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Crystal nucleation determining the formation and assembly pathway of first organic materials is the central science
of various scientific disciplines such as chemical, geochemical, biological, and synthetic materials. Classical
nucleation theory (CNT) applies to systems of small organic molecules with an emphasis on the molecular
interpretation of nucleation kinetics. CNT holds that density fluctuations are concomitant with the development of

crystalline order. In other words, a crystal nucleus has an identical structure to its bulk crystal.

crystal nucleation solution chemistry polymorphism

| 1. Thermodynamics

CNT was originally derived from the pioneering work of Fahrenheit on the supercooling of water in the early 1700s.
It was endowed with thermodynamic underpinnings by Gibbs in the late 1800s on the studies of droplet formation
on a supersaturated vapor. In the early 1900s, Volmer and Weber, and others formulated the kinetic aspects of
CNT for vapor condensation; subsequently, they were extended by Turnbull and Fisher in the 1950s to address the

cases of nucleation in condensed phases .

Nucleation is the first step of the phase transition that occurs by local density fluctuations of the old phase from a
supersaturated state 2. The path by which the phase transition takes place is often described by the
cluster approach. A cluster of a certain number n of molecules (or building units) may be formed rarely because of
a free-energy barrier presented in the course of cluster formation (Figure 1a). The barrier results from the
competition in the growing clusters between the gain in bulk free energy (AG, = —nAu) due to the addition of a
molecule and the increasing surface free energy (AGs = ay) via the creation of the additional crystal-liquid interface

with specific interfacial free energy, y, and a surface area, a. The total free energy is thus given by

AG = AG, + AGs = —nlAp + avy (1)

Ap=p —ps =kpTIn S 2
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§=— (3)

a = A(von)*? (4)

where kg is the Boltzmann constant, T is the absolute temperature, S is the solution supersaturation ratio, c is the
actual concentration, cq is the equilibrium (saturated) concentration, A is a shape factor, and v, is the molecular
volume in the crystalline phase.

(2)

(b)
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Figure 1. Cluster formation and the associated changes of free energy during crystal nucleation. (a) Nanoscopical
formation of new phase via molecular clustering and (b) free energy diagram of crystal nucleation showing the

formation of critical nucleus size and supersaturation influence wherein a high supersaturation in the solution leads
* *
to a lower critical size of the nucleus (i.e., ny > ny ).

When the size of a cluster is small, the contribution of the surface free energy will be dominant over the bulk free
energy, and the cluster will tend to dissolve. However, the bulk free energy will become dominant for the clusters
with relatively large sizes. Therefore, a critical size of cluster (n*, also named as nucleus) exists, beyond which the
cluster probably survives from dissolution and becomes a nucleus growing further (Figure 1b) Bl The critical size

of a nucleus and the critical nucleation barrier (AG;) were given by

* 8civiy®
n = 3 ®)
27(ksTInS)
4323
AG c gy ©)

© 27(kgTinS)?

The size of a critical nucleus is dependent upon the strength of free energy barrier, which is influenced by
crystallization conditions such as supersaturation, solvent, and temperature 4. Higher levels of solution
supersaturations (i.e., greater driven force) leads to the lower free energy barrier and thus the lower size of the
critical nucleus. The critical clues and the size-dependence on the thermodynamic driving force have been recently

demonstrated experimentally &I,

| 2. The Kinetics of Crystal Nucleation

Resembling the kinetic theory of reaction, the steady-state rate of nucleation (J), which is defined as the number of

nuclei per unit time per unit volume, is expressed in the form of the Arrhenius rate equation:

A
Jerxp(— k;;f) (7)

where A is the pre-exponential factor. Equation (6) can be rewritten as
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B

J = Aexp(— ln2S) 8
463 302

B=— L@S ©)
27(kBT)

Here B represents the thermodynamic parameter. Equation (8) is valid for homogenous nucleation from the
solution. In the case of heterogeneous nucleation, the interfacial energy y should be replaced by an effective
interfacial energy ynen = @y, where the activity factor of template substrate, @, is in the range of 0 to 1, dependent
upon the wetting ability of a cluster with the substrate surface. Note that in the case of homogeneous nucleation,
the interfacial free energy represents an average over different crystal planes. More discussions on heterogeneous

nucleation can be found in a book by Kashchiev 2.

The nucleation kinetics is controlled by the frequencies f,» and gn+ of monomer attachment and detachment from
an n*sized cluster, respectively. In a stationary state of the nucleation process with a constant
concentration X, of n-size clusters, the nucleation rate was defined as the difference between the transformation
frequency f»Xy+ of the nuclei (n*) into the smallest super-nuclei (n* + 1) and detachment frequency gp++1Xp++1 Of

the super-nuclei n* + 1 into the nuclei n*:

J = fn*Xn* - gn*+1Xn*+1 - g.fn*Xn* (10)
11X n* 11
E=1—- ———F7F7—— 11
With * = f», X* = X+, Equation (9) is rearranged into a familiar form
J=zf"C" (12)
X" In28
z=(—— = (13)
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where z is the Zeldovich factor accounting for the use of C* instead of the actual nucleus concentration X* and for
those clusters larger than nuclei but eventually decay rather than grow into macroscopic crystals. C*
= Coexp(-AG /kgT) is the equilibrium concentration of crystal nuclei. Cy is the concentration of nucleation sites in

the system and is assumed equal to 1/v, for homogenous nucleation (v is the volume of a single solute molecule).

The nucleation rate was thus determined by not only the nucleation barrier AG. and the concentration C, of
nucleation sites but also the attachment frequency f* of monomers to the nucleus. According to Equations (7), (11),
and (12), the pre-exponential factor z*Cy is related to molecular attachment events of monomers to the critical
nucleus. The kinetic attachment over the course of nucleation could be controlled either by the volume diffusion
process of monomers in solution towards the nucleus or by the interfacial transfer of monomers across the

interface of the crystal nucleus and the surrounding solution.

When volume diffusion was the rate-determining step in monomer attachment to the nucleus, f* = *S* wherein S*
is the surface area of a nucleus and j* is the diffusion flux of monomers to the nucleus surface. By the assumption
of a spherical shape, the radius of a nucleus:

" = (3ven” /am)""? (14)

The flux j* = DC/r* and f* is given by

£ = (487%v0) *DCOn™/® = (48n%v0)° Dn3C" S (15)

where D is the diffusion coefficient of monomers and C is the concentration of monomers in the bulk solution.

If the event of molecular attachment is controlled by interface transfer, the monomers are in immediate contact with
the nucleus but need to make a random jump over a distance dy = (6o/m)® before joining into the nucleus.
Assuming that such a jump is proportional to D and the sticking coefficient A of monomers, j* = DC/dy and S* =
4mr*2, and f* is given by

*

£ = A(67%00)* DOR™3 = A(67%00) > Dn"?3C" S (16)

The aforementioned molecular interpretations of nucleation kinetics appear plausible and were used to qualitatively
explain crystal nucleation phenomena in condensed phases. In some cases, CNT does provide a reasonable
prediction on nucleation rate, e.g., the homogeneous nucleation of water droplets in vapors [&, but it fails in many
other cases wherein the predicted nucleation rate often displays a few orders of magnitude derivation from

measurements . Even for simple mono-component nucleation in vapor condensation like methanol, the
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measured nucleation rate is 10710 slower than the predicted one . Several major assumptions of CNT are
responsible for these discrepancies: (1) The molecular arrangement of a crystal nucleus is identical to the bulk
crystalline phase, and no surface free energy or interface tension difference between the two (the so-called
capillarity approximation). This assumption, however, appears incompatible with the Gibbs—Thomson effect in
which the curved step displays higher surface tension than that of the straight one. In addition, the surface tension
of a crystal nucleus can be also less than that at a flat interface 2129 which is valid at least in isobaric supercooling
(140121 (2) The evolution of crystalline order and clusters’density occurs simultaneously in crystal nucleation, and
growth and dissipation of clusters proceed respectively via the attachment and detachment of monomers (i.e.,
Szilard—Farkas model). However, it is possible that some organic systems displaying significant molecular
association or aggregation form clusters via dimer or oligomers, not only monomers BI3I14] Fyrther, the large
stable ionic aggregates or clusters were also reported in solution prior to nucleation in inorganic systems 131161 (3)
The steady-state nucleation process is assumed, and the stationary distribution of clusters is established
instantaneously upon reaching the supersaturation state. In addition, the overestimated rate of crystal nucleation
was often attributed to heterogeneous nucleation through foreign particles, which, nevertheless, are not well
defined in both structure and concentration. Besides, recent studies have also shown that the discrepancy at high

metastability is due to the nucleation times measured in not-fully relaxed liquids [ZI181(19]
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