hard to separate the e ects of
impurities on nucleation from their e ect on crystal growth . It seems likely that the impurities are
a ecting both processes here.

Nuclei are typically of between 10s to 1000s of molecules/ams/ions, and so much of this review
will be concerned with understanding the behaviour of aggrgates of many more than one but much
less than an in nite number of molecules or ions. So it is impaotant to de ne carefully the words
used to describe these nite aggregates. We will use the worldcluster and occasionally nanopatrticle
to mean any compact aggregate of molecules or ions. In otheramds clusters and nanoparticles
may be disordered or they may be crystalline. Also they may ormay not be close to thermal
equilibrium. If they are disordered they may be liquid like, with rapid internal dynamics of the
molecules, or glassy, with arrested internal dynamics. If hey are crystalline they may be close to
equilibrium, or they may have defects or be in an metastable plymorphic state. As we will see, in
some experiments we do not even know whether an aggregate igystalline or not. | use the word
nanoparticle interchangeably with cluster; a cluster of a Ew hundred or a few thousand molecules
or ions will be nanometres across. In contrast to these moreemeral terms, | use droplet to mean
a cluster that is known to be in the liquid state, i.e., without crystalline ordering and with rapid
internal dynamics (not glassy). | use crystallite to mean a duster that is crystalline.

The structure of this review is as follows. | will start by enumerating the assumptions of classical
nucleation theory that may fail for some crystallising systems. Then the majority of the review will
consist of a number of relatively self-contained sectionsHopefully, each can be read more-or-less
independently. Each section is devoted either to a substarewith interesting and complex nucleation
behaviour, or to a particular assumption of classical nuclation theory that appears to fail.

After the section that lists the assumptions underlying classical nucleation theory, the next 3
sections each cover an important example system. These ardé drug ritonavir, ice and calcium
carbonate. The sections after these 3 are each devoted to asls of non-classical nucleation behaviour.
There are 6 sections devoted to nucleation behaviour that isomplex due to an intermediate phase.
This intermediate phase may be crystalline or uid. It may be transient or it may form in large
amounts.

Next the e ects of defects in the crystal lattice are consideed. These are not considered in the
simple classical theory which is essentially a theory for tke nucleation of a uid phase | where
there is no lattice and hence no defects in the lattice. Thereare then 2 sections on heterogeneous
nucleation on solid surfaces. In experiments, nucleationeems to be almost always heterogeneous,
and often occurs on the surface of an impurity particle. Thiscan cause nucleation to deviate from
the classical picture, e.g., due to an epitaxial match betwen the nucleating crystal and a crystalline
surface. Finally, there is a section covering the interestig observation that nucleation can be induced
by shining a laser on a solution, even though the wavelength fothe laser is such that the solution
does not signi cantly adsorb the light.

Crystallisation is a very large eld, and inevitably | have h ad to be highly selective. | can only
apologise to those authors whose work | was unable to cite.



Figure 2: Glycine crystals obtained via crystallisation in the presence of small amounts of small
molecule (comparable in size to glycine) impuritie$. The crystals are obtained by Poornachary
et al.* by crystallisation from aqueous solution. The images are: &) crystals of the polymorph
of glycine obtained with an impurity of 0.5 wt % (w/w glycine) of L-aspartic acid; (b) and
polymorphs (2 wt % of L-glutamic acid impurity); (c)  polymorph (4 wt % of D-glutamic acid);
(d) polymorph (6 wt % of L-aspartic acid); () and polymorphs (4 wt % of L-aspartic acid).
See Ref. 5 for glycine crystals without added impurities. Rprinted from Ref. 4 with permission.
Copyright 2008 American Chemical Society.

The Classical Theory for the Nucleation of Crystals

| characterise the classical theory for the nucleation of ¢ystals as making 6 assumptions:

1. Nucleation is a one-step process in which only one barries signi cant, and the nucleus consists
of a microscopic piece of the new bulk crystal phase that is foning. This assumption has been
known to be wrong in some systems for 100 years, and it causeds®vald to propose his
well-known rule of stages.

2. The nucleus grows one monomer at a time to the top and over th barrier.

3. The crystal lattice can be neglected and the nucleating phse essentially treated as if it were
a droplet of uid.

4. There is no other source of slow kinetics other than that de to the free energy barrier.
Speci cally, the microscopic kinetics are fast, there are © motions or rearrangements of the
molecules that occur on a timescale comparable to the long tiescale of nucleation.

5. The nucleation rate does not depend on the history of the saple, i.e., for a single-component
sample it only depends on the temperature and pressure, notrg for example, the rate of
cooling, or the thermal history of the sample.

6. Nucleation occurs over a saddle point in the free energy,d., the critical nucleus has a maximum
free energy as a function of size but the free energy is a minm with respect to other variables.
For example, the critical nucleus of a uid phase is expectedto be close to spherical as this
shape minimises the free energy at a given size.

If all these assumptions are valid then the nucleation rate $ given, at least approximately, by classical
nucleation theory. The homogeneous nucleation rate per univolume is then'3

r=jz exp( F =kT) (1)
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Here exp( F =kT) is the number of critical nuclei (= nuclei at the top of the bar rier) per unit
volume, j is the ux of monomers onto a critical nucleus, and Z is essentially the probability that
the critical nucleus goes forward into the new phase not backnto the metastable phasé'. F is the
free energy change on forming a nucleus at the top of the bamr. Finally, is the number density
of molecules of the nucleating species in the starting phase

In this review, | have tried to cover all the possible breakdavns of the classical theory, that |
know of. However, to keep the length of this review within a resonable limit, | have chosen to
deal in a partial way with the role of slow or glassy dynamics. This is assumption 4, but such slow
kinetics can also lead to assumptions 5 and 6 being violatedThere is a large literature on glassy
behaviour, and some of ideas there will need to be applied tohe study of crystallisation in order to
understand for example the competition between vitri cati on and crystallisation. A review covering
both some of the literature on glassy dynamics and that on crgtallisation in systems with these
dynamics would be useful, but there is no space here for that.

Having summarised these assumptions, next there are threeestions on substances where nucle-
ation is more complex than the simple classical picture sugests.

Ritonavir

One of the most interesting recent examples of complex nuciion behaviour is that of ritonavir.
Ritonavir is an anti-HIV drug. Like almost all substances, ritonavir has several polymorphs’.
Ritonavir was \introduced in 1996. During development, only the polymorph Form | was found®.
In 1998, a lower energy, more stable polymorph (form Il) appared, causing slowed dissolution of
the marketed dosage form and compromising the oral bioavadbility of the drug. This event forced
the removal of the oral capsule formulation from the market!' ’. Ritonavir is a life-saving molecule
so the disruption to its supply was highly undesirable. It was also of course very costly.

Polymorph control for drugs is crucial as di erent polymorphs dissolve at di erent rates and
so enter the body at di erent rates (have di erent bioavaila bilities) and so produce di erent doses.
Therefore, regulatory approval to sell a drug is given for the drug in a speci ¢ polymorph, which must
then be reliably produced. For an introduction to pharmaceuical crystallisation see the perspective
of Variankaval et al.8,

Form Il of crystalline ritonavir, although more stable, nucleates with di culty, which is why
it was at rst missed. However, once it appeared, it was \contagious", \Within weeks this new
polymorph began to appear throughout both the bulk drug and formulation areas ... solutions of
ritonavir which although not saturated with respect to form | were 400% supersaturated with respect
to form Il ...this dramatically less soluble crystal form made this formulation unmanufacturable.”
Bauer® found that ritonavir in solution is predominantly in a confo rmation very di erent to that
in form Il. Nucleation may be slow due to some combination of bbw kinetics for conformational
change and a large interfacial tension between the polymotp form Il and the solution. Whatever
the reason, assumption 5 is clearly failing here,

The search for new drugs is leading to quite large moleculeseing considered. It has been
suggested that this nding of a new polymorph relatively late in the drug-development process may
become more commop.

This nding that a new, more stable, polymorph is \contagiou s" is strange at rst sight but far
from unique. Dunitz and Bernsteinl® provide an entertaining list of much earlier examples of sim
ilar behaviour. For example, in the 1940s the molecule 1,2,3-tetra-O-acetyl- -D-ribofuranose was
studied®®. It initially formed what was called polymorph A. Then a second polymorph, polymorph
B, appeared, and in the presence of even traces of B, polymadnpA transformed rapidly to B, and
so labs contaminated with even undetectable traces of B codlnot be used to produce polymorph
A. It was reported that a sample of polymorph A made in Cambridge (UK) was shipped to a lab in
New York. The New York lab contained samples of B. The samplehen rapidly transformed to the
B form.
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Figure 3: (A) Particle size distributions derived from dynamic light scattering 1. The black triangles,
open circles and open squares are all lysozyme but from 3 dirent manufacturers; from Sigma, Seik-
agaku and Worthington respectively. The peak at 2 nm is from nonomers of the protein lysozyme.
Note the peaks corresponding to lysozyme clusters centredear 90 nm in both the Seikagaku and
Sigma lysozyme samples. This sub-micron peak is completelbsent from this batch of Worthington
lysozyme. For clarity, the size distributions for Seikagalku and Sigma lysozyme were o set from the
origin. Note: peak amplitudes are proportional to the intensity of light scattered by the particle, not
their number densities. (B) Cluster growth kinetics in supersaturated lysozyme solutions. Log-log
plot of the evolution with time of the cluster radius for supersaturated Seikagaku solutions in the
presence (open circles) or absence (black squares) of presting clusters. The black-square sample
was Itered using a 20 nm lter prior to the experiment. Clust er radii were taken from the particle
size distributions obtained from dynamic light scattering. The dashed lines are ts through the data
fort 5 min. Adapted from Ref. 11 with permission. Copyright 2007 Hsevier.

The molecular events that underlie this remarkable behaviar are unknown. A possible expla-
nation is the presence of seeds that promote the nucleationfa particular polymorph 1°. Here a
seed is operationally de ned as being a microscopic objecthiat can survive under conditions where
the bulk crystal melts/dissolves, and then when the solutio is supercooled promotes the nucleation
of a particular polymorph. The fact that such a seed can be fomed the rst time a polymorph is
crystallised suggests that these seeds contain a microsdogrystallite of the appropriate polymorph,
stabilised by an impurity of some sort. For example, a crystdlite could be stabilised by being in a
microscopic crack in a solid impurity, and so when the bulk cystal dissolves the crystallite in the
crack remains to act as a seed. This would be a possible mecham for violating assumption 5.

As Dunitz and Bernstein1® already pointed out, the problem with proving or disproving this
picture in experiment, is that such seeds can be tiny, perhap as small as a few nanometres across.
This means they are extremely dicult to detect, can easily enter the atmosphere in a lab, get
caught in lab coat etc., and could potentially be produced inlarge numbers. However, in principle
seeds could be studied in computer simulation to see if seedat matched the above description
could be made.

In experiments on the protein lysozyme in solution, see Fig3, Parmar et al.1! used light scatter-
ing to detect objects around 100 nm across. In this case they ave irreversibly-formed aggregates of
lysozyme itself. They then used Itration to remove them, and light scattering again to watch them
grow back, see Fig 3. Removing the 100 nm objects dramaticalla ected the nucleation behaviour.
This use of light scattering to detect small sub-micron seed may be generally useful in studying
crystallisation from solution. It is possible that in some systems, the time until crystals are rst
seen is at least partly due to the time for aggregates to growdrge enough to support nucleation.
This is di erent from the classical-nucleation-theory prediction, where the time is the waiting time
until a rare uctuation occurs.



Ice

The phase transitions of O are the ones we all come across in our daily lives, and the faration
of ice is the most important crystallisation process of all. See Fig. 1 for single crystals of ice that
have formed by a river in Wales. We need to understand it to unerstand the Earth's climate. We
are interested in both the freezing of supercooled water anthe formation of ice crystals in wet air
below 0 C. Here | will focus on the formation of ice from cold wet air, & it appears it is often non-
classical. In particular it is often a two-step process | it 0 ccurs via the formation of water droplets.
Below 0 C, we are below the the triple point and so the liquid state is rever the equilibrium phase,
but particularly just below 0 C, liquid water is only a little less stable than ice, so at all but low
supersaturations with respect to ice, the cold wet air is suprsaturated with respect to both ice and
water.

For an introduction to the extensive literature on this topi c see for example, the atmospheric
physics textbooks of Seinfeld and Pandi¥?, Pruppacher and Klett 13, and Mason!*. The Pruppacher
and Klett book has the most detailed presentation. More recet are the 2009 review of Hegg and
Baker!®, and the slightly older review of Cantrell and Heyms eld 6. These works should be consulted
for comprehensive reviews of ice formation. | do not attemptto comprehensively review experiments
or simulations on the formation of ice, that would require a ®parate large review. See Fig. 4 for ice
crystals growing inside water droplets.

Here | will do 3 things. The rst is to summarise some well-knovn results on the nucleation
of ice, much of this is from the atmospheric-science literatre. Here, | hope to convince scientists
who do not study the atmosphere, that there are useful ideasd be learnt from decades of study of
ice formation. The crystallisation of water has been studie much more extensively than has the
crystallisation of any other molecule. For example, it was kown that crystallisation can occur via
a metastable liquid phase many years before this was systertiaally studied in solutions of proteins
and other molecules.

The second part of this section on ice considers the intereistg phenomenon of contact nucleation.
The third part is devoted to a brief assessment of the state othe art in the computer simulation
of the nucleation of ice. After di culties with inaccurate m odels, and with advances in computer
power, simulation is now in a position to signi cantly advance our understanding of the freezing of
water. | will discuss these 3 aspects of the nucleation of ice order.

The nucleation of ice from cold wet air

Ice nucleates from wet air both under conditions where wateican form droplets as the air is super-
saturated with respect to water, and under conditions wherethe air is supersaturated with respect
to ice but undersaturated with respect to water'3. Both the nucleation of liquid water and of ice
are always or almost always heterogeneous, they occur on gares?14,

Indeed, despite many studies, see for example Cantrell andéyms eld's review®, it is not clear
that the homogeneous nucleation of ice in supercooled watdras ever been observed in experiment.
As water droplets have been studied down to temperatures belv 40 C6, it seems clear that rate
of homogeneous nucleation of ice is low up to at least 40 C. It is possible than the homogeneous
nucleation of water may in fact only occur at appreciable rates at much lower temperatures. See
Murray et al.1”'® for some recent work on the nucleation of ice in water. Note that at low temper-
atures, it may be the cubic-ice, k, polymorph of water that nucleates rst and then transforms to
the equilibrium polymorph of ice, hexagonal ice, |,. Also note that in water, extensive experimental
work over decades has found that it is extremely dicult to el iminate heterogeneous nucleation,
which is needed in order to study homogeneous nucleation. Tdre is no obvious reason to expect
that water is unique here, so presumably showing that nucleon is homogeneous in other molec-
ular or ionic systems will be hard or impossible. Thus, expaments may be limited to studying
heterogeneous nucleation.

In studies of ice nucleation in the Earth's atmosphere, the rticles it occurs on are called ice-
forming nuclei (IN). Three classes of ice nucleation are raagnised: \(1) contact nucleation occurs



when an IN initiates freezing at the surface of a drop, at the lighest temperatures; (2) immersion
nucleation occurs when an IN is fully immersed and initiatesfreezing from within the volume of
a drop, several degrees below the contact nucleation tempature; (3) deposition nucleation occurs
when water vapour forms ice directly on the surface of a IN*®. Note that nucleation pathways
(1) and (2) are for the nucleation of ice from metastable wate droplets that have formed in the
atmosphere at temperatures below OC. It has been known for many years that ice can form via the
condensation of liquid water droplets that then freezé314.20,

For nucleation class (3) no bulk water is seen but this does nomean that water plays no role
in the nucleation of ice. Only a nanoscale amount of water prgent for a fraction of a second is
required for the ice nucleus to form in water not air. This implies that water may be a ecting ice
nucleation even when it is not observed, and indeed when it isot stable in the bulk, i.e., when the
air is undersaturated with respect to liquid water. Even if the wet air is undersaturated with respect
to liquid water, nanoscale droplets of water can still form n cracks in the surface of a particle, via
capillary condensation. These droplets can dramatically acelerate nucleation, see the section on
nucleation in wedges and pits. This e ect has been suspectetbr many years: \The appearance
of some ice crystals slightly below water saturation: : : because they [ice nuclei] may have acquired
liquid water either by being hygrosopic “mixed' nuclei or by capillary condensation”4.

Particles of di erent substances cause the nucleation of ie at di erent temperatures, some are
more active than others in the sense that they induce freezig at higher temperaturest36. However,
we have almost no ability to predict if a particular substance will be good at inducing ice nucleation,
or not. We do not understand the process su ciently well to make predictions.

Figure 4. Two images of ice crystals growing in 10 L spherical-cap water droplets, viewed from
above?l. The temperature T ' 18 C. The droplets are on the surface of an atomically-smooth
silicon wafer. The images have been enhanced for contrast,itlv the freezing front appearing in grey
and very bright re ections evident. In the left-hand image t he crystal has nucleated on the surface
of the silicon wafer at or near the contact line. In the right-hand image the crystal has nucleated at
the silicon surface but away from the contact line. In the right-hand image the nucleated crystal is
oriented with the basal plane aligned with the imaging plane thereby showing a hexagonal shape,
but this is not necessarily the preferred orientation. The mages are courtesy of R. Shaw, see Ref. 21
for the movie of which these images are a frame.

Contact nucleation

Here we will consider number (1) of the three distinct mechaisms identi ed for atmospheric ice

nucleation'®. A number of experimental studies have found that under manyconditions a water
droplet freezes at a higher temperature if it is in contact wth a particle than if the same particle

is completely immersed in the water droplet:®1422:23_ |f a droplet contacts a solid surface then the
water/vapour interface will meet the particle surface along a line. At this line three phases meet, and
so it is called a three-phase line. It has been found that nueation can occur along this ling314.22{25

in preference to in the bulk of the liquid or at either the water/vapour or water/solid interfaces.



Suzuki et al. found that the temperature at which nucleation occurs at the contact line varies
with contact angle, but that the dependence is not a simple maotonic function of contact angle?*.
They also found that nucleation occurs at higher temperatues on rougher, more heterogeneous
surface$®. The roughness here was on the nanoscale. However, very ratavork by Gurganus et
al.?! found that, in their system, nucleation did not occur preferentially along the contact line. It
occurred in their water droplets mostly in contact with the substrate surface. See Fig.4 for images of
crystals that have apparently nucleated near or at the contat line (left-hand image) and away from
the contact line but in contact with the surface on which the droplet is resting (right-hand image).

It is not clear why nucleation seems to occur along the contacline in most experiments but
not in those of Gurganuset al.?L. Clearly, further work is required to answer this question, and to
understand nucleation both at a surface and at a contact line | have just two comments.

The rst is that classical nucleation theory suggests that we should nd what Gurganus et al.?!
found: Nucleation at a solid surface but away from the contat line. As Tabazadeh, Djikaev and
Reiss®27 have emphasised in the context of homogeneous nucleationhé free energy of an ice
nucleus will be lower at the water/vapour interface of a dropthan in the bulk, unless all the surface
planes of the ice crystallite surface melt. If even one surfae does not, it will be favourable for
ice to nucleate with that side at the water/vapour interface. Now, water apparently surface melts
on all crystal facets, and not only near the melting temperaures but also at signi cantly lower
temperatures?839, Therefore the ice nucleus is expected to avoid the water/vpour interface and
hence the contact line, which is what Gurganuset al.?! nd. Note that this conclusion relies on
neglecting line tensior’! e ects. The surface melting of ice implies that bulk ice is sparated from
vapour by a layer of liquid water, and pushing an ice nucleusrom bulk water to the interface with
the vapour phase would increase the free energy of the nuclsu

The second comment is that nucleation may be occurring at thecontact line due to e ects not
considered in simple estimates of the free-energy barrieotnucleation. For example, if the droplet is
being cooled, then the temperature will not be completely uiiform in the system. Is the temperature
then lowest along the contact line? Also, impurities are knevn to tend to concentrate at interfaces.
The same physics that concentrates them there could also puthem to contact lines where they
could speed nucleation. A set of experiments in which a paraeter (cooling rate? impurity level?
surface roughness?) is varied and the system goes from nuat®n at the contact line to nucleation
away from this line, would be very helpful.

Computer simulation of ice nucleation

Most of our information on the microscopic details of how nudeation occurs has come from computer
simulation. These simulations are mostly of simple model ptentials, such as the Lennard-Jones
potential. Unfortunately, the computer simulation of ice nucleation is very di cult. E orts have
been hindered by the problem of obtaining a simple yet accur@ model for water. Accurate here
means predicts a reasonable value of the freezing temperatiat atmospheric pressure, and correctly
predicts that water will freeze into ice I, (hexagonal ice), which is the ice polymorph that is the
equilibrium phase of real water below 0C at atmospheric pressure. The scale of the problem may
be judged from the fact that the widely used TIP3P model of water has ice }/water coexistence at

133 C at a pressure of 1 atmosphere, and at this pressure the ice folymorph is more stable’33!
It should be noted that ice has many polymorphs that appear athigher pressure. The problem of
developing a simple model that accurately predicts the phas diagram is discussed by Vegat al.®?,
and by Molinero and Moore34.

Not all models for water are as poor at predicting the liquid/crystal phase behaviour as TIP3P.
The TIP4P model for water is better 3223, For this model, ice I is the stable polymorph at atmo-
spheric pressure and water/ice coexistence is at a relatig good 41 C. Clearly this model cannot
be used to predict experimental results, which are all at arand 40 C and above, but simulations
could still provide insight into the microscopic mechanismof nucleation in ice. However, even with
better models there are still challenges associated with siulations, for example, with the order



parameters used in simulation to distinguish the growing cystal from the surrounding liquid 3°.

Perhaps the best computer simulation study of the nucleatim of ice is that of Quigley and
Rodger®®. They studied the homogeneous nucleation of ice in the TIP4Pmodel at 97 C, at
atmospheric pressure. They found that cubic ice, iced, nucleated not ice k, and that the barrier
to nucleation of ice I was 7kT. It may be that the ice | ;/water interfacial tension is less than the
ice Ip/water interfacial tension, promoting cubic ice nucleation.

Now, although the phase diagram of the TIP4P model is reasonale3?37"3 it is clear that
the model is not accurate enough that we can be certain that tle prediction of ice L nucleating
in preference to |, is correct. However, ice nucleation cannot be observed in @eriment so we
also cannot rule out the nucleation of ice | occurring via I.. For example, consider the following
scenario: | nucleates in supercooled water, thenyd nucleates on a surface of thel crystallite when
it is microscopic, and then I, then grows much faster than L. If this occurs then only I, would be
observed even though it was { that actually nucleated in the liquid.

Current experiments cannot rule out this possible mechanisy and it is di cult to see advances in
experimental techniques being su cient to observe the nuckus in the near future. It is presumably
around 10 nm across and crosses the barrier in much less thansl However, better models are being
developedf?34. When these are combined with modern simulation techniqueswe should be able to
obtain improved simulation results for the homogeneous nueation of ice. Moore and Molinerc®
have already studied crystallisation in a model (called mW) tted to the phase diagram of water,
including the freezing temperature at atmospheric pressug. They studied crystallisation at very
large supercoolings via direct simulation and found that their system froze into a mixture of cubic
and hexagonal ice.

This is all for the homogeneous nucleation of water, which igarely if ever how water actually
freezes. The study of heterogeneous nucleation at a surfacequires a potential for the water/surface
interaction. Such simulations will be required in order to understand experiments, but it may be
some time before quantitative simulations of the heterogeaous nucleation of ice are performed.

Calcium carbonate

In this section, we will consider the crystallisation of catium carbonate. Some other ionic systems
may crystallise via mechanisms that are similar, However, anic crystals are diverse and the crys-
tallisation of many may follow the classical path. For examgde, the nucleation of the crystalline
phase of sodium chloride from the melt has been studied by sinfation by Valeriani et al.*°4%, They
found that the nucleus is quite close to the classical-nuckgion-theory prediction. It was simply a
microscopic piece of the bulk crystal. However, for examplethe crystallisation of calcium phosphate
may have aspects that are similar to the much more extensivglstudied calcium carbonate systent?.

A recent book, Mesocrystals and Non-classical Crystallizationby Celfen and Antonietti *3, and
an extensive review by Meldrum and Celferf4, have both reviewed \non-classical crystallisation" in
calcium carbonate solutions in great detail. These works dicuss in detail the unconventional or non-
classical crystals that are sometimes produced from solutins of calcium carbonate and other systems.
Much of the work is motivated by a desire to understand how liing organisms use con nement,
controlled solution conditions, and speci c proteins to cantrol the crystallisation of calcium carbonate
with amazing precision. This is part of the eld called biomineralisation, see Mann's booK® for
an introduction to biomineralisation. Thus, many, but not a ll, of these non-classical crystals are
produced in the presence of one or more other species.

In general we cannot disentangle the roles of nucleation androwth in producing the crystals
discussed by Antonietti, Calfen and Meldrum. Hence the tem \non-classical crystallisation” not
non-classical nucleation. Thus, although the underlying micleation behaviour may be interesting, we
will not discuss it here. | will only discuss some recent exp@mental work that hints that nucleation
may not classical, and also recent simulation work.

Simulating charged species in aqueous solution is very cHahging, and so although there is
simulation work no nucleation rates have been calculated. W discuss simulation work below, see
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Figure 5: SEM images obtained by Rodriguez-Blanccet al.*® of the phases which form during
the two stages of the crystallization of calcium carbonate. The images in the top row are from
the rst stage. They show: (a) amorphous calcium carbonate ACC); (b, ¢c) ACC and vaterite
nanoaggregates; and (d, e) vaterite nanoaggregates. Notédat the vaterite forms as globular (see
(e)) aggregates of nano-crystals of vaterite (see (d)). Imges in the bottom row are from the second
stage: (f) vaterite nanoaggregates and the rst calcite cnstals; (g) calcite crystals attached to
vaterite spheres with the development of growth steps on thesalcite surface; (h) calcite growth steps
and vaterite nanoparticulate subunits; and (i) calcite crystals with vaterite casts. Reprinted from
Ref. 48 with permission of The Royal Society of Chemistry.

also Raiteri et al.*647 for recent work on calcium carbonate in aqueous solution, ath a detailed
discussion of the di culties of developing a model of this system. Note that even modelling pure
water is dicult, see the ice section, and that adding strongly interacting ions obviously makes
the situation worse. In addition as we will see experiments @gggest that there are dynamics with
timescales that are far too long to be accessible to simulatin.

Before we consider the recent experimental work on calciumarbonate crystallisation in solution
we need to consider a rather puzzling state of calcium carbate in solution that is presumably
highly relevant to its crystallisation behaviour. This state is non-crystalline, it is in addition to
the three crystal polymorphs: calcite, vaterite and aragorite. Crystals of two of the polymorphs of
calcium carbonate, vaterite and calcite, are shown in Fig. 5

Amorphous Calcium Carbonate (ACC)

There is extensive evidence that a concentrated non-crystine phase can form in calcium carbonate
solutions.*®®4 . This is called Amorphous Calcium Carbonate (ACC), see Fig.5a for an SEM

image of ACC. However, it may be misleading to call ACC a thernodynamic phase as apparently
it can vary according to how it is prepared*®®2. In particular, there is evidence for amorphous
calcium carbonates with compositions ranging from almost 0 water to more than one water molecule
per CaCOs unit. This is inconsistent with a thermodynamic phase which (at a given pH and

temperature) should have a de nite composition when it coexsts with the dilute solution.

The water dynamics in ACC with one water molecule per CaCQ has been studied by Michelet
al.*%, who found that some water in the ACC had rearrangement dynanics on the very slow timescale
of milliseconds. Thus there are very slow dynamics in ACC, ad at least for some compositions it
may be close to being a glass.. Very slow dynamics o er a poteial explanation for ACC's variability.
Slow dynamics will inhibit the process of relaxing from the @mposition ACC is prepared in, to the
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equilibrium composition.

The slow dynamics, and it appears often time-dependent compsition of ACC make understand-
ing nucleation of a crystal phase in ACC very di cult. If the ¢ omposition is changing then both the
speed of the microscopic kinetics and the free energy barrié¢o crystallisation may be changing in a
complex, uncontrolled and poorly understood way with time for a single sample, and it may be very
di erent in samples prepared in di erent ways. Until we have much better quantitative data not
just on the structure, but also on the microscopic kinetics h ACC, understanding crystallisation in

ACC will probably be impossible.

Figure 6: Clusters of colloidal particles, imaged with a cofocal microscop€®. The scale bar is
10 m. The particles attract each other with a short-ranged attraction due to the presence of a
non-adsorbing polymer in the suspension. The range of the &action is set by the polymer size,
which is 0:22 times the colloid diameter of 2 m. They are also charged and so repel each other with
a longer-ranged repulsio®. With this short attraction range the dilute-suspension/c oncentrated-
suspension transition is within dilute-suspension/crysial coexistence. The attraction has a well
depth of approximately 15kT and the colloid volume fraction is 002. The system is within both
dilute-suspension/crystal and dilute-suspension/concatrated-suspension coexistence. The clusters
are stable and do not coarsen into large crystallites over a @riod of days. Figure courtesy of C. P.
Royall, see Ref. 55 for further details of the system.

Nanoscale clusters of calcium carbonate in solution

Now we return to consider recent experiments on nucleationri calcium carbonate solutions. Gebauer
et al.%%57 nd evidence of very long lived (minutes +) clusters. The clusters are around 2 nm across,
and so are of perhaps 70 calcium and carbonate ions. The clsts are present in both undersaturated
and supersaturated solutions, and have been found by other avkers®®>°, Gebaueret al. also show
that the solutions are strongly non-ideal. The experimentswere done at high pH. Gebaueret
al. propose that these clusters play a role in nucleation, and tht nucleation is then non-classical in
the sense that the nucleus doesot grow single ion by single ion, but by the coalescence of clusts
of many ions.

This is an interesting idea. Nucleation via the coalescencef clusters of tens of ions would be
qualitatively di erent to classical nucleation theory's a ssumption of growth one ion at a time.

Unfortunately, evaluating this idea for calcium carbonate solutions is hindered by the fact that
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we do not know what the clusters are. Larger high density caleim carbonate aggregates can be
studied via TEM, see below, but Gebaueret al. could not study the structure of their clusters.
Clusters that are stable over relatively long timescales ca be observed in the very di erent system
of colloidal particles, see Fig. 6. There the clusters havergstalline local ordering and are stable for
long times due to very slow kinetics. This may be what stabilses the calcium carbonate clusters.
But it may also be a very di erent mechanism.

There are two obvious reasons for small clusters that persigor long times. The rst is that the
kinetics may be arrested, preventing both growth/coarsenng of the clusters, and shrinking. This
is the mechanism that stabilises the clusters in the colloidl system in Fig. 6. The second is that
clusters are actually at least a local minimum in the free enay, i.e., increasing or decreasing the
cluster does not occur because it would increase the free egg. In this section | will deal with these
two mechanisms in turn. Note that here | will be neglecting ary e ects of a crystal lattice in the
clusters. This neglect is harmless if the clusters are amotwus or uid. However, the clusters may
be crystalline. For the possible e ects of a crystalline latice, including mechanisms for arresting
cluster growth, see the section on defects.

Glassy clusters

If the small clusters arenot local free energy minima then something must be inhibiting heir growth.
Growth of clusters can occur either via pairs of clusters cadiding and then coalescing, or via molecules
leaving a smaller cluster and then di using to a larger cluster. This behaviour is discussed in any
review on phase transition kinetics, such as that of Bray°. To stop growth both mechanisms need
to be inhibited.

Coalescence will be slowed if the particles are either glagsor crystalline. However, standard
theories of sintering e.g., via surface di usion, predict that coalescence should be relatively rapid
for small particles and only slow for large ones. The predidgbn is that the coalescence time
R4kT=( D sa%), where R is the radius, is the cluster surface tension,Ds is the surface di usion
constant and a is the molecular size. Picking a surface tension = 10kT=& and a Dg = a’= hop:
where pp is the time between hops of a molecule on the surface, we havhat . = (10 R4=a%) hop-
Then if R is only few times a the coalescence time is perhaps only 100 times the hoppingnie, and
so coalescence is rapid unless surface di usion is esseliffacompletely arrested. This is supported
by the simulations of Lewis et al.®%, who nd that their crystalline clusters do stick together a nd
coalesce. This is in computer simulations in a model of goldiit nanoscale calcium carbonate crystals
should also tend to coalesce when they touch unless the dynados are essentially arrested.

If clusters have more of one charged species than the other ¢ they will have a net charge.
A su ciently large net charge will cause them to repel each other and hence stabilise them by
dramatically reducing the rate at which their surfaces toud. However, quite large charges would be
needed to prevent clusters touching over long periods.

Even if the clusters do not coalesce, perhaps because theyeahighly charged and so repel each
other, growth can still occur via di usion of molecules out of small clusters, across the intervening
solution, and into larger clusters. This coarsening resuls in the typical cluster radius growing as
R(t) = ( Dgol €s0@°=kT)1™280 where D¢, and ¢ are the di usion constant and the concentration
in the solution, respectively. This holds if the clusters exhange ions with the surrounding solution
so that each cluster is in local equilibrium with the surrounding solution. This will be the case unless
the cluster is glassy. Any reasonable value foD g will give cluster radii that grow rapidly beyond
sizes of a few nanometres. Clusters will only remain a few nametres across if this mechanism
does not operate, which would require that the clusters do nbexchange ions with the surrounding
solution and so are not in equilibrium with the solution.

A nal point is that Gebauer et al.®® observe clusters in undersaturated solutions. In undersat
urated solutions it is di cult to see why clusters would form unless the potential is such that the
clusters are favoured even when a bulk concentrated phase i®t, or the clusters are stabilised by
impurities. We now discuss both these possibilities.
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Clusters that are local free energy minima

Normally, clusters whose dynamics are not arrested dissoévin an undersaturated solution and grow
in a supersaturated solution. In a supersaturated solutionnanoscale clusters should not persist as
many small clusters have a much higher surface free energy palty than a few larger ones and so
the free energy is reduced by coarsening of many small clustinto a few large ones.

However, it is possible to have nanoscale clusters as a locfike energy minima. Two obvious
mechanisms for this are impurities and charge. It is well un@rstood that impurities can stabilise
nanoscale uid clusters, at both under- and supersaturatedconditions2{1462.63  Here an impurity
that strongly partitions into the phase that forms the clust ers (ACC here?) stabilises the clusters.

The other mechanism is charge, this has been considered in éhcontext of the nucleation of
proteins (but not calcium carbonate) from solution by Hutchens and Wandg®. Note that charge
can generically stabilise mesoscale nanoscale objects asd essentially the same e ect has been
studied in a number of other contexts, e.g., for polyelectrtytes®®. For calcium carbonate, if either
calcium ions or carbonate ions partition more strongly than the other ion from water into the
cluster, then the cluster will acquire a net charge. If the né charge density is o then there is then
a Coulomb self-energy that scales asdv?=(4 v ') = &v>>=(4 ). This increases faster with

cluster volume v, than either the surface free energy term, which scales ag?=3, or the bulk driving
force for crystallisation which scales asv. Hutchens and Wang?* show that this can create nite
clusters that can be metastable, i.e., are at a local minimumn the free energy. For this to happen,
one requirement is that they can be no larger than around the [@bye length. The experiments
of Gebaueret al.>® were performed at concentrations of the calcium and carborte ions of around
10 “M but at high pH, around 9 and above, where the concentration  OH ions is around 10 ?M.
Thus the Debye length is around a few nanometres, and so the wters are not too large to be charge
stabilised.

In summary, unless the clusters have large charges, are stidised by impurities, or are kinetically
arrested, it is hard to understand their stability. It is als o not clear how they contribute to nucleation,
indeed we have not direct proof that they do so. The observatins of Gebaueret al.*® are intriguing
but we are clearly very far from having even a qualitative pidure of how calcite is nucleating in this
system. More experimental data is needed.

One possible experimental test could be to quantify how the luster concentration varies with
concentration. In a dilute solution, any clusters will be weakly interacting and so the density of pure
clusters of n molecules is expected to vary very rapidly, asy, , for cy the monomer concentration.
This is for clusters at a local free-energy minimum, which ae not stabilised by impurities. The
concentration of clusters that are stabilised by glassy dyamics should generally vary less rapidly
and the concentration of clusters stabilised by impuritieswould vary with impurity concentration.

Larger calcium carbonate aggregates

Nudelman et al.®® studied rather larger calcium carbonate aggregates, 10 nmral larger. They
observed that their aggregates are ACC not crystalline for zes less than approximately 100 nm,
but are crystalline at larger sizes. This is surprising. Thesurface term in the free energy can
mean that small clusters can be uid at equilibrium even whenin the bulk the equilibrium phase is
crystalline, but this is only true of very small clusters. | will discuss why below, then consider whether
the kinetics of freezing can explain small clusters being anrphous and larger ones crystalline.
Small clusters can be uid at equilibrium even when in the buk the equilibrium phase is crys-
talline. This will be the case if the surface tension of the uid phase is lower than that of the crystal
phase. A lower surface tension stabilises clusters in the i state below a cross-over radius of ap-
proximately Ry ' Vce=( ). Here is the di erence between the surface tension of calcite
in water and the surface tension of ACC in water, and is the di erence between the chemical
potentials of the two phases. vcc is the volume of one calcium carbonate species. Given that
is not much less thankT and that is unlikely to be more than a fewKkT, this gives radii that
are at most a few times the e ective diameter of calcium carbmate. This is a few nm, not 100 nm.
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Here, by stabilise we mean reduce the free energy of the nanafticle of the less stable phase such
that it is lower than the free energy of a nanoparticle of the sme size of the equilibrium phase. See
van Meel et al.%8 for a discussion of this for the Lennard-Jones system.

Simple kinetics can explain a sharp crossover from small ciers that have not crystallised to
larger clusters that have crystallised, but only during a time window. The argument is as follows.
The probability that the crystal phase has not nucleated in a cluster and so is still amorphous is
pa(R) = exp( rx(R)t), where ry(R) is the nucleation rate in a cluster of radius R. If nucleation
occurs at the surface | here the nucleation barrier should be lower and the microscopic kinetics
faster | then ry should scale asR?. Then if pa(R = 50 nm) = 0:01, pa(R =5 nm) = 0 :95; it is
easy to see that is possible to have most small clusters stiACC while the large ones are almost
all crystalline, simply due to a larger nucleation rate in the larger clusters. Note that this scaling
assumes a uniform nucleation rate on the surface, if nuclean is occuring on an impurity at the
surface this may not be true.

However, Nudelmanet al.>® found that the ACC clusters were stable for long periods. A knetic
explanation cannot explain this as although reducing the dameter by a factor of ten will stabilise
the cluster for 100 times as long, eventually it will crystalise. This failure of both an equilibrium
argument and simple kinetic argument leaves us with more qusgtions than answers.

"2

R

Figure 7: Two snapshots 0.58 ns apart, from simulations by Tibello et al.%” of a model of calcium
carbonate in solution. The calcium ions are shown as green Bpres, the carbonate ions in cyan and
red, and a single water molecule is shown in yellow. In (A) thewater molecule is at the surface
but between two ACC clusters. In (B) it is surrounded and trapped by calcium and carbonate ions.
(B) is 0.58 ns later than (A). Reprinted from Ref. 67 with permission. Copyright 2009 American
Chemical Society.

Computer simulation of calcium carbonate

The study of the crystallisation of calcium carbonate from lution poses formidable challenges to
computer simulation. The solutions in experiment are dilute (therefore many water molecules must
be simulated in addition to the calcium and carbonate ions),the ions are divalent and so interact
strongly, and there is an intermediate ACC phase with what experiment*® suggests are slow dynam-
ics | much slower than the timescales that are accessible in adirect computer simulation. These
problems have prevented any direct study of the complete proess of nucleation from solution. How-
ever, calcium carbonate is a system of great importance andhere is an urgent need for information
on the microscopic dynamics which only simulation can provile. So a number of studies have been
made, and valuable results have been obtaine47:67.68,

Tribello et al.®” found that in their highly supersaturated solutions, ACC grew much more
rapidly than calcite. At least at high supersaturations, it is possible that ACC could form instead
of the more stable calcite simply because ACC can out-competthe calcite by growing faster. They
also found that water molecules can be trapped when two amotpous calcium carbonate clusters
coalesce, see Fig. 7. Water molecules being trapped in gravg ACC clusters would be consistent
with the water content of ACC being variable, as the amount of water would then be determined by
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the kinetics of growth. However, it should be borne in mind that the simulation runs were of 20 ns
duration or less, which is many orders of magnitude smallerhan the ms timescales found for some
water in ACC by Michel et al.*°. Also, as with all other simulations it should be rememberedthat
a simple potential is used, which may not reproduce all the bkaviour of the calcium carbonate in
water system correctly. See the recent work of Raiteri and cworkers for a discussion of potentials
for calcium carbonate in water*647.

Quigley and coworker$8:89 simulated clusters with diameters from around 2 to 5 nm. In their
second, more thorough study®, they found that their cluster had a lower free energy as a calite
nanoparticle than as an (anhydrous) amorphous cluster. Thé suggests that small ACC clusters
are not stabilised by having a lower surface tension than thecrystal. If ACC nanoclusters are not
stabilised by a relatively low surface tension then that woudd suggest that they are only favoured by
kinetics. ACC may grow faster from solution than calcite, and then persist due the large nucleation
barrier to crystallisation in ACC found by Quigley et al. 8°. However, this prediction is for amorphous
calcium carbonate without water, and it be may sensitive to the potential used.

Overview of nucleation that overcomes more than one barrier or IS
associated with a di erent phase transition

This and the remaining sections of the review are thematic, ach one reviews a particular cause of
non-classical nucleation behaviour, such as an intermedia phase. This cause may occur in many
di erent systems, and so each of the remaining sections mayantain experiments and simulation
results. | hope that those scientists who think that their crystals may be nucleating via a non-
classical pathway can nd a section or sections here that desibe the behaviour they observe, and
hence learn of other work studying related behaviour.

Consider the following common situation. A scientist is stulying a supersaturated solution (or
melt or vapour :::). Call this solution phase A. They cool it so the solution is sipersaturated with
respect to a crystal phase B. This crystal is then the equilibium phase. At some small supercooling,
they see nothing happening. Clearly there must be at least om large nucleation barrier between the
supersaturated phase A and the crystal phase B. In principlethere could of course be more than
one large nucleation barrier along paths from A to B, and thee could be multiple competing paths
between A and B.

If on further cooling, the crystal phase B nucleates rapidlythen clearly there is now a pathway
between the supersaturated phase and the nucleated phasdpag which there are no large barriers.
However, this pathway does not have to be simply a nucleus of Borming in A. As Ostwald under-
stood more than 100 years ago, a third phase, call it phase Cpald intervene. With a phase C, the
pathway from A to B could be as follows: C nucleates in A, then Bnucleates in or on the surface of
C. In this two-step pathway, either of the steps could be slowactivated processes.

Itis unlikely that both barriers will be the same, and so one will be larger and hence rate limiting.
For example, if there is a large nucleation barrier to the nudeation of C in A, but the nucleation of
B in C is rapid, then the rate-limiting step will be the nucleation of C. Thus, here the rate-limiting
nucleation process is of a transient phase that may never amar in amounts large enough to be
observed. Understanding that the rate is set by the nucleatbn of a transient phase that is not B,
would be crucial to understanding the kinetics herd®71, Assuming that the rate limiting step is the
nucleation of the nal phase, phase B, will lead to the wrong ©nclusions being drawn.

Particularly if the two barriers are not too di erent then th e two-step nature of the kinetics may
show up via deviations from the Kolmogorov-Johnson-Mehl-Arrami (KIMA) rule for the dependence
of the fraction crystallised as a function of time, see the mdel of Kashchiev and Satd?, and the
model and data of both Morales-Sanchezet al.”® and Laine et al.”*. This data is for alloys of
germanium, antimony and tellurium.

Nucleation is probably occurring on the surface of an impury, or of the container. Thus, we
have slow nucleation of C at a surface, followed by rapid nudation of B in the new phase C. Now,
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Figure 8: A simulation snapshot showing a surface (light grg plane at the bottom of the simulation
box) on which the surface transition pre-freezing has occued, from Page and Seaf®. The system
is above the triple-point temperature, so the crystal isnot stable in the bulk at the low pressure
of the simulation. Instead in the bulk there is vapour/liqui d coexistence. The yellow particles are
Lennard-Jones particles in a locally crystalline environnent while the blue particles are the same
Lennard-Jones particles but in locally uid environments. Note that approximately two layers of
particles have crystallised at the surface but that the bulkis still liquid. This freezing at the surface
is the surface phase transition called pre-freezing. Adagd from Ref. 76 with permission. Copyright
2009 by the American Physical Society.

it is well understood that there can be a rich and complex phas behaviour at surfaces, with its own
hysteresis. See for example the book of Butt, Grad and KappP for an introduction to interfaces.

Thus, at a solid surface, instead of a new bulk phase C appeary we could have a surface phase
transition, for an example see Fig. 8. For instance, we couldhave a situation where there are two
surface phases, call them and . The rate of heterogeneous nucleation of the new bulk crystal
B could be much higher in surface phase than in surface phase . Then the rate limiting step
for the formation of bulk phase B from bulk phase A could be theformation of the surface phase

. For an example of this, see Page and Se#t. Interpreting experimental data correctly will then
require detecting and understanding the -to- surface phase transition. This will often be di cult,
particularly if it is occurring on a nano-scale impurity par ticle.

As there are so many possibilities for nucleation that invole another bulk or a surface phase
transition, we have split up this part of the review into several sections. The rst section is this
one, and it just introduces the basic idea. The next section g devoted to the nucleation of one
crystal phase being accelerated by a second bulk crystal plsa. Subsequent sections review systems
where a metastable uid phase appears to a ect the nucleatim of the crystal. There is also a section
towards the end of this review that cover nucleation in wedge and pits. See that section for a
discussion on how nucleation of a crystal phase in pits can ba ected by capillary condensation
near a vapour/liquid transition. Capillary condensation i s a surface phase transition.

Crystallisation in the presence of multiple polymorphs

Many substances have more than one polymorph, for example #substance generally called ROY
has seven polymorphs with known crystal structureg®7°. Indeed this substance's common name of
ROY comes from the Red, Orange and Yellow crystal polymorphst forms. For substances with
more than one polymorph, we have no way of predicting which plymorph will appear rst, i.e., will
apparently nucleate fastest, or which one will grow fastest Over one hundred years ago Ostwald
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Figure 9: Optical micrographs showing: a) the selective famation of the anhydrous form of theo-
phylline on a carboxy-terminated Self-Assembled Monolaye (SAM), and b) the selective formation
of the monohydrate form on a di erent SAM, a methyl-terminat ed SAM. This is from the work of
Cox et al.”’. Under the conditions of the experiments the monohydrate péymorph is more stable
than the anhydrous. In both cases nucleation was presumablyeterogeneous and occurred on the
SAM. Reprinted from Ref. 77 with permission. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

postulated that it is not the equilibrium phase that nucleat es rst, but the phase that is closest in

free energy to the starting phase, i.e., when there is a phassith a free energy intermediate between
the starting phase and the equilibrium phase, it is this intermediate phase that nucleates®®®L. This

is not always true, see the example in Fig. 9, but it does highght the fact that we cannot assume it
will be the equilibrium phase that nucleates. In Fig. 9, on ore Self-Assembled Monolayer (SAM) the
less stable crystal polymorph forms (the anhydrous form, Fg. 9a) as Ostwald's rule would predict,
but on a dierent SAM a more stable polymorph apparently nucleates rst (the monohydrate,

Fig. 9b)’". This illustrates the observation that Ostwald's rule is only true some of the time, and
that the surfaces present can control (presumably via hetesgeneous nucleation) the polymorph that
appears. Also, traces of impurities can alter the polymorphthat forms, see Fig. 2.

Yu and coworkers have made some particularly interesting sidies of the nucleation and growth
of competing polymorphs, in molecular solids. Yu studied Dmannitol in 200382, D-mannitol has 3
polymorphs, in order of increasing stability under the expeimental conditions, these are , and

. In the 2003 experiments Yu did not observe the most stable form. He observed that the
polymorph formed rst and then it appeared that the more stable polymorph nucleated on crystals
of the polymorph and then essentially outgrew the less stable poiyorph. Similar behaviour was
observed for ROY®3. Given that the initial nucleation of the  polymorph was probably on an
impurity, it appears that the nucleation steps were heterogeneous nucleation of the polymorph on
an impurity followed by nucleation of the  polymorph on a surface of a crystal of the polymorph.

Later work with Tao and Jones on seeded nucleation with seeds found that thelessstable
polymorph could nucleate (at larger supercoolings) on the rore stable crystals, and then grew
faster than the form. An crystal that has nucleated on a seed is shown in Fig. 10.

Yu also studied D-sorbitol, which has the polymorphs E, A, B and , in order of increasing
stability under the conditions of the experiment. There he found only the E polymorph. This
polymorph was the only one that formed both with and without seeding with the stable polymorph.
This suggest$? that under the experimental conditions, the E polymorph has a lower nucleation
barrier than the  polymorph, and that it grows faster.

This phenomenon of one polymorph nucleating and growing, buthen being overtaken by another
polymorph that nucleates on the surface of the rst polymorph, is common. See Refs. 79,83{85 for
other examples. As the nucleation of the rst polymorph is presumably usually heterogeneous, and
may occur on the surfaces of the container, then altering thesurface chemistry of these surfaces is
one way to control the polymorph, see Fig. 9 and the work of Coxet al.””.

Sirota and Herhold’® studied nucleation of the stable polymorph that is acceleréed by the
appearance of a transient and less stable polymorph. Tranent here means that it is di cult
or impossible to stabilise large volumes of it for long times Their experiments were on alkanes
where the stable phase is a triclinic crystal, and the transént phase is a rotator crystal phase.
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Figure 10: Crystallisation of D-mannitol from the liquid ph ase, when a seed of the polymorph is
added to the liquid, from Tao et al.8”. The polymorph is more stable than the polymorph, and
at the start the  polymorph is already present as a seed crystal. However the form nucleates
on the surface of the polymorph. Then despite its lower stability, the  polymorph has a higher
growth rate than the  polymorph, and so can out-grow the polymorph. Reprinted from Ref. 87
with permission. Copyright 2007 American Chemical Society

B seed side-on

Also, Hughes and Harris'? have shown how to use NMR to follow a transient polymorph as it
forms and then rapidly transforms to a more stable polymorph They studied solutions of glycine
crystallising from methanol/water mixtures, and found that the  polymorph of glycine formed
rapidly but then the amount of this form dropped as the amount of the more stable polymorph
increased. The transformation is probably via dissolutionof the  polymorph occuring in parallel
with crystallisation of the  polymorph from the solution that surrounds both crystals. In other
words it is a recrystallisation process not a direct solid-b-solid process.

One polymorph can also transform to another in the solid stae. Here nucleation is likely to
be occurring at a defect in the solicf. An interesting example of this is found in chocolaté€®. The
white bloom found on chocolate stored at high temperaturess due to a transformation to a more
stable polymorph of a constituent of chocolate. The new polynorph has a di erent unit cell so the
transformation causes strain to build which is released by e formation of micrometre and smaller
akes of the new polymorph. These akes are responsible fortie white bloom?®®.

So far we have only considered molecular systems, similar phomena can occur in ionic systems.
For example, the most stable polymorph of calcium carbonatge calcite, can form via a less stable
polymorph, vaterite. See for example the recent work of Rodguez-Blanco et al.*®. In common
with other experimental work, Rodriguez-Blanco et al. cannot observe nucleation. However the
large number of nanocrystals of vaterite suggest a high nuehtion rate. The arguments of section
on nucleation at vapour/liquid interface suggest that it is likely that this nucleation occurs on the
surface of the amorphous calcium carbonate (see that secticand the section on calcium carbonate
section) but this suggestion has not been tested. Vaterite &s observed to be fully formed within
45 minutes, at 7.5 C. The conversion to calcite then took around 18 hours. The gystals of calcite
are orders of magnitude bigger, micrometres across not tensf nanometres. As they are perhaps
100 times bigger, see Fig. 5(i), but take 30 times as long to fo it appears that the growth rates
(under the conditions each grows, which are presumably di eent) are quite similar. This suggests
that vaterite may be appearing not because it grows much fasr than the more stable calcite form
but because its nucleation rate is much higher.

This work is an interesting example of a large amount of recetrwork, there is extensive literature
on the crystallisation of calcium carbonate, much of inspied by the fact that living organisms such as
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sea urchins, molluscs, etc., have an impressive ability toantrol which calcium carbonate polymorph
forms. See the review of Meldrum and Cefefi*, and the books of Celfen and Antonietti 43, and
Mann“®, for introductions to this literature.

Simulation

Desgranges and Delhommelf®° have used computer simulations to study models in which the
relative stability of the fcc and bcc polymorphs can be variel. They studied homogeneous nucleation
in a simple model at relatively large supercoolings, so theystem is rather di erent from the typical
experimental situation. However, simulation has the advartage over experiment of being able to see
the nucleus overcoming the nucleation barrier, and it can fdow the growing crystallite when it is
still microscopic. Desgranges and Delhommelle studied nigation and the early stages of growth,
under conditions where the fcc phase was a little more stabléhan the bee phase. They found89°
that at small sizes the nucleus had a large bcc component buthat as it grew, fcc took over. This
occurred when the nucleus was still microscopic, i.e., farao small to be seen in an experiment.

This is an interesting result, in experiment one polymorph & often seen to nucleate on another,
see for example Fig. 10. However this is when the rst polymoph to form has grown to macroscopic
dimensions and been observed, Taet al. used optical microscopy. If for example, a less stable
polymorph nucleates faster but grows more slowly than a morestable polymorph, then the less
stable polymorph may only appear very transiently at the nudeation step, before the more stable
polymorph nucleates on it and then out-grows it. Then this less stable polymorph may play a key
role in nucleation but exist for only a small fraction of secand and in the form of a crystallite of
perhaps only a hundred or a thousand molecules. This will notbe observed in experiment. Thus,
\hidden" transient polymorphs could easily be playing an unappreciated role in nucleation, and not
appreciating their role could be leading to errors. For exanple, if nucleation is epitaxial then to
encourage nucleation a substrate with a good epitaxial mate to this transient polymorph may be
more e ective than one with a good epitaxial match to the polymorph actually observed.

Browning et al.®! also used computer simulation to study a simple model with bc and fcc
polymorphs. They introduced seed crystals of the less stablpolymorph into supercooled uids, and
looked for whether the more stable polymorph would nucleate They introduced a bcc seed crystal
into the uid at low supersaturations with respect to the equilibrium fcc crystal, and found that the
bcc seed crystal would continue to grow, without the more stéle fcc crystal nucleating. Under the
same conditions an fcc seed produced fcc crystallisation seexpected. Thus at low supersaturations
the seed crystal controlled the phase that formed, as thereurcleation of both the bcc and fcc phases
was slow.

Examples of crystallisation in the presence of a uid/ uid tra nsition

Crystallisation can occur from a dilute phase, i.e., from a fase in which the molecules that will
crystallise are present at a volume fraction of only a few % oitess. This is typically either a vapour
phase or a solution. Crystallisation then requires attracions between the molecules to pull them
together into a crystal. These same attractions also tend toproduce a uid/ uid transition.

In the case of a vapour the uid/ uid transition is a vapour/l iquid transition while in solution
it is a dilute-solution/concentrated-solution transitio n, also called a liquid/liquid transition, phase
separation or \oiling out". For our purposes there is little real di erence between any of these phase
transitions. The result is always the same: a new phase in whh the crystallising molecules are
present at much higher concentration. This concentration & typically only a little below that in the
crystal.

We expect that the interfacial tension between the crystal and the liquid phase is smaller than the
interfacial tension between the crystal and the vapour phas. This is true for some simple systems
such as the Lennard-Jones modéf. Then classical nucleation theory predicts that the nucledion
rate of crystallisation should be faster in a liquid than in the coexisting vapour, and so the presence
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of the liquid will accelerate crystallisation. Note that here we will mostly use \vapour" and \liquid"

for simplicity but the reader can replace these with dilute and concentrated solution if they wish.
There are a number of experimental systems where there is elénce that an intermediate liquid

or concentrated-solution phase plays a role in crystalliséon from a vapour or from a dilute solution:

1. During attempts to crystallise them, solutions of many proteins often separate into dilute and
concentrated solution phases. Most of the quantitative stulies of this have worked with the
small, stable cheap protein lysozymé®%®  Protein crystallisation is of great importance due
to the need for protein crystals in order to use X-ray di raction to determine their structure.
However most proteins cannot be crystallised. As | discussni my earlier review! there is
extensive evidence that this dilute-to-concentrated-saltion strongly in uences crystallisation
in lysozyme.

2. There is also evidence that crystallisation of some relately small molecules can also occur via
the formation of a concentrated solution phase, e.g., Bonrté et al.®® observed liquid-liquid
phase separation, also called oiling out in this eld, folloved by crystallisation in the molecule
methyl(E)-2-[2-(6-tri uoromethylpyridine-2-yloxymet hyl)-phenyl]-3-methoxyacrylate.

3. An amorphous phasé3444950 frequently appears in supersaturated aqueous solutions afal-
cium carbonate, and clearly e ects crystallisation, see Fg. 5. Similar phenomena may be
occurring in other ionic systems™ although these are much less studied. See the calcium
carbonate section.

4. Nucleation of the crystal phase in liquid metal mixtures is of interest in the preparation of
metallic glasses. To make a glass nucleation must be su cietfy slow to allow the liquid mixture
to be cooled down below the glass transition temperature beie crystal nuclei can form®’.
Gebert et al.%8 found that varying the composition of their metallic system ZrgsAl7.5Cu17:5Ni1g
(by increasing the oxygen content) caused a metastable fcc iKr, phase to appear which in
turn lead to the formation of the stable crystals CuZr, and NiAl 2Zrg.

5. In the Earth's atmosphere ice can nucleate from cold€ 0 C) wet air, to form snow. At the
temperatures involved, say around 5to 30 C!2, water is only marginally (a few tenths of
a kT) less stable than ice, and so at all but small supersaturatios the air is either close to
or actually supersaturated with respect to liquid water, as well as being supersaturated with
respect to ice. Often droplets of water form and then freez¥. This is discussed in the ice
section.

6. In colloidal systems the particles can be directly imagedand followed. Zhang and Liu®®, and
Savage and Dinsmoré® have taken advantage of this and directly imaged transient @&nse
amorphous clusters that form in a dilute suspension, and the crystallise.

Note that in some cases the liquid or concentrated solution pase that forms may be highly viscous
or even glassy. For example, there is evidence of slow watelydamics in the amorphous phase of
calcium carbonate®, and the concentrated solution phase of lysozyme and othermpteins is under
at least some conditions gel-liké®?. High viscosity will slow the nucleation and growth of a crystal
inside a concentrated phase. If the dynamics arrest complety then nucleation will be prevented,
even if the nucleation barrier is low.

A liquid or concentrated uid phase is closer in density to a aystal phase than a dilute vapour
or solution, and this closeness is generally expected to rede the nucleating crystal's surface tension
and hence facilitate nucleation. However, by de nition a liquid phase has none of orientational and
translational ordering of a crystalline phase. By contrastliquid crystalline phases are not only dense
but also are partially ordered and so are even closer to crysl phases than liquids are. Janbonet
al. 192 studied crystallisation via a nematic phase. They suggesthat crystallisation from a nematic
phase may favour the crystal polymorph whose ordering is ckest to that in the nematic phase. In
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the systems that form these liquid crystalline phases, theycould potentially be even more e ective
than liquid phases at helping the nucleation of a crystal.

The nucleation in the experiments listed above is presumalyl heterogeneous and on impurity
particles, but for clarity of presentation | will rst outli ne possible mechanisms for how an inter-
mediate liquid phase a ects homogeneous nucleation. | wilstart with homogeneous nucleation via
a liquid that is more stable than the vapour. Here macroscopic amounts of the liga can form,
and persist for long periods of time. Then | will discuss the guation where the liquid phase is a
little lessstable than the vapour phase. Then in the bulk, only a microsopic amount of liquid can
form, and it can only exist transiently. However, only a microscopic amount of the liquid is enough
to greatly accelerate nucleation of the crystal. Only enou@ liquid to accommodate a microscopic
crystal nucleus is required, and it only has to persist long eough for the nucleus to cross the barrier.
| will then consider nucleation at the vapour/liquid interf ace. Nucleation at surfaces and in pores is
considered in two sections towards the end of this review.

Nucleation of a crystal phase when the metastable liquid is more
stable than the vapour

Within classical nucleation theory the barrier for nucleation of phase inphase scalesas® = 2 .
Here is the interfacial tension between the nucleus of phase and its surroundings of phase .
is the di erence between the chemical potential of phase and the chemical potential of phase

. Thus if
3 3 3

X\é > Iv2 : XI2 (2)
XV Iv x|
then nucleation should be faster in two steps, liquid from vaour then crystal from liquid. Here
xv, Iv and 4 are the interfacial tensions for the crystal/vapour, liquid/vapour and crystal/liquid
interfaces, respectively. 4, v and 4 are the chemical potential di erences for the crystal
and vapour, liquid and vapour, and crystal and liquid pairs of phases, respectively.

If nucleation is in two steps then the slower rate will determine the rate. This means, for
example, that use of the nucleation theoremt should give an estimate of the number of excess
number of molecules in the rate-limiting nucleus. Also, as @ =@)p= 1= the chemical potential
of dilute phases changes rapidly with pressurep, while that of dense phases changes only slowly
with pressure. Here is the number density of molecules. Thus as the pressure of aagour or
concentration of a solution, is varied, |, rapidly increases while ,; remains almost unchanged.
This means that if nucleation of the liquid phase is rate limiting, then the rate at which crystal nuclei
form will rapidly increase with pressure. However, if the rae limiting process is nucleation of the
crystal from the liquid, then the rate at which crystal nuclei appear may be almost independent of
pressuré®. In solutions the same argument applies, if the rate increass rapidly with concentration
or osmotic pressure then this suggests that nucleation of tb concentrated phase is rate limiting.

Both Chen et al.1%® and van Meel et al.®® used computer simulations of the Lennard-Jones
model just below its triple point to study crystallisation f rom the dilute vapour. As expected from
the above arguments, it is clear that there are conditions wiere homogeneous nucleation proceeds
via two steps: nucleation of the liquid, followed by nucleaion of the crystal in liquid droplets.
Formation of a crystal directly in the vapour occurs at a much lower rate. The liquid phase, which is
not present at equilibrium as we are below the triple point, geatly accelerates crystallisation. Du
and Peters!%#195 and Whitelam 1% have both used computer simulation to study simple lattice
models in which the analogue of a vapour-liquid transition @n provide a stepping stone to the
system's ordered phase.

The general expectation is that the interfacial tensions wil be in the order , > | > 4. This
is the case in the Lennard-Jones modé&f, but it does not always have to be true. Some solids, the
Lennard-Jones model is an examplé®197, surface melt. There it is true that , > 4 + v, and
so when all 3 phases coexist at the triple point, there is a thik layer of the liquid phase between
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the crystal and the vapour. Interposing a liquid between thecrystal and a vapour lowers the free
energy. Ice also surface melf$30 but some other substances do not, such as gol@®199,

In many systems the liquid phase accelerates crystallisatin. However, there are circumstances
where it can inhibit crystallisation. This can be for thermodynamic or kinetic reasons. If the liquid
is only a little less stable than the crystal the driving force for crystallisation in the liquid, Xl s
will be small and so the nucleation barrier to crystallisation will be large. This is a general feature
of two-step nucleation, if the intermediate phase (here thdiquid) is not stable enough it cannot help
nucleation but if it is too stable then it forms but then persi sts, i.e., the second step does not occur
and so no crystals form. There is a window of relative stabilly where the intermediate phase helps
nucleation1®. Also, if the liquid phase is gel or glass-like, i.e., if di usion of the molecules in it is
very slow then its formation may also hinder crystallisation. The system may arrest in this glassy
phase and then no crystals will form, even though the molec@s may have been highly dynamic in
the original vapour or dilute solution.

Nucleation of a crystal phase when the metastable liquid is less
stable than the vapour

In 2000, Galkin and Vekilov®® found a maximum in the apparent rate of nucleation of lysozyne
crystals just outside a dilute-to-concentrated-solution transition. Naively, you might expect a dilute-
to-concentrated-solution or vapour/liquid transition to only be able in uence crystallisation when
a system is within the transition. This is not the case, but it is true that outside vapour/liquid
coexistence only microscopic amounts of liquid can form. Tis brings us to discuss the in uence
of microscopic droplets of the liquid phase. Note that we hae already done so in the context of
calcium carbonate, so there is overlap between the calciurnarbonate section and this section. Also
note that the liquid phase here may be very viscous, possiblgven glassy.

Most of the experimental studies of the e ect of clusters of potein molecules have been under-
taken on solutions of the small protein lysozyme. However, lasters have also been invoked in studies
of crystallisation in systems of smaller molecules. For exaple, Chattopadhyay et al.'! observed
clusters of a few molecules of glycine in supersaturated agous solutions. In this section, | will start
by outlining how a \conventional liquid" (concentrated sol ution etc.) phase can aid nucleation, then
outline the data for lysozyme and possible models for this beaviour. By \conventional liquid" |
mean a liquid whose droplets have a free energy that can be witen as a sum of a volume term and
a (positive) surface term, and so do not not form clusters at gquilibrium. See the calcium carbonate
section for a discussion of nucleation in the presence of dter-forming systems.

Outside vapour/liquid coexistence, the concentrated-saltion phase is less stable than the dilute
phase. Therefore, (without impurities) in the bulk a liquid droplet can only form transiently. So
the liquid droplet can only aid homogeneous nucleation dumg its brief lifetime. The free energy
cost of forming a liquid droplet is positive and increases wh size here. This has been observed in
a colloidal system by Savage and Dinsmor¥?. The liquid droplet has to form, and then persist for
long enough for the crystal phase to nucleate inside it. The uacleation rate would then have the
non-classical form

rate = jexp( Fg=kT)exp( x=r) 3)

where | is the characteristic frequency for particles entering andeaving the transient liquid droplet
and F is the free energy of a liquid droplet that is large enough to acommodate a nucleus of
the crystal. The nal factor is the probability that a drople t that has become large enough to
accommodate a crystal nucleus will persist long enough forhte crystal phase to nucleate. This
should depend exponentially on the timescale for the crystphase to nucleate in the droplet, , if
this timescale is much larger than the characteristic timegale for uctuations in size of the nucleus
at the top of the barrier, ¢ .

Note that the rate decreases exponentially with the nucleaion time of the crystal in the liquid
droplet, . This time is expected to increase exponentially with the barier to nucleation of the
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Figure 11: Schematic showing three possible locations forugleation in a system that has phase

separated to form a dilute phase (the white area) containinga droplet of the concentrated phase

(the pale blue droplet). The nucleus in each location is show as a dark-red hexagon. Location 1):

the nucleus forms in the dilute phase. Location 2): the nuclas forms in the concentrated phase.

Location 3): the nucleus forms at the interface between thewo phases. We have shown the nucleus
at the interface forming in contact with an impurity particl e (black square) also at the interface.

Nuclei in locations 1) and 2) can also form in contact with impurities.

1) Homogeneous, dilu

2) Homogeneous, concentrated

3) Heterogeneous

crystal phase in the droplet. Thus, the nucleation rate via atransient droplet is expected to be very
slow unless the nucleation barrier to crystallisation in the droplet is low. If the barrier is not low the
rate at which inherently transient liquid droplets form and then persist for the required very long
time, is very low.

Finally, the above discussion ignores the role of solid imprity particles and surfaces in nucleation.
But it should be noted that even outside vapour/liquid coexistence, microscopic amounts of liquid
can appear in pits, slits, pores etc.. This is called capilley condensation. This is discussed in the
section on nucleation in wedges and pits. Note that nanoscal structures in solution would easily
be enough to allow capillary condensation to occur inside tem in solution. This may be why such
structures made from gelatin aid lysozyme crystallisatiort?.

Lysozyme

Vekilov and coworkers have studied solutions of the proteinlysozyme. They nd that they con-
tain clusters of 1 to 10° molecules and that these large clusters aect crystallisaipn113{115,
These clusters are present at low concentrations (1 ppm of # protein) and are outside the dilute-
solution/concentrated-solution coexistence. It is very hard to see how these can form without im-
purities. In particular, charge e ects, as studied by Hutchens and Wandg* cannot explain clusters
of this size. The impurities could be irreversibly aggregagd lysozyme molecules. Parmaet al.'!
found evidence for non-equilibrium irreversibly formed agregates of lysozyme, see Fig. 3. These
a ected crystallisation. Note that it is well known that lig uid clusters can be stabilised by impuri-
ties1213:6263,116 The concentration of clusters is then controlled by the impurity concentration.

Thus it seems likely that in at least lysozyme and possibly dlor most protein solutions, crystalli-
sation is a ected by the dynamic clusters of protein molecuks, these may be stabilised by impurities,
which may themselves be aggregated proteitt, see Fig. 3. Proteins are clearly di erent to smaller
molecules, such as pharmaceuticals | which cannot unfold. However, even small molecules could
cross-link, e.g., via oxidation, and it would only require asingle cross-linked aggregate to stabilise
a liquid cluster outside a liquid/liquid transition, which could then go on to crystallise. Thus it
may be useful to apply the methodology of Parmaret al.1! to systems such as solutions of small
molecules.
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Figure 12: A simulation snapshot from the work of Mendez-Viluendas and Bowled%:10° |t shows
a crystalline nucleus of 71 gold atoms growing in a liquid drplet of 456 gold atoms. The atoms of
the nucleus are shown in dark gold while the atoms in liquid esironments are shown as pale and
translucent. Note that the nucleus forms at the surface of the gold droplet, i.e., at the liquid/vapour
interface. Reprinted from Ref. 108 with permission. Copyrght 2007 by the American Physical
Society.

Nucleation of a crystal phase at the vapour/liquid interface

When vapour/liquid phase separation has occurred under coditions where the equilibrium state is
a crystal, this crystal can potentially nucleate in one of three places: the liquid, the vapour, and
the interface. This is shown schematically in Fig. 11. A crysalline nucleus of gold that has formed
at the liquid/vapour interface of a liquid gold droplet, is shown in Fig. 12. At any of these three
locations it could be occuring in contact with a small impurity particle. Note that impurity particles
tend to concentrate at interfaces, due to the same physics athat behind Pickering emulsions!!’,

Applying classical nucleation theory to nucleation at eachof the three possible places for nu-
cleation we obtain three rates: jexp( F, =kT), yexp( F,=kT)and jexp( F; =kT). Here

F is the nucleation barrier, and is the frequency with which molecules join the nucleus, wherx
=1, v, and i for the liquid, vapour and interface, respectively.

Now, the nucleation free-energy barrier comes from the freenergy cost of creating the interface
around the nucleus. If the nucleus forms at the vapour/liquid interface then as it grows although
there is a free energy penalty due to the cost of creating the ucleus/liquid and nucleus/vapour
interfaces, the nucleus actually reduces the area of the vaqur/liquid interface. This is is illustrated
in Fig. 13. Therefore, there is a negative contribution to the nucleus free energy equal to a, ,
where  ay is the change in area of the vapour/liquid interface that ocairs when the nucleus forms,
and is the vapour/liquid interfacial tension. Due to this term, unless the crystal surface melts
the lowest nucleation barrier should be the one at the interace, F, . If all phases are uid (not
glassy), the three 4 should be comparable and nucleation should occur at the intdace. This is
the case for gold, see Fig. 12, where the nucleus is clearlyrfioing at the interface %8199, |f the
crystal does surface melt then F, should be the lowest nucleation barrier. This is the case fothe
Lennard-Jones model, where the crystalline nucleus formsiithe bulk of droplets, away from the
interface®6-103,

However, in a number of cases, e.g., proteins and calcium daonate, the molecular dynamics in
the concentrated-solution phase are slow, i.e., the it is gissy. In these cases, we expect i vy
i.e., the dynamics at the interface is likely to be much faste than in the bulk concentrated solution
but much slower than in the surrounding dilute solution. Clearly, if the molecular dynamics is
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Figure 13: Schematic showing two possible locations for nleation at an interface, together with
the interfacial areas that disappear when the nucleus formsAs in Fig. 11 the interface is between
coexisting vapour and liquid phases shown in white and pale loe, and the solid particle at the
interface is shown in black. The nuclei are dark red, and therterfaces that disappear when they
form are yellow. The vapour/liquid interfaces that disappear when the nucleus forms are shown in
pale yellow, while the particle/liquid and particle/vapou r interfaces are shown in darker yellow.

1) Interface

2) Contact lin

completely arrested in the concentrated-solution phase ten nucleation cannot occur there, and so
it will occur either on the surface of clusters of this glass,if this surface is still mobile, or in the
vapour.

A nal point is that due to the interface, the nucleation barr ier there could easily be 1&T or
more lower than in the vapour, then nucleation will occur at the interface even for = 1.
However, if the bulk of the concentrated solution phase is aiested then growth will occur into the
dilute solution phase, and crystals will start at the interface and grow out into the dilute solution.

Nucleation at a contact line

Nucleation commonly occurs on solid surfaces and solid padies will tend to be attracted to
vapour/liquid interfaces, due to the physics responsible ér Pickering emulsions''’. Thus when
nucleation is observed at a vapour/liquid (or dilute/concentrated solution) interface it may be oc-
curring on the surface of a solid particle at that interface. This is illustrated in Fig. 11. When a
vapour/liquid interface hits the surface of a solid particle, there is a contact line. This is also called
a three-phase line as it is line along which three phases meeContact lines also arise when there is
a droplet of liquid sitting on a solid surface.

At a contact line 3 interfaces meet and so when a nucleus formthere it replaces more interface
than when it forms just at a vapour/liquid interface, where it can only replace one interface. This
is illustrated in Fig. 13. So at the contact line the free-enegy of the nucleus is lowered due to the
disappearance of vapour/liquid, solid/liquid and solid/v apour interfaces, all of which can cost free
energy. | have studied a simple lattice model (which does noshow the analogue of surface melting)
and indeed nucleation is fastest along the contact liné!8,

However, some crystals, e.g., ice, surface melt, i.e., thaterfacial free energy cost of a direct
crystal/vapour interface is larger than the sum of a crystal/lliquid and a liquid/vapour interface. Then
the crystal nucleus should avoid the vapour/liquid interface and hence the contact line. Nucleation
is then expected on the solid surface but in the liquid; see th ice section for a discussion.

This picture of surface-melting crystals nucleating at the solid/liquid interface and non-surface-
melting crystals nucleating at the contact line may be too smple. Djikaev and Ruckenstein*'® have
considered the thermodynamics of nucleation at a three-phse line. In addition to the surface free-
energies there is a line tensiof12%, This is the free energy associated with the contact line itelf
(in addition to the bulk and surface terms). It has dimensions of energy per unit length and can be
positive or negative. If the line tension of the water/vapour/particle three-phase line is large and
positive then this would reduce the nucleation barrier there. However the value of the line tension
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Figure 14: Snapshot of a con guration from a nucleation pattway. It is from the crystallisation of
a liquid droplet of 850 Lennard-Jones molecules. Only the pdicles with local crystalline ordering
are shown, these particles are in a liquid droplet but the paticles in liquid-like environments are
not shown. The cluster is studied at the reduced temperaturelT = 0:45, as in the work of van Meel
et al.%6. The con guration shown is a quenched version of a con guraion with a largest crystalline
cluster of 200 crystalline molecule$??. This is just over the barrier for crystallisation. Particl es
with fcc, hcp, decahedral and icosahedral local ordering & cyan, dark green, grey and light green,
respectively. The local ordering of the particles is deterrmed by the common-neighbour analysis of
Honeycutt and Andersent??123, Note that there is relatively large fcc domain (cyan) in the bottom
right of the nucleus. This domain is limited by stacking faults at the top and left, these stacking
faults show up as planes of molecules in locally hcp environemts (dark green). There is also a
ve-fold axis forming along an edge of this fcc domain, note he two grey molecules in a locally
ve-fold symmetric environment and compare this snapshot wth Fig. 15A), B) and D), which all
have full formed ve-fold axes. Simulation con guration courtesy of A. Page. This and Fig. 15 were
produced using Jmol?4,

is unknown.

Computer simulations will probably be required to understand freezing at a surface and along
the three-phase line. But as ice surface melts there is no sing theoretical reason for expecting the
free energy barrier for ice nucleation to be lowest at the coract line. As an example of systems
which do not surface melt, we can consider gold. This does naturface melt:®®, and so a gold liquid
droplet on a surface would be expected to freeze from the coatt line.

Defects

Crystals are never perfect, the crystal lattice always has dfects. The role of defects in crystal growth
has been studied extensively. It is su ciently standard to be discussed in textbook$?®, and it has
been appreciated since the work of Frank?® in the 1940s that screw dislocations can dominate the
growth of crystals at low supersaturations. At low supersaurations growth at a screw dislocation
is much faster than on the surface of a perfect defect-free gstal. This is because growth of an
extra layer on the surface of a perfect crystal requires thatthis new layer nucleate. Nucleation is
not required at a screw dislocation. At low supersaturatiors this nucleation barrier is large and so
growth via layer-by-layer nucleation is extremely slow.

So, defects can qualitatively change the growth behaviour focrystals. Can they also qualitatively
change the nucleation behaviour? There has been essentialho work on this, so we do not know
the answer. However, given the vital role they play in growthat low supersaturations it seems likely
that in at least some systems they are also important in nuclation.

To a ect nucleation, the defects would need to form either bdore the top of the barrier is reached,
or at the latest around the top of the barrier. Page'?! has studied the formation of defects in the
nuclei formed during the crystallisation of a cluster of 850Lennard-Jones particles. She did nd
defects, but was only able to study nuclei that are little pag the top of the nucleation barrier. The
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simulation snapshot in Fig. 14 is for a nucleus with 200 moledles identi ed as crystalline, whereas
at the top of the barrier only around 160 molecules are identied as being crystalline. Note that
there is clearly a defect forming in the nucleus, so defectsan clearly form early on in crystallisation.

A) Ground state N =850 B) Ground state N = 823

Figure 15: Figure showing defect patterns in crystalline disters'?l. A) is the (icosahedral) ground
state for N = 850, and B) is the (decahedral) ground state forN = 823. Both con gurations
are from Xiang et al.'?’, see also the Cambridge Cluster Databas&®. C) and D) are obtained by
crystallising liquid droplets of N = 850 Lennard-Jones particles atT = 0:45'%1. Snapshots C) and
D) courtesy of A. Page. Particles with fcc, hcp and icosahedal local ordering are cyan, dark green
and grey, respectively. The disordered particles in the comurations of C) and D) are not shown.
In C) the crystalline ordering is such that all the close-padked planes are parallel but it is neither a
single fcc nor a single hcp crystal as it is disrupted by stadkg faults. D) is a partial decahedron with
3 relatively large fcc domains and 2 fragmentary ones, sepated by 2 well-formed stacking faults
(hcp layers) and 3 fragmentary ones. These stacking faults et along an axis of ve-fold symmetry.
All 4 con gurations have the local ordering of all particles determined by the common-neighbour
analysis of Honeycutt and Andersed??123, The con gurations of C) and D) have been quenched
from T = 0:45to0 T = 0. The quenching is done by putting a con guration from a simulation
of crystallisation at T = 0:45%:121 into a short Monte Carlorun at T =0. The short T =0
qguenching run helps in identifying the locally fcc, hcp, etc molecules with the common-neighbour
analysis.

This work is not conclusive and the situation in other systens is completely unclear. Essentially
all work completely neglects defects but we simply do not kne whether neglecting defects is a more-
or-less harmless approximation in most cases, or whether giecting them results in large errors. We
also do not know whether defects slow down or accelerate nweztion. It should be noted that the
formation of defects themselves can involve nucleatioh and hence be slow, and that the standard
techniques used in computer simulation can fail in the presece of a source of slow dynamic€%132.
Thus existing simulation results may be missing defects du¢o problems with the algorithms.

As there are so few results in simulation and no experimentatesults that | know of, | will just
brie y some preliminary results by Page'?!, and outline what is known about crystalline clusters
and what consequences this may have for crystallisation. Té critical nucleus is a small crystalline
cluster. Such clusters have been extensively studiéd*!3¢ and it is now well established that the
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Figure 16: Figure from Anwar et al.1®® showing a computer simulation con guration obtained
on attempting to crystallise a system of Lennard-Jones moleules (shown as red spheres), in the
presence of impurity molecules (grey spheres$®. The impurity molecules have a high a nity for
the crystallising molecules and so are incorporated in the iwing crystal, but are larger than the
crystallising molecules and so strain the growing lattice.This strain can arrest crystal growth when
the crystal is still microscopic. Reprinted from Ref. 139 wih permission. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.

free energy isnot minimised by the small crystallite being a defect-free piee of bulk lattice, it is
minimised by an often intricate pattern of defects. Two exanple minima, chosen because of their
di erent defect patterns, are shown in Fig. 15A) and B). They are energy minima, which are the free-
energy minima at zero temperature, and are for crystalline tusters of 850 and 823 Lennard-Jones
molecules.

Defects are present at equilibrium in clusters, essentia)l because a chunk of a bulk lattice typi-
cally has a very high surface free energy. This is partly duetibeing far from spherical and partly due
to it exposing faces with low coordination number. Introducing defect planes and lines can produce
a more spherical crystallite with a lower surface free eneng and if this reduction in the surface free
energy is large enough to overcome the cost of the defects, aguilibrium the cluster will have these
defects.

The question then is: Given that defects can reduce the freerergy, does the growing nucleus
contain defects, or is it closer to a piece of the bulk crystal with a correspondingly higher free
energy? If the nucleus does contain defects, then how do thefprm? The formation of defects has
been studied in bulk crystals, they typically form near the surface?. However, in growing nuclei we
simply do not know the answers to these questions.

It seems likely that the formation of defects will typically be kinetically controlled, i.e., the
defects that form will those can that can form easily, not those that minimise the free energy.
This is supported by some work by Pagé?! who on crystallising clusters got crystallites with the
defect patterns shown in Fig. 15C) and D), which are not the eqilibrium defect pattern, shown in
Fig. 15A).

Note that the equilibrium defect patterns are rather elaborate, see Fig. 15A) and B), and so
are kinetically dicult to form. In other words if defects ar e taken into account the free-energy
landscape of crystalline clusters is complex and rugged. @stallisation will take place over this
rugged landscape, and so classical nucleation theory's six assumption is highly unlikely to be
correct. Predicting the pattern of defects that form will pr obably be challenging but it may well be
that defects play a crucial role in the nucleation of some imprtant crystals and so it is a problem
that should be addressed.

Finally, note there has been some work on the nucleation of hrd spheres, where defects clearly
form 140141 put these defects may be forming after the nucleation bargr has been crossed. Also,
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defects can play a role in arresting the growth of small crystlline clusters, potentially producing a
solution or vapour of many small crystallites that may be stable for long periods. Thus the clusters
Gebaueret al.>® observed in calcium carbonate solutions could be crystalies whose growth arrested
after incorporating impurities. Anwar et al.*3° used computer simulation to study crystallisation in
a Lennard-Jones uid in which there were impurities. Some inpurities they studied were such that
they attracted the molecules strongly and so were incorported into the growing crystallites but
were the \wrong" size for the lattice and so created strain inthe lattice. This strain arrested growth
of the crystallites, see Fig. 16 for an arrested crystallite This microscopic mechanism discovered
by Anwar et al. may also underlie at least some of the e ects ofimpurities on the crystallisation of
glycine found by Poornacharyet al.*.

Heterogeneous Nucleation: Flat Surfaces

Homogeneous nucleation of crystals is probably rather rareusually impurities are involved in nu-
cleation. Frequently these impurities have solid surfacesand the nucleus forms on this surface. As
| discuss in my earlier reviewt, within classical nucleation theory, the nucleation barrier is almost
always lower at a surface than in the bulk. The nucleation barier comes from the surface terms in
the nucleus free energy and at the solid surface there are pwxisting surfaces whose free-energy cost
has already been paid. These pre-paid costs are subtractedon the nucleation barrier, resulting in
faster nucleation at the surface. This reduction in the bariier at a surface is generic and applies to
crystals. So it is a plausible basic explanation for the comran observation of crystallisation starting
at surfaces. However, the interaction between the growing mcleus and the surface may be complex,
particularly if the surface is crystalline or non-planar, and this complexity may lead to e ects not
included within classical nucleation theory.

See my earlier review for details of the e ect of surface geometry on the nucleatio of uid
phases, which is well described by classical nucleation tloey. Essentially, for uids the more concave
a surface is, the lower the nucleation barrier is, i.e., the ncleation barrier decreases monotonically
as we increase the curvature of the surface towards the nuals. However, even for uids, nucleation
in pits can be more complex, for example it can be a two step proess#2.

In this section and the next | will review work showing non-classical nucleation behaviour on
solid surfaces. These solid surfaces will include compldyesmooth surfaces, crystalline surfaces
and amorphous surfaces. In this section | will discuss at sufaces, and in the next | will review
non-planar surfaces, such as wedges and pits.

Surface phase behaviour

Nucleation at a surface will of course be a ected by any procss or change of state that occurs at
that surface. Therefore, to understand nucleation of a bulkcrystal at a surface, it is helpful to brie y
consider surfaces themselves.

Surfaces exhibit a range of behaviour that can be richer thanthat found in the bulk. For
introductions to this, see for example the classic review ofle Gennes*? or the more recent review
of Bonn and Ross$#4. These cover surface phase transitions, i.e., changes o where the surface
goes from one surface thermodynamic phase to another. An er#le is when, on cooling to near
a liquid/vapour transition, a thick liquid Im suddenly app ears on a surface. This is called a pre-
wetting transition and is a phase transition that occurs at the surface. This sudden appearance of
a liquid Im will cause a jump in the nucleation barrier of a bu Ik phase, such as a crystal, at the
surface!®,

The surface layer of a liquid in contact with a solid surface an also freeze, i.e., acquire crystalline
ordering, before the bulk freezes. This is illustrated in Fg. 8 For example, Castroet al.*® studied
alkanes and alcohols on graphite and found evidence that lays of the alkanes and alcohols froze
above the bulk melting point. Ocko et al.1*” also studied alkanes, they found freezing of layers at the
liquid/air interface. This is called pre-freezing and is expected to reduce the nucleation barrier to
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crystallisation in the bulk. Indeed, Page and Sear® studied the e ect of pre-freezing in the system
of Lennard-Jones molecules at a smooth attractive wall. A cystalline layer that has formed via
pre-freezing is shown in Fig. 8. In this system, once a crysthine layer has formed at the surface,
the barrier to nucleation of the bulk crystal is e ectively z ero. Here there is no nucleation barrier
to layer-by-layer growth of the crystal into the bulk.

Another example is the simple system of hard spheres near a awall 148150 For hard spheres
at a hard wall pre-freezing seems to be rst-ordef*8. If pre-freezing is rst order then there will be
an associated nucleation barrier. However, as in the LennarJones system, once one layer at the
surface has ordered then there appears to be little or no barer to the freezing of the 2nd, 3rd etc.
layers’6:148,

Thus in both hard spheres and Lennard-Jones uids, we nd that there may be only one barrier
to the formation of a crystalline phase but this can be the nudeation barrier of a surface transition,
not that for bulk crystallisation. This is the surface analogue of the situation found by Chen et
al.103 and by van Meel et al.®¢ where the rate limiting step for crystallisation was nucledion of an
intermediate liquid phase.

Nucleation often occurs on microscopic impurity particlesand then it seems unlikely that a pre-
freezing transition occurring on the impurity surface will be directly detected. However, hysteresis
associated with surface transitions may show up as historglependent nucleation rates for the bulk
crystal.

Figure 17: SEM images of calcite precipitated on mica, from &phenset al.’!. The crystals were
grown from a 10 mM solution for 1 hour. The arrows distinguishthe two di erent orientations of
the crystals. Note that the crystals are aligned, suggestig epitaxial nucleation and or growth. The
crystals only aligned if the mica surface was \weathered" inan atmosphere of 35 to 40% humidity
for approximately 1 hour, prior to crystallisation. Thus, t he nucleation process may be complex.
Reprinted from Ref. 151 with permission. Copyright 2010 Ame&ican Chemical Society.

Nucleation on crystalline surfaces

When a crystal nucleates on a crystalline surface it is posble that the crystal lattice of the nucleus
will form in registry with the crystal lattice of the surface . The nucleation is then epitaxial. Nucle-
ation cannot be observed in experiments on molecular and ido systems. However, it is sometimes
observed that crystals have formed with their crystal lattices aligned with that of the surface on
which they have grown. See Fig. 17 for an example. This behavur is consistent with epitaxial
nucleation and growth.

If the crystal lattices of the surface and nucleating phase e the same, e.g., both are bcc, the
lattice constants are the same, and the molecules of the swa€e attract those of the nucleus, then
nucleation is expected to be rapid. This would be the case foexample, if it is not nucleation of
a new phase but nucleation of a new layer on top of a growing cstal. However, for nucleation of
one substance on the surface of a di erent substance, then igeneral at least the lattice constants
will be di erent and the two lattices may have di erent symme tries as well. These di erences are
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expected to increase the nucleation barrier.

Little work has been done on epitaxial nucleation. If the lattices of the nucleus and surface are
the same with just di ering lattice constants then it has been known for 50 years that the lattice
mismatch a causes strain in the nucleu$®?. This strain contributes a term to the free energy that
scales as the nucleus volume times a2. In turn, this will e ectively reduce the supersaturation. In
a simple model, the e ect of this on the nucleus free energy idlustrated in Fig. 18A, compare the
black (no strain) and red (strain) curves. Thus the nucleation rate varies as exp[ A=( B a)?,
where A and B are constants. This prediction for the e ect of a lattice mismatch on nucleation has
not been tested quantitatively, in either simulation or experiment.

Van Meel et al.1®3 studied the nucleation of an fcc crystal, in shallow pits in afcc crystalline
solid surface. They used computer simulations of a simple nmdel. When the match between the
lattice constants of the surface and nucleus was almost pe€t, nucleation was rapid. However, van
Meel et al. found that even a 4% mismatch in the lattice constant dramatically a ected epitaxial
nucleation, a nucleus formed but it was split by a defect. This can be seen in Fig. 18B where there is
a clear crack in the nucleus. The crack is presumably causedylthe crystal nucleus cracking under
the strain of conforming to the too-small lattice constant of the surface. On increasing the lattice
mismatch to 10% they found that nucleation stopped altogetter. Note that a type of defect called
a dislocation can relieve strair?12. However, dislocations were not observed. A dislocation raa
free energy cost, which may be high, and the dislocation itdéwill need to nucleate in the nucleus.

Heterogeneous Nucleation: Wedges and Pits

Classical nucleation theory predicts that the free energy lrrier to nucleation is generically lower
at surfaces than in the bulk, and generically lower at concag surfaces than at either at surfaces
or convex surfaces. Thus, we expect that the nucleus will fon at concave parts of the surface in
contact with the parent phase. The reason for this is simple gometry: the more the solid surface
curves towards the nucleating phase, the larger is the areafdhe surface of the nucleus that is in
contact with the solid surface. This then reduces the area othe interface between the nucleus and
the phase it is nucleating in, and as it is the free-energy caf this interface that is the source of
the nucleation barrier, the barrier is then lower.

Wedges

The rst non-planar geometry we will consider is the wedge. This is formed from 2 smooth at
surfaces that meet along a line at some internal angle , see Fig. 19A and 20c. As the angle
decreases and the wedge becomes narrower, the nucleationeanonotonically and rapidly increases.

This behaviour is well described by classical nucleation thory'?l. The classical nucleation theory
prediction for the nucleation barrier in a wedge is that the barrier has the form F (; )4 Here
is the contact angle the interface between the nucleus and # bulk phase makes with a at surface.
For =180 the wedge reduces to a plane and the nucleation barrier disgears at wetting, when

=0 . Forawedge, < 180 and the nucleation barrier at constant decreases monotonically as
decreases. The barrier becomes zero when=180 2 . Thus in a wedge we can have barrier-less
nucleation of a uid phase even when this uid has a signi cant contact angle on the solid surface
and so is far from wetting it. The disappearance of the nucletion barrier is associated with a surface
phase transition called lling 155156,

This is all for uids in a wedge. Page and Seat?® showed that the nucleation of crystals in a
wedge is much more complex. They studied the nucleation of th crystal phase of the Lennard-Jones
model from the liquid phase, in wedges with smooth walls. Thé_ennard-Jones model has two crystal
polymorphs: fcc and hcp, which are essentially equally stale!®’. If we consider the fcc polymorph,
the densest crystal planes are the 111g planes. Thus if the surfaces of a wedge are smooth and
attract the particles, it is favourable to have f111g planes directly in contact with both surfaces of
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Figure 18: (A) Plot of the free energy of (cubic) nuclei, as a @inction of their size. The plot includes
free energies for an unstrained nucleus (black curve), a nleus strained due to a lattice mismatch
(red curve), and a nucleus strained due to conforming to a cured surface (green curve). The free
energies are obtained from a simple lattice model of strain@mbined with classical nucleation theory.
(B) A simulation snapshot of a nucleus that has formed in conact with a shallow cylindrical pit
cut from an fcc crystal. This substrate is oriented so that it has f111g planes facing the uid.
The cylinder has a radiusR = 7 and depth D = 3. The snapshot is a cross-section through the
centre of the pit. The lattice constant of the substrate is 4% smaller than that of the nucleating
crystal. This mismatch has caused a defect to form which hasracked the nucleus. It has also
arrested the growth of the nucleus. The dark-grey, light-gey, blue and yellow particles, are purely
repulsive wall particles, wall particles that attract the uid particles, liquid particles and crystalline
particles, respectively. By liquid and crystalline particles we mean particles in locally liquid-like
and crystalline environments. (B) is adapted from Ref. 153 vith permission. Copyright 2010 by the
American Physical Society.

the wedge. Then dense planes of particles are in contact withoth surfaces and so are in the energy
minima at these surfaces.

The problem with having f111g planes alongboth surfaces of a wedge is that in a defect-free
unstrained fcc lattice, pairs of f 111g planes can only have certain angles between them: these are,0
705, 1095 ;:::. The 0 angle is relevant to nucleation in slits with parallel walls, although here for
a crystal to form without strain the distance between the walls must equal the width of an integer
number of lattice planes!®8159,

So, in an fcc crystal there are pairs off 111g planes at an angle of 76 to each other, and
therefore a nucleus of an fcc crystal ts perfectly into a wedye with an internal angle of =70:5 .
Page and Seat?® found that nucleation was rapid in wedges with this value of . They also found
that the nucleation rate was a local maximum at = 70:5. At both smaller and larger values
of the fcc crystal cannot t perfectly into the wedge and so the nucleation rate is lower. This
is qualitatively di erent from the prediction of classical nucleation theory, which predicts that the
nucleation rate increases monotonically as decreases. Also, analysis of the crystal shows that it is
a single fcc domain without stacking faults. See Fig. 19A foa crystal that has formedina =70:5
wedge. This is di erent from homogeneous nucleation, wheralefects form, see Fig. 15C and D.

Page and Seat?? also found that in narrow wedges crystals nucleate slowly athe crystal cannot
t into the narrow point of the wedge, see Fig. 19B for a crystal that has formed in a wedge with
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Figure 19: Simulation snapshots of Lennard-Jones crystalg wedges, from Page and Sear3. Both
A) and B) are cross-sections of the nal crystal found after the liquid droplet has completely crys-
tallised. We are looking along the axis of the wedge, and the @int of the wedge is at the bottom
left. The surfaces of the wedge are shown schematically asddines in (A) only. (A) and (B) are
shapshots of crystals in wedges of angles = 70:5 , and 45, respectively. The molecules in a lo-
cally crystalline environment are shown in yellow while thcse in a uid environment are shown in
dark blue. The temperature T = 0:55. Adapted from Ref. 123 with permission. Copyright 2009
American Chemical Society.

angle =45 . Note that right at the point of the wedge there is a small pocket of still disordered
particles (shown in blue). The nucleation rate for a crystaline phase in a 45 wedge is much lower
than in a 70 wedge whereas the nucleation rate for a new uid phase would & much higher in the
narrower wedge.

Well before these simulations were performed, Ward and cowkers6%162 crystallised molecular
crystals in wedges (with obtuse angles ) made by cleaving a crystal. They cleaved crystals to make
wedges, and then observed preferential nucleation of benmoacid and other molecules along the line
of the wedge'®®{162 The crystals formed at a xed angle to the wedge and to the latice of the
substrate. For example, Mitchell et al.®° looked at the crystallisation of ROY on cleaved surfaces
of pimelic acid. They found that the crystals that formed aligned with the lattice of the surface,
and also that one surface of pimelic acid strongly favoured e of ROY's polymorphs. It favoured
the \yellow needle" polymorph. This is shown in Fig. 20. The aystals are shown in Fig. 20a while
20c is a schematic showing how the ROY crystal aligns with thdattice of the crystal it has formed
on.

Note that the simulation results were for smooth walls wheras these experiments were for wedges
with crystalline surfaces, so the nucleation in experimenimay well be epitaxial. However, experiment
and simulation agree that wedge-type geometries can poteidlly induce nucleation, control crystal
alignment, and favour one polymorph over others. All these & useful properties.

Curved surfaces

The wedges and ledges we have considered are made of at planbut surfaces can also be curved.
Curvature is expected to inhibit nucleation of a crystalline phase. This is di erent from the classical
prediction and from the nucleation of a uid. For a uid, curv ing towards the nucleus reduces the
barrier while curving away increases it. However, crystalshave a lattice and if this lattice has to
bend to conform to a curved surface then there is a free-eneygeost due to lattice strain. Of course
this a ect is completely absent in uids.

At small curvatures (with respect to the lattice constant of the nucleus), the lattice strain is as
follows. If a surface has some small curvature, i.e., a largedius of curvature R¢, and the nucleus
conforms to this surface then the strain free energy scales&R °=R2, whereE is the elastic modulus
of the crystal, and R is the radius of the nucleus. Note that this is symmetric with respect to positive
and negative curvatures, as it depends on the square &.. Thus for small curvatures, concave and
convex surfaces are equivalent. They both strain the nuclesiand so inhibit nucleation.

Elastic moduli are typically large, i.e., KT=vyc with vyc the volume of the unit cell, and so
for a critical nucleus that is approximately 10 molecules atoss then any curvature R 1 more than
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Figure 20: Crystallisation of the \yellow needle" (YN) poly morph of ROY on the surface of a cleaved
crystal of pimelic acid, by Mitchell et al.*®%. The pimelic acid is cleaved to expose its (101) lattice
plane. (a) is a photomicrograph of highly oriented YN crystds grown by sublimation on the cleaved
(101) surface of a single crystal of pimelic acid. Some of th¥N crystals, all of which are oriented
vertically in the image and so perpendicular to the [1a] direction of the pimelic acid lattice, are
indicated by the arrows. The crystals are the dark lines, as e polymorph name suggests the crystals
are needle like. (b) is an AFM image of a YN crystal on the (101)pimelic acid surface. (c) is a
schematic representation of the YN crystal orientation, asdetermined by AFM goniometry. The YN
crystals grow with their [100] direction perpendicular to the [10l] ledge of the pimelic acid lattice
and with their (001) face contacting the (101) plane of pimeic acid. Reprinted from Ref. 160 with
permission. Copyright 2001 American Chemical Society.

approximately 10 % of the inverse of the molecular diameter Isould prevent a nucleus forming.
Cacciuto et al.1%3 studied the nucleation of crystals of hard spheres on the sdiace of larger hard
spheres. They found rapid nucleation when the larger hard sipere was at least six times larger than
the spheres of the crystal nucleus, However, if the larger dpere was smaller than that, nucleation
did not occur in contact with this sphere's highly curved surfaces.

Interestingly, Cacciuto et al.*®® also observed that as they grew, nuclei detached from the cved
surface where they nucleated. This can be understood if we aise that the strain free energy
increases asR®, which is much faster than the increase of the free-energy ga due to being at the
surface, which only increases aR?. Thus small nuclei can form by bending to conform to a curved
surface but as the nucleus grows then the strain energy will verwhelm the R? surface term that
favours adhesion. Then it is favourable for the large nucles to detach from the surface and relax
the strain | which is what the nuclei of Cacciuto et al. appear to do. They simulated a specic
simple system but the e ect they observe should be generic. K0, note that the R°>-dependent strain
free energy can lead to a minimum value in the free energy of # nucleus, see the green curve in
Fig. 18A. Potentially, this could trap nuclei at a small nit e size.
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Figure 21: Aspirin crystals (dark) that have formed on microgel particles (translucent). The microgel
particles are around 30 m across, and are made of cross-linked polyethylene glycoliatrylate
(PEGDA) polymer. The particles are added to a supersaturatal solution of 38 mg/mL aspirin
solution in 38/62 (v/v) ethanol/water at 15 C. The solution is stirred at 700 rpm. There are 15

g/mL of the microgel particles in the solution. Reprinted from Ref. 164 with permission. Copyright
2011 American Chemical Society.

Pores and pits

Surfaces may be rough, they can contain pits, pores, slits et. Here, by pits we mean an indentation
in the surface that is not very far from circular and has a clogd end. Pits are also sometimes
called cavities. A pore is similar but does not have a closedral, it runs through the material.
Some substances, known as porous media, are not solid at alubhave pores running all through
them. Examples are porous glass and gels. Slits are formed tiieen two at or approximately at
surfaces with a constant separation. In other words, pits ad pores con ne a volume of space in two
dimensions, while a slit con nes in one dimension.

Chayen et al.'%° found that porous media is e ective at inducing the nucleation of protein
crystals. This was with a type of porous silicate with pores & range of shapes and sizes in the
range 2to 10 nm. Zeolites'®® and a porous medium made from carbon nanotubes and gelatfi?
have also been used. Note that except for the zeolite, all tree materials had pores a few protein
diameters across and so possibly large enough to accommodaa nucleus of the crystal phase, but
small enough to con ne and strongly interact with this nucleus. Much earlier work by Turnbull 167
considered the role of pits in both enhancing nucleation in retals, and as an explanation for history-
dependent nucleation. The use of porous or pitted surfacesinot only applicable to protein crystals,
for example Diaoet al.'%* used gel particles to induce the nucleation of aspirin, seeif. 21.

Inspired by the work on protein crystallisation, van Meel et al.1>3 used computer simulation to
study nucleation in pits. The pits were in a model of an amorptous material and so had rough walls.
They found rapid nucleation in the pits, see Fig. 22 for a snaphot of a crystal nucleus growing
in a pit. The nucleus is growing inside a droplet of liquid that has formed in the pit via capillary
condensation. The bulk was still in the vapour phase. The asanption is that the crystal/liquid
interfacial tension is lower than the crystal/vapour inter facial tension, and therefore the free energy
barrier for the nucleus in the pore is much lower than in the buk. The system studied by van Meel
et al. is near to, but not within a vapour/liquid transition.

Protein solutions often exhibit a dilute-solution/concentrated-solution transition, the analog of
a vapour/liquid transition. Near this transition but when t he bulk is still in the dilute-solution
phase, pits in an attractive surface could Il with the concentrated-solution phase. This is also
capillary condensation, and it would also cause the nucleabn barrier to a crystal phase to decrease
dramatically. As the nucleus forms away from the sides of thepit, no epitaxial match is required
between the crystal and the solid. Indeed the solid can be amphous as it is in the work of van
Meel et al.1%3,

Thus this mechanism is not specic to protein solutions, it is only specic to solutions with
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Figure 22: A simulation snapshot of crystallization from the work of van Meelet al.1>3. The snapshot
is a cross-section through a simulation box. It shows a crystl nucleus (yellow) forming in a droplet
of liquid (blue) in a pit with rough walls (silver). Note the | ayer of liquid particles between the
yellow growing crystal and the walls. The surface is made of xed particles that are equal in size
to the model protein particles. All model protein and surface particles interact with the spherically
symmetric potential with a short-range attraction of ten Wo Ide and Frenkel*®8. Fixed particles that
attract the model protein particles are light grey; xed par ticles that do not attract the model protein
particles are dark grey. The model protein particles themskes are shown in blue and yellow. Blue
particles are in a locally liquid-like environment, while yellow particles are in a locally crystalline
environment. Reprinted from Ref. 153 with permission. Copyight 2010 by the American Physical
Society.

dilute-solution/concentrated-solution transitions. Al so note that the system only needs to be near
the transition, it can still be in the dilute solution part of the phase diagram and so no bulk
concentrated solution will form. Thus in experiment the role the concentrated-solution phase is
playing in nucleation in pits may be hidden, although it should show up as a rapid increasé!®
in nucleation rate as a dilute-solution/concentrated-soltion transition is approached. Galkin and
Vekilov %2 observed just such a rapid increase in solutions of the prote lysozyme. The simulation
results of van Meelet al. may be relevant to these experiments. Also, snow frequentlyorms in the
Earth's atmosphere under conditions where metastable ligid water can form'?, so ice nuclei may
be forming in water- lled pits of hydrophilic aerosol parti cles.

Diao et al.1%9 have studied the nucleation of aspirin crystals from soluton, on surfaces with and
without pores, see Fig. 23. They studied nucleation on the sdaces of polymer Ims. To analyse
their data they started from the observation that if one nucleation event is all that is required to
induce crystallisation, then the probability P (t) that nucleation has not occurred in a sample is
P(t) = exp( rt), wherer is the nucleation rate. To study this function many samples nust be
studied in order to obtain statistics. Each experiment in Fig. 23 was of 48 independent samples.

Then, if there are Nsam samples andNyx (t) have not crystallised at time t, then the fraction
f (1) = Nnx (1)=Nsam is a good approximation to P (t), for large Nsam . Diao et al.'s1®? results for
this approximation to P(t) are shown in Fig. 23. The naive expectation is then that thisfraction
f (t) should be exponential. This will be the case if the nucleatn is either homogeneous or occurs
on surfaces that are similar in all 48 samples.

However, if the nucleation is heterogeneous and the surfasgresent in each sample are di erent
then the nucleation rate will be di erent in each trial and so the fraction of trials that have crystallised
will not be an exponential function of time. Diao et al.'%° found that they could t some of their
data with a sum of two exponentials. This suggests that for these experiments some samples had
one intrinsic nucleation rate while the rest had a dierent rate. They then determined that the
faster rate was associated with samples with porous surfasewhile the slower rate was associated
with polymer samples where, during synthesis, pores had notormed. Earlier work by Kabath et
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Figure 23: A plot of the probability P that nucleation has not occurred in a sample, as a function
of time in hours. This is the work of Diao et al.1®°, and is for the nucleation of aspirin from a
supersaturated solution with a solvent that is a mixture of water and ethanol. The probability
of crystallisation is obtained from the fraction of 48 independent samples (vials of solution) where
crystallisation has occurred. In each vial there was a polyrar Im that is being tested for the
e ciency with which it induces nucleation. STY, CEA, HBA and AM refer to Ims of dierent
polymers, i.e., the polymer surface chemistry is being vadd. See Ref. 169 for details of the polymers.
The lled black and open symbols are independent repeats ofte same experiment. Note that for
AM and HBA the plots appear to be a straight line of one slope fdlowed by a straight line of a
di erent slope. This suggests two nucleation rates, with a ister rate (steeper slope) from substrates
with 100 nm pores, plus a slower rate for the substrates that do nohave pores. Reprinted from
Ref. 169 with permission. Copyright 2011 American ChemicalSociety.

al.17% on the nucleation of ice, also found two slopes and hence pdsly two rates in a plot of the
same type.

Thus, here pores appear to accelerate the nucleation of agpi crystals; as with proteins112.165
rough surfaces are e ective at inducing nucleation. The mehod used by Diaoet al. is interesting.
Data sets such as the HBA and AM curves in Fig. 23 which show & (t) that is not a simple
exponential decay, immediately rule out homogeneous nucétion, as if nucleation is homogeneous
the rate must be the same in every sample. Also, deviations im a single exponential directly
provide information on how heterogeneous are the surfacesnowhich nucleation is occurring. The
farther the curve is from a simple exponential the larger thespread of rates in the samples. Thus,
plots of the type of Fig. 23 may be prove widely useful in studés of nucleation. Counting the number
of crystals in a number of samples and comparing the result t@ Poisson distribution, as Galkin and
Vekilov 1%, and Selimovt et al.172 do, is also useful as a way of testing whether or not nucleativois
occuring on heterogeneous surfaces and so is occuring at ange of nucleation rates.

Laser-induced nucleation

One of the most intriguing nucleation phenomena of the last B years is that of nucleation induced by
high-power laser beams. A high-power, pulsed, laser is redhrough a supersaturated solution and
then crystallisation is observed. A control solution is notexposed to the laser beam and no nucleation
is observed there. This was rst observed by Garetz, Myersorand coworkers in 1996, in aqueous
solutions of urea'’®. They used a laser in the near infrared, = 1:06 m, where urea does not
absorb, so they believe that nucleation was not induced by a Ipotochemical process. They dubbed
this process Non-Photochemical Laser-Induced NucleatiofNPLIN) 173176 and studied glycine in
solution1”>176 as well as urea. It should be noted that prior to the experimets with the laser,
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Garetz, Myerson and coworkers \age" their samples for seve days. This is done by holding them
at the nal concentration of the trial, but at higher tempera tures so they are undersaturated. It is
unclear why this has an e ect (although Fig. 3(B) shows an exanple of an \aging"process that a ects
nucleation). Alexander and Camp!’’ found that a similar laser beam could induce the crystalliséion
of potassium chloride, also from aqueous solution. Also, gtine has three polymorphs, and Zaccaro
et al.1’® and Sunet al.1’® showed the laser-induced nucleation could change the polyonph produced.
As polymorph control is often very important, this is a potentially very useful nding.

Let us consider the experiments on glycine solutions by Zaego et al.1’®, as a typical example
of this work. The peak laser power was approximately 18W/m 2 which produces electric elds of
10°V/m. The laser was pulsed with each pulse only 9 ns long; theravere 10 pulses per second.
The wavelength was 106 m giving a frequency of 13*Hz. At this frequency the glycine molecules
cannot rotate to allow their permanent dipoles to follow the electric eld. However, the electric
eld E will induce dipole moments y\p = E , for the polarisability of glycine. These induced
moments in the glycine molecules will contribute to the glyéne-glycine interaction. A strong induced
attraction between glycine molecules will in e ect further supercool the glycine solution in the laser
beam, so reducing the nucleation barrier. But only for the 9 rs duration of the pulse.

Now, the polarisability of glycine is approximately = 10 3°C m?/V 17>, Polarisability is a
tensor, this is an approximation to typical values of its conponents. The energy of interaction
between two induced dipolesr apart is

2E2
4 0[’3

UiNDp (4)
Putting in the numbers for Zaccaro et al.'s experiments we obtain an energy of interaction of two
urea molecules 1 nm apart of 10%°J ' 10 “kT at room temperature. As they appreciated, this is
very small. See also the lattice-model simulations of Knottet al.1’® who also nd this result.

Even with a nucleus of 100 urea molecules, and so 19@air interactions, we only have a total
energy change okT due to the laser E eld. Also, the laser pulses are only 9 ns log, and this
is not long enough for a nucleus to self-assemble. The di ush constant of glycine in water is
' 10 °m3s 1179 and so it takes a glycine molecule a fraction of a nanosecond tdi use its own
diameter. Ten nanoseconds is then not enough for a nucleus d00 or more glycine molecules to
form and grow over the nucleation barrier, before the pulse eds.

So it is clear that the observed nucleation behaviour cannobe explained by the e ect of a light
induced attraction on homogeneous nucleation. However, tb nucleation is unlikely to be homoge-
neous, the nucleation is probably occurring in contact withsmall impurity particles in the solution.
Now if such a particle is highly polarisable, e.g., if it is mdallic, then due to this larger polarisability
and its much larger size, the induced interaction energies &ween the nanoparticle impurity and
a glycine molecule can easily be greater thakT. However, this still leaves the problem that this
induced interaction only lasts 9 ns. We do not have good modsl of how molecules in a solution
around a nanoparticle react to suddenly feeling a strong butvery short lived attraction towards it.
Future theoretical or simulation work could study this, and future experimental work could consider
solutions doped with very low concentrations of metallic nanoparticles. Gold nanoparticles have
been used to induce nucleation in protein solution&°, this was without a laser.

Hiroshi et al.'®! also induced the crystallisation of urea from solution usim a laser. However, they
used a femtosecond laser intense enough to induce obsenatlavitation. Similar pulses have been
used to induce the nucleation of other molecules, includinghe protein lysozyme'82. Although we do
not have a good model for this, the dramatic changes in tempeture and pressure that cavitation
causes will certainly strongly e ect the nucleation rate and so it is probably unsurprisingly that
nucleation can be induced. Modelling work needs to done to utherstand this phenomena, and also
possibly to see if the weaker, longer nanosecond laser putsesed by Garetz, Myerson and coworkers,
and by others, may be strong enough to induce very localisedavitation phenomena near a suitable
impurity. Only a very small cavity could be enough to induce nucleation.
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Conclusion

We want to understand and control nucleation. Unfortunately, in experiments on molecular and
ionic systems we cannot observe nucleation directly and it ppears that it is very often occurring
in contact with an uncharacterised impurity. For these reasons nucleation is a di cult problem,
and often little attempt is made to understand it beyond the simple classical nucleation theory.
This simple theory is clearly not adequate for many substanes and may well be inadequate for the
crystallisation of most substances.

However, the experimental work on ice formation® shows that it is possible to quantitatively
characterise the conditions where nucleation does and doe®t occur, and to get a fair understanding
of what impurities are most e ective at inducing nucleation. The same techniques should be able to
provide a similar understanding in other molecular and iont systems. Also, Muschol and coworkers
have shown how using scattering to characterise impuritiesand ltering to remove them, can reveal
the role of impurities in nucleation. Diao et al.164169 have shown how plotting the fraction of a set
of samples that have crystallised shows up variations in ndeation rate from one sample to another,
and Galkin and Vekilov1’+172 have pioneered the counting of crystals in a number of sampteto
provide information about the nucleation kinetics. All the se experimental methods are generally
applicable and can be used to gain valuable data on the, typiglly poorly, characterised impurities
nucleation is often occurring on.

To understand experiments, we rely on theory and simulation Theory tells us that interfaces are
key to nucleation, for two reasons. The rst is that the free-energy barrier to nucleation comes from
the interface around the nucleus, and the second is that nuelation is expected to very often occur
at an pre-existing interface. Interfacial phenomena are ne well understood, we have good models
for wetting, capillary condensation, Pickering emulsions etc. This understanding can now be very
usefully applied to increasing our understanding of nucleion. Simulation will continue to provide
most of our insights into the microscopic dynamics of nucledion. A signi cant amount of recent
simulation work has moved on from studying homogeneous nuehtion to studying heterogeneous
nucleation. As heterogeneous nucleation is far more commothan homogeneous nucleation, this
is bringing experiment and simulation closer together. Forall these reasons | believe the future is
bright for both experimental and simulation research on nudeation.

In the introduction | characterised the conventional or classical theory of the nucleation of crystals
as making six assumptions. In this conclusion it is perhaps seful to nish by going through these
six assumptions, in each case considering examples of sysi® where this assumption fails. The list
is:

1. Nucleation is a one-step process. It has been known for methan hundred years that crystals
can form via multiple successive nucleation events which fon a series of phases of increasing
stability. For example, small molecules®®, proteins1-92095 and ice!®, can all crystallise from a
dilute solution (vapour) via a concentrated solution (liquid) phase. Also, many molecules can
form one polymorph via nucleation on a less stable polymorphhat forms rst 48.79.82{85

2. The nucleus grows one monomer at time. The nucleus can onlye studied in microscopic detalil
in simulation and so this assumption can currently only be tested in simulation. All simulations
so far have shown nuclei growing more-or-less one moleculé atime. However, experiments
on a number of systems have found evidence for clustering irupersaturated solutions. It may
be that the nucleus here can grow by coalescence of these dkis, and so grow by tens or
more molecules in a single step. Therefore, the validity of lis assumption is under doubt in
some systems. Either experiments which study the dynamicsfahese clusters, or simulations,
are required to test this assumption.

3. That the crystal lattice can be neglected. This assumptia is clearly wrong for heterogeneous
nucleation on surfaces which are not planar, e.g., wedgé$. In wedges the nucleation of
crystalline and uid phases is qualitatively di erent. Als o, where there is a lattice there are
defects. Despite a large literature on the very large e ectdefects have on crystal growth, very
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little is known about the role defects play in nucleation. Aswe commonly study crystallisation
under conditions where crystal growth is dominated by defets, it seems very likely that defects
are playing a role in nucleation in some systems. It is just tlat we have not considered this.
Simulation work on the role of defects in nucleation is urgetly needed.

4. There is no other source of slow kinetics other than that de to the free energy barrier. Defects
are a source of slow kinetics so if defects do form before the@p of the nucleation barrier is
reached there will be at least one source of slow dynamics imé nucleus. Also, Sanzt al.129:130
found that slow charge-ordering dynamics could change theg@ymorph that nucleated. In many
systems crystallisation competes with slow (glassy) dynaiias, for example, ACC appears to
have very slow dynamics, and in many molecular systems cryatlisation competes with the
liquid becoming glassy. In these systems, the rate and locain of nucleation may be dictated
as much by where the dynamics are fastest (e.g., at a surface mear a heterogeneity which
facilitates the molecular dynamics) as by where the nucledbn barrier is lowest.

5. That the nucleation rate does not depend on the history of he sample. This assumption can
be violated when there are glassy dynamics. It can also fail hen there are surfaces present
with nanoscale pits or pores, that can nucleate crystals andhen retain crystals even above the
melting point of the crystal in the bulk. This has been known for decades®’. It is suspected
that seed crystals can persist, possibly in pores, and thenrdmatically e ect the nucleation
behaviour’*°. More recently, there has been considerable work on hysteses in porous me-
dia'®. Most of this is on vapour/liquid transitions but crystalli sation in porous media has
been considered, for example see the work of Radhakrishnaet al.'®* and Christenson's re-
view18, This is all for porous media but if a bulk solution is in contact with a porous media
then hysteresis in the porous media may cause history depeedce in the crystallisation of the
solution. The pores need not be a bulk porous media, it could & in the form of a nanoscale
impurity in the solution 12, History dependent nucleation is also clearly important in some
applications of crystallisation, such as heat packs, where¢he heat is generated by exothermic
crystallisation 186187,

6. Nucleation occurs over a saddle point in the free energy,&., the critical nucleus is at a saddle
point on the free-energy landscape. This means that althouig the free energy of the nucleus is a
maximum with respect to one variable, its size, it is a minimum with respect to other variables.
In the presence of slow dynamics of one coordinate but not o#rs, this is not true'1®. This
is also not true for crystallisation in the system of Sanzet al.1?%130, |f defects form they may
also result in nuclei where this assumption is broken.

One point should be made about non-classical nucleation. Tis is that classical nucleation
theory will be at heart of our attempts to model it. This should be clear from the repeated use of
classical nucleation theory in this review. Even when one othe assumptions of the classical theory
of nucleation fails, the others may still be valid so the clasical theory still describes most of the
physics and is still useful. The lesson is not that the classal theory should be discarded, but that
it should be taken as the beginning not the end of our understading of the nucleation of crystalline
phases.
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