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Abstract

Crystal growth is a complex interplay between thermodynamic stability and kinetic processes,
influenced heavily by the conditions under which crystallization occurs—particularly the degree of
supersaturation. This abstract outline three principal regimes of solution-grown crystal growth: defect-
driven, two-dimensional, and adhesive growth. At low supersaturation, growth is facilitated at surface
defects, such as screw dislocations, where energy barriers to attachment are minimized. This results in
the formation of spiraling steps that propagate outward, producing continuous crystal expansion. As
supersaturation increases, the reduced energy threshold enables two-dimensional, or "birth-and-
spread,” growth even on clean surfaces. This regime favors stepped crystal planes and leads to rapid
lateral expansion. At very high supersaturation, the energy barrier is sufficiently low to permit random
deposition across the surface, promoting rough, adhesive growth characterized by irregular hillocks
and diminished surface uniformity. Observations through atomic-force microscopy provide real-time
insights into these growth modes, highlighting the direct correlation between supersaturation and the
evolving morphology of crystal surfaces. Additionally, the transition between these regimes is not
always abrupt; intermediate states often exhibit hybrid features, such as spiraling layers coexisting with
terrace nucleation. The role of temperature, solvent dynamics, and additive molecules further
complicate the kinetic pathways, occasionally stabilizing metastable crystal faces or inducing
anisotropic growth. Understanding these mechanisms is critical for tailoring crystal size, shape, and
purity—essential parameters in fields ranging from pharmaceuticals to semiconductor manufacturing.
Control over supersaturation and environmental parameters thus serves as a powerful lever in the
rational design of crystallization processes for industrial and scientific applications.
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INTRODUCTION
Understanding the Foundations of Crystal Growth for X-ray Crystallography

The journey toward determining molecular structures through X-ray crystallography begins with a
critical and often challenging step: growing suitable
crystals. Not just any crystal will suffice—those
used for diffraction must be of adequate size and
exceptional quality to yield high-resolution data
with strong signal-to-noise ratios and reliable
intensity measurements. While crystal growth can
seem elusive or even mysterious, it is firmly rooted
in principles of thermodynamics and kinetics rather
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than mysticism. Although one does not need to be a
physicist to successfully cultivate crystals, a
foundational grasp of the underlying physical and
chemical processes can greatly enhance one’s
success. Moreover, familiarity with a variety of
crystallization techniques is essential, as the method

© STM Journals 2025. All Rights Reserved

46



Mechanisms of Crystal Growth Ben Okri

that works well for one molecule may be completely ineffective for another. This document is structured
to guide readers through the essentials of crystal growth for X-ray crystallography. It begins by defining
the key characteristics that make crystals suitable for structural analysis, followed by a qualitative
overview of the thermodynamic and kinetic principles involved. Finally, it explores the primary
mechanisms through which crystals grow. This guide aims to offer a practical, approachable
introduction to the science behind crystal formation, rather than a detailed or technical treatise [1-4].

CRYSTAL CHARACTERISTICS FOR OPTIMAL X-RAY DIFFRACTION

When preparing samples for X-ray crystallography, choosing the right crystal is essential. Since X-
rays interact primarily with electrons, the quality of the resulting diffraction data depends heavily on
the crystal’s electron density—hence, its size, shape, and internal quality all play vital roles. While it
may seem intuitive that larger crystals are always better, the reality is more nuanced. Oversized crystals
can extend beyond the X-ray beam’s limits or suffer from excessive absorption, compromising data
accuracy. Therefore, selecting a crystal that matches the beam characteristics is a delicate balance of
experience and insight.

Crystal Size: Matching Crystal to Beam

Traditional X-ray sources like sealed-tube or rotating-anode generators produce a beam with a usable
cross-section of around 0.3 mm in diameter. Ideally, the crystal should fit within this “sweet spot,”
ensuring uniform irradiation as it rotates. With newer microsource technology, the beam can be as
narrow as 0.1 mm, meaning only a small portion of the crystal may actually be exposed at any time.
This can cause scaling issues, particularly for non-spherical or irregularly shaped crystals, and increases
the importance of precise centering. Although modern software can compensate for many of these
inconsistencies, it's still preferable to select a crystal best suited to the beam size and geometry.

Crystal Shape: Favoring Uniformity
Shape matters just as much as size. From a diffraction standpoint, block-like crystals are generally
superior, as they offer more uniform exposure and minimize orientation bias. Spherical crystals are
ideal in theory due to their symmetry, but are rarely encountered in practice. A general shape ranking,
from most to least favorable, includes:
Sphere
Block (cube or cuboid)
Slab / Tablet
Rod / Plate
Lath
Needle

Long, thin crystals such as needles and laths may cause uneven diffraction and complicate data
processing, particularly if they are larger than the X-ray beam [5-11].

Crystal Quality: Internal Order Matters

Crystal clarity and internal order remain critical for high-resolution data. While advancements in
technology have enabled analysis of suboptimal crystals, single, well-formed crystals still provide the
best results. Aggregated or twinned crystals are common and may require microsurgical separation of
single fragments. Some twin types, like contact or penetration twins, can be successfully managed by
modern refinement techniques, though others might still hinder accurate structure determination.
Additionally, crystals grown from solution often include solvent molecules in their structure.

If such crystals dry out, they may lose this solvent, leading to a collapse of long-range order and
rendering them useless for diffraction. Since it’s usually impossible to detect solvent inclusion by eye,
best practice dictates keeping crystals in their mother liquor until they are mounted for analysis. Signs
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of solvent loss include a change in surface appearance—crystals may go from clear and glossy to dull,
cracked, or striated.
THE PHYSICAL CHEMISTRY BEHIND CRYSTAL GROWTH

Crystal growth, particularly from solution—a common approach in synthetic chemistry and research
laboratories—is a process deeply rooted in the principles of thermodynamics and kinetics. Before
crystals can form, a compound must be dissolved in a relatively pure solvent, initiating a three-phase
journey: nucleation, growth, and termination of growth.

Nucleation: The Beginning of Order

Crystallization begins with nucleation of small, ordered clusters of molecules within the solution.
These clusters must reach a minimum critical size to become stable; otherwise, they dissolve back into
the solution. Once this threshold is crossed, the nucleus can act as a seed for further crystal development.
This process doesn’t occur spontaneously, even in supersaturated solutions. A free energy barrier,
denoted as AGn, must be overcome [12-16]. The formula describing this barrier involves a balance
between a favorable volume-based term (which drives crystallization) and an unfavorable surface
energy term (which resists it):

kT (47mr3)
Ving

AG, = [ ] + 4mr?y
Where:
r is the radius of the nucleus
v is the interfacial energy between the nucleus and solution
B is the degree of supersaturation
k is Boltzmann’s constant
T is temperature
V is molecular volume

This equation illustrates that smaller nuclei face higher energy penalties due to surface effects, and
only when a nucleus reaches the critical radius (rc) does it become energetically favorable to grow.

Supersaturation: The Driving Force for Crystallization
The key thermodynamic condition for nucleation and subsequent growth is supersaturation—a state
in which the chemical potential of the solute in solution is higher than in the solid phase:
e Saturated: pisolution=picrystal\mu_i*{\text{solution}} = \mu_i*{\text{crystal} } pisolution
=uicrystal — Equilibrium
e Supersaturated: pisolution>picrystal\mu_i*{\text{solution}} >
\mu_i*{\text{crystal} } pisolution>picrystal — Driving force for deposition

This imbalance prompts solute molecules to leave the solution and attach to growing crystal surfaces,
continuing until equilibrium is restored.

Homogeneous vs. Heterogeneous Nucleation
Nucleation can occur in two ways:
o Homogeneous nucleation happens spontaneously in the bulk solution, but it's rare due to the high
energy barrier.
e Heterogeneous nucleation is more common and occurs at surfaces, impurities, or container walls,
which lower the interfacial energy v, reducing AGn and making it easier for crystals to form.

This explains why even tiny specks of dust or scratches in glassware can dramatically influence
crystal formation.

Crystal Growth: Beyond the Barrier
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Once stable nuclei form, growth begins through the continued addition of molecules from solution
to the crystal surface. This process continues until:

e The solute is depleted,

e Impurities block further growth, or

e The system returns to equilibrium.

Growth typically occurs in the metastable zone of a crystallization phase diagram—beyond the
saturation point but not so deep into the nucleation zone that a multitude of tiny, unusable crystals form.

Factors Affecting Growth
Several factors control how fast and effectively a crystal grows:
e High solubility increases molecular collisions, enhancing the chance of incorporation into the
crystal lattice.
e Greater supersaturation lowers AGn, increasing the likelihood of nucleation.
o Presence of surfaces or particulates makes heterogeneous nucleation more probable due to
reduced interfacial energy.

The nucleation rate can be described by:
Jn=Bsexpi/o{—AGnkT)J n=B_s \exp \left( \frac{-\Delta G_n}{kT} \right)Jn=Bsexp(kT-AGn)

Where Bs reflects solubility and kinetic factors like diffusion.

Cooling and Crystal Formation in Melts

While this discussion focuses on solution-grown crystals, similar thermodynamic and kinetic
principles apply to crystal formation from melts. In melts, controlled cooling is key: slow cooling
encourages the formation of large single crystals, while rapid cooling may lead to a polycrystalline
mass—or even a glass, if nucleation is bypassed entirely. In conclusion, crystal growth is a carefully
balanced dance between thermodynamic potential and kinetic opportunity. Understanding the
conditions that govern nucleation and growth enables chemists to better control crystal formation—
choosing between a single crystal suitable for X-ray analysis and a frustrating, unusable mass of
microcrystals [17].

CRYSTAL GROWTH MECHANISMS: FROM DEFECTS TO ROUGH SURFACES

Once a stable nucleus forms, crystal growth proceeds—but how it progresses depends strongly on
the degree of supersaturation in the system. This single variable largely determines which of the
following three dominant mechanisms will take over:

o Defect-Driven Growth

e Two-Dimensional (2D) Layered Growth

o Adhesive (Rough) Growth

Each mechanism offers insight into how molecules incorporate into the growing crystal, and each gives
rise to characteristic morphologies that can even be observed in real time via atomic-force microscopy.

Defect-Driven Growth (Low Supersaturation)

At low levels of supersaturation, molecules have a hard time adhering to smooth, flat crystal surfaces
due to high energetic barriers to attachment (AGs). However, defects—such as screw dislocations—
dramatically increase the likelihood of attachment. These imperfections introduce kinks and steps in the
lattice, providing energetically favorable sites for incoming molecules.
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One particularly well-studied example is spiral growth around a screw defect. As the crystal grows,
steps propagate outward in a spiral fashion from the dislocation, continuously supplying new surface
area for further deposition. This mechanism allows sustained growth even at low supersaturation,
despite the general resistance of flat crystal faces to new material incorporation.

Table 1. Summary of mechanisms.

Supersaturation Dominant Growth Key Features

Level Mechanism
Low Defect-Driven Spiral growth around screw dislocations; growth at kinks and steps
Moderate Two-Dimensional Growth | Layer-by-layer spreading; nucleation of new layers; smoother surfaces
High Adhesive (Rough) Growth | Random deposition; rough surfaces with localized peaks

Two-Dimensional Growth (Moderate Supersaturation)

As supersaturation increases, the energy barrier (AGs) to sticking on flat surfaces decreases, making
nucleation of new layers on flat terraces more feasible. This leads to two-dimensional, or "birth-and-
spread,” growth, where small clusters (huclei) form on crystal surfaces and then expand laterally.

In this regime, growth still prefers steps and kinks, but these no longer need to originate from defects;
they can form spontaneously due to the energetic favorability under higher supersaturation. Notably,
crystals with stepped or high-index surfaces grow faster in this mode than flatter, low-index faces due
to the higher density of growth sites [18].

Adhesive (Rough) Growth (High Supersaturation)

At very high supersaturation, AGs becomes so low that even flat, defect-free regions can readily
accept new molecules. This leads to adhesive or rough growth, characterized by the formation of
random, uneven features such as hillocks and peaks on the crystal surface.

Unlike the other two mechanisms, this form of growth does not require pre-existing steps or defects.
Instead, deposition becomes largely uncontrolled, with new material sticking wherever it lands,
resulting in irregular, rough crystal surfaces.

Each of these mechanisms ties directly to thermodynamic and kinetic conditions, and understanding
them provides essential tools for controlling crystal morphology, optimizing growth for X-ray
crystallography, and troubleshooting crystallization failures. Having now covered the physical
requirements and driving forces behind crystallization, we arrive at a deeper appreciation of how
delicate—and tunable—the growth process can be enabling scientists to manipulate conditions with
precision to achieve crystals of suitable size, shape, and quality for structural analysis (Table 1).

CONCLUSION

In reviewing the various mechanisms, it becomes clear that each process—whether chemical,
physical, or biological—plays a unique and interconnected role in shaping the overall outcome. These
mechanisms not only explain how systems operate but also highlight the complexity and precision
behind each transformation or interaction. Understanding these pathways allows us to make informed
decisions, improve performance, and troubleshoot problems more effectively. By exploring the details
of how things work at a fundamental level, we open doors to innovation, sustainability, and smarter
applications. As research continues, a deeper grasp of these mechanisms will undoubtedly lead to more
refined and impactful solutions across a wide range of fields.
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