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Molecular routes to Nucleation Control.
Roger Davey

Content: 1. Catalysis - Heterogeneous processes
2. Inhibition - additives
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Democratic means of political control:
an historic moment.

Referendum on the United Kingdom's
‘membership of the European Union

Vote only once by putting a cross in the box next to
your choice

Should the United Kingdom remain a member of the
European Union or leave the European Union?
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_m Speeding up : slowing down.

What does CNT say?

B
J=ASInS exp(—
( lnzS)

__fG 167[‘[)2};
A= _ ()

Modifying the attachment kinetics Changing the interfacial tension.
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Speeding up - Reducing the
interfacial tension. a Glycine.
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_m Reducing v using monolayers -

templating.

air

NORLEUCINE LEUCINE ISOLEUCINE

Supersaturated solution
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Glycine templated at an interface
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Figure 21. Freezing temperatures (T) of supercooled water
drops covered by monolayers of amphiphilic alcohols CaHz1-
Toward | OH (rhombs and squares) and carboxylic acids CaHzn i COOH
Underst{ (open circles). Curves are drawn separately for alcohols with
17 0dd (filled rhombs) and 2 even (open squares).

Isabelle Wej

Nucleation Summer School June 20-24t" 2016 University of Strathclyde

*
_____ L Y (R -
yer i
5
yer
— (0-10)
[” ~
(010) R-emino ocid
C
Nucleation Summer School June 20-24t 2016 University of Strathclyde Nucleation Summer School June 20-24t 2016 University of Strathclyde
_m Ice Reducing Y - Crystal on crystal -
C,,HeOH CyH, OH 7 epi'raxy
2 &'y Cryst. Growth Des. 2012, 12, 1159-1166
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Figure 10. The most energetically favorable orientation of AAP (100)
upon p-mannitol (00T).
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Table 1. Average Induction Times, 7, for AAP Form I from
Ethanol (6 = 0.36) with Various Crystalline Substrates

substrate average induction time, 7 (mins) R (linear regression)
c none (bulk) 1930 + 85 0.9699
= aIMH 410+ 11 0.9788
S n D-mannitol 30+8 0.9795
U graphite 1080 + 32 09731
— sodium chloride 905 + 19 0.9923
= L-histidine 1910 + 95 0.9781

The degree of lattice registry between the AAP and substrate
crystal faces was evaluated using EpiCalc Version 528
EpiCalc calculates the degree of lattice match between two 2D
lattices as a dimensionless potential energy, V/Vj. V/V, re-
presents a “goodness-of-fit” between the overlayer and
substrate lattices and can only take a value between —0.5 <
V/Vy < 1. The different modes of epitaxy are represented by

ime of AAP as either p-mannitol or a-LMH. Therefore it is
easonable to conclude that, for AAP Form I, the surface
functionality of the substrate is more important than achieving
b lattice match when promoting nucleation. This condusion is
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Extension to non crystalline solid
surfaces: self assembled

pH 40
Table 3. The Polymorph Outcome of Glycine for Diferent pHs and Island Sizes

pH concentration (M) size of island (am) _total samples _crystallization time (min}* _ a-form (%) p-form (%) y-form (%)
340 320 250 3000 116 141 33
500 2000 25 660 78 262
5.90-6.20 320 250 3000 5 945 54 o1
500 3000 10 922 29 49
10.10 320 250 2000 60 524 171 305
500 2000 450 538 49 n3

“The crystallization time corresponds to the time when crystals are observed on 99% islands on the substrate.

| TS T B B
o009 o009 calo e agolaao o

00 Q00 Q0Ic S agio®aci.c @ gele

20sec. S min. 10 min. 30 min. 100 min. 480 min.

Figure 3. Crystallization in the solution droplets generated on the islands at a concentration of 3.20 M for solutions of three different pH values.
(The dimension of cach square island is 500 um.)
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WaNesieyiay Loads of related examples!

I e v
Langmuir 2011, 27, 5324-5334

Surface Design for Controlled Crystallization: The Role of Surface
Chemistry and Nanoscale Pores in Heterogeneous Nucleation

Ying Diao, Allan S. Myerson, T. Alan Hatton, and Bernhardt L. Trout*

line) and poly(2-carboxyethyl acrylate), each

mduang nudcatlon The nucleation induction time study rcvea]cd that po]y
d by divinylt i ly lowered the nudea

tion induction time of aspirin while the other polymers were essenna]ly inactive. In addition, we found the presence of

pores on certain polymer surfaces led to order-of-magnitude faster aspirin nucleation rates when compared with surfaces without|
pores. We studied the preferred orientation of aspirin crystals on polymer films and found the nucleation-active polymer surfaces|
preferentially nucleated the polar facets of aspirin, guided by hydrogen bonds. A model based on interfacial free energies was also
developed which predicted the same trend of polymer surface nucleation activities as indicated by the nucleation induction times.,

Regulating Nucleation Kinetics through Molecular Interactions at the

Polymer—Solute Interface Gy, Gowth Des 2014, 14, 678686
Efrem Curcio, * Vilmali Lopez-Mejias,¥ Gianluca Di Profio,* Enrica Fontananova,* Enrico Drioli, "™
Bernhardt L. Trout,® and Allan S. Myerson™

SeIf—Association during Heterogeneous Nucleation onto Well-

Defined Templates Langmuir 2014, 30, 1236812375
Samir A. Kulkarni, " Cameron C. Weber,* Allan S. Myerson,” and Joop H. ter Horst"
Geometric Design of Heterogeneous Nucleation Sites on
Biocompatible Surfaces o Goaeh . 213, 13, 3485-360

Vilmali anez Me]las Allan S, Myer:nn and Bernhardt L. Trout*
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&
g'mc Langmuir 2002, 18, 5886—5898
. o11) Crystallization of Amino Acids on Self-Assembled
& ;;@'s;@*“‘*w“ RO Monolayers of Rigid Thiols on Gold
Figure 2. Nucleation density of‘.,m.\ on pnlymu films. Columns Alfred Y. Lee,* Abraham Ulman,’S and Allan S. Myerson*‘i
tepresenting polymers from groups 1, b,c, , and e are colored blue,
yellow, g, pink, and red, respect bars were derived from
three PSS L iies cnrees o owree — 241 2016 University of Strathclyde Nucleation Summer School June 20-24t 2016 University of Strathclyde

Slowing down - reduction of the
attachment frequency - f*

(we don’t know how to enhance f* -solvents?)

- w + * . Rate determining step?

- Incorporation into a surface lattice site
- Desolvation of both surface and growth unit.
- Diffusion to the cluster.

|38 A molecular transition state - DMSO/TMA

B |
FTIR shows that the C=0
environment in the trisolvate
== thatin solution. So use the
structure as a model for the |
solution. ! ¥
X 1
S h | ¥
IA v k.
~ jr’k T"‘i - ~ j 'li, \
z‘ , %r Y Y'Y L L B
~ - A -
r . L e
. . Stable crystal form -
Solution - Metastable State Transition state? Ground state.
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Can we use solvents to enhance or
reduce f* - we know that solvent can

determine rates:
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(b) chloroform

(a) toluene
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Effect of solvent: 2,6-dihydroxybenzoic acid

{310} surface

Possible CHCI; interaction
with {310} face

chloroform

So this could be rate determining

MANCHESTER

Benzoic Acid Non-linear Fit

1200 ~ = BAin Toluene
4 BAin MeCN

1000 *  BAin IPA/Water,
800 -
f,Cy/M Y =
[mol-1s-1] [mJ/m2]~ 400l
toluene 8.40 4.5 200
acetonitrile 4.07 3.0 01.0

Ipa water 1.58 4.4

So we know solvent is important but we
don’t know the rules about selection
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Choosing an additive: 2,6

0.20m

Time =30 s
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The structures
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Benzaldehyde
as an imposTer‘ 2.6-DHB molecule within the structure and growth not affected.
in form 1

Benzaldehyde additive molecule replaces a
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Terminating
the chain of

form 2 with
benzaldehyde

Chain termination highly effective since no
H-bond donor site

available for further 2,6-DHB

molecule assembly.
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MANCHESTER
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Effect of 2 mol % of additive on

transformation rate

160
140

.. 120
Transition 1(g

time 80

hrs 60
(hrs) 40

20

0 (e D e
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2 3 4 5 6 7 8
Experiment

O Benzaldehyde
B Decanoic acid
@ 2 Chlorophenol
B Resorcinol

0O 4 Phenyl phenol
O Benzoic acid

B Hydroquinone
@ 0% additive
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__m As crystal growers we want to see if

this structural method is consistent
with kinetics of nucleation and
growth.

=0 The key question is this — when we
perform these experiments does the
macroscopic crystal that we harvest tell
us anything about nucleation or is it only
a reflection of the growth process?

Nucleation

B
J =AS exp(— ) (CNT)
Growth 1n2 N

R = pQugvexp (— WIKT) (¢%,) tanh (,/0), (BCF)

MANCHESTER

a - glycine

Glycine revisited now with kinetics

Y- glycine

-C-axis

Fast growth direction

Flat end

a and Y forms - crystal morphologies
Both forms zwitterionic

o metastable
Centrosymmetric

°y

most stable

acidic/basic solution

polar morphology

flat end COOH rich, grows fast

MANCHESTE
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éight to validity of the hypothesis.

\
(b) )

«nd cirylenediamine on the appearance and morphology of @ and  glycine: ()1 wt % malonic acid pH 502; (&) 2wt
(% ethylenedimine pH 3: (&) 10% ethylenediamine

Nucleation

M"’“’Wﬂnﬂ

31

@

2 . —oaglycine forms
o] 1

o .

] \4-—-\1 glycine forms
-

G /

c B

] %

= %

o .

=

s

o

[N

24 28 W)
t/h !

Finally, we were surprised to find that although those crystals 1936
that nucleated immediately or almost immediately were of the 354
expected @ polymorph®™"” those that nucleated later were of
the y polymorph. It is possible that if seeding is excluded then
the nucleation rate of the y polymorph is higher than that of the
@ polymorph. If so, then we may need to rethink our
understanding of why the a polymorph is usually obtained.

Crystal

N » @
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_m Measurements of nucleation rate are
not routine.

i S. Jiang, J. H. ter Horst, Cryst. Growth Des. 2011, 11, 256-261.
o.

5000 100004,cA3R%me F3920s 25000 30000

Induction time distributions
P(t) =1-exp(-JV(t—tp))

5128 Effect of malonic acid on the nucleation
rate of a.

J,=2100m3st

1,=3800 m3st

P(t)

Jox=2300m3st

Nucleation rate increased/unaffected by additive —
not what was expected.

Induction Time, mins

‘ OM malonic acid @ 0.058M malonic acid ~ ®0.173M malonic acid ‘

Induction time probability P(t) for glycine nucleation in malonic acid solution o= 0.41

COMMUNICATION
Acceleratio
tailor-made

Richard Dowling
Guangjun Han,

Chem Commun. 2010 46 5924-5926
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Fig. 1 (a) Mecasured axes of a-glycine (Manchester), (b) measured
axes of y-glycine (Manchester), (¢) measured axes of wo-glycine
(Singapore) and (d) measured axes of y-glycine (Singapore).

—a—c-axis y-glycine in malonic acid
—=—c-axis vglycine in DL-aspartic acid 7=0.35
—a— c-axis y-glycine in DL-aspartic acid 0=0.29

——c-axis a-glycine in malonic acid
1201 —c—Db-axis e-glyeine in malonic acid
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" Fig. 3 Effect of praspartic acid (Singapore) on y-glycine and
a-glycine growth in supersaturated solutions of & = 029 and
& = 035 and effect of malonic acid (Manchester) on y-glycine
and z-glycine growth at a concentration of 28 g glycine per 100 g water.
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_m And so microscopically things are
) not what they appear

macroscopically:
-mm : Kinetics and structure are interlinked —
Nucleation aonly aand Y No change to ™ .
- rates = the full story requires both.
Growth aonly Low S o> a inhibited Plenty of opportunity for crystal growers
HizhiS U facce erated to collaborate with crystallographers.

1. Everything we want to explain we can do via a
growth only model

2. The additives favour Y not only by inhibiting a
but also by catalysing Y

3. The macroscopic experiments tell us nothing
about nucleation.
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2 malaria pigment p-haematin 2

=% stivma 1, Palar . Stagens®, D, SCIE Bolke T, Anarew D, Kosarm =%
& Sar K Madsents

. . M . Tork, Seony Brook,
New Sk 11707808 USA

1 Deperamens of Chemtery, Unbersky of Wamisy, Liresi, Wioming 83071
383, U5A

3 Fresone e Depareisene of BRIog £t Mareris Sieacs, Uaiversey of
Mok, Anw Ardor, Mimacsom 45107, US4 Quinine was the only

known prophylactic against

Tieapite the workdwide public health impact of malaris, neither

the mechantam by which the Plaswodism parasite detoxifies and malaria which in 1850 killed
sequesters haem., nor the action of current antimalarial drugs is ™M I (and
The student -Ronnit Buller sl undetood. The bac groupsreeused o the dgestion of - zeop)e per year (an
st oes).

insaluble material calked haemozaln or malaria plgment. Syn-
thetic p-haematin (Fe™-protoporphyrinIXi; 15 chemically'?,
spectroscopicalty®® and crystallographically’ dentical to haema-
zoin and i belicved to consist of strands of Fe™-porphyrin units, .
linked intea polymer by proplanate axygen.iron bands, Here we Perkins -mauve
repart the crystal structure of (2-haematin determined using
simulated annealing techniques to analyse powder diffraction CEloLil
dita abtalned with sychrotran radistion. The mokecules are
linked into dimers through reciprocal fan-carbesylate bonds
ta ane of the proplank side chains of cach parphyrin, and the
bands In the crystal. This

result has implications for understanding the action of current
antimalartal drags and possibly for the design of new therapeutic
. y agents.
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pinocytosis

crystals in () that strongly resemble the theoretical form
are delincated, including one among the horizontally juxta-
posed erystals in (d). From ref 28, Copyright (2001) with
permission from Elsevier Science.
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Quinine in the active site

(a) Morphology change
W— =
e ep—
e ™
(b) fam)mcam
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