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Phase equilibria, phase changes, and mesophases:
Analysis and simulation

The conclusion we have reached is a special case of one of the most elegant results of chem-
ical thermodynamics. The phase rule was derived by Gibbs and states that, for a system at
equilibrium, F==C − P + 2.

Atkins, P. W. The Elements of Physical Chemistry, 2001, 3rd ed,
Oxford University Press, p.195; as elegant as useless.

13.1 Things and molecules

The story, or the myth, goes that when somebody asked Enrico Fermi if he knew
the thermal conductivity of some metal, or if he could remember the mathematical
equation for a given phenomenon, he would say “no”, and then proceed to derive
the requested information from first principles. Now there is no question that Fermi
mastered the principles of physics in the same way as that Maurizio Pollini masters
the keyboard of his piano, but there is also no question that there must be a certain
amount of exaggeration in the story.
A normal person wakes up in the morning, yawns, gets out of bed, has a cup of

coffee, chews a doughnut, lathers his chin to shave, dresses, climbs into his car, and
drives to work. A chemist has his brain triggered to attention by the release of several
neurotransmitter molecules, including serotonine and acetylcholine, sends an electric
signal to his muscle activators to compress the lung tissue in order to pull in a 20%
oxygen–nitrogen gas mixture and to stretch his legs, stimulates his taste receptors
with a water solution made of caffeine, sucrose and an enormous amount of trace
aromatic molecules, uses the saliva enzymes to degrade a piece of polysaccharide,
fills the pores of his chin with a gas/liquid suspension of surfactant molecules, then
protects his skin with a 60–40% coating of silk and polymer fibers, impregnated with
appropriate dyes to make them attractive, and finally ignites a gasoline/air mixture to
generate heat which forces a gas to expand, pumping some pistons up and down and
chug-chugging his car along.What a complicated life. But like Enrico Fermi, chemists
refuse to take objects at their face value and prefer to work their way from atoms and
molecules to the shape and properties of objects aswe see them. The structure–activity
principle does the rest, and this attitude makes the chemist the master of the world.
This is admittedly a very cavalier attitude and no doubt frustration is much more
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common than success, but the molecular point of view is certainly the cast of mind
of the chemistry of the years and centuries to come.
All matter, from the simplest fluid such as gaseous helium to the most complex

system like a biological cell, is made of electrons and nuclei. Electric potentials
tend to glue the nuclei together, while kinetic energy, connected to atomic (nuclear)
massesmovingwith given velocities, tends to pull them apart. It is this eternal struggle
between electricity and temperature that ultimately gives rise to the entire world as
we see it, with its properties and its changes. This chapter examines a portion of this
extremely wide and complicated landscape, within the following limitations.

1. Chemical bonding is not considered, i.e. molecules are taken as they are and do
not react.

2. The analysis is limited to compounds made of the usual elements of organic
chemistry, with the exclusion of organometallics, rocks, silicates, and metals.

3. Molecules are considered only up to a size of some 1000 da, with the exclusion
of polymers and biological macromolecules.

4. Only pure substances or binary mixtures are considered.

Within the above-mentioned restrictions, a phase is a piece of matter containing one
or two chemical species in a distinguishable state of aggregation. Admittedly, this
oversimplifies the real world, where even one of the purest liquids, drinking water, is
a solution of hundreds of components, and most chemical systems consist of many
different chemicals in different and perhaps variable states of aggregation.

13.2 Basic thermodynamic functions

The basic thermodynamic functions enthalpy, heat capacity, and entropy are strongly
dependent on the state of aggregation. Enthalpy and heat capacity are higher in
condensed states because of the significant intermolecular potential energy terms,
and increase with the number of vibrational energy “pockets” available (recall
equations 7.25 and 7.30); for example in a periodic solid the partition function includes
sums over vibrational states in the whole Brillouin zone (see Section 6.3). Entropy
is proportional to the amount of phase space which the system can explore, and
the higher dispersion in space for gases largely overweighs the dispersion of energy
among available states, which are more numerous in condensed systems. Hence the
familiar rule:

Hcr > Hl > Hg; Sg > Sl > Scr; Cp,l >∼ Cp,cr > Cp,g

The thermodynamic treatment of equilibrium is in terms of chemical potentials.
Phase equilibria and phase changes are dictated by the leverage between enthalpic and
entropic terms implicit in equations such as 7.49 and 7.55. Such equations, however,
hold exactly for infinite and homogenous systems, but in real systems the influence of
size, termination, and defects cannot be neglected. Themicroscopic texture of the sys-
temmay then become of paramount importance, and it must be said at once that this is
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the case formost of the chemical phenomena and transformations in phase transitions.
Size and heterogeneity can be incorporated in the thermodynamic treatment through
surface free energies, but if the measurement of thermodynamic functions is not easy
for homogeneous and continuous systems, it is orders ofmagnitudemore awkward for
surface-dependent systems. The very concept of chemical equilibrium may dissolve
across a maze of semi- or non-equilibrium states, and the derived equations show an
unpleasant dependence from poorly characterized boundary conditions, or from the
chemical constitution of each system, if not altogether from the particular working
conditions of each experiment, with a loss of generality that does much harm to the
development of fundamental knowledge. One often hears of a crucial role played by
“activation free energies”, quantities whose very name casts a shadow of uncertainty
by its admixture of thermodynamic and kinetic flavors. There is very little that can
be done against this state of affairs.

13.3 Melting

Consider as a first example a piece of pure crystalline solid in equilibrium with its
pure liquid. at the melting temperature. Assume that the crystals are large enough
that surface effects can be neglected (as will become clear later, this is quite an
assumption). If an amount of heat that is less than the latent heat corresponding
to the crystal mass is supplied to the system, some crystalline material will melt
at equilibrium without change in temperature, but as soon as more heat is poured
into the system, after all the solid mass has melted the heat can be used to raise the
temperature, the chemical potential of the crystal exceeds that of the liquid, and the
crystal becomes thermodynamically unstable. The reasoning seems neat and simple,
but if one tries to work it backwards, and expect crystallization after subtracting the
appropriate amount of heat, kinetics sets in and supercooling is the rule rather than
the exception, with the sample staying liquid for a long time well below the melting
temperature, especially if the cooling rate is very slow. The reason is of course that
it takes a comparatively long time for molecules to find their way through phase
space and lock into the proper reciprocal orientation for crystallization. Equilibrium
thermodynamics compares different states in an abstract sense, and not the different
states of the parts of a system that are actually undergoing a given chemical process.
The thermodynamic law that governs the solid–liquid equilibrium is equation 7.57,

so that the equilibrium melting temperature is a ratio of melting enthalpy to melting
entropy. Tm and�Hm can be measured fairly easily (Section 7.6), so that equilibrium
melting entropies can also be obtained. Is there a relationship between themelting tem-
perature and the molecular structure or crystal forces? Intuitively, one would expect
easier melting for less cohesive crystals, and, indeed, there seems to be some correla-
tion betweenmelting temperatures and sublimation enthalpy – surprisingly, a steadier
correlation than with melting enthalpies [1]. A further view on this problem is pro-
vided by a statistical analysis of melting entropies. They are about 13 JK−1 mol−1 for
small spherical molecules (the translational contribution) and about 57 JK−1mol−1
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for rigid molecules (Walden’s rule). But there are fluctuations; according to one
hypothesis [2], the more symmetrical a molecule, the higher its probability of being
in the correct orientation to be incorporated into the crystal lattice, with a decrease in
the difference between periodic crystal and randomly oriented liquid molecules, and
a lowering of the melting entropy.�Sm then consists of the translational contribution
plus a rotational contribution of 57 − 13 = 44 kJmol−1, further corrected by a term
in the logarithm of the rotational symmetry number, σ [2]:

�Sm = 13+ [44 − R ln(σ )] (13.1)

With the assumption that melting enthalpies are much less affected by molecular
symmetries, symmetric molecules must have higher melting points and lower ideal
solubilities [3]. Although to some extent revealing, such correlations are mostly
qualitative and hardly comprehensive [3,4] Entropy from conformational flexibility,
blocked in the crystal and free in the liquid, is not considered.
Molecular shape also influences crystal properties and the thermodynamic melting

parameters, sometimes in a simple and understandable way. Globular molecules tend
to form plastic crystals, in which extensive reorientation of parts of the molecule or
even of the entire molecule occurs, without substantial translational diffusion; the
crystal is made of a periodic array of rotators. Clearly, the rotational contribution to
the melting entropy is lower, as the crystal already possesses some of the rotational
freedom of the liquid, so that �Sm is depressed and the melting point is abnormally
high. An example is provided by tert-butyl derivatives [5], whose crystals show a
phase transition from a low-temperature, ordered phase II to a high-temperature,
rotationally activated phase I, which then evolves into the liquid. Melting entropies
are particularly low, 5–15 J K−1mol−1, while the sum of the melting entropy and of
�S for the II–I transition is around 40 J K−1 mol−1, not far from the boundaries of
equation 13.1. Rotational activation in the solid is also the common explanation of the
unusually high melting temperature of planar, disk-like aromatic molecules, benzene
being a classical example. All things considered, however, the melting temperature
of an organic compound is one of the least predictable thermodynamic properties.
Some aspects of the melting process can be studied by evolutionary simulation

methods like molecular dynamics [6]. A crystalline computational box is set up, and
the system is gently driven up in computational temperature until evolution into the
liquid state occurs. As an example of the output of such a computational experiment
[7], Fig. 13.1 shows the evolution of the most important quantities (intermolecu-
lar potential energies and density) throughout the whole process for the benzene
molecule. After sequential runs with increasing temperature, decreasing density, and
decreasing cohesive energy, when the computational box is brought to 300K, which
is some 20K above the experimental melting temperature, the melting catastrophe is
almost instantaneous, and is revealed (recall Section 9.2) by a sudden drop in density
and rise in potential energy. Note that the kinetic energy does not change because the
temperature is promptly kept constant by a supply of computational heat from the
T-couplingmechanism. The enthalpy of melting can be calculated from the difference
in total energy between the equilibrated crystal and the equilibrated liquid.
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Fig. 13.1. (a) Time evolution of the 6–12 and coulombic potential energies during the simu-
lation that goes from crystalline benzene at 80K to liquid benzene at 300K. The inset shows
the temperatures of the simulations. The 60–80 ps section corresponds to the melting run. (b)
Density profile along the same trajectories as in (a).

In the 60–80 ps section of Fig. 13.1 the benzene molecules are literally pushing
the crystal lattice apart under the effect of the suddenly available kinetic energy.
Diffusional and rotational freedom results and the crystal collapses to the liquid,which
is then normally simulated at 300K in the 80–120 ps section of the run. Since the part
of the simulation where melting occurs is a non-equilibrium simulation, one cannot
draw any conclusions from averages, nor can one claim to have simulated the actual
solid–liquid equilibrium or to have predicted the melting temperature. Nevertheless,
such dynamic runs offer a window over the evolution of the internal structure of the
system as it goes from crystal to liquid; an example taken from a study of acetic acid
is shown in Fig. 13.2. One cannot say for sure that this picture is a representation of
the true structural changes that occur when the acetic acid crystal melts; molecular
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Chain
breaking

Fig. 13.2. Snapshots drawn from pre-melting trajectories for the acetic acid crystal. A regu-
lar chain of hydrogen-bonded molecules is seen on the left. On the right, one molecule has
flipped around, breaking the chain and cross-linking to form a hydrogen bond to a neighboring
chain (the arrow indicates the oxygen atom that is no longer engaged in intra-chain hydrogen
bonding). After ref. [6a].

dynamics is only a simulation, and its results depend on the details of the potentials
and of the computational setup; and yet, it offers a gallery of possible events, that
become more and more realistic with increasing accuracy of the potentials and length
of the simulation, and can be further examined by other experimental techniques. The
role of molecular dynamics is often similar to that of a police officer who shows a
gallery of photographs of possible culprits to the witness of a crime scene.
It has been shown [8] that in MD melting runs there is a no-return point, such that

computational frames before that point revert to the crystal upon cooling,while frames
after that point cannot be prevented from collapsing into the liquid.What thismeans in
terms of structure is far from clear, and it is not even obvious that this crossover point
is reproducible, as the effect must be to some extent dependent on the particular track
through phase space taken by the simulation. In any case, computational experiments
with the introduction of a small number of vacancies in the crystal lattice [6a] or
on the melting of computational polymorphs with variable density [8] show that any
decrease in the compactness and close packing of the crystalline material, even a very
minor one, has huge consequences on the propensity towards melting, as expected.
There are many more ways in which molecular dynamics can be used to study the

molecular events as a crystal structure approaches the melting point. Figure 13.3(a)
shows the radial distribution function (see in Section 9.4.1) for themolecular centers of
mass in the benzene crystal. As temperature rises, the peaks shift to longer separations
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Fig. 13.3. (a) Radial distribution functions for the molecular centers of mass in the benzene
crystal, from an MD simulation. (b) Same simulation: dashed lines, mean center of mass
displacements; full lines: rotational correlation function for in-plane oscillation. (1), (2) and
(3) at 80, 150 and 250K respectively. The rotational function at 250K shows the onset of
molecular rotation.

and becomeflatter andwider, as a consequence of the increased displacement freedom
due to the decrease in density (not unexpectedly; to pursue the previous criminal
analogy further, presenting a picture of Al Capone to mafia prosecutors). Rotational
correlation functions provide further information: Fig. 13.3(b) shows that at 250K,
even while the crystal remains integer, as testified by constant density and steady
mean square displacements of the center of mass, there is a loss of orientational
correlation for in-plane rotation, as the benzene crystal moves to a rotator phase
by a second-order phase transition. This in-plane rotation of the molecules in the
benzene crystal, so clearly pointed out by molecular dynamics, is confirmed by NMR
relaxation experiments (recall Table 1.6 and the related discussion). Note that the
loss of orientational correlation in the crystal is partial, and is on a much longer
timescale (15 ps for a 0.4 decrease) than in the liquid state (Fig. 13.4, full loss in
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Fig. 13.4. Center of mass displacement and rotational correlation function for liquid benzene
at 300K. 80–120 ps section of the simulation shown in Fig. 13.1.

6 ps), demonstrating the directional constraint and the comparatively high activation
barrier for the rotation in the crystal.
No wonder, the atomic details of the mechanism of melting are far from clear.

Intuitively, one may recall that as temperature rises, the anharmonicity of the inter-
atomic potential requires a decrease in density, so that at some point the molecules in
the solid find enough space around them to become free to diffuse or rotate, with a
consequent collapse of long range structural periodicity and a catastrophic evolution
into the liquid state. The number (concentration) of these defects is a reproducible
quantity at a given temperature. This so-called Lindemann criterion [9] sets a limiting
value for the volume increase that the solid can withstand; this rule apparently holds
for crystals made of simple spherical particles, which melt as soon as the vibrational
amplitude exceeds 15% of the cubic cell edge. This is also the order of magnitude
for the average volume increase on going from a very low temperature to the melting
temperature for organic crystals (recall Fig. 11.4), but the formulation of a theory for
this behavior would require at the very least an anisotropic version of the Lindemann
rule, somehow taking into account also the wide variety of molecular shapes and
interaction potentials – a very difficult path to follow.
A different mechanism, verified by careful experiments, is surface melting [10]:

below the melting point, solid particles become coated with a liquid-like film of
increasing thickness, in thermodynamic equilibriumwith the solid, and it is this liquid-
like portion of the system that functions as a trigger for the subsequent bulk melting.
At the normal melting temperature, the melt front rushes in further, transforming
the entire solid into a liquid. If this mechanism were always true and necessary,
melting would be a surface-dependent phenomenon and an infinite bulk solid would
never melt. In fact this mechanism certainly applies to systems made of very simple
particles, like Ar atoms, but it is doubtful that it may be at work in complex molecular
systems. Surface melting is a sort of extreme surface reconstruction, a phenomenon
which may not be pervasive or even frequent for molecules with large and articulated
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anchoring points. A logical conjecture is to propose that melting may initiate at
any kind of defect (grain boundaries, dislocations, etc.), the surface being the most
obvious “defect” in any real solid, but without the need for a real surface liquid layer.
Anyway, the Lindemann criterion and surface melting are not mutually exclusive, and
neither precludes the sharpness and reproducibility of the melting points of organic
compounds, as they both result from equilibrium conditions that are met at well
specified temperatures.
Molecules in crystals undergo collective oscillations (Section 6.3)whose frequency

and associated librational energy are sharp functions of the boundary conditions
imposed by the surrounding lattice. As density decreases with rising temperature,
some of these conditions may in some cases become much less imposing or may
eventually vanish, and the corresponding vibrations become “soft modes”. These soft
modes lead to collective structural rearrangements and to crystal–crystal phase tran-
sitions with almost zero cost in enthalpy [11]. Is melting the result of some mode
softening or even of a simultaneous softening of all lattice modes, or, as an alter-
native, of a chaotic loss of correlation at single defect points? No one can tell for
sure, but the most disquieting side of this question is that there may not be a unique
answer, except, once again, for crystals made of very simple objects such as hard
spheres, disks, or cylinders. For example, the instabilities in n-alkane crystals above
a certain temperature have been studied by molecular dynamics [12], leading to the
conclusion that “the instabilities…correspond to the softening of long-wavelength
vibrational modes associated with rigid motion of the chains… the instability then
propagates to smaller wavelengths”. Conceivably, many different things may happen
in the almost infinite variety of shapes and potentials represented in large and flexible
organic molecules, and it may be extremely difficult if not altogether impossible to
find general rules. The solid-state chemist is here in the position of the physicist who
(so the story goes) when asked if she could provide a general equation for the motion
of a horse, answered, yes, but only assuming a spherical horse.

13.4 Solid–liquid equilibrium and nucleation from the melt

Ifmelting is difficult to characterize inmolecular terms, nucleation and growth of crys-
talline particles from themelt is an evenmore elusive phenomenon. Given the extreme
difficulty of obtaining molecular level information, phenomenological, macroscopic
nucleation theories have been formulated [13] before and aside fromnumericalmolec-
ular simulation. These theories constitute an almost completely parallel approach to
the matter and their description does not belong in this book, although points of
contact with molecular level simulations have been explored [14].
The following treatment of nucleation in classical nucleation theory (CNT)provides

a glimpse of themethods and reasoning of classical theories.A supersaturated solution
is assumed to contain spherical nuclei of radius R and with nc particles, and the Gibbs
free energy change on formation of these nuclei includes a term in the difference
between the free energies of the solid and the liquid, �µ, and a term that represents
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the surface free energy. In supersaturation conditions the first term is negative (drive
towards the solid) and the second term is positive and responsible for the free energy
activation barrier to nucleation:

�G = 4/3πR3ρs�µ + 4πR2γ (13.2)

where ρs is the particle density of the bulk solid, and γ is a surface free energy density.
This function has a maximum �G* for a given Rcrit , defining the size of the critical
nucleus and also the probability of its formation, which is taken to be proportional to a
Boltzmann-like factor in�G*. In addition to these thermodynamic factors, the theory
includes some kinetic factors that take into account the obvious facts that (1) there
must be a finite frequency of attachment for molecules docking onto the nucleus, and
(2) the free energy barrier can be climbed from both sides. Using other simplifying
assumptions, and simple geometrical factors for attachment, one ends up with the
following expression for the nucleation rate per unit volume:

rate = (�µ/6πkBncT)
1/2ρliq(24Dsn

2/3
c /λ2) exp[−(16π/3kBT)(γ3/ρs�µ2)]

(13.3)

λ is a “typical” diffusion distance, Ds is the self-diffusion coefficient, and ρliq is
the density of the liquid. Expressions of this kind have a rather unpleasant look
and require funny numerical coefficients with lots of πs. More seriously, they are
problematic because their overall reliability is the product of the reliability factors of
all the embedded assumptions and approximations, a product that is nearly zero at
the third assumption with 0.5 probability of being realistic. Models can be improved,
phenomenological equations can be elaborated upon, densities can be taken as variable
instead of constant, but one never gets past the basic stumbling points of a model,
which is in all likelihood inadequate for the description of nucleation of crystals of
complex organic molecules, for which the crucial quantities R, λ, and γ are unknown
or possibly even undefined.
There are other problems. Homogeneous nucleation, or nucleation in a continuous

environment, is a tempting assumption in theorization [15], but known facts seem
to indicate that it is just wishful thinking, at least for organic materials. Molecular
aggregation is extremely sensitive to the presence of even minimal perturbing factors
like tiny impurities or even cracks in the container’s surface, and every practicing
chemist has experienced the effects of supplying mechanical energy by scratching
the walls of a crystallization vessel. The sensitivity of nucleation processes to exper-
imental, transient conditions is alarming from the standpoint of the construction of a
unified theory of crystal nucleation. For example, stirring the melt has been reported
to induce chiral symmetry breaking in the crystallization of 1,1′-binaphthyl [16].
At the other extreme, the formulation of molecular level theories is difficult if

not impossible due to the intrinsic complexity of the molecular shape and potential
in organic compounds. Molecular simulation studies of solid–liquid transformations
concernmainly the Lennard-Jones fluid (the “spherical horse”), a hypothetical system
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composed of spheres interacting by some sort of sphere-sphere empirical poten-
tial [17], or simple molecules like the alkanes, usually modeled in the united-atom
approach (each methyl or methylene group being a single interaction site) [18], or
small globular molecules [19].
As mentioned before, a single MD run through a melting process is not an equilib-

rium simulation. If a proper description of the equilibrium is desired, the simulation
should be carried out a large number of times forwards and backwards through melt-
ing and crystallization – a fantastic task for even the most optimistic believer in
the exponential growth of computing power. Alternatively, one may calculate the
free energy of the crystal and of the liquid as a function of temperature, using free
energy simulations (Section 9.7). One such calculation has been carried out for n-
octane, using an all-atom model and allowing for the full flexibility of the chain
[20]. The thermodynamic integration requires a reference state for which the free
energy can be computed exactly: for the crystal, this is the so-called Einstein crystal,
an ensemble of non-interacting particles each of which oscillates around its lattice
site according to a given force constant, with total internal energy UEin; for the liq-
uid, the reference state is the ideal fluid at zero density, the ideal gas. An effective
potential Ueff is then employed along with a step variable, λ, which carries the sys-
tem from the reference state to the actual desired state. For the crystal, for example,
one has:

Ueff = (1− λ)U + λUEin (13.4)

�F = F(λ = 0)− F(λ = 1) = −
∫

dλ < (dUeff/dλ) > (13.5)

A free energy difference becomes then an integral requiring only the knowledge of
the internal energy U. The main problem of such approaches is that computing times
scale with an unknown but for sure alarmingly high power of the number of atoms
in the molecule, so the description of the molecule has to be restricted to a small
number of sites and to very simple potentials. The return for such a huge computing
investment rests on the accuracy of the potentials employed; for complex organic
molecules where empirical force fields are often tentative and difficult to optimize,
there are serious chances of using a big gun to shoot rubber bullets.
The ultimate challenge is a detailed description at a molecular level of the micro-

scopic events that occur on the path from liquid to solid, both in structural and energetic
aspects. In a brute force approach, one prepares a liquid computational box and applies
standard molecular dynamics by lowering the temperature in steps, waiting for a crys-
tallization trajectory to spring out of the computer. Success requires a big investment
in time and effort, and a significant bit of luck, since MD trajectories are by defini-
tion unpredictable – if one wishes, chaotic, in the sense that small variations in initial
conditions are unpredictably amplified as the simulation proceeds. The choice of tem-
perature plays a crucial role, since too high a temperaturemay preventmolecules from
sticking into place, and too low a temperature may deprive crystallizing molecules of
the kinetic energy needed to swim through the liquid and reach their docking positions.
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No wonder, successful studies of this kind can be counted on the fingers of one hand.
An example is a much emphasized study of water freezing [21]: a computational box
of 512 water molecules was simulated at 230K, in “many” (one wonders exactly
how many) trajectory calculations, each longer than 1µs , or a very long time for an
MD simulation. During a time lag of about 200 ns, subsequent snapshots along the
trajectory clearly show the formation of an hexagonal proto-structure of hydrogen
bonds, followed by a formation of the complete hexagonal network typical of solid
water.
In a different approach, free energyMonte Carlo calculations have been applied for

the ice nucleation process through the “umbrella sampling” formalism [22]. In this
procedure, the free energy iswritten as a function of some order parameters, connected
with the geometry of the hydrogen bonding coordination sphere; the operator knows
which values of these order parameters correspond to the solid and which to the
liquid. The system is then “pulled” through phase space by a systematic variation of
one or two of these order parameters, the leading parameters, while the free energy
is minimized with respect to the others (the “lagging” parameters); in this way, a
minimum free energy path is deliberately mapped for the nucleation process (in the
same manner, umbrella sampling can be applied to any kind of chemical evolution,
if the proper parameters can be chosen). The calculation reproduces the latent heat
of melting of water, and estimates a free energy barrier to nucleation of 80 kT. Pre-
crystallization nuclei are said to be dynamic in character, and the size of the critical
nucleus is estimated at 210–260 molecules. These considerations and these numbers
look like distant voices coming from an unexplored, far-away planet [23].

13.5 Vapor–liquid and vapor–solid equilibrium

The most striking news that one learns when studying vapor–liquid phenomena is
that not only does the vapor need to nucleate a liquid droplet to condense, but that
also the liquid needs to nucleate a gas bubble to evaporate [24]. On the theoretical
side, the simulation is made easier because the vapor is relatively simple to handle, on
the experimental side, vapor pressure measurements in vapor–liquid equilibrium are
fairly easy to perform. The Gibbs ensemble Monte Carlo method (Section 9.8) can
be applied to the vapor–liquid equilibrium with considerable success: vapor pressure
curves, second virial coefficients, and other equilibrium properties can be calculated
by molecular simulation, and, remarkably, good results can apparently be obtained by
highly accurate ab initio quantummechanical potentials [25a] or by simple empirical
potentials [25b].
Crystal growth by sublimation is extensively used for obtaining high purity crystals.

The nucleation and growth of crystals from the vapor invariably occurs by grafting to
some solid support, usually in practice some cold spot on the walls of a container. A
likely hypothesis is then that the solid surface somehow acts as a nucleation catalyst.
In principle, nothing forbids the simulation of the vapor–solid equilibrium along the
same lines as for vapor–liquid equilibria.
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13.6 Glasses

“In the past few years the glass transition phenomenon has won general recognition as
one of the outstanding unsolved problems in condensed matter physics” [26a]. These
not exactly encouraging words appear at the top of a paper by one of the pioneers
in the study of the glassy state. Glasses are solids without diffusional freedom but
without long-range structural periodicity. To some extent, they can be assimilated to
supercooled liquids, but in glass forming systems the viscosity has a sharp increase
close to the so-called glass transition temperature until diffusion is entirely frozen out.
The glassy state can be induced by a rapid cooling of the liquid below the melting

point; it is not known whether all substances must vitrify under given conditions,
or only some substances with peculiar properties can be vitrified – and, if the latter
is true, it is not know what these properties should be. An empirical rule states that
the glass-forming ability of a molecular liquid is the ratio of the boiling point to
melting point, which is generally above 2 for substances that vitrify easily [26b];
this ratio should reflect the sluggishness of the crystallization process due to poor
packing efficiency. No wonder the rule has been questioned by the accumulation of
more experimental data, as invariably happens with shape-aggregation relationships
for organic compounds. The glassy state can be studied at varying temperature and
pressure by many techniques, including thermal analysis and all methods that probe
the relaxation times within the system, plus all usual spectroscopic techniques. The
structure factor can be obtained by neutron scattering measurements, yielding radial
density distribution curves (recall Section 5.8).
Two diagrams may be proposed to illustrate some of the basic properties of the

glassy state: the heat capacity trace (thermogram) and the viscosity–temperature dia-
gram. Schematic examples are shown in Figs. 13.5 and 13.6. The salient features of
the thermogram, left to right, are: (1) there is a residual Cp difference between glass
and crystal, showing that the glassy state has some extra energy “pockets”; (2) on
heating, the glass goes through an endothermic bump that corresponds to some acti-
vated process for devitrification, followed by an exotherm that indicates evolution to
a crystalline state; (3) after this, the crystal behaves in the usual manner and melts at
the normal melting temperature. The viscosity diagram shows the difference between
materials classified as “strong” where the plot is linear and follows an Arrhenius
activation law:

ln (η) = ln (A)− (E∗/RTg)(Tg/T) (13.6)

and materials classified as “fragile”, where the viscosity breaks down much more
sharply on increasing temperature, hence the name. These characteristic features
must depend on the strength of the cohesion within the material, and, for example,
hydrogen-bonding substances are usually “stronger” than “fragile” hydrocarbons, but
exceptions are the rule in this kind of correlation.
There apparently is no doubt that the glass transition is reproducible, and hence

can be discussed in thermodynamic terms rather than in evanescent kinetic terms.
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Fig. 13.5. Solid line: thermogram for the heating of a rapidly quenched liquid that has gone
through the glass formation process. Dashed line: normal thermogram for the samematerial that
has not gone through the vitrification process. Sample values for the glass transition temperature
Tg and the melting temperature Tm are 117.5 and 178.15 for toluene. Adapted from ideas
exposed in ref. [26].
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Fig. 13.6. Plots of viscosity against the glass transition to temperature ratio. Curve (a), “strong”
material, Arrhenius law behavior; curves (b) and (c) increasingly “fragile” materials, where
internal breakdown occurs as soon as temperature rises above Tg.

But what is the level of molecular organization within the glassy state? There cer-
tainly is a short range association effect quite similar to that observed in normal
liquids, observable by peaks in the radial distribution functions, which reflects the
main intermolecular bonding abilities of the compound; for example, some structur-
ing arises from interactions between aromatic rings in benzene derivatives, or typically
by hydrogen bonding.Depending on the strength of the intermolecular cohesion, there
may also be some intermediate range ordering, possible due to a structuring among
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clusters of molecules, rather than among molecules themselves, which is revealed by
a “pre-peak” in the static structure factor at very short θ or distances of 10–30Å, as
measured by neutron scattering [26,27].
The temperature and pressure evolution of glass-forming systems can be modeled

by evolutionary molecular simulations like Monte Carlo or molecular dynamics. A
good sample case is m-toluidine (1-methyl-3-aminobenzene), which has been exten-
sively studied by a combination of neutron scattering and Monte Carlo simulation
[27]. An analysis of the temperature, pressure, and isotopic substitution dependence
allows an assignment and tentative rationalization of the features in the static structure
factor: those features which depend on pressure are ascribed to the exclusion volume
of the aromatic rings (a repulsive effect) while temperature-dependent features are
associated with bond stretching phenomena, ideally hydrogen bonding. The pre-peak
intensity increases on lowering the temperature down to the glassy state: interpreted as
due to clustering phenomena induced by hydrogen bonding, this intermediate-range
order introduces a fascinating, but disturbing, character of at least partial structural
inhomogeneity into the glassy state and, possibly, into supercooled liquids in gen-
eral [28]. A more detailed analysis [29] using molecular dynamics simulation allows
a breakdown of the structure factor intensities over separate atomic contributions:
it shows that the pre-peak results mainly from the contributions of nitrogen atoms
involved in hydrogen-bonded molecular clusters. In addition, the simulation mim-
ics almost perfectly the Cp anomaly at the glass transition (Fig. 13.7) and allows a
molecular level interpretation of the structural rearrangement at the transition temper-
ature, which involves a change in the reciprocal orientation between hydrogen bonds
and inter-ring interactions. This example illustrates the efficiency and the richness of
microscopic detail afforded by accuratemolecular simulation in the analysis and inter-
pretation of experimental observations – it goes without saying that the simulations
also perfectly reproduce all the properties of the corresponding normal liquid.

200

Cp

Calc

Obs

0 100 200 300
T, K

100

Fig. 13.7. Simulated (dashed, from ref. [29]) and experimental (full line, from ref. [26b])
evolution of the heat capacity of liquid toluidine through the glass transition. The agreement
is impressive.
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13.7 Liquid crystals

This beautiful oxymoron refers to a particular state ofmatter, encounteredwith organic
compoundswhose overall envelope presents a particularly simple shape,most often an
ellipsoid or a discoid. These molecules organize themselves with a varying degree of
structural periodicity (order), in one or two dimensions, intermediate between the liq-
uid and the crystal, hence the name of mesophases and mesogenic compounds. Since
the structural periodicity is to some extent commensurate with the molecular shape,
the orientation of the elongation axis or of the main plane are easily recognizable
geometric descriptors of the intermolecular structure of these particular condensed
phases. The preparation of mesogenic compounds and the experimental analysis of
the corresponding phases are the subject of entire books in themselves and will not be
reviewed here. The same applies to the evolutionary simulation of mesophases [30];
only a flavor of these simulations will be given here.
Although the complete atomistic simulation of ensembles of mesogenic molecules

is within reach of present computational facilities, the traditional treatment of liquid
crystals in molecular dynamics or Monte Carlo simulations makes use of the Gay–
Berne potential, an ingenious computational machine whose aspects deserve to be
described here for their epistemological implications. An ordinary Lennard-Jones
(LJ) potential, equation 4.38 or 4.40, can be written as a function of the distance
between two particles, Rij, the well depth ε and the equilibrium separation σ . An
ellipsoidal object is identified by the position of its centroid and by an orientation unit
vector u, and the Gay–Berne (GB) potential is a modified LJ that takes into account
the anisotropy of the ellipsoid, both in energy and equilibrium separation:

LJ: ULJ = U(Rij, ε, σ) (= 4.38) (13.7)

GB: UGB = U[Rij, ε(ui,uj,Rij), σ(ui,uj,Rij),µ, ν] (13.8)

In the above formulation Rij is the distance between centroids, while the overall dis-
tance dependence is still of the 12-6 type. Both well depth and equilibrium separation
depend on the distance and relative orientation of the two ellipsoids, and two extra
parameters,µ and ν, add flexibility to the model by exponential scaling of the implied
dot products between orientation vectors. All in all, a GB potential depends on four
parameters, the length/breadth ratios for ε and σ , plus µ and ν. Figure 13.8 shows
the nice result: an orientation dependence of the potential. In addition, the ellipsoids
or the discoids can be made electrically active by imposing some central multipoles
along the molecular envelope; the calculation of the multipole energy then is easily
accomplished by standard electrostatic formulas (see Section 4.2 and ref. [30]). For
two dipoles di and dj at a distance R, for example, the total simulation energy of the
liquid crystalline sample then becomes:

U(dipole) = (didj/R
3)[di · dj − 3(di · R)(dj · R)] (13.9)

ETOT = UGB + U(dipole) (13.10)
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Fig. 13.8. Gay–Berne potentials: limiting cases of reciprocal orientation between ellipsoids
or discoids. ε◦ is a reference well depth. In discotics, the length/breadth ratio is substituted by
a thickness/diameter ratio. Adapted (with permission) from ref. [30].
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Fig. 13.9. Typical result of a simulation for a liquid crystalline ensemble: as the clearing
temperature is reached, the order parameter P2, equation 13.11, suddenly drops to zero.

In standard modeling, the parameters of the force field are optimized to reproduce
experimental properties of real substances, e.g. heats of sublimation or ofmelting, and
the parametric force field is then used to predict unknown values of the same and other
physical quantities. In the study of liquid crystals by the above formalism the logical
path is sometimes different: one asks for certain properties, and then tries to find the
parameters that would be needed to produce such a result. Consider, for example,
the clearing point between a smectic phase and the liquid; the transition is easily
characterized by the evolution in temperature of the secondmoment of the distribution
of molecular orientation vector u with respect to a principal direction e [30]:

P2 = 3/2 <(u · e)2> −1/2 (13.11)
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A schematic illustration of this situation is shown in Figure 13.9. Clearly the position
of the clearing point is tunable according to the values assigned to the parameters in
the GB potential and to the molecular multipoles. The properties of the real molecule
that would exhibit the required property are then inferred from the values of the
parameters, e.g. a certain length/breadth ratio and certain values of the molecular
multipoles.

13.8 Nucleation and growth from solution: Experiments

To many people, chemistry is a science of colors; a typically impressive experiment
carried out by elementary school teachers is the mixing of two colorless solutions to
obtain a colored product. It is easy to understand how awe-inspiring it can be, along
the same line, the mixing of two transparent solutions to yield a turbid medium, or the
precipitation of solidmatter with a clearly distinguishable externalmorphology, faces,
and dihedrals [31]. This is as close to a miracle as the fantasy of the layman can go,
and there is no doubt that crystallization has exerted a special fascination throughout
the centuries, with the birth and spread of crystal fads, some of which survive today
in the selling of healing crystals, miracle pyramids, and the like. It must be said that
the precipitation of a nice and clean crystalline material perhaps after a long synthetic
effort is a source of special satisfaction and reward even to an experienced chemist
[32], just as the stubborn refusal of some solutes to coagulate into their solids is a
source of frustration and a major obstacle to further purification.

13.8.1 Overview

The basic tenets of the science of crystal development from solution are few and very
broad: (1) solute molecules associate in solution until the newly formed aggregate
grows to a certain size; this stage is usually called “nucleation”; (2) some of the
associative nuclei then further develop into larger crystals; this stage is usually called
“growth” – but notice that the verb “to grow” had also to be used in the definition of
nucleation.
Inmacroscopic phenomenological terms, the formation of an elementary aggregate

involves a change in free energy due to aggregation itself, and a change in free energy
due to interface tensions, as already outlined in equation 13.2. The development of
the theory of nucleation from solution follows a path that is very similar to that for
nucleation from the melt, with the obvious additional complication that the system
is now a two-component (if not a many-component) one. However, as soon as the
nucleation heterogeneity appears, the basic concepts of thermodynamics are put in
question. In fact, free energy must be a state function, but in a heterogeneous system
the state-defining variables may not be just the traditional ones, temperature, pres-
sure, volume, chemical compositions, but must be supplemented by some descriptor
of the amount of heterogeneity (order? size distribution?), and the recognition and
measurement of these supplementary variables is nearly always extremely difficult,
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because very few if any of the traditional chemical analysis techniques can be made
sensitive enough to probe the intimate structure of these microscopic and fluctuating
aggregates. Especially for large and flexible organic molecules, the very concept of
phase equilibrium becomes questionable as most of the time the experimental repro-
ducibility and identification of states and phases are difficult and one does not know,
literally, what state or phase one is speaking of.
Then the nuclei grow into macroscopic crystals, but there is no way of properly

defining a transition from the nucleation to the growth stage. There is no doubt that the
growthmechanicsmust be directed by the template provided by the pre-existing stable
structure of the nuclei. Phenomenological theories of crystal growth use schematic
models of the growing surfaces, which are postulated to be very flat and regular
at low temperatures and to become “rough” at higher temperature; this roughening
is due to the presence of kinks, steps, and ledges, whose efficiency in promoting
growth is evident on the basis of simple geometrical intuition, because a molecule
attached at a kink site interacts with the bulk in two or three directions, while a
molecule on a flat surface interacts along one direction only. Again, while work-
ing reasonably well for simple particles, such models are clearly inadequate to treat
complex molecules. Given such premises, it is not surprising to learn that nucleation
and growth theories for real organic molecules are presently in an unsatisfactory
state.
Nucleation, growth, and transformations among nucleating and growing species

have been and are being studied extensively, taking full advantage of the recent large
improvements in analytical techniques. The overview is at the same time an extremely
stimulating and outrightly frustrating one: the dynamics of these processes is seen
to depend on nearly anything: temperature, chemical nature of the solvent, solute
solubility, pH, stirring rate, total volume of the sample [33]; chemical additives (and
hence impurities in nanoconcentrations) [34]; sonication (treatment with ultrasonic
waves) [35]; confinement inmicroporous solids, emulsification [36]; epitaxy [37], and
even cross-fertilization of various polymorphic nuclei [38]. Apparently, an external
electric field or the extent and direction of polarization of an external light source can
influence in stereoselectiveways the nucleation and crystallization of highly polarized
molecules [39].

13.8.2 Light scattering, calorimetry

So the hunt for this elusive entity, the growing nucleus, is open. Useful analytical
techniques for the study of crystal nucleation and growth must be sensitive to the size
of the evolving clusters, and, ideally, also to the detailed intermolecular structure of
these clusters. The first requirement seems more within reach than the second.
When aggregates grow, the solution becomes turbid because of light scattering,

and accurate measurements of the photon autocorrelation function provide a direct
access to the radius of the scattering nuclei. This technique can be comfortably used
for large nuclei formed by crystallizing protein molecules: in a typical study on
lysozyme [40], cluster radii were seen to grow from 20 to 50Å in about one hour,
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with the number of different clusters decreasing from 1000 to 10 over the same period.
For ordinary organic molecules, practical difficulties arise when using this technique,
due to the smallness of the clusters, to multiple scattering, and to the requirement that
the suspension be of non-interacting monodisperse clusters (all nuclei of the same
size). Nevertheless, light scattering techniques are employed to study the formation of
liquid droplets from water vapor [41], allowing the measurement of nucleation rates
(number of nuclei formed per unit of volume and time) and of cluster composition,
which for water range from 105 to 109 cm−3 s−1, and from 20 to 30 molecules per
cluster, respectively.
Similarly, the particle size and number concentration in crystallizing systems can

be counted directly through the obscuration of a laser beam by particles flowing
between the beam and a photodiode [42], or via the attenuation of a sound wave
traveling through the system [43], with the added advantage in the latter case that
the measurement is not hampered by optical saturation. Treating the experimental
data by classical nucleation theories, nucleation and growth rates can be obtained,
with orders of magnitude of 1012 m−3 s−1 and 108 m s−1, respectively. Particle
sizes, apparently, can vary from 5 [42] (a puzzling, astonishingly small number)
to 500 [43].
In an alternative to counting the number of condensed particles, one can try to

monitor the concentration of remaining solute [44], or some other thermodynamic
property that evolves with cluster formation: for example, microcalorimetry can mea-
sure the heat absorbed as crystallization occurs, and thus can drawade-supersaturation
curve [45]. Needless to say, none of the above directly or indirectly touches upon the
question of the internal structure of the generated clusters.

13.8.3 Chemical spectroscopy

Why not use standard chemical spectroscopy to study intermolecular association and
nucleation? The main obstacles are (1) that one must find signals that change upon
association, and this is not easy within the weak force regime proper of intermolec-
ular bonding, except perhaps for hydrogen bonds, and (2) that one must also have a
clear dependence on cluster size, which is even more difficult to achieve, with the
added complication that (3) many clusters of different size may be present in the
nucleating solution. For example, the existence of hydrogen-bonded aggregates of
the size of a few molecules could be ascertained in the benzyl alcohol–carbon tetra-
chloride system [46], but only by a multivariate analysis of an entire spectral region
(3,100–3,700 cm−1), because there is no obvious way of clearly separating signals
from monomers and from oligomers. In a similar manner, a principal component
analysis (recall Section 8.10.2) of the 1,600–1,680 cm−1 spectral region carried out
on a crystallizing progesterone solution could distinguish between spectral features
of the solute in solution and the solute crystals [47], and Raman spectroscopy can
distinguish the relative amounts of two polymorphic phases in a polymorphic trans-
formation by quantitative calibration of peak heights over the whole 200–1400 cm−1

region [48]. A subtle change in spectral features in the carbonyl absorption region
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between tetrolic acid in chloroform and in dioxane spots the formation of a heteroge-
neous hydrogen bond that leads to the crystallization of a dioxane solvate [49]. Here
we are here close enough to gleaning what molecules are doing in solution prior to
the crystallization event.
NMR spectroscopy is another obvious candidate: if, after all, it is possible to deter-

mine the structures of proteins in solution, why should it not be possible to determine
the structure of aggregatingmolecules? In a relatively straightforward experiment, the
disappearance of monomeric lysozymemacromolecules from solution after supersat-
uration was recorded [50], but for small-molecule clusters, the problem is always the
same; scarce structural sensitivity. In a test study, the NMR spectra of dimerizing
amide compounds were analyzed in terms of the formation of dimers and chains, by
varying the solute concentration to find association-dependent bands [51]. A corre-
lation between dimer structures found in solution or found in the crystal by X-ray
diffraction was found, again, opening a window on solution behavior, possibly on
the way to more complete association studies, although even here the determina-
tions had to rely on chemical shift changes as small as 0.1–0.2 ppm or even less.
One cannot imagine what should be measured for weakly bound van der Waals
complexes.

13.8.4 X-ray scattering and diffraction

The routine availability of high-power synchrotron radiation is likely to play a major
role in the development of in situ analysis of the nucleation event. The high-brilliance,
entirely wavelength-tunable radiation can probe particle sizes in the 30–1000Å range
by scattering, or in favorable cases even the ordering at atomic levelwithin the clusters,
in the 2–10Å range, just as in ordinary powder diffraction experiments. The high
output radiation intensity allows data collection on the timescale of milliseconds
and thus permits time-resolved crystallization studies. The nucleation of glycine was
studied by X-ray scattering [52]: the relationship between scattered intensity and
particle radii and shape goes through a phenomenological model involving fractals,
which, if rather obscure to the chemist, is apparently reliable enough to draw vital
conclusions about the nucleation mechanism: glycine exists in solution as a mixture
of monomers and dimers, which at increasing supersaturation coalesce into liquid-
like particles, which then reorganize into crystalline entities. These conclusions are
enough to dispose in one single stroke of classical nucleation theory which proceeds
from differences in chemical potential between solution and crystal.
In diffraction experiments, the diffraction pattern is directly obtained from the crys-

tallizing supersaturated solution, andwhen the contribution from the diffuse scattering
due to the solvent is filtered out, the data allow a time-resolved study of crystal for-
mation. Solution patterns can be compared with the pattern from dry powders, and
the growth process can be monitored; for example, a nice coincidence of solution
and dry powder diffraction patterns was observed for benzamide and dibromoaniline
[53]. Such techniques are widely used in nucleation and growth studies for inorganic
materials [54].
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13.9 Crystal growth and morphology

The morphology of minerals and inorganic crystals is usually evident, and is actually
impressive, as one may realize by thinking of gems. The strong forces, mainly of
coulombic nature, that hold together these materials impart to them a strong mechan-
ical resistance and a strong anisotropy. Growing single crystals of weakly bound
organic materials is much more problematic: samples are usually very small, and
their outer morphology is much less well defined or recognizable. For an impres-
sion of actual morphology considerations in the field of organic crystals, Table 13.1
collects the recorded qualifiers of sample shape in a large set of crystal structures in
the Cambridge Structural Database; these qualifiers are perforce approximate, if one
recalls that samples for X-ray analysis may be as small as fractions of amillimeter, but
nonetheless one can see there a predominance of growth forms that lead to an overall
globular shape, rather than plate or acicular. The sampling is not unbiased because
it refers to crystals selected for X-ray analysis, and an expert crystallographer will
always select for that purpose an individual as similar as possible to a sphere, even
when the crystal batch contains individuals of different morphologies.

13.9.1 Crystal faces, attachments energies, and morphology prediction

After the early nucleation and accretion events, large aggregates of unmistakable
crystalline nature eventually result, and further attachment of molecules from a sur-
rounding fluid phase leads to what is known as crystal growth proper, an intrinsically
epitaxial, two-dimensional phenomenon occurring on well-developed crystal faces,

Table 13.1 Number of qualifiers of crystal mor-
phology in the Z(1) database (see Chapter 8): 8,519
total entries. 3D, 2D, and 1D approximately label
crystals grown in globular, plate or acicular form,
respectively.

Descriptor

Prism 2946
Block 1343
Parallelepiped 238
Cube, box 140
Total 3D 55%

Plate 1546
Slab 43
Total 2D 19%

Needle 1169
Cylinder, rod 226
Total 1D 16%
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as opposed to the three-dimensional shaping of previous aggregates, which can be
either in crystalline, liquid, or-semi-structured states.
Each face of a macroscopic crystal must be parallel to a Bragg (hkl) plane (see

Fig. 5.13); when cell parameters are known, it is a relatively easy matter to assign
Bragg indices to each prominent face observed on a macroscopic crystal sample, and
vice versa. Early crystallography used planes and angles between them to determine
cell parameters – at least, when large enough crystals for visual observation can be
grown. If the crystal structure has been determined byX-ray diffraction, an appropriate
projection can be performed so as to have a view of the internal crystal structure down
the perpendicular to each face. What, then, should one “see” on a given (hkl) face? It
is important to realize from the very beginning that the surface population on a given
face can be uniquely defined only in terms of lattice points; but when considering
the actual molecular structure with its electron density envelope, and the organization
of matter around lattice points, including the symmetry operations within the cell,
what one “sees” depends on where one “cuts” (Fig. 13.10). In other words, a static
definition of surfaces and slices through the crystal structure, a vital link between
macroscopic morphology and molecular level structure on the way to the molecular
modeling of surface properties, depends on some subjective choices. For simple cubic
crystals made of atomic spheres (again, the “spherical horse”) things may be easier,
because atomic positions mostly coincide with lattice points, and surfaces can be
classified as compact, flat, or rough. For organic crystals made of complex, flexible
molecules, these definitions lose much of their uniqueness.
On the other hand, Fig. 13.11 shows a sketch of the actual situation at the bound-

ary between the growing crystal face and the solution. Solute molecules approach
the surface in conformational freedom, amidst solvent molecules, some of which are
also adsorbed on the crystal surface. There is little doubt that the structure of the
bulk solution is different from that of the solution close to the surface, which limits
molecular mobility and induces an electrostatic potential onto the solute molecules,

a

b

(100)

Fig. 13.10. Shows a cut perpendicular to the a direction (perpendicular to the plane of the
page): the two wavy lines correspond to a different choice of surface molecules, and hence to
a different surface structure, roughness, etc.
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Fig. 13.11. A schematic representation of the complex situation near a crystal–solution inter-
face. Shows solutemoleculeswith variable conformation in the bulk solution, partial structuring
of solute molecules near the interface, and solute, solvent and impurity particles adsorbed on
the solid surface. The structure of the solid at the surface may be different from the bulk solid
structure.
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Fig. 13.12. Left: explanation of the relative growth of two faces: between time t◦ and t1,
surface 1 is displaced (grows) faster, surface 2 grows more slowly, so that at time t1 surface 2
has become much larger than surface 1. Right: the construction of morphology, shown in two
dimensions: the lengths of vectors Ri out of a selected origin (black circle) are proportional to
the growth rate, and the externalmorphology results from the envelope of facesFi perpendicular
to these vectors.

and hence is likely to induce a partial solute structuring. Impurities also play a sub-
stantial although hardly predictable role, being active at a level of the order of 10−9 M
[55]. The solid itself is likely to be sensitive to the presence of the fluid phase, with
a partially reconstructed surface structure that may differ from the bulk structure. As
the crystal grows, the addition of new molecules to the various possible faces occurs
in a highly anisotropic fashion, because the energetic path to attachment is obviously
different for different surface aspects. As a result, some faces grow faster than others,
and the macroscopic specimen takes up its experimental morphology, as explained
schematically in Fig. 13.12.
With a simple construction, the predicted crystal morphology is established as

explained in Fig. 13.12 (right), using expansion vectors whose direction is determined
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by the face indices and whose modulus depends on the growth rate. The question is,
how does growth rate depend on surface structure? Early phenomenological theories
assume flat surfaces in the first place, which grow only by virtue of molecular attach-
ment to some dislocation. Along these lines, the growth rates may be taken just as
inversely proportional to the d(hkl) spacing (Fig. 5.13); the smaller the spacing, the
stronger the cohesion; or, in a more appropriate way, as proportional to the attachment
energy, which is the energy released when a new layer of molecules is deposited on
the surface. The attachment energy can be calculated by systematically removing sur-
face molecules, although with some reference-dependent assumption, as discussed
above, and computing the related energies by atom–atom empirical potentials. In this
way, computer programs for the tentative prediction of crystal morphology can be
set up [56].
As a help in the identification of the relevant surface networks, the periodic bond

chain concept is sometimes used: a molecule within the network is represented by
a point, and the network is kept together by “bonds” that are, in essence, molecule–
molecule energies calculated by the applied intermolecular potentials [57] (see the
“structure fingerprints” of Section 14.2.3). On such flat surfaces, the molecules are
assumed to be closely packed in regular arrays more or less like spheres, until some
external event (typically, a rise in temperature) induces a so called “roughening”
transition, or the creation of non-specified surface irregularities that create molecular
niches into which the incoming molecules may dock more promptly. If one considers
the complex structure of a molecular surface (Fig. 13.10), it is doubtful that such
simplified schemes may lead to a consistent routine prediction of crystal morphology.
They may perhaps be applied more confidently to the prediction of crystal growth by
sublimation, where the complications due to the presence of the solvent are removed.
The simulation of morphology using attachment energies only is static in nature.

As an improvement, in an attempt to include surface roughening, the Monte Carlo
method is used for the simulation of the attachment process over the crystal graph,
to fill the gap due to the neglect of the effects of supersaturation and temperature;
differently from free atomistic simulation, however, in this approach a number of
kinetic and thermodynamic constraints (crystal network, supersaturation and kinetic
parameter) are input to and enforced throughout the calculation [58]. Not surprisingly,
while static attachment methods show little sensitivity to the force field employed,
the Monte Carlo approach is extremely sensitive to small variations in the force field,
due to the stochastic nature of the phenomenon and to the importance of molecular
detail in the anisotropy of surface roughness. In an extensive comparative predictive
study of paracetamol morphology, different results were obtained with Dreiding,
distributed multipole and Compass force fields (see Chapter 2), none of which gave
good agreement with the experimental morphology [59]. One sees here a harbinger of
the complex interplay between the scope of the simulation method and the accuracy
of the force field that also appears when dealing with crystal structure prediction
(Section 14.4).
Crystal morphology is well known to be extremely solvent-dependent. If predic-

tions other than in vacuo are desired, the influence of the solvent must be taken into
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account, and the simplest way of doing this is to consider an effective attachment
energy, E∗(att) = E(att, vacuo)− E(att, solv), where E(att, solv) is the energy cost
for removing the solvent from the surface. This quantity can be obtained by molec-
ular dynamics simulations in which a crystal surface is equilibrated in the presence
of a solvent layer, and by partitioning the total configurational energy into crystal–
crystal, solvent–solvent and crystal–solvent terms, or by appropriate manipulations
of the total energies of the separate crystal and liquid phases against the energy of the
heterogenous system. The modified attachment energy E*(att) is then introduced in
the usual static scheme for the prediction of the crystal morphology [60].

13.9.2 Electron micrography and atomic force microscopy (AFM)

Well grown faces of organic crystals canbe studied in some favorable cases byordinary
optical microscopy, to a detail of perhaps some fractions of a millimeter. For higher
resolution, use ismade of electronmicrography, an imaging technique that relies upon
the interaction of an electron beam with the electron density of the surface atoms.
Atomic level resolution can be obtained by the atomic force microscope, a unique
tool for revealing molecular and atomic detail on surfaces. Its setup (Fig. 13.13) relies
on atomic level technology but is disarmingly simple in concept. A sensing probe,
consisting of a tip made of an inert material (e.g. SiN) about 100Å or less in diameter
protrudes from the end of a flexible cantilever, and is brought at atomic distance from
the surface to be explored by a piezoelectric actuator (z-actuator). The tip interacts
with the surface and is pulled by the intermolecular force; as the surface is moved
below the tip by x–y piezoelectric actuators, the z-actuator moves the tip up and down
to maintain a constant force between the surface and the tip. These up and down
movements are translated into angular deflections of a laser beam reflected off the
end of the cantilever towards a photodetector. The response of the photodetector is
converted to a topographical image of the surface by image processing techniques.
The dimensions of the apparatus are amazing – the tip-surface distance is of the

Laser beam

Photodetector

z-actuator

x–y actuator

Cantilever

Tip Force

SURFACE

Fig. 13.13. Schematic drawing of an AFM instrument.
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order of 2Å, the cantilever spring constant is of the order of 0.1Nm−1, and actua-
tors work at the rate of 1Å displacement per volt. The images thus obtained have a
captivatingly realistic appearance, showing hills and valleys of atomic dimensions.
One should never forget, however, that what one is actually seeing is not really nuclei
and electrons, but a reconstructed image of up and down cantilever displacements for
constant-force condition. AFM can be applied to non-conducting materials, differ-
ently from STM (scanning tunneling microscopy), and, even more important for the
structural chemistry of crystal formation, it can be applied to surfaces immersed in
a solvent and under solvent flow conditions, so that the degree of saturation of the
solution can be controlled [61].
AFM probes a crystal surface of nanoscopic dimensions at an advanced stage of

crystallinity, and hence is the ideal tool for studying crystal growth and dissolution.
The list of phenomena that can be studied by in situ AFM on organic crystals in solu-
tion is long and is limited only by the investigator’s imagination: surface topography,
dissolution and growth of faces, advancement of growth terraces; etching by different
solvents; the effect of different degrees of saturation or of additives; epitaxial growth;
and all these phenomena can be fairly easily correlated with the surface structure at
atomic resolution, if known by X-ray diffraction on single crystals. In addition, the
results of AFM experiments can be compared with and supplemented by the results
of static or dynamic simulations of attachment energies or of the actual crystal–liquid
interface.

13.10 Evolutionary molecular simulation

There is little hope of studying theoretically the complex intermolecular situation
sketched in Fig. 13.11 with even modest accuracy, unless evolutionary molecular
simulation is employed. Recourse is thus made to the classical arsenal of such simu-
lations, broadly subdivided into Monte Carlo (MC) and Molecular Dynamics (MD).
The conceptual foundations of these twomethods, and their computational feasibility,
are now reviewed again from the perspective of their use for nucleation and growth
studies.
In MD, time is a clearly singled out variable in a deterministic simulation based on

a postulated force field and on the classical equations of motion. For the simulation of
an evolving crystal aggregate, MD has the obvious advantage that the kinetics of the
process is transparent, as accretion rates can be immediately described as a function of
computational time, although the rate of anymolecular process is obviously dependent
on the postulated force model. In contrast, there is no apparent time variable in anMC
simulation, because evolution steps are random and may randomly affect molecular
evolutions which in reality happen on different timescales. If, as is often the case, time
in MC is taken as proportional to the number of moves, one is implicitly assuming
that all molecular moves occur on the same timescale, perhaps not a very severe
approximation in studies of molecular aggregates bound by nearly isotropic van der
Waals forces. In a variant of the MC formulation, called kinetic Monte Carlo (KMC)
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[62], moves are accepted or rejected according to a comparison between a random
number 0 < r < 1, and a probability of the performed move, estimated according to
preselected rate rules; compare this criterion with the standardMC energy criterion of
equation 9.10b. The time spacing between successive MC moves is thus calculable,
but only at the price of having to formulate sensible rate rules.
MD simulations of crystal growth can be readily set up, at least in principle. One

may think of using a computational box made of a crystal slab in contact with a liquid
phase; this would have the obvious problem that at any non-zero temperature part of
the solvent would be lost to the overhanging vacuum, and that the crystal slab sur-
rounded by vacuum would distort under the action of extreme surface forces. These
problems may be avoided by periodic boundary conditions, using a computational
box in which a crystalline lamella is enclosed between two solvent slabs so that on
applying the periodicity conditions, the continuity of the two phases is preserved.
The MD approach has the usual shortcomings: the first is the timescale problem,
which is especially acute in this case because nucleation and growth occur on the
scale of seconds, at the shortest, while MD simulation may last milliseconds at best.
Put another way, typical nucleation rates may be of the order of the appearance of
one particle every 1014 seconds in a cube with a side of 10Å. The second is the size
problem, because 103–104 molecules are considered instead of 1023. Such simula-
tions are therefore restricted to the study of some elementary events in the nucleation
or growth path, such as instantaneous attachment or detachment of solute and solvent
particles, or the different structuring of solvent layers close to or far from the crystal
surface [63]. Alternatively, extreme supersaturations must be used, to convince solute
molecules to aggregate out of the solution, with the obvious consequence that calcu-
lated nucleation rates may be fourteen orders of magnitude larger than experimental
ones [64]. Better results are obtained with small, globular and rigid molecules such
as SeF6 [65], or when the aggregation forces are very strong, as for covalent C−−C
bonds [66].
Both in MD and in MC, long simulation periods are spent in observing evolutions

that are irrelevant to the process under study, such as internal molecular vibrations,
or small amplitude oscillations around molecular positions in the liquid, while the
process-driving steps like, for example, diffusion from the solute to the crystal surface,
occur very seldom over extremely large numbers of MC moves or MD steps. In this
respect, MC has an advantage over MD because in MC a “move” can be anything
the operators want it to be, provided that reasonable acceptance criteria are selected.
Thus, one has MC “smart move” [67], in which the smart moves are the change of
identity between a solute and a solvent particle, or the swapping of the position of a
solute and a solvent molecule in close contact. These smart moves greatly enhance the
essential transport phenomena in the computational box. In the so-called aggregation-
volume-bias variant of the Monte Carlo scheme, [68] the computational box space
is explicitly divided into aggregating and non-aggregating zones, and MC moves are
swaps between the two zones; in essence, the particle is “picked up” from a bulk
solution region and “stuck” into an aggregating zone, thus elegantly straddling the
long and uncertain diffusion path that would result from the usual Metropolis-type
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MC inwhichmoves are only as described in equation 9.10. InMD, umbrella sampling
can be used to drive the system to the desired path through configurational space.
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