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Agenda

❑ Challenges in Early Crystallization Process Development

❑Material-Sparing Workflow for Kinetic Screening in a Crystalline

❑ Generation of a Kinetic Map to Inform Early Process Design
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Challenges in Early Crystallization 

Development



4

Industrial Crystallization

Most active pharmaceutical ingredients (APIs) are solids.

❑ SEPARATION of a solid mass from solvents/solutions, reaction mixtures

❑ QUALITY CONTROL Removal of impurities and control of the right polymorph

❑ PARTICLE ENGINEERING to enhance downstream unit operations like filtration and drying, and 

address drug product requirements

Why do we use crystallization?
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Crystallization

Impacted By Impacts

• Nucleation Rates

• Crystal Growth Rates

• Crystal Morphology

• Mass Transfer (Mixing)

• Heat Transfer

• Thermodynamics

• Process Yields 

• Impurity purge

• Polymorphic / crystalline form behavior

• Mixing & segregation in crystallizer

• Filtration times

• Drying times

• Caking properties in storage

• Bulk density

• Dissolution rates

• Milling and subsequent formulations

Unit Operations Post 

Crystallization

Filtration> Drying> Milling

Formulation
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What Can Happen if Crystallization is Not Designed Well

Fast cooling, no seeding Multistage cooling profile with seeding
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Crystallization Development Road Map
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Thermodynamic and Kinetic Aspects of Crystallization

Thermodynamics:

Kinetics:

• Provide the driving force for crystallization (chemical potential).

• Often simplified as equilibrium solubility.

• Phase diagrams are the maps we use to design crystallizations.

• Helpful for knowing maximum yield and polymorphic forms.

• Describe how fast things will happen.

• Rate equations that depend on supersaturation.

• Helpful for knowing particle characteristics such as size, shape, and filterability.
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Solubility Curve and Metastable Zone Width Measurement

Temperature
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The Real-Life Phase Diagram…

H-H. Tung, Org. Proc. Res. Dev. 2013, 17, 445

Metastable Limit

Primary nucleation point (aka ‘cloud point’)

Kinetic Event

Dependent on route to the end conditions 

• Temperature rates

• Addition rates

• Agitation / mixing

• Foreign matter / seed

• Reactor shape / size
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Crystallization Design Workflow

Predictive 

Solubility 

(COSMO)

Measure 

solubility in 

pure solvents 

(HTS)

Evaluate 

solid form 

from HTS 

screen

Determine 

method of 

crystallization

Measure solubility 

in solvent mixtures

Run 

crystallization 

experiments

Measure T 

dependent 

Solubility (C16)

Cooling Cryst

Antisolvent Cryst

Evaporation

Combination

Predict mixed 

solvent Solubility 

(COSMO)

Measure solubility in 

process stream – 

look for differences

Evaluate Process Parameters

• cooling rate

• addition rate

• Identify potential seed points

• high vs low T antisolvent add

• Last resort approach

• Currently Done on 

EasyMax Scale

• Need Material Sparing 

Methods
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Problem Statement

• It’s very difficult to accurately predict crystallization behavior without performing extensive experimental 

screenings.

• Polymorphism, changes across different scales, changing kinetic values of growth and secondary nucleation, 

impurities, stability, processability, dissolution behavior, stirring effects, etc.

Approach Explored

• CrystallineTM-based experiments allow for greater amounts of data and information to be collected for the 

early development of crystallization processes in a material sparing fashion.

• We explored these methods on two compounds through Pfizer-Rowan collaboration.
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Material-Sparing Workflow to Measure Kinetics in the Crystalline

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Data Collection
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Data Collection

Collecting imaging data near the onset of nucleation:

• Capture rates of 1 image/second.

• Analysis to obtain the total number and size of crystals in a picture.

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Navigating Crystal Overlap

As crystallization progresses, overlapping crystals will be seen as a single entity – not representative anymore!
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R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Data Flow – What Do We Need?

Imaging Trends (Kinetic Screening)

Processing & 
Outlier Removal

gPROMS Model

Kinetics
Population 

Balance

Mass Balance
Supersaturation 

Model

Number (𝑁𝑡𝑜𝑡)

Length (𝐿𝑡𝑜𝑡)

Area (𝐴𝑡𝑜𝑡)

Volume (𝑉𝑡𝑜𝑡)

Secondary Nucleation Constant: 𝑘𝑏

Crystal Growth Constant: 𝑘𝑔

Solubility Curve (Empirical)

From Isothermal or 
Polythermal Screening

Solute Properties

From Literature or 
Solid-State Analysis

ሻ𝑥𝑠𝑎𝑡 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇

Experimental Conditions:

• Solute Concentration

• Temperature

• Density

• Molar Mass 

• Melting Point

• Enthalpy of Fusion 

• Solvate/Hydrate Stoichiometry

Time-Dependent Trends (𝑵𝒕𝒐𝒕 and 𝑨𝒕𝒐𝒕 Only)

Initial Conditions
(𝑵𝒕𝒐𝒕, 𝑳𝒕𝒐𝒕, 𝑨𝒕𝒐𝒕, 𝑽𝒕𝒐𝒕)

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Model Description
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General Batch Crystallization Model

The Crystalline experiment can be tracked using a general population balance model for batch crystallization (initial 

conditions for the moments needed):

Kinetics:

𝐺 = 𝑘𝑔𝜎𝑔

𝐵 = 𝑘𝑏𝜎𝑏𝑀𝑇,𝑠
𝑗

Suspension Density:

Supersaturation:

𝐶𝑡𝑜𝑡,𝑖 = 𝐶𝑚𝑙,𝑖 1 − ෍ 𝑀𝑇,𝑖 + 𝑀𝑇,𝑖
𝑀𝑇,𝑠 = 𝑘𝑣𝜌𝑐𝜇3

Population Moments:

𝑑𝜇𝑗

𝑑𝑡
= 0𝑗𝐵 + 𝑗𝐺𝜇𝑗−1

𝑀𝑇,𝑠𝑜𝑙𝑣 = 𝑆𝑠𝑜𝑙𝑣

𝑀𝑊𝑠𝑜𝑙𝑣

𝑀𝑊𝑆
𝑀𝑇,𝑠

𝜎 = ln
𝛾𝑥

𝛾𝑠𝑎𝑡𝑥𝑠𝑎𝑡

𝑥 =
Τ𝐶𝑚𝑙,𝑠 𝑀𝑊𝑆

σ𝑁𝐶 Τ𝐶𝑚𝑙,𝑖 𝑀𝑊𝑖

Solution Composition:

Solution Thermodynamics:

ሻ𝑥𝑠𝑎𝑡 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇

𝛾𝑠𝑎𝑡 =
1

𝑥𝑠𝑎𝑡
exp −

∆𝐻𝑚

𝑅𝑇𝑚
𝑙𝑛

𝑇𝑚

𝑇

ሻ𝑥 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇𝑒

𝛾 =
1

𝑥
exp −

∆𝐻𝑚

𝑅𝑇𝑚
𝑙𝑛

𝑇𝑚

𝑇𝑒

𝐵, 𝐺 𝜇𝑗
𝑀𝑇,𝑖

𝑥

𝛾, 𝑥, 𝛾𝑠𝑎𝑡 , 𝑥𝑠𝑎𝑡

𝜎

Calculated Variables

Provided Variables

System-Specific Parameters

Require Initial Value
J.M. Schall, G. Capellades, A.S. Myerson. CrystEngComm 2019, 21, 5811-5817.

• Problem: the Crystalline does not measure population moments, only their projections as crystal number and size!

Parameter estimation targets: 𝑘𝑏, 𝑘𝑔
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Moments on Camera

The 8 mL vials used for the Crystalline have external dimensions of 17 x 60 mm.

Camera captures a small volume within. We’ll call this 𝜃. 

Light Camera

Sample

17 mm

Captured 
Volume

0.5 - 2 mm

2.6 mm

0.5 - 2 mm

1.9 mm

Captured Volume: 
2.5 – 20 µL

𝜃 ≡ 𝑚𝑔 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛/𝑝𝑖𝑐𝑡𝑢𝑟𝑒

𝑜𝑟 𝜇𝐿 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛/𝑝𝑖𝑐𝑡𝑢𝑟𝑒

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Moments on Camera

The captured volume is much larger than that found in most PATs (back lighting, large capture area, large image depth). 

We get a 2D projection containing >100 crystals, with a certain size. 

• The crystalline provides a particle size distribution, where size is the diameter of the equivalent circle:

2.6 mm

0.5 - 2 mm

1.9 mm

Captured Volume: 
2.5 – 20 µL

Measured Crystal Area

𝐿𝑐𝑟𝑦𝑠𝑡

𝐴𝑐𝑟,𝑖𝑚

𝐴𝑐𝑟,𝑖𝑚 =
𝜋𝐿𝑐𝑟𝑦𝑠𝑡

2

4

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Assuming crystals have cubical habit (requirement for the presented methods), their 2D projection on camera is not a 

strong function of their orientation: 

• We can estimate area (𝑘𝑎) and volume (𝑘𝑣) shape factors, that translate size from the Crystalline 

(𝐿, as equivalent circle diameter) into area and volume of the cubical crystals:

http://www.malinc.se/math/linalg/
rotatecubeen.php

𝑘𝑎 =
3

2
𝜋 𝑘𝑣 =

𝜋

4

3/2

Moments on Camera

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Moments on Camera → Overall Crystallizer Moments

For each image, we can now calculate the number, length, area, and volume of the crystals on camera (making the 

cubical habit assumption to get the projection of the crystal in the third dimension): 

• Note: Because the crystalline only measures counts and size, 𝐿𝑡𝑜𝑡, 𝐴𝑡𝑜𝑡 and 𝑉𝑡𝑜𝑡 are not independent!

Captured 
Volume: 𝜽

𝑁𝑡𝑜𝑡 = ෍

𝑖 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠

𝑁𝑖

𝐿𝑡𝑜𝑡 = ෍

𝑖 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠

𝑁𝑖𝐿𝑖

𝐴𝑡𝑜𝑡 = ෍

𝑖 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠

𝑘𝑎𝑁𝑖𝐿𝑖
2

𝑉𝑡𝑜𝑡 = ෍

𝑖 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠

𝑘𝑣𝑁𝑖𝐿𝑖
3

𝜇0 =
𝑁𝑡𝑜𝑡

𝜃

Full 
Sample

𝜃 ≡ 𝜇𝐿 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛/𝑝𝑖𝑐𝑡𝑢𝑟𝑒

Scale adjustment, assuming representative PSD

𝜇1 =
𝐿𝑡𝑜𝑡

𝜃

𝜇2 =
𝐴𝑡𝑜𝑡

𝑘𝑎𝜃

𝜇3 =
𝑉𝑡𝑜𝑡

𝑘𝑣𝜃

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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General Crystallization Model → CrystallineTM - Specific Model

We can now adapt the batch crystallization model to use those projected moments instead:

Kinetics:

𝐺 = 𝑘𝑔𝜎𝑔

𝐵 = 𝑘𝑏𝜎𝑏𝑀𝑇,𝑠
𝑗

Suspension Density:

Supersaturation:

𝐶𝑡𝑜𝑡,𝑖 = 𝐶𝑚𝑙,𝑖 1 − ෍ 𝑀𝑇,𝑖 + 𝑀𝑇,𝑖
𝑀𝑇,𝑠 = 𝑘𝑣𝜌𝑐𝜇3

Population Moments:

𝑑𝜇𝑗

𝑑𝑡
= 0𝑗𝐵 + 𝑗𝐺𝜇𝑗−1

𝑀𝑇,𝑠𝑜𝑙𝑣 = 𝑆𝑠𝑜𝑙𝑣

𝑀𝑊𝑠𝑜𝑙𝑣

𝑀𝑊𝑆
𝑀𝑇,𝑠

𝜎 = ln
𝛾𝑥

𝛾𝑠𝑎𝑡𝑥𝑠𝑎𝑡

𝑥 =
Τ𝑤𝑚𝑙,𝑠 𝑀𝑊𝑆

σ𝑁𝐶 Τ𝑤𝑚𝑙,𝑖 𝑀𝑊𝑖

Solution Composition:

Solution Thermodynamics:

ሻ𝑥𝑠𝑎𝑡 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇

𝛾𝑠𝑎𝑡 =
1

𝑥𝑠𝑎𝑡
exp −

∆𝐻𝑚

𝑅𝑇𝑚
𝑙𝑛

𝑇𝑚

𝑇

ሻ𝑥 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇𝑒

𝛾 =
1

𝑥
exp −

∆𝐻𝑚

𝑅𝑇𝑚
𝑙𝑛

𝑇𝑚

𝑇𝑒

𝐵, 𝐺 𝜇𝑗
𝑀𝑇,𝑖

𝑥

𝛾, 𝑥, 𝛾𝑠𝑎𝑡 , 𝑥𝑠𝑎𝑡

𝜎

Calculated Variables

Provided Variables

System-Specific Parameters

Require Initial Value
J.M. Schall, G. Capellades, A.S. Myerson. CrystEngComm 2019, 21, 5811-5817.

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 



25

We can now adapt the batch crystallization model to use those projected moments instead:

J.M. Schall, G. Capellades, A.S. Myerson. CrystEngComm 2019, 21, 5811-5817.

Kinetics:

𝐺 = 𝑘𝑔𝜎𝑔

𝐵 = 𝑘𝑏𝜎𝑏𝑀𝑇,𝑠
𝑗

Suspension Density:

Supersaturation:

𝐶𝑡𝑜𝑡,𝑖 = 𝐶𝑚𝑙,𝑖 1 − ෍ 𝑀𝑇,𝑖 + 𝑀𝑇,𝑖𝑀𝑇,𝑠 = 𝜌𝑐

𝑉𝑡𝑜𝑡

𝜃

Projected Moments:

𝑑𝑁𝑡𝑜𝑡

𝑑𝑡
= 𝐵𝜃

𝑀𝑇,𝑠𝑜𝑙𝑣 = 𝑆𝑠𝑜𝑙𝑣

𝑀𝑊𝑠𝑜𝑙𝑣

𝑀𝑊𝑆
𝑀𝑇,𝑠

𝜎 = ln
𝛾𝑥

𝛾𝑠𝑎𝑡𝑥𝑠𝑎𝑡

𝑥 =
Τ𝐶𝑚𝑙,𝑠 𝑀𝑊𝑆

σ𝑁𝐶 Τ𝐶𝑚𝑙,𝑖 𝑀𝑊𝑖

Solution Composition:

Solution Thermodynamics:

ሻ𝑥𝑠𝑎𝑡 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇

𝛾𝑠𝑎𝑡 =
1

𝑥𝑠𝑎𝑡
exp −

∆𝐻𝑚

𝑅𝑇𝑚
𝑙𝑛

𝑇𝑚

𝑇

ሻ𝑥 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇𝑒

𝛾 =
1

𝑥
exp −

∆𝐻𝑚

𝑅𝑇𝑚
𝑙𝑛

𝑇𝑚

𝑇𝑒

𝐵, 𝐺 𝑉𝑡𝑜𝑡 𝑀𝑇,𝑖

𝑥

𝛾, 𝑥, 𝛾𝑠𝑎𝑡 , 𝑥𝑠𝑎𝑡

𝜎

𝑑𝐿𝑡𝑜𝑡

𝑑𝑡
= 𝐺𝑁𝑡𝑜𝑡

𝑑𝐴𝑡𝑜𝑡

𝑑𝑡
= 2𝐺𝑘𝑎𝐿𝑡𝑜𝑡

𝑑𝑉𝑡𝑜𝑡

𝑑𝑡
= 3𝐺

𝑘𝑣

𝑘𝑎
𝐴𝑡𝑜𝑡

Calculated Variables

Provided Variables

System-Specific Parameters

Require Initial Value

General Crystallization Model → CrystallineTM - Specific Model

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Data Processing
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Back to the Data Flow

Imaging Trends (Kinetic Screening)

Processing & 
Outlier Removal

gPROMS Model

Number (𝑁𝑡𝑜𝑡)

Length (𝐿𝑡𝑜𝑡)

Area (𝐴𝑡𝑜𝑡)

Volume (𝑉𝑡𝑜𝑡)

Secondary Nucleation Constant: 𝑘𝑏

Crystal Growth Constant: 𝑘𝑔

Solubility Curve (Empirical)

From Isothermal or 
Polythermal Screening

Solute Properties

From Literature or 
Solid-State Analysis

ሻ𝑥𝑠𝑎𝑡 = 𝛼 ∙ 𝑒𝑥p( 𝛽𝑇

Experimental Conditions:

• Solute Concentration

• Temperature

• Density

• Molar Mass 

• Melting Point

• Enthalpy of Fusion 

• Solvate/Hydrate Stoichiometry

Time-Dependent Trends (𝑵𝒕𝒐𝒕 and 𝑨𝒕𝒐𝒕 Only)

Initial Conditions
(𝑵𝒕𝒐𝒕, 𝑳𝒕𝒐𝒕, 𝑨𝒕𝒐𝒕, 𝑽𝒕𝒐𝒕)

How?

Can we automate this?

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Processing Crystalline Data

To ensure that the methods are not user-sensitive, we have automated data cropping, outlier detection, and calculation 

of initial conditions for parameter estimation.

Outliers (impeller showing up on camera 

– reduced field of view).

• Cropped range covering 70% of the event, from base line to the highest crystal count.

• Outlier removal based on deviation from a moving average.

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Processing Crystalline Data – Excel Template
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Processed Data

We get trends for number, length, area, and volume of crystals on camera:

• Because length, area, and volume are not 

independent (all calculated from the crystal area 

that the equipment sees), only number and area 

are used for parameter estimation.

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Parameter Estimation - Example
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Acetaminophen from Ethanol-Water

Kinetic data collected at 10 °C, at constant solvent composition (25% ethanol in water), for different starting 

supersaturations. 4 replicate events at each concentration:

• With 4 camera modules, the entire screening can be completed in one day (4 concentrations x 4 replicates -> 16 events).

• While data is noisy, trends with supersaturation can be clearly seen beyond the repeatability of the methods.

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Parameter Estimation

Best fit and parameters for Acetaminophen in Ethanol-Water:

Parameter Value Units
𝑘𝑏 (2.08 ± 0.03) · 105 g-1s-1

𝑏 2 -

𝑗 1 -

𝑘𝑔 2.31 ± 0.02 μm/s

𝑔 1 -

𝜃 5.45 ± 0.09 mg/picture

𝐺 = 𝑘𝑔𝜎𝑔

𝐵 = 𝑘𝑏𝜎𝑏𝑀𝑇,𝑠
𝑗

• Estimated θ is reasonable when converting from 

mass to volume.

• Note: depth may be underestimated, as effective 

2D area is not 2.6 mm x 1.9 mm (crystals at 

picture’s edges may not be analyzed)

2.6 mm

1.1 mm

1.9 mm

Captured Volume: 
5.6 µL

R.J. Arruda, P.A.J. Cally, A. Wylie, N. Shah, I. Joel, Z.A. Leff, A. Clark, G. Fountain, L. Neves, J. Kratz, A.A. Thorat, I. Marziano, P.R. Rose, K.P. Girard, G. Capellades. 

Crystal Growth & Design 2023, 23, 3845-3861. 
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Model Validation

To validate reproducibility, experiments were repeated at the Pfizer site (Groton, CT), with their Crystalline:

• Camera magnification is 2.8 µm/pixel instead of our 4 µm/pixel. New dimensions:

2.6 mm

1.1 mm

1.9 mm

Captured Volume, 
4 µm/pixel Camera:

1.8 mm

?

1.3 mm

Captured Volume, 
2.8 µm/pixel Camera:

• The 2D area being captured is 2.4 mm2 instead of 4.9 mm2 (effective area may be lower, edge effect). We expect 𝜃 to 

drop by at least 50%.
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To validate reproducibility, experiments were repeated at the Pfizer site (Groton, CT), with their Crystalline:

• Using parameters estimated at Rowan to predict Pfizer data (adjusting 𝜃 only):

• 𝜃 for the 2.8 µm/pixel magnification converged at 2.26 ± 0.02 mg/picture.

• 59% drop in 𝜃 when capture area drops by 51% → Effects of different depth, and edge effects.

1.8 mm

1 mm

1.3 mm

Captured Volume, 
2.8 µm/pixel Camera: 

2.4 µL

Model Validation
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Application: Systematic Process Development
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Systematic Crystallization Process Development

• Classifying APIs by their kinetic properties using CrystallineTM-based experiments allows greater amounts of data 

and information to be collected for the early development of crystallization processes in a material sparing fashion.

• gPROMS FormulatedProductsTM-based modeling allows for the development of a parameter estimation framework 

that can provide quick and accurate 𝑘𝑏 and 𝑘𝑔 values for nucleation and growth respectively. 

Objectives

Can we use 𝑘𝑏 and 𝑘𝑔 (nucleation and growth constants) to model crystallization behavior independent of 

supersaturation and suspension density?

▪ Reduce the number of unknowns and variables.

▪ Model crystallization events.

▪ Identify trends.

▪ Make data-based predictions.
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API Selection

Rathi, S.; Chavan, R. B.; Shastri, N. R. Drug Delivery and Translational Research 2019, 10 (1), 70–82. 
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Model Compounds

• PF-00345549

• MP: 160.9°C

• MW: 381.87 g/mol

• Density: 1.43 g/mL

• 𝐻𝑓𝑢𝑠: 34.35 kJ/mol

EtodolacIbuprofenCelecoxib Ketoprofen

• MP: 74.5°C

• MW: 206.28 g/mol

• Density: 1.03 g/mL

• 𝐻𝑓𝑢𝑠: 27.94 kJ/mol

• PF-00345040

• MP: 145°C

• MW: 287.35 g/mol

• Density: 1.193 g/mL

• 𝐻𝑓𝑢𝑠: 26.175 kJ/mol

• MP: 94°C

• MW: 254.28 g/mol

• Density: 1.2 g/mL

• 𝐻𝑓𝑢𝑠: 37.3 kJ/mol

Resveratrol

• MP: 254°C

• MW: 228.24 g/mol

• Density: 1.359 g/mL

• 𝐻𝑓𝑢𝑠: 37.65 kJ/mol
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The Workflow

Initial 
Characterization 

and Solubility

CrystallineTM 
Data Collection

Excel Cropping
gPROMSTM 
Parameter 
Estimation

𝑘𝑏 and 𝑘𝑔 
Plotting
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T = 10°C
Stirring = 1000rpm

Scale = 5 mL
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Big Picture – Systematic Crystallization Process Development

Trends between 𝑘b and 𝑘𝑔 values plotted against each other for different systems could tell a variety of 

stories.

• How similar are solvent-dependent kinetics, compared to differences across 

solutes?

• Pure solvents vs mixed solvents – how much difference is there in kinetic 

effects? 

• How much of a correlation exists between nucleation and growth? 

• Quick comparison of new compounds with established systems

• Residence time and initial pot conditions for continuous crystallization

• Identification of critical parameters, and streamlining development stages: are 

solvent or temperature effects significant for this compound? Do we need to 

investigate those at the larger scale?
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