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ABSTRACT
Mirror Symmetry Breaking and Chiral Amplification of
Ethylenediammonium Sulfate Crystals

Pui Shan Monica Cheung

Chiral symmetry breaking is a process that generates one enantiomer largely over the
other when a racemic mixture is expected. In nature, one handedness is preferred over
the other and it has been shown that chiral molecules, including amino acids, can
preferentially adsorb on chiral mineral surfaces such as quartz and calcite. This project
investigates the mirror symmetry breaking process of ethylenediammonium sulfate
(EDS), an achiral salt that crystallizes into chiral crystals. Here, we investigate the
~ directed mirror symmetry breaking and chiral amplification of EDS in the presence of
chiral amino acids using an abrasion/grinding process. The direction of chiral symmetry
breaking is strongly dependent on the amino acid and its chirality: (/) for thirteen chiral
amino acids, the addition of the p-isomer directed the chiral symmetry breaking process
towards homochiral dextrorotatory EDS crystals; whereas the addition of the L-isomer
directed the chiral symmetry breaking process towards homochiral /evorotatory EDS
crystals, (/) asparagine, tryptophan and tyrosine showed the reverse trend, and (//) no
effect was observed when adding arginine, lysine or methionine to the EDS mixture. In
the future, the effect of chirél additives on the surface microtopography of EDS crystals
will be investigated using atomic force microscopy and surface etching. The selective
adsorption of chiral additives on EDS crystals will also be studied using molecular

modeling and isothermal titration calorimetry.
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Chapter 1. |ntfoduction

Pooh looked at his two paws. He knew that one of them
was the right, and he knew that when you had decided
which one of them was the right, then the other one was
the left, but he never could remember how to begin.

The House at Pooh Corner
A.A. Milne

1.1. Origin of homochirality

How, when and where did life first appear on earth? Life is believed to have
originated around 3.5 billion years ago.!'! Several hypotheses on the emergence of life
have been proposed; for example, (i) the classical ‘prebiotic soup’ containing simple
abiotic building blocks that evolve towards complexity — Darwin’s model®, (ii) the
metabolic reaction cycles that occur on mineral surfaces under an iron-sulfur rich
environment allow for the formation of peptides — the ‘iron-sulfur world’ theory", and
(iii) an evolution of RNA molecules, responsible for genetic information storagg and
reaction catalysis, which further developed into DNA molecules and proteins — the ‘RNA
world’ model™., The chemical basis of these theories has evolved in a similar fashion; it
begins with simple building blocks which self-organize spontaneously into more complex
forms. Unfortunately, none of the proposed hypdtheses are conclusive. Furthermore, the
mystery behind the origin of life can not be untangled without addressing the poséible
origins of homochirality (i.e. homochirogenesis), where nature has éhosen to thrive in a

. . . 5
chiral rather than a racemic environment."’



In nature, one handedness is preferred over the other; the key examples are D-
sugars and L-amino acids. More importantly, the genetic information of living organisms
is stored in right-handed B-DNA. Clearly, chirality preference plays an essential role in
living systems. Different theories have been suggested to explain the appearance of chiral
preference in nature. One of the hypotheses is parity violation in weak interactions
proposed by Lee and Yang in 1956, and later confirmed experimentally by Wu ez al. in
1957.") The experiment consisted of measuring the emission of B-particles (electrons)
from a radioactive ®°Co sample under a magnetic field at low temperature. Due to the
parity violation energy difference (PVED) during [-decay, an excess of electron spins
antiparalle] to thé direction of propagation (left-handed spins) was observed as opposed
to mirror symmetry of electron emission. Circularly polarized light (CPL) is also believed

]

to be a potential cause of the chirality imbalance in nature.”)  Within a narrow

wavelength range, a slight excess of left-CPL is produced before sunrise and a slight
excess of right-CPL is produced after sunset.’) Although these two excesses of CPL are
expected to cancel each other out, irregular landscapes may cause uneven exposure of
CPL in localized areas.”! Cosmic meteorites are also proposed as a possible source of
introducing chiral impurities on earth and evidence has shown that some carbonaceous
chondrites contain the essential building blocks of life such as organic carbon, amino

[10, 11

acids and nucleic acid bases. I However, this only expands the mystery behind the

origin of homochirality from earth to the universe. Several studies have reported

enantioselective adsorption of chiral molecules on chiral mineral surfaces such:as

12] [13]

uartz' ~, calcite' ~’ an sum. e preferential adsorption of one enantiomorphous
quartz' lcit d gypsum.!"¥ The preferential adsorption of tiomorph



form of a molecule over the other on chiral mineral surfaces might have played an

important role in chiral selection in the prebiotic environment.!'”!

1.2. Stereochemistry

Molecular handedness is the center of attention in chemistry for seeking an
aﬁswer to the origin of homochirality. Any object or molecule lacking an improper
rotation axis (i.e. mirror plane and inversion centef) is considered to be chiral.!""! Chiral
objects or molecules are non-superposable on their mirror images, aﬁd molecules that are
non-superposable mirror images of each other are called enantiomers. In stereochemistry,
specific notations are assigned to describe the three-dimensional arrangement of atoms n
a chiral ‘molecule. A summary of symmetry elements, including improper rotation axes, is

provided in Table 1.!'

Table 1. Summary of symmetry elements.!'®)

Symmetry operation | Notation Description
Rotation axis c An axis about which a molecule rotates; n =
" number of identical positions around the axis
. A plane that divides a molecules into two
Mirror plane c . :
halves that are mirror images
Inversion center i A point through which the molecule is inverted
. : o .
Tmproper rotation axis S, Rotate _by 360 /n along the axis followed by. a
reflection in a plane perpendicular to the axis

1.2.1. Handedness and chirality

In the macroscopic world, chiral objects are abundant in our surroundings e.g. our
hands, screws, and spiral sea shells.””! At the molecular level, the simplest chiral molecule

is a tetrahedral carbon atom with four different substituents. The handedness of this



stereogenic center is assigned depending on the three-dimensional arrangement of the
substituents and the priority assigned to these substituents. Different terminologies have

been established to classify the configuration of chiral molecules.

In the Cahn-Ingold-Prelog (CIP) convention, R (Latin ‘7ectus’) and § (Latin
‘sinister’) are assigned to chiral molecules with a stereogenic center according to the
atomic number of the attached substituents. The CIP rule is executed by positioning the
lowest priority group away from the observer and tracing the priorities of the remaining
substituents in descending order either clockwise br countefclockwise. The clockwise
direction is assigned to have the R configuration and the counterclockwise direction is

assigned to have the S configuration.!'”!

In 1891, Emil Fischer developed a stereochemical nomenclature especially for
sugars and amino acids that is still used today.“g] This nomenclature uses the prefixes D
and L and is based on the stereochemistry of glyceraldehyde as a reference compound
(Figure 1). To use this nomenclature, the molecular structure of the sugar or amino acid
has to be poéitioned in a Fischer projection with the most highly oxidized carbon atom
placed on the top of the vertically aligned carbon backbone. For sugars, the designator D
is assigned when the hydroxy group on the lowest sterecogenic center is located on the
right side of the carbon backbone; whereas L is assigned when this hydroxy group is
located on the left side (Figure 1). A similar system is used for assigning the chirality of
amino acids, except that the left or right orientation of the amino group is considered

instead of a hydroxy group (Figure 1).1el



H—t—OH HO——H
HO—t—H  H—}—OH
CHO CHO H—f—OH HO——H COOH COOH
H OH HO H H——OH HO——H H NHy  H,N H
CH,OH CH,OH CH,OH CH,OH CHs CHs
D-glyceraldehyde L-glyceraldehyde  D-glucose L-glucose D-alanine L-alanine

Figure 1. Fischer projections of the enantiomeric pairs of glyceraldehyde, glucose and alanine.

The prefixes d (dextrorotatory or +) and [ (levorotatory or —) are absolute
descriptors used for chiral molecules based on the direction in which they rotate plane

t."1 To determine the rotation direction of plane polarized light through a

polarized ligh
chiral medium, a pair of polarizing filters can be ﬁsed. When white light passes through
the first polarizing filter (the polarizer), the light waves are aligned parallel to the
orientation of the polarizing filter. When passing through a chiral medium, this plane of
polarization is rotated. Since the light waves are oriented at a different angle, the second
polarizing filter (the analyzer) can be used to reorient the light in a parallel direction to.
obtain a maximum intensity of light transmission. A chiral sample is d if the plane
polarized light is rotated in a clockwise (right-handed) direction and a chiral sample is / if
the plane polarized light is rotated in a counterclockwise (left-handed) direction. Any
media (solid, liquid or gas) that is capable of rotating plane polarized light is optically

[20

active.?”! The degree of rotation of plane polarized light depends on several factors

including the wavelength of the light, the temperature, the concentration of the sample
and the path length of the polarimeter cell. The specific rotation, [05]’1) , can be determined

using a polarimeter and has units of deg cm® g according to equation 1:



[f)v]3)=li (1)

Xc

where o is the observed rotation (°), / is the length of the polarimeter cell (dm); ¢ is the
concentration (g cm™), ¢ is the temperature (°C) and D corresponds to the sodium D line

at 589.6 nm."*"! Figure 2 shows a vintage Goerz polarimeter with a 1 dm polarimeter cell.

Figure 2. A vintage Goerz polarimeter.

1.2.2. Optical rotatory dispersion (ORD)

Another manifestation of the rotation of plane polarized light is the color change
of chiral samples under a polarizing microscépe. In 1812, Biot reported an increase in the
angle of rotation of plane polarized light by quartz as the color of the light changed from
red (long wavelength) to violet (short wavelength).!'” Therefore, when plane polarized
light passes through a chiral sémple, changes in color of the transmitted light are
observed as the analyzer is rotated. This dependence of specific rotatioﬁ on wavelength is

called optical rotatory dispersion (ORD).122



1.3. Crystallography

ORD is an important feature of chiral samples that are in the crystalline state
because the velocity of the light transmission through a crystal depends on its
crystallographic symmetry.”?! In brief, there are three basic elements of symmetry in
crystallography: (i) a cénter of inversion is the meeting point where all crystal faces on
one side are identical to thé parallel crystal faces at the opposite side, (if) a plane of
symmetry (parallel to a crystal face or diagonally through a crystal) that divides a crystal
into two identical portions which are mirror images of each other with respect to the
plane and (iif) an axis of symmetry is an imaginary line where a rotation is executed

along the axis until the identical position is met.

1.3.1. Unit cell

The smallest volume element that is repeated in three dimensions to give a crystal
is known as the unit cell.** Each unit cell is composed of molecules that are arranged in
three-dimensional space. The dimensions of a unit céll are indicated by the translation
axes (a, b, and c¢) as shown in Figure 3. The number Z indicates the number of molecules

contained in a unit cell.



.

Figure 3. Schematic representation of a unit cell. Arrows represent translational axes and arcs represent
angles between the axes.

1.3.2. Miller indices

Miller indices are the notation used to identify the crystal faces through the
translational vector in three-dimensional space.** The unit length assigned to each axis
represents the unit length in angstroms (A) from the origin and the positive or negative
sign represents the direction of the axis. A crystal face is indexed when a plane is drawn
across thé three Cartesian coordinateé. The spacing in crystals is defined by the
crystallographic planes characteristic for a particular crystal (i.e. thé h, k, [ Miller indices
which are the reciprocal of the relative intercepts on the three crystallographic axes). If a
zero results from the reciprocal of a relative intercept, it indicates that the plane will not
intercept that particular axis. The atoms in a crystal aré érranged in a regular pattern and
can diffract an x-ray beam. In a crystalline powder there is a random distribution of all
possible orientations and only crystallités having crystallographic plaﬁes (h, k, ]) parallel

to the specimen surface will contribute to the reflected intensities.?"

Bragg’s law (equation 2) can be used to determine interatomic spacings within a

crystal:1#*!



nA=2d-sin@ (2)
where n is an integer, A is the wavelength of the x-ray radiation (1.54 A for a copper
source), d is the interatomic spacing (A) and 0 is the diffraction angle (°). The possible 0
values for reflections are determined by the unit cell dimensions and the intensities of the

reflections are determined by the distribution of the electrons in the unit cell.

1.3.3. Crystal systems, Bravais lattices and crystallographic point groups

Crystals are grouped based on their symmetry into seven crystallographic
systems: triclinic, monoclinic, orthorhombic, cubic, trigonal, tetragonal, and hexagonal.
There are classes (i.e. point groups) within each of these crystallographic systems where
symmetry allows for a crystalline structure to be chiral and optically active. Some
crystals are isotropic (e.g. cubic crystals) because the arrangement of molecules is
identical along the three axes within the crystal so that light is transmitted equally in all
directions. On the ofher hand some crystals are anisotropic (e.g. tetragonal crysfals)
because ‘the arrangement of molecules is different along the axes so that light is
transmitted differently through the crystal. Based on the fundamental crystallographic
systems, the unit cells are organized in a repetitive manner into fourteen geometric shapes
in three-dimensional space. These crystal shapes are called Bravais lattices.* The
imaginary points (nodes) in the Bravais lattices indicate the location of identical
environments and coincide with positions of elements of >symmetry. Each point
experiences an identical environment as its neighbours. The lattice point arrangement
becomes more complex as the combination of symmetry elements present increases. The
location of the lattice points is described by the following notations: P (primitive)

indicates that nodes are located at the corners, / (German: Innenzentriert or body-



centered) indicates an additional central point, F' (face-centered) indicates an additional
central point of all lattice faces, and C (side-centered) indicates an additional central
point at only one pair of the unit cell faceé. A crystallographic point group indicates the
fix point (at least one) that is shared by the symmetry elements of a molecule.**! The
combination of the Bravais lattices and point groups describes the arrangements of étoms
in three-dimensional space. These 230 space arrangements are called space groups and 65
of these space groups are chiral. An example of a chiral space group is P4;. It is part of
the tetragonal crystallographic system and is described in a primitive crystal lattice‘
family. Any part of the atomic pattern is repeated in space by a 90° rotation and will meet
its nexf identical unit if this rotation along the tetrad axis (parallel to the c-axis) is

followed by a translation of % of the unit length of the c-axis.?

1.3.4. Crystal growth and crystal habit

The crystallographic description of a structure pfovides details on the molecular
arrangement in the crystalline state; however, it does not predict the macroscopic shape
of the resulting crystal. The polyhedral forms of a crystal (i.e. crystal morphology) are
influenced by other factors such as the crystal growth conditions and the crystal growth

rate. ‘Habit’ is the term used to describe the overall growth form of individual crystals.”*!

Crystal growth is a thermodynamic process where molecules self-assemble into a
regular pattern. However, crystal growth and dissolution requires a driving force and the
Miers region is known to be the area where crystal growth and nucleation are unfavoured.
The occurrence of growth and dissolution can be triggered by varying parameters such as
concentration, temperature, and pressure.[25] The crystal surface is an important area of a

crystal because it is the location where crystal growth and dissolution occur. Once the
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energy barrier is surpassed, the crystal nucleus will form when a crystal cluster reaches a
critical size (r;) and the crystallizing particles will continue to associate at the crystal
surface. This process of nucleation from solution is called primary nucleation. When a
solvated solute binds to the crystal surface, desolvation occurs and the solute
concentration at the solution-crystal interface decreases. The concentration gradient will
lead to solution diffusion to maintain the bulk concentration at equilibrium (bulk
diffusion). Conversely, the molecules or ions leave the crystal surface during dissolution
and their concentration at the solutioﬁ-crystal interface increasés. In the case of an initial
mother crystal broken into smaller crystallites, fhe resulting crystalline seeds serve as
nucleation siteé which grow into larger crystals of the same chirality as the mother

crystal. This crystal growth process is called secondary nucleation.*!

The crystal habit is related to the relativé rate of crystal growth at different crystal
faces. A crystal face with a slower normal growth rate (k1) grows to a larger surface area
then a crystal face with a faster normal growth rate (ky); the latter diminishes in area and
eventually disappears completely as showﬁ in Figﬁre 4.2% In an ideal case of crystal
growth, all the expected crystal faces will be present. However, the growth mechanisms
are different at non-equivalent crystallographic surfaces. Consequently, smooth and

rough surfaces can result from crystal growth.
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Figure 4. Relative growth rates at different crystal faces.”" k rcprcscnts the normal growth rate and t

represents growth time, at a specific face S.

The Kossel crystal (Figure 5) is a simplified crystal model with different faces
and the dimension of the cubes represents atomic-scale constituents (ions or molecular
groups).!*”) Some faces display dominantly flat surfaces (i.e. terraces), others show steps

(i.e. vicinal faces such as on the edge of a {100} face), and some atomically rough
surfaces are dominated by kinks (e.g. at the corner of a {1 00} face or on the surface of a

{L11} face). As a result, two-dimensional nucleation leads to lateral growth on the crystal

plane until that particular crystal surface is filled.

[T )]

Figure 5. Kossel crystal model.?*!
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1.3.4.1. Surface morphology

Growth features can be detebted on surfaces at any stage of crystal growth.
Depending on the’roughness of the crystal faces, different characteristics of their surfacve
topography can be observed at the nanometer scale. In general, topographic features
located on flat surfaces can be formed from crystal growth or dissolution and are
classified into two categories: pits and hillocks. A pit is a négative topographic feature
and a hillock is a positive topographic feature. The surface topography on crystal faces
can be visualized using different techniques such as phase contrast microscopy and
differential interference microscopy.[zs] Furthermore, features at the atomic scale can be

imaged using atomic force microscopy and scanning electron microscopy.*’ %

1.4. Historical background

Light microscopy is not suitaﬁle for visualization of atomic scale features‘;
however, this technique combined with polarizing filters becomes a powerful tool for
analyzing the rotatory power of mineral crystals. In 1811, Arago observed different
colors from the polarization of incident light from a quartz plate.*®! In 1-812, Biot pursued

“this experiment by analyzing quartz plates between a pair of polarizing filters.’"! He
found that the two mirror forms of quartz crystals rotate the plane of polarized light
differently. Different colors were transmitted through the quartz disk when one of the
polarizing sheets was rotated clockwise or counterclockwise. Also, thé angle of rotation
was found to be dependent on the thickness of the quartz plate. This light transmission

and polarization effect is called optical rotation.
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Quartz is a classic example of a chiral terrestrial mineral crystal. Quartz (SiO;) is
not molecularly asymmetric; however, quartz crystals are macroscopically asymmetric.
In the early nineteenth century Hauy identified faces on quartz that were only on alternate
comers of the crystal (ie. hemihedral as opposed to holohedral faces).'”? Two
hemihedral forms of quartz were identified as being non-superposable mirror images of
each other. It is important to note that many optically active crystals do not show
hemihedral faces because the emergence of these particular faces during crystal growth
(i.e. crystal habit) is often not favoured.!'”’ Importaﬁt physical properties of the quartz
crystal are embedded within its three-dimensional crystal structure.’"! Quartz crystals
belong to the trigonal crysfal system and each unit cell contains three connected
tetrahedra (Z = 3). ‘Within the quartz crystal structure,reach silicon atom is attached to
four oxygen atoms Which form a molecular arrangement of tetrahedral SiO, building
blocks. Since each oxygen atom is attached to two silicon atoms, the formation of a

periodic tetrahedral assembly leads to an extended helical network (Figure 6).2%

Figure 6. A tetrahedral SiO, building block (left) and a SiO, network (right).”* Each building block
consists of a silicon atom in the center with attached oxygen atoms at each corner. The three
connected tetrahedra highlighted in red represent the unit cell and show the top view of a left-
handed helix along the c-axis.
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Quartz crystals are chiral and the chirality is determined by viewing the helical
sense of the three connected tetrahedra along the c-axis. The clockwise (right-handed)
helix is assigned to the chiral space group P3;21 and the counterclockwise (left-handed)
helix is assigned to the chiral space group P3,21. Optical activity has been observed in
- Isotropic, uniaxial and biaxial crystals. In isotropic crystals ORD c.';ln be observed in any
crystal orientation, in uniaxial crystals ORD can only be observed along one symmetry
axis of the crysfal and in biaxial crystals it is harder to observe: ORD because the optic
axis does not coincide with any axis of crystal symmetry. Quartz crystals are uniaxial (i.e.

anisotropic with regards to ORD).["”)

In 1848, Pasteur discovered two crystalline forms of sodium ammonium tartrate
grown from a récemic solution.’?! Pasteur found that, depending on the temperature of
crystallization, the formation of holohedral (>26 °C) or hemihédral (<26 °C) crystals was
observed (Figure 7). The holohedral crystalline form contains an equal number of left-
handed and right-handed molecules in the crystal lattice (i.e. a cocrystal) whereas the
hemihedral crystals contain only one enantiomeric form of the molecule in the crystal
lattice to form either left;handed or right-hénded crystals (i.e. conglomefates).
Amazingly, Pasteur manually separated the asymmetric pairs of hemihedral crysfals
(crystallized from an optically inactive racemic mixture) and found that they were
optically active. He concluded that dissymmetry was required for optical activity. It is
important to note the difference between hemihedral crystals of sodium ammonium
tartrate and chiral quartz crystals. For sodium ammonium tartrate, the chiral molecules
can sometimes crystallize into two forms of enantiomorphous chiral crystals, where there

is both molecular asymmetry and crystalline asymmetry. For quartz, achiral building
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blocks (S104) arrange in an asymmetric helical fashion to form chiral crystals, where
asymmetry is absent at the molecular level but is present in the crystalline form. A nice

demonstration of this phenomenon was reported in 1869 by Reusch where he created

(19]

‘artificial optical activity’ by stacking thin mica sheets in a helical fashion.

—
TN
| PP

Figure 7. Holohedral crystals (left) and hemihedral crystals (right) of sodium ammonium tartrate.
Hemihedral faces are shaded gray.

In brief, all chiral molecules crystallize into chiral crystals and achiral molecules

can, in some cases, form chiral crystals if they crystallize in a chiral space group.

1.5. Chiral symmetry breaking and asymmetric amplification

The chirality distribution of a system (from crystallization or chemical reactions)
is governed by two important processes: (i) chiral symmetry breaking and (ii) asymmetric
amplification. Chiral symmetry breaking is a process which spontaneously generates an

. . . . A
unequal mixture of enantiomers from a racemic or achiral state®"

and asymmetric
amplification is a process that amplifies this initial chirality imbalance.” Equation 3 is
introduced to calculate the percentage of a particular enantiomer in excess in a system

where R represents the number of moles of the R-enantiomer and S represents the number

of moles of the S-enantiomer.
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R-S :
% Enantiomeric Excess (EE) = L ; x100 (3)
+

For chiral crystals, this equation can be modified to:

% Crystal Enantiomeric Excess (CEE) = E—d_—N—l X

100 4
d+ N (4)

where Ny represents the number of dextrorotatory crystals and N represents the number

of levorotatory crystals.

1.5.1. Chiral crystallization

Sodium chlorate (NaClO3) and sodium bromate (NaBrOs3) are classic examples of
achiral molecules that crystallize into isotropic chiral crystals. They have a unit cell of

Z = 4 and crystallize in a cubic chiral space group, P2,3.1*V A schematic representation of

[37]

chiral NaClOj crystals is shown in Figure 8.

Figure 8. Schematic representation of a levorotatory (left) and dextrorotatory (right) sodium chlorate
(37
crystal.

Spontaneous crystallization of these inorganic salts is expected to give an equal amount

of both enantiomorphic crystals because both enantiomers have identical stability and
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equal probability to nucleate and grow. Some more examples of achiral compounds

forming chiral crystals are listed in Table 2.119.381

Table 2. Examples of achiral compounds forming chiral crystals.

[19, 38]

Isotropic Uniaxial Biaxial
Sodium chlorate Quartz Hydrazine sulfate
Sodium bromate Cinnabar Strontium formate

Sodium sulfantimoniate
Sodium uranyl acetate

Sodium periodate
Potassium dithionate
Rubidium dithionate

Cesium dithionate

Calcium dithionate
Strontium dithionate

Lead dithionate
Ethylenediamine sulfate
Benzil
Potassium lithium sulfate
Potassium lithium sulfochromate
Guanidine carbonate
Diacetylphenolphthalein
Potassium silicomolybdate
Potassium silicotungstate

Barium formate
Lead formate
Iodic acid
Ammonium oxalate
Ammonium potassium oxalate
Sodium arsenate -
Lithium sulphate
Magnesium sulphate
Nickel sulphate
Magnesium chromate
Sodium dihydrogen phosphate

In ‘1898, Kipping and Pope performed chiral crystallization experiments with

sodium chlorate in solution.”?®! In one set of experiments, 3137 crystals were collected

and the chirality of these crystals was analyzed under a polarizing microscope. A

statistically equal number of dextrorotatory and levorotatory crystals was obtained (1571

dextrorotatory crystals: 1566 levorotatory crystals) from primary nucleation events.
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1.5.2. Stirred crystallization

In 1990, Kondepudi ef al. demonstrated that the mirror symmetry of sodium
chlorate crystals can be broken when the crystallization is carried out with constant
stirring."*”) The experiment was performed by stirring an unsaturated sodium chlorate
solution (25 mL)vin a 100 mL beaker at ca. 100 rpm using a Teflon magnetic stir bar
(4dmm X 4 nim). The beaker was covered with tissue paper to avoid external
contamination and the chirality of the grown crystals was analyzed between polarizing
filters. Thirty—two stirred crystallization experiments were performed and a total of 11829
crystals were analyzed; 18 experiments showed a dominating population of
dextrorotatory crystals and 14 experiments showed a dominating population of
levorotato@ crystals. In 1993, 60 stirred crystallizations were performed and the effect of
stirring on the spontaneous crystallization clearly showed a bimodal distribution of the
two enantiomorphic populations of NaClOs crystals.*!! The distribution of CEE for
unstirred crystallizations (chiral crystallization) was centered at zero whereas for stirred
crystallization, the distribution peaks for d and / crystals were concentrated at 1.0 and

-1.0 (or 100% and -100% if expressed as a percentage according to equation 4).

This spontaneous chiral symmetry breaking process is caused by rapid secondary
nucleation where the first (and only) crystal from primary nucleation is broken down into
smaller pieces due to stirring. These smaller daughter crystals all possess the same
chirality as the initial mother crystal in the system and become the new nucleation sites
for crystal growth. Consequently, the resulting crystals are homochiral. In theory, fhe
decrease in solution concentration due to secondary nucleation will suppress other

primary nucleation events to occur. This secondary nucleation is also called a nonlinear
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[42]

autocatalytic process. This chiral symmetry breaking method is called stirred

crystallization.

- An example of an organic compound that can be crystallized from the melt into a
tetragonal chiral space group, P42,2,, is 1,1’-binaphthyl (Figure 9).**) Unstirred chiral
crystallization of 1,1’-binaphthyl at 150 °C gave optically inactive crystals (a
conglomerate racemic mixture of both R-(-) and S-(+) crystéls) as expected from primary

nucleation.[*#!

Side view Front view

Figure 9. Ball-and-stick models of 1,1’-binaphthyl. Side view (left) and front view (right) of enantiomeric
1,1’-binaphthyl molecules.™**!

In 1999, the chiral symmetry breaking of 1,1’-binaphthyl was achieved by stirring a melt

sample at 180 °C which was slowly cooled to 150 °C.**) As a result, a large enantiomeric

excess (ca. 77% EE) of R-(—) or S-(+) crystals was produced due to secondary nucleation.

The complete chiral symmetry breaking of a racemic system requires an
amplification of the enantiomer in excess and the depletion of the minor enantiomer until

homochirality is reached.
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1.5.3. Abrasion/grinding technique

The chiral symmetry breaking of NaClO; from a racemic mixture was achieved
by Viedma using an abrasion/grinding technique.*®’ A racemic mixture of d and /
NaClO; crystals (ground with a mértar and pestle) was stirred at 600 rpm in the presence
of 3 mm diameter glass beads in a saturated solution in a sealed flask. The\ resulting
crystalline seeds were sampled every 6 hours and were allowed to grow until large
enough for examining chirality of the grown crystals using a bolarizing microscope. The
percentage CEE of the sample was calculated according to equation 4. After 24 hours of
abrasion/grinding, the CEE of the‘ closed system réached 100%.1"" The amount of
grinding media and the stirring rate were found to be closely related to the time required
for achieving enanﬁopure crystals; as the relative amount of glass beads and the stirring
rate increased the time required to reach homochirality decreased.!*®’ More importantly,
the chirality of the enantiopure crystals can be directed by incorporating an initial
imbalance in the starting mixture. For example, the addition of a 5% CEE of d-NaClO3
crystals directed the chiral symmetry breaking towards 100% CEE of d crystals; whereas
the addition of a 5% CEE of /-NaClO; crystals directed the chiral symmetry breaking
towards 100% CEE of / crystals.*® Recently, chiral symmetry breaking of NaClO; was
also achieved by applying an ultrasonic field to a supersaturated solution and a CEE of

over 90% was obtained in most cases.!®!

Viedma proposed that the mirror symmetry breaking process is governed by two
mechanisms: (7) Ostwald ripening and (i) a recycling process. According to the Ostwald
ripening principle, large crystals grow at the expense of smaller crystals.*”! The small

crystals possess a larger surface to volume ratio than the large crystals and therefore the
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smaller crystals are thermodynamically less stable and are more readily dissolved. Crystal
dissolution of the smaller crystals creates a concentration gradient. This difference in
solute concentration becomes the driving fbrce for the achiral molecules to move from
smaller crystals to larger crystals. According to Viedma, the recycling process is
responsible for the amplification of the initial enantiomeric excess and the depletion of
the minor enantiomer in the system. This prdcess is also known as the common ancestor
effect where, ‘the removal of competing lineages leaves just one common ancestor for the
entire systgm’.[49]'The abrasion/grinding technique developed by Viedma that leads to
: homochirali.ty is illustrated in Figure 10.°% It is important to note that the depletion of the
enantiomer in minority will not occur if the chiral symmetry breaking process is

governed solely by secondary nucleation.
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Figure 10. Simplified cartoon representation of the abrasion/grinding technique (a modified version of
Viedma’s model).” The red devil ducks represent dextrorotatory crystals, the white angel
ducks represent levorotatory crystals, and the beach balls represent grinding media. (a) Starting
with a racemic mixture of 50% dextrorotatory and 50% levorotatory crystals in saturated
solution in the presence of grinding media, the crystalline surfaces experience continuous
dissolution and recrystallization. (b) Under constant stirring, the chiral crystals are broken down
into smaller crystals of the same chirality. These smaller crystals dissolve more easily into
achiral molecules. (c) Subsequently, the achiral molecules feed growing crystals in the system
independently of their chirality during Ostwald ripening. In this case the white angel ducks
represent the dominant chirality among the growing crystals. (d) As the recycling process
continues, the number of white angel ducks (chirality in dominance) amplifies. (e)
Homochirality with 100% white angel ducks is eventually obtained.
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1.5.3.1. Chiral impurities/additives

Viedma further pursued the chiral symmetry breaking of NaClO; and NaBrOs
using the abrasion/grinding method and found that a high CEE of /-crystals, up to 99%,
was obtained for both cases.”! This preference of I-crystals is believed to be due to the
presence of chiral impufities from the environment (also Acalled cryptochiral impurities)
and creates an initial bias in the racemic system which is further amplified during the
recycling process. Interestingly, an example of enantioselectivity during crystal growth of
' NaClO; and NaBrO; was reported in 1972.P%! The addition of d- o I-NaBrO;s crystalline
‘seeds in a NaClO; supersaturated solution induced the growth of NaClOj; crystals with
the opposite chirality. The same effect was observed with the addition of chiral NaClOs
crystalline seeds in a NaBrO; saturated solution.”*! Moreover, Niedermaier and Schlenk
Jr. demonstrated the influence of chiral additives during crystal growth.”?! For example,
the CEE of d-NaClO; crystals increased to homochirality in the presence of D-mannitol;
whereas the CEE of /-NaClO; crystals increased to 98% in the presence of D-sorbitol. In
the case of NaBrOs, the CEE of [-crystals inc,reased to 93% in the presence of D-
mannitol; whereas the CEE of d-crystals increased to homochirality in the presence of D-
sorbitol. In addition, the symmetry of supramolecular chiral assemblies of achiral

molecules can also be influenced by the presence of chiral initiators.**>!

1.5.3.2. Etch figures

Microtopographical evidence of molecular adsorption on NaClOs crystal surfaces

was obtained by observing the etch figures after exposure to an etchant. For example, the

addition of formic acid on the {100} faces of a d- and [-NaClO; crystal led to the
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formation of mirror-related elongated parallelogram-shaped etch pits (Figure 11).°¢) In
the presence of etchant, it is believed that the geometric shape of the etch figures is

affected by the dissolution rate on specific crystalline faces.

{-sodium chlorate d-sodium chlorate

Figure 11. Etch figures on {1 00} faces of (left) I- and d-sodium chlorate crystal.

1.5.4. Enantioselective adsorption

In addition to inorganic salts, a wide range of terrestrial minerals have been
investigated to provide valuable iﬁfonnation of chiral molecular recognition on crystal
surfaces.”’) These mineral surfaces are believed to be a possible platform for self-
assembly of biomolecules into more complex structures.””® Chiral amino acids are often
used as chiral agents for asymmetric adsorption experiments because of their chirality

preference in nature.

1.5.4.1. Terrestrial minerals

Quartz is one of the classic examples of a chiral crystal used in asymmetric
adsorption studies. A slight imbalance in favour of the /-form of quartz is observed in

nature (1.4% excess of /-quartz among 16807 samples collected worldwide).®'! An
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experimental study showed that radioactive D-alanine preferentially adsorbs on a
powdered d-quartz sample; whereas radioactive L-alanine preferentially adsorbs on a

powdered /-quartz sample.['?)

Another kind of terrestri‘al mineral, calcite (CaCQ3), was abundant in the Archean
period when earth’s atmosphere was hot and contained little oxygen and other gases that
are not suitable for living organisms.”™ An analogue of a calcite crystal at the molecular
level is a meso compound. Meso compounds have more than one chiral center but
possess a plane of symmetry so they are overall achiral. Similarly calcite crystals are
overall achiral but possess mirror-related faces. The trigonal scalenohedral crystal form is
often chosen for chiral selectivity stucﬁes because of these adjacent mirror-related faces

(Figure 12).1"!

Figure 12. Schematic representation of adjacent mirror-related faces of a CaCOs crystal.l™>*!I The
asymmetric crystal surface is composed of CaQgq octahedra chains that are connected through
planar CO; groups (shown as horizontal lines).
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The chiral selectivity experiment was performed by immersing scalenohedrai calcite into
a racemic aspartic acid solution (0.05 M) for 24 hours. The adsorbed amino acid was
removed by pipetting HCII (0.02 M) on individual crystal surfaces (right hand or left
hand) for 20 seconds, the acid wash was collected in the same pipette and this procedure
was repeated three times on three successive days. The collected aspartic acid samples
were analyzed using gas chromatography. The ratio of D- versus L-aspartic acid showed
thaf the right hand faces preferentially adsorbed D-aspartic acid whereas the left hand
faces preferentially‘ adsorbed L-aspartic acid. Furtherrhore, asymmetric adsorption can
influence the morphology of a chiral crystal surface. The growth of rhombohedral calcite
crystals in a supersaturated solution in the presence of a chiral solute showed changes in

the geometric shape of the growth hillocks on the {104} faces using atomic force

‘microscopy (AFM).*’! The growth hillocks of a calcite crystal without chiral additive

show straight step edges; however, the presence of 0.01 M D- or L-aspartic acid modified

the straight step edges into rounded growth hillocks (Figure 13).[6()]

In the absence of chiral additive L-aspartic acid  D-aspartic acid

Figure 13. Liquid-immersion AFM images of growth hillocks on a cleaved CaCOj crystal surface.[”! In
the absence of chiral aspartic acid (left), and in the presence of chiral aspartic acid (right).
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Aspartic acid in the supersaturated solution is believed to behave as a growth inhibitor
and therefore modify the shape of the growth hillocks in an‘enantioselective fashion.
Under unsaturated conditions and in the presence of chiral aspartic acid, asymmetric etch
pits were observed on the calcite crystal surface and the edges were inclined at a different
angle relative to the edges in the presenc.e of the D- or L-aspartic acid (Figure 14).[29] The
symmetrically related etch figures on different chiral crystals is believed to be due to

different dissolution rates at specific chiral crystal faces.

L-aspartic acid D-aspartic acid

Figure 14. AFM images of etch pits on chiral CaCO; crystal surfaces. 2% Both crystals are orientated in the
same direction. 10 X 10 um size image in the presence of L-aspartic acid (rlght) and §$ X 5 pm
size image in the presence of D-aspartic acid (left).

Gypsum (CaSO4-2H,;0) is another example of a natural terrestrial mineral
possessing chiral faces which exhibits selective adsorption of chiral molecules on chiral
faces. In the absenée of chiral additive, gypsum grows into bilaterally symmetrical
crystals, but its crystal habit can be influenced by the adsorption of chiral amino acids on
selective faces during crystal grbwth.m] For example, crystal faceé on opposite sides of

the mirror plane of symmetry in gypsum have an unequal affinity for the enantiomers of

glutamic acid, alanine and arginine.
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These morphological chahges due to enantioselective adsorption on crystal
surfaces is shown in Figure 4.1°') Under normal growth conditions, the relative growth -
rate (k;) of surface 1 is faster than the felative growth rate (k,) of surface 2. As mentioned
previously, slower growth rates will lead to a larger surface area and therefore surface 2
(S;) becomes larger than surface 1 (S;). If selective adsorption of a chiral molecule
occurs at surface 1, the crystal growth at surface 1 is inhibited and therefore reéults ina
slower growth rate relative to that of surface 2. As the crystal grows to a larger size in the
presence of a chiral additive, the surface area of 1 becomes bigger and that of 2 becomes
smaller and may eventually disappear. This change of growth rate leads to macroscopic

habit modifications as observed in gypsum.

1.5.4.2. Inorganic crystals

Evidence for the enantioselective adsorption of chiral molecules on chiral crystals
requires an amplification process (as described for NaClOs;) or topological feature
analysis (e.g. growth hillocks and etch figures). Indeed, dye molecules were found to be
selectively adsorbed onto specific crystal faces and were employed as a visualization tool
to display the adsorption area of crystal growth. As a result, the crystal habit modification
due to dye inclusion often leads to an hourglass (bow-tie shape) pattern. These dye
inclusion cfysfals (DICS) are grown in solution in the presence of an organic dye.[6> 6]
Potassium dihydrogen phosphate (KH,PQ,) and potassium sulfate (K,SOy) are two of the
classic examples of ionic salts that form DICs. The incorporation of dye molecules, such

as Chicago sky blue (a blue dye) or amaranth (a red dye), at the ‘{101} growth sectors

during the érystal growth of KH,POj, led to the formation of DICs with blue or red ‘bow-

tie’ patterns as shown in Figure 15.1% 64

29



Figure 15, Dye inclusion of KH,PO, crystal with amaranth.

‘The preferential inclusion of these anionic dyes at selective faces is believed to be duev to
the ionic interactions with the exposed K' ions at the adsorption faces.[ The growth rate
of the adsorption crystal faces was slowed down and led to a larger dyed area as
described breviously in Figure 4.1°!! The hourglass inclusion effects also occurred during
the growth of K,SO, crystals in the presence of acid fuchsin (a pink dye) at the {1 10}
growth sectors.l®® In addition, two dyes (acid fuchsin and naphthol green B) can be
incorporated into the {110} and {001} growth sectors, respectively, in the same K,;SO4

crystal (Figure 16).[4 %7

{110}

Figure 16. Dye inclusion K,SO, crystal with acid fuchsin and naphthol green B. (6467 4 x 4 x 1 mm® size

crystal (left) and a schematic representation of dye inclusion at the {001} and {110} growth
sectors (right).

More importantly, crystal dying was also found to be useful for separating chiral crystals.
In the presence of yellow N°-(2,4-dinitrophenyl)-(S)-lysine during the crystal growth of
glutamic acid-HCl, the R-enantiomer was first precipitated as colorless crystals followed

by the growth of larger yellow crystals of the S-enantiomer.*®!
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In brief, crystal growth in the presence of dye additives can provide information

on molecular adsorption sites and enantiomeric resolution.

1.5.5. Asymmetric synthesis

Asymmetric amplification due to the presence of impurities or additives is an

importaﬁt aspect in crystallization and in enantioselective organic synthesis.

1.5.5.1. Absolute asymmetric synthesis using chiral crystals

Absolute asymmetric synthesis is well-known to benefit pharmaceutical industries
in producing the enantiomeric form of the molecule of interest with high yield.[*®!
Asymmetric synthesis of enantioenriched molecules can be induced by the addition of a
chiral agent. An example is the nucleophilic carbonyl addition of n-butyllithium using
chiral crystals of N,N-disubstituted 2-benzoylbenzamides (achiral molecules that
crystallize in the chiral space group, P212121).[69]'The powdered form of the chiral
crystals was incorporated into the reaction mixture as a chiral catalyst and the desired

roduct was obtained in over 80% vield with an enantiomeric excess as high as 84%.
p y g

1.5.5.2. Asymmetric autocatalytic synthesis

Another method of asymmetric amplification developed by Soai and coworkers
uses the enantioenriched product of a reaction as a chiral catalyst (i.e. autocatalysis). A
well known example is the enantioselective alkylation of pyrimidine-5-carboxylaldehyde
using diisopropylzine (Figure 17).'% A small amount (with EE as low as 2%) of the
chiral product (i.e. the catalyst), §-2-methyl-1-(5-pyrimidyl)propan-1-ol, was introduced

back into the reaction mixture and following the addition of the starting reagents the
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production of a significant amount of the same chiral product was obtained with an EE as

high as 89% after four cycles.

CHO
=
/k * Zn i
R \N 2 asymmetric

» autocatalysis N product

Figure 17. Asymmetric autocatalytic alky!ation of pyrimi;dine-S—carboxyl‘ald?%l(l)?fde using diisopropylzinc. B
The chiral product acts as a chiral catalyst for its own production.

Interestingly, the Soai autocatalytic reaction can be triggered by other chiral initiators.

For example, the addition of D- or L-leucine (ca. 2% EE; obtained from photolysis of a

racemic leucine sample using right or left-CPL)!"" led to the formation of the S-alkylated

iproduct (26% EE) and the R-alkylated product (23% EE), respectively.m] Asymmetric

autocatalysis can also be performed in the presence of chiral crystals such as quartz. The

Soai reaction was carried out by adding powdered d- or /-quartz crystals (um size) to the

reaction mixture at 0 °C and yielded high EE of §- and R-2-(fert-butylethynyl)-5-

pyrimidy! alkanol, respectively.l”!

The influence of chiral sodium chlorate or sodium bromate crystals on the Soai
reaction was also explored. The incorporation of powdered d-NaClO; crystals led to a
high EE of S—2-(;ert—butylethynyl)-5-pyrimidyl alkanol whereas the incorporation of
powdered I-NaClOj crystals led to a high EE of the R-enantiomer.””* On the other hand,
when NaBrO; crystals were used, the‘presence of d-crystals yielded high EE of the R-
product whereas the presence of /-crystals yielded high EE of the S—product.[75] Finally,

the enantioselectivity of the Soai reaction can also be influenced by exposure to CPL (ca.
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300 nm) in vacuum prior to asymmetric autocatalysis.’® The irradiation of a racemic
sample of 2-(tert-butylethynyl)-5-pyrimidyl alkanol with right-CPL induced the
production of cryptochiral R-enantiomer and the irradiation of fhe racemic sample with
left-CPL induced the production of cryptochiral S-enantiomer. These chiral pyrimidyl
alkanols were used as catalysts for the enantioselective synthesis of 2-(fert-butylethynyl)-
pyrimidine-5-carbaldehyde. The addition of the R-enantiomer amplified the synthesis of
the R-product and the addition of the S;enantiomer amplified the synthesis of the S-

product.

1.5.6. Phase behaviour models of chiral amplification

To illustrate the enantiomeric amplification process of a non-racemic system
becoming enantiopure, phase behaviour models have been established to represent the

solid-liquid equilibrium in a simplified manner.

1.5.6.1. ‘Chiral amnesia’ in the solid phase

Recently, a new term, ‘chiral amnesia’, was introduced to describe the
establishment of homochirality in the solid phase from an achiral or a chiral system
(Figure 18).[77] Under saturated conditions, achiral molecules (A) can be cfystallized into
an equal amount of conglomerates (Ap and A;). Continuous dissolution and
recrystallization takes place on crystal surfaces at solid-liquid equilibrium and the
chirality of the solid phase is not preserved during this process. As a result, the achiral
molecules (A) .from dissolution will" recrystallize into either chirality. This model
correlates pérfectly with Viedma’s model of chiral symmetry breaking of NaClO; using

an abrasion/grinding method.!*®! Similarly, chiral molecules can be crystallized into
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conglomerates (D and L). In this case, the chiral molecules from dissolution undergo rapid
racemization to maintain an equal amount of D and L molecules in the sbolution phase.
However, D molecules will only be recrystallized into D solid whereas, in this case, L
molecules will only be recrystallized into L solid. The chirality of both enantiomers is
preserved during the dissolution and recrystallization process. The solubility is doubled in
the solution phase due to the independent solid-liquid equiIibrium of D and L enantiomers
with its own species. This phenomenon is also called the ‘Meyerhoffer double solubility

rule’ 18!
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Figure 18. Schematic representation of the solid-liquid equilibrium in the solid phase. An achiral molecule
that crystallizes into enantiomorphic solids (left) and a chiral molecule that crystallizes into
conglomerates (right).
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Recently, this was demonstrated experimentally by stirring a racemizing sample
of N-(2-methylbenzylidene)-phenylglycine amide with the addition of 3 — 10% EE of its
R- or S-crystals in the presence of grinding media.””! The EE obtained showed that the
chirality of the resulting enantiopure sample depends on the initial enantioimbalance
established in the racemizing mixture. The addition of S-phenylglycine or R-
phenylglycine in the sample mixture led to the formation of homochiral R- and S-N-(2-
methylbenzylidene)-phenylglycine amide, respectively. As discussed previoﬁsly, the R

crystals dissolve into R molecules in the solution phase which racemize with the §
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molecules resulting from § crystal dissolution. The addition of a chiral agent shifted the
racemization process in the solution phase to favour one of the enantiomers and
subsequently the solubility of the R or § enantiomer in the solid phase. This chirality bias
was amplified during the solid-liquid equilibrium and led to ‘chiral amnesia’. Concisely,
the solubility difference of enantiomers in solution plays an importaht role in achieving

homochirality under solid-liquid equilibrium conditions.

1.5.6.2. “‘Chiral amnesia’ in the solution phase

Besides the establishment of enantiopurity in the solid phase, similar asymmetric
amplification effects can be observed in the solution phase. The characteristic solubility
of a mixture of components in the solution phase at a fixed temperature is described as

the eutectic.”® Threonine is an example of a chiral molecule that forms D and L crystals
and exhibits 0% eutectic EE in the presence of an unequal amount of both enantiomers
under equilibrium conditions in water at 25 °C.*) In this case, both amino acid
conglomerates are equally soluble under equilibrium conditions and therefore a 0%
eutectic EE is observed (Figure 19).*!) The eutectic EE in solution is based on the
solubility of the conglomerates and not the amount of D or L solid present in fhe solution

phase. As long as both enantiomers are equally soluble, the eutectic EE will be zero.

The eutectic EE can be amplified when a chiral molecule crystallizes into heterochiral DL

solid and a slight excess of one enantiomer is present in the solution phase (Figure 19).

This asymmetric amplification was observed for serine when its heterochiral DL solid and
a slight excess of the L-enantiomer were present in water at 25 °C under equilibrium

conditions.® #! A high eutectic EE of >99% was obtained because of the solubility
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difference between heterochiral DL solid and homochiral L solid in the solution phase.®"

In this case, the DL solid is much less soluble compared to the L solid and therefore a high
eutectic EE was observed in the solution phase. The fact that serine preferentially
crystallizes into DL solid rather than homochiral solid shows that the intracrystalline
interactions of a DL solid is stronger than that of a homochiral solid. As a result, the DL

solid is less soluble than the homochiral D or L solid.[®">3!

T [ TTo[ o]
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solution solid | solution solid

Conglomerate Racemic compound

Figure 19, Schematic representation of the solid-liquid equilibrium in the solution phase. Conglomerates
with 0% eutectic EE (left) and asymmetric amplification of a racemic compound (1:1 ratio of
the D and L enantiomer in the solid) in the presence of an enantiomeric excess in the solution
phase under solid-liquid equilibrium conditions with a eutectic EE greater than 0% (right).

Blackmond strongly believes that chiral symmetry breaking and asymmetric

amplification processes are the essential criteria that lead to ‘chiral amnesia’.["”]

1.5.6.3. ‘Chiral amnesia’ in the gas phase

Chiral amplification can also be achieved in the gas phase through sublimation.
Studies of the amplification of an initial enantioimbalance of different amino acid
samples have been performed at high temperature and a high percent enantiomeric excess
was found in the resulting sublimates. Cooks and coworkers studied the sublimation of

serine racemate in the presence of L-serine (3 — 75% EE) in the temperature range of

36



175230 °C and the composition of the thermolysis products showed a high EE of
L-serine (68 — 99%).[83] Feringa and coworkers also demonstrated similar enrichment of
several amino acid racemates (leucine, phenylaianine, alanine, valine, methionine and
serine) with slight initial enantioimbalance (0.5 — 10 % EE of the L-enantiomer) through
sublimation in the temperature range of 90 — 270 °C.** The percentage enantiomeric
excess of the L-amino acids in the sublimate was amplified up to 89%. The
enantioenrichement of amino acids through sublimation is believed to be due to the
different volatility between amino acid racematés and pure enantiomers.®” #! The
intermolecular interactions in these racemates are stronger than that of pure amino acid
enantiomers. Consequently, the racemates sublime more slowly compared to the
enantiopure amino acids resulting in higher EE of the faster sublimating species in the

gas' phase. In brief, homochirogenesis can occur in the solid, liquid or gas phase.
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1.6. Statement of objective

The objective of this project is to investigate the chiral crystallization, mirror
symmetry breaking and asymmetric amplification of ethyienediammonium sulfate (EDS),
an achiral molecule that crystallizes into chiral crystals. Mirror symmetry breaking and
chiral amplification were achieved using an abrasion/grinding technique in the absence or
presence of chiral amino acids. This study provides useful information on
enantioselective adsorption of chiral biological molecules on chiral mineral surfaces.
Based on the possible mechanisms proposed for chiral selection, the enantioselective
adsorption on ethylenediammonium sulfate crystals may give insight for understanding

homochirogenesis in nature.

1.7. Ethylenediammonium sulfate (EDS)

Ethylenediammonium sulfate (EDS) is an achiral molecule that crystallizes into
the tetragonal chiral space group, P4,.1*"! The optical rotation of EDS was first reported
by Groth in 1910 to be 15.5° mm™ (sodium D line).*® The ethylenediammonium cation
adopts a chiral gauche conformation resulting in an overall helical arrangement of the
" [HsNCH,CH,NH;]*" and [SO4]2' ions (Figure 20) in a unit cell of 5.993 A, 5.993 A, and

18.047 A for the a-, b-, and c-axes, respectively.[g5 ]
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Figure 20. An enantiomeric pair of helical EDS unit cells.””!

The resulting tetragonal crystals are anisotropic and the optical rotatory dispersion can be

visualized through the (001) and (00 1) face using a polarizing microscope (Figure 21).

Clear Blue

Figure 21. Optical rotatory dispersion of a dextrorotatory EDS crystal. The color changes from clear to
blue to amber when the analyzer is rotated clockwise.

39



Chapter 2. Experimental

‘Oh, you’re not Piglet,” he said. ‘I know Piglet well, and
he’s quite a different color.”

Winnie-the-Pooh
A.A. Milne

2.1. Materials and methods

Ethylenediamine [CAS 107-15-3] (certified anhydrous; NH,CH,CH,NH,; F.W.
60.10) was purchased from Fischer Scientiﬁc‘and sulfuric acid [CAS 7664-93-9] (96.8%;
182 M; A.CS. reagent; H,SO4 F.W. 98.08) was purchased from J.T. Baker.
Ethylenediammonium sulfate [CAS 25723-52-8] was synthesized as described in section

2.1.1.

Deionized water was used for unsaturated and saturated solution preparation and
the pH was verified using pH baper (pHydrion, INSTA-CHEK 0 — 13, Micro Essential
Laboratory, Brooklyn, N.Y. U.S.A.). The resulting saturated solution was centrifuged at
speed level 4 (International Clinical Centrifuge; model CL; International Equipment Co.)
using 50 mL plastic centrifuge tubes (Falcon or SARSTEDT) prior to use for crystalline
seeding. Growth of crystalline seeds was performed in crystallizing dishes purchased
from Kimax (No. 23000; 100 x 50). Tweezers with pointed ends (stainless, antimagnetic,

anti acid; Model 3CSA) were purchased from technik and were used for collecting EDS
crystal samples and individual EDS crystals were dried using Kimwipes (KIMTECH

Science, 11 cm X 21 cm).
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| The stirring rate of commercial stirrers was verified using a strobe light (Strobotac
Stroboscope, type 1538A, General Radio Co., Concord, MA). The position for steady
stirring was determined for each stir plate prior to securing the flask above the stir plate.
A Corning magneti’c hotplate/stirrer (Model PC420) was used for experiments carried out
at 480 and 1100 rpm. OptiCHEM digital hotplate stirrers with stirring control from 50
rpm to 1500 rpm were also used for some experiments. Specially built stirrers equipped
with speed c‘ontrollers (OE Motof Controller or MSRX Speed Controller, PINE
Instrument Company) were used to control the stirring rate at 2400 rpm and 4800 rpm. A
home-made stirrer equipped with a speed controller (OE Motor Controller) was used to
fix the stirring rate at ca. 1500 rpm. A Buchler Instruments Evapo-Mix vortex shaker

operating at ca. 3100 rpm was used for the rotary shaking experiment.

PTFE magnetic stir bars (cylindrical, 10 mm X 6 mm) were purchased from Big
Science Inc. (Huntersville, NC), 3 mm diameter glass beads (Fischer Scientific, 11-312A)
or 0.8 mm diameter YTZ® advanced ceramic materials (also known as Yttria Partially
Stabilized Zirconia (Y-PSZ); Tosoh) were used in the abrasion/grinding experiments. The
chirality of EDS crystals was determined using a polarimeter (sodium D line) (Autopol II

Automatic Polarimeter, Rudolf Research, Fairfield, NJ).

The sources for the amino acids and other chiral additives used in the directed

chiral symmetry breaking experiments are listed in Table 3. The solubility of chiral

additives is listed in Table 4.
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Table 3. List of chiral additives.

Chiral additive Grade [CAS] MW g/mole) ] Formula Company Cat. #
D-threonine Minimum 98% TL.C [632-20-2] 119.12 ; CHNO, Sigma T8250
L-threonine NiA [72-19-5] 11912 CHNO, ICN Biomedicals, Inc. | 103053

D-serine Minimum 98% TLC [312-84-5] 105.09 CHNO, Sigima . §4250)
L-serine ReagentPlus™ > 99% | [56.45.1] 105.09 C,H-NO, Sigua 54500
D-glutamine Minimum 98% TLC [5959-05-5] 146.18 CH N0, Sigma G9003
L-glutamine N/A [56-85-9] 146.15 CH N0, ICN Biomedicals. Inc. | 101806
D-alanine Minimum 98% TILC [338-69-2] £9.09 Sigma AT
L-alanine Sigma geade T (56-41-7) 800 | cHNo, | Sigma A7627
D-cysteine imiss 2 99% (RT) [921-01-7) 21.16 Fluka 300693
Lcysteine " Free base [52-90-4] 2116 Sigma €7755
D-leucine 99% [328-38-1] 131.17 Aldrich 855448
L-feucine [61-90-5] 13117 ICN Biomedicals. Ine. | 102158
D-valine [640-68-6) 117.15 Aldrich
" Levaline 72-184] | 11745 X " Sigma-Aldrich
ppreline e s e T A
..... Corline T i e e N Bamedianb e 08750
isoleucine 8-8] 13118 , 17634
T S e - . G e
D-aspartic acid [1783-96-9] 133.10 CHNO, Aldrich 219096
L-aspartic acid N/A [56-84-8] 133.10 CHNO, ICN Biomedicals, Inc. | 100809

D-ghutamic acid Minioum 99% TLC | [6893-26-1] 147.13 CHNO, " Sigma G101

L-glutamic acid Minimum 99% TL.C [536-86-0} 147.13 CHNO, Sigma-Aldrich Gi1251

D-phenylatanie Minimum 98% TLC [673-06-3] 165.19 C,H,NO, Sigma P1751

t-phenylalanine NA [63-91-2] 16519 1 CoHNO, ICN Biomedicals, Inc. | 102323

" D-histidine HCIH,0 | Minimum 98% TLC (6341-24-8] 20063 . CHNOHCIH.O " Sigma 17625
3 71001 155.16 CHN,0, | ICN Biomedicals, Inc. | 101954
[175-06-2] 1742 Sigma A2646
L-argintn HC] L lgsen o 207 Sigma | ASISL
D-mwethionine [348-67-4] 149.21 gma
e ‘ S T e T B
e R e e B
L-lysine HC N/A L [657-27-2] 182.66 CoH, N0, HC ICN Biomedicals, Inc. | 102218
D-asparagine 1,0 Minimum 98% TI.C [5794-24-1] 150.14 CHN-Q,TLO Sigma AB131
L-asparagine-H,O N/A [5794-13-8] 1314 [CN Biomedicals, Inc. 100795
D-tyrosine 99% [556-02-5] 181.19 Aldrich $55456
L-tyrosine Free base [60-18-4] 181.19 Fisher Scientific N/A
D-tryptophan Minimum 98% TLC [153-94-6] 204.23 Sigma T9753
L-uypiophan NA T [73-223] 204.23 1CN Biomedicals. Ine. | 103151
D-glucose ACS. reagent [50-99-71 180.16 Aldrich 25,307-3
L-glucose " Minimum 99% [921-60-8] 180.16 " Sigma 65500
D-tartaric acid 99% [147-71-7] 150.09 : Aldrich T206
L-tartaric acid 99% [87-69-4] 150.00 CHO Aldrich T10-9

Note: L-glutamic acid has to be stored at room temperature iu a dessicator; L-glucose has to be stored at 2-§ °C.
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Table 4. List of solubilities of chiral additives.

Chiral additive

Solubility in water

D-threonme

Freely soluble in water

L-threomine

_F reely s@luble inwater

D-serine - Soluble in water
L-serine Soluble in water
_D-glutamiine One gram dissolves in 20.8 mL water at 30 “C

L-glutamine

One gram dissolves m 20.8 mL water at 30 “C

D-alanine -

166.5 g L' at 25 °C

L-alanine

166.5 gL at 25 °C

D-cysteine

Freely soluble n water.

L-cysteine

Freely soluble in water,

D-leucine 2426 gLt at 25 °C
L-leucine 2426 gL at25°C
D-valine R&S g L at 25 °C

L-valine 885 gL at25°C

D-proline

162 grams dissolves in 100 mL water

L-proline

162 gmm& dissolves in 100 mL water

D-1s0leucine

12gL at25°C

L-isoleucine
D-ﬂspamc acid

41 wL‘ 25°C

o ()ne @ mn “dissolves in 2222 mL water af 20°C

L-aspartic acid

One gram dissolves mn 222 2 ml. water at 20°C

D-glutamic acid

L-glutamic acid

864 gL at25°C
864 g LTat25%C

D-phenylalanine

206gLtat25°C

L-phenylalanine

296 gL at25°C

D-histidine monochloride monohydrate

Fairly soluble in water

L-histidine

419 gL at25°C

D-arginine

15 % (wiw)at21 °C=150g L*

L-arginine hydrochloride

Soluble in water

D-methionine

3381 gLt at25¢C

L-methionine

3381 gL at25°C

D-lysine

Very freely soluble in water

L-lysine monohydrochloride

1115 ¢dL T at 50 °C

D-asparagine monohyvdrate

3.553% wiw at 28 °C

D-tyrosing

L-asparagine monohydrate

//woat 28 °C

L-tyrosine

0453 gL at25°C

_D-tryptophan

1H4gLtat25°C

L-tryptophan

114 gL ar25°C

D-glucose

One gram dissolves in 1.1 ml. water

L-glucose

One gram dissolves in 1.1 mL water

D-tartaric acid

One gram dissolves in 0. 7% mL water at room tempemture

L-tartaric acid

1390 ¢ 1! water at 20°C

Budavari, S.; O'Neil. M. 1; Smuth, A.; Heckelman, P. E, The Merck Index, An Encyclopedia of Chemicals.

Drugs, and BlOlOglCdls, Centennial Edition. 11th Ed. Merck & Co.. Inc. Rahw ay, N.J. 1989.

Amino Science. www.ajinomoto.cojp/aminc/e_aminoscience/mdex. htiml (Accessed on August 16, 2008)
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Prior to analyzing the chirality of EDS crystals in solution, a circular plastic grid
with small labelled circles was attached to the bottom of the crystallizing dish to separate

the analysis area.

Different polarizing microscopes were used to determine the chirality of EDS
crystals. A polarizing microscope (Leitz; Laborlux 11 POL S) was used to analyze
collected EDS crystals and a polarizing microscope (Nikon SMZ1500; Model C-POL
1003102 polarizer; Model Plan Apo (1X) WD7O analyzer) equipped with a digital
camera (Nikon DS-Fil) was used to analyze EDS crystals directly in the crystallizing

dish.

Chemical structures were drawn using ChemDraw. Crystals were drawn using
SHAPE (Demo V7.2.1; 2006) and WinXMorph (V1; 2005). The binding orientation of

the chiral amino acid on the (001) face was visualized using Mercury (V1.4.2; 2007).

The kinetic graph of the asymmetric amplification study was plotted using Excel

and the column graph of directed chiral symmetry breaking was plotted using Origin.

2.1.1. Synthesis of ethylenediammonium sulfate (EDS)

The reaction of ethylenediamine with sulfuric acid is highly exothermic so the

reaction must be carried out slowly with continuous ice cooling.

Method 1 - The reaction of ethylenediamine with sulfuric acid was cafefully
carried out on an ice/salt bath. Ethylenediamine (89 mL; 1.33 moles) was slowly added
into a 4 L beaker of ice. Subsequently, concentrated sulfuric acid (98.6%, 71 mL; 1.29
moles) was added dropwise and the resulting mixture was rendered neutral using sulfuric

acid or ethylenediamine. Solid EDS (160 g; 2.66 moles) was isolated after lyophilization.
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Method 2 — (N.B. This method is used for asymmetric amplification and directed
chiral symmetry breaking experiments.) Ethylenediamine (99%; 178 mL; 2.66 moles)
and gthanol (99%; 750 mL) were added slowly to a 4 L beaker cooled in an ice-bath.
Concentrated sulfuric acid (96.8%; 145 mL; 2.64 moles) was added dropwise with
continuous stirring. Additional ethanol (2 X 250 mL) was added to the reaction mixture
during the synthesis because the reaction mixture became viscous as the product formed
and precipitated in the ethanolic solution. Ethylenediammonium sulfate was isolated by
vacuum filtration and washed with ethanol (99%; 375 mL) and ether (250 mL). The
resulting colorless EDS (320 g, 2.05 mol; 77%) was dried under vacuum overnight and -
ground into a fine powder with a mortar and pestle prior to use. White EDS powder with

a-yield of over 80% was. obtained.

2.1.2. Preparation of EDS saturated solution (pH 7)

From a 250 mL separatory funnel, a sulfuric acid solution (3 M; 250 mL) was
slowly added dropwise (1 to 2 drops/sec) to an ethylenediamine solution (3 M; 250 mL)
inallL Erlénmeyer flask (sealed with Parafilm) with continuous stirring under ice
cooling. The indication that the solution was saturated was the appearance of precipitate
near the end of the addition. Concentrated sulfuric acid (96.8%) or ethylenediamine
(99%) was added slowly with constant stirring and under ice éooling to adjust the EDS
saturated solution to pH 7. The prepared solution often becomes dark yellow with aging
thus causing difficulty in determining the optical rotatory dispersion. In this case,
activated charcoal was added to the decanted EDS solution and the solution was vacuum
filtered through Celite® filtering agent (Celite® 545; Sigma-Aldrich) on a coarse glass

frit. To ensure optimal crystal growth, the saturated solution was shaken vigorously one
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day prior to use so that the solution remained at equilibrium. The EDS solution was

centrifuged prior to use.

2.2. Chiral crystallization of EDS

Method 1 - From a 100 mL separatory funnel, a sulfuric acid aqueous solution
(4.6 M; 50 mL) was slowly added dropwise (1 to 2 drops/sec) to an ethylenediamine
aqueous solution (4.6 M; 50 mL) in a 250 mL Erlenmeyer flask (sealed with Parafilm)
with continuous stirring under ice cooling. Concentrated sulfuric acid (96.8%) or
ethylenediamine (99%) was added slowly with constant stirring and under ice cooling to
adjust‘ the resulting unsaturated EDS solution té pH 7. The prepared EDS solution was
allowed to cool to room temperature and poured into a crystallizing dish (125 mm X 65
mm). The crystallizing dish was covered with a filter paper and placed in a closed cabinet
for crystal growth. This recipe has been optimized for obtaining crystals after ca. one
week. For example, in one experiment, 7 large single EDS crystals with some crystal

clusters were obtained after 7 days.

Method 2 - A simil-ar procedure as Method 1 was performed, except that a more
dilute sulfuric acid solution (3 M; 50 mL) was slowly added dropwise (1 to 2 drops/sec)
to an ethylenediamine aqueous solution (3 M; 50 mL) in a 250 mL Erlenmeyer flask
(sealed with Parafilm) with continuous stirring under ice cooling..The pH adjustment (pH
7) and the crystal growth environment remained the same as described in Section 2.2.

This recipe has been optimized for obtaining crystals after ca. two weeks.
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2.3. Chiral crystallization with exposure to circularly polarizéd
light (CPL)

A blue argon laser beam of 488 nm (0.96 W; 46.v6 Amp) was passed through a
prism and split into two beams of equal intensity. The light beams were then passed
through a quarter-wave plate to become circularly polarized light. The power of the left- |
CPL beam and the right-CPL beam was 150 — 160 mW. A mirror was used to reflect the
light beams downwards onto two crystallizing dishes (50 mm diameter) containing EDS
unsaturated solution (0.6 g mL™). A control experiment in the dark was performed under

the same experimental conditions.

2.4. Sealed jar method of Crystal growth — (a.k.a. Hope in a jar) |

According to the Mason jar/sealed jar method reported by Holden in 1960, large
individual crystal can be grown on a thread in supersaturated solution under controlled
conditions.®” An EDS supersaturated solution (pH 7) was prepared by heating a
saturated solution with a substantial amount of EDS precipitate at ca. 25 °C in a water
bath in a partially sealed Erlenmeyer flask. The EDS saturafed solution in the water bath
was swirled occasionally to maintain a constant conceéntration for 1 hour. Subsequently
the precipitate was allowed to settle to the bottom of the flask in the warm water bath
prior to use. The EDS seed crystals were chosen to have a minimum size of 3 mm X 2

mm because smaller crystals often float on the surface of the EDS solution. This EDS

seed crystal was attached to a thread (either across the large crystal face or around the

[87]

slanted edges) using a slip knot (Figure 22)""" and the extra thread was trimmed. The

thread was secured to a cardboard lid (with a diameter slightly larger than the opening of
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the jar) using a sewing needle. The length of the thread extending from the cardboard was
estimated so that the suspended EDS seed crystal was located ca. 2 cm from the bottom
of the jar. The top portion of the warmed EDS supersaturated solution was slowly poured
‘into the jar and the attached crystal was immersed into the solution. The opening of the
jar was partially covered aﬁd the cardboard was secured with Parafilm leaving a partial
opening for slow evaporation. The EDS crystal was allowed to grow in an undisturbed
environment and the grown crystal was removed if primary nucleation on the Bottom of
the jar occurred. Using this technique, single EDS crystals with dimensions ranging from
(8 mm X 7 mm X 2 mm) to (25 mm X 21 mm X 3 mm) were grown. It is important to note
that the density current provides information about the saturation level of the solution. A
descending current indicates crystal dissolution which means that thé solution 1is
unsaturated. An ascending current indicates crystall growth which means that the solﬁtion

is supersaturated.*”)

Figure 22. Schematic representation of a slip knot."*"!
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2.5. Stirred crystallization of EDS

In a 5 mL glass vial (20 mm diameter), 1 mL of the middle portion of freshly
centrifuged EDS saturated solution (pH.7) and 50 pL of distilled water were stirred at ca.
1000 rpm with a Teflon magnetic stir bar (10 mm X 6 mm) using an OptiCHEM digital
stirrer. The glass vials were covered with a layer of Kimwipe to avoid contamination.
Crystalline seeds were observed on the next day and the vials Were sealed with Parafilm

when the stirrer was stopped.

2.6. Closed system set up for the abrasion/grinding technique

A sample of EDS powder with or without chiral additive was stirred in the

presence of grindihg media in a closed Erlenmeyer flask or glass vial.

2.6.1. Abrasion/grinding with glass beads

Abrasion/grinding with glass beads: ca. 0.5 g of EDS powder, 1.2 mL of saturated
EDS solution, ca. 1.0 g of glass beads (3 mm diameter; Fischer Scientiﬁc), and a
magnetic stir bar (10 mm X 6 mm) were added to a 5 mL round bottom flask which was
closed with a glass stopper. The abrasion/grinding mixtures were stirred' at ca. 480 rpm

and ca. 1100 using Corning magnetic stirrers until homochirality was reached.

2.6.2. Abrasion/grinding with ceramic beads

Abrasion/grinding with ceramic beads: ca. 0.25 g of EDS powder, 1.0 mL of
saturated EDS solution, ca. 3.0 g of YTZ® Zirconia grinding media (0.8 mm diametér;
Tosoh Corporation), and a magnetic stir bar (10 mm X 6 mm) were added.to a 5 mL

round bottom flask which was closed with a glass stopper. The abrasion/grinding
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mixtures were stirred at ca. 2400 rpm and 4800 rpm using a home-made stirrer equipped
with OE speed controller or MSRX speed controller. Some experiments were performed

at ca. 3100 rpm using an Evapo-Mix vortex shaker.

2.6.2.1. Determination of errors in kinetic study

Error bars in the plot of CEE versus time of stirring (Figure 25) were calculated
for each point by pooling 150 crystals into fhree groups of 50. The number of
dextrorotatory and levorotatory crystals in each pool was used to obtain three values of
the crystal enantiomeric excess (CEE) at each time. The average value at each time was
used as the data point and the standard deviation of each set was used as the magnitude of
the error bars above and below the data point. It was not possible to calculate error bars
for the kinetic study performed at 480 rbm using 3 mm diameter glass beads, in our initial

experiments, the data was grouped into only one pool.

2.6.2.2. Estimation of the sampling pool size for chirality analysis

- A scatter plot was plotted with %CEE versus the number of crystals in the
sampling pool for 680 crystals grown from racemic seeds (i.e. prior to the
abrasion/grinding experiment). This plot is meant to illustrate that a sufficiently large
number of crystals should be analyzed to account for the error associated with counting

random events.

2.6.3. Abrasion/grinding with ceramic beads in the presence of chiral additive
Abrasion/grinding with ceramic beads in the presence of amino acids: ca. 0.25 g

of EDS powder, chiral amino acid (ah amount between the half and its maximum

solubility in water), 1.0 mL of saturated EDS solution, ca. 3.0 g of YTZ® Zirconia
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grinding media (0.8 mm diameter), and a magnetic stir bar (10 mm x 6 mm) were added
to a 5 mL round bottom flask and sealed with a glass stopper. Fbr glucose and tartaric
acid, an amount between the half and its maximum solubility in water was added to the
_abrasion/grinding system. The abrasion/grindiné experiments were carried out using a
home-made stirrer equipped with an OE speed controller at ca. 1500 rpm or using an

Evapo-Mix vortex shaker operating at ca. 3100 rpm under water cooling.

The average conqentration of chiral additives is listed in Table 5. Five different
amounts of EDS powder (0.25 g, 0.18 g, 0.125 g, 0.08 g, and 0.05 g) were used in the 242
experiments. In some caées, a smaller amount of EDS powder was added in the closed
system setup to increase the ratio of chiral additive to EDS. It is believed that increasing
the ratio of chiral additive to EDS may increase the probability of enantioselective
adsorption on the. EDS crystal surface. Moreover, a slight increase in température was
observed during the abrasion/grinding process which is believed to be caused by friction
due to the constant stirring or shaking in the presence of grinding media. Therefore, a
larger amount of EDS,powdér (0.25 g and 0.18 g) was chosen when uising the high speed
vortex shaker to ensure that the solid was not completely dissolved due to increased
temperature. The sample mixture was stirred or shaken at a controlled rate in the presence
of grinding media. Seeding of crystallites in freshly prepared saturated 4solution was
carried out. In each experiment, seeds were sampled after ca. 4 days of abrasion/grinding

and were allowed to grow to a larger size in EDS saturated solution for subsequent

analysis.
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Table 5. Average concentration of chiral additives used in abrasion/grinding experiments.

Chiral additive Average concentration (M) l
D-threonine 3.40E-01
L-threonine - 3.20E-01

T Degerine T 340601

Lserme | 2.73E-01 _

D-glutamine |  250E-0l
L-glutamine 1.71E-01

" D-alanme | 8.11E-01
L-alanine 8.04E-01
- D-cysteine 8.27E-02
L-cysteine 7.18E-02
D-leucine 1.40E-01

L-leucine 1.12E-01
D-valine . 4.70E-01
L-valine © 426E-01
D-proline 4.42E-01
L-proline 7.49E-01
 D-isoleueme | 186E-01
L-isoleucine 2.24E-01
D-aspartic acid 3.03E-02
L-aspartic acid 2.88E-02
B B W E T J
L-glutamic acid 3.55E-02
D-phenylalanine 1.24E-01
L-phenylalanine 1.19E-01
D-histidine monochloride monohydrate 1.39E-01
L-histidine 1.85E-01
 Bargimine T SRl
L-arginine hydrochloride ~3.19E-01

D-metlionine 1.49E-01

. bemethionine L38E-01
D-lysine 1.75E-01
L-lysine monohydrochloride © 1.89E-01
D-asparagine monohydrate - 1.21E-01
L-asparagine monohydrate ~1.21E-01
D-tyrosine 2.76E-03
~ L-tyrosine I 3.25E-03

L Ltyptophan ) 4.06E-02

D-glucose ...................................... 1 22
~Leglucose ool
L-tartaric acid 1

52



Ten control abrasion/grinding experiments were performed with EDS in the absence of
additive using an Evapo-Mix vortex shaker. Based on our experiments, abrasion/grinding
with either stirring or shaking both give the same results with respect to chiral symmetry
breakiné and chiral amplification. In this work, both techniques were u'éed in order to

speed up the data collection process.

2.7. Chiral symmetry breaking using circularly polarized light

Abrasion/grinding experiments without chiral additives with exposure to
circularly polarized light were prepared as described in section 2.6.2. and were stirred
using an OptiCHEM stirrer at 1500 rpm. A green laser beam (YAG: yttrium aluminium.
garnet) of 532 nm with an area of 1.65 cm?® passed thréugh a prism and split into two
light beams of 30 mW. Then the light beams passed through a quarter-wave plate to
become CPL. The power of the CPL of the right side and the left side became 18.7 mW
and 7.5 mW, respectively. The CPL was positioned at the abrasion/grinding mixture and
a black cardboard was placed between the experiments to avoid contamination with

opposite CPL.

2.8. Crystal seeding technique

Ethylenediammonium sulfate crystallites (ca. 7 pl) were sampled from the
abrasion/grinding mixture at various times usivng. an automatic pipette and transferred to
the bottom of a 125 mL Erlenmeyer flask contairﬁng about 100 mL of freshly centrifuged

~EDS saturated solution (pH 7). The Erlenmeyer flask was quickly sealed with Paréﬁlm
and swirled slightly to disperse the crystallites. The presence of the seeds was monitored

for ca. 15 minutes prior to pouring the solution into a crystallizing dish (100 mm X
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50 mm). To determine the final chirality of crystals from stirred crystallization and
abrasion/grinding experiments, the crystalline seeds were allowed to grow for one day to
avoid dissoiution during subsequent seeding. The crystallizing dish was partially covered
with filter paper and allowed to sit undisturbed for crystal growtﬁ. After 1 to 2 days
individual crystals were collected (ca. 150 crystals with average dimensions of ca.
1.6 mm X 1.6 mm X 0.3 mm) and analyzed using a polarized iight microscope. Although
all attempts were made to minimize the possibility of primary nucleation (yielding
racemic crystals) during the seeding experiments, one cannot exclude this possibility.
Primary nucleation would influence the CEE data more significantly as one approaches

homochirality.

2.9. Determination of EDS crystal chirality

Crystals were either analyzed individually after removal from the saturated
solution or they were directly analyzed in the crystallizing dish using a polarizing
mibroscope. Direct analysis of EDS crystals in saturated solution was performed using a
circular plastic grid of the same diameter as the cryétallizing dish. This plastic grid with
small circles divides the bottom of the crystallizing dish into labelled areas and the
chirality of all EDS crystals in each labelled area was examined using a polarizing light
microscope (Nikon, model: SMZ1500, integrated with a Nikon DS-Fil digital camera).
Since this plastic grid also behaves as a polarizing film, the grid must be rotated to allow
sufficient light to pass through the crys;als. The analyzef was rotated .clockwisef to

determine the optical rotatory dispersion of individual crystals.

The optical rotatory dispersion of the crystals was examined as follows: a color

change from clear to blue to amber indicates dextrorotatory EDS crystals and a color
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change from amber to blue to clear indicates levorotatory EDS crystals. The crystal

enantiomeric excess (CEE) for each sample was calculated according to equation 4.

Over 200 experiments were performed and the number of EDS crystals examined
in each experiment varied from 20 to 500 crystals. The selection criteria for including
data in our final results required that: (i) at least 20 crystals were counted in each
experiment, and (ii) a CEE of greater than 90% was obtained. All 19 pairs of chiral amino
acids were examined and multiple experiments for each pair of amino acid were carried
out (n > 3). The results reported in Figure 27 incorporate abrasion/grinding experiments

~ using both high speed stirring and shaking.

2.10. Molecular modeling

Some preliminary modeling of the adsorption of amino acidg on the (00 1) face
.of EDS crystal was done using the CHARMM software.®®] The model system is
represented by a36 A x36 A x 72 A simulation cell with periodic boundary conditions.
Each cell contains two components‘: (i) a crystal slab of 6 X 6 X 2 copies of the unit cell
(which contains four diethylammonium-sulfate pairs, and measures 6 A x 6 A x 18 A),
and (if) one amino acid molecule in its zwitterionic form. Thé amino acid is positioned
randomly in the vacuum layér between the 18 A thick crystal slab and its periodic image

72 A above.

The molecular interactions are calculatéd with the standard PARAM?27 force
field®! for the amiro acids and for ethylenediammonium, and model "std 1" from

Cannon, Pettitt, and McCammon®®! for the sulfate ion.
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The binding energy (Euina ) is calculated using the following formula:
Ebina = E(aa + xtl) - E(aa) - E(xtl)

where E(aa) is the potential energy of the 36 A x 36 A x 72 A simulation cell containing
only the amino acid, E(xtl) is the potential energy of the simulation cell containing only
the crystal, and E(aa + xtl) is the potential energy of the simulation cell containing both

the amino acid and the crystal.
The general procedure to sample E(aa + xt) is the following;

({) The amino acid molecule was placed at 8 A above the crystal surface, at a random X-

Y position and in a random orientation.

(1) The overall structure of the aa + xtl system was optimized with 1000 steps of the
adopted basis Newton-Raphson (ABNR) energy minimization method.”! Each atom of
the crystal is kept rigidly at its crystéllographic position, except for the top layer (the top
ED-S pair of each unit cell). This allows the surface of the crystal to accommodate a

specific interaction with the amino acid.

(iii) The amino acid molecule adsorbs to the surface in a pose that depends on its initial
orientation. To sample the various possible poses, the procedure was repeated 100 time or

1000 times for each amino acid (and each isomer).

(iv) The optimized poses are ranked according to their E(aa + xtl) values (the lowest

being the most stable).
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2.11. Identification of crystal faces

Individual EDS crystals were grown to a larger size in crystallizing dishes or by
using the sealed jar method to facilitate the indexing of crystal faces.m] Most of the large
crystal faces were indexed using a contact goniometer and the smaller and hidden faces
were indexed using powder x-ray diffraction. X-ray powder diffraction (XRPD) patterns
were measured using a Scintag XDS-2000 Diffractometer equipped with a Si(Li) Peltier-
cooled solid state detector, CuKo source at a generator power of 45 kV and 40 mA,
divergent beam (2 mm and 4 mm) and receiving beam slits (0.5 mm é.nd 0.2 mm). The
scan range was set from 20-80° 20 with a step size of 0.02° and a count time of 2 sec. The

sample was measured using a quartz zero background insert disk.
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Chapter 3. Results and Discussion

Winnie-the-Pooh read the two notices very carefully, first
from left to right, and afterwards, in case he had missed
some of it, from right to left.

Winnie-the-Pooh
A.A. Milne

3.1. Complete asymmetric amplification of EDS

Previous studies of chiral crystallization of EDS showed that the slow
crystallization of ethylenediammonium sulfate from an aqueous solution gives a
statistically equal number of dextrorotatory and levorotatory, as expected.’! Both
enantiomers have an equal probability to be crystallized from primary nucleation. Among
the 100 individual crystals collected, 47 crystals were dextrorotatory and 53 crystals were
levorotatory. The average optical rotation (15° mm™ + 2) agrees with the literature
value.®® A study of chiral crystallization of EDS was performed in the presence of
circularly polarized light (CPL) at 488 nm (Figure 23). Due to the small number of

crystals obtained in the crystallizing dishes the experimental results are not conclusive.
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Figure 23, Chiral crystallization of EDS with exposure to circularly polarized light.

The mirror symmetry breaking and chiral amplification of EDS were carried out
using stirred crystallization. Among the two experiments, one experiment led to the
formation of dextrorotatory EDS crystals with 94.9% CEE and one experiment led to the
formation of levorotatory EDS crystals with 97.9% CEE. It is important to note that most
results obtained from our initial EDS starting material led to homochiral /evorotatory
4EDS crystal under abrasion/grinding. This first attempt of stirred crystallization without
the presence of solid EDS starting material shows an important piece of | information to
support our explanation of slight enantiomeric excess in the EDS starting material. If the
results are reproducible, it indicates that both enantiomorphous crystals hgve an equal
chance to form during primary nucleation as expected and secondary nucleation will be
induced under constant stirring. More experimental data is required to confirm the

stochastic formation of chiral EDS crystals in stirred crystaliizations.

The asymmetric amplification of EDS was studied using an abrasion/grinding
technique first reported by Viedma.l*®! Apart from the experiments on sodium chlorate

and sodium bromate reported by Viedma, to our knowledge this is the only other example

59



to date of asymmetric amplification by thermodynamic/kinetic feedback near
equilibrium.’? Complete asymmetric amplification of EDS was achieved at different
stirring rates using either 3 mm glass beads or 0.8 mm ceramic beads as grinding media
and a high CEE of 94 to 100% was obtained.’® A schematic representation of

asymmetric amplification using an abrasion/grinding technique is shown in Figure 24.
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crystal grinding in
saturated solution

Figure 24. Schematic representation of asymmetric amplification using the abrasion/grinding technique.
Black dots represent grinding media, the letter ‘A’ represents achiral molecules, black A4
squares represent dextrorotatory crystals, and black A, squares represent levorotatory crystals.

The duration of stirring required to reach chiral purity under different experimental
conditions shows that homochirality .is attained in less time at higher stirring rates. The
time required to obtain complete asymmetric amplification using 3 mm glass beads as
grinding media was ca. 20 days and éa. 7 days with stirring rates of 480 rpm and 1100
rpm, respectively. Clearly, there is a significant decrease in time to achieve complete
asymmetric amplification as the stirring rate is increased. It is interesting to note that the
fate of asymmetric amplification of EDS is much slower than that of sodium chlorate
where chiral purity is achiéved after ca. 1 day at 600 rpm with 3 mm glass beads.!**! In
order to increase the rate of asymmetric amplification further, smaller diameter grinding
media were used. With stirring rates of 2400 rpm and 4800 rpm using 0.8 mm ceramic
beads as grinding media, homochirality was achieved after ca. 3 days and ca. 1.5 days,
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respectively. When the kinetics of the process were monitored, an asymptotic trend was

observed during the nonlinear autocatalytic process (Figure 25).[93] Complete asymmetric

amplification was also achieved after ca. 6 days using a vortex shaker operating at ca. 40

Hz (2400 rpm) with 0.8 mm diameter ceramic beads as grinding media. To briefly

summarize these results, the time required to achieve homochirality depends on both the

size of the grinding media and the stirring rate.
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Figure 25. Complete asymmetric amplification of EDS by abrasion/grinding technique.””! Evolution of
CEE with time using 3 mm glass beads as grinding media with a stirring rate of 480 rpm (top);
evolution of CEE with time using 0.8 mm ceramic beads as grinding media with a stirring rate

of 2400 rpm (bottom).
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The results for eight separaté experiments demonstrate a handedness preference towards
levorotatory crystals. This is due to the fact that the chirality of the starting material
prepared in our lab has a 4.5% CEE of levorotatory crystals as determined by the seeded
growth .of 2177 crystals. We were unable to synthesize a true racemic mixture of EDS
starting from ethylenediamiﬁe and sulfuric acid. This may be due to the presence of trace
chiral impurities (cryptochiral environment) in our laboratory as was also described for
the directed asymmetric amplification observed by Viedma for sodium chlorate and
sodium bromate."! We propose that a cryptochiral environment during the synthesis of
ethylenediammonium sulfate causes an initial chiral imbalance in our starting material.
Asymmetric amplification towards .both dextrorotatory and levorotatory crystals was
observed when an equal mixture of ground dextrorotatory and levorotatory EDS crystals
was used as the starting material for the grinding/abrasion experiment. Furthermore,
when the initial mixture was-purposely biased with an excess of one chiral form 6f the
crystals (20% CEE), the asymmetric amplification of the EDS crystals was directed
towards the original bias as expected. The mechanism of asymmetric amplification of
EDS is thought to involve the same steps as described by Viedma for the asymmetric
amplification of sodium thorate.[94] First, the EDS crystals 4in saturated solution
experience continuous dissolution/recrystallization uﬁder abrasion/grinding in the closed
system where small fragmehts are broken off from the initial crystals during the grinding
process. According to the Gibbs-Thompson equation, small crystallites have a higher
solubility than larger ones and therefore dissolve more readily into achiral molecules
whic.h caﬁ suBsequently add to existing crystals. This recycling process .is critical since

any enantiomeric imbalance will be amplified at the expense of the handedness in
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minority in a nonlinear manner via Ostwald ripening.”*! Concisely, the direction of
symmetry breaking of a racemic system depends on chance during the abrasion/grinding
process and the associated recycling process amplifies this initial broken symmetry

towards homochirality.

An important aspect in asymmetric arnpliﬁcation studies is the relationship
between the distribution of %CEE and the amount of EDS crystals analyzed in each
experiment. Statistically, the %CEE of an asymmetric amplification experiment is closer
to its true value when a large enough amount of EDS crystal sample is analyzed. A
scatter plot was plotted with %CEE versus the number of crystals in the sampling pool
for 680 cryétals grown from racemic seeds (i.e. prior to the abrasion/ grindi‘ng experiment)
(Figure 26). This plot shows that the variation of %CEE increases as the sampling pool
size decreases and clearly illustrate that a sufficiently large number of crystals should be

analyzed to account for the error associated with counting random events.
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Figure 26. Scatter plot of %CEE versus sample pool size.”*! Each column shows all the calculated %CEE
values in each pool. Each column represents the same total number of crystals where the
number of points in each column is equal to 680/pool size (N.B. in many cases there are
overlapping points).

Our experimental results showed that the resulting chirality from a complete asymmetric

amplification of EDS can be influenced by the presence of hidden impurities. What if we

purposely incorporate a chiral additive in the abrasion/grinding closed system of EDS?

3.2. Directed chiral symmetry breaking of EDS

The investigation of the influence of chiral amino acid additives on the chiral
symmetry breaking and amplification process of EDS was carried out using an
abrasion/grinding technique as described previously. The direction of the chfral
symmetry breaking of EDS was examined using a simple experimental approach where

chiral amino acids were directly incorporated into an abrasion/grinding chiral
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amplification system. A summary of the directed chiral symmetry breaking results is

shown in Figure 27.

Tryptophan
Tyrosine

Asparagine
Lysine
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Arginine
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Phenylalanine
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Figure 27. Directed chiral symmetry breaking of EDS with chiral amino acids. Each column represents one
experiment of directed chiral symmetry breaking of EDS in the presence of a chiral.amino acid.
Blue or red columns represent experiments with the addition of D-amino acids or L-amino acids
in the chiral amplification system, respectively.

Varying degrees of directed chiral symmetry breaking were observed and the amino acids
can be separated into three main groups: (i) for threonine, serine, glutamine, alanine,

cysteine, leucine, valine, proline, isoleucine, aspartic acid, glutamic acid, phenylalanine,
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and histidine, the addition of D-amino acids mostly directed the chiral symmetry breaking
towards homochiral dextrorotatory EDS crystals whereas the addition of L-amino acids
mostly directed the process towards homochiral levorotatory EDS crystals; (if) for
arginine, methionine, and lysine, the presence of D- or L-amino acids showed no directing
effect and therefore led to homochiral levorotatory EDS crystals as observed in our study
of complefe asymmetric amplification®); on the other hand, (iif) for asparagine, tyrosine,
and tryptophan, the addition of D-amiﬂo acids directed the chiral symmetry breaking
process towards homochiral levorbtatory EDS crystals while the addition of L-.amino
acids directed the chiral symmetry breaking towards homochiral dextrorotatory EDS
crystals. These trends show that the direction of the symmetry breaking of EDS is

strongly dependent on which chiral amino acid is present and its chirality.

From our previous work, we found that the ‘racemic’ starting material prepared in
our laboratory has a slight excess of the levorofatory enantiomer (ca. 4%). Therefore,
when there is no effect of the chiral amino acid on the symmetry breaking and chiral
amplification of EDS, or if the opposing effect is not sufficiently strong, the chirality of
the EDS is expected to be amplified to homochiral levorotatory crystals. However, as
clearly observed from the results in Figure 27, this initial bias (i.e. broken symmetry) for
levorotatory crystals can often be reversed in the presence of the appropriate amino acid.
It is believed that the chirality of the amino acids and their unique side chains play an

important role in the molecular adsorption on the surface of EDS crystals.

The classic sketch of, “a left and a right hand and two enantiomorphous
tetrahedra” by Hans Emi in Prelog’s Nobel lecture illustrates the importance of the

nonlinear three point contact in chiral recognition (Figure 28).°>**I It is believed that the
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direction and mechanism of the symmetry breaking process reported here also relies on
the nonlinear three point contact principle. For‘example, this diastereomeric interaction
can be demonstrated by the carboxylic acid group, the amino group and the side chain of

an amino acid interacting with a chiral crystal surface (Figure 29).°"!

Figure 29, Ilustration of the enantioselective adsorption according to the three point contact principle. A
molecule with sites (A, B, C) interacts with its respective recognition sites (A', B' and C') (left);
the mirror image of the same molecule cannot interact with the same recognition sites (right).

Similarly, the enantioselective adsorption of a chiral molecule on a chiral EDS crystal
surface can be illustrated as shown in Figure 30. To study these types of interactions, it is
important to understand the molecular presentation at the relevant crystalline faces of

EDS.
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Figure 30. Hlustration of the enantioselective adsorption of a chiral molecule on an EDS crystal.

In our work, the D- or L-amino acid is expected to have a different strength of
interaction for the same EDS crystal surface which subsequently leads to chiral selection.
The adsorption of chiral amino acids on selective chiral faces of EDS crystals may hinder
crystal growth or may trigger crystal dissolution at the adsorption site?®® so that the
opposite crystal chirality is amplified during the Ostwald ripening and recycling process.
Other chiral molecules have also been investigated. Although the addition of D-tartaric
acid and L-tartaric acid showed no observable effect, the bresence of D-glucose or L-(-)-
glucose directed the chiral symmetry breaking of EDS towards homochiral

dextrorotatory or levorotatory crystals, respectively.

If our concept of enantioselective adsorption on chiral EDS crystal surfaces is
correct, the following possibilities are proposed to exp‘lain the direction of chiral
‘symmetry breaking of EDS. In the case of the incorporation of one of the thirteen amino
acids (Figure 27), D-amino acids preferentially adsorb on levorotatory EDS crystals so
that the dextrorotatory EDS crystals are amplified to homochirality during the recycling

process; whereas L-amino acids preferentially adsorb on dextrorotatory EDS crystals so

68



that the levorotatory EDS crystals are amplified to homochirality during the recycling
process. The opposite enantioselective adsorptioﬁ is expected for the case of asparagine,
tyrosine and tryptophan where the D-amino acids preferentially adsorb on dextrorotatory
EDS crystals whereas L-amino acids preferentially adsorb on levorotatory EDS crystals,
so that the EDS crystals with lower molecular adsorption will be amplified. This directed
chiral symmetry breaking of EDS in the presence of chiral additive is illus‘trated in a
simplified schematic representation as shown in Figure 31. The enantioselective
adsorption of chiral additives on chiral EDS crystals requires further investigations to

support our experimental results.
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Figure 31. A proposed model of the directed chiral symmetry breaking process. (a) A racemic mixture of
50% dextrorotatory (red devil ducks) and 50% levorotatory crystals (white angel ducks) in
saturated solution in the presence of grinding media (beach balls). (b) The preferential
adsorption of an L-amino acid on dextrorotatory crystals is illustrated by the darkening of the
red devil ducks. The amino acid adsorption is believed to slow down the growth or trigger the
dissolution of the red devil ducks. (c) Under constant stirring, the chiral crystals are broken
down into smaller crystals of the same chirality. These smaller crystals dissolve more easily
into achiral molecules. (d) These resulting achiral molecules feed growing crystals in the system
independently of their chirality during Ostwald ripening. The dominating angel ducks grow at
the expense of the devil ducks. (e) The recycllng process-amplifies the number of angel ducks
(f) Eventually only white angel ducks remain at the end (homochirality).
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The influence of another kind of chiral initiator, circularly polarized light at 532
nm, was examined on the chiral symmetry breaking of EDS using the abrasion/grinding
technique (Figure 32). Qur first two results showed homochiral levorotatory EDS crystals
for both the right-CPL and ieft-CPL experiments. If there is an effect of CPL on the
chiral symmetry breaking process perhaps this effect is not strong enough to overcome
the initial bias of excess leﬁorotato‘ry EDS iﬁ our starting material. More experimental
data is fequired to further interpret the possible effects of CPL on our chiral symmetry

breaking system.

Figure 32. Chiral symmetry breaking and asymmetric amplification of EDS using the abrasion/grinding
technique with exposure to circularly polarized light.

The pr;‘liminary modeling study of binding energy differences of chiral amino
acids on the (001) face of EDS crystals was performed in vacuum using the CHARMM
software. The binding energies did not show any particular trend that correlates with our
experimental results (Figure 33). It is believed to be due to the absence of solvent in the

modeling environment. The lack of interactions between the solvent and the charged
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molecules (i.e. a screening effect) is absent and therefore does not completely represent

the experimental conditions.
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Figure 33. Binding energy of chiral amino acid on the (001) face of an EDS crystal using the CHARMM
software. Amino acids with an asterisk (*) were analyzed with 500 trials and the other amino
acids were analyzed with 50 trials, for each enantiomer.

In order to further understand the preferential adsorption of chiral molecules on
different faces of EDS crystals, the crystal morphology of EDS has to be investigated in
greater detail. Using single crystal x-ray diffraction, the unit cell dimensions were
confirmed to agree Witl"l those reported in the literature.’®! Also, this technique was used

to identify the top face of EDS crystals as shown in Figure 34 as the (001) face.
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Figure 34, The (001) face of an EDS crystal mounted in a diffractometer goniometer.

This experiment required very small single crystals that are hard to see with the naked
eye. But information can also be obtained from large crystals such as the one shown in

Figure 35.

1mm

Figure 35. Large single EDS crystal obtained from chiral crystallization.

Large individual EDS crystal can be obtained using the crystallization method similar to
the procedure mentioned in section 2.2 (N.B. larger crystallizing dishes and lower initial
concentrations were used to obtain large individual crystals) or using the sealed jar

method as shown in Figure 36.
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After 1 week
—_—

Figure 36. Growth of an EDS crystal using the sealed jar method.

By inspecting many large crystals, most of the major crystalline faces can be identified.
With the EDS crystal shown in Figure 35, a total of 28 faces were identified and a

schematic representation was drawn using ChemDraw (Figure 37).

Figure 37. Schematic representation of the EDS crystal shown in Figure 35.

Wherever possible, the angles between two crystalline faces were measured using a
contact goniometer. Using trigonometry most of the large crystalline faces were

identified according to Figure 38.
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Figure 38. Trigonometric calculation of a Miller index.

intercept wa, 2b, 1c
1/intercept | 0 172 1/1
l X 2 to obtain an integer value
h k l
‘Miller index : 0 1 2)

. The angle between the (001) face and the crystal face of interest was measured
using a contact goniometer where this specific example shows an angle of 124°. A
horizontallline is drawn which represents the reference (001) face of the EDS crystal
(Figure 35 and Figure 37) and the crystal face of interest is drawn as shown in figure
Figure 38. The reported dimensions of the EDS unit cell-are 5.9993 A for the a- and b-
axes and 18.047 A for the c-axis.®™ For calculation purposes, the dimensions of the unit

cell are estimated to be 6 A and 18 A.
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Each square on the graph represents 2 A and the length of the b- and c-axes on the graph
is drawn proportionally to the lengths of the unit cell. A vertical line is drawn from the
intersection point (between the (001) face and the unknown face) according to its length
(in unit cell dimensions) to represent the c-axis. The end of this c-axis is extended
horizontally until intercepting the crystal face of interest to represent the b-axis. The a-
axis is considered to be infinity because it does not intercept with the crystal face of
interest. The reciprocal of the ratios of the length of the b- and c-axes obtained from the
graph paper was carried out to obtain the Miller indices (4, &, [). Since fractional values
were obtained, the values have to be doubled to obtain the smallest integer values. So, the

crystal face of interest is the (012) face.

The crystal modeling program, WinXMorph, was used to build the crystal shape
of the EDS crystal according to the indexed faces. To confirm the Miller index of the
(012) crystal face obtained from calculation, the angle normal to this crystal face was

obtained to be 56° using SHAPE (Figure 38).

Then using crystal drawing software a model of an EDS crystal with the indexed
faces was created (Figure 39). These Miller indices provide the molecular presentation of

EDS molecules at different crystalline faces.
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Figure 39. An indexed EDS crystal showing the major faces.

~ X-ray powder diffraction data was collected for EDS and the powder diffraction
pattern obtained (Figure 40) was in agreement with the pattern calculated using the
Mercury software (Table 6). Clearly, there are many smaller and/or hidden faces present

in the EDS crystal.

This combined crystallographic information will be used to further study the

process of directed chiral symmetry breaking of EDS at the molecular level.
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Figure 40. X-ray powder diffraction of EDS.

Table 6. X-ray data of EDS.

28 exp )| hid Mo 1426 {°}* 28exp )yl hid o A28 {°)°
1553 01 | 204 | -0.03 39.00 312 5.5 00
18.01 102 1.3 0.03 4481 225 {8 -0.01
1967 002 | 1990 501 5027 715 T4 .01
2050 710 1 165 | -0.01 5227 374 77 501
5749 T | 224 | 001 5299 713 | 28 001
7315 12 | 1000 | 005 5450 | 395 | 13 001
7453 2T 83 .03 5400 708 2 D05
78.67 06 | 54 5.03 5550 321 12 .01
2077 300 | 244 5.0 5613 I 0.01
3130 202 | 208 | <001 57.33 396 | 45 0.03
3255 15 | 67 5.07 5837 307 35 .03
33.31 106 G7 0.01 59.11 324 1.3 -G.03
3375 791 | 353 501 59.83 558 19 0.03
34.67 72 | 23 5 5055 A7 T8 001
3503 | 204 | 98 0.6 6183 300 | Ge 0.03
36.50 118 22 -0.01 638 326 1.6 0.01
37.03 107 54 -0.05 &4.17 411 1.3 0.0
3005 205 50 3.03 @557 404 22 003
EEE] o8 | 20 003 ] 557 14 XK}
41.93 215 25 .01 67 47 3-40 1.2 0.0
42.51 206 80 -0.01 89.63 4-15 2.3 0.03
45 75 38 45 .01 7027 338 T4 005
7657 "6 | 12 .05 7207 373 | 6 003
4733 224 15 0.04 7381 424 18 .01
47 91 303 37 0.0 73.9% 338 26 .03
7821 311 X 0.0 KR 317 18 0.0

Y A28 = 2Bexp - 2Bcalc
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Chapter 4. Conclusions and future work

‘Without Pooh,” said Rabbit solemnly as he sharpened
his pencil, ‘the adventure would be impossible.’

Winnie-the-Pooh
A.A. Milne

Our studies on the crystallization of ethylenediammonium sulfate demonstrated
that: (i) complete asymmetric amplification of a ‘facemic’ mixture of an EDS sample can
be achieved ﬁsing an abrasion/grinding technique through an Ostwald ripening and
recycling process and (i) the direction of chiral symmetry breaking of EDS can be
directed by the incorporation of chiral additives. Also, a model based on enantioselective
adsorption was proposed to explain the directed chiral symmetry breaking process and
the main crystalline faces of EDS crystals were indexed. This crystallographic
information is crucial for future research on conﬁrming the enantioselective adsorption of
chira] amino acids on chiral EDS crystals using: () molecular modeling, (ii) surface

etching, (iii) single molecular force spectroscopy and (iv) isothermal titration calorimetry.

Future research on confirming enantioselective adsorption on chiral EDS crystals

will bé conducted as follows:

() Molecular modeling will be performed on the (111) face in a water-mediated
environment using the CHARMM software. The crystalline surface may be modeled as a

flat surface or a surface containing steps or defects.
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(if) Surface etching on asymmetric EDS crystal faces with chiral amino acid solutions is
expected to lead to the formation of asymmetric etch pits whi‘ch would indicate
enantioselective adsorption on particular crystal faces. Preliminary experiments carried
out in our laboratory have shown that the angle of the etch pit axis of symmetry on the
(111) face of a d-EDS crystal changes when etching with water, an L-amino acid solution
or a D-amino acid solution. The more prominent angle demonstrates a stronger
enantioselective adsorption of L-alanine on the (111) face of a d-EDS crystal compared to
D-alanine on the same d-EDS crystal surface when viewed with the same orientated. This
preliminary observation - correlates with our result of directed symmetry breaking
experiments and also our interpretation of data as shown in Figure 31. However, more

experiments have to be performed to confirm the generality of this observation.

(iii) Single molecule force spectroscopy will be used to invesﬁgate the strength of
binding of poly(amino acids) to various chiral crystalline surfaces of EDS. Poly(amino
aci‘dS) will be covalently attached to an AFM tip and this modified tip will approach and
retract from the chiral EDS crystal surfaces. A difference in plateau height in force
extension curves for a poly(D-amino acid) interacting with a dextrorotatory EDS crystal
surface compared to the profile for a poly(L-amino acid) on the same EDS crystal surface

would provide a quantitative measure of enantioselective adsorption.

(iv) Isothermal titration calorimetry can be used to measure the enthalpy (AH) changes
associated with enantioselective binding. This technique may provide valuable
information on chiral amino acids adsorption on EDS crystal surfaces. A study of
polymers binding to calcite crystals using this technique showed enantioselective

adsorption effects during the titration measurements.”’® ITC experiments can be
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performed by titrating chifal amiﬁo acid into a cell (working cell) containing powdered
EDS crystals and the heat flow from this sample cell will be compared to a reference cell.
In our case, the choice of solution medium is limited to any solvent system that will
dissolve the desired amino acids but not the EDS crystallites. The resulting curve of heat
per injectéd c‘hiral amino acid (kJ mol™) versus the concentration of chiral amino acid

(mM) may confirm the enantioselective adsorption of chiral amino acids on EDS crystals.

In this study, chiral ampliﬁcatidn associated with the abrasion/grinding technique
was used as a tool to investigate the enantioselective adsorption of amino acids to ‘chiral 7
crystals. If chiral selection is shown to occur on selective EDS surfaces then EDS crystals
may have applications as a chiral platform for detecting extremely low enantiomeric
excess in chiral molecules using the abrasion/grinding amplification technique. This, of

course, would require starting with a truely racemic mixture of EDS.

Finally, it is believed that the work presented in this thesis provides an important
contribution towards a better understanding of homochirogenesis. By using the
abrasion/grinding chiral dmpliﬁcation technique, our results suggest an enantioselective
adsorption mechanism of chiral biologically relevant molecules at chiral EDS crystalline
surfaces. The fact that EDS is itself an achiral molecule in solution makes our findings

more intriguing with regards to the origins of homochirality.
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