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Current Projects in Crystallization

Nucleation and 
polymorph selection

Optimal operating
policies for solids 

processes with recycle

Next generation models 
for dissolution and growth

Shape evolution of
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needle crystals
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Importance of Crystal Shape

• Crystal shape impacts: 
Downstream processing – filtering, washing, drying, etc 
(avoid needles and flakes)
End use properties – bulk density, mechanical 
strength, flowability, dispersibility and stability of 
crystals in suspension, dissolution rate, bioavailability 

• The ability to predict and manipulate crystal shape 
enables optimized product & process design
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Why Modeling?

“If you can’t model your process, you don’t
understand it. If you don’t understand it, 
you can’t improve it.  And, if you can’t 
improve it, you won’t be competitive in the 
21st century.”

Jim Trainham, DuPont
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Crystals Form in Various Shapes

Succinic acid PABA

Zeolite Zeolite
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Non-equilibrium growth shapes of Pd nanocrystals supported on 
SrTiO3 (001) – Silly, Castell et al. Phys. Rev. B, 72, 165403 (2005) 

Substrate T = room temp
Anneal T = 650oC

Surface treatment  #1

Substrate T = 460oC
Anneal T = 650oC

Surface treatment  #1

Substrate T = room temp
Anneal T = 650oC

Surface treatment  #2
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Polymorphism

• The polymorph that is selected can affect:
Solubility, Shape, Melting Point, Bioavailability, 
Compressibility, Growth and Dissolution Rate, 
Taste, Color, Stability, Flowability, Patentability…

• The transition from one polymorph to another usually  
occurs more easily in a solution mediated 
mechanism, rather than a direct solid-solid transition. 



10

Needles Transform to Bipyramids

The less stable polymorph (needles) dissolves as the more stable
polymorph (bipyramids) grows – Veesler et al. (2004)  

Similar observations have been made by Davey and co-workers 
(Ferrari et al., 2003) for beta-glycine (needles) to alpha-glycine
(coffins) and for dihydroxy benzoic acid Form 1 (cubes) to Form 2 
(needles)
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Ibuprofen grown out 
of hexane

Ibuprofen grown out 
of methanol

Gordon & Amin US Patent 4,476,248 issued to The Upjohn Company

• Objective of the invention: “an improved crystalline habit and crystal shape of 
ibuprofen”

• Method of crystallization from solvents with δH>8, such as methanol, ethanol 
(instead of hexane or heptane).

• Faster dissolution rate, larger particle size, lower bulk volume, reduced 
sublimation rates and improved flow properties.

Crystal Shape - Ibuprofen
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Gordon and Amin Patent: Upjohn/Pfizer
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Klug & Van Mil Patent: DuPont Adipic
Acid Shape Modification
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Equilibrium Crystal Growth & Shape

• Idealized shape at infinitesimal supersaturation and 
looooooooooong times

• Gibbs equilibrium condition for shape of facetted 
crystals (1877-78)

• Wulff (1901) construction - solves the Gibbs 
minimization problem

C. Herring, “Some Theorems on the Free Energies of Crystal Surfaces,”
Phys. Rev., 82, 87-93 (1951)

min , . .i i
i

A s t fixed Vγ∑
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Wulff Construction
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Reservations About the Theory

Gibbs (Collected Works, pp. 325-326)

“On the whole it seems not improbable that the form of very 
minute crystals in equilibrium with solvents is principally 
determined by the condition that (          ) shall be a minimum for 
the volume of the crystal, but as they grow larger (in a solvent no 
more supersaturated than is necessary to make them grow at 
all), the deposition of new matter on the different surfaces will be 
determined more by the orientation of the surfaces and less by 
their size and relations to the surrounding surfaces.  As a final 
result, a large crystal, will generally be bounded by those 
surfaces alone on which the deposit of new matter takes 
place least readily.  But the relative development of the 
different kinds of sides will not be such as to make (          ) 
a minimum”.

i i
i

Aγ∑

i i
i

Aγ∑
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Steady-State Growth Shapes
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A. A. Chernov, “The Kinetics of the Growth Forms of Crystals,”
Soviet Physics-Crystallography, 7, 728-730 (1963)

Real growth shapes at low supersaturation

Frank-Chernov Condition
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Relative Growth Rates

• Experiment & correlations
e.g., the beautiful measurements on paracetamol
crystal faces by
Shekunov and Grant, “In Situ Optical Interferometric Studies of the 
Growth and Dissolution of Paracetamol (Acetaminophen). I. Growth 
Kinetics,” J. Phys. Chem. B, 101, 3973 (1997)

• Semi-Mechanistic models
BFDH model 
AE model

• Mechanistic models
Spiral growth model (BCF, Chernov)
2D nucleation model
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Crystal Shape and Growth Models

• Crystals grow by the flow of steps across the faces

• Sources of steps
2-D nuclei   - birth and spread model
spirals growing from screw dislocations

• Sources of edges – strong bond chains (PBC’s)

• Sources of docking points for solute incorporation –
kinks on edges (missing molecules along bond 
chains)
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Schematic of step edges at (a) 0K and 
(b and c) above 0K.  The grey squares 
in (b) represent kink sites separated by 
an average distance of x0.  Image (c) is 
a schematic of layered growth of the hkl
face growing at a rate, Ghkl, through the 
lateral spreading of steps separated by 
an interstep distance, y, with a height, h, 
at a step velocity of v.

Flow of Steps Across Crystal Face
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Spiral Growth of Organic Crystals

First electron micrographs of spirals: long chain paraffin 
n-hexatriacontane, C36H74  x 16000 (Dawson and 
Vand, Proc. Roy. Soc., 1951) 

AFM image of spiral growth on a 50 m canavalin
protein surface (Land et al., Phys.  Rev. Lett., 1996)

AFM images of spiral growth on hen egg white 
lysozyme surface (Durban, Carlson and Saros,
J. Phys. D: Appl. Phys., 1993)
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AFM images of (a) thaumatin and (b) zeolite A growing by the 2D 
nucleation and growth mechanism with new layers forming 
on top of complete and incomplete layers.

Image (a) was adapted from Malkin (1995). The scale bars 
correspond to 2 micron.

2D Nucleation Mechanism
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Growth modes for a crystal face as a function of supersaturation.  The solid line is the growth 
rate.  The short dashed lines are the growth rates if 2D nucleation or rough growth continued to 
be dominant below their applicable driving force ranges.  The long dashed line is the rate if spiral 
growth was the persistent mechanism above its applicable range of driving force.

Growth Mechanisms
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Step Formation

Spirals from a Screw Dislocation 
(BCF) on Calcite

Paloczi, Hansma, et al., Applied Physics Letters, 
73, 1658 (1998) Vstep

Rhkl

dhkl
y

2-D Nucleation / Birth & Spread  
on a Parrafin Crystal

Anderson & Dawson,
Proc. Roy. Soc., 1953
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BCF Growth Model
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Solid State and Solvent Effects

Face velocities depend on:

crystallography (unit cell, space group, etc) 

atom-atom pair potentials (including charge 
distribution)

bond chains (we have a fast, automated new method 
for finding them) and kink energies

growth unit

solvent
5.0)(2 s

d
lslAslls W γγγγγγγ −+=−+=
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Shape Evolution Model
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Zhang, Sizemore and Doherty, “Shape Evolution of 3-Dimensional Faceted Crystals,” AIChEJ, 52, 1906 (2006)
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3-D Shape Evolution: Adipic Acid
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Shape Evolution from Equilibrium-Shaped Seed

• Evolution of a succinic acid crystal grown out of water from a seed 
(here chosen as the equilibrium shape) to its steady state shape. 

Seed Shape:

Experiment:
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Succinic Acid in Water

Growth Seed

Growth Dissolution

??
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Dissolution Dynamics
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Application - Ibuprofen

a
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Storey & York (1997)
Ibuprofen grown from hexane

Storey & York (1997)
Ibuprofen grown from methanol

Predicted – ibuprofen grown 
from hexane (top) and methanol (bottom)
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Application – alpha glycine
alpha-glycine grown from aqueous solution

Experiment – Boek, Feil, Briels & Bennema,
J. Cryst. Growth, (1991)

Prediction – Bisker-Leib & Doherty, 
Crystal Growth Des., (2003)

(b) dimer growth unit
(c) monomer growth unit
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Opportunities

• Improving the model
Complex bond chains, growth units, kinks – pharma molecules
Critical edge length – thermodynamic or kinetic?
Supersaturation-dependent relative velocities

• Co-solvents & anti-solvents
• Co-crystals – hydrates, solvates, and genuine co-solids (inclusion compounds)
• Polymorphic phase transformations
• Additives & impurities
• Nucleation and polymorph selection
• Racemic mixtures, enantiomeric resolution
• From single particles to suspensions
• Process models & process systems engineering
• Experiments 

on surfaces for growth model validation
for polymorph selection
growth units & precursors
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Thank You For Your Attention
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Molecules to Products
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Distribution of Kinks
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Kinks on Steps of Ferritin Crystal
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Shape Evolution Models

• Curved surfaces – Hamilton-Jacobi equation
Most general case (PDE’s)
Complete mathematical treatment by Lighthill & 
Whitham, “On Kinematic Waves I & 2,” Proc. Roy. 
Soc., 229, 281 & 317 (1955)

• Faceted surfaces – new model (ODE’s)
Zhang, Sizemore and Doherty, “Shape Evolution of 3-
Dimensional Faceted Crystals,” AIChEJ, 52, 1906 
(2006)


