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Molecular Packing and the Structure of 

Nuclei.

Roger Davey

Content: 1. Does the nucleus have the same packing as the mature crystal?

2. What do the results of single crystal XRD tell us about nucleation 

and structure?

Clusters/monolayers/fossil relics/24dihydroxybenzoic acid/trimesic acid/
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The Volmer solution: Classical Nucleation Theory

Critical nucleus

crystal

+

Formation and Growth of critical nuclei 
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Is the packing of the 

nucleus the same as 

the crystal?

From the packing of 

the crystal can we learn 

anything about the 

structure of the 

nucleus?

Cf. HMT crystal structure  Dickinson and Raymond JACS 1923  45 22-29

Linking crystallography to nuclei 

The next three paragraphs are devoted to the origin of crystal 

nuclei. For this the general thermodynamic considerations are 

valid as for liquid drops. A kinetic calculation of the magnitude of 

K for crystals was first performed by Kaischew and Stranski . This 

important study provides us with the impetus for the following 

work. We will use the strongly idealised crystal model, also used 

by K and S, following that of Kossel – which is composed of cubic 

building blocks.

Extended to - nuclei have the same packing 

as the mature crystal.

α p-aminobenzoic acid

β p-aminobenzoic acid
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α PABA (AMBNAC07) and (R) β PABA (AMBNAC08

Density and order
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Are there clusters? A classic often 
repeated experiment.

Phil. Mag. 1969 ,161, 1075-1077

A well stirred, hot unsaturated solution of citric acid of known 

concentration was introduced into a tall glass cylinder (5cm 

diameter,50 cm high) fitted with three small side-arm sample 

points, spaced 20 cm vertically apart, each terminated with a 

self-sealing rubber serum cap. The sealed cylinder was 

immersed in a water bath and allowed to cool to the set 

temperature.

Citric acid monohydrate is pretty soluble in 

water –

4moles/l  ~ mole ratio of 1: 15. 

Solid mole ratio 1:1 
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Experiment repeated in 1991 – same 
result.

Cluster size from 

sedimentation 

estimated at 16nm 

diameter.  

Supported by EM.
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And again!

Mesocrystal

60nm 

spheres?

The findings suggest that the

natural shape of the crystalline nucleus might be that

of an aggregate of solute clusters observed in solution

and that the nucleus is already present even in 

subsaturated solutions.
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Microscopy reveals meso crystals – D,L 
alanine and ϒ glycine

0.3 cm

0.1 cm outlet

5 cm30 cm10 cm

Are the clusters crystalline? In situ 
scattering/diffraction more difficult.
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Its tempting to try but 

really a nightmare to 

perform and the contrast is 

really not good enough.

For macromolecules AFM supports crystalline 
nucleus
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Mono and multi- molecular layers are crystals.
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Cholesterol alkanols

So there is significant 

evidence to suggest that 

small numbers of 

molecules can adopt 

mature packings. 

Also evidence of other 

things going on – meso

crystals.
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If you believe then you can ask questions 
about cluster stability.

If you believe then….. 

More of this later.
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Diphenylamine, Z’ = 8

Benzophenone Z’ = 1

Does high Z’ tell us anything about nucleation? 

Some thoughts from crystallographers:  
Fossil Relics – structures with high Z’
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Infinite chain 

of H-bonds

Z’ = 1

H-bonded 

trimer; Z’ =3

Extreme example

The transition state 
may well be partially 
disordered but 
crystallography gives a 
model for the whole 
crystal – why would 
the growth process 
keep repeating this 
mistake? 

Crystallography and Frozen-in Transition States

362 atoms, 238 non-hydrogen atoms

in the crystallographic asymmetric unit.

The fundamental problem 

here is that we are trying to 

infer nanoscale information 

from a crystal that contains 

many billions of unit cells. 

The nucleus may well trap 

in some high energy 

conformations or use an 

unsatisfactory H-bond 

motif but why would it 

keep repeating this over 

and over during 

subsequent growth?

• dihydroxybenzoic acid crystallising 
from toluene and chloroform.

• trimesic acid crystallising from 
DMSO.

The growth problem will never go away but this 
doesn’t mean that we can’t get insight from 

crystallography as long as we have enough data. 

Dihydroxybenzoic acid
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This dimer structure does reflect solution species –

but this is a metastable form.

0.2mmTime = 0 hrs. 
Time = 45 hrs.

Dimer

Metastable

Chain

Stable

Why didn’t Gdaniec et al see the dimer form ? 

They didn’t look - transformation ten times faster in chloroform than in toluene

so acid form in solution gives acid dimer in metastable crystal form.

Trimesic acid 

H-bonded –C=O

Non- bonded –C=O

Monosolvate in DMSO

Cooling crystallisation from pure DMSO 40 to 25C.
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monoDMSOlate:

Does this tell me 

anything about nucleation?

Non-bonded –C=O

H-bonded –C=O

No dimers

Cooling 

crystallisation 

from pure DMSO

40 to 25C.

CCDC funding

Most metastable form in DMSO

Monosolvate in DMSO

Crystallography vs crystallisation

Needles least stable form in DMSO
Monosolvate most 

stable in DMSO

Additional information.

Metastable phase is a 3:1 solvate. 

DMSO disordered; no TMA-TMA 

contacts – reflects the solution or 

the nucleation cluster?

All carbonyls 

involved in weak –

CH…O=C contacts Note correspondence between 3:1 solvate and the solution.

Absence of dimers in solution implies full solvation and the preservation of the 

carbonyl environment on crystallisation. 

split -C=O peak

Additional data – FTIR (blue DMSO)

1685

1722 

1700

900 

TMA 

pure

1:1 

solvate

3:1 

solvate

12:1sat. 

solution

Vc=o 

sensitive to 

environment
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Key role of desolvation

What do we conclude? :

• In transforming from solution to trisolvate

the carbonyl environment is unchanged. 

• TMA can jump from solution to crystal with 

preservation of its co-ordination. 

• DMSO makes the transition whilst retaining 

its liquid phase disorder.

• In solution TMA fully solvated so during 

nucleation removal of 9 DMSO molecules 

takes place

What are the messages?

It is quite feasible for a nanocluster to have 

the packing of a mature crystal. But this is 

not guaranteed.

Using crystallography to infer structural data 

about the nucleus must be done with care.

To learn anything about nucleation from 

crystallography we need to study metastable 

states/solvates.

The addition of some simple characterisation 

of solutions can add significant insight into 

what’s going on.

Returning to high Z’ -Crystals that 

don’t form…conformation?

3

2

TOR2

TOR1

Ethenzamide

MW 165.2

Tolfenamic acid

MW  261.7 ONSC 

MW  

~550

2 key torsions

1 key torsion

~13 torsions 3 chiral 

centres

Will any of these be difficult to nucleate 

crystallise ?

Will any have multiple forms?

With multiple conformers?

Will solvent choice matter?

1

The alditol family HOCH2(CHOH)nCH2OH

Mannitol, galactitol, and arabitol – straight chain in crystal, easy to grow

Sorbitol, iditol, and xylitol – lowest energy conformation different to that seen in crystal structure, slow to crystallise

R1

O NH

R2

R1 = CH3, C2H5

Acylanilides

What’s the view?
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TO

R2

TO

R1

1 pure form

16 solvates/

cocrystals

5 polymorphs:

I and II are 

conformational

3 solvates

No pure 

form

Looking at the KNOWN FORMS CONFORMATIONS: MOLECULE 1 

Potential energy surface

Pure form O…O contact
Cocrystal forms O…H-N… 

intramolecular contact

CONFORMATIONS: MOLECULE 1 
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Form II (metastable)

Twisted-like Planar-like

Form I (stable)

EtOH

CONFORMATIONS: MOLECULE 2 

Crystal structure

(b) An overlay of ethanolate (blue) and methanolate (red) conformations. (c) An 

overlay of ONSC ethanolate (blue) and hemihydrate (red) conformations. (d) 

ONSC-E crystal structure conformation. (e) Lowest energy structure from a 

Monte Carlo search.

Molecule 3: the solvent as a conformational 

auxilliary.
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NMR – intramolecular H-bond in solution.

H1H3/5H4H2H6

Ethenzamide/tri-n-butyl phosphine oxide titration in CDCl3

Do solution conformers drive the 

crystallisation behaviour?

Molecule 1

Given solution 

chemistry why 

can’t this be 

found?

Is there a 

crystal 

structure 

with the 

solution 

conformer?
Known 

structure 

doesn’t have 

the solution 

conformer.

Why Isn’t  there a 

crystal structure 

with the solution 

conformer?

Molecule 2: Tolfenamic Acid – do solution 

conformers drive the polymorphism?

Form II (metastable)

Twisted-like Planar-like

Form I (stable)

Exp.[62.5mM] 

at 298 K 

Computed 

Twisted

Computed 

Planar Average

H7 7.98 8.09 8.20 8.14

H9 6.70 6.90 6.81 6.86

H15 7.26 7.46 7.48 7.47

H30 6.82 6.41 7.71 7.06

R2
- 0.852 0.655 0.996

NMR � H – chemical shifts

Why are there two structures for such a 

conformationally labile torsion? 
• Usage directed conformational search 

(Hyperchem) – over 2500 ‘accessible’ 
conformers found

• Relaxed using HF/STO-3G then energies 
determined at 
B3LYP/6-31+G(d)

Lowest energy conformer

Intramolecular H-bond  -

not found in a crystal 

structure.

311   Conformers = 177k.

CONFORMATIONS: MOLECULE 3
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Why does this molecule rely so heavily on the 

solvent? Why do none of 2500 accessible 

conformers form a crystal structure? 

Only one conformer is found in the 

crystal structures. Solvent plays key role.
56

Small crystals but well defined metastable zones. 

Nothing unusual except (maybe) difficulty in growing large 

crystals.

1

3

b-axis alpha glycine

[1]

ONSC Ethenzamide

Supersaturation 0.46 1.24 1.35

Growth rate 

μm/min
61 0.3 0.1

Does any of this matter?

1"

1.25"

1.5"

1.75"

2"

S
"

= form I, stable 

= form II, metastable 

= mixed, majority form II 

= mixed, majority form I 

= mixed, concomitant 

Toluene EtOAc 2-propanol EtOH 

T = 309 K 

Form II (metastable)

Twisted-like Planar-like

Form I (stable)

Behaviour Unrelated to 

solution conformation.

Tolfenamic Acid: conformation irrelevant – just like any other 

polymorphic system
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2. What do the results of single crystal XRD tell us about nucleation and 

structure?


