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Control in Crystallization

= Batch/process conditions regulate product characteristics

= Solution chemistry impacts all aspects of crystallization: kinetics, yield, purity, form

= Solution complexation should be thought of as a parameter that regulates crystallization
Purification enhancement

Nucleation rate control

Image adapted from: study.com/academy/lesson/how-to-prepare-a-supersaturated-solution.html



PhD Thesis Work Distribution

\)—O Solution Complexation + Crystallization

O/H“"‘A i ‘.._
Q/Dj | Purification ‘ Inhibition Q\ /“
o ! | |
l I | Vs.
: o°
.| Demonstration “ ;
| S " ! - Today’s
somer Separation allc
| f \ \
N q
AL e @j @\
i ' | ComplexAPI [i (17 i J, Mechanism (?)
e \ér Q

1 —

Adapted from: Pons-Siepermann, Carlos; “Effects of Solution Complexation on Crystallization Processes”, Graduate Thesis, 2018, https://dspace.mit.edu/handle/1721.1/121897
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Review of Nucleation Inhibition using Complexation




Part 1: Nucleation Inhibition of Benzoic Acid

= Systematically evaluate nucleation rates for a molecule in the presence of a
well-known complexing additive

= Crystallization of benzoic acid (BA)
= Complexing agent: 1,3-di-o-tolylguanidine (DOTG)

= System is well-studied and proven to complex effectivelyll

@* L0

DOTG

[a] Weber, C, G Wood, A Kunov- Kruse, D Nmagy, B Trout, and A Myerson. 2014. Crystal Growth and Design 14: 3649-3657.



Nucleation Theory

m

Pn = —exp(=N)

£

Py = exp(—N)

£

P,y =P*"=1 —exp(—N)
N =]Vt —l

P* =1 —exp(—JVt)
$

In(1— P*) = —JVt

Jiang, S.; Horst, J. Crystal Growth & Design. 11,2011, PP. 256-261

Legend:

P,, = probability of m crystals to
have formed after time ¢

Py, = probability of 0 crystals to
have formed after time ¢

P*= probability of any crystals to
have formed after time ¢t

N = average number of crystals
expected to form after time ¢t

J = average nucleation rate
IV = vessel volume

t = time



Experimental Setup

Custom microscope with custom
rotating stage with underside
automated camera imaging

Parallel imaging of 80
experiments at a time

Enabled use of smooth, high
quality glass vials (impact on
heterogeneous nucleation rates)

Expensive/complex but powerful
alternative to cycling
approaches for induction time
measurements

N




Crystal Growth in Microscope




Data Processing form Microscope Experiments
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Images from: C. A Pons Siepermann; S. Huang; A. S. Myerson;, Cryst. Growth. Des., 2017, 17 (5), 2646-2653



Complexation Effect
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Image from: C. A Pons Siepermann; S. Huang; A. S. Myerson;, Cryst. Growth. Des., 2017, 17 (5), 2646-2653

Control: 208 min

DOTG 1 %wt: 500 min



Growth Rate Measurement
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Solubility Adjustment

BA equilibrium solubility measured with HPLC at varying
concentrations of DOTG
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Image from: C. A Pons Siepermann; S. Huang; A. S. Myerson;, Cryst. Growth. Des., 2017, 17 (5), 2646-2653



Effect of Varying DOTG Amount at Constant S
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Effect of Varying DOTG Amount
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Image from: C. A Pons Siepermann; S. Huang; A. S. Myerson;, Cryst. Growth. Des., 2017, 17 (5), 2646-2653
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Part 2 — Nucleation Inhibition of 3-Nitrophenol

= Expand the findings for the BA inhibition project

* New complexation maotif, not reliant on ion exchange

» Weaker interaction between molecules 12
11.8F -
= Further elucidate the mechanisms of inhibition 18- -
11.4}F -
Temp. (K) K AG (kJ/mol) AH (kJ/mol) AS (kJ*mol-"*K-) %”'2; I
11F -
278 134+ 0.7 -6.00 + 0.1 -198 + 5 20.69 + 0.02 T s o 2 ]
298 6+ 2 43+ 0.8 224 + 24 -0.74 + 0.08 & 10'6_ ]
OH 0 10.4} i
10.2F -
H2N L L L L L
OH 100 0.05 01 0.15 0.2 0.25 0.3
3ABA (mg/ml)
NO,
3-Nitrophenol 3-Aminobenzoic acid
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Images from: C. A Pons Siepermann; A. S. Myerson;, Cryst. Growth. Des., 2018, 18 (6), 3584-3595



Induction Results for Control Groups

Sample S Czyp (mg/ml) J (# sec’! m3) T (min) n
Control 1.810 20.00 367 £ 15 91 £4 559
0.05 mg/ml 3ABA 1.810 20.00 110+ 1 303+ 3 480
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Images from: C. A Pons Siepermann; A. S. Myerson;, Cryst. Growth. Des., 2018, 18 (6), 3584-3595



Effect of Changing Supersaturation on |

Pure 3NP

3ABA 0.25 % wt
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Images from: C. A Pons Siepermann; A. S. Myerson;, Cryst. Growth. Des., 2018, 18 (6), 3584-3595
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Nucleation Kinetics

Condition Average A (# sec' m3) Range A (# sec’! m>) B
No Additive 4.79*108 1.06*107 —2.18*1010 51+1.3
3ABA 0.25 % wt 1.26*10° 7.67*10° —2.07*10° 2.7 £1.0
56 ] ) ) ) L]
B 5.4} -
J = Asexp (_ In? S) >2r ]
O
54 . -
S = £ o 48 @ .
== 2
< a6} -
[ |
4.4F -
B Pure 3NP ol ¢ |
&
al o .
® 3ABA0.25% wt |
' 26 2.7 2.8 29 3
1/In%(S)
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Image from: C. A Pons Siepermann; A. S. Myerson;, Cryst. Growth. Des., 2018, Published online



Nucleation Mechanisms

Two-step
Nucleation Model
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Image from: Myerson, A. S.; Faraday Discuss., 2015, 179, 543-547
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Theoretical Analysis

B
J = asew ()

Classical Nucleationt;

1

— 1
_ (47 \3 (Vo2 _ 1lémvgy?®
A= (3@> VIICSENNEES (ks T)?

[a] Kashchiev, D.; Rosmalen, G.; Cryst. Res. Technol. 2003, 38, 555-574

Vekilov’s Two-Step Model®:
AG,
k2CiTexp (— kT ) pk,C,T
AG. /= n
11(Cy, T) [ + —eXp (k )]
gl

[b] Vekilov, P.; Nanoscale, 2010, 2, 2346-2357

] =
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Two-Step Model Analysis
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Two-Step Model — Activation Energy

AG; =
2 " 3(kgT)3In2S

I

( B
exp | —

In2 S

_ Gk, CiT
23 | B n

)

Constants



Two-Step Model Analysis — Pre Exponential

Pk G T ( B)
/= n P\ nzs

1 U AG?
- 1_|__1€Xp(_c> (o AGY > 0

¢ Uo kgT

1 U AG
¢~UOGXP kT e U, = aC

1 U (Acg> A" \ C
— = EXPl—F= | = —= S =—

kBT S C*
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Two-Step Model Analysis — Pre Exponential

ok, CiT B 1 U A_Gg A
J=— eXp(_lnzs) — o asc U P\keT) " s

_ Sk,CiT AG;
] _ A// exp ka

Define: 4 = ko€ T

B
J = A5 exp (_ InZ S)
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Functional Form Equivalence

= § was changed at constant temperature for all experiments
and data discussed

= Solid product purity and crystal form was unaffected by

additives B
J = 45 exp (=)

Vekilov’s Two-Step Model

Classical Nucleation
1 1

I
|
|
_(4n 3y, \2 4 k,aCiT
A= \3w) ) P¢ AG?
° 5 : Ui €71 exp <kB_YC">
I

Constants: T, C*, kg, Uy, AG2, a, Cy, Vg
Variables: y,, D,n4, k-
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Thank You for Your Time
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“Complete Picture” of Complexation Effect

In{1-P)
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Speciation Theory of Inhibition
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“Negatives” to Test Magnitude of Inhibition
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Effect of “Negatives” on Induction Time
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Comparison of DOTG and “Negative” Inhibtion
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Summary of Negative Results

Sample DOTG (min) | Negative (min) | Negative 2X (min)
Control 204 N/A N/A
DOTG 0.2% 256 222 244
DOTG 0.5% 384 256 278
DOTG 1% 550 278 435

Inhibition effect is greater than a 2:1 stoichiometry of
interaction between BA and DOTG
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Benzoic Acid Polymorphism

BA has only one known polymorph

Data shows that even at largest concentration of additive,
no additional or unexpected peaks are observed
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3NP Polymorphs
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Unique Peaks
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Unique Peak Integration
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Calibration
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Polymorphism Remained Consistent

Condition % Orthorhombic
No Additive 17+3
0.05 mg/ml 3ABA 22+5
100 T T T T T T
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80}
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